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Abstract 
Quality assurance of additively manufactured parts requires assessment of appearance and 
surface finish quality. Appearance investigation is a primary step to ensure that the 
manufactured parts meet the required structural, functional, and dimensional specifications, as 
well as possess the desired aesthetic qualities. Among the attributes considered when assessing 
an appearance are color, gloss, haze, translucency, texture, and surface finish. In advanced 
manufacturing, this process is particularly critical in industries where consumer perception and 
brand image are crucial, such as biomedical, automotive, aerospace, and consumer-oriented 
applications.  

This thesis explores studies concerning structured surfaces in the additive manufacturing of 
polymers. During this project, the primary components of the manufacturing process were 
examined and considered, including materials, design, production, quality control, and 
optimization. Experimental and statistical analyzes were conducted to determine the optical and 
functional properties of the additively manufactured layers and how primary processing 
parameters affect additive manufacturing. A number of additive manufacturing (AM) machines 
were investigated, including Fused Filament Fabrication (FFF), Material Jetting (MJT), 
Stereolithography (SLA), and Selective Laser Sintering (SLS). PolyJet as an MJT technology 
was considered the specialization. Several conclusions were drawn from the investigations and 
findings are reported for further development of PolyJet technology.  

An optimization and enhancement method has been developed to improve the properties of the 
material and the appearance of the final parts over a more extended period. Several properties 
were considered, such as optical properties, mechanical properties, life cycle response, and 
implementation of digital materials used for prototyping, medical purposes, and harsh 
environmental applications. A long-term descriptive study examined the color appearance, 
tensile behavior, and glass transition temperature of MJT objects in weathering chambers. 
Specific challenges were identified, and solutions were proposed according to Taguchi analysis 
to meet the quality goal of advanced manufacturing. 

An extensive literature review was conducted to examine the surface characteristics of 3D-
printed objects with a particular focus on surface roughness. A comparative study has been 
conducted to determine the manufacturing factors influencing the lifetime, surface quality, and 
dimensional accuracy. Further investigations addressed these challenges, resulting in a 
comprehensive overview of the available AM techniques and identifying the most critical 
parameters influencing surface roughness.  
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We have addressed the complexity of appearance assessment and the need for interpreting data 
and correlating them using multivariate statistical analysis. It has been discussed how printing 
parameters should be incorporated into advanced appearance modeling, taking into 
consideration that MJT objects possess complex appearances, are semi-translucent, and require 
a comprehensive study of their appearance. For instance, the build orientation and wedge angle 
determine whether we use cost-effective reflectance models, such as bidirectional reflectance 
distribution function (BRDF), or more sophisticated, accurate, and expensive models, such as 
bidirectional surface scattering distribution functions (BSSRDF), depending on the application 
requirements. In addition, it has been demonstrated that MJT is a promising technique that 
provides realistic objects that have very low appearance deficiencies, which is necessary for 
expanding the application of additive manufacturing. 

Many other aspects of appearance in additive manufacturing were examined in conceptual 
investigations, including gloss, haze, translucency, texture, and reflectance modeling. This led 
to a deeper understanding of total control over appearance during prototyping and design. An 
industry 4.0 manufacturing environment will rely heavily on the latter. Compared to the other 
studies examining optical properties, these investigations focused primarily on appearance 
behavior rather than general applications in optics or for mechanical purposes. The differences 
and challenges of these results are more relevant to human perception of appearance than laser-
based applications in photonics. 

 

 

Keywords:  

Additive Manufacturing, Material Jetting, Dynamic Mechanical Analysis, Tensile test, 
Appearance, Surface modification 
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Sammendrag 
Kvalitetssikring av additivt produserte deler krever vurdering av utseende og overflatekvalitet. 
Utseendeundersøkelse er et essensielt skritt for å sikre at de produserte delene oppfyller de 
nødvendige strukturelle, funksjonelle og dimensjonale spesifikasjonene, samt at delene har de 
ønskede estetiske kvalitetene. De vurderte egenskapene er farge, glans, uklarhet, 
gjennomskinnelighet, tekstur og overflatefinish. I avansert produksjon er denne prosessen 
spesielt kritisk i bransjer der forbrukeroppfatning og merkevareimage er avgjørende, for 
eksempel innenfor biomedisinske anvendelser, bilindustri, romfart og forbrukerorienterte 
applikasjoner. 

Denne avhandlingen dreier seg om å studere strukturerte overflater i additiv produksjon av 
polymerer. I løpet av dette prosjektet ble de primære komponentene i produksjonsprosessen 
undersøkt og vurdert, inkludert materialer, design, produksjon, kvalitetskontroll og 
optimalisering. Eksperimentelle og statistiske analyser ble utført for å bestemme de optiske og 
funksjonelle egenskapene til de additivt produserte lagene og hvordan primære 
prosessparametere påvirker additiv produksjon. En rekke additive manufacturing (AM)-
maskiner ble undersøkt, eksempelvis Fused Filament Fabrication (FFF), Material Jetting 
(MJT), Stereolithography (SLA) og Selective Laser Sintering (SLS). PolyJet som en MJT-
teknologi har blitt spesielt fokusert på. Flere konklusjoner og funn som kan bidra til 
videreutvikling av PolyJet-teknologien har blitt rapportert.  

En optimaliserings- og forbedringsmetode er utviklet for å forbedre egenskapene til materialet 
og utseendet til de endelige delene over en lengre periode. Flere egenskaper ble vurdert, for 
eksempel optiske egenskaper, mekaniske egenskaper, livssyklusrespons og implementering av 
digitale materialer brukt til prototyping, medisinske formål og oppførsel i krevende fysiske 
miljø. En beskrivende studie som gikk over lengre tid undersøkte fargeutseendet, 
strekkoppførselen og glassovergangstemperaturen til MJT-objekter i forvitringskamre. 
Spesifikke utfordringer ble identifisert, og løsninger ble foreslått i henhold til Taguchi-analyse 
for å møte kvalitetsmål relevant for fremstilling av avanserte produkter. 

En omfattende litteraturgjennomgang ble utført for å undersøke overflateegenskapene til 3D-
printede objekter med spesielt fokus på overflateruhet. En sammenlignende studie er utført for 
å bestemme produksjonsfaktorene som påvirker levetiden, overflatekvaliteten og 
dimensjonsnøyaktigheten. Ytterligere undersøkelser tok for seg disse utfordringene, noe som 
resulterte i en omfattende oversikt over tilgjengelige AM-teknikker og identifisering av de mest 
kritiske parametrene som påvirker overflateruheten.  
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Vi har tatt opp kompleksiteten i en vurdering av utseendet og behovet for å tolke data og 
korrelere dem ved hjelp av multivariat statistisk analyse. Det har blitt diskutert hvordan 
utskriftsparametere bør inkorporeres i avansert utseendemodellering, tatt i betraktning at MJT-
objekter har komplekst utseende og er halvgjennomsiktige.. For eksempel avgjør orienteringen 
av de additivt tilvirkede lagene og kilevinkelen om vi bruker kostnadseffektive 
reflektansmodeller, for eksempel toveis reflektansfordelingsfunksjon (BRDF), eller mer 
sofistikerte, nøyaktige og kostbare modeller, for eksempel toveis 
flatespredningsfordelingsfunksjoner (BSSRDF), avhengig av den aktuelle anvendelsen. I 
tillegg har det blitt demonstrert at MJT er en lovende teknikk som gir realistiske objekter som 
har svært få mangler med tanke på utseendet, noe som er nødvendig for å utvide bruken av 
additiv produksjon. 

Mange andre aspekter ved utseende i additiv produksjon ble undersøkt i konseptuelle 
undersøkelser, inkludert glans, uklarhet, translucens, tekstur og refleksjonsmodellering. Dette 
førte til en dypere forståelse av total kontroll over utseende under prototyping og design. Et 
industri 4.0 produksjonsmiljø vil avhenge sterkt av sistnevnte. Sammenlignet med de andre 
studiene som undersøkte optiske egenskaper, fokuserte disse undersøkelsene først og fremst på 
utseendeatferd i stedet for generelle anvendelser innen optikk eller for mekaniske formål. 
Forskjellene og utfordringene til disse resultatene er mer relevante for menneskelig oppfatning 
av utseende enn laserbaserte applikasjoner innen fotonikk. 
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Chapter 1- Purpose and Structure 
 

 

 

 

“The object isn't to make art, it's to be in that wonderful state 
which makes art inevitable.” 

Robert Henri 

 

An introduction to the purpose and structure of this dissertation is presented in this chapter. 
We begin by describing the role of this project in the ApPEARS program. It is followed by a 
discussion of the project approach and objectives, including the problem statement, motivation, 
research questions, and goals and scopes. The project contents are further discussed by 
describing the research design and thesis structure.
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1. Introduction 

The International Commission on Illumination (CIE1) describes the term appearance as an “aspect of 
visual perception through which an object is perceived to have attributes such as size, shape, color, 
texture, gloss, transparency, and opacity” [1]. In the field of perception research, the mechanisms that 
enable humans to perceive surface features are scientifically referred to as appearance, which is 
described as "the aspect of visual perception that refers to the recognizing of objects" [2]. According to 
Pointer [3], appearance consists of physical, physiological, and psychological aspects. A physical 
property of light is the spectral and spatial distribution of the light emanating from the surface of an 
object, determined by its optical properties. It is physiological, i.e., the stimulation of the Human Visual 
System (HVS) by the light, and the sensory response, which enables us to perceive light and interpret 
our surroundings through interaction with objects within our field of vision, deducing information about 
a scene [4]. As a final consideration, the psychological aspect of appearance involves the capability to 
interpret the sensed stimuli resulting from long-term training.  

While advances have been made in acquiring [5] and modeling [6] optical properties of materials, the 
surface quality of 3D-printed objects is mainly unknown to be related to the objective physical properties 
of a scene. It explains the increasing interest in appearance research in additive manufacturing. This 
dissertation examines several aspects associated with the appearance of additive manufacturing objects, 
which are discussed in detail in this introductory chapter. 

 
1.1. ApPEARS project 

This Ph.D. work is part of ApPEARS project. ApPEARS-ITN is an EU-funded project that aims to 
address fundamental problems in appearance 3DP by developing user-centered tools and methods that 
improve our understanding of visual appearance for both computer-generated and printed objects. The 
program was focused on four main objectives: measuring and evaluating material properties (WP2), 
reproducing complex surface appearances (WP3), and prediction model and reducing errors in 
reproduction (WP4), as shown in Figure 1. To utilize this complete reproduction workflow in influential 
application domains, end-user applications must be developed, along with specialized training (WP5). 
Accordingly, this Ph.D. project was part of WP5. Ensuring the specification and accurate reproduction 
of desired visual appearances of 2.5D/3D manufactured objects will substantially improve the 
workflows for emerging advanced manufacturing technologies. 

 

1 Commission Internationale de l'Éclairage 
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Figure 1. An overview of defined projects, goals, and work packages (WP) in the ApPEARS program 
[7]. 

 

1.2. Project approach and objectives 

1.2.1. Problem statement 
Over the past few years, additive manufacturing (AM, often referred to as"3D printing") has received 
substantial attention from academia and industry for its application to various materials, including 
metals, ceramics, and polymers. Its primary limitation is its inability to produce objects with a surface 
quality equivalent to conventional manufacturing processes. Based on 1504 surveys conducted in 2021 
[8], 29% stated that poor quality of parts discouraged users from using 3D printing (3DP) more 
frequently, which was the second major obstacle to AM growth after the cost factor. There is a lack of 
literature regarding surface modification in the AM process before post-processing, which is very crucial 
in enhancing the performance of 3D-printed structures. In addition to academic demands, the appearance 
of AM objects has a significant impact on commercial products and the future of additive manufacturing. 
According to Hubs' report [9] on the state of 3DP in 2022, 29 % of users had used 3DP for aesthetic or 
end-use parts, showing a significant growth compared to 21 % in 2021. 3DP is currently used mainly as 
a tool for prototyping, but aesthetic or functional parts are not far behind. 
 

1.2.2. Motivation 
The surface of a manufactured object plays a significant role in determining its quality. Surface quality 
can have a substantial impact on the success or failure of a product, depending on its requirements and 
application. A high-quality surface must be as smooth as expected, free from defects, and have excellent 
conformance to the design in both functional and appearance properties. There are often difficulties in 
meeting the requirements for surface quality. The ability of humans to assess the appearance of objects 
has been highly developed over evolution. We can distinguish between materials based on their relative 
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qualities, such as their softness or hardness, flexibility or rigidity, smoothness or roughness, or whether 
they are fresh or rotten. Humans still perform this task better than most machines because it requires 
more complex skills such as vision, pattern recognition, and decision-making. However, this task should 
be automated to realize Industry 4.0 and 5.0 concepts. 

Furthermore, humans lack any special inherent abilities for evaluating objects accurately [10], and a 
complex technical process is required to meet quality requirements for most products. Therefore, it is 
necessary to find additional clues about the nature of appearance perception itself. It is possible to reduce 
errors and biases in evaluating the quality of surfaces by using metrics to assess their appearance and 
functional properties, which was the focus of this research project. 
 

1.2.3. Research questions 
As a result of integrating material science, mechanical engineering, and color science knowledge in a 
novel approach to advanced manufacturing, how can the optical properties of structured surfaces 
manufactured by 3D printers be enhanced in terms of their appearance and functionality? 

Four sub-research questions (SRQ) supported the primary research objective, as follows: 

 SRQ1: Using additive manufacturing technologies to prepare structured surfaces 
 SRQ2: Analyzing the optical and functional properties of the surfaces 
 SRQ3: Describing the possible correlation between the basic parameters of material texturing 

and the functional and optical properties of the surface 
 SRQ4: Discussing the possible application of the correlations for the generation of surface 

texturing with enhanced optical and functional properties 
 

1.2.4. Aim and scopes 
The principal focus of this thesis is the appearance, primarily color and texture, and functional 
properties, including elastic modulus (E-modulus), glass transition temperature (Tg), and dimension 
accuracy of polymeric surfaces manufactured by 3D printers. Polymers have been chosen among the 
various materials manufactured by 2.5D and 3D printers due to their extensive capabilities to reproduce 
multiple appearances. For this purpose, the primary processing parameters for the most used additive 
manufacturing techniques, including FFF, SLA, SLA, and MJT, have been studied. In this dissertation, 
AM is frequently referred to as 3D printing due to the focus on 3D-printed objects. The correlation 
between manufacturing parameters in FFF and MJT and the surface evaluation results has been explored 
experimentally, and suggestions have been made for improving the surface quality. According to the 
UN's recommendations for production and manufacturing (Goal 12) [11], “sustainable consumption and 
production is about doing more and better with less” and “increasing resource efficiency”. Through 
additive manufacturing, it is possible to produce better structures with fewer materials in the desired and 
needed voxels. This will contribute to the UN's sustainability goal 12 by improving the quality of AM 
products with higher durability. Accordingly, a short-term and long-term study of MJT and evaluating 
as-printed parts has been conducted. Methodologies and technologies describing the effects of each 
parameter and their application to enhancing structured surfaces in advanced manufacturing are 
examined, considering issues arising from uncertainties regarding AM objects. This study focused on 
the primary process parameters, including pre-processing and processing, to improve the as-printed 
surface structure of printed parts. 
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1.3. Project contents 

1.3.1. Research design 
As Rowley [12] suggested, the research design refers to an action plan that outlines a path from questions 
to conclusions and ensures that the research will achieve the desired outcome.  

Figure 2 illustrates the scientific approach and the research methodology used in this study. It represents 
how this dissertation was designed using a four-step iterative approach to achieving this goal. The initial 
step in this methodology was to identify the research problem by reviewing the current state of the art. 
As part of determining a state of the art, a review of existing studies on AM technologies, appearance 
attributes, and application of 3DP technologies for material appearance was conducted, supported by a 
literature review regarding the texture and roughness of AM polymers. It specified the basis for 
recognizing the motivation and defining the research objectives. The method was employed for each 
SRQ to address the primary research question.  

 

 
 

Figure 2. The iterative surface enhancement workflow under four sub-research questions (SRQ) 
scopes. 
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According to Figure 2, the research design method comprised the probability of an entirely new iteration 
based on better identification of the problem based on the research findings. For SRQ1, prototypes were 
designed and developed based on the possibility of reproducing structured surfaces that were enhanced 
both in appearance and functionality. To study the as-printed parts (SRQ1-2), the selected AM methods 
have been used to manufacture several specimens with consideration of their primary processing 
parameters (PPP), followed by the study of the lifecycle properties of the parts in an accelerated 
weathering chamber for a short period (SRQ2-3), and by the optimization of the printing process for 
long-term functionality (SRQ4). As part of the exploratory research, further surveys were conducted 
through documentation reviews for all significant AM techniques for polymers (SRQ1). At the same 
time, both SRQ1 and SRQ2 were also studied through experimental evaluations with prototypes at 
different iterations. The diagram in Figure 3 illustrates the contribution of the thesis papers to the 
functional and optical aspects of the assessment of the structured surfaces in the thesis. 

 

Figure 3. The contribution of the papers in the thesis. 

 

1.3.2. Thesis structure 
Appended articles have been placed in an extended context to address the research questions. A total of 
six chapters is included in the thesis. The first chapter describes the state of the art, the research 
motivation, and the questions. The second chapter describes the theoretical background behind additive 
manufacturing for appearance 3DP to provide context for the study. Chapter three discusses the surface 
quality and appearance in 3DP methods. Chapter four considers the scientific approach to surface optical 
and functional properties and the measurement methods employed during the research. Chapter five 
concludes with the findings from the appended articles summarized and discussed for each sub-research 
question. Chapter six concludes the evaluation process and describes the future perspectives.

 

  



 
 

 

 

 

 

 

 

 
 

Chapter 2- Additive Manufacturing for 
Polymers 
 

 

 

“Nothing in life is to be feared; it is only to be understood.”  

Marie Curie 

 

 
An overview of the theory behind AM for appearance 3DP is presented in this chapter to 

provide context for the research that focuses primarily on the surface quality of polymers. A 
description of the surface characteristics and improvements in AM parts is presented at the end 
of this chapter, along with recent developments, ideas, and state of the art technologies. The 
structure of this chapter is a concise version of the review paper (Appendix-Paper III).
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2. Additive Manufacturing 

2.1. Background 
The term additive manufacturing refers to the fabrication of 3D objects by joining materials, frequently 
layer by layer, in accordance with a 3D model. This approach contrasts with subtractive manufacturing 
methods. AM techniques are also known as additive techniques, additive fabrication, rapid prototyping, 
additive processes, freeform fabrication, layer manufacturing, and additive layer manufacturing [13]. 
Compared to conventional 2D printing, 3DP offers greater degrees of appearance creativity in terms of 
color, gloss, transparency, texture, and goniochromatic effects. In addition to combining materials of 
different opacities, thicknesses, and finishes, microfacets can also be added to the object surface to 
control the direction of reflection. The advent of AM revealed many new possibilities. It is a 
complementary option to the subtractive methods, which have dominated the fabrication and production 
sector since the first industrial revolution [14, 15]. AM offers enhanced functional device integration 
possibilities through a broad range of 3D geometries from nanometers to centimeters (the mesoscale). 
3DP technologies promise to build parts out of various materials and shapes [16]. 

Certain AM technologies make printing very accurate, adjustable, and cost-effective compared to 
conventional prototyping processes for polymeric materials. There are three stages at which it is possible 
to enhance the microstructure and material appearance of the printed objects: pre-processing, 
processing, and post-processing (see ) [17]. According to Wohlers [14], the post-processing of samples 
should be restricted to first-level processes when examining PPPs. Our study focused on pre-processing 
and processing, as-printed process zone in Figure 4, to study the manufacturing parameters. 



Chapter 2- Additive Manufacturing for Polymers                                                                                  9  
 

 

 

Figure 4. Workflow of additive manufacturing. 

 

Manufacturing new-generation functional devices inspired by the digitalization of the physical world 
required a new outlook on various materials and manufacturing technologies with the desired surface 
condition. To date, many approaches have been followed by the industry to provide novel materials and 
structures, like casting and laser and computer-aided mechanical cutting. However, these techniques are 
still struggling to cope with the upscaling and complex production of novel systems and devices such as 
metamaterials [18-21], integrated micro-optics [22], and lab-on-chips (LOCs) [23].  
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3DP has been classified into seven categories by the ISO/ASTM 52900 Standard in 2021 [24]. Following 
this standard, Table 1 lists related AM technologies for 3DP polymeric materials with their standard 
terminologies.  

 

Table 1. A detailed description of polymer AM categories and their characteristics [25-32]. 

Process 
category 

Standard 
abbreviation 

Key 
process Basic AM principle Applications 

Material 
Extrusion 

MEX FDM / 
FFF, 
DIW 

The AM process of selectively 
dispensing material through an 
orifice or nozzle 

Electrical housings/enclosures, 
prototypes, jigs and fixtures, 
investment casting patterns, 
solid monolithic parts, scaffolds, 
biologically compatible tissue 
implants, tailored composite 
materials 

Material 
Jetting 

MJT PolyJet, 
MJP 

An AM process that involves 
selectively depositing droplets 
of reactive feedstock material 
to curing with energy, e.g., 
photopolymer resin and wax 

Full-color product prototypes, 
injection mold-like prototypes, 
low-run injection molds, medical 
models 

Vat 
Photopolym
erization 

VPP SLA, 
DLP, 
CLIP 

An AM vat process in which 
liquid photopolymer is 
selectively cured by light-
activated polymerization within 
a vat 

Injection mold-like, polymer 
prototypes, jewelry (investment 
casting), dental applications, 
hearing aids 

Powder bed 
fusion 

PBF SLS 
MJF 

The AM process of selectively 
fusing regions of a powder bed 
using thermal energy 
 
 

Functional polymer parts, 
complex ducting (hollow 
designs), low-run part 
production 

Binder 
Jetting 

BJT BJ The AM process involves 
selectively depositing a liquid 
bonding agent to fuse powders 
together 

Full-color models, sacrificial 
models for sand casting 

Directed 
Energy 
Deposition 

DED LENS, 
DLF, 
DMD, 
LC 

An AM technique in which 
thermal energy is focused on 
melting materials during the 
process of depositing them 

Near-net-shape parts, feature 
additions, and repair of existing 
components 

     
Sheet 
Lamination 

SHL UAM, 
LOM 

An AM method in which sheets 
of material are bonded together 
to form a part 

Composite parts 
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This chapter highlights the basics, an overview of the major categories, technical realization, 
characteristics, advantages, drawbacks, perspectives, and some applications of AM. Attention is given 
to discussing the differences among types and an ongoing research trend related to appearance 3DP. 
Four commonly used key processes in appearance printing using polymers are discussed, including FFF, 
PolyJet, SLA, and SLS, which were used to print several parts of this project. Thermoplastics are the 
primary polymers in FFF and SLS, whereas thermoset resins are the predominant polymers in MJT and 
SLA/DLP [29]. In particular, this thesis focuses on using FFF and PolyJet techniques, as outlined in the 
papers in the appendices.  

 

2.1.1. Material Extrusion – FFF Process 
Fused filament fabrication (FFF), or fused deposition modeling (FDM), has a significant share of the 
AM market due to its sizeable economic potential in many industries. This process is commonly used 
to manufacture polymeric parts from filament feedstock. In FFF, molten polymer is deposited layer by 
layer through an extrusion nozzle to construct a three-dimensional (3D) object [33]. It would be possible 
to print objects with various colors and appearances if the nozzle could support multi-material extrusion. 
Another method uses filament with a predefined appearance [34, 35].  

Several advantages make FFF 3DP a popular choice for both consumers and businesses. A few of the 
main benefits of FF 3DP include: being comparatively inexpensive compared to other 3DP technologies 
and being easy to use and set up, making them ideal for home users and small businesses. This process 
is compatible with various materials, including plastics, metals, and composites, which can add color to 
3DP [36]. Moreover, FFF parts are highly accurate and repeatable and can be post-processed to achieve 
a wide range of finishes, including painting and sanding [33]. However, this technology has some 
disadvantages, including rougher surface finishes, slower printing speed than other 3DP technologies, 
such as SLA and SLS, and the potential for warping and other dimensional errors [17, 37]. 

In FFF, the pre-processing parameters include the slice thickness, the infill, the support material, and 
the type of material. Processing parameters include layer height (thickness), print speed, the size and 
shape of the nozzle, the speed of extrusion, and infill percentage. The specific parameters will vary 
based on the printer and software being used. Depending on the material, the correct temperature for the 
build plate typically ranges between 60 and 80 °C. Usually, the first layer height should be between 0.2 
and 0.3 millimeters, the extrusion temperature will vary between 190-220 °C, and the nozzle size is 
typically 0.4 to 0.6 mm [17, 37, 38]. The review paper (Paper III) in the appendices provides more 
details on the PPPs in the FFF technique. 

Many parameters influence the static mechanical properties of the FFF objects, such as filament 
material, printhead parameters, build platform, and printing environmental conditions. Many materials 
can be used in the FFF technology, including thermoplastics, metals, ceramics, and composites. Each 
material has a unique set of properties, which can be exploited to produce a particular part. In FFF, 
thermoplastics are most used due to their low cost and ease of processing. ABS and PLA are two of the 
most popular thermoplastics for FFF, and both have high mechanical strength and heat resistance. To 
choose the suitable material for the 3DP project, it is essential to understand the differences between the 
two materials. ABS is a thermoplastic that is derived from petroleum [39]. This material is strong, 
durable, and heat-resistant. The PLA plastic is derived from cornstarch and is a bioplastic. This material 
is biodegradable, but it is not as strong as ABS. PETG is another thermoplastic derived from petroleum. 
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Despite its strength, durability, and heat resistance, the material is more expensive [40, 41]. Among 
other polymers, the significant polymeric feedstock materials include HiPS, PVA, Nylon (PA), PC, PC-
ABS, TPU, and PEEK [41]. Polymeric composites are also used in FFF to create parts with specific 
mechanical and thermal characteristics. A carbon fiber composite, e.g., can be used to construct light 
and mechanically robust components [41].  

 

2.1.2. Material Jetting – PolyJet Process 
Material Jetting (MJT), as reported in the ISO/ASTM 52900:2021, fabricates objects by jetting materials 
onto a build platform in either a Drop on Demand (DoD) or a continuous manner. The jetting process is 
similar to that of a standard inkjet printer. PolyJet, Multijet printing (MJP), Objet, and XJet's 
NanoParticle Jetting (NPJ) are the main processes in MJT. Due to the availability of high-resolution 
MJT printers, it is now feasible to create single parts with a variety of optical properties, such as color, 
gloss, and even gonio-chromatic effects. A variety of appearance levels can be achieved by printing 
varnish halftones, arranging printing materials in halftone patterns to create a variety of color shades, or 
printing microfacets on top of the surface to produce anisotropic reflectance (AR) [42]. 
With the PolyJet 3DP technology, layers of a liquid photopolymer are jetted onto a build platform in 
layers as thin as 16 m. Inkjet heads provide precision by jetting the material in a controlled manner, 
which results in exceptionally accurate and repeatable results. It is similar to stereolithography but uses 
ultraviolet (UV) LEDs instead of a single laser beam to cure the photopolymer resin. The UV lamps 
immediately cure each layer after it is jetted, allowing it to be bonded to the layer below. The printhead 
is designed to switch between various materials; however, it must be purged of one material before it 
can be jetted with another. Materials are processed by PolyJet 3D printers in two ways: by material 
jetting and by photopolymerization. A photopolymerization process uses light to cure photopolymer 
materials, typically a UV light source. Using a piezoelectric effect, droplets are jetted from the print 
head across the build platform, depositing material layer by layer [43]. 

The main advantages of PolyJet printing include printing in various colors and color gradients since it 
uses a different material for each color. Furthermore, it has the ability to create prints with high levels 
of detail and the possibility to print large objects. A significant benefit of PolyJet is that there is no heat 
involved in the 3D printing; hence warping, distortions, and shrinkage are highly unlikely to occur. 
Because material jetting is not limited by the size of the nozzle, it is also possible to produce parts with 
highly detailed features and complex geometries. However, it required using support materials [44-46].  

The disadvantages are the cost of PolyJet 3D printers and materials, specialized training, and the time 
needed to print objects using PolyJet 3D printers. Due to the need to jet each layer separately, the build 
time can be extensive. Furthermore, even tiny particles can cause defects in the printed parts if the build 
platform is not maintained clean and free of debris. Again, the limited material options and inability to 
produce large quantities are other disadvantages of MJT [47, 48]. 

The primary adjustable parameters in the PolyJet technology are resolution, material, layer thickness, 
printing speed, and material feed rate. The layer thickness is typically the most critical parameter, as it 
directly impacts the resolution of the print. The material feed rate and build speed factors can 
significantly impact print time and accuracy. As a result, the print head's functionality and the build 
platform are essential [49-51]. 
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The drop size, velocity, and curing energy are essential factors corresponding to the photo resin droplets. 
Drop size refers to the width of individual droplets ejected from the print head. The drop velocity 
determines how quickly the droplets travel from the print head to the build platform. The curing energy 
determines how much energy is required to cure a droplet [50].  

The PolyJet 3D printer can print a wide variety of photopolymers, from rigid to flexible, opaque to 
transparent, standard to biocompatible, and has varying degrees of hardness [52, 53]. Photopolymers, 
and thermoplastics, such as epoxy resins, polyester resins, UV-curable resins, elastomers, and waxes, 
are among the materials used with PolyJet technology. The most common support materials are water-
soluble PVA and breakaway supports. Vero and Tango photopolymers are specific brands of these 
materials [15, 54]. 

As a result, prototypes and end-use parts with a wide range of physical and mechanical properties can 
be produced [55, 56]. For instance, functional polymers such as scaffolds for tissue engineering, multi-
material structures, and memory shape polymers are considered for 4D printing [57-59]. While 
elastomers and thermoplastics are utilized more commonly than photopolymers, photopolymers can 
aesthetically, physically, and thermally replicate these materials. [60]. 

 

2.1.3. Vat Photopolymerization – SLA Process 
Stereolithography (SLA) photopolymerization involves using a laser to cure a polymer resin exposed to 
the light source to enable rapid prototyping and small-scale production. With laser beam tracing, a 
chemical reaction occurs on the surface of a vat of photopolymer resin, ideally resulting in the desired 
3D shape. The one-photon energy should stimulate a polymerization reaction within the photosensitive 
monomer mixture, like acrylate and epoxy-based resins [61, 62]. The required power for polymerization 
is usually provided by near-UV radiation, but visible light is also possible [63]. 2D layers are created by 
selectively exposing the material to light and stacking these layers on top of each other, fabricating the 
3D structure. This process is followed by a washing operation with a solvent (e.g., isopropyl alcohol) to 
remove the unexposed material before being post-curing using UV light [16].  

In SLA, the surface finish of the objects can be very smooth, precise, and controlled. In addition, it can 
create very complex shapes that would be difficult or impossible to achieve with alternative 
technologies. There are also a few disadvantages to this technology, including its relatively low printing 
speed compared to other 3DP technologies and the fragile and delicate nature of the objects produced. 
Generally, SLA requires toxic chemicals, which may pose a risk to health and safety [64, 65]. 

The main parameters affecting the stereolithography process are resin type, wavelength, power, 
scanning speed, the UV laser's focus, as well as the vat's size and shape [66, 67]. The photopolymer 
resin type determines the properties of the final print. The viscosity of the resin affects the flow and 
curing of resins; more viscous resins will flow more slowly and cure more slowly. Depending on the 
UV laser's wavelength, the photopolymer's absorption coefficient is determined. The absorption 
coefficient measures how much UV light is absorbed by the photopolymer [68, 69]. In general, the 
higher the absorption coefficient, the more UV light is absorbed and the faster the photopolymer will 
cure. The speed at which a photopolymer is cured depends on the power of the UV laser, with higher 
power indicating a quicker cure time. The thickness of the cured layer is determined by the scanning 
speed of the UV laser, and slower scanning speeds result in thicker cured layers and lower print 
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accuracy. UV laser focus determines the width of the cured line, and a narrower focus produces a thinner 
line [68, 70, 71]. The type of photopolymer used determines the mechanical properties of the cured 
object, including its toughness, strength, and stiffness [72, 73]. The vat's size and shape determine the 
cured object's size and shape. Similar to FFF, the build platform temperature during the printing process 
impacts the flow of resin and the curing process [72, 74, 75]. 

The most used photopolymers for SLA are epoxy resins, acrylate resins, and polyurethane resins. Some 
available SLA resins include PC-Like Advanced High Temp, PC-Like Translucent/Clear, ABS-Like 
Translucent/Clear, ABS-Like Black/White, and PP-Like Translucent White [76]. Photopolymer resins 
are more expensive than other materials and are hazardous [77]. 

 

2.1.4. Powder Bed Fusion – SLS Process 
Selective laser sintering (SLS) is an exact 3DP technology that employs a laser beam to sinter/fuse/melt 
fine powder particles together (particle size 10–150 m [78]) selectively to form thin ( 20 m [79]) 
layers. A layer-by-layer process is repeated until the model has been completed [80]. Due to high 
precision, the powder bed fusion (PBF) process has recently received considerable attention from 
academia and industry. It shapes accuracy in producing complex objects with functional attributes, 
especially for small-sized parts [81]. Polymer SLS systems build in the liters per hour range, orders of 
magnitude faster than FFF or SLA equipment. Despite this, the pre- and post-heating procedures are 
time-consuming. Further post-processing steps might follow, subject to the peculiarities of the particular 
technological and material variants.  

In SLS, traditional manufacturing methods can create complex shapes that would otherwise be difficult 
or impossible to produce. The principle of using advanced laser sources allows light intensity to melt 
almost any substance [79]. Thus, polymers [78], metals [82], ceramics [83], and polymers-ceramics 
composite materials [84] can be fused separately or together using a laser to produce a solid object. 
However, sintering materials together is not yet fully developed. Some materials are easier to sinter 
selectively than others to overcome shortcomings like brittleness, porosity, and structural shrinkage [85]. 

Compared with other 3DP technologies, SLS can create complex lattice-based shape shapes as it does 
not necessitate support. It makes SLS ideal for fabricating parts with intricate geometries. SLS has some 
disadvantages, including the need for post-processing to remove un-sintered powder and the possibility 
of warping due to uneven cooling. Furthermore, printing single prototypes can be both expensive and 
time-consuming. In some cases, the finished parts may not be as strong or durable as those produced 
using other manufacturing techniques. Further, SLS is not suitable for large-scale production [86-88]. 

The main parameters that can be adjusted in selective laser sintering (SLS) include the type of powder 
material and the laser power, the scanning speed, layer thickness, and the hatching spacing [89, 90]. 
Several other factors influence the surface quality of SLS components, including the powder quality, 
the build parameters, and the post-processing [29, 91, 92]. SLS is a versatile technology that can create 
objects from various materials. In terms of polymers, nylon, and polycarbonate are the most employed 
powders [15]. 
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2.2. Surface characteristics and improvement in AM parts 

2.2.1. Surface quality in FFF parts 
FFF parts suffer from chordal errors or defects due to tessellating the CAD model, causing dimensional 
variation in FFF parts. The staircase effect causes roughness on the outer surface. Start-stop errors 
(seams), support structure burrs, and low-dimensional accuracy are other defects that may arise [17, 93]. 
Accordingly, their surface finish (Figure 5) is not as smooth as that of parts made using other AM 
methodologies, such as stereolithography (SLA) or selective laser sintering (SLS). 

 

Figure 5. The rough surfaces of FFF-printed samples. Specimens manufactured using black PLA 
filament, adaptive slicing option on the wedge angles ([0o-90o], 5o step), and different infill densities 

(0, 30, 60, and 90 % as shown in the center) 

 

The surface modification of FFF-manufactured parts is usually complex and expensive compared to the 
initial printing cost. In particular, the processes of deliberately modifying the surfaces of polymeric 
materials through an understanding of slicing and tool-pathing workflow are challenging topics [94, 95]. 
Researchers are more interested in rapid casting and rapid tooling using FFF [96-98], but the inferior 
dimensional accuracy and surface quality prevent these applications from taking off. There is a strong 
correlation between dimensional accuracy and surface finish for replicas. Low dimensional accuracy 
and inadequate surface finish may prevent manufacturing on a commercial scale of tailored rapid tooling 
components [41]. 

However, there are some methods for enhancing the surface finish in FFF objects. The surface finish of 
an FFF part generally deteriorates with increasing layer thickness, which is the main PPP parameter that 
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can be controlled. A thinner layer thickness can enhance the surface finish of an FFF part. As a result, 
manufacturing time and costs may increase [41]. In addition, using a polymer with a higher melting 
point, e.g., PETG, can improve the surface finish. Thus, the polymer will become more viscous, reducing 
sagging and warping [99].  

The type of support material used also impacts the surface finish of an FFF part. FFF involves building 
a piece on a platform surrounded by a support structure. In addition to holding the part in place, the 
support structure prevents warping or sagging. Hence, the type of support material used can affect the 
surface finish of the component. If the bed is not level, prints will not adhere properly and will likely 
warp or curl. Poor adhesion to the build plate is another common cause of surface quality problems, 
caused by an unclean build plate, an incorrect build plate temperature, or an incorrect first layer height. 
Also, incorrect extrusion temperatures or nozzle sizes can result in surface quality issues [99-101]. For 
instance, Reddy et al. [102] reported that 80 °C to 100 °C is an optimal model temperature for the studied 
ABS polymer. In their study, the low adhesion of part material with a build platform under 80 °C and 
the lower dimensional accuracy above 100 °C were problematic in the FFF process. This project does 
not include post-processing, such as sanding, polishing, and painting, which can also affect the surface 
finish of an FFF model. 

 

2.2.2. Surface quality in PolyJet parts 
The PolyJet 3DP process provides high levels of detail and resolution; however, it cannot generally 
manufacture lattice-based geometries due to its solidity in infill density set to 100%. The PolyJet models 
represent smooth and glossy surfaces with consistent colors as materials are mixed in the same layer but 
with different color cartridges. Furthermore, the parts can also be printed with a variety of different 
textures, including wood grain and leather grain. A PolyJet 3DP process can produce fine features and 
a consistent surface finish with little to no visible layer lines [103, 104].  

As each droplet of material contains its own mini-pool of ink, the printer can mix and match colors as it 
lays down each layer. Thus, designers have a great deal of flexibility in the appearance of their parts. As 
a result, the MJT is an ideal method for applications in which appearance is an essential factor, such as 
in consumer products or jewelry [105, 106]. It is possible to improve the surface quality of PolyJet parts 
by using a finer resolution setting during printing. As reported in Paper II, the selection glossy finish 
and a specific color, e.g., black photo resins, can also help to have a more consistent and smoother 
surface on the as-printed parts. In addition, whenever possible, avoid using a support material on prime 
surfaces. In most cases, a smoothing agent is used during the post-processing stage to improve surface 
quality [107]. 

 

2.2.3. Surface quality in SLA parts 
SLA can produce excellent surface quality, depending on the method and materials used. Generally, 
SLA parts have a smooth surface finish with high accuracy and detailed resolution. SLA is ideal for 
creating jewelry, medical models, dental implants, and other small objects [108]. However, there can be 
some issues with warping or curling, particularly with larger parts [109]. Furthermore, SLA printing 
involves layer-by-layer printing, which limits the surface quality compared to traditional subtractive 
manufacturing, which provides a machined and polished finish.  
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SLA 3D printers are widely used in consumer electronics, aerospace, and medical industries, as final 
products [73, 110]. Therefore, the durability of SLA 3DP is of utmost importance [111]. The long-term 
performance of SLA 3D-printed parts depends on their UV exposure performance, which refers to the 
appearance or color change that occurs after UV irradiation, and the change cannot be reversed. The 
first stage of UV exposure during SLA 3DP is known as the "yellowing stage", followed by the second 
stage, known as the "stabilization stage" [112, 113]. As a result of the UV exposure of SLA 3DP, 
especially for 30 minutes, it has been observed that the UV exposure accelerates rapidly at the beginning 
of the exposure and then slows down. 

The following methods can be used to improve the surface quality of SLA [108, 114-117]:  

 The SLA machine should be set to a higher resolution. A finer layer thickness will end up in 
smaller pixels, creating a smoother surface. 

 A lower layer thickness will result in thinner layers that will be less visible on the finished 
product. 

 A finer mesh will result in a smoother surface, since the triangle meshes will be smaller. 
 Using a shorter cure time. This will prevent the formation of voids and bubbles in the cured 

resin, which can result in a rougher surface finish.  
 The resin will be cured more entirely if the light intensity is increased, resulting in a smoother 

surface.  
 By using a resin with finer particle size. The smaller particles will fill in the gaps between the 

larger ones, resulting in a smoother surface finish.  
 The resin should have a low viscosity. It will prevent the formation of voids and bubbles in the 

cured resin, which may result in a rougher surface finish.  
 It is recommended to use a resin with a higher shore hardness. Over time, this will result in a 

more rigid surface less likely to show signs of wear.  
 Considering a different SLA machine. Due to the quality of their optics and/or build platforms, 

some machines produce a better surface finish than others. 
 

2.2.4. Surface quality in SLS parts 
An SLS part generally has a rougher surface than a part produced by another 3DP technology, owing to 
how the powder is deposited and melted during the building process. It is often necessary to perform 
post-processing to achieve the highest possible surface quality. However, there are several methods to 
enhance the surface quality in adjusting PPPs, including using a higher laser power, a smaller laser spot 
size, a faster scan speed, thinner layers, and finer powders [86, 118, 119]. 

SLS 3DP polymers are highly sensitive to UV light, and exposure to UV light will cause the polymers 
to degrade over time. As a result of the degradation of the polymers, the physical and mechanical 
properties of the 3D-printed parts can be affected, and the parts may also become brittle and break. UV 
radiation can also cause the polymers to change color, making the parts yellow or brown over time. 3D-
printed parts should be protected from UV radiation and stored in a dark, cool environment [120]. To 
improve the surface quality, the powder material type, the powder particles' size and shape, the laser 
power and wavelength, the laser scanning speed, and the layer thickness can be adjusted. Besides, the 
environment inside the SLS machine, the build platform temperature, and the post-processing methods 
should be altered [121, 122]. 
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2.3. Post-processing 
The use of process parameter optimization to achieve the desired surface finish is not the ultimate 
approach in the AM. Following the completion of the AM build, specific post-processing steps should 
usually be performed to achieve samples that can be studied. Post-production finishing techniques 
(PPFTs) are broadly classified into mechanical and chemical finishing processes. Support removal, 
surface treatment and coating, and heat treatment are the most notable examples of these steps [123]. 

Post-processing can have a significant effect on the surface structure. According to Kinstlinger et al. 
[124], sintered PCL surfaces in SLS parts were smooth and shiny after 3-5 minutes of exposure to DCM 
vapor. They could lower the Ra value from 115.6 ± 28.0 m for an obviously rough surface of sintered 
PCL pieces to 3.9 ± 2.4 m using vapor-smoothing. In fact, the roughness of smoothed PCL may be 
overestimated due to slight curvature at the edges of the SEM images, demonstrating that the average 
roughness was in the range of sub-micrometer. For personal use, this roughness range is in line with the 
expectations, especially for those who use acetone vapor to smooth ABS or DCM to smooth PLA 
components. Lalehpour et al. used an acetone vapor bath to enhance roughness for different designs and 
the smoothing of ABS parts. They reported a maximum 95% roughness decrease from 60 m to 2 m. 

Moreover, total exposure time as a post-processing parameter had more influence on the smoothing 
process than other input parameters, while the dimensional changes were negligible after post-
processing [33]. Y. Luo et al. [125] proposed a surface modification model for PLA/Halloysite 
composite scaffolds that would allow the fabrication of a surface that is both hydrophilic and 
antibacterial while also retaining osteogenic properties. The surface roughness of SLS products is caused 
by partly melted powder particles on the surface layer, as opposed to other production methods such as 
injection molding. As a result, the actual surface roughness must be determined concerning the 
application [123]. In MJT printing, the remaining support structures can be removed either with a water 
jet or in combination with alkaline solutions such as sodium hydroxide (NaOH) or potassium hydroxide 
(KOH) [126].  

Fine sanding is typically required to remove the residual support structure at the attachment locations, 
either by hand or with a powered tool. Cosmetic finishing and UV protection can be achieved by hand 
sanding, delicate abrasive sprays, coating, or painting the component. The paint can be designed to 
absorb incident UV radiation when used, thus mitigating the risk of long-term embrittlement for some 
photopolymers. Automated systems for post-processing are increasingly becoming available, offering 
solutions to support removal, surface finishing, and waste stream treatment. However, the equipment 
for surface finishing, consisting of rotational agitation, ultrasonics, and chemical treatment, is not yet 
developed for emerging personal printers and AM for the small-scale markets. 

Having described in this chapter the characteristics and fabrication of structured surfaces using AM 
technologies for polymers, the next chapter discusses the appearance 3D printing techniques and their 
multi-material capabilities in detail. 

 

 

  



 

 

 

 

 

 

 

 

 
 

Chapter 3- Appearance in Additive 
Manufacturing 
 

 

 

“Quality means doing it right when no one is looking.”  

Henry Ford  

 

 
This chapter provides a brief overview of the theory behind the appearance 3D printing. 

This establishes a context for the research primarily focused on multicolored 3D objects. In 
addition to describing recent developments, ideas, and state of the art technologies, this chapter 
discusses methods that can improve the surface appearance of AM products for aesthetic 
purposes. 

  



20 
 

 

3. Appearance 3D printing 

3.1. 3D printing process 
Object appearance printing involves the control of multiple 3D printing parameters for high-fidelity 
reproduction of both the shape and the appearance of a 3D object [36]. Most appearance 3DP involves 
printing 3D objects in full color using multi-material additive manufacturing, where several materials 
are used to create enhanced 3D models. In addition to their different colors, the materials can have 
various properties, such as toughness or flexibility. As a result of this technology, models with other 
appearances or functional parts with different properties are usually created.  

Several AM technologies can be classified as color 3DP with the full-color spectrum, including Color 
FFF and PolyJet by Stratasys Inc., MultiJet Fusion from Hewett Packard Inc., ColorJet Printing (CJP) 
by 3D System Inc, SDL processing from Mcor Inc, 3DP developed by Z Corp Inc and 3D System Inc, 
and multi-material powder bed fusion. As discussed earlier, color FFF and PolyJet are the two most 
well-known methods that employ colored feedstocks to generate full-color objects [127]. 

According to J. Yuan [36], the main categories of color reproduction are colorimetric difference 
assessment, computer-assisted colorization, optical parametric modeling, and voxel droplet jetting. As 
shown in Figure 6, the most frequent color 3DP processes for these color reproduction methods are MJT, 
BJT, SHL, MEX, and VPP, consecutively. Plastic-based types are first explored in terms of the 
distribution of printing materials, followed by powder- and paper-based types. To achieve full-color 
3DP, MJT, BJT, and MEX apply various color reproduction methods and very complex surface color 
characteristics, while SHL and VPP use fewer types. 

 

3.1.1. Appearance in the FFF process 
FFF 3DP produces prints that are relatively accurate and detailed for regular workshop purposes since 
the material can be deposited in thin layers, typically around 20 m in thickness. Using a wide range of 
colorful filaments, an FFF 3D printer can produce parts in various colors, including black and white, 
and a full spectrum of colors. A few manufacturers offer 3D printers that can produce over 16 million 
colors by combining FFF and Inkjet technologies [128]. There are, however, some limitations to FFF 
3DP concerning color reproduction, as also discussed in Paper I [127]. This technique is not well suited 
to printing complex color gradients or patterns and is generally limited to producing single colors.  

Color mixing using multi-material hot-end nozzles has not yet been fully developed [129, 130]. 
However, mixing colors while producing the filament and printing 3D objects in predefined colors is 
possible using a single nozzle [131]. Yet, FFF 3DP is not as capable of producing vibrant colors as other 
AM techniques, such as material jetting. Color selection for 3D-printed parts requires a few 
considerations. The first thing to consider is why the parts are being printed. When printing prototypes 
or parts for functional testing, the color of the components is less important than the material, they are 
constructed from. For easy identification, it is advisable to choose a neutral color, such as white or gray 
[132, 133]. 
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Choosing colors for aesthetic purposes or marketing purposes is much more critical. In these situations, 
it is crucial to consider the overall appearance and feel of the finished product. For instance, a brightly 
lit store will require choosing colors that will stand out and attract attention. Alternatively, if the product 
will be used in a more subdued environment, then subtle colors will be appropriate. The color of 3D-
printed parts can also influence their cost. As a general rule, the more colors used, the more expensive 
the parts will be.  

Finally, FFF 3D-printed parts are not as durable as traditional manufacturing methods but are more 
durable than other forms of 3DP. Many materials, including polymers, are known to be damaged by UV 
exposure [134]. As a result of prolonged exposure to UV light, FFF 3D-printed parts can become brittle 
and break. These parts are, therefore, unlikely to survive in harsh environments for an extended period 
[135]. In contrast to SLS, FFF allows for an attractive appearance in 3D printing. However, FFF is 
limited for aesthetic purposes due to its rough surface and vulnerability in mixing materials of different 
colors simultaneously compared to the PolyJet technology, except for using limited multi-color filament 
(Figure 7). 

 

Figure 7. Appearance 3DP in FFF using multicolor PETG filament (the dragon) versus the mono-
color-limited SLS printing (the white NTNU 3D logo in the middle); printed at Addlab, the 

Department of Manufacturing and Civil Engineering – NTNU (Scale bar represents 10 mm). 
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3.1.2. Appearance in the PolyJet process 
PolyJet allows the creation of 3D prototypes, models, and other objects requiring accurate representation 
of the appearance of a full-color 3D model. Ideally, an appearance 3D printer using PolyJet technology 
deposits tiny droplets of material with different appearances into the voxels needed according to the 
design. UV light completely cures the droplets, allowing layers to be built up quickly [106].  

PolyJet-based manufacturing is gaining a lot of attention in full-color 3DP, which is the advantage of 
this technology over other AM techniques. This method deposes resins in CMYKW (cyan, magenta, 
yellow, black, and white) and can simultaneously print different materials [136]. Due to the high-
resolution MJT machines available today, it is feasible to print materials with vastly different properties, 
such as a rigid, glassy polymer and a soft, rubbery material with elastic moduli that differ by nearly three 
orders of magnitude at room temperature [137]. It is also possible with PolyJet 3DP technology to 
reproduce color gradients and variations that are not possible with other 3DP technologies [42]. 

As shown in Figure 8, MJT objects are generally semi-translucent, complicated in appearance, and 
represent a mixture of textures by applying ink in layers [42, 138]. Therefore, the appearance attributes 
of detailed properties on the surface are difficult to measure by conventional methods. Still, it is possible 
to achieve satisfying results by decreasing the influence of errors in the measurement process and 
following a reproducible workflow. 

 

Figure 8. The appearance of objects printed in different conditions using the MJT 3DP technique; 
Specimens printed at the middle swath and different build orientation ([0o-90o], 15o step) a) on the 

rotary build platform, b) the appearance and visibility of structured surfaces, c) the translucency in the 
colored layers, and d) surface appearance under a standard D50 illumination in a light booth.  
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3.1.3. Appearance in the SLA process 
SLA can produce parts with a wide range of colors and vibrancy. Similar to MJT technologies, 
stereolithography also utilizes a light-sensitive resin that can be cured with different wavelengths of 
light. Since the photopolymer resin is transparent and the laser can be tuned to different wavelengths, 
other colors can be created. Afterward, the colors are combined to form the final object with a different 
appearance, ranging from subtle shades to vibrant hues. Furthermore, stereolithography is known for its 
high accuracy, resolution, and color capabilities, making it a proper candidate for high-detail 
applications [76, 139]. As a result, it is possible to print realistic 3D objects with a few post-processing 
requirements. For instance, a study published in 2013 by Kaida Xiao et al. employed an SLA 3D printer 
to print soft prostheses. It took spectrophotometer measurements on the surface color points of the 
prosthesis. Nevertheless, the application of SLA and other VPP processes for appearance 3DP is limited 
compared to MEX and MJT AM processes [36]. 

 

3.1.4. Appearance in the SLS process 
While SLS is a high-speed technology, its color palette is limited to black and white. The SLS process 
is well suited to producing prototypes and small batches. Medical implants and automotive components 
are also increasingly being built using this technology [140]. The growth of these emerging applications 
can be accelerated through multi-material powder bed fusion techniques. Currently, mono-color and 
single-powder techniques are the only commercial techniques available for polymers. Thus, SLS 3DP 
is still in its infancy as a process for producing appearance 3D objects. 

In the case of materials or powders with different properties, such as colors, it may be more challenging 
to predict the sintering characteristics when they are combined. One of the most notable breakthroughs 
was achieved by Aerosint [141], which developed a commercialized SLS machine that was able to 
process multiple materials simultaneously. However, this technology is limited to metals and ceramics 
and requires fundamental research on the material properties and process parameters of multi-material 
SLS. An in situ identification of material parameters with a short particle-based code appears to be the 
best approach to modeling multi-material PBF processes with the recent development of particle 
methods and computing hardware [142]. Thus, there is a growing expectation that the appearance of 
3DP can be achieved using SLS processes. Figure 9 represents the shape and appearance of samples 
manufactured using FFF, SLA, and SLS technologies. It illustrates that dimensional accuracy and print 
quality highly depend on the selected design, materials, and methods. For instance, doping SLA resin 
with silver particles can cause more defects for some designs more than others. The doping of 3D models 
can, however, provide them with new properties and functionality. 
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Figure 9. The gradient lattice-based structures. The as-printed objects were 3D-printed using: a) FFF 
with PLA filament, b) SLS using PA12 (2200) powder, c) SLA using a PrimaCreator Value resin 

doped by silver particles, and d) SLA using black resin (Loctite 3D Onyx rigid PRO410). 

 

3.2. Surface quality in multi-material 3DP 
Full-color and appearance-oriented 3DP technologies are versatile, with various applications requiring 
high surface quality. A full-color 3D printer can be used to create models of existing products or parts, 
which may prove helpful when redesigning or improving outcomes. This technology is often used to 
build prototypes, models, and marketing materials. In marketing materials, full-color 3DP is often used 
to create models of products or parts for use at trade shows or other marketing events [143, 144]. 
Additionally, full-color 3DP can be used in packaging or labels during the design process. It has been 
demonstrated that the surface microstructure of AM objects can be rougher (ranging between 3 to 4 m) 
than that of typical cast pieces (2 to 3 m). It may be of clinical relevance for implant structures but not 
for other applications in dentistry [145]. 
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In appearance 3DP, the surface texture of an object is important because it can affect how light reflects 
off it (see Figure 8c and d). Smooth surfaces reflect light evenly, while rough surfaces scatter light in 
different directions. Depending on the texture of the surface, this can result in an object appearing glossy 
or matte [146]. As this technology is still in its infancy, only a few studies are available. In 3DP, the 
following factors are most critical for controlling the appearance [147, 148]: 

 Machine: A few brands and models of 3D printers on the market claim to offer full-color 
printing capabilities. However, not all of them are designed for realistic 3DP. A 3D printer 
designed specifically for printing in full color is essential for the most accurate results.  

 Material: 3D printers require particular feedstocks to produce full-color multicolored prints.  
 Software: Another resource is software capable of generating full-color 3D models. While a few 

software programs on the market offer this capability, such as Cuttlefish, there is a lack of 
integration between the software and the 3D printer for appearance manufacturing. 

 

Throughout this chapter, we discussed the appearance 3D printing using FFF, PolyJet, SLA, and SLS. 
A summary of the additive manufacturing factors affecting surface quality is given in Figure 10. The 
next chapter discusses the appearance attributes and their corresponding metrics that are necessary for 
evaluating the optical properties of an AM-structured surface. 

 

Figure 10. Additive manufacturing factors affect surface quality [41, 149].



 

 

 

 

 

 

 

 

 

 

Chapter 4- Appearance Measurement for 
Structured Surfaces 
 

 

 

“What we know is a drop, what we don't know is an ocean.”  

Isaac Newton  

 

 
This chapter discusses appearance evaluation and its implementation in additive 

manufacturing. An overview of the scientific approach to the surface optical properties of AM 
polymers is provided. Later, the metric methods used for measuring appearance attributes are 
discussed. This thesis studied mainly the four primary appearance attributes of structured 
surfaces, including color, gloss, translucency, and texture. For most polymer-based AM 
technologies, translucency coexists with other appearance attributes, forming a part of the 
overall visual characteristics. As the work progressed and more information was obtained, we 
narrowed our focus to the role of AM process parameters on color appearance and part 
functionality.
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4. Appearance attributes and measurements 

4.1. Appearance attributes 
The appearance of objects is a complex psycho-visual phenomenon that involves various visual aspects, 
including color, gloss, transparency, texture, translucency, sparkle, haze, etc. [150]. Visible light is the 
region of electromagnetic energy with wavelengths of approximately 380-780 nm. All industries are 
concerned with the appearance of their products since the appearance of an object determines its visual 
quality. Moreover, customers anticipate that any group of the same product will appear uniform. It is 
common for consumers to associate low quality with the differences they observe between similar 
products [151]. Pointer [3] defines the total appearance as "a description of the shape, size, texture, gloss 
and any other apparent quality". Figure 11 illustrates the most prominent appearance attributes when 
recognizing objects. The following section provides a more detailed explanation of the main appearance 
attributes. 

 

Figure 11. Object appearance recognition process and appearance attributes. 

 

4.1.1. Color 
In terms of appearance, color is undeniably the most prominent characteristic. There is a long history of 
color perception, and the color perception mechanisms are generally well understood. Still, color science 
for 3D objects remains complex, and there is still much to learn regarding how colors are perceived and 
measured. As a result of the growth of color science, appearance research can be considered an extension 
of this discipline [152]. 
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Color science aims to understand how color is perceived by humans and to apply that knowledge to 
improve the appearance of products and displays. The use of color science can be found in several fields, 
including product design, graphic design, and video production [151]. 

Numerous factors influence the color appearance of objects, including the geometry of the illumination, 
the shape of the objects, and the reflectance properties of their materials. The geometric characteristics 
determine the color of an object, including diffuse reflectance and transmittance [151]. Moreover, many 
viewing parameters assess the appearance of color, including the illuminant, luminance, media 
(surround), and background. Table 2 lists various attributes associated with the color appearance [150, 
151].

Table 2. Color attributes [153]. 

