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Abstract 8 

This work sets out to provide clarity on the current use of Verification and Validation (V&V) 9 

practices across the product’s lifecycle and proposes a novel product lifecycle management-10 

based V&V approach. By systematically analysing the literature, stages, scope, methods and 11 

techniques used for V&V were investigated, leading to classification and clustering of the 12 

V&V methods or techniques from the product’s lifecycle perspective. The analysis revealed 13 

that V&V are not currently addressed as lifecycle processes, they are largely absent from the 14 

post-production phases and provided insights on how V&V can be applied across the product’s 15 

lifecycle by proposing a novel Product Lifecycle Management-based (PLM) approach for 16 

V&V. This paper is the first to map the ‘as is’ V&V practices across the product’s lifecycle 17 

and supports the engineers and academics on how V&V processes can be applied beyond the 18 

internal organizational boundaries by developing a PLM based approach for V&V.  19 
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1.  Introduction 24 

Modern manufacturing is struggling to cope with globalisation, product customisation and the 25 

continuously decreasing time to market (Maropoulos and Ceglarek, 2010; Filippi and Barattin, 26 

2016). Practices that promote the ‘make it correct the first time’ approach are becoming 27 

increasingly important, especially in product design, which can be an extremely time-28 

consuming process (Jung et al., 2015). Processes such as Verification and Validation (V&V) 29 

can guarantee conformity to the product’s design specifications and provide guidelines for the 30 

manufacturing process.  31 

V&V are key processes since 80% of product’s total manufacturing cost is locked in at the 32 

conceptual design phase (Kim et al., 2015) and both V&V are related with the appraisal costs 33 

(Aleem et al., 2003). Multiple economic benefits from effective V&V can be realized from 34 

reduction of the appraisal costs (VDI, 2002), decrease of the product design costs (Hazra et al., 35 
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2012), improved product performance and reliability (Jung et al., 2015), identification of 36 

design flaws at an early stage (Zhou et al., 2015), decrease of the rework of a product and 37 

promotion of the most suitable Quality Management strategy (Aleem et al., 2003).  38 

Challenges regarding the V&V manufacturing  processes may be related to the vagueness of 39 

those two terms (Duren, 2006), duplication of related tasks (Aleem et al., 2003), vast amount 40 

of paperwork (Aleem et al., 2003), inadequate studies for measuring the impact of those 41 

processes in industries (Aleem et al., 2003) and complexity in product design (Maropoulos and 42 

Ceglarek, 2010). 43 

Analysis of the most common and widely used definitions for V&V led the researchers to 44 

identify that the main differences between those definitions originate from the domain of 45 

implementation. Thus, multiple studies and organisations have defined V&V primarily 46 

focusing on the digital domain (Balci and Sargent, 1981; American Institute of Aeronautics 47 

and Astronautics., 1998; FDA, 2002; Babuska and Tinsley, 2004; US Department of the Navy 48 

(DON), 2004; Allen, Shaffer and Watson, 2005; ISO, 2005; Schwer, 2007), while others 49 

focused mainly on the physical domain (Goldsmith, 2010; Joint Committee For Guides In 50 

Metrology, 2012). 51 

There are many defitions used for Verification and Validation. In simple terms, validation can 52 

be expressed by the query "Are you building the right thing?" and verification by "Are you 53 

building it right?"’. This study adopts the following formal definitions: ‘Verification: 54 

confirmation, through the provision of objective evidence, that specified requirements have 55 

been fulfilled’ and, ‘Validation: confirmation, through the provision of objective evidence, that 56 

the requirements for specific intended use or application have been fulfilled’ (ISO, 2005). 57 

Those definitions were selected because they are generic enough to describe the wide spectrum 58 

of V&V practices and products to both domains. The main difference between the two 59 

definitions is that Verification focuses on whether the product’s characteristics have met the 60 

designer’s expectations and, Validation on whether the design of the product itself has met the 61 

consumers’ expectations. By accurately defining V&V, it becomes easier to study the impact 62 

of those two processes.  63 

Previous studies have underpinned the need for extending the V&V across the product lifecycle 64 

stages with the scope of achieving increased confidence in systems (Sibois et al., 2014) while 65 

other studies  focused more on extending V&V beyond the organisational boundaries by 66 

integrating independent divisions or companies in order to involve the end user in those 67 

processes (Bahill and Henderson, 2005).  Some researchers identify validation as a process that 68 

is performed and finalized at the manufacturing stage and claim that design validation 69 

techniques are an attempt to establish a fruitful relationship between the correctness of the 70 

design and the implementation of the manufacturing processes (Krishnamurthy et al., 2000). 71 

