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ABSTRACT 
In the design phase of product development (PD) process, most new products face significant 
uncertainties and risks. Uncertainty is typically associated with a lack of information, while learning is 
a process that acquires information. Therefore, learning fast and at low cost decreases the uncertainty 
and increases the efficiency of the product design phase. This paper investigates the concept of the cost 
of learning in PD’s design phase. Reviewing the literature, we conceptualize the cost of learning and 
review the learning methods considering three aspects in the design phase of the PD process: (1) costs 
associated with learning from mistakes and failures, (2) learning methods and (3) categories of learners. 
This paper thus provides the conceptual foundations for future work to increase the efficiency of the PD 
process by reducing the cost of learning from mistakes and failures. 
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1 INTRODUCTION 

Today’s organisations strive to achieve technological advancements and growth. To have an 

advantage over competitors, organisations must innovate new products or improve existing products. 

In this regard, companies must strive to optimise cost, quality and lead time (Oehmen et al., 2010, 

Chauhan et al., 2017).  

At the same time, new product development (NPD) projects are becoming more complex as they 

become more unique and as more requirements change due to dynamics in the market. Hence, the 

NPD process faces significant risks, including technical risk, financial risk, collaboration risk, 

regulatory risk, schedule risk and market risk (Awny 2006, Unger and Eppinger 2009, Wu and Wu 

2014). Moreover, in the early phases of NPD projects, there are more risks and uncertainties (Lough et 

al., 2009) due to lack of information. The literature demonstrates that current product development 

methods are not fully capable of addressing these additional challenges (Oehmen et al., 2014, Schuh et 

al. 2017). Therefore, many NPD projects fail during their development processes or soon after they are 

in the market (Barczak et al., 2009). 

To solve design problems, NPD teams learn from failures and mistakes (Drupsteen and Guldenmund 

2014, Kolb 2014). To improve current and future projects, teams and individuals use the learning 

outcomes of efforts to solve design problems in the design phase. As a result, the costs of learning 

related to solving issues in NPD are the utilised resources, such as time and money, and sometimes 

product failure. Therefore, the overall product development process becomes expensive and less 

productive. 

The success of NPD projects directly affects the growth and profitability of the organisation. Yet the 

success rate of the new products is disappointing. One study reveals that only 15% of new ideas for 

products and around 60% of NPD projects achieve commercial success in the market (Barczak et al., 

2009). Another study (Gourville 2006) shows that the failure rate of new products can reach 90%. In 

the majority of the cases, NPD projects turned out to be costly, and failure was too expensive for 

organisations in terms of input resources. 

There are multiple studies on the lessons learned from mistakes (Schindler and Eppler 2003, Stosic  

et al., 2016, McClory et al., 2017); however, to our knowledge, there are few literature reviews on the 

“cost of learning” and “learning methods” in product design. Therefore, we address the identified 

literature gap regarding the “cost of learning” in the engineering design phase of the NPD process. 

This literature review will contribute to a future research agenda for understanding the role of risk 

mitigation in minimizing the cost of learning and thus the cost of product development. In this 

literature review, we ask the following research questions: 

 

 What are the learning methods in product design? 

 How can we describe the cost of learning in product design? 

 

The corporate world primarily uses the term “learning” from an organisational perspective (Senge 

1991). There is also a trend in the academic community to study learning in connection to NPD (Lynn 

et al., 1996, Lynn et al., 2003, Akgün et al., 2006, Cui et al., 2014, Un and Rodríguez 2018). We take 

the definition of learning as “processes of information or knowledge acquisition, distribution, 

interpretation and storage” (Schulze et al., 2013). The product design phase plays the main role in 

defining the physical form and function of the product. The design phase includes various activities 

from, for example, the areas of industrial design (user interface, aesthetics, and ergonomics) and 

engineering design (mechanical, electrical, software, etc.) (Ulrich and Eppinger 2015).  This paper 

focuses on learning in engineering design teams. Therefore, we limit the scope of this paper to the 

context of learning in engineering design.   

This paper contributes to the existing research on this subject in two ways. First, this paper provides 

an overview of the types of learners, learning methods and the costs associated with learning in the 

NPD design phase. Second, this paper contributes to the understanding of the link between the cost 

of learning and learning methods. This paper provides a conceptual framework for future research 

aimed at integrating the three separate streams of research: organisational learning, risk management 

and NPD. 
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The structure of the remaining paper is as follows. Section 2 describes the research methodology and 

details about the literature search and analysis. Section 3 provides an overview of the results of the 

literature search.  Section 4 discusses the results, in order to improve the NPD process from a learning 

perspective. Section 5 concludes the discussion and briefly explains the potential for future research. 