Attribute Description Relevant equation 
Brightness (Q) It defines how much light an area reflects  

Lightness (J) It defines how much light a colored area reflects in 
comparison to a reference white 

Q
 

Colorfulness (M) This attribute refers to an area that exhibits more or less 
chromatic characteristics, depending on the degree of hue 
apparent 

 

Chroma (C) A measure for colorfulness with the brightness of a 
reference white. It can also be defined based on a* (red-
green) and b* (blue-yellow) according to CIELAB color 
space 

M   

Saturation (s) Color intensity as a function of brightness CJ  MQ  

Hue (H and h) Hue is described in the following elements: 
- Hue composition (H): color appearance (e.g., 

10GY) 
- Hue angle (h): color difference (e.g., 0° to 360°) 

A specific area appears to be similar to one of the four 
unitary hues: red (R), yellow (Y), green (G), blue (B), or a 
combination of two of these hues. 

arctan  

 
Illuminants are classified as standardized light sources by CIE and standard observer response functions 
that specify colors numerically by three numbers, called tristimulus values. Based on these values, two 
chromaticity coordinates are plotted in 2D in a diagram known as chromaticity, which encompasses all 
real objects and spectral colors within an area similar to a horseshoe. Following the acquisition of a 
subset of colors visible to the human eye, color spaces are established based on uniform color scales 
[151].  

A CIE color space defines color in terms of three characteristics: lightness, chroma, and hue, usually 
represented by the CIE L*C*h color space [153]. The most common CIE color space is XYZ, which is 
based on the tristimulus values of a given color. The CIE XYZ color space is the basis for other CIE 
color spaces. CIE1976 (L* a* b*), also known as CIELAB, is another widely used color space. Colors 
in the CIELAB are perceived as more uniform than colors in the XYZ color space. Color management 
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and color matching are often performed using CIELAB. CIE L* C* h is a cylindrical representation of 
CIELAB, and it helps represent colors more accurately in terms of human perception. CIE1976 u', v' or 
CIELUV color space is another proper color space for color management. It is a 3D, roughly uniform 
color space generated by plotting in rectangular coordinates. This theory is based on the opponent color 
theory of human vision, which states that there are three primary colors: red, green, and blue, orthogonal 
to each other [153].  

There have also been several device-specific color scales developed for televisions and monitors (RGB, 
sRGB, etc.) based on additive color mixing, as well as for printers (CMYK), considering subtractive 
color mixing. Without a perfect color space, further development is necessary [151]. Various fields, 
including photography, printing, and computer graphics, use the CIE color spaces [150, 151]. In most 
material jetting 3D printers, CMYK is the primary colorant in the material cartridges. 

In appearance assessments for AM objects, color fidelity can be considered as the extent to which the 
color of the object being assessed matches the actual color of the reference object. A fidelity metric is a 
methodology that simulates the illumination of 3D-printed models with a test illuminant and a reference 
illuminant with a comparable correlated color temperature (CCT) to determine an index that indicates 
the difference degree between the two sources by several metrics (CIE-Ra, CQS-Qf, CRI-CAM02UCS, 
CRI2012, IES-Rf, CIE-Rf). A general workflow for calculating fidelity indices is illustrated in Figure 
12. A spectral power distribution (SPD) is used as the input. CIE recommends a wavelength range of 
380-780 nm and a maximum interval of 5 nm [153]. 

Before calculating the SPD of the reference illuminant (daylight illuminant or Planckian radiator) at the 
identical CCT, the CCT of the test source should be determined. After correction for chromatic 
adaptation, color coordinates and tristimulus values in a particular color space are calculated for a set of 
test color samples (TCSs) according to the test source and the reference illuminant. Each TCS is 
calculated based on the color difference of the illuminants. Through rescaling, color differences are 
translated into general and special color rendering/fidelity indices [154]. Thorough information 
regarding the application of color spaces and the calculation of color difference can be found in the 
appendix articles. 

In structured surfaces, the color appearance attribute refers to the overall appearance and perception of 
the color. Surface type, lighting, and the viewer's preferences can all affect the viewer's perception. 
Surface texture can have a significant impact on color. Smooth, glossy surfaces reflect more light and 
appear brighter, whereas rough, matte surfaces absorb more light and appear darker [150, 151]. To 
determine the color appearance attribute in AM polymers, the surface finishes and other appearance 
attributes such as gloss, texture, and translucency of the object should be considered, as human 
perception of the color [150]. 
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Figure 12. The general workflow for calculating fidelity indices (reproduced with permission from 
[154]). 

 

4.1.2. Gloss 

An attribute describing a material's gloss appearance or perception measures its reflective or shiny 
appearance. Specifically, it depends on how light is reflected from the surface at and near the specular, 
mirror angle, and direction. As defined by Hunter and Judd [155], specular gloss is the ratio between 
the light reflected from a surface at a specific light incident angle and light reflected from the opposite 
side of the surface normal on the same object. Hunter and Harold [156] recognized, however, that gloss 
perception involves more than just specular reflections. Typically, gloss is perceived independently of 
color. However, it may be influenced by or contribute to the perceived color of the target. Generally, 
gloss is perceived as separate from color as part of the total visual experience [157].  

Gloss Unit (GU) is usually measured on a scale of 1 to 100, with 100 representing the highest gloss 
level. Light is reflected strongly by surfaces that have a high gloss. Many fabricated objects are 
considered in the semi-gloss category. However, some matte products have a very low gloss, while 
others, e.g., metallic surfaces, have a high gloss [151]. Following ASTM Method 2008, measurement 
angles can be designated as 20, 60, and 85 degrees, subject to the corresponding gloss of the surface 
[158]. There are, however, specific industries that use different angles. For instance, ceramics and film 
industries use the 45° gloss meter, while paper and vinyl manufacturers use the 75° gloss meter [151]. 
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Figure 13 shows the positions of the light source and the detector for measuring the gloss of low, 
medium, and high gloss surfaces (making angles of 85°, 60°, and 20°, respectively). Accordingly, the 
main three classes of gloss are as follows [151, 159]: 

 Low gloss: The measurement of low gloss surfaces is improved by using grazing angles of 85°, 
which is recommended when GU is less than 10 at 60°. This angle offers a wider measurement 
region to average gloss differences on rough or slightly uneven surfaces such as matte AM 
polymers. 
 

 Medium or Semi-gloss: The reference angle of 60 degrees is the standard measurement angle 
for all products, with a gloss of 10-70 GU being the most satisfactory. The complementary 
angles (85° and 20°) are often used for extreme gloss levels when measuring gloss levels below 
or above the stated range. 
 

 High gloss: High gloss surfaces can be measured with improved resolution at an acute angle of 
20°. This geometry is commonly used to measure surfaces measuring 70 GU and above at an 
angle of 60°. There is a greater sensitivity to haze effects when observing a surface at a 20° 
angle. In the 20° readings, the different glosses of these two samples are obviously discernible. 
As a result, measuring gloss for high gloss AM polymers is challenging and subject to many 
errors due to the structured surfaces. 

 

Figure 13. Positions of the light source (left side) and detector (right side) for gloss measurement. 

 

The gloss attribute is critical in AM because it affects the aesthetics of a 3D-printed object. It is common 
to use the gloss appearance attribute and its distribution pattern to assess the finished product quality in 
AM technology. A high gloss finish can give an object a more polished appearance with a very high 
degree of smoothness, while a low gloss finish can give a more matte appearance [160, 161]. The texture 
of the surface can affect the glossiness, making the surface appear rough or smooth. In general, a rougher 
surface will appear less glossy [151]. Son and Lee [162] studied a disc (diameter of 100 mm) 
manufactured by an SLA system using an ABS-like resin. They reported polishing decreased surface 
roughness; however, glossiness and transparency decreased due to micro-roughness formation on the 
surface. Chemical treatments help achieve a high gloss and shiny finish [162], but controlling PPPs can 
help control surface texture more effectively (Figure 14). 
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Figure 14. A schematic of high-gloss surfaces (the smooth surface below) that is achieved by applying 
surface treatments on micro-concaves/convexes. 

 

4.1.3. Transparency and translucency 
CIE (2006) [163] emphasizes that "translucency is a subjective term that relates to a scale of values 
going from total opacity to total transparency". Transparency is the property of a material that allows 
light to pass through it without being scattered. In contrast, translucency refers to a material that 
transmits light but simultaneously scatters 10% of the transmitted light [164]. A translucent material lies 
between the extremes of complete transparency and turbidity. In turbid substances, approximately half 
of the light transmitted is scattered. Full opacity happens when no light is transmitted [151]. Transparent 
objects appear clear, whereas translucent objects appear frosted or milky due to diffusing light. Many 
polymers are translucent, e.g., acrylics, PMMAs, polypropylene, and polycarbonate [165-167]. 

In AM objects, the level of transparency is expressed as a percent in the range of 0 to 100 %, where the 
object is considered partially transparent. An object with a transparency value of 0% is completely 
opaque with a solid appearance, while an object with a transparency value of 100% is completely 
transparent with a see-through effect. Adding this technique to additive manufacturing can result in 
translucent surfaces appearing to glow. For instance, SLA produces translucent parts (50-60% 
transparency) when parts are manufactured in clear material [168]. By lacquering them, they can be 
made more transparent (up to 90% transparency) by applying an epoxy-like resin as a coating. Different 
levels of transparency can be achieved through other AM techniques, such as MJT and FFF, using clear 
feedstocks. Transparency can be used to create a variety of interesting visual effects [169]. A possible 
application of translucent additive manufacturing is making customized eyeglasses, sunglasses, and 
custom-fitted contact lenses. 

There is a significant effect of surface texture on transparency. The rougher the surface, the more light 
will be scattered, thus making the object appear less translucent and vice versa. Gerardin et al. [170] 
proposed a classification system for transparency and translucency in computer graphics (Figure 15). 
Increasing subsurface absorption gradually turns transparent materials opaque but not translucent; 
increasing subsurface scattering turns transparent materials translucent and eventually wholly opaque. 
Increasing surface roughness makes transparent materials appear translucent but not fully opaque. 
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Figure 15. Cuboid classification system for translucency/transparency in computer graphics. 

 

4.1.4. Texture 
A geometric attribute refers to a 3D characteristic of an object. Since AM constructs objects layer by 
layer, the geometric attributes of the object are determined by the order in which the layers are deposited. 
The three primary geometric attributes are form, feature, and dimension. Form refers to the overall shape 
of an object, while the feature refers to a specific, identifiable part of an object. Dimension refers to the 
size and location of a feature [151, 171]. Although the texture is intuitively apparent, it is challenging 
to distinguish since there are different definitions of topographic features on surfaces. As per ASTM 
E2380-05 [172], the texture is "The visible surface structure depending on the size and organization of 
small constituent parts of a material; typically, the surface of a woven fabric". Therefore, a texture 
appearance attribute describes how the surface of an object appears visually.  

Evidently, this definition is incomplete and, perhaps, is spoiled by the example, which is not entirely 
accurate. The surface texture definition must distinguish between a texture linked with topological, 
physical, and structural surface irregularities (e.g., metallic surfaces and woven fabrics) and subsurface 
texture. Nonuniformity in colorants causes spatial variations in appearance, e.g., metallic automobile 
finish. Additionally, it may be necessary to distinguish between 2D and 3D surface variations. A printed 
picture of a ceramic piece would be an example of the first type. On the other hand, the surface of a 
genuine ceramic piece would be the second type. There is also a distinction between surface pattern and 
texture. An argument could be made that the pattern of a surface is inherent. In contrast, surface texture 
refers to how the pattern is perceived, which is influenced by other variables, such as the viewing 
distance and the illumination direction [150]. 

Based on ISO 25178-2 [171], surface texture refers to “geometrical irregularities contained in a scale-
limited surface” that remain following a sequence of processes performed on the extracted primary 
surface. After removing the form (if necessary) from the primary surface with an F-operation, S- and L-
filters are applied to remove small and large lateral components, respectively. The definition of texture 
has been expanded. For instance, according to the CIRP2 encyclopedia [173], “Surface texture is the 
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geometrical irregularities present at a surface. Surface texture does not include those geometrical 
irregularities contributing to the form or shape of the surface”. 

Similarly, as we discussed for other appearance attributes, textured surfaces can influence color, gloss, 
translucency, and many other characteristics of AM appearance. In terms of color and color difference, 
the texture's chromaticity can significantly impact the perception of a difference between two samples 
[150]. Xin et al. [174] confirmed that surface texture influences color difference. Researchers have 
investigated how color and color difference are affected by the coarseness of metallic automotive 
coatings [175-177]. Arai and Baba [178] investigated the micro local gloss of textured painted surfaces 
and reported a color-difference metric may help to incorporate texture as an additional parametric effect. 
Texture impacts translucency by affecting how light reflects and transmits as it passes through the 
surface. Rough surfaces will reflect light more than smooth surfaces due to the more reflective surface 
available on the objects, while smooth surfaces will allow more light to pass through. This also affects 
the glossiness. Rough surfaces with textured structures may exhibit diffuse light reflection, whereas 
smooth surfaces with less texture may exhibit specular light reflection [179]. However, light interaction 
remains a complex phenomenon [180]. 

As represented in Figure 16, the analysis of texture can be divided into two categories [150]: 

 Syntactic (Statistical) - the texture is determined by statistics selected from the total textural 
region (e.g., using co-occurrence matrices or run lengths) 

 Analytical (Structural) - the texture is analyzed as a set of primitives (e.g., autocorrelation and 
Fourier analysis) 

 

 Figure 16. Analytical and syntactic approaches to texture analysis. 
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Various methods have been developed to capture the inherent texture fineness or coarseness [181-183]. 
A fractal-based texture classification is an approach for correlating coarseness with fractal dimension, 
which is considered an analytical method. Identifying the possible correlation between the PPP of 3DP 
and the surface appearance attributes such as color and texture can result in enhanced structured surfaces. 
Figure 17 represents how a printing parameter (here, the build orientation-BO) can influence the surface 
texture. Building a part with AM involves accumulating the orientation of materials as the part is being 
constructed [184]. A build orientation can significantly impact the quality, cost, and build time of 3D-
printed products. 

 

Figure 17. The surface texture as the function of build orientation ([0o-90o], 15o step). 
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4.2. Structured surfaces in translucent AM polymers 
Two main categories of parameters determine how light interacts with a material. In the first category, 
electromagnetic fields are described in detail regarding their interaction with materials. There is also the 
possibility of describing how radiant energy is redistributed inside a material employing dissipative 
(absorption) and non-dissipative (scattering) effects [5]. The parameters that determine how light 
interacts with materials are classified in Figure 18. 

 

Figure 18. Optical properties theories for translucent materials. 

The roughness of a surface is characterized by the distribution of microfacet normals (Figure 19). There 
are different scales of optical properties. At the nanoscale and microscale, geometric features are similar 
in size to wavelengths. As a result, field models take multiple scattering and phase properties into 
account, and the optical specifications are used in Maxwell's equations as physical parameters. The 
significant determinants at the micro/millimeter scale are size/normal distributions and radiative transfer 
scattering properties. A collective bidirectional distribution function (e.g., the BRDF, BSDF, and 
BSSRDF) models the scattering effects of an array of features at the macroscopic scale [5]. 

 

Figure 19. Simplified schematic of the main dimensions in a general reflectance model for a textured 
AM surface. 



38 
 

 

Considering the appearance attributes, the reflectance of physical surfaces is a complex phenomenon 
intricately dependent on the light spectrum, time, and spherical angles of incident and reflected light 
beams. A general reflectance function (GRF) describing the incident beam with  spectral value; 
consists of 16 dimensions (16D).  , , , , , , , , , , , , , , ,  

where , … ,  represents the multi-index matching partial indices. As shown in Figure 19, , ,  are illuminating surface locations in time  and spherical incidence angles of , .  
is the elevation and  is the azimuthal angle. It is observed at the time  from surface location , ,  
and spherical reflectance angles ,  with spectrum . Transmittance angles are expressed as , . Figure 20. Represents collective scattering distribution functions for translucent objects. 
Accordingly, a classification of reflectance models is depicted in Figure 21. 

 

Figure 20. A schematic of collective scattering distribution functions. 
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Figure 21. Taxonomy of specified reflectance functions derived as further simplifications of the 
BSSRDF [185, 186]. 

 

As seen in Figure 21, not all collective bidirectional distribution functions are suitable for texture 
surfaces. The following is a brief explanation of each function: 

 BSSRDF - Bidirectional Scattering-Surface Reflectance Distribution Function:  
The BSSRDF includes all surface as well as subsurface scattering. It models incident and 
emergent light at distinct surface positions. This model accounts for spectrally varying 
absorptions and scatterings, and phase modulation. It is challenging to measure BSSRDF 
reliably, and no full models have been published yet. This model is possibly the best GRF 
approximation we can measure in the near future [186]. 
 

 BRDF - Bidirectional Reflectance Distribution Function: 
In BRDF modeling, illumination, and viewing geometry are used to determine the reflectance 
of a target. A BRDF can be used to determine how much light is reflected from a surface in a 
particular direction. As a function of wavelength, both the optical and structural properties of 
the surface influence the BRDF [187]. It consists of an optimal, un-textured representation with 
many developed models, but is appropriate for opaque materials. Five variables that determine 
the BRDF are the incidence angle, the exit angle, the polarization of the incident light, the 
polarization of the reflected light, and the observation time [186]. A BRDF appearance attribute 
can be used in AM to assess the appearance of an object [5, 148, 188]. It is frequently used to 
describe the appearance of materials such as metal, glass, or polymers. For BRDF, the surface 
should be homogenous and un-textured, which heavily depends on the AM techniques. 
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For instance, BRDF may not be suitable for FFF surfaces with rough and large-scale textures. 
The spatially varying BRDF (SVBRDF) was developed using texture mapping functions for 
opaque 3D objects [186]. 
 

 BTDF - Bidirectional Transmittance Distribution Function:  
The BTDF is similar to the BRDF, except that it describes the transmittance properties of thin 
scattering films. Accordingly, the light emerges from the other side of the surface and in the 
direction of the opposing hemisphere, not significantly separated from the point of incidence 
[5]. This function is optimal for transparent homogeneous materials as an un-textured 
representation [186].  
 

 BSDF - Bidirectional Scattering Distribution Function: 
The macroscopic BSDF approximates the BSSRDF, which considers macroscopic local 
scattering for the incident and emergent lights at the same position on the surface [185, 186]. 
BSDF is a generalization of BRDF and BTDF [186]. 

 
4.3. Appearance measurement 

Since perception is a psychological phenomenon, manufacturers previously relied heavily on 
professional observers to make decisions regarding the modification or regulation of a process to achieve 
the desired outcome. As a result, evaluating appearance has been more of an art than a science up to this 
point. As human abilities also vary from person to person and with time, attitude, and age, expert 
opinions can differ and lead to disagreements [150, 189]. In recent years, using quantitative 
measurements made by instruments has replaced long-term qualitative assessments based on human 
judgment. To advance appearance technology and appearance research, color and other appearance 
attributes must be expressed mathematically. Additive manufacturing uses similar methods for 
measuring the appearance of materials such as textiles, paints, plastics, paper, food, and ceramics [151]. 

Figure 22 illustrates the CIE recommended 0°|45° and 45°|0° geometries [150], as well as measurement 
geometry with diffuse (d) illumination in a sphere geometry. A diffuse illumination method employs an 
Ulbricht sphere in dull white paint to provide homogeneous and diffuse illumination and observe an 
object virtually from all directions in space. 
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Figure 22. The diagrammatic representation of primary geometries of illumination and measurement 

 

The main color-measuring instruments are tristimulus colorimeters, spectroradiometers, and 
spectrophotometers [189]. Figure 23 depicts the difference between a tele-spectroradiometer and other 
color-measuring instruments. 

 

4.3.1. Tristimulus colorimeter 
Tristimulus colorimeters are the most common spectroradiometers, frequently used as affordable and 
handheld instruments in R&D labs for color quality control purposes. As long as the illuminant and 
observer conditions are fixed, e.g., D65/2°, the device can measure color tristimulus values. Generally, 
the instrument is used to measure surface and self-luminous colors, e.g., computer monitors. It consists 
of a light source (for non-luminous surfaces), an integrating sphere, and a detector. Several filters are 
included to provide comparable results to the CIE XYZ color-matching functions. It is, however, 
challenging to obtain reliable repeatability and instrumental agreement of the tristimulus colorimeter 
due to the poor reproducibility and aging of the filters in the detectors [189]. 
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Figure 23. The essential components of each sort of color measuring instrument. a) 0°|d tristimulus 
colorimeter, b) tele-spectroradiometer (TSR) measuring surface color in a light booth tristimulus at 

CIE viewing geometries 0°|45°, and c) 0°|d spectrophotometer. 

 

4.3.2. Tele-spectroradiometer 
One of the most reliable tools for measuring light is a spectroradiometer, which can measure both 
intensity and wavelength for radiance, chromaticity, and luminance [190]. These instruments have 
extensive accuracy; however, contactless measurement is more susceptible to calibration, environmental 
errors, and measurement geometry. The most common type of spectroradiometer is the tele-
spectroradiometer (TSR). The TSR is employed to remotely determine the color of an object when it is 
in its normal observing posture and viewing conditions. In a TSR, the three main components are a 
monochromator, a detector, and a telescope. Any tele-spectroradiometer can detect both surface colors 
and self-luminous materials. An external light source is necessary for measuring surface colors but is 
not essential for self-luminous stimuli. This instrumentation allows measurement results to correlate 
with actual viewing conditions [189].  

In the case of AM, it is beneficial for cross-media color reproduction, such as matching a 3D model on 
display with the output objects from a 3D machine. Non-contact color measurement systems, including 
TSRs, are valuable tools for capturing the appearance of non-self-luminous colors of 2.5D and 3D-
printed objects due to their feasibility, accuracy, contactless features, affordability, and flexibility in 
measuring multidimensional geometries and structured surfaces [127]. Thus, they are suitable for 
industrial applications, especially when the accessible surface is small, textured, or other appearance 
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measurement instruments cannot be utilized due to their form and geometry. As discussed in the 
appendices for aged samples, a similar set of challenges applies to curved surfaces (Papers IV and VIII). 

Regarding non-self-luminous colors, including 2.5D and 3D objects, the samples must be illuminated 
by a source that provides light that covers the entire spectrum. In addition, the essential measurement of 
counts is influenced by the detector's sensitivity to each wavelength in most uncalibrated TSR readings. 
Therefore, the instrument must be calibrated using a reference light source with a determined absolute 
SPD following the requisite precision. The instrument manufacturer typically includes a calibration plate 
in the instrument package [150]. 

By calibrating, spectroradiometers are used to quantify radiometric results such as irradiance (in W/m2) 
or radiance (in W/m2Sr). An entire spectrum can be captured in one acquisition, differentiating 
wavelengths based on where the light hits the detector array. Radiometric energy is determined across 
the visible spectrum (360–830 nm) at 1 nm intervals [191]. However, for practical purposes, the range 
can be narrowed to 380 to 780 nm at fixed intervals of 5 nm, 10 nm, or 20 nm. For radiance and 
irradiance units, their colorimetric values are reported as illuminance (in lux) and luminance (in cd/m2) 
[189]. 

In the later steps, the data is analyzed using a combination of algorithms and computer software to 
generate measurements for various parameters, including irradiance, brightness (cd), flux (Lumens or 
Watts), chromaticity, color temperature, and dominant and peak wavelengths. Some more advanced 
spectrometer software packages contain capabilities such as 2- and 20-degree observers, baseline 
overlay comparisons, transmission and reflectance calculations, and distance-dependent candela 
computations. 

 

4.3.3. Spectrophotometer 
A spectrophotometer measures the ratio of the incident and reflected lights within the visible spectrum. 
The measurement is conducted at a fixed interval, e.g., 5 nm, 10 nm, or 20 nm, and reported as the 
surface reflectance of a color. The system has three optical elements: a light source (illumination), a 
detector (viewing), and a monochromator. Lighting and viewing should comply with one of CIE 
recommendations: 0°|45°, 45°|0°, 0°|d, and d|0°. The 45°|0° and 0°|45° geometries are extensively used 
in computer graphics, and the 0°|d and d|0°geometries are commonly used in surface coloring (textiles, 
paint, polymers). As a general rule, spectrophotometers are the preferred instrument for surface analysis, 
quality control, and recipe formulation, where the size and geometry of the object can satisfy the 
measurement requirements. Metamerism can also be evaluated by this method, i.e., how color 
differences change with differing illuminations. A spectrophotometer is also reasonably accurate and 
stable over time compared to an absolute standard; however, more expensive than tristimulus 
colorimeters. Figure 24 illustrates several instruments used in this study to examine surface appearance 
attributes. 
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Figure 24. a) X-Rite i1Pro spectrophotometer, b) surface reflectance analyzer by Canon, used for gloss 
measurement, c) spectroradiometer CS-2000 by Konica Minolta, d) GON 360 goniometer for specular 

transmission and reflection measurements of translucent surfaces, e) the reflectance and f) 
transmission/absorption chambers in Perkin Elmer Lambda 1050+ spectrophotometer. 

 

Figure 25 depicts the equipment used to study the surface texture as part of this project. Both tactile and 
optical instruments were used for 3D surface finish measurements and surface texture analysis. Optical 
measurements are often preferred over tactile measurements when evaluating texture. There is a 
thorough comparison of these two categories in the review paper (Paper III). To capture the material 
appearance of 3D-printed objects using a TSR, the reduction of environmental noise and data processing 
are crucial factors to consider (see Figure 25f).  
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Figure 25. a) xTex scanner by Vizoo, b) digital microscope camera, c) confocal microscope, d) 
coordinate measuring machines (CMM) for tactile evaluation of the 3D parts, e) Shining 3D scanner, 
and f) Stray lights due to J55 3D printer and computer sets affecting optical measurements in the 3D 

scanning process. 

 

4.3.4. Errors in appearance measurement in AM objects 
To determine the appearance of 3D objects, it is necessary to reduce the noise and errors during capturing 
optical material properties, communicate appearance attributes, and scan, model, and control 3DP 
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systems to enhance their appearance. Generally, the three error categories that limit measurement 
accuracy are systematic, random, and periodic [192]. Systematic errors are deviations from the projected 
"correct" value mainly caused by the wrong measurement setup, calibration mistakes, human operator, 
stray light, or the instrument. The electronic and optical components, software, and power supply all 
play a role in the quality of a spectroradiometer system [193]. In particular, errors can also occur during 
physical measurements due to spectroradiometer error sources resulting from noise in the measurement 
environment, non-uniformity of the spectralon, and capturing delay due to the computer hardware and 
software. Variations in the mean caused by random errors reflect the noise generated by the detector, 
internal electronics, or the light source. This error can be mitigated by extending the integration time or 
doing repeated scans. Periodic errors occur due to repeated periodic or pseudo-periodic events such as 
environmental vibrations, humidity, air movement, and temperature variations [192]. 

As a result, the output signal is affected by several variables, including the amplitude of the detected 
flux, its polarization and direction, and wavelength distribution. The inaccuracy of measuring 
instruments and the standards used to calibrate them leads to a more significant error throughout the 
measurement process [192, 193]. Furthermore, the geometry and irregularity in the specimens should 
be considered during the measurement. For instance, missed nuzzles or high absorbance of dust for 
specific colors in MJT objects are typical issues that can be avoided through TSR measurement. To 
minimize multidimensionality errors, it is necessary to consider the analyzing approaches for selecting 
the measurement area on textured surfaces, choosing the correct field of view, focusing, repeating the 
measurements on other surfaces, and using the reference surface, in addition to minimizing 
multidimensionality errors. 

Stray light and measurement accuracy should be considered when evaluating texture and roughness, 
particularly for semi-translucent AM polymers (Figure 25f). The term stray light refers to the light that 
travels in a direction other than that intended. Stray light can cause peak distortions and photometric 
errors in optical measurements [151]. Peak distortion occurs when the stray light intensity exceeds the 
desired light intensity. It may result in distortion or even concealment of the peaks of the desired light. 
Consequently, measuring the intensity of the desired light may not be easy. Due to these issues, it is 
becoming increasingly challenging to develop workflows for achieving the complete appearance of the 
materials during both the design and manufacturing phases. 

Controlling, or ideally eliminating, stray light in optical measurements is a challenging task. During the 
research conducted to support this thesis, we attempted to reduce the impact of stray light by using filters 
or carefully designing the optics. When designing translucent 3D models, especially for MJT specimens, 
stray light transmission inside the material is often an inherent limitation of the system and must be 
considered. To accomplish this, we considered a bi-layer design with a matte and opaque background 
and the proper size to fully cover the measurement area. Also, baffles and black and matte curtains were 
used, the aperture was reduced, measurements were conducted in a room painted with black matte paints, 
and all necessary lights were eliminated or reduced to minimum levels, e.g., indicator lights. 

To conclude this chapter, we reviewed the main appearance attributes and their metric measurements. 
A focus was placed on color and texture, as well as images of some of the most significant instruments 
used in this study to assess optical appearances.

 

  



 

 

 

 

 

 

 

 

 

 

 

Chapter 5- Contribution of Included Papers 
 

 

 

 

 

“A hair divides what is false and true.”  

Omar Khayyam  

 
 
This chapter discusses the purpose, results, and relevance of thesis publications according 

to each sub-research question. For this purpose, a selection of the theoretical and practical 
contributions from the papers has been discussed. The full articles are available in the appendix.
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5. Summary of the publications 

5.1. Paper I 
The influence of wedge angle, feedstock color, and infill density on the color difference of FDM 
objects (Golhin et al., 2021) 

 

Purpose: This study aimed to evaluate the influence of the CAD design and slicing parameters in the 
preprocessing stage on the color difference of FDM objects. Therefore, we described a method for 
controlling texture generation in the pre-processing step of PLA filaments to alter their color appearance 
deliberately.  

 

Findings: This study provided insight into the influence of additive manufacturing pre-processing steps 
on the color difference between structured surfaces. There was evidence that the wedge angle of the 
elements in the design, the slicing process, and the infill density affect the color appearance of the printed 
parts in a predictable manner. According to this study, PLA filaments with low infill density and wedge 
angles provided a high-fidelity color appearance. Due to the increasing CIEDE2000 values at higher 
wedge angles and infill densities, optimizing the design and selecting the best printing process for the 
feature FDM printing was possible. According to experimental findings, blue PLA filaments exhibited 
a more stable color during manufacturing, which means that the filament color can affect the appearance 
of the same feedstock material. Although the measurements of color difference were unstable due to the 
layer-by-layer nature of the AM objects, standard spectrophotometers could be used to evaluate the 
appearance in a comparable manner with TSRs. As a result of the discussed results, it is possible to 
deliberately alter the color appearance of printed parts in PLA filaments by controlling the generation 
of surface texture during the pre-processing process.  

 

Relevant Sub-research question(s): FDM additive manufacturing technology was used to prepare 
structured surfaces in response to SRQ1. Regarding SRQ2, it examined the optical properties of the 
surfaces produced by FDM. As part of SRQ3, it developed a model that described the possible 
correlation between the basic parameters of material texturing and the color appearance of the surface. 
A final explanation of the use of the model for generating surface textures with enhanced color fidelity 
was provided concerning SRQ4. 
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5.2. Paper II 
Color appearance in rotational material jetting (Golhin et al., 2023) 

 

Purpose: Using a rotary disc as a build platform, this study examined the correlation between observed 
color/texture appearance and PolyJet controller parameters. 

 

Findings: Shorter radial printing in MJT using a rotational build platform reduces costs and led to faster 
printing. Color reproduction did not necessarily become more accurate due to this process. Using a 
rotary build platform to print on different zones affected the gloss, translucency, and roughness of the 
printed surface. However, it did not result in samples failing industrial color-matching tests. For 
instance, a 0.5 mm thickness difference led the CIEDE2000 color difference to rise above 5, culminating 
in the appearance of an undesired color. 
Based on the studied parameters, while changes in the swath or thickness had a negligible effect on the 
variation of lightness and hue, alterations in surface texture and physical geometry had a significant 
impact. Thickness had a greater effect on color appearance than swath selection, which was directly 
influenced by lightness but depended on the ink material. According to the CMM measurement, more 
low-height asperities were observed in the middle zones of the manufacturing process. A scanned 3D 
model of the surface confirmed that the height distribution was representative of repeated layers. The 
effect of lightness on the CIEDE2000 was correlated based on listwise correlation and PCA analysis.  
For most specimens, CIEDE2000 could be discerned by an inexperienced observer based on the selected 
3DP parameters. The color reproduction in PolyJet printers using rotary discs can, however, meet the 
criterion of color fidelity in practical situations with different illuminations. MJT objects exhibited all 
relevant visual characteristics, including color, gloss, translucency, shape, shading, and texture, 
stimulating visual representation sufficiently to stimulate the intended color. Other appearance attributes 
should also be addressed to evaluate the total appearance of objects manufactured by rotational MJT. 

 

Relevant Sub-research question(s): In this experimental paper, the four SRQs were considered. In 
response to SRQ1, MJT additive manufacturing technology was used to prepare structured surfaces. As 
for SRQ2, it examined the optical properties of the surfaces produced by PolyJet. Within SRQ3, it 
developed a framework based on the principal component analysis (PCA) that described the possible 
correlation between the basic parameters of material structuring and the color appearance of the surface. 
The final explanation of the use of the model for generating surface textures with enhanced color fidelity 
and texture was provided regarding SRQ4. 
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5.3. Paper III 
Surface roughness of as-printed polymers: A comprehensive review (Golhin et al., 2023) 

 

Purpose: This review paper was intended to summarize and evaluate the current state of polymer 
additive manufacturing. It identified significant recent research and described the current trend in the 
roughness assessment of 3D-printed polymers.  

 

Findings: It has been determined that FFF, SLA, DLP, SLS, and MJT are the principal AM methods 
for polymers based on scientific publications and market interest. It has been revealed that FFF and MJT 
provide full-color appearance printing options, which are used in other research papers in this thesis to 
analyze the appearance of AM objects. Furthermore, the roughness ranges in the review paper 
contributed to understanding surface morphology and structure, particularly for MJT technology, which 
was considered in the conference paper IX. According to the publications, PLA, ABS, Nylon (PA), PCL, 
PE, and PP were the most frequently referred polymers, consecutively. In the reviewed articles, tactile 
roughness measurement and Ra were often cited as the primary methods and roughness metrics. Rz, 
however, performed better than Ra since it accurately represented both tactile and visual roughness. 
This paper proposed a workflow for enhancing the texture appearance of AM polymers based on the 
roughness parameter. It was discussed how the functional properties of the structured surface in polymer 
AM can affect their applications. Aside from the surface texture and topography, a suitable surface 
roughness modification can ensure the desired performance requirements for defined applications. 
Accordingly, the application and challenges corresponding to the surface roughness were discussed. 

 

Relevant Sub-research question(s): This comprehensive review paper provided a deep understanding 
relevant to all four SRQs. An in-depth understanding of SRQ1 was provided: Applying additive 
manufacturing technologies to create structured surfaces. It offered a detailed and comprehensive 
literature review on analyzing the optical and functional properties of the structured surfaces in AM 
technology (SRQ2), focusing on their surface roughness and dimensional accuracy. It also discussed 
analytical methods describing the possible correlation between the basic parameters of material 
texturing and the surface roughness for as-printed parts (SRQ3). Furthermore, it corresponds to SRQ4: 
The use of the model for the generation of surface texturing with enhanced optical and functional 
properties by optimization of surface roughness. 
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5.4. Paper IV 
Effects of accelerated aging on the appearance and mechanical performance of materials jetting 
products (Golhin et al., 2023) 

 

Purpose: The purpose of the study was to use a PolyJet 3D printer to manufacture bi-layer polymer 
structures and study the functional and optical properties of their structured surfaces. We examined the 
appearance, mechanical, and physicochemical properties of acrylic-simulated parts following 103 days 
of accelerated aging.  

 

Findings: Studied polymer structures displayed higher elastic modulus (E) and glass transition 
temperature (Tg) values during the aging process. As determined by Taguchi and Redundancy Analysis 
(RDA), mechanical and physicochemical properties varied the most after 58 days of accelerated aging, 
with elastic modulus retention ranging from 149.21% to 116.6% and Tg of 116.6%. In general, exposure 
to ultraviolet light reduced the mechanical and optical fidelity of the parts. 
Distinct colors and mechanical properties were observed due to the dynamic responses of the photo 
resins to weathering agents as shown in Figure 26. For instance, magenta samples showed remarkably 
similar hue distributions to yellow materials in the CIE1976 u', v' chromaticity diagram after 12 days. 
Therefore, specimen's behavior is changed accordingly. For both color difference and its RMSE, most 
of the minimum values were reached between 33 and 58 days after the experiment began. A 58-day 
accelerated weathering in the QUV chamber resulted in the most significant variation in E and Tg. 
Dynamic Mechanical Analysis (DMA) samples display a curvature along their length due to the aging 
process, post-UV curing, and the circular layer-by-layer structure observed in MJT pieces.  

The Taguchi analysis indicated that color appearance solely correlated with the photo resin factor. 
Nevertheless, E and Tg were affected by all factors studied, including color, swath, and finishing. The 
MJT pieces appeared to have less elastic modulus and glass transition temperature variation due to 
printing on the outer swath or selecting a gloss-on-matte finish. Based on mean CIEDE2000 color 
differences, black and cyan photo resins showed significantly lower color differences and higher 
reliability than magenta and yellow photo resins. PolyJet materials are generally complex to test 
mechanically due to their viscoelastic properties. Despite this, they provided a reasonable level of 
mechanical durability during this long-term study. However, evaluating 3D-printed objects, particularly 
multi-layer AM products, is critical for long-term success. By using it, new avenues can be opened in 
the field of additive manufacturing for improving 3DP algorithms and multi-layer compatibility.  

 

Relevant Sub-research question(s): This experimental study examined the four SRQs. MJT additive 
manufacturing technology was used to prepare bilayer structures in response to SRQ1. As for SRQ2, it 
assessed the functional and optical properties of the PolyJet-produced structured surfaces. This work 
described the correlation between the basic parameters of material structuring and the surface's optical 
and functional properties, considering SRQ3. For this purpose, the Taguchi and RDA methods were 
employed to examine the effects of manufacturing parameters, such as color, position on the build 
platform (swath), and finishing options between layers, on the response variables. An analysis of 
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desirability was conducted to minimize the color and corresponding RMSE values and maximize the 
elastic modulus and glass transition temperature. According to SRQ4, the final explanation of how to 
use the model for generating surface textures with enhanced mechanical and color appearances for long-
term applications is provided.  
 

 

Figure 26. The functional study of 3D-printed coupons: a) DMA and b) Tensile test coupons in the 
QUV accelerated weathering chamber, c) DMA and d) Tensile universal testing machines, and e) 

DMA and f) Tensile test coupons after aging and in a light booth under standard D50 illumination. 
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5.5. Paper V 
Appearance evaluation of digital materials in material jetting (Golhin et al., 2023) 

 

Purpose: This paper attempted to provide insight into how the bilayer structure influences the 
reproduction of the material jetting appearance. For this purpose, all primary appearance attributes were 
studied.  

 

Findings: Observations at the microscopic level revealed that MJT objects appear differently under 
different illuminations and at different microscopic scales. The texture appears less homogeneous due 
to microscopic inhomogeneities and subsurface turbulence in layers as a consequence of layer-by-layer 
rotational printing, vibrations of the rotary disc used as the build platform, and translucency of photo 
resins. According to spectrophotometry, there was an increase in transparency and a decrease in albedo 
and color fidelity when there was no white background plate. In terms of CIE1976 u', v', and chroma, a 
monolayer CMYKW resin significantly deviated from the Pantone color matching scheme. Moreover, 
the increase in absorbance associated with doubling the thickness of monolayer samples was not 
compensated for by increased reflectance and lower albedo. As in transmittance conditions, gloss 
perception was also characterized by monolayer/bilayer structures. Bilayer specimens were found to 
have higher gloss and haze levels than monolayer specimens. White backgrounds had a greater impact 
on color, translucency, and scattering than gloss and haze results. Because of vertical measurements, 
gloss, haze, and scattering were elevated, while horizontal measurements were the opposite. Based on 
renderings of spherical 3D models, cyan, magenta, and yellow photo resins had significantly different 
appearances in monolayer structures. 

 

Relevant Sub-research question(s): This experimental paper addressed the four SRQs. A structured 
surface was prepared using additive manufacturing technology in response to SRQ1. As for SRQ2, it 
examined the optical properties of the surfaces produced by PolyJet. Concerning SRQ3, BRDF models 
for specular angles related to the gloss measurements were visualized. Furthermore, rendered images 
based on surface texture models were illustrated and Spearman rank correlation was used to describe a 
correlation between manufacturing conditions and the appearance of the surface. With SRQ4, the 
explanation of the use of the model for 3D printing with improved appearance and texture was presented. 
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5.6. Paper VI 
Optical properties of tilted surfaces in material jetting (Golhin et al., 2023) 

 

Purpose: As a necessary step towards reproducing full-color appearances, this paper examined how the 
build orientation influences optical properties and appearance attributes of 3D-printed objects. 

 

Findings: Microscopy showed that MJT objects produced at different build orientations (BOs) had 
different textures and surface characteristics, including layer configurations, gas porosities, droplet 
separation, and subsurface turbulence in layers. Tilting the manufactured surface caused microscopic 
inhomogeneities that affected the optical properties of MJT objects due to their translucency. As an 
explanation, processing forces like gravity and centrifugal force affected texture variation. BO affected 
the reflectance, transmittance, and absorbance of CMY colors more than black photo resin, according 
to spectrophotometric analysis. PCA score distribution explained spectral shifts. Although each photo 
resin responded differently to the principal components, the materials studied showed the same variation 
in reflectance and transmittance. The Kendall rank correlation coefficient for transmittance 
measurements showed that BO 75° deviated more. Reflectance shifts were greatest for BOs 60° and 90°. 
It also revealed the texture and manufactured layer variation affected reflectance more than 
transmittance. The variation in the microsurface normal direction affected gloss, haze, and scattering 
results. The CIEDE2000 color difference increased by less than 2 due to using different BOs. Tilting 
surfaces from 0° to 90° reduced vertical gloss and haze. Regardless of direction, BO increased 
subsurface scattering results. Furthermore, BO significantly affected the surface texture and layer 
orientation, affecting all studied attributes and varying surface quality. Results also suggested that the 
measurement direction significantly affects the gloss results in AM. In response to different BO, the 
study of the gloss and scattering were more crucial than color appearance in MJT products. 

 

Relevant Sub-research question(s): SRQ1 was addressed by preparing a structured surface using 
material jetting. Regarding SRQ2, it examined the optical properties of 3D-printed surfaces. Concerning 
SRQ3, the BRDF models of specular angles were visualized based on gloss measurements. A PCA was 
used to describe the correlation between build orientation and surface appearance based on rendered 
images derived from surface texture models. For SRQ4, an explanation of how the model may improve 
the appearance and texture of 3D-printed objects was extended. 
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5.7. Paper VII 
BRDF representation in response to the build orientation in 3D-printed digital materials (Golhin 
et al., 2023) 

 

Purpose: This study evaluated light reflection on the MJT surfaces based on BRDF measurements using 
a gonio-spectrophotometer for 3D-printed objects using different build orientations. 

 

Findings: BRDF model can explain the surface reflectance at different viewing angles for MJT objects 
due to their smooth and homogenous surfaces. Incorrect orientation can reduce the accuracy of material 
jetting. The texture and surface roughness study carried out in this paper noticed higher build orientation 
wedge angle increased surface roughness, especially for vertical 3D-printed surfaces. Horizontal 
printing deposited material layers on top of each other, creating a smoother surface texture. When 
printed vertically, layers were deposited at a non-horizontal angle, creating an irregular surface texture, 
especially for wedge angles of 90 degrees. The results also exhibited that object orientation affects 
CMYK hue distribution as viewed at different geometries, particularly for cyan and magenta compared 
to yellow and black resins. RDA and PCA techniques identified spectral bands that contributed more to 
BRDF changes and the correlation between variables like build orientation and surface reflectance. 
Incorporating luminance distribution (Y) and PCA scores of reflectances helped understand 3D-printed 
surface appearance and texture, which could improve printing process optimization. 

 

Relevant Sub-research question(s): A methodology for addressing SRQ1 and SRQ2 was developed by 
manufacturing surfaces and analyzing their optical reflectances. Regarding SRQ3, BRDF models based 
on 328 different measurement geometries were visualized and compared for all the examined BOs. The 
BRDF model was described using a PCA and the significant measurement geometries were determined 
to model the surface reflectance using fewer measurement geometries. In response to SRQ4, an 
explanation of how the model could be used to achieve more efficient measurement was provided. 
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5.8. Paper VIII 
Additive manufacturing of multilayered polymer composites: Durability assessment (Golhin et 
al., 2022) 

 

Purpose: 
This conference paper examined the role of short-term aging in the color appearance, and mechanical 
and physicochemical properties of acrylic-simulated parts. We conducted experimental studies as part 
of Paper IV, " Effects of accelerated aging on the appearance and mechanical performance of material 
jetting products ", emphasizing the behavior of the materials over a short period. 

 

Findings: 
The results of this 2-week study formed a basis for a long-term aging study on the MJT parts. It is 
confirmed the best factor parameters for each performance characteristic vary according to the design 
of experiments. In terms of color appearance, after two weeks of aging, black and then cyan samples 
showed significantly stronger color fidelity than magenta and yellow photoresins. In particular, black-
on-white with a glossy-on-matte finish manufactured on the outer swath demonstrated the highest color 
and mechanical fidelity, with no significant aging effects on the studied properties. There was an 
increase in elastic modulus and Tg due to the inner swath and GoG finish. During mechanical testing, 
cyan samples demonstrated higher E and Tg than black, whereas magenta and yellow samples exhibited 
unstable behavior. In the weathering test, all aged MJT coupons exhibited significantly different optical 
and functional properties compared to un-aged reference coupons. It indicated that post-curing due to 
ultraviolet (UV) absorption can explain the observed more rigid materials with altered appearance and 
mechanical properties. 

 

Relevant Sub-research question(s): 
To respond to SRQ1, MJT additive manufacturing technology was utilized. A study of the color 
appearance and functional properties of the 3D-printed structured surfaces is being conducted as part of 
SRQ2. This study investigated a possible correlation between material structuring parameters and the 
surface's optical and functional properties over a short period, considering SRQ3. The Taguchi method 
was also used to investigate the effects of manufacturing parameters, such as color, location on the build 
platform, and layer finishing options on response variables. 
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5.9. Paper IX 
Evaluation of surface texture in material jetting (Golhin et al., 2023) 

 

Purpose: This conference paper is intended to study the impact of the additive manufacturing process 
on the texture of structured surfaces. 

 

Findings: Based on the results of the FFT analysis applied to the height maps, the minimum arithmetic 
mean (5.7 m) and maximum FWHM (3.8 m) were within the middle swath, indicating a significant 
trend in swath selection. Using the PSD results, the periodicity of the layers was determined, and their 
widths were calculated. During the transition from the inner area to the outer edge of the build platform, 
the layer thickness decreased from 305 mm to 303 mm, resulting in closer layers being printed. 
Centrifugal forces may have increased along the radius of the disc as a result of this effect. This resulted 
in smoother surfaces on the middle swath of the build platform. This area, however, required more time 
to print than the inner swath. Using 3DP technology under optimized conditions resulted in parts with 
improved surface quality in the middle swath. As MJT technology with rotary trays is now capable of 
creating prototypes for home and office use, these results may help to improve the understanding of the 
surface texture in these printers and reduce post-processing steps. 

 

Relevant Sub-research question(s): Experimental studies were conducted as part of Paper II "Color 
appearance in rotational material jetting" project, emphasizing tactile and optical scanning of the surface 
text. In response to SRQ1, MJT additive manufacturing technology was used to prepare additively 
manufactured structures. For SRQ2, the texture of the structured surfaces was assessed. 
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Chapter 6- Conclusions and Future 
Perspectives 
 

 

 

“Life’s greatest adventure is in doing one’s level best.”  

Arthur Morgan, Red Dead Redemption 2 
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6. Summary 

6.1. Conclusions 
The workflow of AM should ensure that a fundamental aspect of the process is the ability to match the 
desired appearance of materials, including color, gloss, texture, translucency, etc. The appearance 
attributes determine whether a product is accepted or rejected most rapidly. It is necessary whether it is 
the requirements of real life, the requirements of computer-generated designs, reproductions, or 
manufactured products.  

As introduced in Chapter 1, the advent of AM revealed many new possibilities affected by the textured 
surfaces of AM products. Therefore, the surface modification approach must also meet these high-
performance requirements. As part of this thesis, a thorough investigation of surface quality in 3D 
printing was conducted, both from the viewpoint of appearance and functionality. A discussion of the 
most prominent AM techniques, their parts surface quality, and appearance and measurement techniques 
for 3D objects followed.

Chapter 2 presented the background and an introduction to the studied AM methods and 3DP techniques 
under different categories. Through focusing on polymers, these methods included FFF, PolyJet, SLA, 
and SLS methods. Then, their relevant surface issues have been briefly provided. It is revealed from the 
literature review that the workflow of surface modification in the pre-processing step heavily depends 
on the complexity of the design and the desired quality-time-cost balance. As mentioned for the PolyJet 
technology, the MJT samples present more challenges than other FFF and SLS due to their semi-
translucent and full-color appearance, which can be affected by high gloss and detailed textures. 

Chapter 3 discussed how the success of technological advancements in additive manufacturing in the 
long term is dependent on the surface quality and functional properties of the parts. In particular, we 
referred to several fields, such as medical models, which must be printed as accurately as possible 
regarding their color and surface roughness. To discuss how primary processing parameters can be 
optimized to improve surface quality for functionality and appearance, it is necessary to introduce the 
methods and the primary printing parameters. This topic followed the appearance context in Chapter 4 
by discussing the appearance attributes, including color, gloss, transparency, translucency, and texture. 
This is completed by discussing the optical investigation of textured surfaces, appearance measurement 
methods, and possible errors and challenges in the experimental part. 

Finally, in Chapter 5, the results from the papers were summarized as a conclusion of identifying printing 
variables and their effects on the appearance of the objects. An explanation of how structured surfaces 
are manufactured is provided in the papers, along with the main factors that affect the quality of the AM 
parts. Among the topics covered were pre-processing and processing factors such as design and build 
orientation, material type, parameters associated with the printing system, environmental factors, their 
short-term and long-term effects, and the influence of the initial post-processing itself.  

According to the proposed models in the papers, the observed color is caused by light interference at the 
multilayered surface of printed materials. The texture effect on color, gloss, haze, scattering, 
translucency, and BRDF was explained in the papers, focusing on the electromagnetic theory of light 
interference. A set of statistical descriptors is used to describe texture effects on light interference, 
considering the role of the printing setting, which is then can improve appearance prediction. According 



Chapter 6- Conclusions and Future Perspectives                                                                                   61  
 

 

to this research, each application requires different adjustments or changes to its printing parameters, 
considering the synergy among the appearance attributes, so the optimization process varies from one 
application to another. 

In conclusion, despite remarkable progress in exploring individual aspects of appearance measurement, 
the field of total appearance measurement and reproduction is still in its infancy. Application of 
appearance measurement findings to industries such as 3D printing holds significant promise for 
improving the quality and aesthetics of printed objects, which ultimately benefits various industries that 
require accurate and realistic representations of appearance. 
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6.2. Future perspective 
The technology of 3D printing is becoming increasingly refined and widespread, and its applications in 
aesthetics and functionality are increasing. It has been observed that the field of appearance 
measurement has experienced a significant surge in recent years, resulting in numerous new studies and 
innovative findings. Color, texture, and gloss have been explored in these works primarily as individual 
aspects of appearance. However, having accurate measurements and reproductions of total appearance 
is essential for the quality and aesthetics of 3D-printed objects. Researchers and practitioners can 
develop robust methodologies for capturing and reproducing the total appearance of objects in 3D 
printing by leveraging the innovative results achieved to date. This holistic approach would facilitate 
the development of material databases and optimization algorithms specifically tailored for 3D printing, 
thereby improving the efficiency of the manufacturing process. 

3DP has been used to create art, as developed in the approach of 2.5D printing. It allows for creating 
paintings, artistic replicas, sculptures, and other artworks that would be impractical to create using 
conventional methods. Furthermore, appearance 3DP can make jewelry, eyeglasses, and many other 
items that are impossible or difficult to generate using subtractive manufacturing methods. It is expected 
that industry standardization will increase, including adopting the 3Mf file format, which contains 
material data, color, texture, geometry, printer configuration information, support structure, and 
topologically-optimized lattices, as well as reliability and repeatability across 3DP technologies. The 
use of 3DP for end-use parts and serial production is becoming more viable. It is critical to consider 
scalable quality control as end-use production applications increase, particularly critical components. It 
is possible to achieve this by strategically utilizing 3DP process data and simulation software and 
implementing scalable testing strategies, considering the fidelity to the initial 3D model. 

For future work, we expect that by combining the boundary constraint theory with the prediction model 
for coloring performance, researchers will be able to rethink and develop robust appearance additive 
manufacturing aimed at modulating computational material assignment precisely to achieve a generic 
accurate reproduction framework for color matching. The design of test benchmarks, practical 
instructions, and numerical analysis models for assessing the performance of color reproduction is also 
vital for fulfilling accurate material-aware full-color additive manufacturing. It is also expected to extend 
the high color fidelity full-color 3DP to 4D additive manufacturing with an accurate color response. 
There is also expected to be an increasing focus on other appearance attributes to achieve high-fidelity 
total appearance in 3D printing. The field of functional material design also encompasses this new 
research area with high integrity to the appearance 3D printing. 
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Abstract. The surface appearance in additive manufacturing (AM)
has attracted attention in recent years due to its importance in
evaluating the quality of 3D printed structures. Fused Deposition
Modeling (FDM), also known as Fused Filament Fabrication (FFF),
holds an important share of the AM market because of its large
economic potential in many industries. Nevertheless, the quality
assurance procedure for FDM manufactured parts is usually
complicated and expensive. The enhancement of the appearance at
different illumination and viewing angles can be exploited in various
applications, such as civil engineering, aeronautics, medical fields,
and art. There are two steps in improving the microstructure and
material appearance of printed objects, including pre-processing
and post-processing. This study aims to elucidate the role of the
pre-processing phase in the development of FDM parts through the
assessment of color differences. For this purpose, a set of polymeric
samples with different wedge (slope) angles were 3D printed using
an FDM printer. The color difference between the elements is
discussed and correlated with the pre-processing parameters. It is
revealed that the wedge angle of the elements in the design, slicing
process, and infill density could alter the color appearance of the
printed parts in a predictable trend. This research suggests that low
infill density and wedge angles in polylactide filaments can result
in a more stable color appearance. c© 2021 Society for Imaging
Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2021.65.5.050408]

1. INTRODUCTION
The introduction of additive manufacturing (AM) has given
rise to many new possibilities. It is a complementary
option to the subtractive methods that have dominated
the manufacturing and production sector since the first
industrial revolution. AM offers improved functional device
integration capabilities, thanks to a wide range of 3D
geometry, ranging frommicrometers to centimeters [1]. The
fast-paced AM marketplace has also shifted from industrial
applications to customized manufacturing. The variation in
color property can deeply influence the customized product
to some extent, which is also known as the subdivision of
color 3D printing [1]. Full-color 3D printing and accurate
color reproduction are highly desired when 3D objects were
manufactured by AM techniques. On this basis, color fidelity
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and color preference have significant influence on the overall
quality of the product [2].

Color 3D printing is gaining increasing popularity in
recent years, as it enables customized production in various
industrial applications based on different substrates, includ-
ing plastic [3–7], powder [8, 9], paper [10–14], metal [15,
16], glass [17], food [18], and organism [19].While the seven
categories of applications for color 3D printing techniques
range from processes to coloring materials in 3D printing,
they follow the same subtractive color theory standardized by
the CIE (Commission Internationale de L’Eclairage) and the
ICC (International Color Consortium) for 2D printing. The
quality of surface colors ofAMobjects can be evaluated based
on color stability and color reproductionmethods. Neverthe-
less, the procedures for evaluating 3D objects are less than
traditional 2D objects, demanding a detailed guideline for
managing the color process of 3D printed objects [1].

The instrumental measurement geometry is one of
the critical factors when it comes to color measurement.
Since there is no CIE standard for the measurement of
3D prints, appearance measurement for AM technology
requires careful considerations due to the variation in color
and illumination geometries [20]. However, several attempts
have been made to develop appearance assessments for
3D color printing processing [7, 19, 21–23]. Accordingly, a
framework of color image reproduction for 3D color printing
has been introduced by Xiao et al. [2]. They proposed that
the performance of color reproduction can be significantly
improved by applying the framework.

There are several AM technologies that can be classified
as color 3D printing with the full-color spectrum, including
Color FDMand PolyJet introduced by Stratasys Inc.,MultiJet
Fusion from Hewett Packard Inc.p, SDL processing from
Mcor Inc. and 3DP developed by Z Corp Inc. and 3D system
Inc. MultiJet Fusion 3DP, and SDL processing are based
on the 3D printing of CMY(K) ink on printing materials
with a single color, while Color FDM and PolyJet require
colored feedstocks in order to generate a full color by
melting materials together. This is a complex project which
makes color 3D printing generally more sophisticated than
conventional color printing technologies [2].

According to ISO/ASTM standard 52,900:2015, fused
deposition modeling (FDM) is classified as a material
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Figure 1. Bonding and stages of bond formation in the FDM process.

extrusion-based AM technique [24]. FDM is the most
economical technique among other AM methods due to
its advantages such as the high strength of its materials,
cost-effectiveness, ease of printing, multicolor and glossiness
appearance, and environmentally friendly nature [25, 26]. In
this regard, FDM is an excellent candidate for biomedical,
marine, and aerospace applications such asmechanical hous-
ings, antennas, satellites, thermal management components,
and unmanned aerial vehicles (UAV) [4–6].

While the developments of FDM 3D printing and
the mechanical properties of printed polymers have been
remarkable thus far [27–29], manufactured objects tend to
suffer from the inferior surface quality, including undesirable
color variation, pronounced striations, high roughness, and
voids [30]. In other words, the smoothness, precision,
and topography of FDM parts are not comparable with
some other AM techniques such as PolyJet and Multi-
Jet [29]. FDM objects are printed in a layer-upon-layer
routine after the successive completion of each cross-section
based on the computer-aided design (CAD) data [25, 31].
Thus far, this is not the sole reason that explains the
drawbacks of this technique. This is primarily caused
by the filamentary nature of the FDM technique. For
instance, high-temperature variation during layer by layer
part fabrication procedure and inappropriate infill density
can affect the print quality [30]. Morphology is poor due to
various limiting factors such as phase transformations, rapid
cooling, and exhaustive energy. Moreover, the FDM printed
parts deviate from the initial geometry, as well as volumetric
errors and hardware settings [32–35].