On the other hand, other researchers and organisations followed a different approach by 72 

claiming that validation is a lifecycle process that must be performed across the multiple 73 

product’s lifecycle stages (Aleem et al., 2003). The 2011 Guidance from the US Food and 74 

Drugs Administration (FDA), adopted this lifecycle approach by promoting validation as a 75 

process visible across the stages of the life of the product (Campbell, 2014). Therefore, there 76 
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seems to be no consensus on the extent of the Product Lifecycle Management (PLM) stages 77 

V&V processes should be applied.  78 

Studies have shown that better understanding of V&V methods, its steps and process 79 

integration of V&V with a lifecycle strategy can achieve measurable impact and improvements 80 

in reducing product defects and rework ultimately reducing the costs of quality, product 81 

development and changes (VDI, 2002; Aleem et al., 2003). The impact stems from the clear 82 

V&V practices which define the quality processes related to the product and stipulate the 83 

guiding lines for effective Quality Management in integration with the PLM. However, 84 

academia currently mostly studies validation and verification as pre-manufacturing, internal 85 

processes, covering a limited range of lifecycle stages across the PLM. This study sets the 86 

foundations for addressing V&V as lifecycle processes and provides guidance on how V&V 87 

processes can be applied beyond the internal organizational boundaries. 88 

This paper will answer the following Research Question (RQ): ‘How Verification and 89 

Validation can be implemented across the product’s lifecycle?’. To achieve this, this paper 90 

aims firstly to map the ‘as-is’ situation of the V&V practices by identifying the most common 91 

methods used for implementing V&V in the literature and through analysis of the results, to 92 

classify them across the lifecycle stages of the product. Moreover, this paper aims to provide 93 

crucial information and guidance to the practitioners regarding how V&V can be implemented 94 

across the lifecycle stages. Finally, since this paper’s methodology is based on a literature 95 

review, it aims to identify gaps and provide suggestions for future studies. Thus, this work aims 96 

to be used as a stepping stone for companies, especially those with limited resources such as 97 

SMEs, to successfully develop affordable and well established V&V strategies across their 98 

PLM, in contrast to the unstructured practices of the past (Sauza Bedolla et al., 2013). 99 

The rest of the paper is organized as follows: Section 2 describes the adopted methodology for 100 

this Systematic Literature Review (SLR). Section 3 describes the adopted stages of the lifecycle 101 

approach and what is the main goal for V&V per stage and, section 4 refers to the results of the 102 

analysis of the selected articles. Section 5 contains the discussion emerging from the answer to 103 

the Research Question. Moreover, it identifies gaps, describes the main outcomes from the 104 

qualitative and quantitative analysis of the articles, includes the limitations of this study, and 105 

suggests guidelines for future work. Finally, section 6 contains the conclusions of the study.  106 

2. Methodological Approach 107 

This chapter discusses the methodological approach followed by the researchers. 108 

2.1 Methodology and Databases of use 109 

In this study, a systematic approach was adopted to address the research question. A systematic 110 

review is ‘a research article that identifies relevant studies, appraises their quality and 111 

summarises their results using scientific methodology’ (Kahn et al., 2003). Systematic 112 

literature reviews are widely accepted in the research community since they ensure 113 

transparency and traceability of their results by offering high repeatability of the research 114 

(Tranfield et al., 2003). The process this study followed is presented in the flowchart depicted 115 
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in Figure 1 and analysed in detail below, is an adaptation of well-established methods for 116 

systematic literature reviews (Jesson et al, 2011) with the main difference that inclusion and 117 

exclusion criteria were applied in multiple steps in order to achieve high relevance of the results 118 

with the scope of this research. The fact that both researchers applied the criteria on each stage 119 

independently promoted robustness and integrity for this study.  120 

Figure 1: Flowchart of the SLR, based on Jesson et al. (2011) 121 

Flowchart of the Systematic Literature Review 
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 122 

The selected databases were Scopus and ProQuest. Scopus was selected because it is the largest 123 

peer-reviewed journal database in engineering fields (Ahi and Searcy, 2013) and ProQuest 124 

because of its variety in content. Other factors were the high standards of quality for both 125 

databases and the wide spectrum of areas covered by the journals being hosted.  126 

The main inclusion criteria applied in this initial database search step were: 127 

 Only peer-reviewed journal articles are a part of this literature review for ensuring 128 

quality of the results 129 
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 Only articles in the sub-categories of Engineering, Decision Making, Materials Science 130 

and Business and Management are a part of the research. As the two databases did not 131 

have common scientific area identification, the two researchers jointly mapped the 132 

matching categories between the two databases.  133 

 Only articles written in the English language are a part of this review 134 

2.2 Keywords Selection 135 

The keywords that have been utilised for this research are:  136 

‘Design validation’, ‘Process validation’, ‘System Validation’, ‘Product verification’ and 137 