2 METHOD  

To create an overview of the literature, we used the Scopus and Science Direct databases. Our 

searches focused on the titles, keywords and abstracts of the peer-reviewed papers without limiting the 

search to specific dates of publication. We reviewed English language papers only and used Boolean 

operators (OR and AND) in the search strings. The following search strings were used: (“product 

development process” AND learning), (“product design” AND “learning cost”), (“product 

development process” AND “learning” AND “cost”) and (“innovation” AND “learning cost”). We 

excluded the fields of “nursing”, “health care” and “medicine”. We did not focus on additional 

searches for topics about knowledge management and general learning in projects. The initial searches 

with the aforementioned search strings in Scopus (339) and Science Direct (273) produced 612 

references. The initial scanning of the titles produced 49 relevant research articles for closer review. 

After scanning the abstracts and the introduction and conclusion sections, we excluded 30 papers since 

these papers primarily addressed organisational learning and knowledge management in NPD projects. 

We studied the remaining 21 articles in detail and identified nine additional articles after backward 

referencing. To answer the research questions in this paper, we therefore reviewed 30 articles in total. 

3 LEARNING IN PRODUCT DEVELOPMENT PROCESS  

In connection with the topic of learning in the NPD process, we adopt the definitions of the single-

loop and double-loop learning theories by (Argyris and Schon 1974). According to (Argyris and 

Schön 1997), when the error detection and correction process permits the organisation to follow its 

present policies, this process is called single-loop learning. Double-loop learning takes place when the 

error detection and correction process questions and modifies the organisation’s underlying policies 

and objectives. The design teams learn from failures and mistakes and improve the design. We can 

describe single-loop and double-loop learning with an example from NPD projects. In the detailed 

design phase of NPD projects, the design teams make efforts to achieve the design requirements. In 

this design process, designers face problems to achieve the set design goals. To solve the design 

problems, designers change their approach and acquire the appropriate knowledge. This is the example 

of a single-loop learning process in an NPD context. Another example of what is meant by double-

loop learning is to change the set requirements of the NPD project by taking feedback from design and 

marketing teams. Hence, the management learns from mistakes and learn in order to improve the next 

NPD projects. 

3.1 Costs of learning 

Kessler et al. (2000) studied 75 NPD projects to investigate the influence of technology sourcing 

strategies on innovation speed, development cost and competitive advantage. The results of the study 

demonstrate that more technology sourcing lowers competitive success and increases development 

costs. Outsourcing in the technology development phase of an NPD project significantly increases 

project completion time. Therefore, we can conclude that learning through outsourcing in design 

teams can increase the development time and cost of NPD projects. Smite and van Solingen (2016) 

conducted a study on software-based product development scenarios. They conclude in their study that 

the cost of learning due to outsourcing outside the company was more than the hourly cost of in-house 

learning. In the end, they find it less expensive to learn within the company. Therefore, we can infer 

that the cost associated with learning from outsourcing is more than in-house learning. Lilly and Porter 

(2003) argue that improvement reviews of the NPD process can be a step to enhance learning in NPD 

process. These reviews serve as inputs that help teams prioritise the best-suited learning agenda for 

solving design problems. Therefore, design teams can use lessons learned from previous product 

development projects as an input that helps them identify the design issues with greater impact on 

project costs. Therefore, the quicker the response to the problems identified in the review process, the 

lower the cost of learning. We can conclude that (lead) time is another factor associated with the cost 

1655



  ICED19 

of learning. Likewise, Postrel (2002) claims that the learning tasks with previous knowledge have 

lower learning cost as compared to completely new learning tasks.   

Del Río et al. (2014) point out that virtual experiments, such as CAD models in the design phase, can 

reduce the development time and cost of learning in the product development process. Thus, 

development time and money can be identified as the cost of learning in the design phase of NPD 

projects. Similarly, Henshall et al. (2017) identify design rework as a cost factor that engineering 

design teams can reduce with learning interventions that develop the skills of the engineering teams. 

Therefore, we can identify the cost of design rework as one type of learning cost.  