On top of all these limitations, FDM is a dominant
AM technique in the market due to its various advantages,
including cost, printing time, bio-degradable materials, and
simplicity [25].

The FDM parts require significant post-production
finishing techniques (PPFTs) to meet its large market [25].
For a variety of applications, manufacturers use coating
and painting methods to obtain the desired surface finish.

However, these techniques pose several challenges that need
to be overcome to form the printing process. For example,
there is an accumulation problem along the edge of the object
and then inside the part at the beginning of the FDMprocess.
This problem cannot be solved by coating or painting since
it requires a specific number of outlines to package the part
according to the required response [25, 36].

In general, two types of bonding exist in the FDM
process, including inter-layer and intra-layer bonding. The
high thermal expansion of pure polymers creates a loose
bond between the layers during printing, leading to the
formation of the staircase (Figure 1). As an inherent issue, the
formation of staircases has a significant negative influence on
the surface appearance of FDM parts [9–13].

The infill density defines the level of incorporating
material inside the fabricated object. It may vary from 0 to
100%, depending on the required balance between material
consumption and mechanical properties [10]. Generally,
a higher infill density leads to a heavier and stronger
part, which increases the cost and the material used for
the printing process. The density and pattern of infill are
important process parameters that can influence the surface
quality as well. As such, they should be selected appropriately
considering the design and strength requirements, as well as
the build time of the printed part [2]. For instance, surface
artifacts such as gaps and porosity have been observed even
at 100% infill density under a scanning electron microscope
(SEM) [11].

There is a wide range of filaments in the market
with different colors, however, 3D printing contains unreal
tristimulus values based on standard color charts compared
to the designed CAD file. In order to calculate the color
difference between two objects, the CIE recommended two
alternates for RGB, including CIELCH (L∗C∗h) and uniform
color scales: CIE 1976 (L∗a∗b∗) or CIELAB. The CIE76
(�Eab) formula was the first color-difference formula based
on CIELAB values. It has been succeeded by the CMC
(Color Measurement Committee) in 1984 and followed by
improvement in CIE94 and CIEDE2000 formulas [37, 38],
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Figure 2. (a) The design, (b) as-3D printed model, and (c) separated specimens with different wedge angles placed in a light box under D50 light source.
The sample was printed using a red PLA filament with an infill density of 0%.
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where LCh is Lightness (the same one as in L∗a∗b∗), chroma
(the distance out from the neutral axis – saturation) and
hue, the constant values of kL (lightness), kC (chroma), and
kh (hue) in computer graphic arts are usually unity [39].
Other parameters refer to the hue rotation term (RT ), and
the compensation for lightness (SL), chroma (SC ), and hue
(Sh). CIEDE2000, as themost recent formula, has become the
recommended industry standard for all calculations except
textiles, which still use CMC [40].

Knowledge of color science is crucial for the success of
3D printed parts. While color stability and the appearance
of 3D surfaces have been reported [15], studies of color
differences based on the printing processes are lacking.
Therefore, this study aimed to evaluate the influence of

the CAD design and the slicing parameters in the pre-
processing stage on the color difference of FDM objects.
Accordingly, we emphasize a method to deliberately alter
the color appearance of 3D printed surfaces by controlling
the generation of texture in the pre-processing stage for
polylactice (PLA) filaments.

2. DESIGNS ANDMETHODS
Due to feasibility and a broad application of SolidWorks in
additive manufacturing, the structured surface models were
created in SolidWorks CAD 2020 (Dassault Systems, Velizy,
France) in the native format (*.sldprt) and subsequently
imported to the Prusa Slicer for the slicing process. Both
software are well known CAD systems of the manufacturing
community due to their ease of use and extended function-
ality unavailable in open source software [15].

The design and appearance of the 3D-printed model,
together with separated wedge specimens, are displayed in
Figure 2. All separated wedges were stored in the as-printed
state without post-processing after 3D printing. To focus
on the role of design features and the color attribute,
‘‘blue’’ and ‘‘red’’ matte filaments have been used to print
physical models. In order to decrease the influence of
the printing layout of samples with different wedge angles
(distribution at a work platform) on the surface properties,
a high density of parts with reduced size in the base area
(15 × 15 mm) is chosen as the main design criterion.
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Figure 3. (a) The 15◦ wedge angle feature on the dull red sample 15, (b) the twin digital model, and (c) measurement positionings of the 4.5 mm
aperture on the surface.

This means that these features are positioned as closely
together as possible, while they could be split easily.
Additional attention was paid to wedge angles 5◦, 10◦,
and 15◦. These tilted surfaces were duplicated in the design
at different locations on the build platform, and recognizing
staircase problems were more critical for low-wedge angles.

The CAD model was exported using the fine STL from
SolidWorks (tolerance 0.12 mm) to be read and interpreted
by the print setup software. G-codes were obtained using
PrusaSlicer 2.2.0 software in the slicing step. 3D printing
was performed using a Prusa i3 MK2.5 3D printer with a
0.4 mm nozzle, layer heights from 0.15 mm at the bottom
and 0.07 mm at the studied wedge features, step size in X/Y
axis−0.01mm,maximum speed 200mm/s, and theworking
area of 250 × 210 × 210 mm3. PLA filaments were sourced
fromadd:north, Sweden. TheX-PLA filament had a diameter
of 1.75 mm (diameter tolerance 0.025 mm) in two matte
colors of red and blue. Although these colors were stated
by the manufacturer, the printed blue color was more of a
cyan color, and red was reproduced in dull red. Thus, they
would be so-called cyan and dull red from in this paper.
Wedge angles from 0 to 90 at 5 degrees intervals were printed
using these two colors feedstocks and for each different
infill density. The adjustable maximum and minimum infill
densities were limited to 0 and 90%, and it was not possible
to apply more than 90% for this design. The values of 30 and
60% were also applied to track the role of this pre-processing
parameter on the surface color.

The spectral diagrams on the surface of the printed
FDM part were measured by a spectrophotometer (X-Rite
i1 Pro, Switzerland) under a D50 light source. A 45:0 degree

viewing geometry under the standard CIE Publication 15.2
was used to study the surface of the 3D-printed wedges. The
optical resolution and physical sampling interval within the
380–730 nm spectral range were 10 and 3.5 nm, respectively.
Calibration was performed with the standard white ceramic
patch of the device before each series of measurements. To
avoid errors due to other sources of light, all measurements
were done in a dark room.The rear side of the instrumentwas
kept rested on a planar surface, and the aperture was placed
perpendicular on three different areas of sample surfaces
(hatched circles in Figure 3c) to ensure the correct optical
angles. The trend in the spectral results has been controlled
using a tele-spectroradiometer (TSR) model CS-2000 from
KonicaMinolta assessing samples at the same 45:0 geometry,
placed in a D50 light box. The TSR lens was perpendicularly
positioned by a 1◦ field of view at a distance of 50 cm from
the target specimens.

The results were averagely extracted from at least three
times of measurements for each wedge. The minimum
thickness per raster/layer on the surface (print resolution)
was 0.07 mm. It is estimated that a minimum of eight
layers was investigated for each measurement. Finally, the
color difference (�E∗

ab) values were calculated using a color
engineering toolbox in MatLab [15].

All data files were recorded in L∗a∗b∗, LCh, and XYZ
using ColorPort 2.0 software in order to overcome the
limitations of chromaticity diagrams like RGB in this study.
Therefore, all spectral diagrams were extracted from the
measurement directly. Finally, the color difference values
were calculated using the Eq. (4) of CIEDE2000, where the
parametric factors for KL, KC , and KH were set to 1 [41].
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3. RESULTS ANDDISCUSSION
The i1Pro spectrophotometer used in this study was
inspected and tested to examine the intrinsic error caused by
the measuring device. Figure 4 provides the spectral results
and color different specifications based on 25 measurements
of the standard ceramic tile (white reference) under D50
illumination.

Figure 4. The average spectral and corresponding standard deviation
area of the spectrophotometer. The attached specifications represent the
reproducibility of the measurements and measurement uncertainty.

Spectral results of the cyan FDM samples at different
infill densities are shown in Figure 5. The distributed
reflectance spectra were recorded from the wavelength of
380 to 730 nm at intervals of 10 nm. As can be seen, the
reflectance behavior is almost the same at different wedge

angles and infill density and limited to values between
approximately 5 and 55%. However, the graphs shifted to a
lower level by increasing thewedge angle. Itmeans that the 0◦
and 90◦ had the maximum andminimum reflectance values,
respectively and eventually confirmed by the higher lightness
value (L) in L∗a∗b∗ values.

In this work, the procedures attempted to follow ISO/TS
23031:2020 (E) [16]. Thus, the evaluation of the spectral
differences between the reference and test spectra, and
the corresponding color difference, could be performed
with the root-mean-square error (RMSE) and mean color
differences from the mean (MCDM), respectively [17, 18].
The definitions are as follows.

RMSE=
√√√√ 1

N

N∑
i=1

(rr,i − rt,i)2 (5)

MCDM= 1
N

n∑
i=1

�E(Ci,Cm)2, (6)

where N is the number of reflectance readings, rr and rt
are the references and test spectrum. Ci and Cm are the
CIELAB color coordinates of the ith readings and the average
reflectance of all readings, respectively.

Figure 6 represents the chromaticity coordinates of each
sample on different wedges. As illustrated in Figure 7, when
the infill density was fixed, the distribution of x–y values for
angle 0◦ was almost in the same range in the case of different
infill densities. However, the distribution for the rest angles
barely followed a certain pattern.

The color characteristics results in Figures 8–10 give
the same interpretation as the chromaticity diagram results.
In Fig. 9, infill densities of 0% and 90% represent a larger
color gamut compared to other cyan samples. The size and

Figure 5. Reflectance spectra of cyan FDM specimens at different infill densities: (a) 0, (b) 30, (c) 60, and (d) 90%.
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Figure 6. The enlarged and the chromaticity coordinates of the cyan samples at different wedges according to the CIE 1931 x–y chromaticity diagram
(D50).

Figure 7. The chromaticity coordinates of the cyan samples at different infill densities according to the CIE 1931 x–y chromaticity diagram (D50).

direction of color change in selected wedge angles in Fig. 10
reveal the CIEDE2000 color difference and the a∗ and b∗
direction according to the reference sample at 0◦ angle.

Generally, it can be seen that the color change in a∗b∗-plane
for higher wedge angles was more significant than the lower
angles at different infill densities (Fig. 10).
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Figure 8. Photograph and color characteristics of cyan surfaces under a D50 illumination at different infill densities: (a) 0, (b) 30, (c) 60, and (d) 90%.

Figure 9. The color gamut of the cyan samples at different infill densities (%).

The average L∗a∗b∗ values for each wedge were used
to calculate the CIEDE2000 color difference to identify the
color difference between each sample group. The average
measured reflectance of the wedge of 0◦ (the flat horizontal

zone) is called the reference value for each sample. According
to the opponent-colors theory of color vision expressed in
CIELAB, L defines lightness, and a∗ denotes the red/green
value, and b∗ the yellow/blue value. Figure 11 shows
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Figure 10. L∗a∗b∗ values of selected wedge angles of the cyan samples at different infill densities. The attached lines represent the CIEDE2000 value
and direction, corresponding to the reference angle of 0◦.

CIEDE2000 results from cyan samples assessed under the
same appearance measurement condition. In general, the
trend in CIEDE2000 values reveals that the higher infill
density gives the most significant color difference at a wedge
angle< 60◦. At higher angles, however, the trend is reversed,
that is, the zero-infill density displayed the highest color vari-
ation, except at 90◦, where the 60% infill had a slightly higher
value. In total, 30% infill appeared to represent more stable
results concerning the color attribute of cyan samples, par-
ticularly at low wedge angles. Furthermore, the slope ranges
from 40◦ to 65◦ meant a small threshold of color difference.

Measurements for the dull red samples resulted in a
similar trend in the spectral (lightness shift in Figure 12),
and the chromaticity coordinates based on the 1931 CIE
(distribution of results in Figure 13). Again, the diagram
shifted to the lower reflectance values for higherwedge angles
at different infill levels. The range of spectral values was
roughly the same between 5 and 60%.

The zero-infill samples indicated a loose convergence of
the x and y results in terms of the distribution of chromaticity
values (Figures 13 and 14). Similar to the cyan samples, the
distribution of the x–y values for sloping surfaces did not
follow a certain pattern. It may suggest that although the
stability of the color is noticeable on a flat FDM surface,
reproducing the color is difficult for the inclined surface. It
is not only because of the presence of layers and physical
irregularities on the extrusion-based AM surfaces, but also
it can be because of the color inconsistency in the filaments
as the general feedstock for FDM printers.

Color characteristics and color gamut in Figures 15–17
indicate that the color change in the a∗b∗-plane for higher
wedge angles is generally more extensive than the lower
angles at different infill densities. The variation in the
lightness (L∗) played the main role in the color difference on
wedges for both samples.
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Figure 11. Average MCDM values of CIEDE2000 color difference and the corresponding RMSE for cyan samples at different infill densities.

Figure 12. Reflectance spectra of dull red FDM specimens at different infill densities: (a) 0, (b) 30, (c) 60, and (d) 90%.

The CIEDE2000 results from the dull red samples
in Figure 18 suggested an incremental trend in the color
difference in the upper wedge angles. However, the average
value of color differences indicated that the unfilled samples

had more color differences (Figure 19). Generally, it can be
seen from the average CIDE2000 for different infill values
that the higher density inside the FDM parts is associated
with higher color differences. However, the correlation
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Figure 13. The enlarged and the chromaticity coordinates of the dull red samples at different wedges according to the CIE 1931 x–y chromaticity
diagram (D50).

Figure 14. The chromaticity coordinates of the dull red samples at different infill densities according to the CIE 1931 x–y chromaticity diagram (D50).
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Figure 15. Photograph and color characteristics of dull red surfaces under a D50 illumination at different infill densities: (a) 0, (b) 30, (c) 60, and (d) 90%.

Figure 16. The color gamut of the dull red samples at different infill densities (%).

between the mean color difference and wedge angle in both
cyan and dull red samples is not linear. The number of layers,
the staircase effect, and the random errors due to variation
in printing conditions can affect the layered microstructures
significantly [42].

In particular, the formation of stairs is an inherent
issue with the FDM method and affects surface quality

significantly in comparison with traditional manufacturing
techniques such as injection molding [31, 42]. For instance,
while there was only a base layer at the flat surface, it reached
18, 37, 57, 78, 99, 123, 150, and 179 layers for wedge angles
from 5◦ to 40◦, consecutively. Then it is limited to the
maximum 214 layers for 45◦ to 90◦ samples. In this case, the
horizontal width of stairs was 0.83, 0.41, 0.26, 0.19, 0.15, 0.12,
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Figure 17. L∗a∗b∗ values of selected wedge angles of the red samples at different infill densities. The attached lines represent the CIEDE2000 value and
direction, corresponding to the reference angle of 0◦.

Figure 18. The MCDM value of CIEDE2000 color difference and the corresponding RMSE for dull red samples at different infill densities.
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Figure 19. The MCDM CIEDE2000 color difference for each set of
measurements. Each column bar represents an average value for color
difference in wedge angles between 0◦ to 90◦ at intervals of 5◦.

0.10, 0.08mm for wedge angles from 5◦ to 45◦, consecutively.
It reached a value less than the layer thickness (0.07 mm)
at 50◦, where the horizontal width of stairs started to decrease
to 0.06, 0.05, 0.04, 0.03 mm for 55◦ to 70◦, consecutively. For
the rest angles, it was less than 0.03 mm.

Although there was a meaningful association between
the variations in staircase effect and the wedge angles as
expected, the correlation between slope angles and color
differences was non-linear due to many influential printing
factors. In particular, environmental factors can impose
irregularities on the surface, resulting in a rougher surface,
which consequently can affect the spectral results. It includes
variation in temperature, humidity, platform vibration,
airflow, dust particles, etc. [25, 43].

Regarding the infill 0%, a small bump was observed at
lower wedge angles in some cyan samples, resulting from
incubating hot air in the surface elements during the printing
process at temperature of 215◦C. These bumps could affect
the color difference results and explain the irregularity in the
color of the unfilled samples of the cyan parts.

The notable RMSE errors in the color difference resulted
from the uncertainty raised by the layer-upon-layer nature
of FDM 3D printing. Considering the role of wedge angles
in the design step, the polynomial fitting results with 95%
confidence in Figure 20 suggest that the color difference
increases exponentially at higher wedge angles. In particular,
the wedge angles of 80◦ to 90◦ for the two filaments showed
a significant color difference. According to the CIEDE2000
formula [11, 12], the color difference of 1 is generally
considered unnoticed and barely perceptible by the average
human observer. An experienced observer can only notice
�E between 1 and 2. In the case of 2 < �E∗

ab < 3.5, the
difference is also noticed by an inexperienced observer. The
difference is noticeable in the range of 3.5 to 5, and�E∗

ab < 6

is typically considered an acceptable match in commercial
reproduction in printing presses. Regarding human vision,
it is more sensitive to color differences if two colors actually
touch each other [40, 44]. According to the calculated color
difference in Fig. 20, �E∗

ab ranges were less than 5 for all
samples. It means the maximum color difference is possible
to be noticed by an inexperienced observer for high wedge
angles. However, it is not easy to recognize the appearance
difference due to the color in the case of lower wedge
angles. Considering the intrinsic errors due to the measuring
device in Fig. 4 (mean �E∗

ab = 0.16), the error was less than
the measured minimum color difference (�E∗

ab = 0.22) for
both samples in dull red (infill 0% and wedge angle 5◦)
and cyan (infill 30% and wedge angle 40◦) colors. In other
words, the spectrophotometer was sufficiently accurate to
record theminor color differences formicrotextured samples
3D-printed by the FDMmethod.

The above results suggest a pathway based on the
studied parameters for the simulation and design of 3D-
printed objects. For instance, defining boundary conditions
and constraints in a 3D design for topology optimization
(TO) is a potential application as a mathematical method
for increasing the performance of the machine to print
optimized surfaces.

4. CONCLUSIONS
This study represented an insight into the influence of
additive manufacturing pre-processing steps on the color
difference of structured surfaces. For this purpose, two
filament spools with different colors from the same material
and manufacturer were used to print samples with different
wedge angles and infill densities. The increasing CIEDE2000
values at higher wedge angles and infill densities uncovered
an idea to optimize the design and select the best printing
process for the feature FDM printing. As indicated in this
study, while the measurements of the color difference were
unstable because of the layer-by-layer nature of the AM
objects, it is possible to evaluate the appearance using
standard spectrophotometers. The color attribute has been
examined among other appearance properties, by measuring
tristimulus values of a color stimulus. According to the
results, the change in the lightness (L∗) played the main
role in the color variation on the wedges. The variation
in staircase effect corresponding to the wedge angles had
a significant correlation. It was revealed that the lower
reflectance at the higher wedge angle was mainly due
to the smaller horizontal width of stairs. Experimental
work revealed the color cyan PLA filaments can offer a
more stable color during manufacturing, which means that
the filament color can affect the appearance of the same
feedstock material. However, the dominant factor for the
color difference was the layers formation and the staircase
effect. Overall, the discussed results are instrumental in
altering the color appearance of printed parts deliberately
by means of controlling the generation of surface texture
in the pre-processing stage in the case of PLA filaments.
It suggests a possibility to generate micro-textures at lower
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Figure 20. 95th percentile polynomial fitting results for cyan and dull red PLA samples at different wedge angles.

wedge angles and fewer infill densities for PLA filaments
through topological optimization and generative designs.
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Abstract
Material jetting (MJT) is a recognized additive manufacturing (AM) method to combine various materials and create a wide 
range of designed appearances. However, the measured color of MJT objects is frequently different from the color provided in 
the printer software. As a result, estimating the color quality and the measured color attributes of an object before printing is 
vital for accurate color reproduction. This study investigates the color variation based on the texture in an object 3D-printed 
using the MJT method on a rotary tray. The novel radial shape of the rotary tray build platform and variation in the layers 
structure were targeted as the main factors that can increase the uncertainty in accurate color reproduction. The influence of 
the PolyJet printer setup has been examined by thickness variation of the colored layers, location on the tray (swath selection), 
ink color, and finish type between layers. Color quality was assessed by comparing the produced object color by calculating 
spectral and colorimetric differences. Spearman rank correlation coefficient and principal component analysis (PCA) methods 
were used to analyze the direct or indirect influence of independent categorical factors on the measured color variables. Based 
on the studied parameters, switching swathes did not fail printer objects for industrial color matching. In contrast, a thickness 
variation as small as 0.5 mm could cause CIEDE2000 above 5 for most models, resulting in unnatural color reproduction. 
Color differences in most objects might be discernible to inexperienced observers, depending on the 3D printing parameters.

Keywords 3D printing · Material jetting · PolyJet · Color accuracy · Surface texture · Appearance

1 Introduction

The rapid development of office 3D printers offers a broader 
range of innovative designs that were previously impossi-
ble to produce using traditional manufacturing methods. 
Vat photopolymerization (VPP) [1] and material jetting 
(MJT) [2] are two examples of current AM methods that 
have been adapted to the personal 3D printing market. It 
opens new avenues for the economy and society due to its 
rapid development in recent years. While material jetting 
has made significant advances in the enhancement of surface 
roughness [3], the technology has yet to catch up with the 
development of fused filament fabrication (FFF) in terms of 
personal applications [4, 5].

Prototyping is the primary purpose of personal 3D print-
ers. Data from over 10,000 3D printers shows that they are 
mostly used for prototypes, hobbies, gadgets, art/fashion, 
and scale models [6]. This means that rather than mechani-
cal or thermal capabilities, the quality of 3D-printed items 
is judged primarily based on their tactile and appearance 
perception. Instrumental color measurement is an indirect 
practical method of analyzing a product based on its appear-
ance to evaluate the processing performance and quality of 
manufactured products. However, visual color assessments 
and color perception are qualitative, subjective, and con-
troversial. It has become an industry concept of quality 
control to determine, among other things, color strength, 
color difference, match prediction, shade sorting, and white-
ness measuring [7]. A spectroradiometer is a valuable tool 
for measuring light over complex shapes and designs, as it 
measures both wavelength and intensity for radiance, lumi-
nance, and chromaticity remotely.

The reproduction of appearance is one of the most signifi-
cant aspects of 3D printing using MJT technology [8]. Since 
2014, several companies, including 3D systems, MCOR-
technology, HP Multi Jet Fusion (MJF), and Stratasys, 
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have introduced multicolor 3D printers based on powder, 
paper, or plastic [9]. Currently, color reproduction systems 
use halftoning techniques, which combine different inks 
spatially at the surface of an object to create colors. As a 
result, the object exhibits a variety of artifacts, particularly 
when viewed from a closer distance [8]. Y. Cheng et al. [10] 
prepared photocurable resins for MJT and colored the resin 
with CMYKW colors to achieve full-color printing using a 
homemade MJT printer. They developed mechanical mecha-
nisms, automatic print head alignment algorithms, leveling 
mechanisms, and color dithering methods to improve color 
consistency. Using a custom MJT printer for 3D printing, 
V. Babaei et al. proposed a method for reproducing color
using a 3D printing process. They create colors by combin-
ing inks with different thicknesses inside the volume of the
object by 3D color contouring, which was inspired by the
inherent ability of 3D printers to layer different materials
over one another. Most of these studies, however, focused
on the conventional movement of the build platform in MJT
3D printers.

Rotational 3D printing is currently being introduced to 
help reduce the size and complexity of 3D printers without 
using large robot arms. PolyJet® 3D printing, developed by 
Stratasys, is a promising MJT method that utilizes a rotary 
tray to create realistic-looking colored parts, such as physical 
replicas of biological structures, prototype samples, educa-
tional models, and artistic designs [11]. Office 3D printers 
have recently repurposed MJT for the personal 3D print-
ing market. The PolyJet system builds three-dimensional 
objects by jetting fine droplets of photopolymer in CMYKW 
(cyan, magenta, yellow, black, and white), solidifying when 
exposed to ultraviolet light [11]. Thermoplastics and elasto-
mers are used more frequently than photopolymers in some 
production environments, yet they can simulate these mate-
rials mechanically, thermally, and visually [12]. As a result 
of the high-resolution 3D printers available in MJT, it is 
now possible to print single objects with numerous colors 
and various surface properties, including a variety of color 
shades, anisotropic reflectance (AR), gloss, halftone pat-
terns, and goniochromatic effects [11].

While the dimension accuracy and surface finishing in 
the manufactured objects represent high manufacturing 
quality, printed objects have a measured color that often 
differs from the selected color in the printer software. Cur-
rently, limited studies have been conducted on accurate 
color reproduction methods for various color 3D printing 
materials. Compared to color studies on AM processes with 
color reproduction capability, such as FDM [13–15] as the 
dominant AM technique, materials jetting allows for greater 
control over the color reproduction of 3D-printed items. For 
instance, X. Wei et al. [16] studied the significant-finish 
effects type on measured color, as well as the interaction 
effects of finish type and specified color. L. Zheng et al. [17] 

characterized the achievable range of color by comparing 
the gamut of PolyJet color 3D printing and ink-jet printing 
on a paper surface. Effects of the number of printing lay-
ers, hue, brightness, saturation, and chromatic aberration 
have been studied by C. Li et al. [18]. The colorimetric 
characterization of 3D printers using highly translucent 
printing materials was addressed by c. A. Arikan et al. 
[19]. In another study, O. Elek et al. [20] developed a self-
contained, end-to-end system for the translucent resin to 
produce high-frequency color texture. A. Brunton et al. 
developed techniques [21, 22] for precise and efficient mate-
rial placement control in multi-jet 3D printers for halfton-
ing, vital in accurate color reproduction. X. Wei et al. [11, 
23] demonstrated that the response surface methodology
(RSM) and multilayer perceptron (MLP) neural network
model perform well in predicting the measured color. These
studies, however, were carried out on standard XYZ build
platforms, with industrial Stratasys J750 PolyJet or HP
Multi Jet Fusion (MJF) printers as the primary printers.

Studies [24, 25] have shown the significant influence of 
build orientation, i.e., planar, vertical, and inclined sur-
faces, on the surface quality and roughness of MJT parts. 
G. Kim and Y. Oh [26] reported that the surface quality of
MJT printing is superior to SLA printing on all inclined
surfaces except for the vertical surface, which has an incli-
nation of 90°. Build orientation can also affect the surface
appearance of 3D-printed parts. Manufactured objects
can also be designed so that they appear differently from
various viewpoints or by using the reflection properties of
colors to achieve viewpoint-dependent appearances [27].
A few studies have mentioned the rotary build platform
model of MJT technology [27, 28] and the liquid jetting at
a rotary disk [29]. However, the effect of centrifugal force
caused by the rotating build platform on shaping the layers
and color quality has yet to be investigated.

Using rotational 3D printing, 3D printers may become 
smaller and easier for office applications. Different patterns 
are created on the surface because the tray rotates about a 
vertical axis, presenting new challenges. Therefore, it will 
be necessary to examine the surface texture and the quality 
of 3D-printed objects to develop rotational 3D printing 
methods. Accordingly, this work presents a texture study 
to statistically analyze connections between observed color 
and four PolyJet control parameters, including the speci-
fied color, design thickness (Δt), swath (manufacturing 
track) location on the build platform, and finish type. In 
order to clarify the contribution of the rotary tray to the 
color appearance of the samples, we studied the texture 
and layers of the samples manufactured at different places 
on the build platform. At the end of this work, we exam-
ined the possible conditions of color reproduction using a 
PolyJet 3D printer by evaluating multivariate analysis over 
the studied parameters and response variables.
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2  Materials and methods

2.1  Experimental design

The role of printing location on the build platform (swath), 
the thickness of layers, color, and finish type is studied 
using a full factorial design of experiments as three control 
factors connected to the measured color. The Stratasys J55 
3D printer was used to prepare the samples. A J55 place-
ment zone consists of three areas of the same width: inner, 
mid, and outer (Fig. 1). The innermost location of the parts 
should be utilized first for optimal placement and reduced 
build time. The finish types between the colored layer and 
white bottom substrate were selected glossy on glossy 
(GoG) and glossy on matte (GoM) for studying as-printed 
samples. The specimen dimensions were 10 × 10 × 3.5 
 mm3 for color study (Fig. 2) and 60 × 13 × 3.5  mm3 for 
texture evaluation and trial color evaluation, respec-
tively. The thresholds for each parameter were chosen to 
eliminate the influence of post-processing, as well as the 
limitations imposed by processing software and the 3D 
printer. For instance, the matte surface finish was avoided 
due to surface alteration during the support removal pro-
cess. Furthermore, parts were designed with the minimum 
size required for measurement to counteract the effect of 
extended radial layers.

The primary specimens were 3 mm thick with 1.5-mm 
support material at the bottom, 1-mm white background, and 
1-mm colored material on top (Fig. 2). This design method 
is based on Stratasys best practices for PolyJet and according 

Fig. 1  a Illustration of swathes and main zones of the rotary tray. b Top view of the swathes with the same width (60 mm) in a J55 PolyJet 3D 
printer. Samples were printed in a swath from the inner zone toward the outer area of the tray

Fig. 2  As-printed MJT samples for color evaluations as observed 
under D50 daylight illumination
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to Pantone validated color matching system. It states that 
printed parts should have a wall thickness of at least 1-mm 
white background for optimal color reproduction. Since the 
defects and errors in observed CIEL*a*b* values for repli-
cated samples were minimal in the trial experiments, one 
piece is studied under each experimental condition for the 
main investigation. In order to investigate the influence of 
each printing process parameter on the color quality, two sets 
of experiments have been conducted to reach the optimum 
condition using the minimum required samples. Levels for 
each of the experiments are shown in Table 1. In experiment 
1, samples with a thickness of 1 mm in the colored layer 
were manufactured in different swaths. As part of experi-
ment 2, samples with different thicknesses were 3D-printed 
in the middle swath of the rotating disk of the 3D printer. 
In both experiments, two different surface finishing options 
were selected between the white background and CMYK-
colored layers. A total of 48 color samples were subjected 
to in-depth spectral analysis.

2.2  Measurements

A Konica Minolta CS-2000 tele-spectroradiometer (TSR) 
was used to determine the spectral radiance at the 3D-printed 

object surface in the 380–780 nm spectral range (Fig. 3). The 
physical sampling interval was 10 nm, whereas the optical 
resolution was 1 nm. Using 45:0° viewing geometry, the 
surface of the 3D-printed item was evaluated according to 
CIE Publication 15.2 [30]. Each series of measurements was 
calibrated with the white Spectralon patch (Barium sulfate 
coating). The obtained radiances have been averaged from 
measurements in the field of view of 0.2° on three-centric 
regions of the surfaces to overcome edge loss in measuring 
reflectance on semi-translucent materials. At least ten hori-
zontally distrusted 3D-printed layers were present at each 
targeted location on the studied surface. Any site having 
odd coloration, external particles, or support materials was 
avoided.

Measurements were taken in a dark room to avoid errors 
caused by other light sources such as ambient lighting. Radi-
ance spectra have been recorded considering noise reduc-
tion due to the possible stray lights in the darkroom of the 
measurement.

Calculations were performed using the computational 
color science toolbox in MATLAB 2021 [31]. For this pur-
pose, CIEXYZ tristimulus values were calculated accord-
ing to the CIE 2° color-matching functions, using the sam-
ple reflectance and under the D50 illuminant. CIEL*a*b* 

Table 1  Experiments and their 
levels

a GoG, glossy on glossy finish; GoM, glossy on matte finish
b Inn, inner (r-tray < 120 mm); Mid, middle (120 mm < r-tray < 180 mm); O, outer (180 mm < r-tray < 230 mm) 
swath

Experiment 1 Experiment 2

Color Finishing Swath Thickness 
(mm)

Swath Thickness  
(mm)

Cyan GoG and  GoMa Inn, mid, and  outb 1 Mid 0.2, 0.5, 1, and 2

Magenta GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2

Yellow GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2

Black GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2

Fig. 3  Schematic diagram of the 
measurement setup using a tele-
spectroradiometer. The enlarged 
area represents the comparable 
size of the measurement area 
and the average width of the 
uppermost layers
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coordinates were further calculated according to CIE1976 
[30] and using the CIEXYZ tristimulus values in Eqs. 1–3.

where  Xn,  Yn, and  Zn are the tristimulus values of a specified 
white achromatic stimulus (Spectralon).

CIEDE2000 [32] colorimetric differences as given in 
Eq. 4 was calculated between the object printed on the three 
swaths. CIEL*a*b* values obtained from the objects with 
1-mm thickness printed in the middle swath were used as
reference measurements when calculating the CIEDE2000
difference.

In Eq. 4, L*, C*, and h* refer to lightness, chroma (the 
distance out from the neutral axis—saturation), and hue as 
defined in CIE15.2 [30]. The constant values of  kL (light-
ness),  kC (chroma), and  kh (hue) are usually unity [33]. Other 
parameters refer to the hue rotation term  (RT) and the com-
pensation for lightness  (SL), chroma  (SC), and hue  (Sh).

A total of nine printer objects, including three pieces 
printed on each swath, have been scanned vertically and 
horizontally using a coordinate measuring machine (CMM) 
model Zeiss DuraMax. The step width was set at 10 μm, a 
probe radius of 1.5 mm was chosen, and the machine was 
accurate to 2.4 μm. A desktop 3D scanner (Autoscan Inspec, 
Shining 3D) was utilized in dark conditions. An 8-times 
rotation was made with the specimens mounted on a turn-
table every 45° until a 360° view was achieved. An object 
was scanned with an accuracy of ≤ 10 μm under a blue-light 
projector emitting structured-light patterns. The distorted 
dimensions are measured using two 5.0MP CCD cameras 
on the scanner. The registered point cloud is collected from 
multiple scans at various object orientations. All digitiza-
tion was merged using UltraScan 2022 software, and a raw 
texture-based model in STL (stereolithography) format was 
created in MeshLab (v2022.02). The 3D coordinates of the 
object were compared with the CMM results. Following the 
CMM acquisition, the raw data was processed in Gwyddion 
(v2.59) to determine layer thickness and heights as well as 
the topography.

Holmberg et al. [34] examined the surface microstruc-
ture changes during machining processes based on the 
full width at half maximum (FWHM) analysis and optical 

(1)L∗ = 116
(
Y∕Yn

)1∕3

− 16
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microscopy study. We utilized the FWHM values to ana-
lyze the height distribution. Texture evaluation allows 
reconstructing of the profile of additive manufacturing 
and realizing data registration and appearance evaluation.

Surface features in AM technology are the presence 
of microscale repetitive layers in the surface texture of 
3D-printed objects [35]. There are two approaches to the 
analysis of texture: structural (analytical), where primi-
tives are analyzed, and syntactical (statistical), where 
statistics are used to determine the texture of the entire 
textural region [36]. Autocorrelation and Fourier analysis 
are the most common structural methods for the analysis 
of texture, while for statistical analysis, co-occurrence 
matrices or run-lengths are common methods. To evaluate 
the surface texture analytically, we used Fourier analysis.

The FFT (fast Fourier transform) method removes all 
high-frequency noise, revealing the actual signal [37]. 
Several authors have demonstrated that the power spectral 
density (PSD) of a contact area determines the morphology 
of its surface [38–40]. Accordingly, we developed an algo-
rithm for evaluating the 3-D geometry of additive manufac-
turing surfaces. Our method transforms 3D texture into a 
2D coarseness profile using 1D Gaussian filtering and FFT 
filter smoothing. The asymmetric profiles associated with 
shape have been subtracted from the repeated texture profiles 
using polynomial fitting tools in OriginPro v9.5 to remove 
the effects of the form on the texture results.

According to ISO 16610–31, the robust regression Gauss-
ian filter calculates weights individually for a primary profile 
and a waviness profile using iterative algorithms. Using this 
filter, the mean line is strongly associated with the general 
trend of the surface profile with spike discontinuities such 
as deep valleys and high peaks and is unaffected by outli-
ers. The FFT algorithm was implemented to remove high-
frequency noises and reduce the waveforms to the absolute 
magnitude and phase data in a frequency domain. The power 
output versus frequency spectrum of the surface profiles was 
examined by FFT spectra of signals, where power is nor-
malized as the space (time in standard notations)-integral 
squared amplitude (TISA) using the following equations:

where Pxx
(
ejω

)
 is the power density or spectrum (PSD),

rxx(m) is the auto-correlation function of the input signal, Δt 
is the sampling interval, Re and Im are the real and imaginary 
parts of the transform data, and n is the length of the input 
sequence. In order to mitigate leakage, the single rectangle 
window function is applied as follows:

(5)Pxx
(
ejω

)
=
∑∞

m=−∞
rxx(m)e−jωm

(6)TISA(Power) =
Δt

(
Re

2 + Im
2
)

n
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where w(n) = 1 for 0 ≤ n ≤ N − 1 , and zero otherwise.
The statistical procedures were based on ISO/TS 

23,031:2020 (E). Accordingly, it is possible to evaluate the 
color difference between reference and test spectra and the 
root-mean-square error between them using the root-mean-
square error (RMSE) and the mean color difference from the 
mean (MCDM) [41]. The following are the definitions:

where  rr and  rt are the references and test spectrum, N is 
the number of reflectance readings, and  Ci and  Cm are the 
coordinate colors of the ith measurements and the average 
reflectance of all measurements, respectively. The RMSE of 
each quantitative variable is obtained to perform the spectral 
analysis, comparing the spectra of the target surfaces.

Multivariate analysis of the studied parameters and the response 
variables were run using principal component analysis (PCA) and 
the listwise Spearman rank correlation coefficient (Spearman rho, 
also signified by rs) due to small sample sizes [42]. PCA is a robust 
way of reducing the dimensionality of data. The raw data is lin-
early transformed into a set of principal components, which show 
the most significant variations in the raw sensor data. The PCA 
method of estimating correlations is a multivariate extension of lin-
ear regression to matrices containing independent and dependent 
variables [43, 44]. Two sets of variables can be viewed as asym-
metrical, as one batch is considered an independent variable such 
as printing parameters, and the other as a dependent variable. In 
this work, the matrix of appearance variables included measure-
ments of color attributes including dL, dC, and dh.

Furthermore, Spearman rho was utilized to measure the 
relationship between the frequency of print variables and 
color attributes. It is a non-parametric measure for categori-
cal data, which evaluates monotonic relationships of data that 
are not normally distributed regardless of linearity. Spearman 
rho of + 1 or − 1 refers to the case where each variable is a 
mathematically ideal monotone function of the other [42]. 
Statistical analyses were carried out using OriginPro v9.5.

(7)N∕
∑N−1

n=0
w(n)

2

(8)RMSE =

√√√√ 1

N

N∑
i=1

(rr,i − rt,i)
2

(9)MCDM =
1

N

N∑

i=1

ΔE(Ci,Cm)

shown in Fig. 4; a semicircle pattern can be observed in 
the corresponding surface texture image for the 3D-printed 
layers (Fig. 4c).

Using CMM data, Fig. 5 illustrates a closer look at 
additively manufactured layers and the results of an FFT 
examination applied to height maps (Z height). The strong 
peaks for averaged results in Fig. 5c confirm the periodic 
nature of the layers and the associated surface texture in 
the specimens studied. Arithmetic means of the periodic 
distance between layers can be obtained by calculating the 
average frequency of distances for the PSD peaks.

According to Fig. 5b, the obtained MJT surfaces were 
relatively smooth with a Z height of less than 15 μm. In 
addition, height distributions followed a normal distribution. 
There is a lack of understanding as to the mechanism by 
which texture affects color appearance on smooth surfaces 
in semi-translucent MJT materials. It has been suggested 

Fig. 4  a 3D-printed samples for texture evaluation, b STL model gen-
erated from 3D scanning, c 2D texture-based model created from the 
point cloud

3  Results and discussions

3.1  Texture evaluation

An optical image of a studied specimen and the cor-
responding STL model generated by the 3D scanner is 

1188 The International Journal of Advanced Manufacturing Technology (2023) 124:1183–1198



1 3

that the texture of the surface influences how light is scat-
tered and how the color is measured as a result [45]. J. H. 
Bae et al. [46] reported as the visual texture rank increased, 
inkjet-printed samples were perceived as darker. Neverthe-
less, this effect was not consistent across colors. Accord-
ingly, the texture of a surface can affect chromatic induc-
tion, which is essential for color constancy under full-field 
viewing conditions.

Table 2 lists the arithmetic mean height of asperities over 
vertical and horizontal scanning directions according to Fig. 5. 
CMM measurements show that the mean layer height and 
FWHM for separate locations on the build platform exhibit a 
meaningful correlation, where the minimum arithmetic means 

of layer height (5.69 μm) and FWHM (3.84 μm) belong to 
the middle swath. Table 2 also suggests that layers become 
increasingly thinner from 305 to 303 μm as the selected tray 
radius increases. The difference can be explained by the higher 
centrifugal force on the build platform in the outer area of the 
disk. By moving from the inner swath to the outer edge of the 
tray, the print head of a 3D printer may create a closer layer 
compared to previous layers.

3.2  Color measurement

The chromaticity diagrams in Fig. 6 represent the map of 
color space for the average of u  and v  values corresponding 

Fig. 5  a Contour plot showing the scanning strategy (exaggerated Z profile), b Profile of Z height distribution, and c power spectral density 
(PSD) results along with the scanning profile

Table 2  Mean height of 
asperities over vertical scanning 
direction

Swath Mean layer 
distances (μm)

RMSE (μm) Mean layer 
heights (μm)

RMSE (μm) Mean 
FWHM 
(μm)

RMSE (μm)

Inner 305.96 1.12 7.45 0.56 4.79 0.16

Middle 305.78 4.14 5.69 0.86 3.84 0.33

Outer 303.33 2.75 7.14 0.36 4.48 0.01
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to each specimen. CMYK points were closer on surfaces 
printed with different swathes than on objects with various 

thicknesses. It basically implies a higher color difference 
because of the thickness variation compared to swathes.

Fig. 6  Hue stimuli in the CIE1976 u , v  chromaticity diagram for specimens manufactured at different a swathes and b thicknesses. The wave-
lengths between 420 and 680 nm are indicated in blue on the graph. C, cyan; M, magenta; Y, yellow; K, black; W, D50 white reference
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The values of redness (a*) and yellowness (b*) at the 
same lightness (L*) also confirmed the same trend in the 
CIEL*a*b* color space. In Fig. 7, the 95% confidence color 
gamut ellipses suggest that magenta was significantly more 
sensitive to thickness than swath selection. Furthermore, 
thicker yellow and magenta objects resulted in greater b* and 
a* values, while the opposite held true for black and cyan 
objects. The color was more stable in the same lightness 
among the black samples despite varying printing conditions. 
For these samples, finishing played no significant role.

The spectral properties of surfaces and illumination also 
play an essential role in determining color. As a result, when 
evaluating color quality, it is necessary to consider both col-
orimetric and spectral measurements [47]. Figure 8 depicts 

how cyan and yellow colors shifted to lower spectral val-
ues for outer swathes than inner areas. In contrast, magenta 
exhibited the opposite behavior, and black samples were 
almost immune to spectral shift. On the other hand, lower 
thicknesses of the CMYK layers (Fig. 9) resulted in higher 
spectral reflectance for all samples, which indicated that the 
increased thickness accounted for the lightness reduction 
and lower spectral reflectance regardless of surface color.

In general, more significant MCDM color differences were 
observed for the thickness experiment compared to the swath 
study (Fig. 10), as observed from chromaticity diagrams in 
Fig. 6. All colors studied, except black, showed the lowest 
CIEDE2000 values when the middle swath was selected com-
pared to the inner area. CIEDE2000 between central and outer, 

Fig. 8  Reflectance of a cyan, b magenta, c yellow, and d black specimens 3D-printed at different swathes on the build platform
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however, produced a different response. Higher layer heights 
may be compromised by the closer layer distances in the exter-
nal zones of the tray. According to Table 2, this result aligns 
with the texture measurements and higher lightness variation 
due to higher layer heights. It allows parameterization of the 
swath selection to produce the lowest color differences in the 
middle swath compared to the other areas of the build platform 
(Fig. 10a). The transfer distance for light over the 3D-printed 
structures might be decreased due to a more evenly distributed 
texture with lower layer heights for this swath.

According to CIEDE2000 for color matching in paper-
based printing [48, 49], a color difference of 1 is barely 
perceptible to the average human. An experienced observer 
notices CIDE2000 between 1 and 2. Color difference from 
2 to 3.5 is also noticeable to an inexperienced observer. 

However, 5 < CIDE2000 is not an acceptable match for com-
mercial printing presses. The calculated color differences 
in Fig. 10a and b indicate that CIDE2000 ranges were less 
than 5. Yellow samples and surfaces with the GoM finish of 
cyan parts had the most significant color difference visible to 
inexperienced observers. The appearance difference between 
black and magenta colors was challenging to distinguish due 
to their color. Considering commercial purposes, all results 
were acceptable when switching between segments on the 
tray. Since human vision is more sensitive to color differ-
ences when two colors touch [50], mixing CMYK colors 
may result in noticeable color differences.

As for the variations in the thickness of colored layers, 
on the other hand, rather than yellow at the lower thickness 
and black at the higher thickness, the rest were in assorted 

Fig. 9  Reflectance spectra of a cyan, b magenta, c yellow, and d black specimens 3D-printed at different thicknesses
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colors and were not acceptable for commercial color repro-
duction. Compared to 1-mm thick colors, 0.5-mm thickness 
resulted in a more negligible color difference than 2- and 
0.2-mm thickness (Fig. 10c). Similar to the swath study, the 
CIEDE2000 values were lower for black-colored surfaces. 
Choosing the GoM finish for cyan, magenta, and yellow 
colors increased the color difference in the swath experi-
ment (Fig. 10b). However, it did not contribute considerably 
to thickness evaluation (Fig. 10d).

Figure 11 signifies the relationship between the two 
main color attributes affected by swath selection. The 
Euclidean distances revealed that as the radius of the lay-
ers on the substrates increased, the variation in lightness 
and hue values was not linear. Because the absolute differ-
ence in lightness and hue between the inner and outer areas 

of the build platform was minimal when the difference 
between the mid and inn and out swaths was considered. 
Further analysis from Table 2 revealed that texture results 
were able to differentiate the color attributes affected by 
layers. Consequently, since the layer height of the middle 
swath differs the most from other swathes, lightness and 
chroma are more variable, with a more substantial influ-
ence on lightness.

Figure 12 displays the MCDM color difference versus 
RMSE values. In the swath experiment, black was the 
color with the slightest variation and produced the most 
consistent results. Cyan had a more pronounced color dif-
ference than red and yellow, but a lower RMSE made it 
less unpredictable to swath changes. Considering thick-
ness changes, both cyan and black color reproduction had 

Fig. 10  CIEDE2000 color dif-
ference due to manufacturing 
parameters for swath and thick-
ness experiments. The influence 
of a choosing different swathes 
using GoG finish, b finishing 
condition for different swathes, 
c Ft, and d finishing condition 
for different thicknesses on 
CIEDE2000. Δt, color layer 
thickness compared to 1 mm 
recommended by the manufac-
turer of the 3D printer; IQR, 
interquartile; I-M, inner swath 
versus middle swath; I-O, inner 
swath versus outer swath; M–O, 
middle swath versus outer swath

a) 

b)

c)

t (mm)

d)
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significantly higher MCDM and RMSE. The reproducibil-
ity of yellow appeared to be more sensitive to swath selec-
tion than thickness variation. However, color differences 

for all CMYK colors were nearly double due to colored 
layer thickness differences.

3.3  Multivariate statistical analysis

The PCA correlation type results were presented as ranking dia-
grams, which used figurative symbols. The direction of maximum 
change is indicated by arrows on print variables and color attributes. 
A high correlation is observed between the variables when placed 
in close or the same direction, and low correlations when placed in 
the opposite direction. The two lines at a 90°-angle indicate no cor-
relation between the variables. Table 3 implies that the cumulative 
inertia for the first and the second principal components (PC1 and 
PC2) reached 91.03% for swath and 83.13% for thickness experi-
ments. Moreover, PC1 and PC2 represented eigenvalues greater 
than 1. Therefore, based on the Kaiser criterion, two PCs would be 
appropriate enough to explain the correlation among data in PCA.

The loading plots (Fig. 13) demonstrate lightness had a 
robust positive effect on PC1 and almost neutral on PC2 for 
swath evaluation. In contrast, hue had a meaningful nega-
tive impact on PC1 and a considerable positive impact on 
PC2. In contrast, both lightness and hue acted reversely for 
PC1 and PC2 concerning the variation in thickness. Chroma 
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Table 3  Principal components 
ranking according to their 
cumulative roles in PCA

Experiment 1: swath Experiment 2: thickness

PC ranking Eigenvalue Percentage of 
variance (%)

Cumulative (%) Eigenvalue Percentage of 
variance (%)

Cumulative (%)

1 1.67 55.82 55.82 1.36 45.41 45.41

2 1.05 35.21 91.03 1.13 37.72 83.13

3 0.26 8.96 100 0.50 16.86 100
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positively influenced both PC1 and PC2 in both experiments. 
Accordingly, variations in the printing parameters have 
affected variations in tristimulus color attributes.

Spearman correlation coefficient was used to estab-
lish the significance of each manufacturing condition 
(Fig.  14). A correlation coefficient greater than 0.50 
and 0.70 is considered moderate and robust correlations, 
respectively if P values are less than 0.05. P values less 
than 0.01 and Spearman rho higher than 0.60 are gen-
erally valid co-occurrences [43]. Accordingly, the cor-
relation coefficient with rs = 0.87 between thickness 

alteration and dL is strong (P < 0.001). Based on the rank 
correlation, swath and thickness selection had a more 
considerable effect on lightness and chroma than color, 
and the influence of finishing between colored and white 
layers was negligible. While dL had the greatest impact 
on color appearance, the effect varied depending on the 
ink materials specified. Following texture evaluation, 
results indicate that the variation in swath and thickness, 
influencing the surface texture and geometries, signifi-
cantly alters the appearance of color due to the lightness 
alteration.
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4  Conclusions

This study investigated relationships between observed color 
and four PolyJet control parameters: specified color, design 
thickness, swath location on the build platform, and finish 
type between colored and substrate layers. We studied the 
texture and surface layers of samples 3D-printed at separate 
places on the build platform to determine the effect of the 
rotary tray on color. Triplets of chromaticity coordinates or 
standard color values are used to indicate the color of a par-
ticular object. The following conclusions were drawn from 
this study:

The CMM measurement showed that manufacturing in 
the middle zones resulted in more low-height asperities. 
Based on the obtained power spectral density (PSD) versus 
the frequency of distances, the surface asperities could be 
assumed to be periodic. Therefore, the height distribution 
was representative of the heights of repeated layers. These 
results were observed by scanned 3D models of the surface. 
As a result, the surface layers in the middle of the rotary 
build platform were thinner.

PCA and listwise correlation analysis correlated the influ-
ence of lightness on the higher color difference for thickness 
experiments. We used multivariate analysis to determine 
the optimal conditions for color reproduction using a Pol-
yJet 3D printer. While the influence of finishing between 
colored and white layers was negligible, alteration of swath 
or thickness, which influenced surface texture and physical 
geometry, greatly influenced variation in lightness and hue. 
The color appearance was more sensitive to thickness than 
swath selection in this regard, which was directly affected 
by lightness. This, however, was contingent on the ink mate-
rials specified. In the swath experiment, the yellow color 
and glossy colored layer printed on matte white substrate 
finishing led to a greater color difference. Nevertheless, it 
was less sensitive to thickness variation than cyan, magenta, 
and black materials.

Both experiments indicate the importance of adjusting 
the location on the build platform and thickness during 
pre-processing. Shorter radial printing generally yields 
less expensive and faster 3D printing. However, it does 
not necessarily result in more accurate color reproduc-
tion. Printing on different zones of a rotary build platform 
may also affect the surface roughness, gloss, and translu-
cency. The switching of swathes did not fail samples for 
industrial color matching. Still, a thickness variation of as 
small as 0.5 mm could cause most specimens to go above 
5 on the CIEDE2000 scale, which resulted in an unnatural 
appearance due to variation in color reproduction.

Based on the selected 3D printing parameters, color dif-
ferences could be discernible by an inexperienced observer 
for the majority of samples. However, color reproduction 

utilizing rotary disks in PolyJet printers can meet the 
criterion of color quality in everyday contexts with vari-
ous illuminations. Combined with our findings, results 
indicated that the MJT objects had all the relevant visual 
characteristics, including color, gloss, translucency, shape, 
shading, and texture, that stimulate the visual representa-
tion sufficiently to induce a color difference. As a result, 
other appearance attributes also should be considered 
when evaluating the total appearance of parts manufac-
tured by rotational material jetting.
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Abstract 

Surface roughness is gaining increasing recognition in the processing design methods of 

additive manufacturing (AM) due to its role in many critical applications. This impact 

extends not only to various AM product manufacturing but also to indirect applications, such 

as molding and casting. This review article discusses the role of processing on the surface 

roughness of AM-printed polymers with limited post-processing by summarizing recent 

advances. This review offers a benchmark for surface quality improvement of AM processes, 

considering the surface roughness of polymeric parts. For this purpose, it lists and analyzes 

the key processes and various printing parameters used to monitor and adjust surface 

roughness under given constraints. Four AM techniques for manufacturing polymeric parts 

are compared: fused filament fabrication (FFF), selective laser sintering (SLS), vat 

photopolymerization (VPP), and material jetting (MJT). A review and discussion of recent 

studies are presented, along with the most critical process parameters that affect surface 

roughness for the selected AM techniques. To assist in selecting the most appropriate method 

of 3D printing, comparable research summaries are presented. The outcome is a detailed 

survey of current techniques, process parameters, roughness ranges, and their applicability in 

achieving surface quality improvement in as-printed polymers. 

 

Keywords: Additive manufacturing; 3D printing parameters; Polymer; Surface roughness; Surface 

quality 
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1. Introduction 

Additive manufacturing (AM), often known as 3D printing, combines materials to fabricate products from 

3D model data, typically in a layer-upon-layer process [1]. AM has continued its exponential growth in 

many applications because of its attributes, such as mass customization, waste minimization, and on-

demand design revisions [2]. However, AM parts cannot precisely replicate 3D CAD models due to the 

inherent surface roughness and accuracy limitations of the AM process. In-process enhancing the quality of 

the surface in AM technology is presently one of the most significant challenges of advanced 

manufacturing. It is a critical element for compatibility with surface coatings, the fatigue resistance of the 

products, liquid trapping, and the presence of moving particles [3]. 

Recently, the influence of the primary processing parameters (PPP) on the quality assessment of 3D-printed 

(3DP) objects has received considerable attention from academia and industry. Mainly because optimizing 

these PPPs provides more fabrication competence based on mass customization, on-demand design 

revisions, and waste minimization. Enhancing the 3D model, material and process selection, and surface 

modification can satisfy the performance constraints of the 3DP parts, such as tooling [4], jewelry [5], 

sensors [6], performance improvement, production, personalization and customization, spare parts, 

maintenance, repair, art, design, and architecture [7]. Considering the growing applications of personal 3D 

printers (shortened form as “printer”) and the small-scale market for AM technologies, it is increasingly 

essential to thoroughly understand the surface morphology created by various 3DP methods. Not 

surprisingly, most post-processing machines are currently either unavailable or high-priced to most AM 

users. 

Polymers have been the center of attention in fabricating 3D parts because of their cost, availability, ease of 

production, and appearance options, particularly in the case of entry-level 3DP machines [8, 9]. The 

Wohlers Report 2021 [10] reported 7.5% growth in AM industry. It shows almost half of AM service 

providers offer polymer 3D printing, and 29% provide polymers besides other materials, such as metals and 

ceramics. As a result, over 80% of the AM market is involved with polymeric materials. In addition, 

polymer powder consumption is mentioned as rising by 43.3% in 2021, overtaking photopolymers as the 

most commonly used additive manufacturing material. In total, the polymer 3DP market is expected to 

increase to $24 billion in 2024 and $55 billion in 2030 [11]. Since 2012, 14150 out of 54275 (26.1%) 

publications in the field of additive manufacturing applied to polymer-based techniques (data from Web of 

Science, 2023). As almost 80% of the AM market is dedicated to polymer-containing materials, this is still 

growing, and there is significant potential for future research and development of polymeric AM objects. 

The polymeric AM parts suffer from poor surface finish and geometric deviation. Among textural 

appearance attributes, surface roughness is a critical indicator for assessing the quality of a product and the 

manufacturing process. For many direct and indirect applications, the surface of the printed object must 

meet specific criteria and properties such as mechanical [12], physical [13], tribological [12], and other 

quality attributes (QAs) [14].  



 

2  

Surface roughness is a metric relating to the QAs of AM parts because of its impact on the aesthetic 

appearance and the integrity of the piece in terms of its ability to interface with other components. It 

influences not only the appearance but also the functional properties of a part [15]. 

In most circumstances, the finishing process is rarely used to modify the part dimensions except for 

reducing the surface roughness via sandblasting and polishing or for structural applications [16]. In some 

cases, various painting and coating methods are used to achieve the required surface finish. These practices 

are insufficient to form the printing process and must overcome several challenges. For instance, material 

accumulation in fused filament fabrication (FFF), as a material extrusion (MEX) AM process, occurs along 

the edges and inside the products, which cannot be resolved by painting or coating [17, 18]. To choose a 

process based on the specifications of a part, Gordon et al. [19] provided a decision tree as a framework. 

They suggested the appropriate design modifications considering the desired surface to account for the 

selected techniques.  

Various kinds of polymers are primarily supplied for AM in the shape of filaments, pellets, resin, or powder 

[20]. Furthermore, composite polymers reinforced by fibers and particles offer a favorable combination for 

almost all the existing AM methods [20]. While there are many choices of available AM processes to 3D 

print polymers, the mechanisms of the different AM methods distinctly differ from one another. Polymers 

are sensitive to printing parameters, mainly changes in temperature. Hence, the printing process and 

material should be carefully considered according to the end-user applications [11]. Several review papers 

have previously discussed roughness in AM processes, including material extrusion [18, 21], vat 

photopolymerization [22, 23], material jetting [24, 25], and selective laser sintering [26, 27] techniques. 