‘Design verification’ (Group 1). Selection of the Group 1 keywords was based on an iterative 138 

process of refining based on quality and relevance of results. The reason that two words are in 139 

quotes is that when verification or validation are searched as terms among published studies 140 

without a complimentary word, the outputs usually refer to the conformance of a computational 141 

or simulation model, which is beyond the scope of this work. 142 

Additional to Group 1, for ensuring the relevance of the results the researchers used the 143 

following strings: ‘Techniq*’, ‘frame*’, ‘Meth*’ (Group 2). The rationale behind the selection 144 

of these three words is that from past studies in the fields of verification and validation, the 145 

words ‘technique’, ‘method’ or ‘methodology’ and ‘framework’ are most commonly used to 146 

describe ways of implementation for V&V. Figure 2 contains the keywords selection: 147 

Figure 2: Verification and Validation process and methodological elements 148 

 149 

2.3 Inclusion and Exclusion Criteria 150 

In order to review the abstracts of the articles and select the most pertinent with the scope of 151 

this research, the following inclusion criteria were applied to the abstracts of the 678 articles, 152 

as is depicted in Figure 2. Those were:  153 

 The paper must provide a method for validation 154 

OR 155 

 The paper must provide a method for verification  156 

After the application of those criteria to the abstracts of the articles, the paper count dropped to 157 

159. The final exclusion criteria were applied to the full text of each publication, excluding the 158 

following: 159 
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 Case studies or applications with an extremely specific area of application and limited 160 

potential for generalisation 161 

 Articles providing a method for V&V of a simulation model. Those articles do not align 162 

with the scope of this study, which is not to identify methods of validating simulation 163 

models but to identify methods used for Verification and Validation. 164 

 Articles focused on testing methods. Although it is quite common in studies for 165 

Verification and Validation to be accompanied by the use of testing methods (VV&T)  166 

(Santini-Bell et al., 2008), those are distinct terms with different processes and 167 

outcomes. Testing is the most potent tool for achieving verification and validating a 168 

model/design. However, it is only a tool, while adopting a method for obtaining data 169 

and applying rigorous testing does not necessarily entail effective and successful V&V 170 

plan and implementation.  171 

Application of the above criteria resulted in the final sample of 52 articles, which are the 172 

cornerstones of this paper.   173 

3. Product Lifecycle Stages  174 

The classification of the V&V methods to the different stages of the product’s lifecycle 175 

demands an unambiguous identification of those stages. Multiple definitions of what is Product 176 

Lifecycle Management and what are its stages exist in the literature. Some differences can be 177 

identified among them; however, common ground has been established. An industry-focused 178 

definition of Product Lifecycle Management has been developed by CIMdata (CIMdata, 2020), 179 

identifies the key aspects of PLM in the following captions : 180 

‘A strategic business approach that applies a consistent set of business solutions that 181 
support the collaborative creation, management, dissemination, and use of product 182 

definition information’ 183 

‘Supporting the extended enterprise (customers, design and supply partners, etc.)’ 184 

‘Spanning from concept to end of life of a product or plant’ 185 

‘Integrating people, processes, business systems, and information’ 186 

Figure 3 depicts the stages described in the literature by different authors and varying 187 

perspectives. In some studies, the weight was put on the stages up to the manufacturing of the 188 

product (Abramovici, O. Sieg, 2002b; PTC, 2008) while other authors tried to include more of 189 

the lifecycle stages (Stark, 2005; Liu et al., 2009; Ramani et al., 2010). The main difference 190 

between these two approaches is that by creating multiple and well-defined stages aimed at the 191 

design phase of the product, the theory of ‘frontloading’ is promoted by which issues might be 192 

identified and avoided in advance. This practice has been identified as a future trend of PLM 193 

(Maropoulos and Ceglarek, 2010).  194 
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Figure 3: Product Lifecycle Stages 195 

