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Abstract: Topology optimization (TO) has been a popular design method among CAD designers in
the last decades. This method optimizes the given design domain by minimizing/maximizing one
or more objective functions, such as the structure’s stiffness, and at the same time, respecting the
given constraints like the volume or the weight reduction. For this reason, the companies providing
the commercial CAD/FEM platforms have taken this design trend into account and, thus, have in-
cluded TO in their products over the last years. However, it is not clear which features, algorithms,
or, in other words, possibilities the CAD designers do have using these software platforms. A com-
parative study among the most applied topology optimization software was conducted for this re-
search paper. First, the authors developed an online database of the identified TO software in the
form of a table. Interested CAD designers can access and edit its content, contributing in this way
to the creation of an updated library of the available TO software. In addition, a deeper comparison
among three commercial software platforms—SolidWorks, ANSYS Mechanical, and ABAQUS—
was implemented using three common case studies—(1) a bell crank lever, (2) a pillow bracket, and
(3) a small bridge. These models were designed, optimized, and validated numerically, as well as
compared for their strength. Finally, the above software was evaluated with respect to optimization
time, optimized designs, and TO possibilities and features.

Keywords: topology optimization; commercial software; design; lightweighting

1. Introduction

Topology optimization (TO) is an optimization technique where the material distri-
bution of a structure is spatially optimized by minimizing or maximizing one or more
objective function(s), such as stiffness and cost with respect to given constraints, for ex-
ample, a specific weight reduction [1]. Structural optimization (SO), in general, has been
well described over the previous decades in the literature [2—4]. In these works, the theo-
retical background, as well as the different types of SO, are presented in detail. According
to Bendsege and Sigmund [1], the SO consists of size, shape, and topology optimization. A
more analytic representation of these optimization categories, together with their sub-cat-
egories that were introduced in the following years, is depicted in Figure 1.
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Figure 1. The different types of SO adapted from [5].

In Figure 1, each of the three main categories of SO, which are size, shape, and topol-
ogy, are further divided into sub-categories. The size optimization consists of global size
optimization and local size optimization, which can be also referred to as topometry opti-
mization. In topometry optimization, each element of the structure can be optimized in-
dependently [6]. At the topology optimization category, there is both the traditional TO
at the macroscale level and the lattice optimization at the meso- and microscale levels of
the structure [7-9]. Generative design, with its flexibility, could be added to this category
[10]. Finally, the shape optimization can be either parametric, non-parametric (free form),
or topographic, also named bead optimization. The latter can be considered a special case
of shape optimization where the surface of a structure can be optimized independently
[6].

A practical representation of the TO workflow in a TO software platform is shown in
Figure 2.
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Figure 2. A common TO workflow adapted from [11].
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In Figure 2, the TO is divided into two main tasks—pre-processing and post-pro-
cessing. On the one hand, the pre-processing of the design consists of the design phase,
the implementation of the finite element method (FEM) with the definition of the mathe-
matical model, and the discretization of the design space into finite elements. This task is
concluded with the presentation and evaluation of the results. At this point, the computer-
aided design (CAD) designer has to decide if there is room for optimization, which opti-
mization method should be followed, and which TO software can satisfy his/her needs.
On the other hand, post-processing is the second task where the optimized designs are
prepared for production either by conventional production methods (CPM) or additive
manufacturing (AM).

Thus, during the TO workflow, there are many decisions that have to be taken, re-
ferred to as the CAD designer’s inputs. These inputs can be classified into four clusters—
the design constraints, the supports and connections, the loads, and the geometric re-
strictions due to manufacturing constraints [12]. The design constraints are all the geo-
metrical dimensions that form the size and shape of the CAD model. The supports and
connections restrain the degrees of freedom of the model. In other words, they define the
relationship between the model and its environment, such as its interaction with other
components. The loads are all the load cases that a CAD designer has to take into account
in the optimization task. Finally, the geometric restrictions due to manufacturing con-
straints can be considered a subcase of the design constraints with a focus on the manu-
facturability of the CAD model. Different restrictions should be taken into account in the
case of CPM compared to AM. In addition to these four clusters, a fifth cluster could be
added regarding the properties and features of the TO software.

The first numerical method of TO was a 99-line script by Sigmund [13]. This can be
considered the first form of a TO software platform and the kernel of many optimization
platforms. The script was written in MATLAB and is based on the solid isotropic material
with penalization method (SIMP) [2,14]. On the one hand, there is a plethora of open
source software/scripts based on the 99-line script and SIMP, such as the top88 [15] and
the top3D125 [16]. In addition, there are some scripts that implement different optimiza-
tion methods, such as the CalculiX [17], which uses the bi-directional evolutionary struc-
tural optimization (BESO) [18], or the Allaire_Scilab [19], which applies the level set
method [20]. Furthermore, there are a few open source platforms that offer a toolbox of
TO scripts, such as the FreeFem [21] and the Firedrake [22]. On the other hand, the com-
mercial CAD/FEM platforms have integrated TO over the last years due to the lack of
computational power. The majority of them use the traditional compliance TO with SIMP,
such as SolidWorks [23], ABAQUS [24], Siemens NX [25], and Altair Optistruct [26], while
some others use different algorithms, such as AMEBA [27], which is BESO-based, or AN-
SYS Mechanical [28], which includes the level set method in addition to SIMP.

TO in commercial software is in its development since new design values that can be
chosen both as objective functions and constraints, such as frequency and buckling, are
gradually included in their TO modules. However, the authors could find only a few rel-
evant TO studies in the literature. Zhou et al. [29] presented the casting and extrusion
manufacturing constraints in TO software, newly introduced in 2002. In 2006, Schramm
and Zhou [30] discussed the developments in the implementation of TO in commercial
software. Reddy K et al. [31] compared and categorized twenty different commercial and
educational (open source) TO software platforms for AM, based on their capabilities in
2016. It seems that literature is missing a recent library of the available TO software plat-
forms, including their capabilities and limitations. Furthermore, a common CAD de-
signer’s problem is the time spent, before optimization, looking for the ideal CAD/FEM
platform that can support his/her optimization problem.