However, the reviews have not yet observed a thorough study of methods and quality evaluation trends in 

AM polymer products.  

The AM process for polymers presents different challenges in surface quality than conventional 

manufacturing. A uniform standard for evaluating the roughness and dimensional accuracy of 3D-printed 

objects does not exist at present. Studying the surface roughness issues and the various PPP techniques for 

improving surface quality is also lacking in the literature. The roughness of AM technologies differs 

considerably, as was reported in this study and in the studies that compared 3DP methods [3, 16, 28]. 

This study focuses on recent advances in investigating the roughness of 3D-printed surfaces. It describes the 

primary AM processes for polymers and the corresponding PPP in the pre-processing and printing steps. 

The next section provides an overview of the AM processes for polymers and the research methodology. 

This is followed by an explanation of roughness measurements and metrics in the next section. For each of 

the AM methods studied, including FFF, selective laser sintering (SLS), vat photopolymerization (VPP), 

and material jetting (MJT), the main process parameters as well as surface roughness studies have been 

presented in separate sections. Furthermore, a discussion on the issues surrounding the setting up of 

polymer key AM processes. In another section, studies on several AM methodologies and their results were 
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compared. This review study concludes with a summary, as well as a discussion of future trends and 

capabilities in the later sections. 
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2. Overview  

2.1. AM processes for polymers 

This work defines AM techniques by ISO 52900 – 2021 [29] and their generally accepted terms. A wide 

range of advanced manufacturing techniques is available, from the nanoscale to the macroscale. Part size is 

primarily determined by the working volume afforded by the system of motion of the machine. This 

literature review is focused on manufacturing at the meso- and micro-scales, where surface roughness can 

significantly affect the visible quality of parts [30]. Table 1 lists relative characteristics overview of AM 

techniques for polymers and their most relevant AM applications, including prototypes, medical devices, 

and precision mechanisms. 

In many applications, AM is still in its infancy and requires post-production finishing techniques (PPFTs), 

which include post-processing and surface finishing [17]. The process can either be used as the primary 

manufacturing process or as part of a chain of manufacturing processes. Fig. 1 classifies finishing as a 

critical step and quality assurance information flow in a digital thread in additive manufacturing (DTAM). 

A series of pre- and/or post-processing is available to alter the surface and significantly enhance the 

appearance of AM parts. However, some of these methods are limited in changing the surface morphology 

of complex shapes inexpensively and reliably over time [31]. The following sections will provide a detailed 

description of AM key processes.  

 

Table 1  Characteristics overview of polymer AM categories. Data extracted from references [9, 32]. 

Process 
category* 

Key 
process 

Basic AM 
principle 

Material 
feedstock and 
key materials Remarks Applications 

Material 
Extrusion 

FDM / 
FFF, 
DIW 

Extrusion 
of melted 
or liquid 
material 
through a 
nozzle 
 

Thermoplastic 
filament (PLA, 
ABS, PEI, 
TPU, PETG, 
PC, ASA, 
HiPS), Ink 

Low build speed 
Low build cost 
High surface roughness 
Poor surface finish 
Full-color and multi-material available 
Relatively high mechanical properties 
Can build fully functional parts 
Feasible and accessible 
Vertical anisotropy 
Generally low resolution 
Typical part size constraint: ~0.01-10 m 
Smallest feature size: ~0.2-10 mm (~2×path width) 
XY resolution: ~100 m (FFF) and ~1-100 m 
(DIW) 
Part tolerance: ±0.5 mm 

Electrical 
housings/enclosures, 
prototypes, jigs and 
fixtures, investment 
casting patterns, solid 
monolithic parts, 
scaffolds, 
biologically 
compatible tissue 
implants, tailored 
composite materials 

Material 
Jetting 

MJ 
PolyJet, 
MJP 

Reactive 
curing/fuse
d agent 
with energy 

Photopolymer 
and thermoset 
resins 
(acrylates, 
PMMA) 

Relatively high build speed 
Medium build cost 
Low surface roughness 
Good surface finish 
Full-color and multi-material available 
Developed for visual appearance 
Medium mechanical properties 
Low waste 
Limited to certain resins 
High dimensional accuracy 
Typical part size constraints: ~0.01-1 m 
Smallest feature size: ~100-500 m (XY) and 10 m 
(Z) 
High resolution: ~10-25 m 
Minimum part tolerance: ±0.1 mm (depending on 
part size) 

Full-color product 
prototypes, injection 
mold-like prototypes, 
low-run injection 
molds, medical 
models 
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Powder bed 
fusion 

SLS 
MJF 

Selective 
fusion of 
material in 
a powder 
bed 
 
 
 

Thermoplastic 
powder bed 
(PA6, PA11, 
PA12, PEEK) 

Relatively low build speed 
Large build volume 
High build cost and energy consumption 
Rough surface roughness with grainy surface texture 
High mechanical and chemical properties 
Complex geometries 
Self-supporting 3D Printing 
Less anisotropy 
Typical part size constraint: ~0.005-1 m 
Smallest feature size: ~0.5-1 mm 
XY resolution: ~100 nm -100 m 
Minimum part tolerance:  ±0.2 mm (depending on 
part size) 

Functional polymer 
parts, complex 
ducting (hollow 
designs), low-run 
part production 

Binder 
Jetting 

BJT Reactive 
curing with 
a binding 
agent 

Liquid binding 
agent Powder 
bed (metals, 
sand, ceramics, 
and polymer) 

Relatively high build speed 
Large build volume 
Relatively high build cost 
Rough and grainy surface roughness 
Relatively low mechanical properties 
Shaping process at room temperature and 
atmosphere 
Self-supporting 3D Printing 
Multi-step process: PPFTs are necessary 
High surface roughness and low dimensional 
accuracy 
Typical part size constraints: ~5-50 mm 
Smallest feature size: ~50-120 m 
Typical resolution: ~100 m 
Mainly dedicated to ceramics and metals, but 
recently developed for printing thermoplastic 
polymers and polyamides 

Full-color models, 
sacrificial models for 
sand casting 

Vat 
Photopolyme
rization 

SLA, 
DLP, 
CLIP 

Light 
reactive 
photopolym
er curing 

Photopolymer 
resin (acrylates 
and epoxides; 
standard, 
castable, 
transparent, 
high 
temperature) 

Moderate build speed 
Relatively high build cost 
Low surface roughness  
Good surface finish and accurate dimensions 
Developed for aesthetic purposes and biocompatible 
parts  
Relatively low mechanical properties and shelf life 
Large parts 
Limited to photopolymers 
Post-processing and post-curing are necessary 
Typical part size constraints: ~0.01-1 mm (Ultra-
precision systems), ~5-300 mm (Inverted systems), 
up to ~1000 mm (Upright systems) 
Smallest feature size: ~0.03-0.75 mm 
High resolution: ~0.1-100 m  
Part tolerance: ±0.1 mm and less 

Injection mold-like, 
polymer prototypes, 
jewelry (investment 
casting), dental 
applications, hearing 
aids 

Sheet 
Lamination 

UAM, 
LOM 

Fusion of 
stacked 
sheets 
 

PVC sheet  Relatively high build speed 
Medium build cost 
High surface roughness 
Full-color and multi-material available 
Relatively high mechanical properties 
Typical minimum part size constraints: ~ 500 mm 
Smallest feature size: ~ 0.07-0.2 mm 
Typical resolution: ~200-300 m  

Composite parts 

* According to ISO/ASTM 52900 standard 

 

Thermoplastics and their composites are the primary polymer materials used for AM [33], which can be 

divided into crystalline and amorphous states. Table 2 lists some of the main polymers and their 

specifications used in the AM process. The publication share of main AM polymers is shown in Fig. 2. 

Most of these polymers are mixed and enhanced by manufacturers under various commercial market 

trademarks, especially resin-based feedstocks. Besides, many other polymeric compounds are used in 

specific AM processes, such as polydimethylsiloxane, ethylene vinyl acetate (EVA) [34], and commercial 

digital materials from 3DP machine manufacturers. 
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Fig. 1  Stepping through the digital thread in additive manufacturing (DTAM). 

 

Table 2  Characteristic overview of different unfilled AM polymers for general purposes. 

Materials AM technology* 

Materials Properties 

Ref. 

Tensile 
strength 
(MPa) 

Tensile 
modulus 
(MPa) 

Elongation at 
Yield (%) 

Flexural 
strength 
(MPa) 

Heat 
deflection 
temperature 
(°C) 

ABS FFF, SLA, BJT, MJT 15-68 1500-4000 1.6-6 48-110  51-99 [35-37] 
ASA FFF, BJT 29-52 1510-2340 2-9 48 91-98 [35, 36] 
PA (Nylon) 
6, 11, 12 

FFF, SLS, BJT, MJT, SHS 45-76 944-1350 4-8 37-85 55-182 [35, 36] 

PBS FFF 16-27 46-50 22-27 3.3-5.6 50-65 [36, 38] 
PC FFF, SLA, SLS, BJT, MJT 61-72 2200-2500 3.5-7 92-160 48-55 [35-37] 
PCL FFF, SLS, BJT 5-42 343-441 3.5-8 23-117 41-50 [39, 40] 
PE (HDPE) FFF, MJT, SLS 25-31 1070-1550 6-15 22-28 34-42 [32, 41] 
PEEK FFF, SLS 80-110 2843-3950 4-6 165-185 51-107 [32, 42] 
PEKK FFF, SLS 88-112 2900-3790 3-8 128-168 60-98 [42] 
PETG (PET, 
PETT) 

FFF 55-86 2800-3710 3.8 80-116 65-80 [37, 43] 

PLA FFF, SLS, BJT 15-72 2020-3600 3.5 48-115 49-52 [35, 36, 
44] 

PMMA 
transparent 

FFF, SLA, BJT, MJT 38-72 1940-2250 2-10 73-76 41-48 [43, 45] 

PP FFF, SLA, SLS, MJT 19-58 1600-1950 6-25 55-58 46-122 [37, 46] 
PPSF/PPSU FFF 36-52 2068-2100 1-3 110 100-135 [35, 36] 
PS FFF, SLS, MJT 14-53 1900-3500 1-4 62-100 62-80 [37, 47] 
PVC FFF 37-55 2450 - 4700 2-6 67-96 30-75 [48, 49] 
TPU 
(Flexible 
Polyurethane) 

FFF, SLA, SLS, MJT 21-44 8-36 N/A 6-10 85-110 [50, 51] 

* Data are compiled from various sources, including material datasheets and publications. 
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Fig. 2  Total number of publications corresponding to polymers and their composites in Additive 
Manufacturing since 2012 (data from Web of Science, 2023). 

 

2.2. Research method 

This literature review focused on the current state of academic investigation with the broadest possible 

analysis of all recently published articles on surface roughness and 3D printing parameters. The review 

process was based on the content analysis of 55 articles. This review paper benefited from the preferred 

reporting items for systematic reviews and meta-analyses extension for scoping reviews method (PRISMA-

ScR) for reporting scoping reviews as a general guide [52].  

By utilizing the PRISMA-ScR method, a systematic and comprehensive scoping review approach is 

provided. A clear reporting framework facilitates transparency and replication of the review process, and a 

reduction of bias in the selection and interpretation of findings is achieved. It should be noted, however, that 

the method used had a few limitations. The scoping review methodology used may not provide a 

comprehensive review of all literature on surface roughness for polymer AM, particularly considering the 

broadness of the topic. A review process may have been limited by the quality of the selected articles and 

their generalizability for some methods. Thus, the content analysis of the articles may have been influenced 

by subjective judgments [52, 53]. For instance, available MJT papers in the studied field were considerably 

fewer than those for FFF (Fig. 3), resulting in more challenges for generalizations of the results. Besides, 

there were a variety of hand-made and tweaked 3D printers studied in the literature that may affect the 

review procedure. 

The publications were explored on Web of Science and Scopus to be as comprehensive as possible, as these 

scientific databases have high coverage of reputed high-impact publications. 

Fig. 3 shows the most common terminology and methods for polymers mentioned in the literature. Based 

on the number of publications in each AM category, 5 key processes are determined to be studied further. 

Accordingly, the authors selected the FFF process for MEX, SLA and DLP processes for VPP, the SLS 

process for powder bed fusion (PBF), and the MJT category, including the PolyJet process. Other AM 
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methods which generally use polymers in the fabrication of different materials and composites have been 

excluded, such as binder jetting (BJT) and sheet lamination (SHL). The market report on polymer 3DP 

machine sales [33] also confirms the same trend and technological share for selected key processes. Other 

techniques which were not mainly dedicated to polymers or rarely used for research are not included in our 

study. As AM growth is dynamic on a daily basis, their capabilities are sporadically mentioned. 

    

Fig. 3  The most widely used polymer AM technologies and the total number of publications since 2012 
(data from Scopus and Web of Science, 2022). 

 

Various generic keywords, such as "3D*print", "additive manufacturing", and "additive tech*", were 

employed as criteria in the search section of the title, abstract, and keywords. Following is a formulation of 

research key strings for AM processes: 

(("3d*print*" OR "advanced manuf*" OR "additive manuf*" OR "additive fabric*" OR "additive proces*" 

OR "additive tech*" OR "additive method*" OR "additive layer* manuf*")) 

 

To examine the role of PPP on roughness, the post-processing of samples should be restricted to 1st level 

processes, as suggested by the Wohlers report [54]. It secures a minimal impact of post-processing on the 

roughness of the as-printed samples compared to the slightly post-processed replicas. It is usually less than 

a 20% deviation, depending on the specific needs of the project or application. Most studies reviewed here 

limited the PPFTs to a minimum number of steps to minimize the dimensional variations.  

This work considered journal articles and conference proceedings to obtain a broader understanding of the 

topic. Upon eliminating duplicates, the titles and abstracts, availability of full text, and English language 

were screened before the full-text review. Following this, papers were controlled by their relevance to the 

present review paper, their originality in providing roughness evaluation for polymers, and their 

comprehensiveness and uniqueness in terms of the studied parameters and reported roughness metrics. 

Thus, papers that were out of these criteria were excluded from the study, which resulted in 55 articles 

separately being exported to Endnote and OriginPro 9.9.5 for in-depth analysis. Fig. 4 summarizes the 
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selection procedure used in the current study. The authors have 3D-printed several specimens for each AM 

category to visualize the surface roughness and texture conditions discussed. 

 

Fig. 4  An overview of the screening procedure employed in this study. 

3. Roughness measurements and metrics 

Additively manufactured surfaces are composed of various spatial frequency components, including profile, 

form, waviness, and roughness (Fig. 5). Each of these components has different origins and influences the 

appearance and functional performance of products differently. The waviness may reveal machine 

vibration, the form is usually produced by the poor performance of the manufacturing system, and the 

profile can be ascribed to layer-by-layer manufacturing. Roughness, however, is generated by surface 

irregularities due to printing and material removal errors. The waviness appears as a signal noise because of 

the planarity of the motion system and any deformations caused by weight or residual stress [55]. As a 

result of the specific printing process and materials used, there may be other sources of waviness, including 

defects in the printing process, thermal distortion, poor adhesion between layers, inadequate support 

structures, mechanical deformation during post-processing, etc. [56, 57].   
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Fig. 5  General spatial frequency components of additively manufactured surfaces. 

 

Specifically, surface roughness is a critical texture component for assessing the quality of manufactured 

items by investigating the distribution of topographical features on the surface. Different metrics describe 

surface roughness because different industry sectors refer to various measures. Due to uncertainty in the 

surface quality of 3D-printed products, using several metrics would also be efficient [58]. For instance, 

Trianraphyllou et al. [59] concluded that average area roughness (Sa) and area root mean squared height (Sq) 

are appropriate metrics for measuring area surface roughness, as they were not sensitive to measurement 

parameters such as sampling length and evaluation length. In contrast, area height distribution skewness 

(Ssk) was found to sufficiently characterize the upside and downside surfaces from SLM parts. 

Surface topography measurements based on data obtained from the 3D scanned images of a sample surface 

are either reported from a linear measurement, referred to by R, or from an aerial surface measurement 

indicated by S. The R and S metrics are defined and parameterized in ISO 21920-2 [60] and ISO 25178 

[61], respectively. Area Ratio, or the overall real surface area over the theoretical area of a smooth surface, 

can reveal how rough a surface is. Generally, the standard height-based metrics employed to describe 

surface roughness based on a linear profile can be derived from Equations (1)-(10) in Table 3. On the other 

hand, area roughness parameters are sometimes used to describe the roughness variation on a surface (Table 

4). 
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Table 3  Surface roughness metrics based on linear measurement [60, 62]. 

Parameter Description Equation*  
Ra 

(Roughness 
Average) 

The arithmetic average of the absolute values of the roughness profile 
ordinates 

1 | |   Equation 1 

Rq Root Mean Squared of measured microscopic peaks and valleys 1 d  
Equation 2 

Rt 
(Total Height of 
Pro le) 

The vertical distance between the maximum profile peak height and 
the maximum profile valley depth along the evaluation length 

 Equation 3 

Rsk 
(Skewness) 

Positive skewness indicates that the surface is made up of peaks and 
asperities, whereas negative Rsk refers to dominant valleys on the 
surface 

1 1 d  
Equation 4 

Rku 
(Kurtosis) 

A measure of the sharpness of profile peaks 1 1 d  
Equation 5 

RzDIN  The average distance of peaks to valleys  
(German Standard) 

1
 Equation 6 

RzJIS The average distance of peaks to valleys 
(Japanese Standard)  

15  Equation 7 

 Asperity-peak density 6 3  
Equation 8 

 Asperity-peak radius 0.375  
Equation 9 

s The standard deviation of asperity-peak heights 1 0.8968
 

Equation 10 

* 0  ,  ,  ,  ,  

 

The roughness parameter Ra is widely used by researchers in AM studies as a straightforward metric to 

define and measure. Considering height variation as a general concept makes it easier to understand, but Ra 

is insensitive to wavelength variations [63]. Li et al. [64] revealed that the highest peak-to-valley distance 

parameter (Rz) was superior to Rq and Ra as standard metrics for measuring surface roughness. Li et al. 

reached a more significant correlation between Rz, tactile evaluation outcomes, and visual assessment 

results. Other appearance factors, however, influence sensory judgments, such as surface texture and color 

of the build material. Therefore, Rz alone is insufficient to comprehensively characterize the differences in 

human perception and surface QAs among samples. 

 

Table 4  Area roughness parameters [28, 65, 66]. 

Parameter Description Equation  
Sa 
 

Deviations in the height of the surface points concerning the Mean 
Reference Plane of the measurement area (A) 

1 | , |  
Equation 11 

Sz 

 
Sum of the largest peak height value and the largest pit depth value 
within the defined area 

,  ,  Equation 12 

Sq Root mean square surface height 1
 A , dxdy 

Equation 13 

Ssk The skewness of the surface 1 1
 A , dxdy Equation 14 

Sku The kurtosis of the surface 1 1
 A , dxdy Equation 15 

RRP The reduction in surface roughness 100 
Equation 16 
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Extraction of the roughness profile is not a common reproducible method because it depends highly on the 

operational instrument, shape, rotation, and displacement speed [3], as reported in several studies [3, 65]. 

While 2D profile measurements based on the stylus, according to ISO 4287, are still popular, there is a 

growing interest in X-ray computed tomography (CT) scan and contactless 3D optical profilometry, 

according to ISO 25178-2, to obtain more information without scratching the surface.  

Launhardt et al. [66] evaluated four alternative methods for evaluating the surface roughness of Polyamide 

12 components produced by SLS. According to them, stylus-based techniques scratch the surface somewhat 

without substantially altering its roughness. Despite being unable to measure the valley depth, the tactile 

method was the most reproducible among other studied techniques.  

On the other hand, optical methods do not physically alter the surface but are hypersensitive to light 

reflection and surface transparency, leading to defect detection [67]. The advantages of this method, such as 

contactless measurement and a comparable Ra and roughness trend to tactile systems in the focus variation 

mode, make it a viable technique for smooth polymeric surfaces. The focus variation is a vertical scanning 

method with a shallow depth of focus. It simultaneously allows the measurement of steep flanks, form, and 

surface roughness [68]. Optical methods could also detect a three-dimensional topography of the surface 

and its roughness.  

The focus variation method suffers from error because of the translucent polymer. The fringe projection and 

confocal laser scanning microscope represent higher roughness values and more sensitive measurements 

prone to outliers and faults [66]. The lower wear resistance of polymers in tactile methods and the 

possibility of the semi-translucent appearance in optical techniques make them more sensitive to method 

selection in roughness measurement.  

Beitz et al. [69] used a confocal laser scanning microscope (CLSM) and X-ray micro-computed tomography 

(XMT) to measure surface roughness. They reported that roughness resulting from XMT data diverged 

substantially from those obtained from CLSM data. Due to the inability to level peaks, smaller measuring 

lengths result in higher arithmetic roughness values. The method also has a smaller sample size, resulting in 

lower surface roughness along the measurements section. Thus, assessing the roughness metrics of AM 

polymeric surfaces requires identifying the roughness evaluation method. 

Regarding test artifacts for quality surface evaluation, most studies have used the twisted pillar (truncheon) 

[24, 65, 70], sloped surfaces [70-72], standard test artifact [65], or faceted sphere [24, 73] to measure 

roughness (Fig. 6). The design of an AM artifact should consider adaptability to various AM processes and 

machine sizes, as well as its ability to perform non-contact and contact measurements, editable geometry, 

and minimal material and energy consumption. The twisted pillar is the preliminary design for this purpose 

which consists of a sequence of square segments rotated 0° to 90° around a central axis with 3° or 5° 

increments. The design is appropriate for measuring the surface roughness of an angled plane in the range 

of 0° to 360° [24]. Yet, it cannot meet all the above requirements of the measurement. Understanding the 

measurement process is an essential step in interpreting the results.  



 

13  

a) b) 

 
 

  

c) d) 

  

 

Fig. 6  3DP designs for studying build orientation (wedge angles): a Twisted tower, b Tilted surfaces, c 
Faceted sphere, and d Standard Test Artifact (STAR). 
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4. Fused filament fabrication (FFF) 

Even though FFF 3DP has made significant advances so far, the fabricated parts tend to have a poor surface 

finish, including rough surfaces, voids, and prominent striations [2]. The morphology is relatively rough 

due to various limiting factors such as phase transformations, fast cooling, and exhaustive energy (Fig. 7). 

Although FFF is attractive for demanding applications, printed parts deviate from their initial designed 

geometry, volumetric error, and hardware settings in translating a CAD file to a physical object [74, 75]. To 

control the shape deviation, the corresponding allowances are approximately estimated before printing [76]. 

However, the FFF parts still required PPFTs to meet the market [17]. For instance, temperature variation 

during the layer-by-layer part fabrication procedure undesirably affects the printing quality [2].  

 

Fig. 7 Appearance and accuracy of gradient lattice-based structures in as-printed FFF samples using PLA 
filament and Prusa i3 mk3s+ (Scale bar represents 1 cm). 

 

Generally, there are two types of bonding in the FFF process: inter-layer and intra-layer (Fig. 8). The high 

thermal expansion in polymers can play an important role in the weak bonding among the layers during the 

build process, leading to staircase (stairstep) formation. As an inherent issue, the formation of staircases has 

a considerable negative impact on the surface quality of FFF components [18, 75].  

 
Fig. 8  Bonding and stages of neck formation in the FFF process. 

 

Among literature reviews on the process parameters of FFF, Turner et al. in 2014 [77] summarized the 

process design and modeling of FFF. They reviewed the bonding of the raster, the model spread of the 
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deposited raster, and the motor torque and power. Chohan et al. (2017) [21] have reported a literature 

review on pre- and PPFTs to improve surface characteristics of FFF parts. In 2018, Singh et al. gathered 

results from studies on the effect of pre- and post-processing procedures on FFF patterns to develop 

biomedical implants from the route of AM and investment casting (IC) [78]. Several AM materials and their 

mechanical performance have been reviewed by Popescu et al. (2018) [79]. In addition, deliberately 

structuring the polymeric surfaces using FFF 3D printing has become a popular choice for AM processes. 

Cuan-Urquizo et al. [17] reviewed the literature on the characterization and projection of the mechanical 

behavior of FFF products using analytical and computational approaches (2019). 

 

4.1. Process parameters 

In FFF, pre-processing includes instructions generated by a slicer software to gain data, slice the design file 

into layers of 3D pixels (voxel), model construction, optimization of the toolpath for the printing process, 

and materials preparation. Parameters directly affecting the process are categorized based on operation, 

geometry, material, and machine-specific parameters [80]. Generally, the accuracy of the motion system 

limits the precision of the part. To minimize the issues due to the design and pre-production phase, each 

voxel must have accurate position information and print-process parameters in tool pathing. In the 

following, the main process parameters influencing the surface roughness of FFF polymeric surfaces are 

discussed. 

 

4.1.1. Filament material 

The growing interest in using polymers ranging from rubber-like materials to rigid plastics leads to new 

applications in vehicle parts, shoe soles, and biomedical applications [81]. While high surface quality and 

desired roughness are advantages for 3DP parts, other material properties and manufacturing features are 

usually considered in the selection of the AM method. Fig. 9 illustrates a general cumulative performance 

score based on the comparative scoring of each parameter on a scale between 1 and 9. PLA and ABS are the 

most well-known feedstock among other materials for FFF. Since PLA filaments can provide better surface 

quality and biodegradable polymer derived from corn, it is considered more eco-friendly than petroleum-

based ABS [82]. 
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Fig. 9  Recommended polymers for the FFF process. Data extracted from references [43, 83]. 

 

In most cases, materials are already enhanced for optimum performance. Their parameters are challenging 

to alter later in the production stage but choosing the appropriate material to improve surface roughness is 

crucial. This may prevent the usage of FFF prototypes in some cases where the surface should be smooth. 

An overview of the major polymers used in FFF is presented in Table 5. 

 

Table 5  Typical FFF filaments specifications. Data extracted from references [43, 83]. 

Material 

Printing 
Temperature* 
(°C) Type Remarks 

Application 
consideration 

PLA 180 - 235 Standard 
plastics 

Easy to print 
Low-cost 
Midcore thermal and mechanical properties 
Available in various colors and specifications 
Severely limited by application temperature under 50 °C 
High surface roughness 
Biodegradable 

Generally non-critical 

ABS 200 - 260 Standard 
plastics 

Difficult to print 
Low surface roughness 
Good thermal and mechanical properties 

Generally non-critical 

HiPS 230 - 250 Engineering 
plastics 

Midcore mechanical properties  
Water soluble 
Biodegradable 

Structural purposes 

PolyVinyl Alcohol 
(PVA) 

190 - 220 Engineering 
plastics 

Water soluble 
Glossy but rough finish 
Limited mechanical and thermal properties 
Biodegradable 

Structural purposes 

Nylons (PA) 235 - 280 Engineering 
plastics 

Generally difficult to print 
Good thermal and mechanical properties 
Low surface quality 

Structural purposes 

PET(G) 230 - 270 Engineering 
plastics 

Easy to print 
Low dimensional accuracy due to shrinkage 
Good thermal and mechanical properties 

Structural purposes 

Polycarbonate (PC) 250 - 320 Engineering 
plastics 

Excellent thermal and good mechanical properties Structural purposes 

Polycarbonate ABS 
(PC-ABS) 

260 - 285 Advanced 
plastics 

Average printability 
Good thermal and mechanical properties 

Severe conditions 

TPU 195 - 230 Engineering 
plastics 

Generally difficult to print 
Flexible materials 
Excellent resistance to abrasion and wear 

Structural purposes 

PEEK 350-450 Advanced 
plastics 

Generally difficult to print 
Excellent thermal and good mechanical properties 

Severe conditions 

* Data are compiled from various sources, including material datasheets and publications. 
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4.1.2. Print temperature 

In FFF 3D printing, print temperature and cooling speed play an important role as it affects the quality of 

the 3D printed object. The model temperature should be high enough to melt the outgoing feedstock before 

extrusion. However, if the temperature is too high, the filament will melt too rapidly, resulting in a porous 

and brittle object with poor surface quality [21]. Depending on the type of filament being used, the optimal 

printing temperature will vary. Typically, PLA is printed at 190-220 °C, while ABS is typically printed at 

220-250 °C [35-37]. The ideal printing temperature should be referred to by the filament manufacturer to 

ensure the best results. A stable temperature at heaters is crucial in the fluidity of material, resulting in a 

smoother surface finish. Besides, the surface roughness can be decreased by increasing the model 

temperature because of the solidification delay. However, plastic adhesion with a base plate is problematic 

in very high or low printing temperatures [21]. As well as affecting the quality of the printed part, the 

temperature of the nozzle can also affect the speed of the printing process. In general, a higher temperature 

will lead to faster printing speeds, but it is crucial to find a balance between speed and quality. 

 

4.1.3. Layer thickness 

The height of each deposited stairstep is a notable parameter that can be controlled in the extrusion nozzle 

tip and/or shift in the Z-axis between consecutive slices accumulated on the bed. Adjusting the height of 

each stairstep can improve print quality and reduce the printing time. In general, a smaller stairstep height 

will produce a higher quality print, but the printing process will take longer [84, 85]. This parameter is the 

most significant challenge in obtaining a high surface finish in a cost-effective production time. The 

minimum feature size (smallest linewidth) is determined primarily by the nozzle diameter, which affects 

layer thickness non-linearly, but geometry and build orientation also play an essential role [86]. Correctly 

setting up an optimum balance between layer thickness and printing time is highly influential in the pre-

processing step. A smaller nozzle tip will generally result in lower layer thickness, better surface quality, 

and possibly decreased post-processing time. However, it increases the printing cost and time for the as-

print parts, leading to more nozzle clocking and quality issues because of the pressure drop [21].  

Since the quality of internal surfaces does not engage in the appearance of the part in most cases, consistent 

layer height has been seen as a waste of time [72]. Thus, it can be varied in different areas of the object 

according to the expected time-quality factor. For most FFF printers, the domain of layer thickness is 

variable in a certain range, i.e., there is a maximum and minimum value for changing the nozzle diameter. 

A few machines are limited to a single value, so it is required to set up other parameters to change the 

surface quality [21]. 

In several papers [84, 85], the layer thickness is reported as the most significant process parameter 

influencing surface roughness. However, this influence also depends on the other process parameters. 

Anitha et al. [87] established a set of experiments that showed that layer thickness significantly impacts the 

roughness of the FFF part compared to rod width and speed of deposition. Haque et al. [84] attempted to 
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minimize the surface roughness of FFF build features using a numerical approach. After investigating 

various equations to control FFF parameters such as layer thickness, overlap distance, part orientation, and 

raster width, they reported that layer thickness has more influence on roughness than other parameters. 

They observed that increasing the overlap distance between two layers and part orientation leads to lower 

surface roughness. However, higher layer thickness and raster width increased surface roughness. 

 

4.1.4. Infill density and air gap 

The infill density defines the level of incorporated material inside the fabricated object. It might be varied 

from 0 to 100 percent according to the required balance between material consumption and mechanical 

properties [88]. Generally, a higher infill density leads to a heavier and stronger part, which increases the 

cost and the amount of material used in the printing process. Infill density and pattern are significant 

process parameters influencing surface quality [72]. Support structures must also be designed appropriately 

to support the geometry. Thus, they should be accurately chosen by considering the design and strength 

requirement, as well as the build time of the printed part. For instance, surface artifacts such as gaps and 

porosity have been observed even for 100 % infill density under a scanning electron microscope (SEM) 

[89].  

The distances or spaces between two adjacent rasters on the same layer are called the air gap or road gap 

[90].  Fig. 10 depicts the air gap compared to other adjustable FFF process parameters. The default value 

taken for the air gap is zero, which means the end of the two nearest beads is in touch. There are two types 

of positive and negative gaps. The positive gap increases the gap to reduce the density and build time of 

structures, whereas the negative gap means overlapping two roads resulting in a long printing time and 

dense objects. While both positive and negative air gaps can enhance the surface finish, zero air-gap 

minimizes dimensional accuracy and part quality [21]. 

 

 

Fig. 10 Controllable parameters in FFF machine. 
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4.1.5. Raster width and angle 

The raster width, also called road or contour width and (tool) path width, refers to the width of the melted 

bead path, which is added to fill interior regions of the FFF-printed samples [21]. According to the filament 

material, it is regularly 1.2 to 1.5 times the nozzle tip size [80]. As seen in Fig. 10, the contour tool path 

width surrounding the object is defined as the contour width, slightly smaller than the nozzle diameter [21, 

86]. The width of the most minor features in the XY-plane in FFF is about two times the path, much larger 

than the thickness of the layer in the Z-direction. To reach high mechanical performance, dimensional 

accuracy, and surface quality, the raster width should be minimized [86, 91]. It has been noticed that a wide 

contour width enhances geometrical precision and surface quality because heat evolved during extrusion 

can easily deform thin contours [92]. 

The raster direction compared to the X-axis of the build platform is known as the raster angle (Fig. 10). This 

parameter significantly affects the internal layer bonding and object appearance. The main approaches to 

raster angle are criss-cross ( 45°/+45°), cross (0°/90°), and 30/°60°. Because of the variation of CAD 

models and printing parameters, there is a loose correlation among the studied strategies. Sood et al. [91] 

used a bacterial foraging algorithm to show that the 0° raster angle is the best option for dimensional 

accuracy, and 45° results in the best surface appearance. Kumar et al. [93] stated -45°/+45 as the best raster 

angle for the surface characteristics, including roughness.  

 

4.1.6. Build orientation 

The orientation (deposition) angle is a notable and highly flexible process parameter involving surface 

quality. It corresponds to the CAD model and coordinates machine system (Fig. 11). Wang et al. [94] 

considered the build orientation the most substantial PPP factor regarding dimensional accuracy. As a result 

of gravity and residual stresses, overhanging surfaces should be supported at less than 45° from the 

horizontal plane [19]. Several papers have studied the role of positioning the models in various X- and Y-

directions on the surface finish and build times. For instance, Kattethota and Henderson [95] reported that 

the orientation angle of 0° yielded the best surface finish. Moreover, 0° and 90° were reported as the 

optimum build angles for balancing the build times, cost, and surface finish. By contrast, orientation angles 

between 40° and 60° were neither cost-effective nor quality-enhancing due to the maximum support 

material required for tilting the model [21]. 



 

20  

 

Fig. 11 Orientations commonly used for FFF parts. 

 

Since different surface angles result in various surface roughness, the test part should comprise features 

considering different surface angles. In 1997, Reeves and Cobb [96] introduced a benchmark model called 

twisted pillar. It can consist of 18 or 31 square blocks, depending on the intervals (step), twisted 5° or 3° 

compared to the previous square (see Fig. 6a). Durgun and Ertan [97] also confirmed the close relationship 

between build direction and surface roughness. 

Among the defects associated with different build orientations are warping, layer delamination, deformed 

overhangs, and poor surface quality [98, 99]. In terms of surface roughness, Buj-Corral et al. [99] reported 

both simulated and experimental amplitude roughness values to rise with build orientation angle, due to the 

stair-stepping effect. As reviewed by Jiang et al. [98], a change in print orientation also affects support 

generation, which ultimately affects the surface roughness after support removal. The choice of support 

structures can have a significant impact on the surface roughness of FFF prints, thereby influencing the 

post-processing process. Furthermore, the orientation of the part impacts the support contact area, the build 

time, and the cost of the fabricated part. 

 

4.1.7. Adaptive slicing 

Adaptive slicing is termed as a protocol to slice various zones of the part into different thicknesses during 

building [78]. It contains balancing techniques needed to reach the optimum printing time versus surface 

finish. Generally, the CAD model is divided into polygons or closed curves by either the CAD software or a 

slicer before transferring the mesh model (STL file) to the printer. This process is called slicing, and the 

distance between two sequential horizontal planes is known as a slice [100]. The slicing process and the 

tessellation of the CAD file are expected to be the significant parameters involved in creating rough 

surfaces in the procedures of layer fabrication. The containment problem causes the original CAD model to 

deviate from the designed form when slicing a tessellated CAD model. Aside from the containment issue, 

the layers deposition causes a problem known as staircase effects [101]. 

Several researchers [17, 102] have studied several types of stepwise refinement, adaptive slicing, and 

identifying nonuniform fillet radius at different areas of printed objects. These methods consider 



 

21  

automatically slicing algorithms, generating variable tool paths (.gcode), reducing build time, and 

minimizing surface roughness through varying heights depending on geometry [103]. These specific 

parameters rely entirely on the shape and dimensions of the designed part [21].  

The major categories of slicing methods available for FFF printing are flat-layer, non-planar, and mixed-

layer adaptive slicing, respectively. Zhao and Guo [104] listed the most important research studies on non-

planar and mixed-layer adaptive slicing. They suggested method planning of mixed-layer adaptive slicing, 

which discusses the strategy for the process planning of more straightforward adaptive slicing approaches. 

Table 6 provides an overview of these slicing methods. 

 

Table 6  Adaptive slicing classification. Extracted from references [103, 104]. 

Method Specification Advantages Disadvantages Application 
Planar slicing Uniform layer thickness Simple, effective, and robust  Lack of strength 

(poor performance) 
Stairstep effects (poor surface 
finish) 
Large numbers of layers (longer 
build time)  
 

Widely used in slicing 
simple designs 

Non-planar (curved 
layer) slicing 

The nozzle is collinear 
with the normal direction 
of the curved surface  
Longer length filaments 
in curved inter-layer  
Fewer layers 

Preserve randomly located, 
minute and critical surface 
features  
Reduced stairstep effects, at 
least in the tangential 
direction of the deposited 
filament  
High strength  
Enhanced surface quality  
Fewer build times 

Complex method 
 

For some specific 
shapes like thin, 
curved shell-type 
structures (skull bones, 
turbine blades, etc.) 

Mixed-layer slicing Multi-direction and 
variable layer thickness  
 

Reduced stairstep effects 
Alleviated support structures  
Less building times 
Less anisotropy 

No detailed automatic 
algorithms 
Complexity in decision-making 
logic 

Complex parts 
Requiring more 
capable slicing 
methods 

 

4.2. Surface roughness studies and discussion 

The literature on process parameter optimization is classified according to the resulting properties. It can be 

based on the surface finish and smoothness, dimensional accuracy, build time, material behavior, dynamic 

and static (tribo-) mechanical/thermal behaviors, and manufacturing cost. Studies have centered on finding 

the best combinations of geometry and operation-specific characteristics. For instance, Durgun and Ertan 

[97] reported that surface roughness significantly impacts the flexural strength of ABS parts manufactured 

with infill 100% at different orientations and angles. Among the factors responsible for PLA and ABS 

surface roughness, the researchers identified layer thickness [105-107], build orientation [107], printing 

speed [105, 106], nozzle diameter [105, 106], and temperature [106] as the most critical parameters. Table 7 

summarizes some of the significant literature on the essential parameters in the process optimization of FFF 

on the roughness range. Optimizing these parameters is one of the highly critical tasks for acquiring the 

desired surface quality and improving superior mechanical properties and material response. 
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Table 7  Overview of studies on surface roughness in FFF (see text* below the table for abbreviations). 

Materials | 
Machines Methodology and studied parameters 

Roughness range 
( m) Remarks Ref. 

PLA | 3D 
Ultimaker 2+ 

l.t. (0.06-0.18 mm), r.w. (0.2-0.25 
mm), i.d. (20-40 %), p.s. (20-100 
mm/s), b.o. (0°-45°), f.r. (99-101%) 
a.m. (DoE Taguchi L9), s.r.m.m. 
(contact profilometry) 

Ra: 0.7-10.5 (T.), 
4.7-12.8 (S.) 

- l.t. was the most influential parameter on the s.r 
and d.a. 

- Shape and p.s. affected the T. Ra 
- S. Ra, influenced by l.t., and then by walls p.s. and 

b.o. 

[108] 

PLA | Tevo 
Tarantula 
Prusa i3 

l.t. (0.10-0.38 mm), p.s. (19.46-76.54 
mm/s), p.temp. (171.22-218.78 °C) 
a.m. (ANN and SOS), s.r.m.m. 
(contact profilometry) 

Ra: 1.705-4.373 - Integrating ANN and SOS had a significant impact 
on performing the FFF process parameter for 
minimizing s.r., compared to the RSM method 

- Decreasing l.t., p.s., p. temp., and outer shell p.s for 
ANN-SOS resulted in minimum s.r. (2.011 m), 
which was 12.36% smaller than the RSM method 

[109] 

PLA | 
FLSUN-QQ 

l.t. (0.1-0.4 mm), r.w. (0.2-0.4 mm), 
p.temp. (190-210 °C), p.s. (60 mm/s), 
plat.temp. (60 °C), a.m. (ANN and 
SOS), s.r.m.m. (non-contact 
profilometry) 

Ra: 5.40-33.65 - The effect of l.t. and p.temp. was more significant 
on the 3D s.r. compared to the other parameters 

- A theoretical model was developed based on the 
bonding neck-forming process 

[110] 

PLA & PLA-
Graphene | BQ 
Witbox 

i.d. (100%), m.c. (20-80 mm/s), l.t. 
(0.06-0.24 mm) and b.o. (H., on-edge, 
and V.) were studied to determine their 
influence on the geometric 
characteristics (d.a., f.e., s.t., and s.r.), 
a.m. (ANOVA, ANN, and RSM), 
s.r.m.m. (contact profilometry) 

Sa H. orientation:  
1.1-4.3 (PLA), 
1.2-3.4 (PLA-
Graphene) 
 
 
 
 

- Compared to PLA filaments, PLA-Graphene 
improved functional properties with no loss in 
geometric quality 

- The best s.f. was obtained in the H. orientation 
- Variation of b.o. resulted in two different behaviors 

of s.r.: on-edge and V. orientations s.r. showed a 
quasi-linear growth with increasing l.t., but with no 
significant effect of m.c. H. orientation: filament 
crushing by the extruder in each layer produced 
lower values of s.r. 

- When texture was evaluated in the H. orientation, 
Sa depended on n.d. and l.t. 

- For the V. and on-edge orientation, Sa was affected 
only by l.t.  

- The effect of b.o. on Sa was primarily due to the 
deposition and cooling of the fused filament 

[111] 

Heat-resistant 
PEEK | 
Indmatec 

p.temp nozzle (380-420 °C), p.temp 
platform (220-300 °C), p.s. (5-25 
mm/s), l.t. (0.1-0.3 mm), r.w. (0.4 
mm), overlap interval (0 mm), 
extrusion flow (100%), s.r.m.m. (non-
contact profilometry) 
 
 
 
 

Rz: 30-75 
 

- s.r. model, considering diffusion, was introduced 
based on heat transfer 

- Diffusion affects surface morphology 
- The proposed design predicts s.r. by considering 

the printing parameters (r.w., l.t., p.s, and p.temp.) 
- The actual s.r. was affected by diffusion and 

tightening of the nozzle 
- s.r. decreases with the increase of p.temp. 

considering that nozzle temperature had a greater 
influence compared to platform temperature 

- Lower l.t. decreases the surface quality as the 
nozzle squeezing deteriorates the surface 
morphology. l.t. (0.15 mm) and p.s. (20 mm/s) 
were the optimal values 

- Application: Thermoplastic heat-resistant resins for 
aerospace, biomedical, mechanical, and electronic 
field 

[112] 
 

PLA | Tevo 
Tarantula 
Prusa i3 

p.temp (185-205 °C), p.s. (36-60 
mm/s), o.s.s. (29-40 mm/s), l.t. (0.18-
0.30 mm), a.m. (ANOVA, RSM, PSO, 
and SOS, s.r.m.m. (contact 
profilometry) 
 

Ra: 2.2 (SOS), 
2.2 (PSO), 2.4 
(RSM) 
 

- All parameters with the order of p.s., l.t., o.s.s., and 
p.temp. affected s.r. 

- PSO and SOS improved by 8.5% and 8.8% of s.r., 
respectively, compared with the conventional RSM 
method 

- Lower l.t. and p.s., and higher p.temp. and o.s.s. 
resulted in a better s.f. 

 

[44] 
 

PLA | BQ 
Witbox 

b.o. (V., on-edge, H.), l.t. (0.06-0.24 
mm), p.s. (20-80 mm/s), p.temp. (190-
220 °C), n.d. (0.4 mm), i.d. (100%), 
a.m. (ANOVA, RSM, and ANN), 
s.r.m.m. (contact profilometry) 
 

Sa: 2.5-2.8 (T.), 
~25 (H.) 

- The effect of b.o. in the object's positioning on the 
build plate, l.t., and p.s. on the d.a., f.e., s.t., and s.r. 
were analyzed 

- s.r. exhibited two different behaviors depending on 
the build orientation at the optimum p.temp. 
(205 °C) 

- The V. and on-edge positions showed a linear 
increase in Sa and Sz at higher l.t., but p.s. had no 
significant effect. In the H. orientation, s.r. was 
conditioned by n.d., leading to a nearly 10 times 
increase in s.r. 

[113] 
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ABS + TPU | 
Creality CR10 

TPU contents (10 to 30 w.t.%) in 
ABS+TPU blends, p.temp. (230 °C), 
p.s. (30mm/s, 8mm/s for V.-printed 
specimens), travel speed (120 mm/s), 
o.s.s. (15 mm/s), r.a. (0°), i.d (100%), 
l.t. (0.2 mm), plat.temp. (90 °C), 
support-less printing, f.r. (100%), a.m. 
(ANOVA), s.r.m.m. (contact 
profilometry) 

Ra: 2-7 (H.), 21-
38 (V.); Rq: 
~150-500 (H.), 
~160-210 (V.) 
 

- s.r. raised by increasing TPU content, resulting in 
higher adhesion of the ABS parts to the build 
platform 

- 3D printability without heating the platform by 
adding TPU to the filament is achieved due to new 
intermolecular interactions 

- Application: Large-scale industrial applications as 
an alternative to pure ABS 

[114] 
 

PETG | Tevo 
Black Widow 

l.t. (0.16- 0.24 mm), p.temp. (240-
250 °C), p.s. (40- 60 mm/s), p.a. (500-
1500 mm/s2), f.r. (90-110%), a.m. 
(DoE Taguchi L27, ANOVA), 
s.r.m.m. (contact profilometry) 

Ra: 0.91-10.64 
(H.), 5.41-32.99 
(V.) 

- Influential parameters were studied to obtain lower 
values of Ra and Sa. 

- f.r. and p.a. had the greatest influences on the s.r. 
- Application: Fabrication of traffic signs for the 

manufacture of LED spotlights 

[115] 
 

ABS & 
ABS+GF | 
Generous 
Twin 

l.t. (0.4 mm), p.temp. (225-245 °C), 
p.s. (600 mm/min), i.d. (100% 
Rectilinear), r.a. (-45°, 0°, 45°, 90°), 
GF (0-15 wt.%), a.m. (DoE Taguchi 
L23, ANOVA), s.r.m.m. (contact 
profilometry) 

Ra: 6.51-13.47 - s.r.became worse with increasing GF 
- p.temp. and coupling agent did not have any 

significant effects on s.r. 

[116] 

PEEK | 
Customized 
FFF 

Printing parameters were set based on 
the FEA results. n.d. (0.4-0.8 mm), 
p.temp. (380-440 °C), p.s. (17-26 
mm/s), l.t. (0.1-0.45 mm), s.r.m.m. 
(non-contact profilometry) 

7.8-10.8 (H.), 
10.1-19.3 (V.) 

- Reduced s.r. for both H. and V. directions due to 
increased p.s. 

- Increased s.r. with higher n.d. 
- Thinner layers in a 0.4 mm nozzle caused sensitive 

s.r. to p.s. 
- Thicker l.t. resulted in higher s.r. 
- Gaps between layers were the leading cause of s.r. 
- Application: To replace traditional metal or 

ceramic parts for biomedical and aerospace 
applications 

[117] 

*Abbreviations  a.m.: analysis methods, b.o.: build orientation, d.a.: dimensional accuracy, f.e.: flatness error, f.r.: flow rate, i.d.: infill density, 

l.t.: layer thickness (height), m.c.: material consumption, n.d.: nozzle diameter, o.s.s.: outer shell speed, p.a.: printing acceleration, p.s.: printing 

speed, p.temp.: printing (nozzle) temperature, plat.temp.: platform temperature, r.a.: raster angle, r.w.: raster width, s.f.: surface finish, s.r.: 

surface roughness, s.r.m.m.: surface roughness measurement method, s.t.: surface texture, S.: side, T.: top, H.: horizontal (XY), V.: vertical (Z) 

 

Table 7 indicates that layer thickness can be considered the most significant FFF parameter that affects 

surface roughness and surface finish. Based on the results, surface roughness was reported primarily by Ra, 

Sa, Rz, and Rq. Furthermore, the range of roughness can be significantly different depending on the 

processing conditions from sub-micrometers to 33.65 m for Ra in the studied works. Although the reported 

roughness varies tremendously, it is generally between 0.1 to 1 times the layer thickness, depending on the 

materials and measurement geometry. Also, build orientation is crucial in determining print quality, as 

horizontal and vertical surfaces differ. Slicing settings, object orientation, and considerations regarding the 

design for additive manufacturing (DfAM) guidelines could enhance roughness and resolution while 

decreasing the number of PPFTs required [118]. These results did not consider more complex features, such 

as ridges, holes, slots, and posts, coupled with motion and material flow dynamics. 
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5. Selective laser sintering (SLS) 

Parts produced by SLS are expected to have a high surface quality because of the precise nature of the laser, 

resulting in extensive usage in meeting functional needs. On the other hand, SLS-produced components 

have generally a greater surface roughness than other polymer AM techniques [119]. Several functional 

properties are affected by surface roughness, including frictional properties, heat transfer, and fatigue 

resistance in polymers, as well as the possibility of powder becoming loose, e.g., as a medical implant in the 

human body [120]. During SLS, the build platform is heated uniformly to exactly below the material 

melting point; this is a highly effective method to boost the build rate. However, it can cause unwanted 

"caking" of powder on the outer surface of the part. A preheating lamp to maintain the temperature under 

the melting temperature reduces thermal stresses, leading to part distortion, shrinkage, and lower 

dimensional accuracy at the surface. Due to entrapped air, many grainy features, voids, and porosities can 

be formed inside the packed powder (Fig. 12). Therefore, porosity is an inherent defect in SLS objects that 

can appear on the surface [3, 121].  

 

 

Fig. 12 2D laser scanning image of a part made of PA6, showing the typical surface texture of solid part 
samples printed with an EOS P500 FDR system.  

 

SLS typically prints features as fine as 0.1-0.5 mm, making them an excellent choice for printing intricate 

latticework with thin walls and beams. While SLS parts do not need support due to a powder bed, 

temperature gradients during printing may deform the part and create very thin surface issues. In addition, 

because of thicker layers (90-150 m) in SLS, the technique is more sensitive to the staircase effect. This 

effect in an SLS object is most prevalent on semi-horizontal surfaces [3]. In a similar method, SLM, since 

the melt pool is typically more extensive than the laser spot, the scan contour tracks are naturally shifted 

inwards to account for this issue and, consequently, rougher surfaces [122]. PPFTs usually improve the 

quality of large surfaces in these cases, but it would be more demanding for more complex and minor 

features. 
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There is a direct correlation between the amount of porosity in a part and material properties, such as the 

shape and size distribution of the powder and part processing conditions. Compared to semi-crystalline 

thermoplastics, amorphous thermoplastics produce more porous parts, which can either be an advantage or 

a disadvantage depending on the desired property of the piece. The fundamental problems with sintering are 

porosity and shrinkage in the parts. Still, they can be overcome with an optimal packing density (for 

porosity) and a careful choice of the sintering parameters [123, 124]. 

Low porosity is required if the appearance and mechanical properties are essential. The size distribution, 

reduced porosity, and enhanced surface finish affect powder flowability and packing density. Using infrared 

lamps or ambient heating helps prevent non-uniform shrinkage by keeping the polymer above the glass 

transition temperature, allowing the shrinkage process to be controlled. This requires slow cooling after the 

build is complete and must be considered when calculating the processing time for each part. On the other 

hand, semi-crystalline thermoplastics experience a volume reduction during cooling due to crystallization, 

making amorphous thermoplastics the better choice [123, 124].  

Poor surface quality is a common complaint when working with powdered raw materials. The conventional 

roughness range (referred to by Ra) of PBF is 5-25 m. As well as the printing parameters, the quality of the 

surface can also be affected by the 3DP machine itself. Depending on the SLS machine, Ra can range from 

10 to 20 m with a peak-to-valley distance of up to 0.2 mm [3]. Sachdeva et al. reported a range of 8-12 m 

for Ra [124]. Mechanical properties, particularly fatigue, can be affected by different surface roughness. 

The AM powder-based procedure comprises semi-molten grains adhering to the outer surface, with 

occasional sharp grooves in between, prone to crack initiation [3]. Fig. 13 depicts the three states 

influencing the surface quality in PBF.  

 

Fig. 13 Typical PBF surface configurations that impact surface quality. 

 

The incomplete composition of powder materials may cause "orange peel" surfaces (Fig. 14). Incorrect 

powder reuse or non-homogeneous mixing is the main reason for this surface issue in the SLS technique 

[125, 126]. 
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Fig. 14 Orange peel surface texture on PA12 (2200) SLS part. 

 

5.1. Process parameters 

Several factors influence the performance of SLS systems. Precision and resolution are limited by the 

combination of powder particle size, layer thickness, and laser spot diameter. The selective melting of 

powder is done using two main tracks, including the contour and hatching tracks. In contour tracking, the 

outer layer of the required profile is melted, while the hatching track is used to melt the internal area 

bounded by the contour track [122].  

The SLS as-printed surface roughness values differ considerably based on the preparation method, the 

equipment utilized, and the position of the sample surface concerning the layer accumulation [3]. The SLS 

parameters of the process (see Fig. 15) have been widely investigated in engineering fields [32, 127]. They 

can be classified into three major categories: laser, material, and chamber. The average powder size, layer 

thickness, and surface orientation all influence surface roughness. The physics of melting and solidification 

are also important. It is influenced by scan speed, laser power, hatch spacing (distance) or laser scan 

spacing, material viscosity, surface tension, and thermal boundary conditions like bed temperature. 

Research has shown that materials that have been degraded for enough time adversely affect the surface 

quality and increase the viscosity of melted powder [119]. Several factors determine the accuracy of the part 

and the minimum feature size, including powder sizes, laser spot sizes, feature orientation, aspect ratio, 

ability to control the melted region, and the resulting solidified geometry of the scanned areas. A thin layer 

of unfused powder adheres to the part surface due to heat dispersion into the surrounding powder, which 

must be eliminated during post-processing to achieve the best surface finish [32]. Overall, the main SLS 

printing factors influencing surface roughness can be classified as design, laser, material, and build 

chamber. 
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Particle size distribution and particle shape can impact the quality and strength of the manufactured objects. 

These procedures are continued until the component has been produced entirely. SLS processes encounter 

many difficulties due to the complexity of the thermal interactions involved, which calls for technology-

appropriate design and process planning. Relative stresses, microstructural formation, and surface quality 

are a few difficulties resulting in part deformation or failure [19]. To avoid thermal deformation, the 

component stays in the powder bed throughout the slow cooling phase [9, 128]. 

 

 
Fig. 15 A schematic of the SLS 3D printing process. 

 

5.1.1. Design 

The position and orientation of the SLS chamber are crucial when using 3D nesting during the design stage. 

As a result of the lower temperature of the platform, the bottom section of the construction volume is not as 

warm as the upper area. Due to the high temperature in the top half of the build volume, this area is more 

likely to experience powder adhesion. Process modeling for powder sintering might aid in predicting 

essential aspects that must be addressed during the early design phase [16]. 

The size of geometrical features has been discovered to be a significant determinant for the volume of partly 

sintered powders adhering to the component surface owing to heat intensities, severely impacting 

manufacturing precision. SLS design criteria should consider massive hot masses, a well-known 

phenomenon. For this purpose, Minetola et al. [16] suggested the SLS modulus, a metric developed to 

detect crucial heat concentrations in the chamber that can affect the dimensional accuracy of the produced 

part. Generally, an approximate part accuracy of ±200 m for small dimensions and ±0.1-1% for large 

dimensions, as well as a minimum feature size of 0.5-1 mm, should be considered in the design of SLS 
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parts [32, 121]. In Fig. 16, SLS shows sensitivity to feature size where there is a distinct area of separation 

using a gradient lattice-based design. 

  

Fig. 16 Accuracy of gradient lattice-based structures in as-printed SLS samples. 

 

A cross-section of SLS parts shows how local and global features in the design influence part quality. The 

microscale portion comprises fused polymer powder particles ranging from 10 m to 100 m in diameter. 

The laser heats the particles, fusing them together before solidification. However, incomplete fusion can 

leave pores within the part, reducing strength, durability, and surface inhomogeneity. SLS parts feature a 

coarse surface texture at the mesoscale due to particle size polydispersity and unfused powder adhesion 

based on heat diffusion into the surrounding powder. Non-vertical features are stepped based on layer 

thickness and orientation [28, 129].  

The laser spot size and heat dispersion into the powder limit the minimum feature size in the design step. 

Freeform geometries, interior cavities (with holes for loose powders), and delicate lattice structures are all 

possible with SLS. Living hinges, latches, and interlocking parts can also be developed. Then, the interior 

features must be constructed so that loose powder may evacuate when the component is formed.  

Because no support structures are required, and cooling warpage is minimal, unsupported walls and 

horizontal bridges are more flexible than the MEX system. Nevertheless, design and tolerancing must 

consider temperature gradients during printing shrinkage. Otherwise, very thin features can deform due to 

temperature variations in the print environment  [130]. SLS cannot attain the same surface quality as other 

polymer AM, such as photopolymerization (SLA). In general, PBF AM processes, including SLS, slice in 

the Z-direction with constant or adaptive layer thickness, whereas the slicing method in filament-based AM 

is strictly a limiting factor due to lower dimensional precision because of the staircase effect, the required 

support structures for overhangs, and poor performance because of the anisotropic design caused by the 

slicing method [104].  
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5.1.2. Materials 

SLS is versatile as it can process many types of polymers available in powder form, either thermoset or 

thermoplastic. The powder is vital for the packing density, which is influenced by other parameters, 

including particle size distribution, particle shape, and spreading system. Bimodal powder distribution can 

improve the packing density [131, 132], which is given by other parameters, such as particle shape, size 

width, distribution exponent, and packing mode [133]. Particle shape can affect the powder size distribution 

as the finer powder can facilitate reaching higher packing densities and improve flow and spreadability. The 

spreading system is also responsible for optimizing the packing density. A wrong method for the powder on 

the bed can cause flaws in the packing process and entail artifacts or holes in the part once sintered [134, 

135]. The most common materials used in SLS are semi-crystalline polymers of PA12 and PA11 due to 

their well-defined melting temperature and melt-freeze thermal hysteresis [32]. Compared with amorphous 

thermoplastics, these polymers result in more favorable processing conditions and improved powder 

recyclability. Table 8 lists the common polymers used in SLS and their applications.  