Drupsteen and Guldenmund (2014) conducted a literature review and defined learning from incidents 

and accidents based on the results of the events that have occurred. Therefore, we can conclude that 

the costs of learning in these scenarios are the failures of the designs or the mistakes in the design 

phase.  

The evidence presented in this section suggests that the cost of learning can be classified as time and 

money. The results from current section are discussed in section 4.  

3.2 Categories of learners 

Saban et al. (2000) categorise learners in the product development process as learners in level 1 and 

level 2. Level 1 participants, in single-loop and double-loop learning, are typically design teams and 

designers. Level 2 learners are at a strategic level and are the ones that establish business goals.  

Observations and investigations in the field of organisational learning have revealed that teams are the 

fundamental source of learning in organisations (Senge 1991, Leonard-Barton 1995, Nonaka and 

Takeuchi 1996). Leifer and Steinert (2011) also agree in their study that product development teams 

learn in the design and development process. Most of the papers cited by Leifer and Steinert (2011) 

categorise learners in the product development process as teams and individuals. Overall, the evidence 

presented in this section suggests that teams and individuals are the two main categories of the learners 

in engineering product development.  

3.3 Measures of learning in the product development process  

To measure the learning and cost associated with repetitive tasks, Anzanello and Fogliatto (2011) 

review the literature on learning curves. The concept of learning curves can also be used in the 

product development process to measure the learning capability of design teams and individuals 

(Anzanello and Fogliatto 2011). In contrast, as product development is not a repetitive task, it is 

difficult to measure the learning capability of design teams and individual designers by 

implementing the learning curve method. There are many factors (e.g., prior experience and task 

complexity) that affect the learning capabilities of individuals and design teams (Pananiswami and 

Bishop 1991, Nembhard and Uzumeri 2000b, Nembhard and Uzumeri 2000a). The fields of design 

learning and design education can be an inspiration for the measurement of learning in engineering 

design teams. Boylan and Demack (2018) argue that professional learning can be assessed in 

innovative projects by measuring the improvements in outcomes and assessing the extent to which 

professional learning occurs. Denson et al. (2015) argue that the Consensual Assessment Technique 

can be used to measure creativity in engineering design. This method can possibly be an inspiration 

for measuring the creativity of design teams in solving design issues. They represent web-based 

adaption of the Consensual Assessment Technique for the evaluation of student projects. The 

students developed engineering projects during a week-long engineering camp. 

3.4 Learning methods in the product development process  

Dalmaz et al. (2015) review learning methods from an NPD perspective. They categorise learning 

methods as either formal or informal methods of learning. McKee (1992) reviews the literature on the 

organisational learning approach to product development. He relates three learning levels to 

innovation. Specifically, he relates single-loop learning to incremental innovation, double loop 

learning to discontinuous innovation and meta-learning (i.e., how to fail intelligently) to 

institutionalised innovation. Single-loop and double-loop learning occur in specific product 

development projects and meta-learning helps higher management in learning from experiences in 

innovation projects. Similarly, Leifer and Steinert (2011) propose that learning in the product 

development process occur in formal and informal ways. Based on prior work, they identify three 
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learning loops in the product development process. Learning loop one is based on explicit knowledge 

and it brings product development teams into the formal structure of the organisation. In loop one, the 

aim of the learning is to retain project knowledge. This loop falls into the category of formal learning. 

In loop two, learning occurs during exchanges between design teams and coaches. Learning loop two 

is categorised as an informal way of learning. The third learning loop is also an informal way of 

learning, and team members learn from each other and prior teams’ experiences.  

Yuan Fu et al. (2006) identify the knowledge required for teams to make decisions in the product 

development process, such as market knowledge, human knowledge, technological knowledge and 

procedural knowledge. Therefore, we can say that knowledge acquisition is an essential part of the 

learning process in which the appropriate knowledge is acquired and processed. Cui et al. (2014) 

propose that new information generated during the NPD process is a source of learning. They identify 

this information acquisition as the learning zone in NPD. The teams in NPD learn from new 

knowledge generated in the innovation process. Therefore, we categorise this learning method as 

“learning by doing”. 

Drupsteen and Guldenmund (2014) review the literature on safety and define learning from incidents 

within organisations. They compare learning from incidents with organisational learning. This 

learning method is another way of learning in the product design phase that can be referred to as 

“learning from mistakes and incidents”. Their study also demonstrates that only high impact incidents 

are used for learning and many opportunities to learn from small incidents are missed due to lack of 

reporting.  