Hence, this research paper closes this scientific gap by the development of an online
library of the most implemented TO software platforms (70 software platforms) in the
form of a table. The library encompasses the name, company, availability (commer-
cial/open source), and optimization types and methods that the software uses together
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with the available objective functions and constraints. In addition, when it was possible
to identify, references and representative literature using the presented software were in-
cluded. This TO library constitutes a useful tool for CAD designers interested in TO. In
addition, it is accessible online for reading, editing, and updating its content. In Sections
4-6 of this paper, the authors present an in-depth comparison among a few of the TO soft-
ware platforms found previously in the created library. This comparative study was lim-
ited to the commercial software. The choice of the software was made based on the au-
thors’ accessibility to the software’s TO modules via the student licenses provided by their
affiliated university. Thus, three commercial software platforms were picked—Solid-
Works, ANSYS Mechanical, and ABAQUS. The utilized software platforms were com-
pared with respect to their optimization time, optimized designs, pre- and post-pro-
cessing of the results, as well as their features and optimization capabilities. For this rea-
son, three common geometries found in the literature, including a bell crank lever, a pil-
low bracket, and a small bridge, were used as optimization case studies. Each of these
models represents a separate example category. The bell crank lever has limited design
space, the pillow bracket can lead to design solutions with an increased number of com-
ponents, and the small bridge has significantly increased design space. The optimization
of these structures was focused on simplicity, and thus, it was limited to the traditional
compliance TO based on the SIMP method. The lessons learned from the used case studies
and the applied research work within this comparative study offer useful insights to CAD
designers.

The rest of the paper is structured as follows. In Section 2, the general SO problem is
described together with some popular optimization methods. Section 3 presents the iden-
tified TO software and its features and capabilities. Section 4 describes the used case stud-
ies and their optimization workflow in this research work, and Section 5 presents the re-
sults. A comparison of the used commercial software is presented in Section 6. The results
of the conducted research work are discussed in Section 7. Finally, Sections 8 and 9 con-
stitute the conclusion and the future research, respectively.

2. Theory

According to Christensen and Klarbring [32], a general SO problem can be expressed
mathematically by an objective function f(x,y), a design variable (x), and a state variable
(¥). The objective function is a function that is used to classify the designs and can usually
measure compliance, weight, and displacement. On the one hand, the design variables are
related to the geometry of the structure or the chosen material. On the other hand, the
state variables represent the response of the structure, such as stress and strain. In addi-
tion, Christensen and Klarbring [32] categorize the design constraints into behavioral, de-
sign, and equilibrium. The behavioral constraints are related to the state variable, while
the design constraints concern the design variables. Finally, the discretization of the de-
sign space Q creates the need for equilibrium constraints, which, in a linear problem, have
the following representation:

K(x)u = F(x) (1)

where K(x), u, and F(x) are the stiffness matrix, the displacement vector, and the force
vector, respectively. In the traditional compliance TO, also described by Bendsge and Sig-
mund [4], the objective function measures the stiffness of the structure via compliance
(f (x,y) = ¢), and the design variable is a pseudo-density of the elements (x = p,), where
pe = 1 means material and p, = 0 is the void. In addition, a volume constraint, g;, is
used to express the maximum amount of the distributed material (g;). A nested represen-
tation of the compliance TO problem is as follows:

min c(p,,u(p,)) = f c(u(pe), p)dV )
n
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subject to 9o(pe) = [ pe dV = Vg 3)
9i(pe, ulpe)) < gi,1=1,... M (4)

K(p)U = F(pe) )

pe={(1J,e=1,...,N ©6)

However, the discrete formulation faces many problems, such as the checkerboard
problem and computational limitations. Thus, continuous variables are used instead of
binary ones. The elements’ densities can now attain values between zero and one [4], as
follows:

0<pmin<pe<1l,e=1,...N, ppnin # 0 (lower bound) )

The solution of this problem can be conducted by either gradient-based optimization
techniques (GTO), such as the optimality criteria (OC) and the method of moving asymp-
totes (MMA), and non-gradient topology optimization techniques (NGTO), such as ge-
netic algorithms [33]. Interpolation is used for the expression of the material properties in
a continuous setting. One of the most popular interpolation methodologies is the solid
isotropic material with penalization (SIMP). SIMP interpolates Young’s modulus of the
material (E) using the following power law [4]:

E(p,) = pYE,, p = 1, Ey # 0 (lower bound) 8)

where p is a penalization parameter for the elements with intermediate densities, which
usually takes a value between 1 and 3 [34]. Usually, the traditional density-based TO is
called simply SIMP in the literature. Other notable TO methods are the level set [20], the
evolutionary structural optimization (ESO) [35], the topological derivatives [36], and the
phase field [37].

3. Different TO Software Platforms

At this point, a thorough literature search was conducted for the identification of the
available software that can be used for the implementation of SO with a special focus on
TO. The result of this research was the creation of a library in a table form that contains 70
different TO software platforms. This library encompasses the name, company, availabil-
ity (commercial/open source), the optimization type (size, shape, topology), and methods
((parametric (P)/non-parametric (NP), TO (SIMP, RAMP, level set), lattice)) that the soft-
ware uses, as well as the objective functions and constraints of TO. The constraints are
categorized based on the four clusters of the CAD designers’ input presented in Section 1.
In addition, it is shortly described how TO results are presented in the software’s interface.
Furthermore, relative references and representative literature for each software platform
are included, if they are available. Table 1 presents a section of the developed TO library.
In this table, only the software platforms used in the comparative study presented later in
this paper are included, which are SolidWorks, ANSYS Mechanical, and ABAQUS. Inter-
ested readers can access and edit the library online at the following links:
https://docs.google.com/document/d/1CnQOA492EkOdX1gi59EWaPnr]BL-
fOQs/edit?usp=sharing&ouid=110678641076107916949&rtpof=true&sd=true (accessed on
15 December 2021 ) or www.mdpi.com/xxx/s1 [13,15,16,22-24,26-28,38-173]. The authors’
intention was to create an updated database of the existing TO software where every CAD
designer could add new or missing TO software.


https://docs.google.com/document/d/1CnQOA492EkOdX1gi59EWaPnrJBL-fOQs/edit?usp=sharing&ouid=110678641076107916949&rtpof=true&sd=true
https://docs.google.com/document/d/1CnQOA492EkOdX1gi59EWaPnrJBL-fOQs/edit?usp=sharing&ouid=110678641076107916949&rtpof=true&sd=true
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Table 1. A section of the table containing the TO software.