 

Table 8  SLS AM polymer powders classified by structure and performance [32, 129, 136]. 

Application class 
Structure 

Main applications Amorphous Semi-crystalline 
High-performance polymers - PEK, PEEK, PEKK Motorsports, medical engineering, 

aerospace  
Engineering polymers PC* PA6, PA11, PA12, TPE, POM*, PCL*, 

UHMWPE*, PLA* 
Automotive industry, mechanical 
components, housings 

Commodity polymers PS, SAN*, PMMA*  PP, HDPE Piping, chemical containers, tooling, 
medical devices, low-cost prototyping 

* Commercially not available, only studied in the scientific literature 

 

SLS can fabricate complex internal cavities with 3D lattice structures, but features for draining unfused 

powder must be included. Powder parameters, such as diameter, morphology, size distribution, crystallinity 

point, flowability, and melting point, also significantly affect the SLS method and the part quality. As a 

result, there is an increased demand for powders capable of performing SLS [137].  

Powders were described as pre-processing parameters but can also be included as printing parameters. Since 

lasers and powder are connected, it is necessary to study and determine the power based on the powder that 

will be melted before picking up a laser. Polymers must be considered in terms of their heating properties to 

be suitable for SLS. Furthermore, the optical characteristics of powders determine the wavelength of light 

the materials absorb [138]. Semi-crystalline polymers are preferred because of their processability (e.g., 

PA12). There is a clear temperature range for these polymers, ranging from the glass transition temperature 

to the melting temperature, with a hysteresis window between melting and re-crystallization. The powder 

type, including recycled and virgin, can affect the surface quality. In general, recycled powders increase the 

instability of the feedstock properties, resulting in a higher surface roughness [119]. High flowability is a 

critical property of materials in the SLS technique. Powders must be highly flowable to minimize highly 

jagged and microscopic particles with strong inter-particle forces that lead to agglomeration and surface 
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issues. Goodridge et al. [139] reported 45 and 90 m as the most favorable range for powder size in SLS 

3DP. 

In PBF processes, loose powder is typically removed manually. However, it can be more aggressively 

removed by shockwave cleaning or dry-ice blasting [140], which alters the surface roughness significantly. 

Low-temperature heat treatment would be beneficial to improve surface quality. It would relieve imposed 

stress during laser sintering and improve mechanical properties. 

Surface modification of powders can increase laser light absorption, flow, and spreadability. Feedstock 

enhancement could be used to investigate various powder blends with various or multi-modal particle size 

distributions (PSDs) and create particle-based models for forecasting the deposition parameters (e.g., 

spreading speed) and the powder beds packing (e.g., inter-particle friction) and [69]. The thermal history of 

the polymers is also essential as the molecular weight of the polymer can change when it goes through heat 

cycles, influencing its melting and solidification behavior. The working conditions significantly impact this 

powder, and the sintered cake cannot be recycled near the component. Fresh powder must be mixed with 

the remaining powder from the previous 3D-printing procedure to closely match the specifications [3].  

This technology works with a higher layer thickness (90-150 m), making it more susceptible to the 

staircase effect. Because of the sintered grains on the surface, cleaning is difficult [3]. Powder-bed systems 

are exposed to a frictional force with the bed and an inter-particle force that restrains their motion. For this 

reason, chemical additives can be added to the powder to have a higher spreadability [141, 142]. There is a 

variation in the laser beam over the whole build plate. The angle of incidence can significantly impact the 

outcome of the part [143]. Therefore, new machines with two laser beams are currently available. However, 

having two different power sources leads to a slightly different sintering process. Furthermore, portions of 

the stage where the two lasers work almost simultaneously cause a point or line of poor or no sintering.  

 

5.1.3. Laser 

The mechanical strength and density of SLS objects depend heavily on the laser beam energy density. As 

the laser rasterizes over the powder bed, its movement strategy and direction are essential. Generally, higher 

laser beam energy density results in higher densities and greater mechanical strength of the final part, up to 

a certain point. If the powder particles are over-melted beyond this threshold, the properties of the part may 

begin to deteriorate [144]. The most often used SLS printers use diode lasers. The laser power (P), the laser 

scan speed (v), the focus diameter, and the hatch distance (scan line distance) all affect energy density (ED) 

[145]. The hatch distance includes two parameters: layer thickness (t) and scan space (s). Depending on the 

laser power (P) and beam movement on the materials, the powder bed obtains the proper heat for fusion. 

Accordingly, ED is the laser beam input energy per unit area (J/mm2), and it can be calculated using 

Equation 17 [146]: 
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P/(    ) Equation 17 

 

In this equation, if the hatch distance (in mm) is more than the effective laser diameter (in mm), the effective 

laser spot size would be considered [147]. 

Sintering requires a certain amount of laser power due to laser-powder interaction, which depends on the 

material and layer thickness. Because the laser beam diameter and materials formulation affect absorption, 

they can raise or lower the sintering/melting temperature. It affects the laser wavelength required for 

sintering. In addition, pulse durations (for pulsed lasers), geometries, and frequencies can impact surface 

quality. Shorter pulse durations can lead to more precise melting and less heat buildup, resulting in 

smoother surfaces with less porosity. There is usually an offset between the laser and the design border 

because of the light spot that must be considered. During the sintering process, a low-power laser is used to 

smear the particles that can remain attached along the contour [134, 148]. 

 

The dimensional accuracy of the printed product causes excellent process accuracy in SLS. Shrinkage is 

one of the critical factors influencing accuracy, and the quantity of shrinkage seen hugely depends on 

materials and laser sources. Laser power and scan length have a substantial impact on X-direction 

shrinkage, whereas beam speed and laser power have a significant effect on Y-direction shrinkage. In 

contrast, bed temperature, beam speed, and hatch spacing considerably affect shrinkage in the Z-direction 

[130]. 

 

5.1.4. Build Chamber 

A typical mainstream SLS system has a medium build size of 340 × 340 × 600 (mm). When a product 

exceeds the build platform volume, it must be split into multiple pieces, designing separation planes, and 

considering subsequent assembly procedures affecting the surface quality [149]. The part size is constrained 

on the upper end, restricted by the build volume of the printer and the ability of the optics system to scan 

the entire area. This volume typically ranges between 10 and 1000 L (0.01-1 m3). However, it is possible to 

reach a smaller size in some designs as 0.005 m3. Due to the minimal residual stresses, the entire build 

volume may be utilized by stacking pieces on top of one another without the requirement for support to 

connect the parts to the build platform. The size of small parts is constrained by the minimal feature size, 

the related precision and resolution, and the assembly of the components [149]. The powder particle and 

laser spot size restrict the precision of less prominent features. All these variables, coupled with the powder 

material and thermal boundary conditions, affect solidification kinetics and, hence, dimensional accuracy. 

In terms of depth and length, the larger-the-better rule applies to the part size to obtain the desired object. 

Whereas roughness and geometric precision are determined by the nominal-the-better rule [127]. 

Several build chamber parameters, such as layer thickness, roller speed, heating-cooling rates, build size, 

and powder and feed bed temperatures, impact the SLS process. There are several gradients of temperature 
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in the build chamber to be considered [150]. Besides the Z-axis, where the part suffers a decrease in 

temperature for the higher layers while the stage moves downward, the platform has some increased 

temperature along the diagonals, and the center can be caused by the presence of heaters or mechanical 

components underneath. The blade shape used for powder application also affects the surface quality. Beitz 

et al. [69] demonstrated a flat bottom form was more advantageous than sharp or slightly rounded edges. 

Due to the larger horizontal contact zone between the powder bed and blade, the powder material is 

compressed evenly, resulting in a more dense and consistent powder layer.  
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5.2. Surface roughness studies and discussion 

SLS allows the production of components with high levels of complexity, almost no geometrical 

constraints, and no need for a tool or a mold. The resulting parts have an enhanced surface roughness due to 

optimizing the processing settings, the build orientation, and the powder characteristics [66]. Although 

roughness cannot be removed entirely, several researchers have attempted to decrease the deficiency by 

modifying the printing process parameters and operating at different parameter levels.  

In many cases, PPFTs primarily affect the surface roughness obtained through SLS. Nevertheless, several 

studies have attempted to optimize the parameters of the process. Sachdeva et al. [124] investigated and 

used response surface methodology (RSM) to optimize the SLS process parameters for roughness (Ra, Rz, 

and Rq). Beitz et al. [66] reported that the CLSM measurement yielded roughness ranges of Ra: ~24-31 m 

and Rz: ~157-181 m, while the XMT method produced Ra: ~22-27 m and Rz: ~128-148 m for PA12 

powder. Most research has focused on PA12 as the feedstock material to determine optimal parameters for 

processing based on roughness conditions. However, limited research [151, 152] has been conducted on 

other materials. As listed in Table 9, different process parameters were considered in the method. 

 

Table 9  Overview of studies on surface roughness in SLS (see text* below the table for abbreviations). 

Materials | 
Machines Methodology and studied parameters 

Roughness range 
( m) Remarks Ref. 

PA12 (2221) | 
EOS Formiga 
P110 

p.temp. (167 °C), l.p. (25 W), h.d. 
(0.25 mm), p.s. (2500 mm/s), l.t. (0.1 
mm), p-p. (glass-bead), s.r.m.m. 
(contact + non-contact profilometry) 

Tactile A: Rz: 95-
120; Ra: 13-17 
Tactile B: Rz: 
100-124; Ra: 13-
17 
FV: Sz: 180-240; 
Sa: 14-18 
FPT: Sz: 270-400; 
Sa: 15-22 
CLSM: Sz: 350-
450; Sa: 23-27 

- Optical and tactile methods showed increased 
values for Rz, which was typical for SLS parts 

- Rz and Sz were easily influenced by outliers, so they 
are not ideal for describing s.r. 

- Ra and Sa allow a narrower distribution, but peaks 
and valleys can cancel out 

- The tip in the tactile method changed the surface 
- The tip pulls loose particles from the surface or 

cannot detect valleys. The measured values are 
quickly reproducible, but the actual topography 
was uncharacterizable 

- Optical measuring methods allowed 3D 
visualization of surface topography, but results 
vary. FV results closely resembled tactile 
measurements 

[66] 

PA12 | DTM 
2500plus 

l.p. (12.5-17.5 W), plat.temp. (128-
138 °C), l.t. (0.12-0.18 mm), a.m. 
(DoE Taguchi L9, ANOVA), s.r.m.m. 
(contact profilometry) 

Ra: 1.45-1.79  
 

- Optimal values of PPP for s.r. were l.p. (15 W), 
plat.temp. (133 °C), and l.t. (0.15 mm) 

- The portion of key parameters influencing s.r. were 
plat.temp. (55.6%), l.t. (23.11%) and l.p. (16.07%) 

[127] 
 

PA12 | DTM 
2500 & 
Sinterit Lisa 
desktop SLS 

DTM 2500: l.p. (10 and 13 W), r.s. 
(7.62 and 12.7 cm/s), h.d. (0.152 and 
0.127 mm), plat.temp. (175 °C), l.t. 
(0.1 mm), e.d. (0.15 J/mm2) 
Sinterit Lisa: p.r. (0.84 and 1.08), e.d. 
(400-700 J/mm2), a.m. (ANOVA), 
s.r.m.m. (non-contact profilometry 
(FV)) 

DTM: Sa: 12.431-
23.847; a.r.: 
1.620-2.454 
Lisa: Sa: 13.757-
14.328; a.r.: 
1.620-2.454 

- Lower r.s. and recycled powder (compared to 
virgin) contributed to a higher s.r. 

- The greatest average s.r. was recorded when l.p. 
(13 W), r.s. (7.62 cm/s), h.d. (127 m), and 
recycled powder was used 

- The smallest average s.r. was recorded when l.p. 
(13 W), r.s. (12.7 cm/s), h.d. (127 m), and virgin 
powder was used 

- The same settings were used to maximize and 
minimize the area ratio, which helped investigate 
the tribological properties of SLS parts 

- s.r. was not significantly affected by powder type 
or p.r. 

- Based on ANOVA for s.r., the main effects were 
powder type, h.d., and r.s. 

[119] 
 

PA12 | 
Sintratec Kit 

3 different combinations of blade and 
roller (counter-rotating roller, forward-
rotating roller, and a combination of 
blade and roller), l.p. (Diode Laser: 2.3 
W, 445 nm), plat.temp. (bed: 171 °C, 

CLSM: Ra: ~24-
31; Rz: ~157-181 
XMT: Ra: ~22-
27; Rz: ~128-148 

- Forward-rotating roller caused defects in the 
powder bed 

- The lowest Ra was achieved with a flat bottom 
geometry of the blade 

[69] 
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chamber: 147 °C), h.d. (550 mm/s), l.t. 
(0.120 mm), f.d. (0.25 mm), h.d. (0.3 
mm), s.r.m.m (non-contact 
profilometry (CLSM and XMT)) 

- A round or sharp blade reduced the effective V. 
compression force, leading to increased Ra 

- The obtained s.r. was affected mainly by the 
measuring method 

- There was no significant difference between the 
three fractions of PA12 surface quality, confirmed 
by s.r. measurements in powder deposition 
direction and perpendicular to it 

- A flat bottom shape was found to be more 
advantageous than sharp or slightly rounded edges 
for the surface quality of a powder bed, resulting in 
lower s.r.  

- There was no significant difference between the 
direction of application of the powder and that 
perpendicular to it 

- As with the arithmetic s.r., powder composition 
and blade geometry had a similar influence on the 
average s.r. 

- The fine and coarse powders and the powder 
deposition direction had no significant influence on 
s.r. 

PA12 (2200) | 
EOS Formiga 
P110 

The cross-sections were hatched 
alternately, p.size (d50, 3: 58 m) l.p. 
(25 W), p.s. (2500 mm/s), plat.temp. 
(167 °C), l.t. (0.1 mm), e.d ( 0.4 
(J/mm2), b.o. (0°, 45°, 90°), s.r.m.m 
(non-contact profilometry 

Sa: ~25 (H.), 30 
(45°), ~25 (V.); 
Sz: ~285 (H.), 
315 (45°), 235 
(V.); Rz: 3 (H.), 
0.5 (45°), 1.5 
(V.) 

- Highest s.r. measured at a layer orientation of 45° 
- Tribological applications: 90° orientation partially 

led to a longer running-in-phase as higher wear 

[153] 
 

PS & PS+ CB 
| DTM 2000 

CO2 laser at a chamber filled with the 
nitrogen atmosphere with a maximal 
5.5% O2 
PS at preheating conditions: plat.temp. 
(90 and 100 °C), l.p. (6-21 W), p.s. 
(1000 mm/s), h.d. (0.15 mm: about 
one-third of f.d.), plat.temp. (167 °C), 
l.t. (0.1 mm), e.d. (0.1-0.12 J/mm2) 
PS with 0.3 wt-% CB at plat.temp. 
(100 °C), l.t. (0.1 mm), preheated at 
65 °C by infrared radiation heating 
s.r.m.m (contact profilometry) 

PS at plat.temp. 
(90 °C): Ra: ~14-
42; Rz: ~100-270 
PS at plat.temp. 
(100 °C): Ra: ~3-
13; Rz: ~10-100 
PS + CB at 
plat.temp. 
(100 °C): Ra: 
~18-34; Rz: ~125-
240 

- Evaluation of the processability of PS and the use 
of CB as a coloring additive was conducted, 
focusing on the bed temperatures and laser 
parameters 

- s.r. of the monolayer parts indicated the 
coalescence between the consecutive laser tracks 

- Higher plat.temp., different laser scan strategies, or 
more l.p. optimization can improve surface quality 

- Higher Ra and Rz at plat.temp. (90 °C) when used 
higher l.p., especially in the transversal direction 
due to lousy coalescence between consecutive laser 
scan tracks at this bed temperature 

- Optimal processing parameters being at plat.temp. 
(100 °C) and l.p. (18 W) 

- Application: Investment casting 

[151] 
 

PA12 (2200) | 
EOS P395 

The DeVIDE software was used to 
predict Ra values for various implants 
using CT scan data, the material, and 
the standard build parameters: laser 
type CO2, l.p. (50 W), p.s. 
(8000 mm/s), plat.temp. (176 °C), l.t. 
(0.12 mm) 

Predicted Ra: 
14.4-34.67 

- A simulation-based s.r. evaluation was performed 
to assess various implant prototypes 

- Application: Medical purpose, bone implants 

[154] 
 

PA12 (650) & 
PCL | 
OpenSLS 

p.size (55 m for PA12 and 600 m 
for PCL), s.r.m.m (SEM) 

Unsmoothed: Ra: 
~34.0 (PA12), 
~115.6 (PCL)  
Smoothed: Ra: 
~3.9 

- Ra was proportional to particle size for both nylon 
and unsmoothed PCL 

- Large powder grain (~500 m) led to part surfaces 
with high s.r. 

- Unsmoothed PCL had Ra that reflected the visible 
rough texture of sintered PCL 

- Smoothed PCL exhibited significantly improved 
mechanical properties, making it a superior 
material for bone medical purposes 

- Application: Tissue engineering  

[155] 
 

PA11 | - b.o. (H. and V.), s.r.m.m (contact 
profilometry) 

As-printed Ra: 
~25-50 (T.), ~7-
35 (B.) 
After p-p. Ra: 
~15-25 (T.), ~3-
15 (B.) 

- An increase in the XY and ZY-orientations was 
shown to increase s.r. 

- p-p. significantly reduced s.r. due to a more 
consistent density 

[156] 
 

SLS: PA12 | 
EOS Formiga 
P110 
MJF: PA12 | 
HP MultiJet 
Fusion 3D 
4200 

SLS: l.p. (16 W), plat.temp. (167 °C), 
l.t. (0.1 mm), p.s. (1500 mm/s), and 
h.d. (0.25 mm), CO2 laser ( : 10.6 m) 
MJF: l.t. (0.08 mm), p.s. (10 s/layer) 
s.r.m.m. (contact profilometry) 

SLS: Ra: ~14.62 
(T.), ~14.40 (B.) 
MJF: Ra: ~15.58 
(T.), ~6.31 (B.) 

- The set of parameters for SLS could be optimized 
for the best s.f. 

- T. and B. s.r. of the SLS were very similar 
- T. s.r. of SLS and MJF were extremely close, but 

B. s.r. of MJF was significantly better than SLS, 
likely due to detailing agent application 

- In SLS, the un-melted core was distinctly smaller 
than in MJF due to the powerful instant heating 
capability of the laser 

[157] 
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- A higher crystallinity was observed in SLS parts 
compared to MJF, which resulted in higher impact 
properties and better d.a. 

SLS: PA12 | 
DTM 
2500plus 
MJF: PA12 | 
HP MultiJet 
Fusion 3D 
4200 

l.p. (38 W), p.s. (10 mm/s), h.d. 
(0.25 mm), plat.temp. (175 °C), l.t. 
(0.1 mm), e.d. (0.15 J/mm3), a.m. 
(ANOVA), s.r.m.m. (contact 
profilometry) 

SLS: Sq: ~17.5 
(B.), ~24 (S.), 
~19 (T.); Ssk: 
~ 0.3 (B.), ~ 0.15 
(S.), ~ 0.1 (T.); 
Sku: ~3.2 (B.), 
~3.5 (S.), ~3.3 
(T.)  
MJF: Sq: ~16-
17.5 (B.), ~17-19 
(S.), ~17.5-24 
(T.); Ssk: ~ 0.4-0 
(B.), ~ 0.45- 0.1 
(S.), ~0.1-0.5 
(T.); Sku: ~3.0-4.5 
(B.), ~3.2-4.3 
(S.), ~3.1-4.2 (T.)  

- There was a significant impact of the orientation 
within the build chamber on the bottom surface of 
the cubes 

- The influence of orientation was reflected in a 
similar value of Sq for all the cubes, but a distinct 
height distribution was indicated by Ssk and Sku 

- Because of thermal bleeding, T. s.r. of SLS varied 
depending on the selected build region 

- SLS and MJF exhibited this inhomogeneity issue, 
and the cube closest to the platform's center 
(usually the most isothermal region) revealed a 
skewed and spiked height distribution 

- Homogeneous surface topography across parts 
requires thermal bleeding control 

[28] 
 

*Abbreviations  a.m.: analysis methods, a.r.: area ratio, b.o.: build orientation, d.a.: dimensional accuracy, e.d.: energy density, f.d.: focus 

diameter, h.d.: hatch distance, l.t.: layer height, l.p.: laser power, p.r.: power ratio, p.s.: printing speed (laser scanning speed), p.size: powder 

size, p.temp.: printing temperature, plat.temp.: platform temperature, p-p.: post-processing, r.s.: roller speed, s.f.: surface finish, s.r.: surface 

roughness, s.r.m.m: surface roughness measurement method, B.: bottom, S.: side, T.: top, H.: horizontal, V.: vertical 

 

 

In agreement with the reviewed papers in Table 9, the average particle size, layer thickness, and surface 

orientation can substantially influence surface roughness among a wide range of variables. Material 

viscosity, surface tension, and thermal boundary conditions such as bed temperature play a role in melting 

and solidification. Heat dispersion into the surrounding powder generates a thin layer of unfused powder to 

cling to the component surface to achieve the most delicate surface quality. The powder size and the laser 

spot restrict the part accuracy of less prominent features. These parameters, coupled with the powder 

material and temperature boundary conditions in the system, influence solidification dynamics, which can 

also affect dimensional accuracy. Shrinkage during cooling can cause additional losses in part accuracy for 

bigger features. Concerning laser power, a low energy density can result in loose powder particles that are 

unable to melt and fuse together sufficiently, resulting in parts that are weak and porous. In contrast, if the 

energy density is too high, the powder may melt and fuse excessively, resulting in rough surfaces, 

distortions, and even cracks in the finished parts [119, 127]. 

While the SLS parts generally show higher surface roughness (10 m < Ra < 20 m) compared to FFF (1 

m < Ra < 10 m), SLS offers many benefits compared to other polymer-based AM techniques [158]. To 

begin with, no support structures or foundations are needed during the SLS process, since the unused 

powders support the components. Therefore, there is no roughness caused by support removal. Even though 

SLS uses unused powders to support the components being printed, this is usually insufficient to prevent all 

types of deformations. As a result, post-processing steps such as stress relieving and annealing may be 

required to reduce residual stresses and deformations [119, 157]. 

Additives such as initiators, binders, and catalysts are not required, which implies the components are more 

likely to be utilized in the medical field since additives may cause toxicity. Moreover, although SLS 

resolution is not as excellent as other AM methods, such as SLA, the mechanical properties of SLS 
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components are usually superior, making the surface of these components more stable over time. The 

resolution issue may be addressed by improving the laser system. In theory, SLS technology is not material-

restricted, and most powders may be utilized in SLS, provided that the laser wavelength and power meet the 

sintering material requirements. However, this kind of laser/point-based technology (e.g., SLA or SLS) has 

a common drawback of low processing speed because of the methodology of "point  line  face (slice) 

 body" [157].  

 

6. Vat photopolymerization (VPP) 

Vat photopolymerization produces parts with a resolution close to 100 nm [159], leading to superior surface 

quality. While the design choice can bring some advantages and some disadvantages in terms of texture, the 

process selection is still critical. In a top-down VPP setup, the build plate dips in the resin to create a new 

layer, and generally, a recoating system makes the printed surface smoother. Despite this mechanism and a 

consequent reduction of the necessary supports, the recoating procedure may cause some convex 

undulations on the resin surface and on the printed layer afterward. It is due to tensions, especially with 

highly viscous resins or really thin layers. Thus, surface bubbles can remain trapped inside the part but also 

can groove the surface [160, 161]. Using scraper blades can attenuate these issues by adjusting the layer 

thickness of the new resin on top of the part [162]. 

Alternatively, the bottom-up approach, where the light source is placed below the vat, and the build 

platform moves stepwise upwards, resulting in accurate details but a more corrugated surface [163]. 

Moreover, confined layers due to the space in between the transparent window at the bottom of the vat and 

the build plate allow the system to achieve better Z resolution. However, the layer, once cured, attaches to 

the glass window, and the detachment step might cause it to lose material and have defects. To reduce 

detachment forces during this phase, the vat is usually coated with a polydimethylsiloxane (PDMS) layer or 

an anti-adhesive membrane made of PTFE [161, 164] with an additional protective layer of fluorinated 

ethylene propylene (FEP) to have good anti-sticking effect and durability [165]. The latter seems more 

resistant to degradation and all the problems this may cause to the quality of microfeatures [166] but has a 

more complex tightening method that can lead to deformed features and light refraction when applied 

incorrectly [161]. These approaches constitute a layer-wise method and generate staircases along vertical 

surfaces.  

VPP defects generally occur due to non-optimized print parameters, insufficient supports, improper model 

generation, and contamination in the build platform and resin material. For each layer to be cured entirely 

through its thickness and uniformly recoated, the print parameters, such as scan speed, power source, and 

recoating process, must be optimized [167]. Another common problem with VPP resins is their tendency to 

turn yellow quickly. This is mainly because of overexposure to ultraviolet light, which also causes clear 

prints to appear matte yellow (Fig. 17). 
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Fig. 17 Appearance and accuracy of gradient lattice-based structures in as-printed SLA samples using 
PrimaCreator Value resin. After 12 hours, a yellowish color began to appear. 

 

6.1. Process parameters 

6.1.1. Design 

The design role in PPP regards creating the model system on a CAD system and handling the photosensitive 

resin independently of the technology used. CAD format is tessellated into the STL data, and this is the 

phase where decisions about surface modeling are made. For instance, essentially flat and/or thick sections 

are prone to warp because of shrinkage. The STL file approximates three-dimensional surfaces with 

triangular facets, which may result in errors in dimension, form, and surface [168]. Incorrect conversion of 

a solid model into an STL file can cause missing or distorted features. In stereolithographic technology, the 

STL file is sliced into several horizontal layers and then commonly saved in CLI file format [169]. Similar 

to the FFF method, many parameters such as print direction, layer thickness, the inclination of the part, 

hatch spacing, fill spacing, hatch over-cure, border over-cure, and fill cure depth are essential to improve 

surface quality without resorting to a large number of facets and a long build time [168, 170]. Considering 

the presence of supports is crucial because if the support density is insufficient, the part can also shift or 

detach entirely from inadequate supports [171]. The supports cause unavoidable staircase effects on bent or 

sloped surfaces, but they can be reduced by adjusting the printing parameters mentioned above [172]. In 

this case, the adaptive slicing method, as a typical practice in FFF, is acquiring more attention to improve 

the surface quality and surface roughness in VPP methods [96, 173].  

 

6.1.2. Materials 

The most popular materials for VPP are photosensitive resins, usually containing acrylates, methacrylates, 

vinyl, and epoxies monomers/oligomers. Acrylates and methacrylates monomers/oligomers are a 

subcategory of the vinyl group and the presence of the carboxylic group (-COOH) in the vinyl position 
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confers them high photo speed as they react quickly when exposed to UV radiation. Moreover, they behave 

differently in terms of radical formation. Acrylates tend to form secondary radical ends, whereas 

methacrylates tend to form tertiary radical ends. This difference in radical end formation makes 

methacrylates more stable and less reactive than acrylates. However, both of them undergo significant 

shrinkage with associated stress that might result in warping or curling [174, 175]. Moreover, they suffer 

from the inhibiting influence of oxygen and this facilitates the formation of a sticky surface appearance due 

to oligomer formation [176]. They also have low viscosity and critical energy, increased light sensitivity, 

relatively high dependence on humidity and temperature fluctuations, and controllable mechanical 

properties [177].  

Vinyl monomers appear in both radical and cationic polymerizations and a mix with acrylates or epoxies 

enhances their respective characteristics. They provide relatively low thermal resistance and low glass 

transition temperature and they tend to exhibit brittleness, low elongation, toughness, and impact resistance 

[178]. Epoxy monomers instead have an oxirane functional group, which is a three-member ring formed 

between oxygen and two carbon atoms and when they react, these rings open, resulting in vacancies for 

other chemical bonds. This opening is known to have an influence on the volume change because the bonds 

remain the same and, as a result, epoxy resins typically present much smaller shrinkage and much less 

tendency to warp and curl. Furthermore, the products have high structural stability, higher mechanical 

performance, insensitivity to oxygen, and lower shrinkage stresses compared to radical polymerization of 

(meth)acrylates and vinyl monomers [175, 179]. All these monomers can be also added as additives with 

the function of chain transfer agents, specifically addition-fragmentation chain transfer (AFCT) agents, in a 

poly-functional way, with the intent of having, for instance, lower shrinkage stress, higher cross-linking 

density, or tougher polymers [180, 181]. Besides monomers/oligomers and additives, the photocurable resin 

generally presents reactive diluents, UV stabilizers/blockers, and photoinitiators.  

Also, adding particles as reinforcement in a resin can result in reduced or absent curing or in an 

accumulation of the particles, leading to a nonuniformity or degradation of the support. Studies about the 

size of the particles [182] and their interaction [183] were found essential to obtain the best outcome. 

Therefore in VPP, the cure kinetics of the polymerization process related to the resin viscosity, light 

intensity, chemical functionality, illumination time, and the additives in the formulations, play a crucial role 

in determining the final surface finishing and appearance of the prints [179]. In fact, the choice of light 

absorbers, the photo-initiator, and the monomers and oligomers can reduce the staircase effects, improve the 

resolution of printed objects and produce optically more transparent layers and surfaces. Kowsari et al. 

[184] evaluated the influences of polymer formulation on the printing resolution and surface quality. In 

particular, by trying different formulations of (meth)acrylates-based monomers and oligomers with some of 

the most common photoinitiators, they found that dimethacrylate-based resins can improve the surface 

finishing by reducing the staircase effects and removing jagged edges. Moreover, enhancing the expected 

reflectance at the same wavelength is possible with different photopolymer formulations [177]. The 
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selection of photocurable resins is usually according to the properties needed, such as quality of finish 

[185], durability [186], flexibility [187], transparency [188], bio-compatibility  [185, 187], and cost [189]. 

They need to be stored in dark rooms to avoid the photopolymerization process initiates. 

Moreover, when the resin is poured into the vat, it may contain air bubbles that reduce the achievable 

resolution and cause surface artifacts in the final object. Therefore, removing all the impurities and air from 

the photopolymer is necessary. It is possible to do so by shaking the resin manually or with the help of some 

machines, such as roller grills or shaking machines [161]. 

When the resin is not fully polymeric but with a mole percentage of other compounds, another step that is 

part of the preprocessing is the mixing process, which is requested to be as uniform as possible 

Polymers are not the only materials that can be used in photopolymerization processes. Diptanshu et al. 

[182] assessed how introducing fine ceramic powder can improve the density and reduce the porosity of the 

prints. The interaction between photopolymer and photons greatly influences the surface quality of the part. 

As well as laser power and uncontrolled photon flux, a nonuniform surface relief during the material 

solidification generates features much larger than the voxel size. Ambient factors, such as vibrations and 

jittering of the laser and its scattering while impinging the surface, may cause voxel displacements and 

fluctuations of printed voxels, inducing a weaker photon flux and defects in the layer so formed [184, 190]. 

During the printing process, contaminants, such as partially cured regions or external particles, can cause 

voids and deficiencies in the build since the resin cannot be recoated evenly. A damaged resin tank or dirty 

optics may also result in improperly cured regions, resulting in internal voids or inclusions. Last, voids 

within the resin caused by trapped air or not uniformly recoating the next layer will result in voids in the 

printed part [177]. Photopolymerization can also be affected by oxygen inhibition due to a different air in 

the room (with an inert gas), high-intensity irradiance lamps, or physical barriers [191, 192].   

 

6.1.3. Printer setup 

The setup of the printer and the influence of polymer mass and viscosity can also affect the surface finish, 

which is divided into two major categories: 

 The bottom-up approach: the material is cured through a window, and a membrane of PTFE is 

placed in the bottom of the vat with a light source. In this setup, the build-plate is raised every time 

to let the new resin occupy the volume underneath, and a ‘peel’ step is necessary to detach the 

cured resin from the bottom of the vat. The ‘peel’ step is time-consuming because the resin needs 

extra time to recover the initial state before starting the new layer [193]. 

 The top-down approach: a light source above the vat cures the material, and the build-plate is 

submerged. Instead of ‘peel’ steps, this setup employs continuous light exposure to cure the resin. It 

enables the achievement of high resolutions and printing speeds for this approach. The surface is 

traversed with a scraper to recoat and minimize eventual surface tensions [162] or can provide a 
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dynamic characterization of the shape of the surface of the resin and adjust the light intensity 

accordingly [194]. 

 

Regarding the exposure strategies, in the bottom-up approach, there are no micro-fluctuations or 

contamination of the resin during the process since the bottom of the vat flattens each layer but the 

detaching step might cause a corrugated surface with accurate details in the surface of the products [163]. 

However, in the top-down approach, there is not as much stress on the printed part during the printing 

process as in the bottom-up approach since the subsequent layer is not being sheared off after each layer is 

cured. Nonetheless, the overall distortions of the surface due to the motion of the stage normally require a 

recoating procedure that still can cause undulations on the printed layer. Moreover, longer printing times 

and slightly better resolution and quality of the printing drive the choice for the bottom-up approach. Other 

setups are related to different components that make the technology unique and solve some of the 

drawbacks. For instance, an oxygen-permeable window in CLIP technology solves the peeling step issue by 

preventing the resin from attaching to the window. At the same time, it controls the curing of the resin 

letting it have sufficient time to flow underneath the build plate and completely homogeneously the curing 

of the subsequent layer. In this way, the platform can move almost continuously upward [191, 192].  

DPP technology uses an LCD unit to project the sliced 2D images, which has great potential 

resolution/cost-wise but has overall limited optical efficiency and lower resolution. In addition, working 

with an electric field that blocks the passage of light, has a low switching speed (within 20 ms) and this may 

cause a few liquid crystals to remain trapped, resulting in weak light leakage and lower resolution [169, 

179]. Hot lithography has the advantage of having a heating element able to control the viscosity of the 

resin and the temperature of the process. A higher temperature increases the reactivity of the monomers and 

the polymerization rate and the efficiency of the process [195].  

Two-photon photopolymerization employs a femtosecond compact laser beam as a light source that absorbs 

two photons simultaneously. The photons are absorbed by the photoinitiators at the same frequency 

(degenerate process) in the near-infrared range (NIR). To trigger the third-order nonlinear two-photon 

absorption process, light sources with very high photon density are required. Since the light intensity in the 

laser beam respects a Gaussian distribution, in TPP the square value is considered and the region where 

polymerization occurs is lower than in normal conditions. In this way, a pulsed femtosecond laser with an 

acoustic-optical modulator (AOM) to disperse the beam into zero- and first-order diffractions, or two light 

beams (stimulated emission depletion or STED) are the most preferred setups, because they can modulate 

the intensity and better control over the cross-linking process. Therefore, the resolution of the process and 

the connected feature size of the voxel improve until reaching details of 100 nm [32]. The concept is 

described in more detail in a study by Malinauskas et al. [258]. 
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6.1.4. Curing system 

In most cases of VPP, the substance is sensitive to light (but not necessarily), i.e., it will absorb the energy 

of the photons [177]. This energy induces either phase transitions (evaporation, melting, plasma) or 

chemical reaction in the material. As many materials can absorb light energy, VPP is a very versatile 

method for selection. However, there are significant variations in the specifications of the main VPP 

branches, such as the light source (UV or laser), feature size (nm to m), applicable materials, sensitivity to 

processing parameters, and the possibility of multi-material printing and commercialization capability. 

In most VPP technologies, the object is created by irradiation of the photosensitive resin with a UV or laser 

beam source that enables the cross-linking of the polymer chains. It is scattered and absorbed when UV 

radiation or a laser beam hits the surface. This creates a threshold for the penetration of the light in the resin 

and, therefore, a cure depth for the photopolymerization process. The cure depth is given by Equation 18 

[169] 

  ln /  Equation 18 

 
where the maximum exposure energy is represented by Emax, the critical energy required from the resin to 

begin the reaction is denoted by Ec, and Dp is the depth of penetration defined by 

 1 2.3   Equation 19 

 

where [I] is the concentration of the photoinitiator and  is the molar extinction coefficient.  

The energy dose considerably affects surface roughness and dimensional accuracy through the curing 

process [196]. In SLA, the projection system is the key factor that can sensibly modify the appearance of 

the part. A galvanometer scanning technology provides the steered beam through a movable mirror system 

to the resin surface and determines the precision grade. The exposure energy at the surface is determined by 

the steered beam as follows 

 2/ /  Equation 20 

 

where P denotes the laser power, W0 is the beam radius, and Vs represents the scan speed [169]. In line with 

the equations above, it is possible to see how much the entire process can undergo the projection system.  

The power, velocity, and hatching of the laser spot determine the depth and size of the feature. 

Independently from the build orientation, there is a low anisotropy set by the cure depth according to the 

layer thickness. In fact, the layer thickness is lower than the cure depth, which means that an additional 

beam dose passes through to the previous layer to facilitate the adhesion and the bonds between subsequent 

layers [161, 197]. Furthermore, the width of cured resin (Lw), as determined by the center of the laser beam, 
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influences the resolution and dimensional accuracy. When the laser beam passes over the same points while 

hatching the layer, some points might be over-cure or under-cure. For a successful solidification, it is 

essential to define a hatch-spacing related to the width of the cured resin [169]. Non-uniform laser power 

density is another important parameter that can be caused by either acceleration or deceleration of the 

galvanometer at the end of the hatching and along the boundaries. This can be overcome by either 

modulating the laser power as a function of scanning speed during acceleration or deceleration or keeping 

the same scanning speed while switching on and off throughout the job [198]. 

 

6.2. Surface roughness studies and discussion 

The parameters affecting the surface quality can be identified by further examination of the most critical 

technologies in VPP. Nowadays, the research in surface quality for the Vat photopolymerization technique 

is extensive, mainly because it combines an affordable price with high performance in terms of printing 

precision and time. There has been considerable research on SLA and DLP, the oldest and most 

commercialized technologies. Still, new trends are emerging due to their faster print speeds, such as CLIP 

[32, 191], and higher and higher resolution, like TPP [194]. Instead of surface roughness, recent significant 

research results are presented, focusing on SLA and DLP in Table 10. 

 

Table 10  Overview of studies on surface roughness in VPP (SLA and DLP) (see text* below the table for 
abbreviations). 

Materials | 
Machines Methodology and studied parameters 

Roughness range 
( m) Remarks 

 
 
Ref. 

Proprietary 
Resin | SLA 
XJRP-SPS600 

f.d. (0.1 mm), l.t. (0.1 mm), p.s. (8 
m/s), b.o. ([10o-90o], 10o step), 
s.r.m.m. (contact profilometry) 

Ra: ~3-17 - b.o. 10º and 90º resulted in the highest (17 m) 
and lowest (3 m) s.r. 

- Increasing b.o. continuously decreased s.r. 
- The s.r. was remarkably reduced after coating with 

the polyethylene wax emulsion 

[199] 

UTR9000 
resin | SLA 
Shanghai Lite-
450 

l.t. (0.09, 0.12, 0.15, 0.18 mm), over-
cure (0.19, 0.21, 0.23, 0.25 mm), l.p. 
(270, 290, 310 and 330 mW), h.d. 
(0.07, 0.08, 0.09 and 0.10 mm), p.t. (5 
min), r.h. (34%), a.m. (DoE Taguchi 
L16), s.r.m.m. (contact profilometry) 

Ra: ~3.76-3.99 
(For different 
l.t.), ~9.87-20.05 
(For different 
width), ~6-30 
(V.), ~1,49-2.6 
(H.) 

- The process parameters that affect the s.r. in the 
direction parallel to the scanning direction were 
based on the following order: l.t. > l.p. > p.t. > h.d.  

- High random errors in the direction parallel to the 
scanning direction at various positions for the 
same part, whereas s.r. differed according to b.o. 
due to l.p., temperature, and r.h. inside the 
machine. 

[200] 

PR48 CPS 
resin |Ember 
DLP 

l.t. (0.010, 0.025, and 0.050 mm), e.t. 
(1.2-2 s), s.r.m.m. (non-contact 
profilometry) 

Ra: 1.5-6.4 (V.), 
~2.2-2.4 (H.);  
Rz: 9.7-21.9 (V.), 
~7.1-8.6 (H.); Rq: 
15.9-49.4 (V.), 
~67.5-74 (H.); 
Rsk: 0.1-0.4 (V.), 
0.1-0.2 (H.) 

- The surface profile angle was predicted with a 
maximum error of 2°, and the average s.r. was 
predicted with an error of 2.7 m.  

- The l.t. was found to influence the light-induced 
s.r compared to the exposure time 

[201] 

Accura 
ClearVue | 
SLA ProJet 
6000 HD 

b.o. ([0o-90o], 30o step for each of F., 
S., and T. direction), a.m. (DoE 
Taguchi L20, ANOVA), s.r.m.m. 
(non-contact profilometry) 

Ra: ~1.2-3.4, 
2.102 (F.), 2.181 
(S.), 2.177 (T.), 
1.733 (H.), 2.686 
(30º), 2.546 
(60º), 1.649 (V.) 

- Very low s.r. values were observed for SLA parts  
- The surface where layers are parallel to the b.o. 

showed higher s.r. compared to the surface with 
perpendicular layers due to the staircase effect 

[202] 

Synthetic Grey 
Resin V3 | 
SLA Formlabs 
Form 2 

l.t. (0.025, 0.050, and 0.100 mm), b.o. 
(0o and 15o), Model structure (solid vs. 
hollow), was printed at different 
positions and configurations, a.m. 
(ANOVA, post-hoc tests, and 

Ra: ~0.025-2.18 
(H.),  
~0.025-2.86 (15o) 

- The model structure did not affect s.r., but b.o. did  
- Higher printing precision was reached by aligning 

the models across the front of the build platform, 
reducing overhangs, using support structures, and 
selecting a high-printing resolution 

[172] 
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Student’s t-test), s.r.m.m. (contact 
profilometry) 

- The staircase effect on the bent or sloped surfaces 
was caused by the support structure and b.o. It can 
be reduced by adjusting other PPP 

Watershed 
1120 | SLA 
Viper SI2 

b.o. ([0o-180o], 2o step), h.d. (50, 75, 
100, 125 m), l.p. (100 mW for border 
and 58 mW for h.d.), p.s. (20.5 mW 
for border and 124.1 mW for h.d.), l.t. 
(0.1 mm), resolution (7.6 m (XY) and 
2.5 m (Z), continuous-wave laser 
(Nd:YVO4 solid-state, : 354.7 nm) 
f.d. (250 m), a.m. (ANOVA), 
s.r.m.m. (contact + non-contact 
profilometry) 

Contact 
profilometry: Ra: 
1.2, Rq: 1.6, Rz: 
6.2 
Non-contact 
profilometry: Ra: 
1.0, Rq: 1.3, Rz: 
6.0 

- Increasing b.o. from 0o to 90o resulted in higher s.r. 
followed by a slow drop 

- In the range of 90o to180o, s.r. was increased 
gradually, followed by a quick drop 

- Higher h.d. resulted in higher s.r. and less p.s.  
- The effect of p.t. on s.r. was negligible 

[173] 

- | SLA 
apparatus 

b.o. (0o-90o), l.t. (0.08, 0.1, and 0.12 
mm), a.m. (DoE full factorial design, 
blocking technique), s.r.m.m. (contact 
+ non-contact profilometry) 

Ra: ~3.2 - b.o. and l.t. affected s.r. 
- Post-curing played a negative role in s.r. 

[203] 

Dental LT 
Clear Resin | 
Customized 
DLP: projector 
(OPTOMA 
EX330e)  
SLA Formlabs 
Form 2 

b.o. (0o and 45o), e.t. (18 s), 
Measurements of s.r. along and 
perpendicular to the b.o. were carried 
out, s.r.m.m. (contact profilometry) 

DLP Ra: 0.57 (H., 
T.), 1.37 (H., S.), 
0.675 (45o, T.), 
1.67 (45o, S.) 
SLA Ra: 0.995 
(H., T.), 1.225 
(H., S.), 1.24 
(45o, T.), 1.815 
(45o, S.) 

- Characterizing the projector light spectrum and 
using photosensitive resins with detailed curing 
specifications were significant in terms of material 
curing to get a higher control on material 
processing and have lower s.r., good optical 
properties, and d.a. 

 

[165] 

NovaFab 
casting resin | 
DLP 

a.m. (PSO) Before 
optimization  
Ra: 21-38 
After 
optimization  
Ra: 13-31 

- p.s. increase by volume decomposition technique 
and eliminating supports 

- Segmentation design improves p.s. (by 45.2%), 
reduces material consumption (by 15.8%), and s.r. 
(by 19%) through decreasing the support structures 
and lowering the height of the segment 

[204] 

HDDA, 
Irgacure 819, 
SUDAN | 
Customized 
DLP: DMD 
projection 
system + UV 
LED (365 nm) 

l.t. (0.050, 0.080 and 0.100 mm), c.t. 
(2, 3 and 4 s), b.o. (60º to 90º), 
Gaussian radius (12 m), 
Concentrations: Monomer (4460 
mol/m3), Photoinitiator (48.27 
mol/m3), Stabilizer (4.06 mol/m3), 
Environmental oxygen (8.69 mol/m3) 
plat.temp. (300 K), incident light 
intensity (24.5 mW/cm2), Projection 
micro-stereolithography (P SL) for 
modeling photopolymerization is 
implemented by Comsol Multiphysics 
software, a.m. (DoE Taguchi L27, 
Multi-Objective PSO) 

RMSE: 1.45 (V.) 
2.13-22.48 (60º) 

- All parameters with the order of photoabsorber, 
c.t., l.t., and oxygen concentrations affected s.r. 

- Based on PSO, the framework increases p.s. for 
50% at the same surface quality for b.o. 90º 

- Optimized samples showed 18% increases in the 
surface quality for b.o. 60º at the fastest printing 
speed 

- Increasing p.s. resulted in rougher surfaces 
- V. s.r. (90º) was generally lower than s.r. for tilted 

surfaces (60º) 

[205] 

5 different 
Zortrax resins | 
DLP Inkspire 
3D 

5 specimens of each resin type were 
printed with l.t. (0.05 mm), b.o. (0o), 
i.d. (100%), h.d. (5 mm), and e.t. (10 
s).  
Theoretical s.r. was calculated using 
analytical pixel analysis measured at 
2.4 mm distance, s.r.m.m. (contact 
profilometry) 

Ra: 0.410-1.027; 
Rz: 2.370-5.844 

- More rigid materials (Black, Basic grey) showed 
better flatness because of better bonding during the 
solidification process 

- s.r. values were similar for 4 resins. Transparent 
Yellow resin showed almost 2 times higher s.r. 
(Maximum Ra and Rz) compared other resins 

- In transparent resins, overcuring might happen as 
projected UV light while curing the next layer in 
order might have reached already cured layers. It 
partially increased e.t in comparison to non-
transparent resins.  

[206] 

*Abbreviations a.m.: analysis methods,  b.o.: build orientation (direction), c.t.: curing time, d.a.: dimensional accuracy, e.t.: (layer) exposure 

time, f.d.: focus diameter, h.d.: hatch distance, i.d.: infill density, l.p.: laser power, l.t.: layer height (thickness along Z-direction), p.s.: printing 

speed, p.t.: post-cure time, plat.temp.: platform temperature, r.h.: relative humidity, s.f.: surface finish, s.r.: surface roughness, s.r.m.m: surface 

roughness measurement method, F.: front, S.: side, T.: top, H.: horizontal, V.: vertical 

 

According to Table 10, the quality of VPP printing is primarily determined by the photopolymerization 

process, exposure strategies, and projection systems. Generally, the projection system plays a prominent 

role in the resolution and printing quality outcome. The microstructure heavily depends on the technology 

used, and even if all the parameters are optimized, there will always be an error that is impossible to entirely 
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remove. For instance, the light permanently distorts how it impinges on the resins. However, the sum of 

errors can also outperform other optimizations.  

In the same VPP technique, the most predominant parameters influencing the roughness are the build 

orientation and the layer thickness. Indeed, they are directly connected with the staircase effects. In the top-

down approach, once immersed in the resin, the part goes down with a depth based on the layer thickness 

[183]. Reeves and Cobb [207] found a mathematical model for the approximation of the surface roughness 

considering the layer thickness and the plane orientation (Fig. 18). It consists in 

 tan sin cos /4  Equation 21 

 

where Ra is the roughness average, Lt is the layer thickness,  is the layer profile angle,  the surface angle, 

and K is the composition roughness (up-facing or down-facing roughness). 

 

 
Fig. 18 Surface roughness for a stepped plane. Adapted from Reeves and Cobb [96]. 

 

As discussed above, different systems can offer various methods to get very high resolution, but many other 

parameters must be considered. Regarding the resin material, the interplay with different photoinitiators, 

monomers, or oligomers [184], the addition of additives such as stabilizers or light absorbers [32], the 

addition of ceramic powder [182] and the resulting viscosity [183] in the resin can influence the 

crosslinking process on the resultant resolution and quality of the features fabricated. On the other side, 

volumetric shrinkage throughout the curing course is the primary source of errors and the primary 

parameter of geometrical error [169]. Local temperature variations [208], UV intensity, and exposure time 

are critical factors that can affect surface roughness and cause under-cured or over-cured parts leading to 

geometrical errors. 

Although various researchers have examined the level of mechanical anisotropy for SLA printed parts [197, 

209], Shanmugasundaram et al. [202] and Hague et al. [210] reported SLA printed components can be 

considered isotropic. The capability to produce isotropic components with SLA is a significant advantage 

over other AM techniques, such as FFF.  



 

45  

7. Material jetting (MJT) 

PolyJet technology typically produces high-quality parts with a smooth surface. However, dimensional 

accuracy for large pieces is usually not similar to other processes, such as VPP, since it uses large droplets, 

and the accuracy decreases. The accuracy for medium-small size parts is comparable to the other AM 

technologies [134]. 

The amount of surface roughness depends on several geometrical and process parameters. MJT produces 

full-density parts by overlapping adjacent droplets and curing or solidifying them on the spot [8, 211]. A 

defect can be caused by a clogged nozzle or, in rare instances, by errors in the jetting toolpath. Most AM 

jetting systems used by professional AM companies are well calibrated and deposit uniform layers without 

accumulating errors and porosities. However, local variations in topography and layer thickness must be 

considered when mixing multiple materials and at the interface between the part and the support (Fig. 19). 

This is caused by the formation of a mini pool and droplets similar to that seen in welding [212, 213].  

A variety of methods are available to address and mitigate porosity during the material jetting process, such 

as using appropriate printing parameters [8, 211], optimizing material properties [214], increasing the 

number of printed layers to fill in any gaps or voids, as well as modifying the printing pattern [215]. The 

use of appropriate printing parameters such as droplet size, spacing, and temperature, optimization of 

material properties such as viscosity, surface tension, and curing time, and modification of the printing 

pattern such as zigzag instead of straight lines [216], can reduce void formation by ensuring that the 

material is deposited uniformly and consistently. 

While polymer jetting improves the quality and tailor ability of mechanical properties, in general, the 

properties (particularly toughness and elongation) do not match those of photopolymer parts made by SLA. 

Jetting compatibility requires resin formulations, compromising the selection of optimal photocuring 

chemistries [134]. 

a) b) 

  
Fig. 19 a Deposited droplets in a layer-by-layer structure, and b Porosities in the structure of parts printed 

by Stratasys PolyJet J55 printer.  
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7.1. Process parameters 

MJT performance is determined by the fundamentals of the process, such as placement and fusion of 

consecutive droplets, as well as droplet impact, spreading, and curing. Since the MJT system contains many 

functions, as described, the printing QAs undergo a higher range of parameters that need to be considered. 

For instance, part quality in MJT depends on the substrate, material velocity, dynamic viscosity, nozzle 

distance, total pressure, surface tension, density, the diameter of the nozzle, position accuracy of the XYZ 

motion stages, platform movements, etc. [134]. This section discusses these parameters in four main 

categories: materials, designs, surface finish settings, and printheads and rollers.  

 

7.1.1. Design 

Design plays a crucial role in achieving greater accuracy and preventing printing errors. Due to the layer-

by-layer setup of the technology, most of the aspects related to the design of the model described in the 

section for FFF also have an impact here. However, the layer thickness, orientation, hatch spacing, and 

speed are more relevant for this technology. Droplet size, spacing, and how they impact the build platform 

affect the line surface finishing. The less space between droplets results in defects in the reduction of line 

edges and improvement of the resolution [217]. Accordingly, layer thickness is the most crucial parameter, 

as seen for most other AM technologies. Generally, a lower layer thickness improves the QAs of the prints. 

At the same time, a lower space between lines causes a decrease in the eventual ripple along the top and 

bottom of a layer, resulting in different surface roughness based on the design orientations [24, 70, 217]. 

Design orientation, including the building location on the build plate, also affects the surface roughness. 

According to the study by Yang et al. [218], orientation induces different roughness values in the parts. XZ 

build orientation seems to give the highest surface roughness value, while XY has the lowest, with the top 

and the bottom surface reaching high smoothness [218, 219]. Similar to FFF, leveling the build platform 

prevents distortions and failures and reduces surface defects. An infill density of less than 100% is not 

regularly achievable for AM parts made from photo resins since support is needed for overhanging features 

during the printing process to avoid collapse [64]. Fig. 20 illustrates how build orientation (wedge angle) 

can affect the surface texture of samples printed under similar conditions. 

 

a) b) c) 

   
Fig. 20 MJT-printed samples at different wedge angles: a 0°, b 45°, and c 90° (Scale bar represents 1 mm). 
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7.1.2. Materials 

In most cases, the MJT process uses polymers and plastics, such as Tango and Vero commercial resin. Each 

of these series has different ingredients. For instance, the FullCure 870 VeroBlack digital material 

comprises acrylic monomers, epoxy acrylate, urethane acrylate oligomers, and photo-initiators. As an 

example of support material, FullCure 705 contains acrylic monomers, polyethylene glycol, propane, 

glycerol, and a photo-initiator [24]. Due to the small and expensive range of materials that can be printed, 

MJT is limited in its material availability. In particular, waxes and photopolymers are the only 

commercially available polymers. 

MJT "inks" are photo resistors mixed (blended) with waxes and some photopolymers. In modern systems, 

six liquids (CMYK-W + Support) can be handled simultaneously in separate containers. The printhead can 

combine multiple materials in a single part and blend pairs and trios of selected base resins to create hybrid 

properties and colors. They are also called digital materials, defined as composite materials developed for 

AM (mainly PolyJet 3D printing) with predetermined mechanical and visual properties [220]. Additionally, 

jetting of multiple materials facilitates support removal and allows high-detail visual representations and 

functional prototypes to be generated in full-color.    

Materials are divided into two main categories of base resins and support materials. The term “resin” refers 

to solids and highly viscous materials, but more commonly to liquids that harden in response to an agent 

(e.g., heat, setting agents, or light). Base resins carry the main functional characteristics and colors, each 

with unique characteristics. Thus, a machine can use them as a palette to receive hybrid materials. They are 

the basis for inks and can be used without mixing or combined to reveal new properties. Resins are a wide 

variety of different natural and synthetic materials. They consist of long monomer chains, forming cross-

link bonds during the curing process. According to their chemical compounds, resins can be silicones, 

epoxies, acrylics, alkyds, etc. They can be divided into several categories: strong engineering, rigid general-

purpose material, biocompatible, transparent rigid, castable, strong and tough, flexible, simulated (digital) 

polypropylene, simulated (digital) ABS, and composite resins [221, 222]. 

Material jetting requires supporting structures, and some resins are optimized for easy removal. They come 

in various types with different solubility parameters, which affect the range of the chemicals needed to fully 

dissolve them. Besides, support materials used on the surface will determine whether the surface is glossy 

or matte, which affects the surface roughness. The supporting resins can become soft during the printing 

process, which allows them to be removed manually, and the final touches are applied using a water jet. 

Wax-like support material is generally more rigid than gel-like material and, therefore, cannot be easily 

removed, resulting in a reduction in surface quality [223]. 

One of the most challenging aspects of this type of technology is the ejecting of the photocurable resin. For 

this reason, the materials in play assume a crucial role in the process.  

In order to be jetted, resins need to have the correct viscosity according to their composition. For instance, 

Cheng et al. [224] heated the resin to 70 ºC, while Jabari et al. [225] mixed and sonicated the resin with a 



 

48  

graphene dispersion to obtain an appropriate flowability. There are many methods to gain the correct 

viscosity for various resins. Still, a resin generally needs to be as liquid as possible to avoid suspending 

particles that might cause artifacts or reduced accuracy [134]. Particles in the resin lead to imbalances 

during the drop creation, with sizes that may differ from each other. In fact, this occurs because there are 

disturbances during the ejection that may change the extrusion setup with an earlier breakup of the drop. 

Moreover, the droplet spreading and roller performance at each layer deposition can assume different 

physiognomy [226].  

As with binder jetting, another critical parameter to consider is the impact of the droplet on the surface. 

According to Zhou et al. [227], three forces describe the droplet impact dynamics: inertia, surface tension, 

and viscous force. At the build plate level, the inertia force is converted into surface energy, and it needs to 

overcome the surface tension to obtain a flat shape. It means that the inertial force needs to be greater than 

the surface tension, which is helped by the viscous force. Moreover, the potential difference imparted by the 

piezoelectric system strengthens the surface tension and increases the impact angle or the height of the 

ejection [227, 228]. On the other hand, if the height is excessive, head and rear vortexes on the droplet can 

be formed because the ejection and the drop may impact the surface with different angles and energies 

[228]. 

7.1.3. Printhead and roller 

Material jetting can print very tiny liquid droplets that reach resolutions around 1600 dpi and 16 m [229]. 

The resolution depends on the ejection system but is also related to the droplet size. However, decreasing 

the specimen thickness increases the magnitude of distortions in the photopolymerization process [219]. 