Erichsen et al. (2016) propose a model of four prototyping categories to learn internally and 

externally in the product development process. They use two case studies from the automotive 

industry and propose prototypes as a method of learning in the product development process, both 

internally and externally.  

Un and Rodríguez (2018) analyse the influence of research and development outsourcing on product 

innovation. Outsourcing is another way of learning in NPD projects. Lynn et al. (2003) propose the 

accelerated learning concept in new product development teams. They argue that fast learning enables 

product development teams to introduce new products into the market quickly, which can increase the 

product success rate. They suggest that vision clarity, knowledge gained from customers and 

competitors, past product reviews and aggressive deadlines can be the ways of learning in the product 

development process. Likewise, Henshall et al. (2017) argue that learning can enhance the efficiency 

of the product development process and reduce the cost of design rework. They suggest that efficiency 

of the product development process can be enhance by defining learning intervention aimed at 

developing skills in senior engineering management. They propose lectures, training and group work 

as learning strategies or methods in the product development process.  

Henshall et al. (2017) developed a model of learning cycles in the NPD process. They developed three 

learning methods: (1) “learning by using,” which is based on customers’ experiences after using the 

product, (2) “learning by doing,” which occurs as the firm manufactures a greater volume of the 

product and (3) “learning by failures,” which takes place as managers identify failure patterns and 

weak links in the organisation by launching successive generations of the product into market. 

D’Este et al. (2017) identify two types of learning mechanisms in exploratory R&D, which they label 

as “learning from experience” and “inferential-based learning”. To reduce the failure rate of NPD 

projects, it might be possible for design teams to use learning opportunities.  

In summary, these results demonstrate that product development teams learn about solutions to design 

problems using various learning methods. The learning methods identified in the literature are 

summarised in the next section of this paper. 

4 DISCUSSION 

Our analysis of the literature demonstrates that the cost of learning due to failures and mistakes in 

product development processes is not well defined. In reviewing the literature, we found insufficient 

data (Un and Rodríguez 2018) on the relation between cost and learning in the product development 

process. The results of this study indicate that the cost of learning in product development depends on 

the learners and learning methods (e.g., learning through prototyping or outsourcing). Another 

important finding of this review is that despite the number of papers written on the subject of learning 
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in the product development process, the initial reviewed papers tend to be more focused on learning in 

all NPD phases instead of learning in the design phase. 

The organisational learning theory proposed by Argyris and Schon (1974) also agrees that individuals 

and teams are the sources of learning in organisations. There exists another categorisation of learners 

as level 1 and level 2 learners that is based on the organisational learning theories of single-loop 

learning and double-loop learning. The results of this study confirm that individuals and teams are the 

basic categories of learners in product development processes (Leonard-Barton 1995, Nonaka and 

Takeuchi 1996, Leifer and Steinert 2011). 

Table 1. Learning methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To solve design issues, design teams face unique challenges and situations in which they learn. The 

literature to date makes little reference to the question of how to measure learning in engineering 

design teams. The manufacturing industry primarily uses learning curves to measure learning in 

repetitive tasks. To measure learning in the product design phase, it is challenging to implement the 

learning curve methodology because of the non-repetitive nature of the tasks, complexity of the tasks 

and the learning capability of individuals and design teams. However, Anzanello and Fogliatto (2011) 

argue that by using the learning curve methodology, design teams can measure the learning involved 

in the development of products that are similar in terms of configuration. We suggest that the learning 

ability of design teams can be linked to the time between the detection of the design problem and the 

time needed to solve the identified problem. However, this time also depends on the complexity of the 

design problem and the previous experience of the designers. The expected learning time needed to 

solve the design problems can be longer if the design team does not have previous experience in 

solving similar design problems detected in the design process.  

Table 1 addresses the first research question and illustrates that different learning methods do exist in 

product design. When focusing on the design phase, we observe that design teams learn in formal and 

informal ways to find the solutions to design problems. Therefore, we divide the learning methods into 

two categories, formal and informal, as illustrated in Table 1. The identified methods are suitable in 

certain situations; for example, when the product is unique and there are market risks, the suitable 

method for learning about market needs might be “prototyping”. In contrast, NPD projects with low 

market and technical risks might not need prototyping. When the product design has similarities with 

other product development projects, the past product review can be a suitable method for learning. 