Name Optimiza- Objective Representative
(Company, Availability tion Type: ] Constraints (TO) Results (TO) p.
. Functions (TO) Literature
Version) Method
Design: dimensions, mass
$upports and conngctlons: Optimized de-
fixtures, contacts, displace- .
. sign: faceted Lakshmi Srini-
Solid Commer Size: P ment, frequency eometr vas, Jaya Aa
. . Shape: P Mass, stiffness, Loads: structural loads, & y 7 y
works, 3DS cial/Available at ) Plots: element dityaa, Pratap
. Topology: displacement stress, FOS e o
[23] student edition . density distri- Singh and Javed
TO (SIMP) Manufacturing: preserved .
. . bution, stress, [157]
region, member size, mold .
displacement

(pull direction), symmetry
(planar)

Design: dimensions, vol-
ume, mass, center of grav-
ity, moment of inertia, lat-
tices (size, type, strut thick-

ness, density)

Size: P
Shlazee- P Supports and connections: Optimized de-
ANSYS Commer 1\P}P. ’ fixtures, contacts, displace- sign: faceted
Mechani- cial/Available at Topology: Compliance, ment geometry Gunwant and
cal, ANSYS N POOBY: mass, volume Loads: structural loads, re- Plots: element =~ Misra [51]
student edition TO (SIMP, . . L
[28] Jevel set) action force, stress density distri-
7 Manufacturing: preserved bution
lattice . .
region, member size, mold
(pull direction), extrusion,
symmetry (planar, cyclic),
overhang (angle, 3D build-
ing direction)
Design: dimensions, vol-
Strain energy, ume, weight, center of grav-
1 ’ ity, t of inerti ..
v.o ume. ity, moment o 1r1er.1a Optimized de-
weight, dis-  Supports and connections: sion: faceted
Size:P  placement, ro- fixtures, contacts, displace- ge(;metr
Shape: P, tation, fre- ment & y
ABAQUS Plots: element
Commer- NP, Topog- quency, reac- Loads: structural loads, fre- .. ... Tyflopoulos,
(Tosca) + density distri-
Isicht 3DS cial/Available at  raphy tion force, reac- quency, reaction force, reac- bution Hofset, Olsen
g[ 21/1] student edition Topology: tion moment, tion moment, internal force, stresses élis and Steinert [40]
TO (SIMP, internal force, internal moment, rotation Iacem,ent
RAMP) internal mo- Manufacturing: preserved P .
. . stress, strain,
ment, center of region, member size, sym- .
displacement

gravity, mo-  metry (planar, rotational,
ment of inertia cyclic, point), mold (pull di-
rection)

Figure 3a shows that only 31% of the software is open source, and the rest is com-
mercial. However, 44% of the commercial software gives access to students to their TO
module by offering a free student license. Concerning the SO categories, the majority of
the software offers both size, shape, and topology optimization. It is worth mentioning
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that 17% of the software offers generative design, and 30% gives the possibility of design-
ing and optimizing lattice structures. The most popular TO method is the SIMP, with 83%,
while the level set and ESO methods are found in 20% and 17% of the software, respec-
tively (see Figure 3b). In addition, the authors could not identify any software that sup-
ports the methods of phase field and topological derivatives.

Phase Field (%

= Commercial Available in student edition

= Open Source

Topolegical Derivatives (9%

44%
Generative Design

Level Set

ESO
"\ Nt available in student edition

SIMP

56%

<
2
=

0% 40%  60%  80%  100%
() ()

Figure 3. (a) Commercial vs. open source software, and (b) the availability of the different TO meth-
ods in software.

The compliance/stiffness/strain energy is the most common objective function. How-
ever, some software platforms, such as ABAQUS and Altair Optistruct, offer a plethora of
objective functions. Another category that differentiates the SO software is the manufac-
turing constraints. A gradual increase in the manufacturing constraints in software shows
the trend in the companies of focusing on the post-processing of the results by bridging
the optimized designs with the manufacturing methods and CAM. Furthermore, the ma-
jority of the software allows the user to create a plot of the distribution of the elements’
density, while some generate stress, strain, and displacement plots of the optimized mod-
els. However, based on the authors’ experience, these results are only some estimations
and not the actual values. Only numerical validations can offer a good approximation of
the stresses, strains, and displacements of the structures found through experiments.

As mentioned in Section 1, an in-depth comparison was conducted in this paper
among three TO commercial software platforms—=Solidworks, ANSYS Mechanical, and
ABAQUS.

Solidworks offers size, parametric shape, and topology optimization in the student
edition. Regarding the TO, it uses the traditional compliance TO with the SIMP method
when mass, stiffness, and displacement can be used as objective functions. Furthermore,
it offers member size, mold (pull direction), and planar symmetry in addition to the stand-
ard manufacturing constraints. The optimized models consist of faceted geometries. Stress
and displacement plots can be created together with the plot of element density distribu-
tion.

ANSYS Mechanical supports the same optimization categories as SolidWorks. How-
ever, it also contains lattice and non-parametric shape optimization. Concerning the TO,
it applies both the SIMP and the level set methods. Compliance, mass, and volume are the
three available values that can be used as objective functions. Extrusion, cyclic symmetry,
overhang angle, and 3D printing direction are the four additional manufacturing con-
straints. The optimized models are also faceted geometries here, but the only available
plot is the element density distribution.