Two printing modes are available in PolyJet technology: high speed and high quality with a low layer 

thickness. If the ejected droplet size is not big enough to cover the spacing between two subsequent ones, 

the printhead must pass over the same point one more time. According to the offset to fulfill, up to four 

rounds of jetting may be needed [230]. It is common for MJT printers to jet photocurable resin from 

different nozzles simultaneously, however, the build platform function may differ (Fig. 21). A roller module 

leveling mechanism is required to remove the excess resin and flatten the surface to reach the desired layer 

thickness. After this step, the droplet is immediately cured [223]. 
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Fig. 21 An illustrative photo of the rotary build tray of the PolyJet J55 printer.  

 

The hatch spacing in MJT, like other AM techniques such as SLS and BJT, contributes to the texture and 

morphology of the surface [134, 231]. It comprehends the pulse width and the frequency with which 

droplets are ejected, and the ejection system series of rounds passes over the same point to create an entire 

surface. Printing speed is connected with the hatch spacing because it is also based on the sweep speed at 

which the hatch arises [134]. 

The quality of the droplet is another aspect to consider. Bussmann et al. [232] showed that impact velocity 

and angle are essential in terms of quality printing and surface roughness. The effect of rough cured drops 

may avoid the impact of fingering (perturbed leading edges) and splash (refer to Fig. 20). 

Droplet impact, spreading, and curing limit the accuracy of parts and the motion system, which is often a 

gantry operated by a motor. Droplet spreading and curing restrict the wall thickness, also known as the 

minimum in-plane feature size (X, Y). As a result of droplet spreading, the wall thickness is much thicker 

than the layer thickness (Z) [233]. The minimum feature size increases with the aspect ratio because of the 

precision of layer-layer registration. Regarding the maximum feature size, it is generally constrained by the 

build volume of the printer. The foundations of MJT do not restrict feature width, however, few printhead 

components contain blocking features. 

Droplets size and printing speed are the key points for a correct saturation rate and quality printing. 

Droplets of smaller size can give a better resolution of the printing, but if they are too small, they do not 

spread effectively. High printing speed can cause a loss of accuracy and resolution because the droplet does 

not have time to spread effectively [217]. Therefore, adjusting the printing speed makes it possible to favor 

better material spreading. Accordingly, every droplet indeed has a spreading radius time-dependent, r(t), 

given by  

 

 Equation 22 
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where t is time, and a, b, and n are constants that determine the growth rate, initial size, and shape of the 

droplet. These constants can also be related to other factors, such as the viscosity of the liquid, the surface 

tension between the liquid and the surface, and the contact angle between the liquid and the surface as in 

other hydrodynamics theories [234]. 

Imperfections in finishing are a common problem on the surface of MJT parts, which frequently have a 

rough or ribbed surface finish caused by overlapping material layers [235]. Miyanaji et al. [236] reported 

that the three most common jetting techniques for polymeric droplets are single, overlapping, and 

overlaying droplets. Overlapping droplets give better control for fine sizes. 

 

7.1.4. Surface finish setting 

Surface roughness values vary depending on the surface finish settings, and a correlation between surface 

roughness and finish settings can be complicated to establish [8]. In the case of a glossy finish, surfaces will 

not be covered by support materials except overhanging structures and the bottom of the part. Support 

materials will be covered when a matte finish is selected [223]. A glossy surface finish produces a lower 

surface roughness level, resulting in longer fatigue life. Generally, printing parts with a glossy finish setting 

is recommended to achieve higher surface quality [237].  

Many current studies are trying to reach full-color printing by improving resolution and surface finish 

related to multi-color materials. Some studies have been carried out by Udroiu et al. [24] on matte and 

glossy surfaces by setting different process parameters. In particular, they found a correlation with the 

surface roughness  given by 

 /4 |cot sin cos | ,     1 Equation 23 

 

where t is the layer thickness,  is the droplet contact angle,   is the plan orientation and  is the 

correction coefficient based on the PPFTs used. Some other studies instead have been focused on trying to 

improve the tuning of colors without jagged shifts between adjacent layers [238] 

  



 

51  

7.2. Surface roughness studies and discussion 

Compared to other AM techniques, research concerning the surface roughness of MJT technology has been 

very limited. This contrasts with the fact that MJT appears more relevant to aesthetic applications and 

artistic purposes. Most of the research in MJT has focused on the relationship between a few pre-processing 

parameters and the surface finish. However, several publications [70, 239] have used mathematical models 

to estimate the roughness characteristics of parts printed with PolyJet technologies. Table 11 summarizes 

significant research related to surface roughness in MJT. 

 

Table 11  Overview of studies on surface roughness in MJT (see text* below the table for abbreviations). 

Materials | 
Machines Methodology and studied parameters 

Roughness range 
( m) Remarks Ref. 

RGD720 
(SUP706B) | 
PolyJet Objet 
Connex1  

b.o. (H. and V.), s.f. (matte or glossy), 
high-quality printing mode, l.t. (0.016 
mm), s.r.m.m (contact profilometry) 

Ra: 0.03-13.59 - Geometries printed along X-direction (H.) had 
lower s.r. than Y-direction (V.)  

- s.r. caused by printing strategies considerably 
affected the aerodynamic performance of the fixed-
wing UAVs  

- The lift coefficient was more sensitive to s.r. than 
the drag coefficient 

- To reduce distortion and improve surface quality, 
airfoil geometries should be printed horizontally 

- g.f. produces better surface quality than matte, but 
it depends on the tray location 

- Application: UAVs 

[237] 
 

FullCure830 | 
PolyJet Objet 
350 
 

Focused on the relationship between 
the b.o. (0º, 45º, and 90º), the 
geometry and s.f. based on the draft 
angle, roundness, waviness, and s.r.. 
l.t. (0.016 mm), s.r.m.m. (non-contact 
profilometry) 

Sq:1.16-2.86  
Sa: 0.95-2.33 
Ssk: -0.12-0.22 
Sku: 2.55-4.7 

- The geometry and surface quality of castings were 
greatly affected by the d.a. and s.f. of foundry 
patterns 

- The lowest values for Sq and the highest surface 
quality were reported for V. samples (90°), due to 
the lack of support material 

- Application: Foundry industry 

[240] 
 

RGD836 & 
Agilus 30 FLX 
935 (SUP706) 
| PolyJet J750 
 

T. s.r. was examined, s.f. (matte or 
glossy), s.h. (30, 50, 85, and 100), l.t. 
(27 m, 900 dpi), XY resolution (0.042 
mm, 600 dpi), n.d. (10 m), 96 nozzles 
for each head and 4 heads in total, a.m. 
(ANOVA), s.r.m.m. (contact 
profilometry) 

g.f.: Ra: 1.641 
(V.), 1.381 (H.)  
m.f.: Ra: 2.606 
(V.), 2.280 (H.)  

- g.f. showed lower s.r. than matte samples 
- s.r. was lower with a higher Shore hardness 
- There was no interaction between these two 

factors, and the lowest s.r. achieved by combining a 
g.f. with a Shore hardness rating of 100 

 

[223] 
 

Fullcure 720 
(Fullcure 705) 
| PolyJet Objet 
350V 

l.t. (0.016 and 0.030 mm), s.f. (matte v 
glossy), b.o. ([0o-90o], 30o step), a.m. 
(ANOVA), s.r.m.m. (contact 
profilometry) 

Ra: 2.77-17.63 - The s.r. prediction model was proposed based on 
the droplet contact angle 

- s.f. and b.o. were the significant factors affecting 
s.r.  

- Detailed theoretical and experimental analyses of 
droplet impact and capillary spread were presented 
to determine droplet contact angles  

- s.r. increased at higher b.o. up to 90º, then 
decreased until 180º for m.f. 

- Higher l.t. caused a marginal increase in s.r. 
- The proposed model accounted for the surface 

profile created by samples and support droplet 
geometry and was thus relevant only for m.f. or 
downward-facing g.f. 

[70] 

FullCure 720, 
VeroBlue 840 
FullCure 870 
(FullCure 705) 
| PolyJet Objet 
350V 

l.t. (0.016 mm), s.f. (matte or glossy), 
b.o. ([0o-90o], 15o step), p.temp (72 
ºC), pre.temp (68 ºC),  printhead 
vacuum (6.2 atm.), r.h. (30%), a.m. 
(ANOVA and GLM), s.r.m.m. (contact 
profilometry) 

Ra: ~0.5-15 - b.o. an s.f., and their interaction significantly 
affected Ra 

- Min Ra resulted for g.f., oriented perpendicular to 
the scanning direction 

- Maximum Ra resulted for b.o. 75-85° 
- There were some issues with g.f., including step 

marks between 75° and 85° and a boundary 
transition between matte and glossy areas 

- g.f. had a similar s.r. regardless of b.o. compared to 
m.f. 

[24] 
 

Fullcure 720 
(Fullcure 705) 

l.t. (0.016 and 0.030 mm), s.f. (matte 
or glossy), s.c. (50 and 90 %), a.m. 
(DoE Taguchi L4, ANOVA, and 

Ra: 0.8-12 
Rq:1.01-16 
Rz:4.95-80 

- s.f. significantly affected s.r. compared to l.t. and 
s.c. 

[241] 
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| PolyJet Objet 
250 

ANOM), s.r.m.m. (contact 
profilometry) 

 - The optimized process parameter values were the 
same, and the best results were achieved using the 
16 m layer thickness and glossy style. While the 
scale factor could not be considered a dominant 
factor 

FullCure 720 
(Fullcure 705) 
| PolyJet Objet 
330 

b.o. (6 axis: XY, XZ, YZ, YX, ZX, and 
ZY), l.t. (0.016 mm), XY resolution (42 
and 84 m) s.f. (matte or glossy), p.p. 
(water pressure or caustic soda), a.m. 
(DoE full factorial design, ANOVA), 
s.r.m.m. (contact profilometry) 

Ra: 0.78-5.08 (X), 
1.04-15.01 (Y), 
1.19-21.41 (Z) 

- b.o. and s.f. significantly affected s.r. 
- g.f. resulted in the best s.r. results in all three axes, 

but it led to geometry limitations (thin walls) 
- The critical surfaces should be placed close to the 

XY-plane for the best s.r. 

[242] 
 

FullCure 720 
(Fullcure 705) 
| PolyJet Objet 
330 
 

H. s.r. and texture were investigated. 
l.t. (0.016 mm), s.f. (matte or glossy), 
s.r.m.m. (contact profilometry) 

g.f.: 
Ra: 0.84, Rz: 3.8 
 
m.f.: 
Ra: 1.04, Rz: 5.6 

- s.r. of g.f. was lower than that of m.f. but with 
significant variations in the results 

 

[243] 
 

FullCure 720 
(Fullcure 705) 
| PolyJet Objet 
260 

l.t. (0.016 mm), XY resolution (42 m, 
600 dpi), s.r.m.m. (contact 
profilometry) 

Ra: 0.40 (H.), 
4.55 (V.) 
Rz: 4.02 (H.), 
30.28 (V.)  

- s.r. was heavily influenced by its position relative 
to the printing axis, affecting mechanical and 
geometric properties 

- s.r. (2-8 m), like osteoblast size, increases cell 
growth and attachment to scaffolds, promoting 
proliferation 

- Ra (4.55 m) in surfaces parallel to the printing axis 
(Z) was like the s.r. of scaffold surfaces with other 
polymers, which could facilitate cell adhesion and 
differentiation into osteoblasts 

- Application: Porous structures and scaffold design 
for bone tissue engineering 

[244] 
 

Fullcure 720 
(Fullcure 705) 
| PolyJet Objet 
260 

l.t. (0.016 mm), s.f (glossy), b.o. ([0o-
90o], 5o step), a.m. (regression 
analysis), s.r.m.m. (contact 
profilometry) 

Ra: 0.818-4.024 
 

- The existing s.r. prediction models were only 
applicable for m.f. parts, showed high error, while 
it was checked for the estimation of s.r. of the parts 
printed with g.f. 

 

[239] 
 

VisiJet M2R-
WT (VisiJet 
M2-SUP) | 
Project 
MJP2500 
modeled 

XYZ resolution (800×900×790 dpi) l.t. 
(0.032 mm), s.r.m.m. (contact 
profilometry) 

Ra: 0.338-8.532 - MJT parts should be placed along the maximum 
area in contact with the base plate due to better heat 
dissipation from the hot layers to the base plate, 
leading to a uniform fusion between the layers and 
causing less dimensional deviation and better 
surface properties 

[245] 
 

*Abbreviations  a.m.: analysis methods, b.o.: build orientation (direction), d.a.: dimensional accuracy, g.f.: glossy finish, l.t.: layer height 

(thickness along Z-direction), m.f.: matte finish, n.d.: nozzle diameter, p.temp.: printing temperature, pre.temp.: preheating temperature, r.h.: 

relative humidity, s.f..: surface finish, s.c.: scale of the model, s.r.: surface roughness, s.r.m.m: surface roughness measurement method, H.: 

horizontal, V.: vertical 

 

In agreement with Table 11, positioning the part along the build tray substantially impacts the surface 

roughness in MJT parts. There was generally less roughness on horizontal surfaces than on vertical planes. 

On horizontal surfaces, roughness is determined by the droplet spreading and interaction of successive 

droplets for line and plane formation. In contrast, on vertical surfaces, it is controlled by the interaction of 

consecutive layers, resulting in stair-stepping equal to the layer thickness of the printed part. The spreading 

of droplets leads to extremely thin layers, resulting in smooth horizontal and vertical surfaces at the 

mesoscale [233]. As Udroiu et al. [243] demonstrated, the build type (matte or glossy) substantially affected 

surface roughness. Although MJT with Ra generally less than 10 m, can be considered to be between FFF 

(~1 m < Ra < ~ 35 m) and VPP (Ra < ~ 5 m) in terms of surface roughness, the machines show much 

less variability compared to FFF and more variation compared to VPP methods. Again, and similar to FFF, 

SLS, and VPP methods, Ra and Sa were the most commonly reported roughness parameters. 
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8. Comparative studies and discussion 

Table 12 summarizes recent comparative studies on the significant polymer additive manufacturing 

processes. 

 

Table 12  Overview of comparative studies on surface roughness in FFF, SLS, VPP (SLA and DLP), and 
MJT (see text* below the table for abbreviations). 

Materials | 
Machines Methodology and studied parameters 

Roughness range 
( m) Remarks Ref. 

FFF: PPSF | 
Titan Stratasys 
SLS: PA12 
(2210) FR | 
EOS P390 

FFF: r.w. (0.5080 mm); l.t. (0.254 
mm), solid-normal filling strategy 
SLS: the sorted strategy (contour, 
filling, contour), l.t. (0.15 mm), l.p. (30 
W), p.s. (1000 mm/s), h.d. (0.3 mm), 
s.r.m.m (contact profilometer) 

FFF: Ra: 0.40-
28.11; Rz: 1.44-
126.06; Rt: 3.35-
144.64 
SLS: Ra: 11.84-
29.27; Rz: 82.99-
187.93; Rt: 90.46-
227.17  

- SLS/PA produced a much smoother surface, but 
FFF/PPSF presented slightly better d.a. 

- FFF produced parts with periodic surface profiles, 
whereas SLS produced those with irregular 
surfaces 

- Application: Flame-retardant plastics were used in 
critical applications, such as aircraft interior parts 

[152] 

SLS: PA12 |  
EOS P390 & 
P1000 
Prodways 
MJT: 
VeroBlack 
resin | Connex 
500 Stratasys 

SLS P390: p.size (45-70 m) and l.t. 
(120 m) 
SLS P1000: p.size (45-60 m) and l.t. 
(100 m) 
MJT: l.t. (16 and 32 m), b.o. (0°, 45°, 
90°) 
s.r.m.m (contact profilometer) 

SLS P390: Ra: 16 
(H.), 23 (V.), 22 
(45°); Rz: 108 
(H.), 148 (V.), 
149 (45°) 
SLS P1000: Ra: 
16.5 (V.); Rz: 118 
(V.)  
MJT (16 m): Ra: 
12 (V.); Rz: 79 
(V.)  
MJT (32 m): Ra: 
20 (V.); Rz: 125 
(V.)  

- Higher l.t. resulted in higher p.s., and had a greater 
influence on s.r. than partly molten grains adhering 
to the surface 

- The 45° surfaces were rough and had a stair-like 
appearance, which was exacerbated by the heaviest 
layers. This kind of s.r. was difficult to evaluate. 

- s.r. of the 1 year old SLS P1000 was better than 
that of the 10 year old SLS P390 

- Surfaces for SLS parts tend to trap impurities more 
than MJ's smooth and shiny surface 

[3] 

SLS: PA12 
(2200) | EOS 
P396 
MJF: PA12 | 
HP MultiJet 
Fusion 3D 
4200 
HL: Cubicure 
Resin | Hot 
Lithography 
Caligma 200 

Standard parameter setting “Balance” 
was used for MJF (20% new + 80% 
aged powder) and SLS 
s.r.m.m. (contact profilometry) 

MJF: Ra: 11.9 
SLS: Ra: 13.4 
HL: Ra: 6.1 

- Semicrystalline MJF-PA and LS-PA possessed 
similar Ra 

- If parts contain pressurized fluid without any 
further s.f., HL-MA has the potential for rapid 
crack propagation due to its surface texture 

- Application: Automotive industry, motorcycle 
design, and low-pressure parts such as fuel tanks 
and lightweight fairings or high-pressure parts such 
as valves 

[246] 
 

FFF: PLA | 
Ultimaker 3 
Extended 
SLA: 
Proprietary 
Resin | Nobel 
1.0 A 
MJT: RGD840 
(SUP705) | 
PolyJet Objet 
260 
VisiJet M3-X 
(VisiJet S300) 
| ProJet MJP 
3600 

FFF: l.t. (200 m), XY resolution 
(12.5, 12.5 m) 
SLA: l.t. (25 m), XY resolution (130, 
130 m) 
MJT: PolyJet: l.t. (12 m), XY 
resolution (42, 42 m, 600 dpi) 
ProJet: l.t. (32 m), XY resolution 
(375, 450 dpi) 
a.m. (ANOVA), s.r.m.m. (contact 
profilometry) 

FFF: Ra: 4.93 
SLA: Ra: 0.34 
MJT: Ra: 2.12 
(PolyJet), 3.84 
(ProJet) 

- PolyJet produced acceptable s.r. and round edges 
but a superior s.f. when the model was printed in 
the glossy mode 

- s.r. and e.d. of ProJet printers were significant 
weaknesses on a microscopic level 

- Despite acceptable d.a., FFF printed rough surfaces 
with poor e.d. on the as-printed raw object. The 
final product of FFF prints needed to be post-
processed 

- SLA printer produced a significantly smooth 
surface, but the distortion of thin features (<1mm) 

- Rq and Rz for all samples followed the same pattern 
as Ra with similar significance 

- Application: Prototyping, physical visualization, 
and end-product manufacturing 

[118] 
 

SLS: PA 3200 
GF | - 
MJT: Digital 
ABS | - 

SLS and MJT were used to 
manufacture molding for 
conventionally fabricated aluminum 
milled tools 
a.m. (ANOVA), s.r.m.m. (non-contact 
profilometry) 

MJT: Ra: 0.77; 
Rq: 1.35; Rz: 8.90 
SLS: Ra: 11.59; 
Rq: 14.71; Rz: 
64.01 

- SLS molds had significantly rougher surfaces than 
MJT molds, causing more notch effect 

- The tool surface of the polymer mold inserts 
should be treated to improve the design 
modifications of the mold inserts 

- Application: Rapid tooling, injection molding 

[14] 
 

FFF: PLA & 
ABS | 
Makerbot 
replicator & 
Makerbot 
replicator 2X 

FFF: l.t. (100 m), i.d. (15% for PLA 
and 10% for ABS) 
SLA: l.t. (50 m), i.d. (100%) 
MJT: l.t. (16 m for DM and 32 m 
for Vero), i.d. (100%) 

FFF: Ra: ~8 
(PLA), ~9 
(ABS); Rz: ~33 
(PLA); ~37 
(ABS); Rku: ~2.3 

- Focused on three critical aspects of personal 3D 
printing processes, including manufacturing cost, 
sustainability, and visuotactile perception of s.r. 

- MJT samples had the best subjective quality (all 
hedonic, tactile, and visual assessments), but the 
highest costs and environmental impact 

[64] 
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SLA: 
Proprietary 
Resin | 
Formlabs 
Form 1+ 
MJT: 
VeroClear & 
DM Gray 60 | 
PolyJet Objet 
260 

a.m. (Kendall’s coefficient of 
concordance, sensorial analysis), 
s.r.m.m. (contact profilometry) 

(PLA) and ~2.5 
(ABS) 
SLA: Ra: ~20; Rz: 
~19; Rku: ~2.8 
MJT: Ra: ~4 
(Vero), ~3 (DM); 
Rz: ~18 (Vero), 
~16 (DM); 
Rku: ~2.7 (Vero), 
~2.6 (DM) 

- The SLA sample scored middle in tactile and 
visual assessments, but its hedonic sensation score 
was significantly higher than the FFF sample 

- Rz was superior to Ra and Rq in sensory judgments 
of s.f. 

- Besides Rz, surface texture and color affected 
sensory judgments 

- A significant correlation was found between Rz and 
the tactile and visual assessment 

- Rku correlated best with the hedonic rank 
- Application: Prototyping and personal 3D printers 

FFF: PLA+ | 
Pratham 
desktop  
SLS: PA12 
(2200) | EOS 
P396 
DLP: ABS 
TRU Resin | 
EKA DLP 
MJT: 
VisiJet M2R-
WT (VisiJet 
M2-SUP) | 
Projet MJP 
2500 

d.a, s.r., and p.s. were considered in 
the decision criteria. a.m. (Hybrid 
MCDM and sensitivity analysis), 
s.r.m.m. (contact profilometry) 

FFF: Ra: 6.11 
SLS: Ra: 11.79 
DLP: Ra: 3.06 
MJT: Ra: 19.96 

- The ranking obtained to achieve the desired d.a., 
and surface quality is MJT > SLS > FFF >DLP 

- MJT provided the highest d.a. and lower s.r. 

[247] 

FFF: PLA | 
BQ Witbox II 
SLS: PA12 | 
EOS P760 
SLA: Digital 
Wax | DWS 
020X Systems 
MJT: - | 
Polyjet 
Objet30 Pro 

SLA, FFF, SLS, Polyjet 
are compared in terms of d.a., s.r., 
FFF: l.t. (300 m) 
MJT: l.t. (16 m) 
s.r.m.m. (contact profilometry) 

FFF: Ra: 39.3; Rz: 
238.1 
SLS: Ra: 15.4; Rz: 
133.8 
SLA: Ra: 0.2; Rz: 
2.8 
Polyjet: Ra: 2.5; 
Rz: 22.3 

- The following ranking in terms of s.r. values were 
reported FFF > SLS > MJT >SLA 

- Application: RF/Microwave Components 

[248] 

FFF: ABS | 
Fortus 450mc 
SLA: Gray Pro 
resin | 
Formlabs  
MJF: PA12 | 
HP MultiJet 
Fusion 3D 
4200 

FFF: l.t. (254 m), i.d. (100 %), r.a. 
(45°) 
SLA: l.t. (100 m) 
MJF: ratio of pristine to recycled 
powder (30:70), l.t. (80 m) 
T. s.r. was measured at 3 separate 
locations, s.r.m.m. (non-contact 
profilometry) 

FFF: Sa: 5.277-
7.111; Sq: 6.845-
8.782 
SLA: Sa: 1.830-
2.137; Sq: 2.452-
2.856 
MJF: Sa: 8.740-
11.980; 
Sq:10.054-16.293 

- SLA resulted in the lowest deviation and values of 
s.r. 

- T. Sa and Sq of MJF sample were lower than FFF 
- Filling patterns in FFF as a trajectory process 

resulted in rougher H. surfaces compared to 
nontrajectory MJF 

- Application: Permeability test rig 

[249] 

SLA: Gray 
RS-F2-GPGR-
04 | Form 2 
SLA 
DLP:  
Freeprint 
model 385 
grau 
(DETAX) | 
SolflexW170  
MJT: VisiJet 
Wax 
VisiJet M3 Hi-
Cast (VisiJet 
S300) | ProJet 
MJP 3600 

b.o. (45o)  
SLA: l.t. (25 m) 
DLP: l.t. (25 m) 
MJT: l.t. (16 m) 
a.m. (Shapiro-Wilk test, Tukey post 
hoc test, and the Kruskal-Wallis test), 
s.r.m.m. (non-contact profilometry) 

Rz: 0.012-0.032 
(SLA), 0.015-
0.043 (DLP), 
0.010-0.018 
(MJT)  

- Skin structure replication was more dependent on 
the AM method chosen than on other stages of 
production 

- MJT showed superior accuracy compared with 
SLA or DLP 

- Application: Facial prosthesis fabrication 

[250] 

FFF: PLA, 
ABS, PVA, 
PEVA and 
HIPS | 
Wanhao 
duplicator 6 
DLP: 405nm 
Resin | 
Wanhao D7 
DLP LCD 
 

FFF: l.t. (200 m), r.a. (Crossed 
45°/135°), b.o. (0°, 45°, 90°) 
DLP: l.t. (100 m) 
s.r.m.m. (contact profilometry) 

DLP: Ra: ~4 (H., 
S.), ~4.4 (H., T.), 
~13.2 (45° S.), 
~12.2 (45° T.), 
~10.4 (V., S.), 
~0.8 (V., T.) 
FFF: Ra: ~1.6 
(H., S.), ~10.8 
(H., T.), ~10.2 
(45° S.), ~17.0 
(45° T.), ~9.6 
(V., S.), ~3.6 (V., 
T.) 

- Choosing the 3DP method and changing b.o. can 
significantly affect s.r. and tribological 
performance 

- Parts made with DLP are prone to stick-slip 
phenomena, particularly at b.o. (45° and 90°) 

- Application: Tribological purposes 

[251] 



 

55  

*Abbreviations  a.m.: analysis methods, b.o.: build orientation (direction), d.a.: dimensional accuracy, e.d.: energy density, h.d.: hatch distance, 

i.d.: infill density, l.t.: layer height, l.p.: laser power, p.s.: printing speed (laser scanning speed), p.size: powder size, r.a.: raster angle, r.w.: raster 

width, s.f.: surface finish, s.r.: surface roughness, s.r.m.m: surface roughness measurement method, S.: side, T.: top, H.: horizontal, V.: vertical 

 

 

Most benchmarks developed for AM were intended to measure the implementation of a single technology 

and a limited number of parameters, as discussed in the previous section. The comparison of various AM 

methods has been the focus of several studies. For instance, Mou and Koc [118] compared three AM 

technologies, FFF, SLA, and MJT, on four machines in terms of their surface roughness, edge sharpness, 

and dimensional accuracy. According to their results, FFF produced a rough surface and irregular 

dimensional accuracy, SLA manufactured smoother surfaces but resulted in the distortion of thin features 

(<1 mm), and MJT fabricates surfaces with comparable surface roughness and dimensional accuracy. 

Sillani et al. [28] reported the trend of surface roughness on the bottom and top surfaces of MJT and SLS 

seems to be about identical. Minetola et al. [16] evaluated three polymer-based 3DP machines by analyzing 

their dimensional accuracy using ISO IT grades. They reported a thinner layer gives a greater definition of 

the features geometry and higher dimensional accuracy. Li et al. [64] compared FFF, SLA, and MJT based 

on cost, sustainability, and surface roughness quality factors. They reported MJT and SLA as the best and 

moderate AM methods in tactile and visual assessments, respectively. However, unique SLA materials were 

considerably more valued in the hedonic sensation category. Results indicated the lowest overall ranking for 

FFF but with the capability of manufacturing with the lowest environmental problems and costs, confirming 

its sustainability. 

In terms of dimensional accuracy, for instance, Minetola et al. [16] reported despite the increased layer 

thickness (0.21 mm against 0.10 mm), the Arburg Freeformer machine outperformed the Prusa i3 for more 

comprehensive ISO ranges of the primary size. However, layer thickness was the most essential element for 

improved dimensional accuracy for smaller feature sizes. Roach et al. [2] used inkjet printing for 

PEGDA/PI material over the PEI substrate manufactured by the FFF method. They reported direct-ink-

writing (DIW) surface modification process for FFF substrate reduces the surface roughness, resulting in 

improved conductivity for electronics and radio frequency (RF) applications. Nazir and Jeng [252] 

introduced high-speed additive manufacturing by merging PBF, MJT, and sintering technology without 

coupling 3DP with subtractive methods. They showed that while the MJF process was substantially quicker 

than the SLS method, the SLS PA12 parts showed 15% lower Ra when compared to the high-speed MJF.  
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9. Summary 

The 3D-layered nature of AM processes and partially melted particles influence the definition of the 

component surface. Accordingly, controlling PPPs can dramatically affect the 3D features on a rough 

surface for AM components. The deliberate surface modification based on surface texture metrics in 3DP 

products is more demanding than ever with 3D measurement and characterization development, which can 

comprehensively reflect the surface topography. 

Fabricating a part using layer-by-layer deposition in which the produced part exhibits a staircase effect 

causes the surface to become rougher. It is possible to reduce this problem by being aware of the regular 

surface roughness of the parts in advance or predicting the roughness values during pre-processing. 

Accordingly, the PPPs based on process parameter optimization have been discussed to list the parameters 

that have the most critical influence on the roughness of as-printed polymers. This comparative review 

emphasized the growing interest in understanding AM system restrictions and discrepancies so that a better 

selection of 3DP technology can be made based on project constraints. This study summarized the 

significant advances in additive manufacturing, including the incorporation of AM design decisions to assist 

in identifying candidate solutions, as well as information regarding roughness considerations for the 

selected processes.  

As mentioned in the previous section, the best possible surface and optimum roughness according to an 

application can be obtained by adjusting the fabrication parameter. The other choice is to investigate the 

optimum mix of PPFTs that can be applied to any AM objects. However, it increases the cost, time, and 

complexity of the process. Production settings may be tweaked to favor speed above surface quality if this 

combination proves effective. 

A variety of strategies have been employed by various groups to achieve this objective. Most studies have 

focused on the top surface of the parts because many factors contribute to the surface roughness distribution 

of a 3DP object, such as layer height. It is revealed from the literature review that the workflow of surface 

modification in the pre-processing step heavily depends on the complexity of the design and the desired 

quality-time-cost balance. Surface modification techniques are currently not standardized and depend on 

factors such as geometry and intended application. As a result, the following AM workflow in Fig. 22 can 

lead to optimum surface modification by altering roughness before and during processing.  

Along with the literature review, the Taguchi method, full factorial method, response surface method 

(RSM), and analysis of variance (ANOVA) were the most used methods for optimizing the surface 

roughness of 3D printers. In the case of RSM, it is generally a time-consuming method depending on the 

orthogonal matrix used [44]. Thus, it has been less widely used than the Taguchi method to date. The 

combination of specific optimization parameters may result in parts with no known surface roughness, 

which would have to undergo fundamental design changes. Current capabilities are limited without 

developing a new surface modification workflow that considers the PPFTs requirements during the pre-

processing phase. Frequently, DfAM necessitates the redesign of parts initially planned for conventional 



 

57  

methods such as machining. Post-processing must be integrated into the design process at an earlier stage, 

and the role of each component must be considered. Specifically, post-processing using ultraprecision 

technology is gaining increasing attention as it provides high-quality parts with improved surface finish and 

dimensional accuracy [253]. The importance of having precise geometries and smooth surfaces is 

particularly important for polymer optics and devices, where optimal performance depends on precise 

geometries and smooth surfaces. 

 

 
Fig. 22 Suggested 3DP workflow to enhance as-printed surfaces. 

 

According to the studied literature, the appropriate AM technique selection determines manufacturing 

efficiency, accuracy, and model size. Thus, it determines whether the actual and nominal roughness is 

conforming and will allow AM to be better integrated with roughness requirements. For instance, while FFF 

technology has the advantage of being efficient and cost-effective for small-scale production, accuracy may 

be limited when the production of large and complex parts is required. The recorded Ra results were 

generally less than 5 and 10 m for the studied VPP and MJT methods, respectively, 10 to 20 m for SLS, 

and between 1 m to over 30 m for FFF. Accordingly, SLA and DLP technologies, offer high accuracy 

and resolution for larger and more complex parts with more stable roughness results at various printing 

processes, considering SLS is at the opposite end of the roughness spectrum. While MJT can fabricate 

ultimately smooth parts in the sub-micrometer ranges similar to VPP, their 3D-printed surface can be as 

rough as FFF, depending on the selected processing method. However, both VPP and MJT AM categories 
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can be time-consuming and expensive, limiting their suitability for competing with mass production in the 

present form.  

Selection of the proper AM technique will also require an in-depth examination of the surface measurement 

techniques. The measuring method results in significant uncertainty in roughness evaluation due to PPP. It 

is reported that the stylus in contact-based profile measurement scratches and physically smooths the 

surface, leading to slight compliance with the actual topography. However, it is time efficient, more 

reproducible, and provides comparable results even when the tip radius varies [3]. Accordingly, tactile 

roughness measurement and Ra were frequently reported as the main method and roughness metrics in the 

reviewed articles. However, Rz performed better than Ra since it accurately represents both tactile and visual 

roughness. Nevertheless, observers are influenced by appearance attributes such as color, texture, 

glossiness, and translucency when evaluating roughness and surface finish [254]. In particular, polymeric 

parts represent most of these appearance attributes.  

Considering the results, mainstream 3DP technologies differ significantly in terms of surface roughness. 

The FFF method makes extending applications across various applications challenging due to its poor 

surface quality. However, FFF objects seem more appropriate for analyzing application-based purposes. 

SLA is considered a low-cost desktop device that directly competes with FFF because of its higher print 

resolution and reduced surface roughness. The SLS technique is still being developed for this purpose, and 

MJF is emerging as a promising technique. In general, the surface roughness of the SLA and MJT was 

reported to be better than the SLS components. Compared to other polymer AM techniques, their inherent 

smooth surface finish and great dimensional accuracy imply that painting and coating are rarely required. 

Combining these data confirms that the reviewed 3DP methods cannot produce ready-to-use end products 

and that PPFT is necessary. As a significant finding, it is revealed that there is a demand for further 

investigation on the appearance of 3D-printed structures, dealing explicitly with their QAs issues. 

Optimization of AM should not be conducted to achieve complete control over roughness. It is primarily 

due to the lack of reproducibility in AM technology and the role mainly played by post-processing. Further 

research is required to establish the links between different PPPs and the quality of the surfaces of AM-

made components, as discussed in the next section.  
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10. Future trends and capabilities 

The importance of surface roughness in the final product is recognized by both conventional and advanced 

manufacturing methods, especially for critical and small products. To increase the applicability of AM 

processes, it is necessary to assess the surface finish of as-printed polymers and to provide guidance on AM 

process windows and limitations [8]. 3D and 2.5D printing with multi-materials and multi-colors will be 

key to the future development of AM technology [255]. The techniques mentioned in this study can also 

provide insight into other advanced materials, such as nanoparticle and their suspensions with functional 

properties [256-258], surface treatment [259, 260], and liquid metals to use in AM technology. 

Furthermore, fiber reinforcement and composition can be incorporated into almost all AM methods [261]. 

The development of eco-friendly materials, the use of polymers, durability, and sustainability are also major 

concerns [262]. As an emerging trend in advanced manufacturing, the combination of several AM 

technologies presents new challenges in terms of surface finish. 

There is a growing interest in 4D additive manufacturing, which is a relatively new research area. Smart 

materials can be developed more quickly by developing multi-material 4D printing [263, 264]. A 4D-

printed part can thus be carefully controlled in terms of surface texture and topography as a microstructure 

to achieve more complex geometrical transformations. Therefore, monitoring the surface roughness of 

smart materials is an essential step. As with 3D multi-material printing, it can present similar challenges, 

such as limited material choice, printing resolution, slow mechanical performance, and dimensional 

accuracy [263]. It will be necessary to implement multi-material additive manufacturing in a variety of 

applications as part of multidisciplinary research and development [262]. 

The lack of aesthetically appropriate materials for AM necessitates further investigation. An understanding 

of the induced anisotropic arrangements and their impact on the build platform (chamber) and product 

properties may be improved by using sophisticated algorithms and numerical techniques [211]. The 

fundamental material application procedure, as well as the actual applied stresses, heat, and weathering 

agents, requires further investigation. Aside from the roughness value, the roughness distribution is also of 

critical importance to the use of AM components in the future. Therefore, there are various capabilities 

available to examine how printing factors impact other mechanical performance factors, such as 

compressive strength, tensile strength, etc. As a result of these findings, AM products are likely to be 

applied to parts for automotive, aerospace, and jewelry applications that require high dimensional accuracy 

and proper surface characteristics.  
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� The long-term performance of 3D-
printed bilayer polymer structures
shows dynamic appearance variation
because of the aging effect.

� The changing trend among glass
transition temperatures over time is
similar and regardless of surface
finish.

� Up to 49% more elastic modulus and 4
to 15% higher glass transition
temperature due to aging are
recorded.

� The maximum variation in
mechanical and physicochemical
properties is observed following
58 days of accelerated aging.

� Magenta and black photopolymers
exhibit the lowest and highest
performance during accelerated
aging, respectively.
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a b s t r a c t

As a result of the associated costs and environmental impacts, Material Jetting (MJT) plays a limited role
in Additive Manufacturing (AM). Research on the durability and long-term performance of MJT objects by
evaluating their appearance is lacking. The objective of this study is to investigate the effect of aging on
the color and the physico-mechanical performance of MJT parts. This work examines the influence of pro-
duction settings on objects subjected to a total of 103days of accelerated aging. The studied Printing
Primary Parameters (PPPs) were resin color, build platform position (swath), and finishing configurations.
The results indicated the response of the studied PPP according to the aging time was non-linear due to
the dynamic appearance response to aging time. VeroBlackPlus and VeroCyan photo resins demonstrated
superior color fidelity through aging by a color difference of less than 10. Based on Taguchi and
Redundancy Analysis (RDA), mechanical and physicochemical properties varied the most after 58 days
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Color appearance
Long-term performance

of accelerated aging, with elastic modulus retention up to 149.21% and Glass Transition temperature (Tg)
up to 116.6%. This study demonstrates the importance of considering long-term performance during the
design process of AM products, depending on the intended application and service conditions.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Additive Manufacturing (AM) includes methods of creating an
object by adding material according to a defined design, layer by
layer. AM parts were restricted to the color of the raw material
until full-color 3D printing became accessible using polymers.
Material Jetting (MJT) technology, including PolyJet� technology,
is an AM technique that has revolutionized multi-material 3D
printing, employing UV-curable polymer inks. In terms of color
reproduction, MJT is one of the main AM categories [1].

The increasing application of polymers in various AM tech-
niques necessitates a thorough understanding of their on-
demand long-term performance according to their application.
Assessing the long-term performance of parts can be complex
and time-consuming. Still, it is common for consumers to associate
inferior quality with the visual differences they notice between
related items. Color accuracy is critical when printing 3D objects,
and the hue of the 3D-printed part should match that of the
intended color in the genuine design [2]. Furthermore, the 3D-
printed part is expected to be durable and meet quality standards.
Developing mass production of 3D-printed items requires accurate
reproduction and maintenance of color when using 3D printing for
product prototyping. For instance, models used in medical educa-
tion and surgical planning [3] may benefit from more accurate
color representations immediately after printing and over an
extended period.

The innovative r-theta rotating build platform concept with a
fixed print head is an alternative to conventional XYZ build plat-
forms for 3D printers [4]. The disc-shaped build platform was cho-
sen for numerous reasons, including improved consistency,
simplicity in maintenance, and less environmental impact.
Although the layering technique and pattern differ from those of
other additive manufacturing machines, this necessitates addi-
tional thought when assessing design, appearance, and long-term
performance. A detailed examination, in particular, exposes some
damaged and glued parts in the various assembled models printed
on rotational construction platforms. Moreover, the commercial
printer creates brittle, stiff components [5].

Although MJT-printed products present an attractive appear-
ance, their long-term performance is crucial because of the high
cost and negative environmental effects. Different process Printing
Primary Parameters (PPPs) can affect the surface quality of MJT-
printed objects, such as varied materials, part design, size, build
orientation, surface finish, layer thickness, and environmental fac-
tors during use /service [6,7]. Our previous work [4] highlighted
the significance of modifying both the placement on the build plat-
form and the model thickness. There is a tradeoff between cheaper
and faster 3D printing and accurate color reproduction in the inner
area of a rotary build platform. The 3D printing process PPP can
also affect the functionality and mechanical performance of both
un-aged and aged MJT products. Bass et al. [8] reported the ulti-
mate tensile stress and the elongation of VeroWhitePlus parts
increased over time while lighting conditions did not affect mate-
rial properties significantly. Vu et al. [9] characterized the influence
of print build orientations on the fracture strength energy of tri-
layer systems comprising an elastomeric material, bridging two
glassy-acrylic sections for multi-MJT AM processes. As suggested

by Siegfarth et al. [10], MJT can manufacture durable hydraulic
actuators for medical robots.

Accelerated aging (weathering test) has been widely employed
to study the long-term performance of polymers in laboratory set-
tings. Weathering protocols involve intense aging of specimens for
a short duration to replicate long-term natural degradation. The
effect on different aging mechanisms should be studied to assess
and predict expected long-term performance. Therefore, research
based on altering accelerated aging variables over longer exposure
time could provide an understanding of degradation in real life
[11,12].

Taguchi method of designing experiments can reduce the num-
ber of runs and adjust the mean values to a target value [13]. As a
result of this approach, it is possible to conduct long-term and
costly experiments. Based on the identification of aging degrada-
tion mechanisms, the Taguchi method can identify the optimal
combination of input variables that will cause the best quality pro-
duct [14]. Accordingly, the main effects of means and signal-to-
noise ratios explain the quality of the manufacturing phase
intended for applications, such as surgical planning, tooling, and
testing [15].

Understanding the intrinsic correlation between the static and
dynamic mechanical response is crucial for comparing mechanical
properties, such as stress relaxation, tensile, loss modulus, and
creep of materials [16–18]. Due to different layering systems, there
is a significant difference between the mechanical performance
and appearance of MJT objects and other AM techniques for poly-
mers, such as Fused Deposition Modeling (FDM) [19,20], Lami-
nated Object Manufacturing (LOM) [21], Vat photopolymerization
[22] and Selective Laser Sintering (SLS) [23].

Long-term mechanical performance is vital in engineering
applications. However, appearance is crucial for several polymer-
based products [24], where enhanced aesthetic properties facilitate
marketing [1]. Furthermore, performance assessment by mechani-
cal properties is not possible during the service /use /operation of a
structure or product [25]. As such, a direct link between appear-
ance and mechanical performance would be ideal for engineering
applications. Chen et al. [26] studied the laws of appearance and
mechanical behavior in additive manufacturing. However, the con-
cept of appearance in their work was restricted to the morphology
and microstructure of AM components, rather than color, gloss,
and translucency.

In this study, the mechanical and optical properties of 3D-
printed bilayer polymers were examined to assess the performance
of the rotary PolyJet method. To the best of our knowledge, this is
the first study that relates appearance to durability in materials
jetting. The coupons were manufactured by varying three PPPs,
namely color, swath selection (position on the build platform),
and finishing between the white background and colored layers
(finish). The samples were then aged in laboratory conditions fol-
lowing an accelerated aging protocol. The coupons were removed
periodically at 12, 33, 58, 84, and 103 days and evaluated in terms
of color appearance, as well as physicochemical and mechanical
properties. A multivariate analysis using Redundancy Analysis
(RDA) was conducted to determine the effects of accelerated aging
on appearance and physico-mechanical performance and their
interrelationships. The main effect plot studies a link between
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color change and mechanical properties. The results investigated
the correlation between appearance measurements and mechani-
cal testing to assess the long-term performance of coupons via
studying changes in color attributes.

2. Materials and methods

2.1. Materials and manufacturing

The polymeric coupons were manufactured by Stratasys J55
PolyJet 3D printer (Stratasys Ltd., Israel) using VeroCyan
(RGD843), VeroBlackPlus (RGD875), VeroYellow (RGD836), Vero-
Magenta (RGD851), VeroPureWhite (RGD837), and support mate-
rial (sup710) photo-resins. To designate colors of coupons,
‘‘cyan”, ‘‘magenta”, ‘‘yellow”, and ‘‘black” terms have been used
throughout this paper as a term for referring to the corresponding
primary photo resin materials. The Vero materials from Stratasys
include low-viscosity acrylic oligomer, (octahydro-4,7methano-1
H-indenediyl) bis(methylene) diacrylate, 4-(1-oxo-propenyl)-
morpholine, and exo-1,7,7-trimethylbicyclo hept-2-yl acrylate
[27]. The materials datasheet for the Vero photo-resins family
shares similar mechanical, thermal, and electrical attributes [28].

The design method follows Pantone-validated color matching
procedures and Stratasys best practices for PolyJet, which recom-
mends that printed components have a minimum wall thickness
of 1 ± 0.02 mm, creating a white background to ensure optimum
color representation [29]. An orthogonal L8 array from Taguchi
analysis for three PPPs - color, swath selection, and surface finish-
ing between layers were chosen to examine the influence of 3D
printing PPP on the color appearance and mechanical performance
as output variables. For this purpose, two configurations of surface
finish, including a Glossy colored layer on Glossy (GoG) and Matte
(GoM) white substrate, were chosen. The width of the swaths,
defined by the area covered by the print heads concerning the
radius of the build platform, determines the design positioning
(Fig. 1). At least three repetitions in a randomized order were per-
formed for each experimental trial indicated by the orthogonal
array. The desirability technique defined a set of three factors that
allowed for the simultaneous optimization of all input variables
(printing parameters).

To assess the physico-mechanical performance, Dynamic
Mechanical Analysis (DMA) and tensile testing were employed
on coupons accelerated aged for five aging durations and a total
of 103 days of aging (12, 33, 58, 84, and 103 days). For reference,
the mechanical property changes of aged coupons were compared
to the mechanical properties of un-aged coupons. In this study,

color appearance changes were studied using the DMA coupons.
In total, 323 polymeric coupons were 3D-printed using eight runs
for the five different aging durations, including un-aged reference
coupons (0 days). The coupons used for DMA testing were pre-
pared to have a white background of 2 ± 0.02 mm with a colored
top layer of 1 ± 0.02 mm. This is due to match the thickness of
the colored layer as the tensile testing and having constancy in
the colored layer as a PPP. The criteria for each parameter were
designed to decrease the constraints imposed by the processing
software and 3D printer and the impact of post-processing. Due
to the configuration of the build platform, i.e., the rotary disc, the
minimum size possible for coupons is considered to reduce the
impact of the radial effects on the coupons. Table 1 summarizes
the PPP and the Design of Experiments (DoE) levels used for
testing.

Table 2 summarizes the types of specimens that were examined
according to eight runs of the DoE.

2.2. Accelerated aging process

To study aging, the manufactured coupons (DMA and tension)
were aged in a QUV accelerated aging tester (Q-Lab Corporation,
USA) for a total of 103 days. Five different aging intervals were
selected to determine the effect of aging over time on appearance
and mechanical performance. ASTM G154 standard [30] was used
to establish the aging regime resembling accelerated natural
weathering. In each weathering cycle, the colored surface of the
coupon was exposed to UVA radiation at 340 nm with an intensity
of 0.8 W/m2nm for 6 h at 60 �C (Fig. 2). The irradiation was fol-
lowed by condensation at 40 �C in the dark for 4 h and de-
ionized water spray at 24 �C for 2 h. The coupons were cycled
weekly, and two cycles were repeated daily.

2.3. Appearance measurement protocol

Spectral radiance was measured between 380 and 780 nm and
under D50 illuminant. Using a CS-2000 (Konica Minolta, Japan)
Tele-Spectroradiometer (TSR), the optical resolution was 1 nm,
and the physical sample interval was set to 10 nm. The TSR was
placed at 50 cm from the target, normal to the surface (Fig. 3
(a)). The measurement field of view was set to 0.2� to prevent inac-
curacies caused by targeting areas with dust or stains. A 45�:0�
viewing geometry was used for the surface analysis of the 3D-
printed specimen following CIE Publication 15.2 [31]. The device
was calibrated using the standard Spectralon before each series
of measurements. Each measurement was based on average radi-
ance in six locations chosen and evenly distributed around the sur-
face of the DMA coupons immediately after being removed from
the aging chamber (Fig. 3 (b)), after wiping the coupons dry with

Fig. 1. Illustration of principal components of the build platform in a J55 PolyJet 3D
printer.

Table 1
DoE levels and factors.

DoE factor (3D printing parameter)

Run Color a Swath b Finish c

1 C I GoG
2 C O GoM
3 M I GoG
4 M O GoM
5 Y I GoM
6 Y O GoG
7 K I GoM
8 K O GoG

a C: Cyan, M: Magenta, Y: Yellow, and K: Black photo resins.
b GoG: Glossy-on-Glossy finish, and GoM: Glossy-on-Matte finish.
c I: Inner (r-tray less than 105 mm), and O: Outer (169 mm < r-tray < 229 mm)

swath.
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a paper towel. Errors were reduced by avoiding sites with unusual
colors, external particles, and support materials. Measurements of
appearance were performed before and after weathering exposure
for each sample.

Calculations of colorimetric values were performed in MATLAB
R2022a using the computational color science toolbox [32]. A
color-matching function, according to ASTM E308-01 [33] was
used to calculate CIEXYZ. Thus, tristimulus values were calculated
using the CIE 2� color-matching functions under the D50 illumi-
nant. The coordinates for CIEL*a*b* were then determined using
CIE1976 and CIEXYZ tristimulus values using Eqs. (1) to (3)

L� ¼ 116 Y=Ynð Þ1=3 � 16 ð1Þ

a� ¼ 500 X=Xnð Þ1=3 � Y=Ynð Þ1=3
h i

ð2Þ

b� ¼ 200 Y=Ynð Þ1=3 � Z=Znð Þ1=3
h i

ð3Þ

where Xn, Yn, and Zn stand for the tristimulus values of Spectralon.
Using Eqs. (4) and (5), CIEL*C*h* values were determined to calcu-
late the color difference according to CIEDE2000

C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

q
ð4Þ

h� ¼ arctanðb�
=a�Þ ð5Þ

CIEDE2000 colorimetric difference was calculated between con-
trol samples (un-aged) and the same sample after weathering,
according to Eq. (6)

CIEDE2000 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL

�

kLSL
Þ
2

þ ðDC
�

kcSC
Þ
2

þ ðDh
�

khSh
Þ
2

þ RTf ðDC�Dh�Þ
s

ð6Þ

where the constant values of kL (lightness), kC (chroma), and kh
(hue) were considered unity. Further variables involve the hue rota-
tion term (RT), and the compensation for lightness (SL), chroma (SC),
and hue (Sh) [34].

The statistical analysis was performed in line with ISO/TS
23031:2020 (E) [35]. The Mean Color Difference from the Mean
(MCDM) is calculated to evaluate the color difference between test
and reference spectra. To conduct spectrum analysis and compare
the spectra of the target surfaces, the Root-Mean-Square Error
(RMSE) for each quantitative variable is calculated as below

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðrr;i � rt;iÞ2
vuut ð7Þ

MCDM ¼ 1
N

XN
i¼1

DEðCi;CmÞ ð8Þ

Table 2
Specimen studied for each of the 8 DoE runs.

Experiment for each DoE run
(Replica � Measurement)

Aging time (days) Color appearance Sagitta Tensile DMA

0 – Reference 2 � 3 2 � 1 5 � 1 2 � 1
12 2 � 3 2 � 1 5 � 1 2 � 1
33 2 � 3 2 � 1 5 � 1 2 � 1
58 2 � 3 2 � 1 5 � 1 2 � 1
84 2 � 3 2 � 1 5 � 1 2 � 1
103 2 � 3 2 � 1 5 � 1 2 � 1

Fig. 2. Aging cycle using a QUV weathering chamber as per ASTM G154.

Fig. 3. a) A schematic view of the measurement setup for color appearance, and b) Illustration of appearance measurement locations across each DMA specimen.
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where N is the number of reflectance readings, rt and rr are the tests
and references spectrum, Ci and Cm indicate the colors coordinate of
the ith measurements, and the reflectance average, respectively.

2.4. Physico-mechanical performance characterization

To characterize the extent of degradation in the polymeric 3D-
printed coupons after each aging interval, physico-mechanical
properties were measured by employing viscoelastic (Dynamic
Mechanical Analysis - DMA) and tensile property changes. DMA
analysis of polymeric coupons allows for determining the Glass
Transition temperature (Tg) and any Tg shift resulting from aging
[36]. ASTM D4065 [37] was employed to test the coupons under
3-point bending mode on a Discovery DMA 850 (TA Instruments,
USA), with coupon dimensions of 60 � 13 � 3 (mm) (Fig. 4 (a)).
Tests were performed at 1 Hz with an amplitude of 20 lm. Tem-
perature ramp tests were conducted at lower degradation temper-
atures of the material, ranging from 20 �C to 95 �C, at a rate of 2 �C
per minute. Two coupons were tested for each batch, and the aver-
age Tg was reported. The Tg values were calculated using TRIOS 5
software based on the corresponding temperature of the maximum
peak value of the tan d curve.

The strength value and tensile modulus of the polymer material
were determined based on the ISO 527–02 standard [38] as a func-
tion of aging duration. Uniaxial tensile testing was performed on
dogbone-shaped coupons of 75 � 10 � 2 (mm) (Fig. 4 (b)), using
an Instron 5966 (Instron, USA) universal testing machine at a
2 mm/min loading rate. An AVE2 video-extensometer was used
to measure mechanical strain.

The tensile chord modulus of bilayer material was determined
by force–displacement curves, and ultimate tensile stress was used
to report polymer strength. The material response is characterized
based on material stiffness (E-Modulus, E) and strength (rs)
changes. The slope of the stress–strain curve is used to calculate
the chord modulus, and the stress–strain curve maximum is repre-
sented as the ultimate strength. The retention curves for stiffness
and strength are then calculated as follows

E retention ¼ ðEc

Er
Þ ð9Þ

rs retention ¼ ðrsc

rsr
Þ ð10Þ

Fig. 4. a) DMA coupons printed in the inner swath, and b) view of un-aged tensile
coupons at different scales.

Fig. 5. DMA coupons before and after weathering exposure for different periods, as observed under D50 daylight illumination. Dark-red areas on the margins of magenta
represent the original color covered by sample holders. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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where Ec and rsc denote the mean values of E and rs for aged cou-
pons, and Er and rsr are the mean values for un-aged (as-printed)
references. Furthermore, property-retention values have been used
to compare elastic modulus and glass transition temperature varia-
tion due to accelerated aging. The curvature in the bent coupons,
i.e., the distance from the center of the arc and its base (sagitta),
was measured using a digital caliper.

2.5. Multivariate analysis

The initial statistical analysis and classification were performed
using Detrended Correspondence Analysis (DCA) to select the clas-
sification model based on gradient length. The Redundancy Analy-
sis (RDA) is a valid model if the gradient length in the DCA analysis
is short (less than3); otherwise, Correspondence Canonical Analy-
sis (CCA) would be more appropriate [39]. Accordingly, because
of the short gradient length (less than 0.1), multivariate analysis
of the response variables based on the studied parameters was per-
formed using RDA and Spearman rank correlations.

RDA is a multivariate extension of linear regression to matrices
containing dependent and independent variables. RDA can also be
described as Principal Component Analysis (PCA) with instrumen-
tal variables. The model assumes that two datasets have distinct
functions [40]. This study included color attributes (dL, dC, and
dh) in the matrix of appearance variables. Statistical and Taguchi
analyses were performed using Origin 2022 (OriginLab, Northamp-
ton, MA, USA), R statistical software 4.2.1 (The R Foundation for
Statistical Computing, Vienna, Austria), and Minitab 21 (State Col-
lege, PA, USA), respectively.

3. Results and discussions

3.1. Color appearance evaluation

Fig. 5 illustrates DMA coupons after aging for the selected peri-
ods of time. MCDM results for CIEDE2000 in Fig. 6 (a) present a sig-
nificant color difference for aged magenta samples compared to
their as-printed color. While black parts reflect comparably low

Fig. 6. a) MCDM for CIEDE2000 color difference, b) associated RMSE after the aging process, and c) MCDM vs. RMSE based on a convex hull containing results.
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MCDM for different aging periods, cyan and yellow coupons exhib-
ited more noticeable color differences. RMSE follows a similar
trend (Fig. 6 (b)), with a strong Spearman rho (rs) correlation
observed between MCDM and RMSE with rs = 0.86 and P-
value = 1.5E-12. According to the convex hull containing results
for each color in Fig. 6 (c), magenta-colored layers exhibited a more
significant variation in color appearance because of aging com-
pared to other investigated photo resins, particularly VeroBlack-
Plus, regardless of the swath and finish used. Nevertheless, a
higher color difference was also observed in the GoG coupons com-
pared to their GoM pair.

In general, MCDM and RMSE values were significantly higher at
the beginning of aging (after 12 days) compared to 33 days,
reached minimum values between 33 and 58 days, and increased
again after 84 days (Fig. 6 (a) and (b)). Over time, the variation in
lightness, chroma, and hue provides more insight into the alter-
ation of color attributes (Fig. 7 (a)). The hue of cyan and yellow
photo resins increased with aging, while it dramatically decreased
for magenta samples, with a more dominant effect for GoG fin-
ishes. Over more extended periods, however, variations in hue
reached a plateau, especially after 84 days. In Fig. 7 (b), magenta
samples displayed a significant variation in hue, showing compara-
ble hues as yellow samples at longer aging times. Black samples,
however, displayed closer values of u0 and v0, indicating a more
negligible hue difference. In supplementary materials available in
Appendix A, Figs. A1 and A2 represent the mean values for spectral
measurements and detailed CIE1976 u0, v0 chromaticity diagrams
for all the studied photo resins.

3.2. Physico-mechanical performance

Fig. 8 illustrates tensile stress–strain curves after testing poly-
meric MJT coupons from different finishes and aging durations.
During the initial days of aging, the tensile response of the material
exhibits an increase in the stiffness, strength, and strain-to-failure

of the polymeric materials compared to the reference un-aged cou-
pons. A reduction in the mechanical parameters is observed after
long-term aging. It can also be observed that the two finishes also
indicate remarkably similar behavior in terms of mechanical
response.