Therefore, it can be possible to assume that the selection of a suitable learning method can affect the 

cost of learning from an engineering design perspective.  

Table 2, which relates to the second research question, illustrates that the cost of learning can be 

divided into two categories: time and money. The literature review also indicates that the cost of 

learning depends on the type of learning task (e.g., new tasks or tasks based on previous knowledge). 

There is a link between both types of costs of learning (time and money); for example, when the 

launching time of the product is of primary importance, money becomes the second priority and time 

is considered as the cost of learning. When NPD projects have limited resources and flexibility in 

terms of time to market the product, money or development costs becomes the cost of learning. Early 

Learning Method Categories of 

learning methods 

Reference 

Learning through knowledge 

acquisition, training and 

lectures 

Formal (Yuan Fu, Ping Chui, & 

Helander, 2006), (Henshall et al., 

2017) 

Learn by doing Formal (Cui et al., 2014), (Henshall et 

al., 2017) 

Learning from incidents and 

failures 

Formal/Informal (Drupsteen & Guldenmund, 

2014), (Henshall et al., 2017) 

Prototyping and experiments Formal (Erichsen et al., 2016) 

Learning from teammates and 

coaches 

Informal (Leifer & Steinert, 2011) 

Outsourcing Formal (Un & Rodríguez, 2018) 

Past product reviews, 

customers 

Formal (Lynn et al., 2003) 
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in the design process, exploring and prioritising difficult learning tasks can reduce the cost of learning. 

Similarly, using prototypes and design iterations to acquire customer feedback in the early stages of 

the product development process can reduce the cost of learning. Therefore, in our opinion, it is 

possible to learn proactively in the early stages of the product design process by foreseeing potential 

design problems. By reviewing the literature on the cost of learning due to failures and mistakes in the 

product development process, we contribute to the knowledge about the cost of learning from mistakes 

and failures in NPD projects and learning methods. This will help to identify possible explanations for 

inefficiencies and high costs of learning in the NPD process. 

Table 2. Categories of the cost of learning 

 

 

 

 

 

 

 

 

 

 

This literature review also provides the theoretical foundations for further research on increasing the 

efficiency of the product development process by reducing the cost of learning through risk 

management. The literature review is limited to a selection of peer-reviewed papers only, whereas 

there are books that cover different aspects of learning in the product development process. 

5 CONCLUSION 

The design phase of the product development process faces unique problems due to uncertainties and 

risks. Timely information and learning about design problems and solutions tend to reduce the 

uncertainties and mitigate risks. In many situations, learning from mistakes and incorrect decisions in 

the design phase is costly. There is a range of studies on individual, team and organisational learning. 

However, there is a gap in the literature review on the cost of learning in the design phase of the 

engineering product development process.  

The cost of learning is not well defined in the engineering design phase of the product development 

phase. This paper has defined the cost of learning in the design phase as time and money. Time as the 

cost of learning is further categorised as time overrun due to outsourcing the learning. Money as the 

cost of learning is subcategorised into design failure and design rework. The paper has also identified 

that generally, the categories of learners in the product design phase are individual product designers 

and design teams. Reviewing the literature, we mainly categorised the learning methods in the design 

phase into formal and informal learning methods. Learning methods such as learning by doing, 

prototyping, outsourcing, consulting past product reviews and learning through training and lectures 

are included in the formal learning methods category. Learning from incidents is included in the 

informal learning methods category. We find in the literature that the selection of learning methods is 

claimed to affect the cost of learning. One of the more significant findings emerging from this paper is 

that to reduce learning costs, risk analysis can be used in the product design phase. The risk analysis 

process can identify the design problems and design engineers can choose suitable learning strategies 

for solving design problems.  

These findings contribute in several ways to our understanding of the cost of learning in the product 

design phase. The most important limitation is the fact that we review the literature in relation to 

engineering knowledge-based physical product development projects. We are not focusing on 

software- and medicine-related product development projects. Despite this limitation, this paper could 

add to the understanding of different aspects of learning in the product design phase. 

  

Cost of learning Category  Reference 

Time overrun due 

to outsourcing  

learning 

Time (Kessler et al., 2000), (Postrel, 2002)  

Design failure, 

Design rework 

Money (Del Río et al., 2014), (Lilly & 

Porter, 2003), (Smite and van 

Solingen 2016), (Henshall et al., 

2017), (Drupsteen & Guldenmund, 

2014) 
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