Finally, ABAQUS offers additional topography optimization. Furthermore, it con-
tains a plethora of objective functions and constraints that can be also used in combina-
tions. A faceted geometry represents the optimized designs again, while stress, strain, and
displacement estimations are available here. The optimization time, optimized designs,
and pre-and post-processing of these three software platforms are compared further in
this paper using the case studies presented in Section 4.
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4. Case Studies and Methodology

Three well-known structures found in the literature were used in this paper as case
studies—a bell crank lever, a pillow bracket, and a small bridge.

A bell crank lever is a crank that is used in aircraft, automotive, and bicycles for trans-
mitting motion between two parts meeting at an angle [174]. The arms of the used bell
crank lever were 150 mm in length and 15 mm thick. A pair of 500 N bearing forces were
applied at the end of each arm while the crank lever was fixed on its 60 mm/80 mm ful-
crum, as shown in Figure 4a. This case study is an ordinary TO with limited design space.
In other words, the main design of the product was known from the beginning, but a
material reduction was needed.

A pillow bracket, 130 x 52 x 52 mm, was used as the second case study. The pillow
bracket is a mechanical part designed to resist high bending forces [8]. The four holes of
the bracket are fixed while a pair of 1000 N forces is applied to the hole on its top, as is
depicted in Figure 4b. In this optimization case, the main design of the structure was also
known; however, the number of the components in the final solution can be differentiated,
as is presented in the results section.

Finally, the last case study was a small bridge (2500 x 500 x 600 mm). The authors
intended to use a bigger structure here for comparison reasons. The initial CAD of the
bridge was a hollow box, which was fixed at two sections to the left and right, as presented
in Figure 4c. Furthermore, a vertical force of 800 KN was applied at the inner bottom sur-
face of the box. This example was an optimization problem where the structure’s design
space was increased significantly to let the optimization algorithm decide the final design.
The expanded design space increased the flexibility of the algorithm, leading to new and
better-optimized solutions, but also dramatically increased the optimization time [11].

B: Static Structural

Force
Time: 1.5

B: Static Structural
Force 2

Time: 1.5

19-Oct-2112:43 AM 19-Oct-2112:59AM

[ Force: 1000.N [ Force:8e+005N

B Force 2:1000.N [ Fixed Support

B Fixed Support

0.00 50.00 100.00 (mm) 0.00 1500.00 3000.00 (mm)
20000 (mm) — — 1 F—
150.00 25.00 75.00 750.00 2250.00
(b) ()

Figure 4. The three case studies: (a) bell crank lever, (b) pillow bracket, and (c) small bridge.

The CAD models were first designed in SolidWorks. ANSYS Mechanical was used
for both FEA at the pre-processing and post-processing steps with the validation of the
optimized designs. It was crucial to use the same FEA software for comparison reasons.
The TO was conducted in three different software platforms—SolidWorks, ANSYS Me-
chanical, and ABAQUS, with the same settings. The assigned material in all cases was a
structural steel with the following properties: elastic modulus (E) = 210,000 MPa, Poisson’s
ratio (v) = 0.28, mass density (0) = 7700 Kg/m?, and yield strength (oy) = 724 MPa. Both the
bell crank lever and the pillow bracket were discretized to 3 mm tetrahedral elements,
while 30 mm tetrahedral elements were used for the bridge. The element sizes were iden-
tified using mesh convergence studies in each CAD model. Figure 5 shows the results of
the conducted studies by presenting No. of Elements—Max Von Mises Stress diagrams of
five FEA with different element sizes for each model. The tested element sizes are written
near the data points inside the diagrams.
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Figure 5. The conducted mesh convergence studies: (a) bell crank lever, (b) pillow bracket, and (c)
small bridge.

The used TO method was the traditional compliance optimization with SIMP. A 50%
weight reduction was used as a constraint for the first optimization case, while the lightest
designs were identified for the second one for a factor of safety (FOS) 2 1.2. Specific man-
ufacturing constraints were used in each case study. An XY planar symmetry was used
for the bell crank lever. Both XY and YX planar symmetries were used for the pillow
bracket. The same planar symmetries were also used for the bridge together with a mini-
mum size member of 100 mm. The areas where the BC and loads were applied were pre-
served from the optimization region in all case studies. The designs were optimized for
AM; thus, they were not redesigned but were accordingly prepared for 3D printing.
Hence, smoothing tools in each software platform were applied in order to fix sharp edges
and overhangs and to eliminate stress singularities. The prepared models from Solid-
Works and ABAQUS were imported as STEP files to ANSYS Mechanical for numerical
validation. The software platforms were compared in both optimization cases with respect
to the optimization time, the used design cycles, the pre-and post-processing, as well as
the weight and strength of their optimized designs in all case studies.

5. Results

As mentioned before, three case studies, a bell crank lever, a pillow bracket, and a
small bridge, were optimized in this paper. The results of the optimizations, conducted in
SolidWorks, ANSYS Mechanical, and ABAQUS, are presented in this section for both op-
timization cases—compliance TO with 50% weight reduction and compliance TO with
maximum weight reduction. Table 2 contains the number of the design cycles, the optimi-
zation times, the weights after TO and after 3D preparation in percentages of the initial
weight (IW), the maximum Von Mises stresses, and the minimum FOS against yield.

Table 2. The results of the optimizations and validation studies for 50%/maximum weight reduc-
tion.