Fig. 9 (a)-(c) illustrates property-retention plots, for the elastic
modulus, strength, and strain-to-failure of polymeric coupons as
a function of aging duration for two different finishes. It can be
observed that throughout accelerated aging, the elastic modulus
retention for both the finishes (Fig. 9 (a)) follows a monotonic
increase till 58 days, where the retention values increase above
100%, signifying an improvement in the mechanical properties.
During this short-term aging, it can be hypothesized that the com-
bination of temperature and UV exposure can lead to a further
post-curing which can be initiated due to photo- and thermal
effect [41] inside the polymeric material leading to a higher degree
of polymerization, re-arrangement and residual crosslinking of the
polymeric chains. This chemical transformation can hence lead to
increased resistance towards a uniaxial deformation, which can
be manifested as an increase in the stiffness of the material. In
the case of the materials strength and strain-to-failure, the specu-
lated post-curing effect was limited to 33 days and 12 days, respec-
tively, whilst the onset of degradation starts at an earlier stage.

The behavioral changes in the material due to aging were
observed in the long-term as changes in the mechanical properties
by the property-retention plots. An interplay of the crosslinking,
thermo photooxidation, chain scission, and crazing of the poly-
meric chain leads to changes in the structural performance that
gradually result in degradation over long-term exposure [42]. In
our case, strength, and strain-to-failure reduction due to degrada-
tion are observed, whilst stiffness remains practically unaffected at
the end of the aging duration, compared to the original state (day
0). It can be hypothesized that the combined effect of temperature,
water, and UV may lead to increased surface roughness and cause
micro-crack formation. As such, despite the initial post-curing sites

Fig. 7. a) Distribution of variation in the mean value of lightness (l), chroma (c), and hue (h) over aging time, and b) the distribution of the mean hue stimuli in the CIE1976 u0 ,
v0 chromaticity diagram for aged coupons. The blue line indicates the corresponding wavelengths between 420 and 680 nm for each color. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Stress–strain curves for aged coupons compared to the un-aged reference.
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for crack initiation may at the same time be generated, thus lead-
ing to a reduction in both the strength and strain-to-failure. The
post-curing effect leads to brittleness, which causes an increase
in stiffness, until day 58. After that, aging degradation is more

prominent than post-curing, causing a reduction in stiffness.
Although at the end of the aging period, stiffness remains at higher
levels than in the original state, it is evident that if aging continues
further than 103 days, stiffness will eventually degrade. It is also

Fig. 9. a) E modulus (stiffness), b) strength, and c) strain-to-failure retention vs. aging time for studied photo resins. Error bars represent Standard Deviation (SD).

A.P. Golhin, C. Srivastava, A. Strandlie et al. Materials & Design 228 (2023) 111863

9



seen from Fig. 9 that GoG coupons generally maintained higher
stiffness, strength, and strain-to-failure than GoM coupons after
103 days of aging.

During the aging, a ductile to brittle behavior transition was
observed. The extent of the plastic deformation and softening in
the tensile stress–strain curve were reduced in samples aged for
a longer duration. It was contrary to un-aged, and samples aged
for a shorter duration. Interestingly, the polymeric coupons also
showed a gain in the strain to failure and tensile strength at the
end of the aging duration (103 days), especially in the GoG finish.
This could be attributed to recombination and residual crosslinking
activated due to long UV exposure, which could help gain both the
tensile strength and correspondingly the strain to failure. Similar
observations have been also reported by Woo et al. [43].

Tables 3-5 present the property-retention percentage results for
all three mechanical parameters.

To investigate the changes observed in tensile testing further,
DMA was used to substantiate the findings viscoelastically.
Fig. 10 presents storage modulus (E0) which is a measure of stiff-
ness as a function of temperature (of testing). Compared to the
un-aged reference, aged samples exhibited lower stiffness, which
does not coincide with the tensile testing results shown in Fig. 8
and Fig. 9 due to a weak baseline for measurement of the stiffness
transition. Fig. 11 shows the tan d curves for un-aged and aged
DMA coupons. A decrease in the peak value of the tan d curve indi-
cates a worsening of damping behavior. In contrast, shifts in the
peak value indicate intrinsic changes because of aging that may
correspond to degradation or improvement in the viscoelastic
performance.

Fig. 12 depicts the changes in the absolute value of Tg (�C), cal-
culated from the tan d curve obtained from DMA. The variation in
the glass transition temperature exhibited a similar trend when
compared with the stiffness retention values. The mean Tg values
of the aged polymeric coupons increased significantly until day
58, compared with the reference mean value of 73.3 �C resulting
from the as-printed coupons. There was a noticeable increase in
the Tg of the studied materials (CMYK) within the first 12 days.

Tg values continued to increase to a peak of 83.9 �C at 58 days
(114% retention) and then decreased to 79.6 �C at the end of aging
(103 days). Both the GoG and GoM finishes, as well as the cyan and
magenta colors, followed the same trend. However, the black and
yellow coupons reached their maximum peak value after 84 days
of aging.

Residual post-curing was noticeable as a potential reason
behind the increase in the Tg values due to the combined effect
of UV, temperature, and moisture. Post-curing typically causes
re-arrangement of the polymeric chains and leads to strengthening
[44,45]. The polymeric chain re-arrangement leads to a denser
polymeric chain network, creating more deformation resistance
[46]. Hence, the stiffness and Tg of the polymeric coupons were sig-
nificantly increased for 58 days of aging. Fig. 13 concludes the vari-
ation in Tg and E from Fig. 9 (a) and Fig. 12. It illustrates Tg and E,
occurring after 58 days of aging, a period that post-curing becomes
less pronounced than degradation. Supplementary data for
mechanical and physical evaluation is available in Appendix B.

Fig. 14 shows coupon deformations over aging regimes, pre-
sented as a slight bend. According to the formula for the sagitta
of a circular arc, the curvature of the aged coupons d is related to
their length l and radius of curvature R1

d ¼ R1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1 �

l2

4

s
ð11Þ

where d is the sagitta, l is the length of the as-printed specimen, and
R1 is the radius of the arc.

As shown in Fig. 15, the curvature of MJT coupons increased
over time regardless of their manufacturing condition, reaching a
maximum between 84 and 103 days of aging. GoM samples gener-
ally showedmore curvature for the same color than GoG pairs after
aging for extended periods. During printing and post-processing,
the only difference between GoG and GoM finishes is retaining a
thin layer of support material. As with the color appearance results,
black coupons exhibited the lowest sagitta values compared to the
Vero photo-resins studied.

Table 3
Stiffness retention for different samples and finishes.

Aging time (Days) C-I-GoG C-O-GoM M-I-GoG M-O-GoM Y-I-GoM Y-O-GoG K-I-GoM K-O-GoG

12 109.78 102.65 107.47 98.87 102.71 106.75 103.92 104.32
33 123.95 118.34 120.64 126.54 130.82 127.24 118.04 126.30
58 149.21 141.76 142.45 138.34 136.22 140.53 139.77 143.84
84 129.14 138.09 134.82 132.49 140.18 130.53 142.10 140.35
103 130.37 132.19 131.93 130.94 129.00 126.51 127.29 125.77

Table 4
Strength retention for different samples and finishes.

Aging time (Days) C-I-GoG C-O-GoM M-I-GoG M-O-GoM Y-I-GoM Y-O-GoG K-I-GoM K-O-GoG

12 117.99 100.55 112.58 106.53 111.07 111.83 105.82 101.78
33 112.39 106.27 109.24 102.15 110.27 107.22 100.71 102.18
58 99.13 88.24 102.34 93.41 95.23 99.70 92.28 93.14
84 89.56 86.83 100.32 78.60 85.98 86.11 91.65 92.39
103 91.23 65.82 82.27 76.68 60.15 86.78 86.10 82.38

Table 5
Strain-to-failure retention values for different samples and finishes.

Aging time (Days) C-I-GoG C-O-GoM M-I-GoG M-O-GoM Y-I-GoM Y-O-GoG K-I-GoM K-O-GoG

12 101.28 87.22 90.27 103.22 99.35 98.46 96.89 92.73
33 92.35 99.80 93.77 80.82 99.20 89.60 100.99 97.27
58 76.95 67.20 85.13 76.20 81.49 87.96 84.39 78.88
84 65.04 55.22 67.94 49.19 58.94 60.87 66.98 71.22
103 81.71 37.36 74.94 54.55 33.09 72.71 68.02 86.92
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3D printing using the J55 printer imposes a semicircular-
layered structure due to the centrifugal force generated by rotating
the build platform. Further UV absorbance during the aging pro-
cess may have altered the internal structure of polymeric chains

in the layer-by-layer structure, resulting in curvature along the
length of DMA coupons. In other words, covalent bonds link mass
units, such as monomers to polymer chains, the formation of poly-
mer networks via crosslink polymer chains, and connect polymer

Fig. 10. Storage modulus (E’) vs. temperature graphs for aged coupons compared to the un-aged reference (green curves). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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networks from distinct layers asymmetrically. This statement is
supported by the resulting lower UV absorbance of the dark colors
(lower lightness) and GoG finishes compared to GoM due to the
retention of a thin layer of support material between white and
colored layers.

3.3. Statistical analysis

RDA results are presented in Fig. 16 as ranking diagrams using
figurative symbols. The short gradient length in the DCA with axis
lengths less than 0.14 for all DCAs confirmed the suitability of RDA

Fig. 11. Damping (Tan d peak) vs. temperature graphs for aged coupons compared to the un-aged reference (0 days).
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results to discuss the link between color attributes and physico-
mechanical responses. In Table 6, the first two Principal Compo-
nents (PCs) account for 95.20% of the variance in the response vari-
ables, i.e., strength retention, stiffness retention, and Tg. Therefore,
two PCs are appropriate enough to clarify the possible correlation
among the data.

The first and second principal components (PC1 and PC2) are
indicated by horizontal and vertical axes for related vector colors.
Angles between vectors represent corresponding correlations of
variables, with a smaller angle indicating a more significant corre-
lation. Positively correlated variables are represented by vectors
pointing in the same direction and vice versa. With 58 days of
aging, Tg and stiffness retentions were primarily increased, with
the highest contribution from PC2 aligned with the increase in
dh. Whereas strength was primarily affected by PC1, which tends
to sharply increase generally within the first 12 to 33 days of aging
due to the increased lightness variation in the color appearance
(dL). These results are in agreement with the observation in
Fig. 7 (a), Fig. 9, and Fig. 12. However, the variation in chroma
(dC) was significantly higher at the end of the aging experiment
(103 days) for most of the materials. The opposite direction of vec-
tors for dC and stiffness demonstrated a correlation of rs = -0.45.
Nevertheless, the correlation between color difference (MCDM)
and mechanical performance during the aging process was weak
for all materials except magenta photo resins, as indicated by the
different angles between the color attribute vectors.

3.4. Taguchi analysis

In Fig. 17, the main effect plots for data mean at different aging
times illustrate that color solely had the most considerable effect
on color difference and RMSE, with the highest significant effect
in magenta samples, followed by yellow and cyan. Compared to
other photo resins, black samples showed a negligible response.
While the swath and finish input variables did not significantly
affect MCDM output, the GoM finish contributed to a slightly
higher RMSE. The selection of swaths in the inner region did not
reduce RMSE at the beginning and end of the aging period. It did
not significantly affect the color appearance over time.

In terms of the physico-mechanical response to the variables
studied (Fig. 18), the trend was not as straightforward as color
appearance. In contrast to yellow samples, which showed the high-
est E modulus after 33 days of aging, black and cyan samples
demonstrated the highest E modulus after 58 days of aging. Gener-
ally, the highest Tg values were observed for magenta and yellow
hues among the studied photo resins, with similar trends observed

Fig. 12. Arithmetic mean values for Tg and Standard Error (SE) over the aging
process.

Fig. 13. Variation in elastic modulus vs. glass transition temperature of aged MJT
coupons. Each aging period represented 95% confidence centroid ellipses in the gray
zone.

Fig. 14. Side view of DMA samples representing the bending in pieces over 103 days of aging time as observed under D50 daylight illumination.
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in color appearance analyses. However, a direct link between
mechanical response and color was not observed. This is because
colors on the MJT objects changed over time, and the response to
environmental aging was altered as a result. A greater UV absor-
bance of magenta materials compared to cyan specimens during
the aging test may clarify the post-curing effect, leading to more
rigid polymers with altered colors and mechanical properties.

Based on the finishing options, matte finishes between layers
during the first 58 days led to lower E modulus and higher Tg. After

84 days, however, the response changed. In terms of swath selec-
tion on the build tray, 3D printing in the inner area of the rotary
disc resulted in higher values of E and Tg. The results suggest that
swath selection impacted mechanical performance despite its neg-
ligible importance in terms of color appearance. The signal-to-
noise ratio plots in Appendix C confirm the same trends.

4. Conclusions

In this work, a PolyJet 3D printer has been employed to manu-
facture bilayer polymer structures on a rotary build platform based
on Material Jetting technology. Our study focused on the appear-
ance and physico-mechanical properties of acrylic-simulated parts
over 103 days of accelerated aging. Taguchi analysis was used to
determine the impact of processing characteristics, such as color,
position on the build platform (swath), and finishing options
between layers on the response variables. A desirability analysis
was set to minimize the color and corresponding RMSE values
and maximize the elastic modulus and glass transition tempera-
ture. This study led to the following conclusions:

1. Studied polymer coupons exhibited an increase in tensile and
viscoelastic performance. The stiffness and strength of the
materials increased after 12 days of aging, with stiffness values
continuing to increase until 58 days and strength values dimin-
ishing monotonically until the end of the aging duration. On the
other hand, strain-to-failure values generally diminished during
the aging period.

Fig. 15. Results of fitting the mean values for sagitta concerning the curvature
appearing over the aging process (R2: 0.63).

Table 6
Principal components ranking according to their cumulative roles in PCA.

Eigenvalues for constrained axe: Explanatory variables Eigenvalues for unconstrained axe: Principal components

Ranking Eigenvalue Percentage of Inertia (%) Cumulative Inertia (%) Eigenvalue Percentage of Inertia (%) Cumulative Inertia (%)

1 14.72 11.65 11.65 63.92 50.56 64.93
2 3.43 2.72 14.36 38.26 30.27 95.20
3 0.01 0.01 14.37 6.06 4.80 100.00

Fig. 16. RDA ordination diagram (triplot) showing aged coupons by denoted points for different aging days, explanatory variables (color attributes; purple vectors), and
response variables (mechanical performance - retention; black vectors). Each aging period represented 95% confidence centroid ellipses in the gray zone. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 17. Main effects plots for data means according to Taguchi analysis for the color appearance factors at the different aging times.
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Fig. 18. Main effects plots for data means according to Taguchi analysis for the mechanical performance factors at the different aging times.
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2. Based on mechanical performance, cyan photo resin had a
higher level of tensile test results over an extended time, and
the performance of the Glossy-on-Glossy finish was higher than
that of Glossy-on-Matte specimens.

3. As a result of the dynamic response of the photo resins to
weathering, distinct colors, and physico-mechanical perfor-
mance was observed over time. The maximum variation in stiff-
ness and Tg was observed following 58 days of accelerated aging
in the QUV chamber. As MJT coupons aged, their curvature, hue
variation, and measurement errors for color and stiffness
increased, regardless of their manufacturing PPP, reaching a
maximum between 84 and 103 days, respectively.

4. Color appearance is solely affected by the photo resin color factor
compared to other PPPs studied, while E and Tg were influenced
by all the studied PPPs, including color, swath, and finishing.
Magenta specimens resulted in a hue distribution remarkably
close to yellow materials in the CIE1976 u0, v0 chromaticity dia-
gram after 12 days of aging. For both the color difference and
its RMSE, most of the minimum values were reached between
33 and 58 days of the experiment. Black and cyan showed signif-
icantly less color difference and higher reliability than magenta
and yellow photo resins over different aging periods.

5. Post-curing and the circular layer-by-layer structure observed
in MJT coupons were the leading causes for the curvature along
the length of DMA coupons. Due to the radial form of layers in
3D-printed coupons, the curvature is propagated into colored
layers by forming new covalent bonds in polymer chains.

6. Multivariate RDA analysis revealed within the first 12 to 33 days
of aging, lightness variations in the color appearance (dL) were
involved as the first principal components (PC1). After 58 days
of aging, Tg and stiffness retentions were primarily increased,
with the highest contribution coming from PC2, which aligned
with the increase in dh. At the end of the aging experiment
(103 days), most materials showed a significantly higher varia-
tion in chroma (dC). Furthermore, a strong negative correlation
was observed between dC and stiffness. It is proposed that the
correlation is a consequence of the different responses of cou-
pons with various appearances to UV absorbance, which signif-
icantly impacts the material properties.

7. According to the Taguchi analysis, color appearance is solely
affected by the photo resin color factor compared to other PPPs
studied. However, E and Tg were influenced by all the studied
PPPs, including color, swath, and finishing. As a result of printing
on the outer swath or selecting a Glossy-on-Matte finish, the MJT
coupons appear to have less variation in elastic modulus and glass
transition temperature. In terms of color, fidelity based on mean
CIEDE2000 color differences, black and cyan showed significantly
less color difference and higher reliability than magenta and yel-
low photo resins over different aging periods.

In summary, this study demonstrated the importance of under-
standing the mechanisms that affect the appearance and perfor-
mance of multi-layered 3D-printed objects from the long-term
perspective. Future research will have the opportunity to examine
how different aging conditions, processing parameters, and materials
and compositions affect the long-term properties of printed materi-
als, intending to improve the durability and longevity of 3D-
printed objects. It opens new avenues for improving 3D printing
algorithms and multi-layer compatibility in additive manufacturing.
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a b s t r a c t 

Material jetting (MJT) products have a high subjective appearance quality in additive manufacturing (AM). MJT

objects are typically manufactured from multiple layers of semi-transparent photo resins to achieve the desired

appearance. This study explores the optical properties of photopolymer plates in monolayer and bilayer combi- 

nations. The role of the white substrate as the background plate in bilayer configurations is discussed concerning

appearance reproduction in MJT parts. For this purpose, spectral reflectance, transmittance, absorbance, color

difference, and texture were investigated for MJT objects with different plate combinations. The primary digital

materials in MJT were further investigated for haze, gloss, scattering variations, and their corresponding bidirec- 

tional reflectance distribution functions (BRDFs). The optical properties of the studied surfaces were then applied

to three-dimensional (3D) models to illustrate the variation in visual appearance and texture. According to the

results, it was inevitable to use a white background plate for color reproduction. Therefore, increasing the layer

thickness did not improve color fidelity. Due to the role of microfacet normals in the surface texture, gloss, haze,

and scattering, results followed the same analysis pattern but depended on the measurement direction.

1. Introduction

MJT 1 , including the PolyJet®, is an AM 
2 technique that promotes 

multi-material 3D printing, utilizing UV 3 -curable polymer inks. In terms 

of full-appearance reproduction, MJT is one of the main AM cate- 

gories. 3D printers with PolyJet technology are ideal for depositing tiny 

droplets of material with different appearances into voxels following the 

design. MJT machines can print fine details and achieve a consistent sur- 

face finish using a PolyJet 3DP process with little to no visible layering 

[1] . Unlike conventional printers, MJT models can represent relatively

smooth, glossy surfaces with consistent colors since the materials are

mixed in the same layer but with different color cartridges.

The MJT printers are able to mix and match colors since each droplet 

of material contains its own mini pool of ink. The flow of fluid in pools 

can affect the appearance and shape of structured layers, as seen previ- 

ously in high-temperature process methods, such as the welding process 

[2–4] . This allows designers to have a great deal of flexibility regard- 

ing the appearance of their products. Thus, the MJT is ideally suited to 

applications in which appearance is essential for consumer goods, such 

as medical models [5] or jewelry [6] . However, the movement of the 

printhead, i.e., nozzles, and build platform, affects the shape and combi- 

nation of the voxels, resulting in variations in the appearance [ 7 , 8 ]. The 

∗ Corresponding author. 

E-mail address: ali.p.golhin@ntnu.no (A.P. Golhin) .
1 Material jetting 
2 Additive manufacturing 
3 Ultraviolet 

design of a 3D object, along with multiple printer parameters, must be 

carefully controlled to achieve high-fidelity reproductions of both the 

shape and appearance of the 3D object [ 8 , 9 ]. Aside from this, optical 

metrology systems are closely related to similarity evaluations of topog- 

raphy measurements in additive manufacturing [10] , which depend on 

the design of the parts. 

Since the optical properties of an object determine its visual qual- 

ity, industries are concerned about the appearance of their products. 

Furthermore, customers expect uniformity when dealing with groups of 

the same product. As a result of observing the differences between sim- 

ilar products, consumers commonly attribute the inferior quality [11] . 

As Yuan [8] described, color reproduction can be divided into four cate- 

gories: colorimetric difference assessment, computer-aided colorization, 

optical parametric modeling, and droplet jetting. Based on Pointer [12] , 

total appearance can be described as size, shape, gloss, texture, and 

other visual characteristics. 

In order to reach the high appearance fidelity of the 3D-printed part 

with the designed model, several characteristics that contribute to the 

optical properties of objects should be studied, including color, gloss, 

texture, translucency, haze, and subsurface scattering [ 13 , 14 ]. Texture 

mapping is essential to the reproduction of an appearance using AM. 

This process involves applying an image texture to a 3D surface to cre- 

ate the appearance of a real surface [ 15 , 16 ]. For this purpose, a list of 

vertex-to-UV coordinate mappings is included in the 3D model when 

a 3D object with texture mapping is imported [17] . Texture mapping 

provides several advantages for measurement, including accurate rep- 

resentation, increased detail, and rapid and non-destructive measure- 

ment [18] . It can be used in a wide range of measurement applications, 

ranging from engineering and manufacturing [19] to preserving cultural 
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heritage and restoring art [20] . Although limited research has been con- 

ducted on the appearance of MJT parts [ 8 , 21-24 ], the study of these 

various attributes simultaneously is lacking in the literature. 

As we discussed in our previous works [ 8 , 25 , 26 ], the MJT object 

should be manufactured in a bilayer structure (overlay of two plates) to 

achieve optimal color reproduction. The influence of bilayer structure 

on MJT 3D printing, however, was not studied. Bilayer structures have 

been used in advanced manufacturing in a variety of aspects, includ- 

ing functional and optical properties. A review by Hong et al. [27] ex- 

amined structural color materials and their applications in optical en- 

cryption and anticounterfeiting, in particular bilayer structures. Nam 

et al. [28] addressed full-color woodpile photonic crystals via interfer- 

ence from a conformal multilevel phase mask based on bilayer struc- 

tures. Using different polymer and composite abutments, Hsu et al. 

[29] evaluated the color accuracy of multilayer pre-colored zirconia

polycrystal dental prostheses. Egorov et al. [30] compared 3D print- 

ing with simple bilayer objects using fused deposition modeling (FDM) 

and stereolithography (SLA) methods for electrochemical energy stor- 

age. However, these works were limited to the functional and only color- 

appearance attributes of the bilayer structures. Accordingly, no studies 

discussed the significance of the white plate of the bilayer objects in 

appearance, particularly for non-color attributes and in rotational MJT. 

This study provides insight into the appearance and texture map- 

ping of structured surfaces manufactured using PolyJet technology. The 

role of bilayer structure using a white background in MJT technology is 

examined for the first time concerning appearance reproduction using 

various optical attributes. For this purpose, this work includes studies 

on color, gloss, translucency, texture, haze, scattering, and BRDFs 4 for 

printed plates with different thicknesses and color combinations. It is 

described how the appearance of 3D printing, as a unique approach to 

additive manufacturing, interacts with the hard proofing and quality 

improvement of AM surfaces. 

2. Materials and methods

2.1. Material jetting 

A Stratasys J55 PolyJet material jetting machine was used to 3D print 

the polymeric coupons, which were made of VeroCyan (RGD843), Ver- 

oBlackPlus (RGD875), VeroYellow (RGD836), VeroMagenta (RGD851), 

and VeroPureWhite (RGD837) photo-resins. The standard tray mate- 

rial was applied to the 3D models imported to the Stratasys Grab- 

CAD Print software. In this paper, the terms "cyan", "magenta", "yel- 

low", "black", and "white" have been used to designate the colors of 

coupons. Vero materials offer low viscosity acrylic oligomers mixed 

with exo-1,7,7-trimethylbicyclo[2,2,1]hept-2-yl acrylate, (octahydro- 

4,7methano-1H-indenediyl) bis(methylene) diacrylate, and 4-(1-oxo- 

propenyl)-morpholine [31] . Vero photo-resins share similar material 

properties, including mechanical, thermal, and electrical characteristics 

[32] .

As shown in Fig. 1 , the role of the white color background was stud- 

ied using three sets of specimens. The monolayer (plate) of cyan, ma- 

genta, yellow, black, and white (CMYKW) photo resins were manufac- 

tured at various thicknesses (1.00 ± 0.02 mm and 2.00 ± 0.02 mm), 

hereafter referred to as 1 mm and 2 mm samples. Bilayer structures 

were built using 1 mm plates of each CMYKW color separately with a 

white background of 1 mm thickness. The size of the specimens was 

35.50 ± 0.50 mm (width) × 40.00 ± 0.50 mm (length), fabricated on 

the middle swath of a rotary disc as the build platform with a glossy- 

on-glossy surface finish. The process was followed by support removal 

using a waterjet system. Five measurements from two sets of specimens 

were collected for each for reproducibility in measuring appearance. 

4 Bidirectional reflectance distribution functions 

2.2. Appearance study 

Spectrophotometry was conducted using a UV/Vis/NIR Spectrome- 

ter (PerkinElmer Lambda 1050 + ) equipped with the 3-detector module 

in an integrating sphere configuration (150 mm) with a wavelength ac- 

curacy of 1 nm. The reflectance, specular transmission, and absorbance 

spectra of photopolymer plates in the wavelength range 200-2000 nm 

and sampling interval of 5 nm were recorded with the specimens aligned 

regarding the detector window. Spectral reflectance results were col- 

lected in the visible range of 380 to 780 nm for color evaluation. To 

minimize the effect of layer-by-layer inhomogeneity and the edge effect 

resulting from light scattering, the largest possible area in the middle 

of the specimens was exposed to a light beam. Thus, the measurement 

area was limited to the size of the transmittance (25 mm × 16 mm) and 

reflectance (24 mm in diameter) ports ( Fig. 2 ). 

The computational color science toolbox in MATLAB R2022a 

[33] was used to calculate colorimetric values. A color-matching func- 

tion derived from ASTM E308-01 [24] and designed by the International

Commission on Illumination (CIE 5 ) was used to calculate CIEXYZ tris- 

timulus values. The CIE 2° color matching functions and the D50 illumi- 

nant were used to determine tristimulus values. As a result, CIEL ∗ a ∗ b ∗ 

coordinates were further determined according to CIE1976. CIEL ∗ a ∗ b ∗ 

and CIEL ∗ C ∗ h ∗ color spaces define colors based on three coordinates for 

each, where L ∗ is the lightness, a ∗ and b ∗ stand for the red-green and 

blue-yellow axes, C ∗ corresponds to chroma, and h ∗ relates to hue angle. 

Colorimetric differences of 1 mm and 2 mm sample types were compared 

with bilayer samples using CIEDE2000 color difference according to the 

following equation 

𝐶𝐼𝐸 𝐷𝐸 2000 =

√ (
Δ𝐿 

∗ 

𝑘 𝐿 𝑆 𝐿 

) 2 

+

( 

Δ𝐶 
∗ 

𝑘 𝑐 𝑆 𝐶 

) 2 

+

( 

Δℎ ∗ 

𝑘 ℎ 𝑆 ℎ 

) 2 

+ 𝑅 𝑇 𝑓 ( Δ𝐶 
∗ Δℎ ∗ )

(1)

where Δ𝐿 
∗ (lightness), Δ𝐶 

∗ (chroma) and Δℎ ∗ (hue) represent their vari- 

ant due to the color change, and the R T variable consists of the hue 

rotation term. S L , S C , and S h correspond to CIEL 
∗ C ∗ h ∗ lightness com- 

pensation, and k L , k C , and k h constants were set to the unit value. The 

color space is designed to be perceptually uniform, meaning that the 

same amount of distance between two points corresponds to roughly 

the same amount of perceived color difference. As a result, they can be 

used for comparing color differences and specifying colors across differ- 

ent media and devices. 

To assess the color difference among CMYKW plates with differ- 

ent thicknesses and their corresponding bilayer reference spectra, the 

MCDM 
6 and the RMSE 7 were determined as 

𝑀𝐶𝐷𝑀 =
1 

𝑁

𝑁 ∑
𝑖 =1

Δ𝐸 

(
𝐶 𝑖 , 𝐶 𝑚 

)
(2)

𝑅𝑀𝑆𝐸 =

√√√√ 1 

𝑁

𝑁 ∑
𝑖 =1

(
r 𝑟,𝑖 − r 𝑡,𝑖 

)2 
(3)

where N is the number of results, r t and r r relate to the spectral results 

of tests and references, C i implies the color coordinate of the i 
th mea- 

surements, and C m is the reflectance average. 

To assess the texture, the xTex scanner by Vizoo was used, and the 

3D texture models were rendered using Blender 2.79 engine. For this 

purpose, collected surface maps, including alpha, base, displacement, 

material, surface normal, and roughness, were imported as texture data. 

Using a light-controlled Lightbox, multiple photos were taken of a sam- 

ple under varying lighting conditions to minimize the errors due to stray 

lights or lighting variation at different observation angles. Optical mi- 

croscopy was performed by the Keyence VH-ZST microscope (20X to 

5 Commission Internationale de l’éclairage 
6 Mean color difference from the mean 
7 Root-mean-square error 
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Fig. 1. CMYKW monolayers (plates) with a thickness of a) 1 mm, b) 2 mm, and c) bilayers of CMYK plate on white background, as observed under D50 daylight

illumination.

Fig. 2. A top-down schematic representation of the UV/VIS/NIR spectrometer

and the measurement geometry.

2000X). An RA-532H surface reflectance analyzer was used to analyze 

haze and gloss per ASTM D523 − 14. Further, it provided Canon scatter- 

ing indices C20 and C60 for lighting angles of 20° (ASTM D5767) and 

60° (JIS K7374), respectively. The C20 index addresses the DOI 8 , and 

the C60 index refers to IC 9 . Reduction measurement errors were consid- 

ered by avoiding sites with unusual colors, external particles, stains or 

dust, and support materials. Data analysis was performed using Origin 

2022 (OriginLab) and R statistical software 4.2.1. 

3. Results and discussions

3.1. Visual observations 

Fig. 3 illustrates how typical PolyJet parts were semi-translucent, 

hazy, and complex in appearance due to the addition of layering photo 

resins and the agitation in the manufacturing process. There was a dis- 

tinction between the appearance of MJT objects under different illumi- 

8 Distinctness of the image 
9 Image clarity 

Fig. 3. The polymeric surface of the 3D-printed yellow photo resin as seen

through an optical microscope at a) macroscopic 1X, b) macroscopic 10X, and

c) microscopic scales.

nations and microscopes. As a result of the disc-shaped build platform 

(rotary disc), parallel layers (swaths) were not perfectly horizontal, re- 

sulting in a slight curvature observable on the surface ( Fig. 3 b). The 

added layers were oriented in the same direction as the rotation of the 

rotary disc. The curvature in layers was primarily determined by the 

printing speed, as well as the design, which are connected to the UV 

curing time (the print head) and the rotational speed of the disc. As a 

3
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Fig. 4. a) Reflectance, b) the mean hue stimuli in the CIE1976 u’, v’ chromaticity diagram, and c) redness and yellowness at constant lightness in CIEL ∗ a ∗ b ∗ color 

space.

Table 1

The color difference results compared with the corresponding bilayer configuration.

Photo

resin

Thickness: 1 mm Thickness: 2 mm

MCDM RMSE dL dC dh MCDM RMSE dL dC dh

Cyan 18.83 0.20 9.30 14.71 -4.60 21.12 0.08 8.96 14.98 -7.68

Magenta 19.83 0.12 8.62 17.67 2.56 20.43 0.05 7.96 18.75 1.55

Yellow 38.56 0.09 32.39 20.88 -1.38 38.03 0.08 31.52 21.29 0.32

Black 0.50 0.01 -0.48 -0.14 -0.02 1.52 0.01 -1.51 -0.20 -0.04

White 4.19 0.01 3.63 -1.58 -1.37 - - - - -

result of typical build vibration during the manufacturing process, the 

swaths were subject to subsurface turbulence in layers and microscopic 

inhomogeneity ( Fig. 3 c). 

3.2. Spectrophotometry 

Spectrophotometry results, including reflectance, transmittance, and 

absorbance, indicate that the white background plate for CMYKW plates 

plays a vital role in visual appearance. As seen in Fig. 4 , only using 

colored plates with 1 mm or 2 mm thickness could not provide the in- 

tended color. The spectral reflectance results indicate significantly lower 

lightness (albedo) due to lower reflectance values ( Fig. 4 a). Besides, hue 

stimuli were closely distributed in the middle of the CIE1976 u’, v’ chro- 

maticity diagram ( Fig. 4 b). Using white background was crucial to alter 

the colors to their intended u’, v’ in GrabCAD, and a ∗ and b ∗ values. It 

is particularly highlighted for CMY colors as represented by vectors in 

Fig. 4 c. 

Table 1 lists the mean color difference of monolayer specimens ac- 

cording to their corresponding bilayer type. According to the results, 

color reproduction in yellow photo resins was more dependent on the 

presence of a white background with the highest MCDM of 38.56 for 1 

mm thickness and 38.03 for 2 mm thickness. Results were followed by 

cyan and magenta photo resins, which were mainly affected by color 

changes associated with chroma (dC) and lightness (dL). The black and 

white photo resins exhibited the smallest color difference. Furthermore, 

it was evident that increasing the thickness did not compensate for the 

color difference. 

Table 2 lists the measured CIEL ∗ a ∗ b ∗ values along with their rep- 

resentative color HEX compared to the closest Pantone color codes ex- 

tracted from GrabCAD. Color variation was inevitable during the repro- 

duction of colors using the J55 3D printer, where the same Pantone code 

was referred to for the monolayers of cyan and yellow. In the manufac- 

turing design, even 1 mm monolayers and bilayers of black photo resin 

follow the same Pantone code. A darker specimen with less lightness, 

particularly for monolayer specimens, suggests that studying color ap- 

pearance alone is insufficient for the optical assessment of MJT products. 

Translucency, gloss, and scattering are essential factors to accurately re- 

produce an appearance to fulfill hard proofing in the appearance of 3D 

printing. 

Fig. 5 shows that using a white background significantly decreases 

transmission and increases the absorbance of light through the speci- 

mens. Yellow, cyan, and magenta photo resins showed a similar trend 

in reflectance compared to black and white resins, which appeared opa- 

quer. While the 1 mm thickness exhibited considerably greater trans- 

parency than the 2 mm, the role of the white background was the dom- 

inant factor in translucency and appearance reproduction. 

3.3. Gloss appearance 

To characterize gloss nuances, distinct aspects of gloss appearance 

have been compared in Fig. 6 . This includes specular gloss, haze, and 

scattering results of C20 and C60 derived from BRDF. Compared to 

monolayer specimens, adding a white background plate results in gen- 

erally increased gloss and haze, but had no significant influence on the 

sublayer scattering. Haze in reflection indicates a cloudy or milky ap- 

pearance caused by light scattering [34] . As part of surface quality as- 

sessment, haze is considered an appearance attribute that reduces the 

quality of the appearance because of imperfections, including surface 

texture. High haze occurs around reflections of light sources on high- 

gloss and high-scattering (C20 and C60) surfaces due to image diffusion. 

The results show the gloss results of the same samples measured 

vertically ( Fig. 6 a) were generally higher than that measured horizon- 

tally ( Fig. 6 b). In addition, results were more correlated depending on 

the photo resin used, as indicated by the stronger fitting of the mean 

(red lines in Fig. 6 a and b) for vertical gloss (R 2 = 0.46) and associ- 

ated haze (R 2 = 0.50) measurements. According to Spearman’s rank 

correlation coefficient ( 𝜌) in Fig. 6 c, robust correlations were observed 

between measurement direction and studied variables, including gloss 

( 𝜌 = 0.59), and the haze and scattering results ( 𝜌 = 0.87). Therefore, sur- 

face reflectance analysis was significantly affected by the measurement 

direction. Furthermore, gloss showed a correlation of 𝜌 = 0.50 with the 

sample type. 

In the vertical direction, higher R 2 values indicate a strong corre- 

lation in the data, suggesting that the type of photo resins plays a less 
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Fig. 5. a) Transmittance and b) absorbance in the visible spectrum.

Fig. 6. Gloss nuances in a) vertical and b) horizontal measurement directions, and c) Spearman rank correlation coefficients.

significant role in surface reflectance variations. This can be explained 

by considering the more significant effect of �⃗� , microfacets normals 

( Fig. 7 ), facing toward the measurement direction in the vertical mode. 

According to Fresnel’s equation [35] , the 𝑓 𝑟,𝑚 term explains the re- 

flectance from a smooth microfacet in translucent objects in the BSDF 10 : 

𝑓 𝑟,𝑚 
(
𝑥 𝑚 , ⃗𝜔 𝑖 , ⃗𝜔 𝑜 

)
= 𝐹

( 

�⃗� , ⃗𝜔 𝑖 , 
𝑛 𝑡 

𝑛 𝑖 

) 

𝛿
(
�⃗� 𝑜 − �⃗� 𝑠 

)
cos 𝜃𝑖 

(4) 

where 𝑥 𝑚 is the microfacet surface point, �⃗� 𝑖 , �⃗� 𝑠 and �⃗� 𝑜 are the unit 

vectors for illumination, scattering, and observation of light. F is the 

expansion of Maxwell’s equations along the surface using Fourier trans- 

formation. 𝑛 𝑡 and 𝑛 𝑖 are the transmission and illumination normals. 𝛿 is 

the Dirac delta function and 𝜃𝑖 is the illumination angle relative to the 

surface normal ( ⃗𝑛 ). 

The macroscopic BSDF is a function that includes both reflectance 

(BRDF) and transmittance (BTDF 11 ). In this case, the light is incident 

on and emerges from the same macroscopic surface [36] . Accordingly, 

smoother BRDFs were captured for vertical measurement compared to 

10 Bidirectional scattering distribution function 
11 Bidirectional transmittance distribution function 

Fig. 7. Gloss measurement for structured surfaces in additive manufacturing.
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Fig. 8. BRDF representations for magenta resin at specular angles of 20° and 60°.

the horizontal direction ( Fig. 8 ). The mixture of curvature on the surface 

shown in Fig. 3 b which can affect the direction of microfacet normals 

provides an insight into the reason behind these perturbed BRDF graphs. 

Supplementary BRDF data for specular gloss measurements are available 

in Appendix A. 

3.4. Visual texture mapping 

Illustrations of texture mapping on spherical 3D models using sur- 

face textural maps are shown in Fig. 9 . Photo resins of cyan and magenta 

exhibited notable parallel horizontal swathes fabricated in the manufac- 

turing process. The swath patterns were also apparent for yellow bilayer 

samples. However, black photo resins did not show the same texture 

characteristics. The bilayer specimens for the CMY photo resins exhib- 

ited significantly different appearances with more specular reflection, 

particularly for the color attribute. However, in black materials, the role 

of the white background film was less apparent. Table 2 confirms this 

behavior for monolayers of black resins of 1 mm and bilayers of black 

resins of 2 mm with more diffuse reflection. Results for CMY photo resins 

also suggest a higher glossiness and less transparency than monolayers, 

which is consistent with the results of the spectrophotometry and gloss 

measurements. Because of the high exposure surface of the white photo 

resins, it was impossible to generate rendered spheres properly for this 

material. Although yellow specimens experienced the same problem at 

lower significance, particularly monolayer samples, they rendered the 

results. Supplementary results for texture mapping, including surface 

displacement and normal maps, are available in Appendix B. 

4. Conclusions

This study aimed to provide insight into the role of bilayer struc- 

ture in material jetting appearance reproduction. A PolyJet printer was 

used to deposit photo resins in CMYKW colors in monolayers varying in 

thickness, as well as bilayers using a white background plate. According 

to the findings of this study: 

Fig. 9. A series of spheres rendered in different texture levels.

• Microscopical observations revealed a distinction between the ap- 

pearance of MJT objects and their visual complexity under different

illuminations and microscopic scales. As a result of layer-by-layer

rotational printing, vibrations of the rotary disc as the build plat-

7
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form, and translucency of photo resins, the texture, and appearance 

showed more subsurface turbulence in layers and microscopic inho- 

mogeneities. 
• Spectrophotometry revealed that the lack of a white background 

plate led to an increase in transparency and a decrease in albedo 

and color fidelity. 
• Using only monolayer CMYKW resins resulted in significant devia- 

tions in CIEL ∗ a ∗ b ∗ and CIE1976 u’, v’ from the Pantone color match- 

ing scheme, with more significant deviations in chroma and light- 

ness. 
• The increase in absorbance due to doubling the thickness of mono- 

layer samples did not compensate for losing albedo and higher re- 

flectance because of the lack of white background plates in the mono- 

layer samples. 
• The gloss perception was characterized by a monolayer/bilayer 

structure similar to that seen in transmittance conditions. Color and 

texture of the reflective surface changed according to the embed- 

ding illumination. Higher gloss and haze were recorded for bilayer 

specimens compared to monolayers. 
• The white background had a greater impact on color, translucency, 

and scattering than gloss and haze. Vertical measurements resulted 

in higher values of gloss, haze, and scattering compared to the hor- 

izontal measurements. 
• In monolayer structures, cyan, magenta, and yellow photo resins had 

significantly different appearances, as shown in rendered spherical 

3D models. MJT photo resins exhibited high transparency, specular 

reflections, and non-uniform albedo due to textured surfaces. 

In summary, assessing the appearance attributes of detailed prop- 

erties on MJT surfaces using only color and gloss in a fixed measure- 

ment direction is challenging due to the full-color capability of this AM 

method. Future research needs to focus on detailed BRDF and BTDF 

analysis using gonio-spectrophotometers to reproduce accurate appear- 

ances. 
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Abstract:  

Material jetting (MJT) is one of the promising additive manufacturing (AM) techniques that 
offers high-quality appearance reproduction. Due to the limited selection of aesthetic 
materials available for use with MJT technology, a thorough optical analysis is required to 
determine their optimal application. This study focuses on the prominent appearance 
attributes in MJT and the role of texture variation due to different build orientations (BOs). 
For this purpose, tilted surfaces were manufactured in a direction ranging from 0° to 90° 
degrees at 15° intervals. The spectral reflectance, absorbance, transmittance, color difference, 
gloss, haze, scattering, and texture of MJT objects with varying BOs were investigated. To 
illustrate the variation in visual appearance and texture of the studied surfaces, the optical 
properties were rendered to three-dimensional (3D) spherical models. Further, the interaction 
of the appearance of 3D printing interacts with the quality improvement of AM surfaces is 
discussed. The results indicated that BO significantly affected the surface texture and layers 
orientation, leading to variation in surface quality by impacting all studied appearance 
attributes. Furthermore, tilted MJT surfaces exhibited more variation in reflectance than 
transmittance. As a result of the Kendall rank correlation coefficient and principal component 
analysis (PCA), light transmittance through parts manufactured at BO 75° showed the largest 
variation compared to 0°. Regarding light reflectance, 60° showed more variation among 
studied angles. The results of gloss, haze, and scattering studies revealed the significance of 
the measurement direction due to the role of microsurface normals in the surface texture. 

 

Keywords: Material jetting, Digital materials, Spectral analysis, Appearance measurement, 
Principal component analysis 

  



2 
 

1. Introduction 

Rapid prototyping converts digital models to physical inventory. Prototyping allows for 
identifying new opportunities for continued exploration of an unexplored space of designs 
[1]. High-detail prototyping has been the primary goal of AM technologies for many years, 
and it still drives the sales of most 3D printers [2]. Prototyping efficiency can be enhanced by 
improving the surface quality of as-printed objects, both for short-term [3] and long-term [4] 
applications. As a result of full-color 3D printing (3DP) equipment, including material jetting 
(MJT) systems, the expectation for photorealistic and complex prototypes is increasing [5].  

MJT, as reported in the ISO/ASTM 52900:2021, is an AM category for which droplets of 
3DP material are selectively deposited [6]. This technology is a full-color 3DP process, 
which directly deposes resins in CMYK-W (cyan, magenta, yellow, black, and white) when 
required. Furthermore, MJT technology reproduces color gradients and variations unavailable 
with other 3DP technologies. Therefore, MJT plays a vital role in full-appearance 
reproduction.  

Both conventional and advanced manufacturing technologies recognize the importance of 
surface quality in final products, mainly for critical and small products. Thus, it is essential to 
assess the surface finish of as-printed polymers and provide guidance on AM process 
windows and limitations to increase their applicability. To enhance the appearance of 
materials, 3DP systems must capture the optical properties of materials, communicate the 
attributes related to appearance, scan, model, and control 3D printing systems. Surface issues 
hinder the development of the workflows for the full appearance of materials during the 
design and manufacturing phases [7].  

Appearance assessment is qualitative, subjective, and controversial [8]. An instrumental 
appearance measurement is an indirect technique for evaluating the quality and processing 
performance of a manufactured product based on its surface. Quality control has evolved into 
an industry concept through controlling color, gloss, haze, scattering, transparency, and 
texture, describing the “total appearance” [8]. Among these appearance attributes, the level of 
transparency, i.e., translucency, plays a defining role in the optical properties of MJT parts, 
affecting other characteristics as it describes how light travels through a medium. 

Even though the surface finish of MJT parts was assumed to be consistent and detailed with 
minimal layering [9], the conditions of drop-on-demand high-speed manufacturing of 
translucent materials significantly affect their appearance. In the rotary-based MJT technique 
using PolyJet® machines, the objects are created by jetting materials onto a rotary tray as the 
build plate. Since each droplet of material contains its own mini pool of ink, the shape of the 
voxels and layers can be affected by printing parameters [10]. Therefore, MJT products can 
be designed in various approaches, bringing flexibility and manufacturing challenges. In 
aesthetic applications, such as jewelry [11] and medical models [12], the shape and 
combination of voxels are essential factors. Consequently, the dimensional accuracy and 
appearance of a 3D object must be accurately reproduced using multiple printer parameters to 
achieve high-fidelity reproductions [5]. 
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Limited research [13, 14] has been conducted on the influence of build orientation (BO), also 
known as wedge/slope angle, on the surface quality of additively manufactured parts. In MJT, 
BO can affect the mechanical performance of manufactured parts. [15] showed prints along 
the Z-direction had the greatest influence of orientation on loading response, especially at 
larger strains and slower strain rates. Khoshkhoo et al. [16] studied the influence of BO on 
dimensional accuracy in MJT.  

The bi-directional reflectance distribution function (BRDF) was originally introduced as a 
fundamental radiometric concept. BRDF captures all the details of how light interacts with 
surfaces [17, 18]. The alteration of the appearance of MJT parts due to printing parameters 
has been studied in limited research [5, 19, 20]. However, it is yet to be shown whether these 
various attributes can be studied simultaneously in rotational MJT. Besides, no studies have 
addressed the significance of BO for 3DP tilted surfaces on a rotary disc. Accordingly, this 
study examines the influence of BO on various appearance attributes of MJT surfaces. For 
this purpose, the color, gloss, haze, scattering, transparency, and texture of the PolyJet parts 
were characterized as part of the quality improvement approach of AM surfaces. Based on 
the Kendall rank correlation coefficient and principal component analysis (PCA), the results 
were ranked, and possible correlations were discussed. 

 

2. Materials and methods 

2.1. Manufacturing process 

The polymeric tilted surfaces were manufactured using a Stratasys J55 PolyJet 3D printer. 3D 
models were imported into the GrabCAD Print software and 3D printed using the standard 
tray material. Photo-resins VeroCyan, VeroBlackPlus, VeroYellow, VeroMagenta, and 
VeroPureWhite were used as feedstocks, hereafter referred to as their corresponding colors of 
"cyan", "magenta", "yellow", and "black". In the Vero family of materials, acrylic oligomers 
are mixed with proprietary components to provide low-viscosity materials. Photo-resins from 
Vero share similar mechanical, thermal, and electrical properties [21]. According to the best 
practices of Stratasys for PolyJet and Pantone's guidelines for color matching [22], bilayer 
structures were constructed using 1 mm thick plates of each CMYK color on a 1 mm thick 
white background to achieve optimal color reproduction. Each CMYK photo resin (digital 
material) specimen was printed with seven different build orientations ranging from 0° 
(reference) to 90° at intervals of 15°. Each sample was 35.50 ± 0.50 mm wide, 40.00 ± 0.50 
mm long, and fabricated on the middle swath of a rotary disc as the build platform with a 
glossy-on-glossy finish (Fig. 1). A waterjet system was then used to remove the support 
waxes. The appearance of each specimen was measured five times using two sets of models 
for reproducibility purposes. 
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Fig. 1. a) As-printed YK specimens manufactured on white background as seen on the build platform - BO ([0°-
90°], 15° step), and b) CMYK specimens observed under D50 daylight standard illumination. 

 

2.2. Appearance measurement 

A Keyence VH-ZST microscope was used for optical microscopy (20X to 2000X). The RA-
532H surface reflectance analyzer was used to analyze gloss according to ASTM D523, haze, 
and scattering. The scattering results were discussed in terms of the C20 and C60 Canon 
scattering indices for illumination angles of 20° according to ASTM D5767 and 60° as per 
JIS K7374, respectively. In computer graphics, the C20 index measures the distinctness of the 
image (DOI), while the C60 index measures the clarity of the image (IC). 

The spectroscopy was conducted using a spectrometer (PerkinElmer Lambda 1050+) 
equipped with the 3-detector module in an integrating sphere configuration (150 mm). 
Spectra of reflectance, transmission, and absorbance were measured from photopolymer 
plates aligned in the detector window. The wavelength length was limited to 380 to 780 nm, 
and sampling intervals of 5 nm. The largest area possible in the middle of the specimens was 
exposed to a light beam to minimize the effects of layer-by-layer inhomogeneity and edge 
effects caused by light scattering. The measurement area was therefore limited to the size of 
the reflectance (24 mm in diameter) and the transmittance (25 mm × 16 mm) ports (Fig. 2). 
Transmittance data were recorded from the front (F) and back (B) of the specimens. The 
measurement error was reduced by avoiding sites with support materials, unusual colors, 
stains, and external particles. 
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Fig. 2. a) Schematic of the UV/VIS/NIR spectrometer in top view, and b) the measurement geometry of the 
sample (cyan color) located on the transmittance port. 

 

To calculate tristimulus values, CIEXYZ, a color-matching function derived from ASTM 
E308-01 [23], was applied using CIE 2° and the D50 standard daylight illuminant. CIEL*a*b* 
coordinates were further determined using CIE1976. The CIEDE2000 color differences for 
each BO compared to the 0° orientation were calculated using the computational color 
science toolbox in MATLAB R2022a [24] as follows 

2000   (1) 

 

where color attributes variation due to the color change expressed by  (lightness),  
(chroma) and (hue), RT corresponds to the hue rotation, SL, SC, and Sh communicate 
CIEL*C*h* lightness compensation, and constants of kL, kC, and kh were defined as unity. 

A Vizoo xTex scanner was used to collect texture data, including displacement, material, 
alpha, base, surface roughness, and surface normals. With the Blender 2.79 render engine, the 
2D surface texture maps were further applied onto 3D spherical models.  

2.3. Statistical analysis 

The mean color difference from the mean (MCDM) and the corresponding root-mean-square 
error (RMSE) variables were used to discuss the color difference according to CIEDE2000 
using the following equations ,   (2) r , r ,   (3) 

 

where rt and rr are the tests and references spectral results for N samples. Ci and Cm indicate 
the color coordinate of the ith measurements and the reflectance average, respectively.  
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To assess spectral deviations among transmittance and reflectance results in different BOs 
compared to horizontal samples (0°), Kendall's tau ( ) rank correlation coefficients were 
employed. Statistical significance is well-defined when the p-value is less than 0.05 [25]. It is 
an appropriate measure of the strength of association between continuous-ordinal variables or 
two ordinal variables. Kendall's  helps identify monotonic relationships due to its resistance 
to outlier effects [26].  

Principal component analysis (PCA) was applied to examine the spectral data and response 
variables. For matrices that contain dependent and independent variables, PCA extends linear 
regression to a multivariate setting [25]. Considering the first batch (build orientation) as an 
independent variable, and the second batch (spectral data) as a dependent variable, it is 
possible to view the two sets of variables as asymmetrical. This study used two types of PCA 
to evaluate the data: ordinary PCA to assess the BO effect and spectroscopy PCA to consider 
the material impact on the spectral variables. The raw sensor data was converted using linear 
transformation into principal components (PCs) space. R statistical software 4.2.1 and Origin 
2022 (OriginLab) were used to analyze the data. 

 

3. Results and discussions 

3.1. Optical microscopy 

In Fig. 3, a micro digital camera was used to illustrate the variation in the surface texture of 
MJT objects manufactured at various BO ([0°-90°], 15° step) as seen in the manufacturing 
workspace. The direction in which the printing was carried out significantly impacted the 
surface texture, resulting in a variation in the distribution of high-exposure light reflections 
on the surface. In particular, a difference can be seen for 0° compared to 45° to 90°, which is 
discussed in further detail for gloss results. 



7 
 

Fig. 3. Variation in the surface texture of material jetting products with the build orientation. 

 

Fig. 4 provides a closer look at the full focal images of MJT surfaces without being affected 
by specular reflections. The surface printed at the horizontal reference orientation (0°) can be 
described by parallel microscopic layers with porous surfaces due to incubated gas release on 
the surface (Fig. 4a). Furthermore, focal images revealed subsurface turbulence in layers in 
the 1 mm thick translucent-colored layer (Fig. 4b). Light transmission affected by 
microscopic inhomogeneities within the subsurface layers was discussed within the 
transmittance results. Fig. 4c illustrates how tilting the surface at 15° significantly altered the 
order of microscopic layers due to the separation of microscopic droplets. Several factors can 
explain the reason behind the appearance of these droplets at BO 15°. It includes centrifugal 
force and gravity, which were connected to the rotation of the disc-shape build platform, the 
viscosity of the resin, and the UV curing process affected by manufacturing speed.  
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Fig. 4. Focal microscopic images of a) bilayer - BO 0°, b) monolayer of the colored plate - BO 0°, and c) bilayer 
- BO 15°.  
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3.2. Spectral analysis 

Fig. 5 illustrates spectral data, including reflectance, absorbance, and transmittance. 
According to the spectrophotometry results, there was a spectral shift for different BOs in 
CMY resins. However, the black color did not significantly change the spectral 
characteristics at various BOs. According to Fig. 5a, reflectance values increased with 
increasing BO, indicating higher lightness (albedo) at higher wedge angles. In the case of 
absorbance (Fig. 5b) and transmittance (Fig. 5c and d), this shifting behavior was dependent 
on the digital material. For cyan, higher transmittance and lower absorbance were observed, 
while yellow and magenta resins generally showed lower transmittance and absorbance. The 
transmittance spectra resulting from spectrometry in the broader wavelength range, including 
near-infrared (NIR), are presented in supplementary data in Appendix A. 

 

Fig. 5. a) Spectral reflectance, b) absorbance, and transmittance from c) front and d) back of MJT specimens 
with tilted surfaces. 

 

The PCA results in Fig. 6 suggest two principal components of PC1 and PC2 with a 
cumulative percentage variance (CPV) of greater than 90.71% adequately explaining the 
observed behavior in spectral data. The CMYK materials were used as the observation group, 
and the spectral results addressed the studied variables. Results revealed the same pattern in 
the PCA results for both reflectance and transmittance. The spectral shifts in the 
spectrophotometry results can be explained by considering their PCA score distribution. 
According to the results, PC1 affected magenta and yellow positively while negatively 
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impacting black and cyan. By contrast, PC2 had a negative impact on cyan and yellow, and it 
had a positive influence on magenta and black. 

Furthermore, the score distribution, i.e., the 95% confidence ellipses for the studied BO 
angles, indicated a higher impact on yellow from both PC1 and PC2 than particularly on 
black. Furthermore, magenta scores were affected more by PC1, while cyan scores were 
altered more according to the PC2 axis, indicating opposite responses due to manufacturing 
different wedge angles. The similar behavior of front and back transmittance measurements 
showed that reflectance and absorbance had a negligible effect on light transmission through 
CMYK layers combined with a white background.  

 

Fig. 6. PCA results for a) spectral reflectance (CPV: 90.71%), and transmittance from b) front (CPV: 95.59%) 
and c) back (CPV: 95.78%) of MJT specimens. The ellipses represent 95% confidence of PCA score data 

(BOs). 

 

Fig. 7 demonstrates how different BOs affect the optical properties of the manufactured 
surface in the spectrophotometry measurement compared to horizontal 3D-printed surfaces, 
regardless of the applied material. While BO 75° resulted in more deviation in transmittance 
measurements ( F=0.989 and B=0.988), BO 60° ( =0.949) and then 90° (vertical orientation, 
=0.950) led to more significant spectral shifts in reflectance measurements. Kendall’s  rank 

correlation results revealed a more substantial influence of variation in the texture and 
manufactured layers due to different BOs on the reflectance results compared to 
transmittance. The RMSE was also higher for the reflectance spectra, where it is maximized 
at a critical BO 60° (RMSE=0.028) for the reflectance spectra and 75° (RMSE=0.007) for the 
transmittance spectra. Strong correlations with >0.949 and p-value<0.050 were observed for 
all studied materials. Appendix B provides supplementary data on statistical analysis for PCA 
and  rank correlation results for each pair of build orientation. 
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Fig. 7. Kendall’s  rank correlation coefficient in the spectrophotometry measurements of tilted surfaces 
according to the horizontal reference surface (Error bars: RMSE).  

 

The color measurement results are displayed in Fig. 8 to evaluate the effects of spectral 
reflectance on the visual appearance. As shown in Fig. 8a, MCDM generally increased and 
peaked at a BO angle of 75° before decreasing for cyan, yellow, and black materials. For 
magenta resins, however, the increase in color difference due to a rise in BO angle was 
constant and even sharper for 90°. As shown in Fig. 8b and c, a weak alteration in color has 
been observed due to BO, which was more pronounced for cyan, magenta, and then yellow 
when compared to black resins. For all studied materials, the MCDCM was less than 2, and 
the RMSE was negligible, indicating high color fidelity and barely noticeable color 
differences due to tilting the surface. 

 

Fig. 8. a) MCDM of color difference, b) the mean hue u', v' stimuli according to CIE1976 chromaticity diagram, 
and c) color change in CIEL*a*b* color space. Vectors represent color change as a result of using different BO. 