Software

Design Cycles

Max V
Optimization Weight after Weight after 3D Prep- Mis:: S t::ss Min FOS

Time (sec) TO (% of IW)  aration (% of IW) (MPa)
L Initial Initial weight
v - - - 11.7 1.
E design (IW): 1.965 oL
4 SolidWorks 48/36 376/244 45.7/16.7 50.3/18.1 17.2/395.2  42.1/1.83
= ANSY
© NS .S 20/61 345/1088 50.4/18.2 50.2/12.5 18.6/526.7  31.2/1.37
Z  Mechanical
M ABAQUS 45/57 2441/2929 42.5/12.6 50.2/11.7 17.4/487.5  41.6/1.48
Initial Initial weight

9 - - 1. 23.1
< design (IW): 0.785 31.3 3
_%S SolidWorks 22/30 83/123 47.8/15 50.4/15.3 29.0/348.4 25/2.1
E ANSY.S 18/27 123/175 55.4/22.2 50.3/14.4 59.7/307.8 12.1/2.4
E Mechanical

ABAQUS 21/59 413/1047 42.7/14.8 49.7/14.1 29.3/314 24.7/2.3
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Initial Initial weight
& design i i (IW): 2274.1 i 157 46
E SolidWorks 34/37 270/325 49.7/19.7 49.8/21 80.8/571.9 9/1.3
= ANSY
g NS .S 21/27 787/999 55.5/25.5 50/22 125.7/527.3 5.8/1.4
&  Mechanical
ABAQUS 32/48 1543/8117 43/26 49.9/27.8 152.0/414.2 4.8/1.7

In general, it was observed that in both optimization cases, ANSYS Mechanical used
the lowest number of design cycles in all CAD models, except for the maximum weight
reduction of the bell crank lever where Solidworks had fewer design cycles. The optimi-
zation time is dependent on the executed design cycles. Therefore, the more design cycles
used, the more optimization time is required. However, SolidWorks optimized the de-
signs in less time compared to the other software, except for the 50% weight reduction of
the bell crank lever where ANSYS Mechanical had the best optimization time.

Concerning the weight reduction of the models, it was noticed that there was a dif-
ference between the weight of the optimized designs and their weight after the 3D prep-
aration with the utilization of smoothing tools. In the first optimization case, the con-
ducted 3D preparation in SolidWorks and ABAQUS increased the weight of their opti-
mized designs from 0.3% for the bridge to 18.2% for the bell crank lever. On the other
hand, the 3D preparation in ANSYS SpaceClaim decreased the weight of the optimized
designs at a range of 0.4% of the bell crank lever to 9.8% of the bridge. It is important to
take into account these weight fluctuations with the choice of the weight constraint at the
optimization step. For example, for a 50% weight reduction of the bell crank lever, 56%,
47%, and 57.5% were the chosen weight constraints in SolidWorks, ANSYS Mechanical,
and ABAQUS, respectively. In the second optimization case, the 3D preparation in AN-
SYS SpaceClaim decreased the weight of the designs in addition to. In the pursuit of the
lightest design, the smoothing tools in ANSYS SpaceClaim gave the opportunity for
higher reduction, ranging from 13.9% for the bridge to 34.7% for the pillow bracket. The
designs in SolidWorks had higher weight again after the 3D preparation (0.13-10%). Fi-
nally, the 3D preparation in ABAQUS increased the weight of the bridge by 7%, while it
decreased the weight of the bell crank lever and the pillow bracket by 7% and 4.3%, re-
spectively.

The maximum Von Mises stresses, found with the FEA before TO, were 11.7 MPa for
the bell crank lever, 31.3 MPa for the pillow bracket, and 157 MPa for the bridge. In gen-
eral, the designs with 50% weight reduction had maximum stress at the same level or even
less than their initial designs, as was found in the validation studies. The maximum stress
for the lightest designs was higher, as expected, but always smaller than the yield strength
of their material. In the following sections, the results of each case study are presented in
detail.

5.1. Optimization of a Bell Crank Lever

Figure 6 shows the optimized designs of the bell crank lever for 50% and maximum
weight reduction. The general design of the model was not changed. However, holes were
created in the structure by removing useless material. The initial weight of the model was
1.965 Kg. It can be observed that the design solutions taken from SolidWorks and
ABAQUS are quite similar in both optimization cases, while the optimization in ANSYS
Mechanical resulted in different designs. In addition, ABAQUS could create the lightest
design with an 88.3% weight reduction compared to 81.9% and 87.5% maximum reduc-
tions in SolidWorks and ANSYS Mechanical, respectively. However, SolidWorks opti-
mized the model approximately five to ten times faster than ANSYS Mechanical and
ABAQUS.
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Figure 6. The optimized designs of bell crank lever for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

The FEA of the bell crank lever was conducted in ANSYS Mechanical with 3 mm
tetrahedral elements, resulting in 61,666 elements in total. The maximum identified stress
of the model was 11.7 MPa. Figure 7 depicts the maximum Von Mises stresses taken from
the validation studies in both optimization cases. The maximum stresses for the optimi-
zation case with 50% mass reduction ranged from 17.2 to 18.6 MPa. It seems that the
weight of the chosen bell crank lever could be easily reduced by half without compromis-
ing its strength. For the optimization case with maximum weight reduction, SolidWorks
resulted in the design with the lowest maximum stress, 395.2 MPa, compared to ANSYS
Mechanical and ABAQUS with maximum stresses of 526.7 and 487.5, respectively. How-
ever, ABAQUS gave the best solution for the combination of weight and strength against
yield.

B: Static Structural D: Static Structural B: Static Structural
Equiva Equavalent Stress

fvon-Mses) Sress Type: Equ
Unit: MPa

me: 1 Time: 1
05-Jan-22 1:33 PM 05-Jon-22 202 PM

186 Max 174Max
! i W
" M
L 1 1
i 10
s B
He B
B 4
I : l :
269¢-7Min F2te: M

0

I w
00001555 M

(a) (b) (c)

Figure 7. The results of the validation studies of bell crank lever for 50% and maximum weight
reduction in (a) SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

5.2. Optimization of a Pillow Bracket

As is shown in Figure 8, the optimization of the pillow bracket resulted again in al-
most identical designs in SolidWorks and ABAQUS, while the designs in ANSYS Mechan-
ical differentiated a little bit from them. The main observed difference in the first optimi-
zation case, with the 50% weight reduction, was that ANSYS Mechanical resulted in one
optimized part, while the other two software platforms created two optimized parts based
on the initial design. That was not the case in the optimization with maximum weight
reduction, where all software resulted in design solutions with two parts. The initial
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weight of the model was 0.785 Kg. ABAQUS again resulted in the lightest design equal to
0.111 Kg, which corresponds to a weight reduction of 85.9%. The second best design in
terms of weight was the optimized design by ANSYS Mechanical, with an 85.6% weight
reduction, and finally, SolidWorks could reduce the weight of the pillow bracket by 84.7%.
The optimization time in this case study was almost the same in SolidWorks and ANSYS
Mechanical, while in ABAQUS, it was approximately nine times more.
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Figure 8. The optimized designs of pillow bracket for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

The FEA in this case study was also conducted with the same finite elements, 3 mm
tetrahedral, resulting in 27,649 elements. The plots of the Von Mises stress in both optimi-
zation cases are shown in Figure 9. It was observed that the optimized designs taken from
SolidWorks and ABAQUS for 50% weight reduction had smaller maximum stresses (29
MPa and 29.3 MPa) compared to the original design (31.3 MPa). The lowest maximum
stress for the second optimization case was 307.8 MPa and was found in the validation
study of the optimized design created by ANSYS Mechanical. The maximum stresses of
the optimized designs in SolidWorks and ABAQUS were 348.4 MPa and 314 MPa, respec-
tively. It seems that ABAQUS again offered the best design solution in terms of weight
and acceptable yield strength.
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Figure 9. The validation results of the pillow bracket for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

5.3. Optimization of a Small Bridge

The intention of the authors here was to optimize a bigger structure. In addition, they
used an increased design space in order to increase the algorithm’s flexibility. The weight
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of the initial design was 2274.1 Kg, which is higher compared to the weight of the previous
case studies. The design solutions of SolidWorks and ABAQUS were alike, as is shown in
Figure 10. However, some differences can be observed in this case study. For example, in
the optimization case with a 50% weight reduction, SolidWorks’ design contains six beam-
like geometries on each side of the bridge, while the ABAQUS design has eight. In addi-
tion, both designs have the same weight, but their beams have different diameters. It
seems that the software’s TO algorithm removed material from different regions of the
structure despite the fact that they are both using the SIMP method. Furthermore, their
designs in the second optimization case are also quite different. ANSYS Mechanical again
resulted in different design solutions, especially in the first optimization case. ABAQUS
came up with the heaviest bridge, 633 Kg, which corresponds to a 72.2% weight reduction,
while SolidWorks created the lightest design with 477.2 Kg (79%) and ANSYS Mechanical
with 500.6 Kg (78%).
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Figure 10. The optimized designs of the bridge for 50% and maximum weight reduction in (a) Solid-
Works, (b) ANSYS Mechanical, and (c¢) ABAQUS.

At the FEA, the CAD model has been discretized into 30 mm tetrahedral elements,
resulting in 101,108 finite elements in total. The maximum identified Von Mises stress was
157 MPa. In the first optimization case with a 50% weight reduction, all the designs had
smaller maximum stresses, as shown in Figure 11. Among them, SolidWorks resulted in
the strongest design solution. In addition, the derived SolidWorks solution in the second
optimization case had the higher maximum stress, 571.9 MPa. ANSYS Mechanical and
ABAQUS came up with stronger solutions with maximum stresses of 527.3 and 414.2
MPa, respectively, but much heavier designs (see Figure 11). Thus, SolidWorks’ design is
preferred in terms of weight and acceptable yield strength.

Figure 11. The results of the validation studies for the bridge for 50% and maximum weight reduc-
tion in (a) SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

6. Comparison of the Used Commercial Software

The three chosen software platforms, SolidWorks, ANSYS Mechanical, and
ABAQUS, were compared for their optimization capabilities and limitations during the
TO workflow. In addition, three case studies, a bell crank lever, a pillow bracket, and a
small bridge, were optimized using the above software and their results were compared
with respect to the number of used design cycles, the optimization time, their weight after
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TO, and 3D preparation, as well as their maximum Von Mises stresses and FOS against
yield.

6.1. SolidWorks

SolidWorks was chosen for the design of the models due to its user-friendly CAD
interface. The software provides a plethora of exporting methods of the 3D models, such
as the widely supported, standardized formats, IGES and STEP. The SolidWorks FEM
module for the pre-processing task is quite capable and includes any possible analysis.
However, ANSYS Mechanical was used for both the finite element analysis of the initial
designs and the numerical validation studies of their optimized designs. It was crucial to
use the same software for all FEA studies for comparison reasons. In addition, ANSYS has
different mesh capabilities and can easily repair bad geometries in a faceted geometry that
could possibly be created by TO.

The TO in SolidWorks is quite easy, but its TO module offers limited capabilities and
options. The supported objective functions are stiffness, mass, and displacement, while
displacement, mass, frequency, stress, and FOS can be used as constraints. Furthermore,
it offers member size, mold (pull direction), and planar symmetry in addition to the stand-
ard manufacturing constraints. The TO module creates stress, displacement, strain, and
FOS plots for the optimized designs. However, the software platform claims that these are
only rough estimates and recommends redesigning the model for a validation study. In
addition, the TO module gives the possibility to change the isosurface values (isovalues)
and, thus, remove/add more material from the optimized design by using elements with
a relative density higher than a specific number (element density distribution plot). The
isovalue is, by default, equal to 0.3. The optimized models in SolidWorks are faceted ge-
ometries that can be exported as STL files or transferred to a validation study.

Concerning the post-processing of the optimized designs, SolidWorks focuses mostly
on the design for CPM and not so much on the design for AM. It contains an automatic
smoothing tool with 11 cycles from coarse to smooth quality. The smoothed geometry can
be exported either as an STL file ready for 3D printing or as a graphics, solid, or surface
file for further editing. The optimized design can easily be imported to the CAD module
for redesigning. However, a complete 3D preparation module with manual smoothing
and facets editing tools is missing.