 

Fig. 9 shows that all color attributes (LCh) varied to negative values, where similar trends 
were observed for all materials based on their MCDM. Magenta showed high dL at 90°, 
whereas cyan, yellow, and black had a robust negative shift in lightness at 75°. Hue and 
chroma also demonstrated the same trend. The variations in lightness were, however, 
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generally more substantial than hue and chroma. This indicates lightness change has a 
significant role in reflectance due to the alteration in surface texture caused by build 
orientation. 

  

Fig. 9. Variations in color attributes due to changing the build orientation.  

3.3. Gloss measurement 

Fig. 10 compares several aspects of gloss appearance, including specular gloss, haze, and 
scattering indices of C20 and C60 derived from BRDF. As can be seen from the fitting lines 
in the vertical (V) and horizontal (H) directions according to layer-by-layer structures, the 
measurement direction affected the gloss measurements. The specular gloss and haze 
decreased more linearly with increasing BO angles in the V direction. Conversely, the H 
direction resulted in nonlinear behavior, with gloss and haze maximized at 45° to 60° degrees 
of BO. The BO 90° displayed a distinct low-gloss and low-haze characteristic, as well as high 
scattering, in both measurement directions. Nevertheless, results indicated that an increase in 
BO led to an increase in the C20 and C60 indices representing scattering. High R2 suggested 
a stronger correlation between BO and haze and specular gloss as opposed to sublayer 
scattering, which was in agreement with the spectral results observed for reflectance 
compared to transmittance.  
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Fig. 10. Fitting results of the mean for gloss nuances in a) vertical and b) horizontal measurement directions 
according to the directions of the layers. 

 

According to the V measurement direction (Fig. 10a), gloss and its surrounding haze display 
higher specular reflections for lower BO angles. Reflected haze is characterized by a milky or 
cloudy appearance due to light scattering [27]. Haze is generally considered an appearance 
attribute that refers to lower surface quality due to defects, including surface texture or 
porous surface (see Fig.4), as part of the assessment of surface quality. 

Fig. 11 illustrates the importance of the direction and size of microsurfaces in textured 
surfaces influenced by building orientation. Bidirectional reflectance distribution function 
(BRDF) graphs decreased in size at higher BO, indicating a decline in reflectance, resulting 
in lower gloss and haze. The supplementary data in Appendix C contains more BRDF graphs 
for gloss measurements. 

Higher gloss and haze for lower BOs can be attributed to larger microsurfaces and lower . 
This resulted in stronger microsurface normals that were closer to the surface normals 
determined by cos . As a result, gloss and haze are significantly higher at BO 0° where 
microfacet’s normal ( ) is acting similarly to the surface normal ( ), which was normal to 
the surface reflectance analyzer. However, in the horizontal direction, a slight curvature in the 
layers, as seen in our previous study [5], and subsurface turbulence in layers played a more 
important role compared to microsurface variations due to BO. It resulted in a more nonlinear 
behavior in gloss nuances for horizontal glass measurement (Fig. 10b). 
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Fig. 11. Gloss measurement of textured AM surfaces. BRDF graphs represent light distribution around vertical 
measurements around the angle of 60° for BO 0°, 45° and 90° for the cyan specimen. 

 

Microfacets' role in translucent textured surfaces can be explained by Fresnel's equation [28], 
using bidirectional scattering distribution functions (BSDF): 

, , , , , cos  (4) 

 

where the ,  term denotes the reflectance from a smooth microsurface in a semi-transparent 
part for a specific surface point , considering the unit light vectors for illumination ( ), 
scattering ( ), and observation ( ). The expansion of Maxwell's equations using the 
Fourier transform is referred to as F for the unit of the surface, where  and  represent the 
transmission and illumination normals. The Dirac  function is applied to observation and 
scattering unit vectors of lights. The illumination angle relative to the surface normal ( ) is 
shown by . 

BSDF comprises both reflectance and transmittance terms for the same macroscopic surface 
point from which light is incident and emerges [29]. It can be regarded as the sum of BRDF 
and BTDF (bidirectional transmittance distribution function), shown in Fig. 12.  
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Fig. 12. Light-matter interactions and optical properties of textured surfaces. BSSRDF: Bidirectional scattering-
surface reflectance distribution function. 

 

3.4. Surface texture mapping 

Fig. 13 illustrates the use of optical surface maps to create textured spheres. In contrast to the 
black and yellow resins, cyan and magenta clearly displayed layers orientation fabricated in 
the manufacturing process. The parallel layers were particularly evident in BO 0°, 45°, and 
90°. The low absorption of yellow materials made optical texture mapping more challenging 
to render than other digital materials. 

 

 

Fig. 13. 3D-rendered sphere models from optical texture mapping of 3D-printed CMYK digital materials with 
different build orientations. 
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4. Conclusions 

This study discussed how build orientation affects the optical properties of 3D-printed objects 
in material jetting, which is a necessary step toward reproducing full-color appearances. 
CMYK colors were applied using the primary digital materials in PolyJet 3D printers. As part 
of the appearance reproduction approach in MJT, the color, gloss, haze, scattering, and 
transparency of the objects were characterized.  

A microscopical examination revealed that MJT objects produced at various BOs displayed 
different textures and surface characteristics, including layer configurations, gas porosities, 
droplet separation, and subsurface turbulence in layers. Tilting the manufactured surface 
resulted in microscopic inhomogeneities that affected the optical properties of translucent 
MJT materials. Accordingly, the effect of applied forces during processing, such as gravity 
and centrifugal force, on texture variation was discussed. 

As shown by spectrophotometric analysis, BO influenced the reflectance, transmittance, and 
absorbance of CMY colors more than black photo resin. The spectral shifts in 
spectrophotometry were explained by PCA score distribution. Although each photo resin 
responded differently to the principal components, the same pattern of variation for the 
materials studied was observed for both reflectance and transmittance. The Kendall rank 
correlation coefficient for transmittance measurements indicated that BO 75° resulted in a 
more significant deviation. In terms of reflectance, BOs 60° and then 90° resulted in the 
largest spectral shifts. Kendall’s  also showed that texture and manufactured layer variation 
caused by various BOs impacted the reflectance more than the transmittance results. 

There was a substantial effect of measurement direction on gloss, haze, and scattering results, 
indicating the importance of microsurface normal direction on the gloss measurements. A 
slight increase in color difference by less than 2 according to CIEDE2000 was recorded. 
Gloss and haze in vertical measurement directions decreased significantly when the surfaces 
were tilted from 0° to 90°. The subsurface scattering results, however, increased with the 
increase in BO, regardless of the direction of measurement.  

Overall, the results indicated that BO significantly affected the surface texture and layer 
orientation, leading to a variation in surface quality due to its impact on all studied attributes. 
Results also suggest that the measurement direction of the gloss meter can significantly affect 
the gloss measurements in additive manufacturing. The findings of this study indicated that 
gloss and scattering were more critical than color appearance in the optical assessment of 
MJT products in response to different BO.  

For future studies, it is expected that full-color 3D printing, particularly MJT technology, 
gain significant attention. Computational fluid dynamics and numerical techniques for the 
simulation of manufacturing processes can enhance knowledge of induced anisotropic 
arrangements and their impact on manufacturing and product properties. Furthermore, it is 
necessary to conduct further research on the materials application procedure and the actual 
stress, heat, and aging that will affect the texture and appearance of objects in material jetting. 
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Data availability  

The main part of the raw/processed data required to reproduce these findings is available at 
https://doi.org/10.5281/zenodo.7579455 

The rest cannot be shared at this time as the data also forms part of an ongoing study. 
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5. Appendix A. Supplementary data for spectrometry in VIS-NIR wavelength range 

Fig. A1 illustrates transmittance spectra in the visible (VIS) and near-infrared (NIR) 
wavelength ranges. While the transmittance was similar for both the front and back sides of 
CMYK specimens, the distribution was opposite in the NIR range. Furthermore, the spectral 
shifts were more significant in the NIR than in the VIS range. One explanation for this 
behavior can be the presence of impurities such as water molecules due to porous structure at 
the microscopic level. 

a) b) 

  

Fig. A1. VIS-NIR transmittance measurements at a) front and b) back of MJT parts manufactured at different 
build orientations. 
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6. Appendix B. Supplementary data for statistical analysis 

Fig. B1 illustrates PCA results using relevant spectra as the input variable and the build 
orientation angles as the observation group. As can be seen, PC1 had a determining role in 
BO's influence on the reflectance and transmittance spectra, except for the reflectance results 
for black resins. Additionally, the PCA analysis showed 75°, 60°, 0°, and 90° as the 
indicative build orientation angles, which were explained in Kendall’s rank correlation 
coefficient. 

 

Fig. B1. PCA results for spectral measurements of MJT specimens. The numeric labels on the loading vectors 
signify the related BO angles. In addition, score dots correspond to the spectral results. 

 

Tables B1 to B12 list Kendall correlations for pairs of build orientation angles using a 2-
tailed test of significance. 
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Table B1. Kendall correlations for build orientation angles ([0°-90°], 15° step) for the reflectance of cyan. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.98081 0.97862 0.96202 0.95527 0.94647 0.93007 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.98081 1 0.98205 0.97155 0.96539 0.95597 0.94278 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.97862 0.98205 1 0.97464 0.97124 0.95972 0.94339 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.96202 0.97155 0.97464 1 0.98243 0.97382 0.95387 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.95527 0.96539 0.97124 0.98243 1 0.97601 0.95815 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.94647 0.95597 0.95972 0.97382 0.97601 1 0.97069 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.93007 0.94278 0.94339 0.95387 0.95815 0.97069 1 

p-value 0 0 0 0 0 0 -- 

 

Table B2. Kendall correlations for build orientation angles ([0°-90°], 15° step) for the reflectance of magenta. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99643 0.99456 0.98897 0.99095 0.98975 0.97677 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99643 1 0.99527 0.99061 0.99225 0.99116 0.97623 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99456 0.99527 1 0.99309 0.99407 0.99039 0.97461 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.98897 0.99061 0.99309 1 0.99429 0.98816 0.97081 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99095 0.99225 0.99407 0.99429 1 0.99202 0.97557 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.98975 0.99116 0.99039 0.98816 0.99202 1 0.98227 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.97677 0.97623 0.97461 0.97081 0.97557 0.98227 1 

p-value 0 0 0 0 0 0 -- 
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Table B3. Kendall correlations for build orientation angles ([0°-90°], 15° step) for the reflectance of yellow. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.98856 0.9824 0.97307 0.93677 0.93586 0.9412 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.98856 1 0.98986 0.98141 0.94668 0.94569 0.95088 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.9824 0.98986 1 0.98657 0.9533 0.95132 0.95714 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.97307 0.98141 0.98657 1 0.96358 0.96061 0.96648 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.93677 0.94668 0.9533 0.96358 1 0.98893 0.98695 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.93586 0.94569 0.95132 0.96061 0.98893 1 0.98516 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.9412 0.95088 0.95714 0.96648 0.98695 0.98516 1 

p-value 0 0 0 0 0 0 -- 

 

Table B4. Kendall correlations for build orientation angles ([0°-90°], 15° step) for the reflectance of black. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.96592 0.96712 0.96014 0.914 0.95722 0.95205 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.96592 1 0.9655 0.96527 0.91216 0.96434 0.95416 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.96712 0.9655 1 0.9632 0.91362 0.96352 0.95243 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.96014 0.96527 0.9632 1 0.91563 0.95965 0.95349 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.914 0.91216 0.91362 0.91563 1 0.91487 0.9158 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.95722 0.96434 0.96352 0.95965 0.91487 1 0.96169 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.95205 0.95416 0.95243 0.95349 0.9158 0.96169 1 

p-value 0 0 0 0 0 0 -- 
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Table B5. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% front of cyan. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99632 0.99321 0.98873 0.98382 0.97697 0.98873 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99632 1 0.99599 0.99154 0.98696 0.98042 0.99138 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99321 0.99599 1 0.9949 0.99032 0.9825 0.9945 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.98873 0.99154 0.9949 1 0.9946 0.98582 0.99532 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.98382 0.98696 0.99032 0.9946 1 0.99133 0.99205 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.97697 0.98042 0.9825 0.98582 0.99133 1 0.98347 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.98873 0.99138 0.9945 0.99532 0.99205 0.98347 1 

p-value 0 0 0 0 0 0 -- 

 

Table B6. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% front of magenta. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99819 0.99741 0.99545 0.99311 0.98916 0.98859 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99819 1 0.99814 0.99687 0.99452 0.99093 0.99027 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99741 0.99814 1 0.99687 0.99486 0.99085 0.99014 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.99545 0.99687 0.99687 1 0.9974 0.99325 0.99271 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99311 0.99452 0.99486 0.9974 1 0.9954 0.99504 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.98916 0.99093 0.99085 0.99325 0.9954 1 0.99841 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.98859 0.99027 0.99014 0.99271 0.99504 0.99841 1 

p-value 0 0 0 0 0 0 -- 

 

  



23 
 

Table B7. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% front of yellow. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99612 0.99326 0.99266 0.99316 0.99248 0.9899 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99612 1 0.99097 0.99071 0.9912 0.9927 0.98957 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99326 0.99097 1 0.99194 0.99375 0.99191 0.99151 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.99266 0.99071 0.99194 1 0.99562 0.99506 0.99367 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99316 0.9912 0.99375 0.99562 1 0.99563 0.99317 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.99248 0.9927 0.99191 0.99506 0.99563 1 0.99261 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.9899 0.98957 0.99151 0.99367 0.99317 0.99261 1 

p-value 0 0 0 0 0 0 -- 

 

Table B8. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% front of black. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99746 0.99758 0.99791 0.99803 0.99614 0.99599 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99746 1 0.99744 0.99769 0.9975 0.99655 0.99634 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99758 0.99744 1 0.99827 0.99768 0.99648 0.99619 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.99791 0.99769 0.99827 1 0.99804 0.99651 0.99642 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99803 0.9975 0.99768 0.99804 1 0.99733 0.99669 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.99614 0.99655 0.99648 0.99651 0.99733 1 0.99714 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.99599 0.99634 0.99619 0.99642 0.99669 0.99714 1 

p-value 0 0 0 0 0 0 -- 
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Table B9. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% back of cyan. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99632 0.99185 0.98552 0.98277 0.97707 0.99384 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99632 1 0.9947 0.98805 0.98568 0.9802 0.99556 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99185 0.9947 1 0.99242 0.98941 0.98351 0.99596 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.98552 0.98805 0.99242 1 0.99546 0.98828 0.98987 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.98277 0.98568 0.98941 0.99546 1 0.99211 0.98686 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.97707 0.9802 0.98351 0.98828 0.99211 1 0.98024 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.99384 0.99556 0.99596 0.98987 0.98686 0.98024 1 

p-value 0 0 0 0 0 0 -- 

 

Table B10. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% back of magenta. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.99846 0.99753 0.99472 0.99183 0.98899 0.99279 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.99846 1 0.99839 0.99603 0.99343 0.99041 0.99438 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99753 0.99839 1 0.99657 0.99325 0.99056 0.99492 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.99472 0.99603 0.99657 1 0.99612 0.99324 0.99696 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99183 0.99343 0.99325 0.99612 1 0.99658 0.99768 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.98899 0.99041 0.99056 0.99324 0.99658 1 0.99516 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.99279 0.99438 0.99492 0.99696 0.99768 0.99516 1 

p-value 0 0 0 0 0 0 -- 
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Table B11. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% back of yellow. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.9953 0.99702 0.9963 0.99201 0.99024 0.99388 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.9953 1 0.99612 0.99582 0.99093 0.98943 0.9918 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99702 0.99612 1 0.99679 0.99346 0.99124 0.99311 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.9963 0.99582 0.99679 1 0.99225 0.99052 0.99321 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99201 0.99093 0.99346 0.99225 1 0.99554 0.99048 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.99024 0.98943 0.99124 0.99052 0.99554 1 0.9904 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.99388 0.9918 0.99311 0.99321 0.99048 0.9904 1 

p-value 0 0 0 0 0 0 -- 

 

Table B12. Kendall correlations for build orientation angles ([0°-90°], 15° step) for T% back of black. 

BO (deg) 0 15 30 45 60 75 90 
0 Kendall Corr. 1 0.9959 0.99568 0.99665 0.99629 0.99571 0.99423 

p-value -- 0 0 0 0 0 0 
15 Kendall Corr. 0.9959 1 0.99637 0.99676 0.99616 0.99539 0.99437 

p-value 0 -- 0 0 0 0 0 
30 Kendall Corr. 0.99568 0.99637 1 0.99615 0.9955 0.99628 0.99463 

p-value 0 0 -- 0 0 0 0 
45 Kendall Corr. 0.99665 0.99676 0.99615 1 0.99742 0.99564 0.99434 

p-value 0 0 0 -- 0 0 0 
60 Kendall Corr. 0.99629 0.99616 0.9955 0.99742 1 0.99637 0.99515 

p-value 0 0 0 0 -- 0 0 
75 Kendall Corr. 0.99571 0.99539 0.99628 0.99564 0.99637 1 0.99546 

p-value 0 0 0 0 0 -- 0 
90 Kendall Corr. 0.99423 0.99437 0.99463 0.99434 0.99515 0.99546 1 

p-value 0 0 0 0 0 0 -- 
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7. Appendix C. Supplementary BRDF data for gloss measurements 

BRDF data are displayed in Fig. C1 and C2 to spatially illustrate the measurement of 
reflected light in each direction. A BRDF can distinguish surface texture and irregularities, 
such as orange-peel defects, which are usually not visible or perceived by the human eye. As 
shown in the following figures, the decrease in BRDF corresponding to an increase in BO 
indicates a decline in specularly reflected light. In other words, it corresponds to gloss and 
haze. Further, the uneven multipeak shape of BRDF graphs suggests a textured surface in 
MJT products. 

 

Fig. C1. Vertical measurement of BRDFs at a specular angle of 20° for various build orientations of CMYK 
resins.  
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Fig. C2. Vertical measurement of BRDFs at a specular angle of 60° for various build orientations of CMYK 
resins. 
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Abstract 

Additively manufactured (AM) parts still lack a thorough understanding of their optical properties, 
particularly in terms of surface texture and reflectance characteristics at different viewing angles. This 
study examines the reflectance properties of material jetting (MJT) parts using bidirectional 
reflectance distribution functions (BRDFs). The visual appearance of the MJT parts was analyzed 
using a gonio-spectrophotometer at 328 unique incidence and viewing geometries for seven different 
wedge angles for build orientation (BO) from 0° to 90° at 15° intervals. The redundancy analysis 
(RDA) and principal component analysis (PCA) were used to study BO and to determine the 
prominent measurement geometries. The results indicate higher BOs resulted in more color and 
texture variation and rougher surfaces, with Sq 4.21 m vertical compared to 1.42 m for horizontal 
BOs. Furthermore, it affected the visual representation and parametric estimation of BRDF, where 
significantly lower luminance, more diffuse reflection, and less hue distribution were observed for all 
CMYK resins printed at higher BOs. Accordingly, vertically printed surfaces showed a wider near-to-
specular luminance area than other BOs. An analysis of the bidirectional reflectance property suggests 
that a gonio-spectrophotometer can be embedded in the printing process and quality assurance in AM 
as a computationally efficient model. 

 

Keywords: Bidirectional reflectance distribution function, Spectral analysis, Digital materials, 
Appearance, 3D printing 
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1. Introduction 

A key advantage of additive manufacturing (AM) is the ability to create complex geometries and 
customized designs. However, the poor surface finish of 3D-printed models has limited the 
widespread adoption of this technology and requires additional post-processing for most applications. 
Material jetting (MJT) techniques, such as PolyJet, have become popular to produce functional 
polymers, scaffolds for tissue engineering, multi-material structures, and memory shape polymers for 
4D printing [1, 2]. It is primarily due to their general homogeneity, accuracy, and low surface 
roughness compared to the other AM processes [3].  

The quality of a printed part can be affected by a number of parameters throughout the printing 
process [4]. To discuss how primary processing parameters can be optimized to improve surface 
quality for appearance, it is necessary to investigate the role of measurement in appearance 
assessment. The color of a material is determined by wavelength-specific light phenomena, while the 
gloss, translucency, and similar properties are determined by geometric or directional selectivity [5]. 
Numerical expressions of appearance attributes are essential for simplifying quantification and 
advancing the science and technology of the material appearance field [6]. However, the measurement 
geometry and direction play a significant role in the evaluation of the material appearance [5, 7]. 

Physical-based reflectance models can be used to accurately model light interactions with materials by 
incorporating the surface properties of the material, such as the bidirectional reflectance distribution 
[8]. Measurement of light reflected bidirectionally from the material surface is widely used for 
understanding material appearance by modeling a reflectance model like the bidirectional reflectance 
distribution function (BRDF) [7], spatially varying BRDF (svBRDF) [9], or the bidirectional 
scattering-surface reflectance distribution function (BSSRDF) [10] depending on the optical 
properties [11]. BRDF modeling can be computationally efficient [10] and a reliable appearance 
assessment method for homogenous and opaque surfaces. BSSRDF and svBRDF are considered to be 
more reliable methods for non-opaque and non-homogenous materials [12]. However, for applications 
such as online quality assurance for 3D-printed products, the BRDF model is significantly faster and 
simpler to implement than the svBRDF and BSSRDF models given its reduced dimensionality [13]. 
MJT surfaces are typically printed smooth and can be glossy [14]. As a result, the BRDF model can 
be suitable for simulating surface reflectance for MJT surfaces with specular reflections.  

Several measurement techniques, such as a gonio-reflectometer [15], a dome-shaped system [16], 
robotic arms integrated with cameras, or an image-based system [17], have been used in the past to 
measure surface reflectance bidirectionally. However, the process of bidirectional reflectance 
measurement can also be time-consuming and tedious [18], which requires workflow improvement. 
Color science and colorimetry widely use the CIEXYZ tristimulus values [19] that are calculated 
using the surface reflectance, the CIE color matching function, and spectral power distribution of the 
light source. The CIEXYZ – Y component represents luminance, which is an important aspect of 
color reproduction and color matching of surfaces in AM. The chromaticity coordinates are 
represented by the CIEXYZ – X and CIEXYZ – Z components [4]. BRDF modeling is heavily 
influenced by the luminance of the color [7, 15]. Although the L* component in the CIELAB and 
CIELCH color models reflects the lightness of the color [4], this component is based on a nonlinear 
transformation using the CIEXYZ – Y and therefore is used to model surface reflectance in most of 
the cases [19, 20]. 

It is common for MJT objects to be complicated in appearance, and to represent a mixture of textures 
created by the application of layers of ink [18]. As a result, it is crucial to study the detailed texture 
properties of the 3D-printed surfaces when evaluating BRDF models [21]. MJT printing technology 
has been widely used to produce complex and visually appealing 3D objects due to its stability to 



produce homogeneous surfaces compared to other AM techniques [22], particularly using recently 
developed machines, such as Stratasys J55 [14]. By reducing the influence of errors in the 
measurement process and following a reproducible procedure, satisfactory results can be achieved 
[23]. 

Typical MJT machines such as PolyJet J750 follow a three-dimensional Cartesian coordinate system 
equipped with a multi-nozzle printhead [24]. We discussed in our earlier work [14] how high-
resolution and rotary tray printers enable the printing of materials with vastly unique properties. 
Consequently, components with even more complex shapes and appearances can be produced.  

The build orientation (BO) and the wedge angle for tilted surfaces are considerably flexible, but 
specific orientations may be required depending on the design and to control the surface texture [25, 
26]. Furthermore, a wrong orientation and high speeds can also impair accuracy and functionality [27-
29]. In terms of how BO influences the functionality and quality of MJT parts, there is limited 
research available [22, 30-32] that focused on the typical MJT machines with Cartesian systems. 
Nevertheless, the role of rotary discs in studying BRDFs has not yet been addressed. 

In this paper, we discuss the role of measurement in appearance assessment using BRDF and color 
variation models. A detailed analysis of the influence of the build orientation on the MJT surface 
reflectance is also provided. As part of explaining the role of BO in the surface reflectance model, the 
variation in the surface texture and roughness in the manufactured parts produced with CMYK resins 
is discussed as well. The findings are summarized by providing multivariate statistical score results 
for the most important measurement geometries. 

 

2. Methodology 

2.1. Test samples and bidirectional surface reflectance measurement 

A J55 PolyJet 3D printer (Stratasys, Israel) was employed to generate test samples using VeroCyan, 
VeroMagenta, VeroYellow, and VeroBlackPlus, as corresponding CMYK colors. Vero materials are 
composed of acrylic oligomers combined with proprietary components, providing low-viscosity 
materials with similar mechanical, thermal, and electrical properties [33]. Bilayer structures of 35.50 
× 40.00 (mm) were constructed using 1 mm thick CMYK plates on a 1 mm thick white background 
following the best practices of Stratasys for PolyJet and Pantone's guidelines for color matching [34]. 
An array of seven different build orientations was printed at intervals of 15° from 0° (reference) to 
90° on the middle swath of a rotary disc using a glossy-on-glossy (GoG) finish. To collect data, 
experiments were designed with a full factorial approach. Fig. 1a represents specimens manufactured 
at BO 0°,15°, 75°, and 90° as viewed at 45° and under standard daylight illumination.  

Bidirectional reflectance was measured spectrally using the GON 360 gonio-meter (Instrument 
Systems, Germany) equipped with a CAS 140CT array spectrophotometer (Instrument Systems, 
Germany). Fig. 1b and c depict the geometry of measurements and the main components of the 
measurement equipment. Bidirectional spectral reflectance was captured in the range of 380 nm to 
780 nm at 5 nm intervals and at 328 unique pairs of the incident ( i) and viewing ( r) directions, as 
measurement geometries. Incidence angles were set between -60° and 0°, and the bidirectional 
reflectance at viewing angles between -30° and 65° was measured at intervals of 1° for specular and 
near-to-specular angles, and 5° for the rest.  

 



a) b) 

 

c) 

Fig. 1. a) CMYK specimens manufactured at BO 0°,15°, 75°, and 90°, as observed under D50 daylight standard 
illumination, b) measurement geometries, and c) gonio-spectrophotometer components. 

 

CIEXYZ tristimulus values were further calculated based on the spectral reflectance of the sample 
surface S( ), D50 illuminant I( ), and CIE standard observer (2°) , , and  color matching functions 
according to CIE15.2 [5]. 

Keyence VH-ZST microscope (Keyence International, Belgium) was used to evaluate the surface 
morphology and roughness measurements of the 3D-printed objects.  

 

2.2. Redundancy and principal component analysis 

Redundancy analysis (RDA) was set to use i and r as observed variables, as well as BOs associated 
with build orientation as explanatory labels. To validate luminance evaluation by reflectance data and 
determine the prominent measurement angles, principal component analysis (PCA) was used to 
analyze multivariate spectral data. PCAs were performed for all 328-reflectance data of each printed 
resin at different build orientations, considering the correlation matrix. The periodic peaks of pulse 
integration results for PCA scores were used to identify the most important spectral bands or 
wavelengths that contribute to the observed changes in the Y value as a function of build orientation. 
Identifying significant wavelengths and frequencies in the spectra resulted in detecting critical BRDF 



measurement angles. Data analysis was conducted using R statistical software 4.2.1 and Origin 2022 
(OriginLab). 

 

3. Results and discussions 

CIE1976 u',v' chromaticity diagrams in Fig. 2 show the distribution of 328 points corresponding to the 
measurement geometries for each of the CMYK colors at various build orientations according to their 
corresponding BOs in the specimens. Results indicate that when the specimens were manufactured at 
the horizontal direction (BO 0°), there was generally a higher distribution of points for each of the 
CMYK colors than for higher angles, particularly 90°. Furthermore, the distribution was more 
pronounced for cyan and magenta colors as compared to black, where yellow resin showed a mediate 
distribution. 

  



    

    

    

    

    

    

    

Fig. 2. Hue u', v' stimuli distribution according to CIE1976 chromaticity diagram. C: Cyan, M: Magenta, Y: 
Yellow, and K: Black. 



As CMYK colors interact with light at different angles, the distribution of points on the CIE1976 u', v' 
chromaticity diagram varied. The microsurfaces of 3D-printed objects with zero BOs reflect light 
directly (Fig. 3a), which may interact for a longer period and more directly. It led to more scattering 
of light thus resulting in a high variation of u' and v' values in the CIE1976 u', v' chromaticity diagram 
for each of the CMYK colors and texture variation as can be seen in Fig. 3b. With the increasing BO, 
the microsurfaces of the 3D-printed object were oriented away from the direction of the light source. 
As a result, light scattering was reduced, resulting in a small variation of u' and v' values in the 
CIE1976 u', v' chromaticity diagram. The scattering of the reflected light was higher for cyan, and 
magenta compared to the black material. Therefore, adjusting the object orientation or modifying the 
resin properties might need to be considered to achieve a more consistent color distribution in MJT. 

a) b) 

  

Fig. 3. a) Variation in the surface texture with the build orientation and b) focal microscopic images of BO 
0°,45°, and 90°. 

 

As listed in Table 1, MJT produced exceptionally smooth surfaces, although it was affected by the 
build orientation. The smoothest surface was obtained with a flat orientation (Sa=1.02 m), followed 
by a BO 45° angle (Sa=2.09 m) and a vertical angle (Sa=3.83 m). All specimens had slightly 
positive skewness values (Ssk), resulting in more peaks and asperities than valleys, according to ISO 
25178-2 [35]. These profile peaks were slightly sharp as indicated by high kurtosis (Sku) values. 

Table 1 Results of mean surface roughness. 

Area roughness parameter* 
Build orientation (°) Sa ( m) Sq ( m) Ssk Sku  
0 1.02 1.42 0.03 2.20 

45 2.09 2.65 0.05 3.13 

90 3.83 4.21 0.06 2.95 

* Sa: Height deviations from the mean reference plane of the 
measurement area (A); Sq: Root mean square of surface heights. 

 

As a result of multilayering semi-transparent digital materials to achieve desired aesthetics, MJT 
objects tend to appear glossy and hazy [36], which can be explained by studying the specular and 
near-to-specular measurement angles, i.e., at most 10° away from specular reflection ( r-S) [15]. A 
specular reflection occurs when light reflects off a surface at an angle equal to its angle of incidence, 
resulting in a bright, mirror-like reflection [8]. Y values differ between specular and near-to-specular 
angles due to differences in reflectance properties. A near-to-specular reflection occurs when light is 



reflected off a surface at an angle slightly different from the angle of incidence, which results in a 
diffuse reflection [11]. As evident from the test results in Fig. 4, certain angles showed higher 
luminances, suggesting that the optical properties at these angles were more efficient at reflecting 
light and were specular. It provides information about the surface gloss and reflectance of the printed 
material, which can be correlated with its underlying physical properties, e.g., texture.  

  



    

    

    

    

    

    

    

Fig. 4. Luminance Y plot of the CMYK resins test sample manufactured at different build orientations. Colors 
represent the corresponding sRGB hues. 



Fig. 5 illustrates that the Y component of the tristimulus color value for 3D-printed objects was the 
maximum for specular angles and decreased as the build orientation increased. In particular, the Y 
values for specular angles were consistently higher and narrower than those for near-to-specular 
angles, with maximum values observed at BO 0°. The Y values for both specular and near-to-specular 
angles decreased with increasing BOs, with a greater decrease for specular angles. Moreover, BO 90° 
demonstrated significantly more hazy luminance compared to other specimens for all resins, leading 
to a complex visual appearance. It was attributed to the change in surface texture and reflectance 
properties of the printed objects (Fig. 3b). As the wedge angle for BO increased, the surface texture 
became rougher (Table 1), leading to an increase in diffuse reflection, a decrease in specular 
reflection, and reducing the Y values.  

Parts printed in a horizontal orientation resulted in smooth surfaces because layers of material were 
deposited on top of each other. Conversely, when pieces were printed in a non-horizontal orientation, 
i.e., tilted surfaces, the materials were deposited at an angle. It caused stair-stepping effects and a 
rougher surface finish, resulting in a diffuse appearance [37]. There were, however, several other 
factors that could affect the surface finish of parts produced by MJT, such as the size of the droplets 
and the duration of the curing process. For instance, reducing the droplet size could improve the 
surface finish of parts produced in a vertical orientation, as seen previously for fused deposition 
modeling (FDM) [3].  

Table 2 lists the mean CIEXYZ – Y (luminance) at specular ( r-S) and near-to-specular ( r-S ± 4°) 
angles from 18 geometries for each, associated with Fig. 5. The maximum  at specular angles could 
be found for BO 0° by 1600.43 ± 924.31, 1410.02 ± 843.26, 1399.56 ± 807.55, and 1376.93 ± 793.8 
for CMYK colors, respectively. On the other hand, vertical printing (BO 90°) resulted in the lowest 
luminances at specular angles by 273.56 ± 166.87, 78.65 ± 42.92, 136.67 ± 55.97, and 174.36 ± 
111.41 for CMYK, respectively. The standard deviation followed the same trend. Although increasing 
BO in most cases resulted in lower luminances, BO 45°, and 60° exhibit different behavior depending 
on the color. In the case of BO 60°, for instance, the luminance for the cyan color was considerably 
high (1011.95 ± 683.7) compared to BO 45°. As well, near-to-spectral angles for BO 90° displayed 
greater luminance than specular angles, while in all other BOs, specular angles constantly showed 
maximum . 

 

  



    

    

    

    

    

    

    



Fig. 5. Luminance Y distribution contour plots and their respective incident angle projection (top graph) and 
viewing angle projection (right graph). The black line represents the specular ( r-S) angles, and the purple and 

gray lines are corresponding to the near-to-specular ( r-S ± 4°) angles. 

 

Table 2 The mean luminance at specular ( r-S) and near-to-specular ( r-S ± 4°) angles. 

 Photo resin 
Build 
orientation (°) 

Measurement 
geometry 

Cyan 
( ±SD*) 

Magenta 
( ±SD) 

Yellow 
( ±SD) 

Black 
( ±SD) 

0 r-S 1600.43 ± 924.31 1410.02 ± 843.26 1399.56 ± 807.55 1376.93 ± 793.8 
r-S +4° 389.09 ± 231.37 99.48 ± 110.4 103.44 ± 100.1 68.41 ± 100.11 
r-S -4° 359.77 ± 314.11 1156.69 ± 733.18 1228.17 ± 782.74 1340.52 ± 869.43 

 
15 r-S 906.39 ± 617.64 539.32 ± 370.55 661.17 ± 478.09 867.62 ± 633.52 

r-S +4° 152.7 ± 88.3 413.54 ± 277.46 377.33 ± 224.51 436.76 ± 278.26 
r-S -4° 768.06 ± 519.23 309.36 ± 185.91 287.62 ± 164.2 417.41 ± 266.05 

 
30 r-S 592.98 ± 403.33 614.59 ± 411.9 652.19 ± 415.42 621.43 ± 424.08 

r-S +4° 422.93 ± 276.51 421.07 ± 277.61 450.8 ± 273.96 402.29 ± 266.71 
r-S -4° 346.65 ± 204.08 379.47 ± 226.22 419.34 ± 232.3 365.35 ± 221.36 

 
45 r-S 432.74 ± 298.01 781.14 ± 530.7 935.59 ± 633.23 438.87 ± 306.58 

r-S +4° 321.04 ± 220.39 394.1 ± 244.82 511.39 ± 284.67 297.59 ± 200.58 
r-S -4° 291.66 ± 179.51 470.51 ± 291.23 362.26 ± 193.01 252.7 ± 157.46 

 
60 r-S 1011.95 ± 683.7 668.91 ± 496.39 715.43 ± 503.93 768.9 ± 533.4 

r-S +4° 467.23 ± 268.64 358.39 ± 230.6 447.33 ± 261.38 489.79 ± 321.3 
r-S -4° 406.7 ± 223.21 238.97 ± 139.12 257.03 ± 128.74 364.53 ± 213.48 

 
75 r-S 392.08 ± 336.27 518.78 ± 346.86 532.54 ± 342.15 264.94 ± 185.86 

r-S +4° 120.32 ± 77.08 344.21 ± 222.38 374.59 ± 226.03 197.73 ± 140.99 
r-S -4° 118.45 ± 69.99 300.28 ± 174.64 300.96 ± 158.37 142.42 ± 86.87 

 
90 r-S 273.56 ± 166.87 78.65 ± 42.92 136.67 ± 55.97 174.36 ± 111.41 

r-S +4° 155.63 ± 92.75 105.21 ± 64.43 162.25 ± 78.31 195.43 ± 135.63 
r-S -4° 335.49 ± 226.29 61.06 ± 30.89 116.7 ± 43.86 154.89 ± 92.81 

* ±SD: The mean CIEXYZ – Y (luminance) ± one standard deviation 

 

RDA can provide valuable insights into the relative importance of studied factors, and how they 
interact with each other to influence the appearance characteristics of 3D-printed objects [38]. An 
RDA plot for Y results is shown in Fig. 6a, which includes vectors representing i and r (observed 
variables), as well as associated BOs (explanatory labels in Fig. 6b). Since principal component 1 
(PC1) represents 99.24% of the cumulative eigenvalue, a linear correlation between the variables, 
including measurement geometry and build orientation, could be signified. 

The variation in BOs was positively correlated with r, whereas i variation showed a weaker and 
negative correlation. It can be explained by the alignment of all build orientation vectors toward r, 
and the opposite direction of i with a shorter vector. Moreover, the vector associated with a BO 90° 
was assigned to positive PC2, while the remaining vectors were assigned to negative PC2. In other 



words, printing vertically appeared differently from printing tilted surfaces. This suggests that the 
build orientation BOs play a critical role in determining the characteristics of the 3D-printed objects in 
this study. Furthermore, this indicates that the effect of additional factors other than BO variations, 
including resin colors, was negligible. Appendix A provides complementary data on the RDA results. 

a) b) 

  

Fig. 6. a) RDA ordination diagram (triplot) of CMYK specimens and b) its corresponding enlarged (10X) triplot 
considering the explanatory vectors related to the build orientations. The red points represent specular and near-

to-specular scores for luminance Y, and the blue points represent the remaining scores. 

 

PCA scores are presented in Fig. 7, which illustrates the relationship between the i and r and the 
corresponding PCA scores. The sizes of the points on the graph indicate their corresponding PCA 
scores, with larger points indicating higher scores distributed mainly around -60°:60°. Similar to the 
observed trends in Fig. 4 and Fig. 5, PCA and CIEXYZ – Y demonstrated ties in terms of surface 
appearance and texture. However, BO 90° represented shifted results to higher viewing angles, due to 
different textures. Contrary to specular reflection for other BOs, vertical BO demonstrated diffuse 
reflectance and a wider near-to-specular reflectance zone. PCA for spectral data indicated a 
cumulative percentage of eigenvalues between 97.2% to 100% for PC1. It suggests that all the 
variability in the spectral data could be explained by PC1 and the spectral data for each BRDF 
measurements batch were linearly correlated.  

There were a few measurement geometries, mainly within the specular region could contribute the 
most to BRDF estimation using the measured bidirectional reflectance. The number of crucial 
geometries ranged from 12 to 14 pairs of the i and r angles out of the 328 measurement pairs. The 
bidirectional reflectance measurement process may therefore be optimized for these measurement 
geometries compared to measuring all the possible directions. This would result in a quicker and cost-
effective method for measuring the bidirectional reflectance of these materials that can be used for 
reflectance modeling. Complementary data on the pulse integration results and PCA are listed in 
Appendix B. 



 

Fig. 7. PCA-based representation of the most prominent measurement angles. Point sizes correspond to 
standardized PC1 scores. 

 

4. Conclusions 

Bidirectional reflectance measurements are crucial for understanding the 3D-printed surface texture 
and appearance. This study evaluated the light reflection on the MJT surfaces using the bidirectional 
reflectance measured using a gonio-spectrophotometer. The surface texture and roughness of parts 
produced using the material jetting 3D printing process can significantly be affected by build 
orientation. According to the results, the combination of a wrong orientation can result in poor 
accuracy. The texture and surface roughness study revealed a higher build orientation resulted in 
higher surface roughness, particularly for vertical 3D-printed surfaces. When parts were printed 
horizontally, the layers of material were deposited on top of one another, resulting in a more uniform 
surface texture. Alternatively, printed in a vertical orientation, the layers were deposited at an angle, 
which resulted in an irregular surface texture, especially for BOs of 90 degrees. 

In addition, the results indicated that the orientation of the object results in hue and chroma variation, 
particularly for cyan and magenta resins compared to yellow and black. The orientation of the build 
during printing also affects the quality of the 3D-printed part. As a result of the high-speed technology 
of MJT, large volumes of material can be jetted simultaneously, but a wrong orientation can lead to a 
decrease in print accuracy. RDA and PCA techniques allowed for the identification of significant 
spectral bands or wavelengths that contributed more to the change in reflectance, as well as the 
relationship between different variables, such as build orientation and surface reflectance. PCA results 
suggested that a few illumination and viewing directions were critical for the accurate BRDF 
estimation. Incorporating luminance distribution (CIEXYZ – Y) and PCA scores of reflectances 
provided a better understanding of 3D-printed surface appearance attributes like texture, and 
roughness and can lead to better 3D print process optimization. As opposed to specular reflection for 
other BOs, vertical BOs demonstrated diffuse reflectance and a wider near-to-specular reflectance 
zone. 

The choice of model for modeling the interaction of light with materials in AM depends on the 
properties of the material and the application requirements. It may be more accurate to model 
translucent or transparent materials or materials that scatter light in all directions with a spatially 
varying BRDF and/or a BSSRDF model. The BRDF model, however, remains the most popular 



model to model surface reflectance due to its computational efficiency and suitability for modeling 
surfaces with specular reflection. 

The combination of materials improvement with targeted appearance attributes of 3D structures opens 
unprecedented opportunities for further application of AM in the industry. The PolyJet technique 
represented an exciting and versatile MJT printing technology that confirmed significant potential to 
produce complex and visually appealing 3D objects. For future studies, optimizing primary 
processing parameters and accurate measurement of appearance attributes are critical to improving 
surface quality in MJT technology. It would be crucial to evaluate and compare the use of more 
complex reflectance models like the svBRDF, BSSRDF, and bidirectional transmittance distribution 
function (BTDF). It would also be important to consider other factors that may affect the appearance 
of AM products, including but not limited to material properties and printing parameters. 
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Appendix A. Supplementary data for RDA 

The material jetting (MJT) process entails precisely dispensing digital materials through tiny nozzles 
to achieve the desired shape and dimensions of the part. To achieve desired aesthetics, MJT objects 
are typically constructed using multiple layers of semi-transparent digital materials. Typical PolyJet 
parts exhibit semi-translucency, haziness, and complexity due to the layering and agitation of photo 
resins during manufacture, which should be considered in the appearance assessment of MJT parts. 
However, using dimension reduction techniques is recommended to determine the main influencing 
factors due to the complexity of the appearance of MJT parts. Multivariate statistical analysis 
techniques, such as principal component analysis (PCA) and redundancy analysis (RDA) can provide 
deeper insights into the surface appearance and texture of 3D-printed objects. Table A.1. to A.4. list 
further information on the RDA method used in this work. 

Table A.1. Eigenvalues for the constrained axe. 

 Eigenvalue Percentage of Inertia Cumulative Inertia 

RDA1 208.21 20.64% 20.64% 
RDA2 1.60 0.16% 20.80% 

 

Table A.2. Eigenvalues for the unconstrained axe. 

 Eigenvalue Percentage of Inertia Cumulative Inertia 

PC1 516.85 51.24% 72.04% 
PC2 282.10 27.96% 100.00% 

 

Table A.3. Response variables. 

 Coefficients of RDA1 Coefficients of RDA2 

Incident angle -6.92 1.21 
Viewing angle 13.76 0.61 

 

Table A.4. Explanatory variables. 

 Coefficients of RDA1 Coefficients of RDA2 

0 0.47 -0.08 
15 0.71 -0.38 
30 0.84 -0.33 
45 0.75 -0.28807 
60 0.74 -0.21 
75 0.75 -0.28 
90 0.87 0.14 

 

  



Appendix B. Supplementary data for PCA 

Measurements of BRDF deliver information about how light interacts with printed materials, 
including i and r angles. Using these measurements, printing processes can be optimized for 
different applications. As discussed in this study, the build orientation affected the surface appearance 
and texture of 3D-printed objects. It influenced the reflectance properties of the printed material, 
leading to changes in the surface properties, such as texture and roughness, gloss, and color 
appearance. To determine the main measurement geometries, significant PCA scores were determined 
using pulse integration results shown in Fig. B1 and their PC shares listed in Table B.1. PC1 solely 
was responsible for the correlation observed between the spectral data and build orientation, however, 
a few geometries ( i| r) had a more significant effect on the PC1 by higher scores. These scores were 
read from the peak shown in the following graphs. 

  

Fig. B1. Pulse integration results. Measurement geometries represent a few of 328 geometries. 

 

 

 

 

 



Table B.1. Cumulative eigenvalues of PC1 and PC2 for the appearance 
measurement for studied build orientations. 

Resin Build orientation (°) PC1 % PC2 % 
Cyan 0 98 1.9 
Cyan 15 99.6 0.4 
Cyan 30 100 0 
Cyan 45 100 0 
Cyan 60 99.8 0.2 
Cyan 75 99.8 0.1 
Cyan 90 100 0 
Magenta 0 97.4 2.4 
Magenta 15 100 0 
Magenta 30 100 0 
Magenta 45 100 0 
Magenta 60 99.9 0.1 
Magenta 75 100 0 
Magenta 90 99.8 0.2 
Yellow 0 97.2 2.6 
Yellow 15 100 0 
Yellow 30 100 0 
Yellow 45 99.9 0.1 
Yellow 60 99.9 0 
Yellow 75 100 0 
Yellow 90 99.8 0.2 
Black 0 97.4 2.4 
Black 15 100 0 
Black 30 100 0 
Black 45 100 0 
Black 60 100 0 
Black 75 100 0 
Black 90 100 0 
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Abstract

Studying surface texture and morphology is essential to developing Additive Manufacturing (AM). Assessing the quality of part layer
compounds in the process will assist with adjusting process parameters for optimal part quality in the manufacturing process. For
this purpose, Material Jetting (MJT) system has been used tomanufacture objects at various platform locations (swathes) to examine
the surface morphology, including surface roughness and texture. Due to the rotating disc used as the build platform, the studied
parts showed a different surface morphology from parts printed using other material jetting machines. To study the surface texture,
we generated high resolution surface mesh grids after scanning the surface using a coordinate measuring machine (CMM) and a 3D
scanner. The surface topography was decomposed into scan lines using a fast Fourier transform (FFT). The power spectral density
(PSD) of a surface was calculated and compared to roughness to discuss the surface topography. Signal processing demonstrated
that different textures can be fabricated by tuning the printing position conditions. As a result of determining the surface texture and
roughness characteristics in conjunction with 3D printing parameters in the design process, it was possible to categorize the build
platform regions based on their surface textures.

Keywords: Additive manufacturing, Material Jetting, Texture, Object appearance

1. Introduction

Material Jetting (MJT), as reported in the ISO/ASTM
52900:2015, fabricates objects by jetting materials onto a build
platform in either a Drop on Demand (DOD) or continuous
manner. The jetting process is similar to that of a standard inkjet
printer. PolyJet, Multi Jet Printing (MJP), Objet, and XJet's
NanoParticle Jetting (NPJ) are the fundamental processes in
MJT. Thanks to high resolution MJT 3D printers, manufactured
objects show detailed appearance attributes, such as texture,
color, gloss, and gonio chromatic effects [1, 2].
MJT based products not only depose resins in CMYKW (cyan,

magenta, yellow, black, and white) but can also print different
materials. It is now possible to 3D print MJTmaterials with vastly
different properties, such as a rigid, glassy polymer and a soft,
rubbery material with elastic moduli that differ by nearly three
orders of magnitude at room temperature [1]. Therefore, MJT
has been adopted to produce a wide range of prototypes with
complex shapes and appearances, as well as functional polymers
such as scaffolds for tissue engineering, multi material
structures, and memory shape polymers for 4D printing [3]. MJT
objects are semi translucent, complicated in appearance, and
represent a mixture of textures by applying ink in layers [2].
Thus, the detailed properties are difficult to capture by
conventional methods. Still, it is possible to achieve satisfying
results by decreasing the influence of errors in themeasurement
process and following a reproducible workfellow.
Some of the MJT printers, such as the Stratasys J55, use a

rotary disc as the build platform for 3D printing. The rotating tray
decreases the size of the MJT 3D printer, which allows it to be
used at home or in an office due to the reduced dimensions.
However, it impacts surface morphology and appearance. The

spatial frequency components of additively manufactured
surfaces include texture profile, form, waviness, and roughness
[4]. Each of these components has a unique origin and influences
the appearance and functionality of the product distinctly. The
waviness may indicate machine vibration. The form is typically
the result of poor manufacturing system performance, and the
profile can be identified by layer by layer manufacturing. In
contrast, surface irregularities caused by printing and material
removal errors generate roughness [5]. Considering surface
morphology is essential in creating functional surfaces such as
super hydrophobic and super hydrophilic surfaces, surfaces
with structural colors, and bio inspired/bio mimetic surfaces [6].
Accordingly, the role of surface textures in 3D printed polymers
has been studied and addressed for tribological behavior [7] and
biomechanical [8].
Although the appearance of 3D printed parts is qualitative,

subjective, and controversial [9, 10], instrumental texture
measurements can be used to indirectly evaluate the
performance of AM methods based on their topography as a
quality control concept [11].
The coordinate measuring machine (CMM) is a valuable tool

used to measure the geometrical characteristics of physical
objects [12]. Holmberg et al. [13] investigated the changes in
surface morphologies during machining using optical
microscopy and full width at half maximum (FWHM)
assessment. Texture evaluation enables the reconstruction of
AMprofile and the execution of appearance evaluation and data
registration. Fast Fourier Transform (FFT) analysis filters out
high frequency waves to uncover the underlying signal. Calta et
al. [14] employed the 1D FFT of the line profile of track height to
measure the periodicity of surface characteristics, ignoring the
start and end of the scanning track to eliminate inaccuracies
produced by boundary effects.



  

 

In this context, the structure of the study aims to present a
novel approach to studying surface morphology by investigating
texture profiles and surface roughness on MJT surfaces. The
procedure described in the next section as the experimental
procedure, involves 3D scanning, optical profilometry, and CMM
testing. A rotary MJT system has been used to manufacture
objects at different platform locations (swathes). The outcome
of the experiments has been presented in the results and
discussion section. It opens opportunities for high quality
structures through high fidelity printing and reduces the post
processing requirement, as discussed in the conclusion section.

2. Experimental procedure

Specimens were created using acrylate based materials and
photoinitiators in a Stratasys J55 3D printer. A J55 placement
zone comprises three equal width areas: inner, middle, and
outer (see Figure 1A). For optimal placement and faster
construction, the innermost side of the rotary disc should be
used first. The influence of printing location (swath) on the
texture formation is investigated using a full factorial
experimental design. For this purpose, nine specimens, including
three parts for each swath, were manufactured in sizes of 60 ×
13 × 3.5 mm for texture evaluation and 3D scanning, as well as
40 × 30 × 3.5 mm for roughness measurements. White as
printed parts with a glossy on matte (GoM) finish between the
colored and white layer were selected for 3D scanning (Figure
1B).

A B

C

Figure 1A. Rotary build platform and parts positions on three different
swaths, B. as printed specimens for texture evaluation, and C. trial
specimens for 3D scanning (scale bar 10 mm).

Specimens have been scanned in width (Z axis) and length (X
axis) directions (Figure 2B) using a ZEISS DuraMax CMMmachine
equipped with ZEISS VAST XXT tactile scanning probe and ZEISS
CALYPSO 2021 software. The measurement was conducted with
a step width of 20 m, a probe radius of 1.5 mm, and 2.4 m
accuracy in the measuring length of 30 mm in XYZ directions. A
desktop 3D scanner (AutoScan Inspec, Shining 3D) was used in a
dimmed condition. The samples were mounted on a turntable
and rotated eight times, once every 45°, to provide a 360°
panorama. Using a projector that produced structured light
patterns allowed a scanning accuracy of 10 m. Two 5.0
megapixel CCD cameras are installed in the scanner and used to
measure distorted sizes.Multiple scans from different angles are
used to compile the registered point cloud. After combining the

scans in UltraScan 2022, the model was exported in OBJ format
to SolidWorks Visualize (v2021). A Keyence VH ZST microscope 
(20X to 2000X) is used to measure the surface roughness and
display surface morphology.
Results from the CMM were compared with the object's 3D

coordinates in the computer aided design (CAD) part. Once the
CMM data was gained, it was processed in Gwyddion (v2.59) to
calculate the layer heights, thicknesses, and topography. To
investigate the height distribution, we employed FWHM, the
width measured at the half level between the peak of the line
and the continuum, using the Gauss function to fit the height
distribution curve. OriginPro v9.5 was employed for data
analysis.
ISO 11562 [15] specifies the use of a 1D Gaussian filter to

extract surface contour reference lines by a weight function,
s(x), defined as follows

x exp (1)

where x is a spatial domain variable as the distance from the
maximum of s(x), c is the cutoff wavelength, and the constant
value of delivers 50 % transmission characteristic at c. The
equations below show that the power output is normalized as
the space integral squared amplitude (TISA), where time
represents space in standard annotations.

 (2) (3)

where is the spectrum or power density (PSD),
acts as the auto correlation function for the response

signal, is the sampling interval, and are the real and
imaginary elements of the transform data, and n is considered
as the length of the response sequence. The following function
is used to mitigate leakage./ (4)

where 1 for 0 1, and 0 for the other range.

3. Results and Discussion

J55 printers produce rigid, brittle 3D manufactured
components that are slightly bent over a short period [2]. As
shown in our previous study [16], a closer examination of the
several built models reveals someminor damage and glue to the
pieces. As shown in Figure 2A, the semicircle pattern is visible in
the surface texture images associated with the 3D printed
layers. Therefore, the scanning strategy is crucial for establishing
the appropriate traceability of measurements on CMMs (Figure
2B).
Figure 2C depicts the 3D view of the printed surface after

rasterization. Analysis of the XYZ coordination indicates that the
distribution of Z heights of the surface asperities is less than 17
m. As a result of the slight bending of the parts that typically

occurs a few days after printing, which was observed in our
previous work [9, 16], there is a concentration of missed
scanned meshes in the middle of the models. This can be
attributed to possible post curing exposure to natural light.
High resolution optical images of the specimens can be seen

in Figure 3. The glossy and translucent appearance of MJT
products, along with the curvature resulting from UV
absorbance during storage, make it difficult to study them using



  

 

an optical profilometer (see Figure 3A). The mean parameters of
the area roughness in Table 1 were calculated based on the
surface topography analysis on a region of 2.5 × 2.5 (mm), as
shown in Figure 3B.

A

B

C 

 
Figure 2A. 3D scanned model of the printed parts, B. CMM setup for the
contact scanning strategy (yellow grid) on the scanned area (purple
area). A specific sample holder (the piece in white) is 3D printed to
decrease the bending effect through the length of the specimens. C. 3D
model of the surface morphology through the CMM scanned area, with
the exaggerated scale bars showing the height distributions over height
direction.

According to Table 1, MJT can produce an exceptionally
smooth surface. The surface roughness was influenced by the
location of printing on the build platform. The smoothest surface
was obtained in the middle swath (Sa=1.02 m), followed by the
outer (Sa=1.16 m) and the inner (Sa=1.65 m) swaths. Due to
the slightly positive skewness (Ssk) values of all specimens, there
were more peaks and asperities than valleys on the surfaces. As
a result of high kurtosis (Sku), these profile peaks were slightly
sharp.

A B

Figure 3A. Periodical layers as seen under the optical microscope, and B.
selected surface area for roughness measurement.

Table 1Mean surface roughness results

Area roughness parameter*
Swath Sa ( m) Sq ( m) Ssk Sku
Inner 1.65 2.21 0.15 3.2
Middle 1.02 1.42 0.03 2.2
Outer 1.16 1.90 0.08 2.9

* Sa: Height deviations from the Mean Reference Plane of the
measurement area (A); Sq: Root mean square of surface heights; Ssk:
the skewness and Sku: the kurtosis of the surface

Figure 4A depicts the FFT analysis applied to height grids and
a deeper look at additively built layers generated using CMM
data (Z height). It indicates FWHM and the mean layer height of
different swaths display a meaningful correlation, in which
FWHM (3.8 m) and the minimum arithmetic means of layer
height (5.7 m) were within the middle swath. Figure 4B shows
clear peaks for the averaged data, validating the periodicity of
the layers and their related surface texture in the investigated
parts. Averaging the distances between the PSD peaks gives an
arithmetic mean of the periodic gap between layers. According
to Figure 4C, as the radius of the build location increases, thinner
layers result from 305 m to 303 m. An increased centrifugal
force on the outer region of the disc allows the printhead to
build closer layers as it moves from the inner to the outer edge
of the tray. However, CMM results for mean layer height and
FWHM in Figure 4C followed the same trend as the roughness
measurement results in Table 1.

4. Conclusions

This morphology study was conducted on the surface
roughness and texture of polymer parts manufactured by
material jetting technology. It provided a method for
determining the surface morphology and appearance of
components printed on various areas of a rotary disc tray as a
build platform. CMM results indicated the minimum arithmetic
mean (5.7 m) and maximum FWHM (3.8 m) of Z height values
were within the middle swath, indicating a meaningful trend in
the swath selection. The optical profilometry surface roughness
results followed the same trend, with the lowest roughness
observed in the middle swath and the roughest in the inner
swath. The PSD results confirmed the periodicity of the layers
and determined their widths. As the print head moved from the
inner to the outer area, the thickness of the layer decreased
from 305 m to 303 m, and closer layers were printed. This can
be due to increased centrifugal forces along the radius of the
disc. Accordingly, the middle swath on the build platform
produced smoother surfaces. However, it required more time to
print in this area than in the inner swath. Implementing 3D
printing technology under optimized conditions resulted in parts
with enhanced surface quality in the middle swath. Since the
MJT technology with a rotary tray now makes it possible to
create prototypes for home and office use, these findings can
lead to a better knowledge of the surface texture in these
printers and fewer post processing operations.
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Figure 4A. Z height distribution profile for parts manufactured at
different swaths, B. PSD results over the scanned profile, and C.
periodic texture characteristics.
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