SolidWorks optimized the models in less time compared to ANSYS Mechanical and
ABAQUS. In addition, it gave the heaviest designs of the bell crank lever and pillow
bracket but created the lightest bridge with a big difference from the other two software
platforms. It seems that the TO module of SolidWorks is more effective for large struc-
tures.

6.2. ANSYS

ANSYS SpaceClaim, which is the ANSYS 3D modeling tool, has a user-friendly in-
terface with many capabilities. The created 3D models can be easily exported to different
file types or further analyzed in several ANSYS tools. ANSYS Mechanical is the primary
ANSYS FEM tool, which also contains the TO module. ANSYS Mechanical offers a com-
plete set of options that can be used in the pre-processing of the models.

The TO module in ANSYS Mechanical offers level set and lattice optimization in ad-
dition to the standard SIMP method. However, the available objective functions are lim-
ited to compliance, mass, and volume. On the other hand, multiple manufacturing con-
straints can be applied, focusing on design for both CPM and AM. Pull direction in mold,
extrusion direction, and symmetry are some examples of constraints related to design for
CPM, while the overhang angle and 3D building direction support the 3D preparation
and, thus, the design for AM. The optimized geometries also consist of facets here. The
TO module cannot create any type of plot for the optimized design. Thus, a proper vali-
dation study is needed in order to check and validate the design solutions. However, it
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offers a plot for the topology density (element density distribution plot). The derived den-
sity is divided into three density categories, as follows: 0.0-0.4 (elements that have to be
removed), 0.4-0.6 (elements with intermediate densities), and 0.6-1.0 (elements that are
crucial for the design and should be kept). The threshold of the elements with intermedi-
ate densities (isovalues) can be manually changed, creating alternative designs.

The post-processing of the optimized results is the main benefit of ANSYS. The rede-
sign of the optimized design in SpaceClaim is user-friendly. Furthermore, SpaceClaim
contains a plethora of tools that support the 3D preparation by checking, repairing, and
smoothing, both manually and automatically, the organic faceted geometries created by
TO. The smoothing tools are mainly applied for flattening the sharp areas that could be
potential areas for stress concentrations and singularities. However, they can be also used
for additional weight reduction. The smoothed designs can be either exported as STL files
for 3D printing or further transferred to a validation study. ANSYS creates an automatic
validation study in Mechanical where all the inputs of the initial FEA (BCs, load cases,
mesh properties) are copied in the validation study.

ANSYS Mechanical, in general, used the lowest number of design cycles for the op-
timization of the case studies. The derived optimized designs were close to the lightest
designs. Furthermore, its optimization time was reasonable. It can be stated that ANSYS
Mechanical offered balanced optimized designs in terms of weight reduction, optimiza-
tion time, and strength.

6.3. ABAQUS

The CAD module of ABAQUS is quite complex and demands many inputs from the
CAD designer. The created 3D models can be easily exported to different file types or
transferred to the FEM module for pre-processing. The FEM module here is also complex
and quite demanding. However, it contains any possible type of analysis, load case, and
boundary condition. In addition, it offers different finite elements as well as meshing
properties.

The TO module of ABAQUS is its strongest part. A plethora of design values, called
design responses, can be used for either objective functions or constraints, making the
ABAQUS TO module a powerful optimization tool that can solve complex multi-optimi-
zation problems. However, the available manufacturing constraints in the TO module are
only focused on the design for CPM and not for AM. The optimized designs are faceted
geometries and can be exported as STL files. Stress, displacement, and strain plots of the
optimized designs are available. However, as in the case of SolidWorks, these are estima-
tions and not the actual values found from a validation study. However, ABAQUS does
not have the appropriate tools to support either the redesign or the 3D preparation of the
optimized geometries. Thus, the post-processing of the results is not possible in ABAQUS,
making it dependent on other software for the implementation of the validation study.

ABAQUES created the lightest designs in all case studies except the bridge, where its
optimization solution was the worst in terms of weight reduction compared to the other
two software platforms. Furthermore, the TO in ABAQUS is time demanding since the
optimization of the models lasted five to eight times more than the other software.

The authors’ intention with this comparison was not to promote one software plat-
form above another but to present the capabilities and limitations of their TO modules.
All three of these software platforms are competent and provide the CAD designer with
useful design, analysis, and optimization tools. As general guidance, it could be claimed
that ABAQUS is more of a TO software platform due to its plethora of available options.
Complex multi-optimization problems can be solved here. However, the solution of the
optimization tasks is time demanding in ABAQUS. On the other hand, ANSYS is a simu-
lation platform with many capabilities. The ANSYS TO module contains level set and lat-
tice optimization, which are not available in the other two platforms. ANSYS creates bal-
anced designs in terms of weight and optimization time. Furthermore, it offers remarkable
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post-processing tools for the optimized designs for both CPM and AM. Finally, Solid-
Works is more of a CAD/FEM platform. The SolidWorks TO module is quite new and is
limited to a few optimization options. However, it is quite efficient in terms of time and is
recommended for big structures, such as the optimized bridge in this paper, where Solid-
Works created the lightest design.

7. Discussion

The goal of this paper was two-fold —first, to develop a novel library of the most
applied open source and commercial TO software, and secondly, to focus on the practical
implementation of TO via a comparative study of three commercial software platforms
using three well-known CAD models as case studies. The results of this research work
provide CAD designers with a better understanding of TO and advise them through rec-
ommendations to avoid common pitfalls.

On the one hand, the developed TO library consists of 70 software platforms, 22 open
source and 48 commercial, that encompass TO in their modules. This novel library could
be considered an updated version of the library developed by Reddy K, Ferguson,
Frecker, Simpson, and Dickman [30]. However, its content is broader, including more soft-
ware packages and additional information. The identified software platforms were inves-
tigated and categorized based on their capabilities in a table together with their name,
company, availability, and optimization types and methods, as well as the objective func-
tions and constraints that they provide. In addition, a column in the table contains all the
available designer inputs categorized into four clusters —design constraints, supports and
connections, loads, and geometric restrictions due to manufacturing constraints. Further-
more, information about the presentation of the TO results in the software interface, as
well as representative literature, was included. Moreover, it was the authors’ intention to
create an updated online database of TO software. Thus, the library can be accessed online
where interested readers can both read and edit its contents, contributing in this way to
the creation of an updated library of the available TO software. This database could be a
practical manual for CAD designers interested in TO and can conserve valuable time in
their pursuit of the ideal software that can support their optimization case.

Comparing the developed TO library in this paper with the relevant identified TO
studies conducted in 2002 [29], 2006 [30], and 2016 [31], it seems that new objective func-
tions and design constraints have been introduced in the TO software over the last years,
with a particular focus on the manufacturing constraints. The authors observed that there
are continuous introductions of new manufacturing constraints in the commercial soft-
ware. The software companies try to provide adequate manufacturing constraints that can
support the manufacturability of the topologically optimized designs from both CPM and
AM. However, the derived design solutions cannot be directly manufactured. There is still
a need for manual interpretation of them by the CAD designers, as also stated by Reddy
K, Ferguson, Frecker, Simpson, and Dickman [31] in 2016. In the comparison study con-
ducted by the authors, all case studies, including a bell crank lever, a pillow bracket, and
a small bridge, were oriented to AM. In this way, the redesign of the optimized solutions
demanded by the CPM, in order to mitigate the created organic shapes by TO, could be
omitted. However, manual checks and repairs of the faceted geometries were inevitable
in order to address the mesh discontinuities in the validation studies.

On the other hand, three different commercial software platforms, SolidWorks,
ABAQUS, and ANSYS, were used in the comparative study in order to compare their user
interfaces and TO outputs. Despite the fact that each of the aforementioned CAD models
was optimized in the above software using the same TO method, mesh quality, as well as
designer inputs and constraints, the derived optimized designs were not identical. Solid-
Works and ABAQUS resulted in a similar optimized bell crank lever and pillow bracket,
but their design solutions in the small bridge displayed differences. Furthermore, tetrahe-
dral finite elements of the same size were used in all simulations; however, the number of
the discretized finite elements differentiated among the software packages. It seems that
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the discretization of the CAD models was conducted in different ways. That could be a
reason for the different optimized designs. Regardless of the fact that all software plat-
forms use the same TO method, their TO algorithms and implementation are different, as
it was shown both from the different derived solutions and their optimization times. In
addition, each software applies different smoothing tools to fix sharp edges and over-
hangs and to eliminate stress singularities of the faceted geometries. In spite of this, these
tools changed both the shape and the weight of the optimized designs; in the case of Solid-
Works and ABAQUS, they increased their weight, while in ANSYS, they decreased them.
CAD designers should take into account these parameters at the beginning of the TO im-
plementation. It is known that the TO results are sensitive to designers’ inputs; however,
in some cases, the optimization can lead to unintended designs, such as the design solu-
tion of the pillow bracket by ANSYS, which comprised two parts instead of one, while the
other software resulted in one optimized part. An additional design constraint could eas-
ily avoid the separation of the component. For example, adding the faces between the
holes of the pillow bracket to the ‘frozen areas’ could preserve the removal of material
from them and thus prevent the part split. Despite the fact that all these issues can be
avoided using proper design and manufacturing constraints it seems that the commercial
software can sometimes still be a ‘black box” for CAD designers. Moreover, all these ad-
ditional constraints demand manual input by the CAD designers and decrease the avail-
able design space for optimization, and thus, algorithms’ flexibility.

8. Conclusions

A comparative study of the application of different TO software was conducted in
this research work, and, thus, a table containing 70 existing TO software platforms was
created. The table is available online and was developed in a way that could be changed
and edited by readers interested in TO. In this way, an updated library of the available
TO software platforms was developed, offering useful information about them, such as
their availability, optimization types and methods, objective functions, constraints, and
representation of the results. A search of the literature showed that the most applied TO
method is the compliance optimization with the SIMP method at 80%.

Three commercial software were chosen for further comparison—Solidworks, AN-
SYS Mechanical, and ABAQUS. The software was compared for its TO workflow and re-
sults using three commercial models—a bell crank lever, a pillow becket, and a small
bridge. The small differences in their workflows, such as the 3D preparation, led to differ-
ent optimized designs despite the fact that the same TO method (SIMP) and properties, as
well as CAD designer inputs, were used in all of them. The software could reduce the
models” weight in remarkable percentages, 88.3% for the bell crank lever, 85.9% for the
pillow bracket, and 79% for the bridge without compromising their strength. ABAQUS
gave the best designs in terms of the weight of the bell crank lever and the pillow bracket,
while SolidWorks created the lightest bridge. In addition, SolidWorks was the most effi-
cient software in terms of optimization time.

The existing TO software provides the CAD designer with many different options
for both optimization type, objective function, constraints, and representation and analy-
sis of the results. In this way, the software supports the CAD designer in all steps that
constitute the TO workflow. However, each platform has its capabilities and limitations
that differentiate it from the other. Both the CAD designer’s inputs and the small details
in a TO software platform could affect the geometry, the weight, and the strength of the
final designs. Thus, these have to be taken into account during all the steps of the TO
workflow. Finally, the lack of an ideal TO platform causes CAD designers to work with
different software in order to get a design that fulfills the desired requirements.
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9. Future Research

The comparative study in this paper was limited to commercial software, and, thus,
it will be of high interest to implement an analogous study among the open source soft-
ware platforms. In addition, differences and similarities could be studied between the
commercial and open source software platforms. Furthermore, in order to check the opti-
mization limits of the software, other case studies could be investigated using alternative
and multiple objective functions except for compliance, such as frequency and buckling.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/app12020611/s1, Table S1: Library of TO software.
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