 196 

Figure 3 illustrates the main stages of the product’s lifecycle that have been selected by the 197 

authors, coloured in black under the ‘Life stages’ column.  These are the stages that the further 198 

analysis of the V&V methods will be based on. Those stages will provide the ground for the 199 

methods to be classified and will depict the lifecycle limitations on the implementation of each 200 

method. Thus, it was crucial that those stages were thoroughly defined before proceeding in 201 

further analysis.  202 

Taking those approaches into consideration, this paper created a chain of Lifecycle Stages, 203 

illustrated in the first column of Figure 3, which are in alignment with the ones proposed by 204 

the literature and with the trend of defining V&V processes as lifecycle processes with direct 205 

or indirect impact on the whole spectrum of the product’s phases. Some key points on the 206 

selection of the life stages are: 207 

1) Several V&V methods are focused on the correctness of capturing the customers/ 208 

consumers voice. The process of requirements turning into specifications is crucial for 209 

the development of a product and for establishing the guidelines for successful 210 

verification. This is the reason the researchers have kept the stage of ‘Planning’ as the 211 
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first stage but renamed it to Requirements/Planning, which depict the aims of this 212 

stage.   213 

2) The next stage of Conceptual Design is the first attempt of actually putting all the 214 

specifications together in the newly designed product and study their correctness and 215 

dynamic. 216 

3) Detail design is the outcome of multiple departments’ collaboration. It captures the 217 

information from the design team, the production, the quality, the marketing and the 218 

sales. It is the most crucial stage in which the design of the product is finalised and 219 

traditionally, this is the stage where the Validation Master Plan (VMP) is created. The 220 

VMP contains a detailed description of the V&V processes, the stage that they will be 221 

implemented and who is responsible for each activity (Sherman, 2015).  222 

4) The researchers do not adopt a specific ‘Validation’ or ‘Testing’ or ‘Realisation’ life 223 

stage as other previous studies (Abramovici, O. Sieg, 2002a; Stark, 2005; PTC, 2008). 224 

This adoption would come in contradiction with the scope of this study to address and 225 

analyse V&V as lifecycle processes. 226 

5) Manufacturing is the stage where the product is being manufactured. It is vital for the 227 

manufacturing process to meet the criteria that are set by the product’s designers. 228 

Testing and robust quality policy is essential for high standard products, and the main 229 

testing processes take place during the production stage. 230 

6) Supply Chain stage covers the logistics, distribution and delivery of the product. 231 

Keeping the quality in the same level for all the links of the supply chain is a constant 232 

goal of an efficient supply chain. 233 

7) Service is the stage where support is provided to the consumer regarding the product. 234 

It is a stage that can provide real-life data emerging from the product’s use. This data 235 

can be used as feedback for prior stages of other/similar designs for successful V&V of 236 

the product. 237 

8) The final stage selected is the Disposal. Eco-friendly materials, recycling, regulations, 238 

standards and legislation, sustainable solutions must be able to align with the disposal 239 

phase of the product, and the manufacturer must have taken into consideration those 240 

variables and verify that the correct processes are followed until the end of the product's 241 

lifecycle.  242 

 243 

This study does not adopt the stage of ‘Sales’, as during this phase, the product is stationary, 244 

and no it does not undergo any change in its characteristics from the manufacturing and the 245 

quality management perspective. Moreover, the distribution of the product is already 246 

considered in the Supply Chain stage. 247 

4. Results 248 

This chapter presents the results of the SLR in both a quantitative and qualitative manner. 249 

Firstly, a bibliometric analysis provides an understanding of the evolution of the specific field. 250 

The next stage is the definition of the aims of V&V per life stage. Then follows the clustering 251 

of the V&V methods and lastly, the classification of the publications leads to an analysis of the 252 

V&V literature for each of the PLM stages.    253 



9 
   

4.1 Bibliometric Analysis 254 

The descriptive analysis of the 52 articles, presented in Figure 4, includes the distribution of 255 

the publications across the time spectrum. This research was conducted on peer-reviewed 256 

articles published form the year 1990 to the year 2017. It is evident that Verification and 257 

Validation have gained academic interest in the last ten years. The chart indicates a steep 258 

increase in research which peaked during 2010 with 12 published papers. The following years, 259 

except 2011, multiple papers were published, demonstrating a high academic interest for the 260 

V&V practises. 261 

Figure 4: Chronological distribution of selected papers 262 

 263 

The researchers identified the journals’ area of focus of the selected articles, with three of them 264 

being dominant: a) Software/ hardware, b) Aerospace and, c) Manufacturing & Production. 265 

These groups combined contained 23 publications from a total of 52 articles. The rest of the 266 

papers were scattered among various journals with topics such as Health, Biomechanical, 267 

Quality and Business Management and other related fields.  268 

4.2 V&V in the Product Lifecycle Stages 269 

 270 

Verification and validation are processes whose subject changes depending on the lifecycle 271 

stage they are applied to. Figure 5 presents a summary of the areas of focus per lifecyle stage 272 

based on the literature. Additionaly, the authors conducted an analysis on what the main V&V 273 

processes are per stage.  274 
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Figure 5: Areas of focus for V&V per product life stage 276 

 277 

Requirements/ Planning: For the requirements/ planning stage, V&V focuses on validating 278 

the correctness of the product’s requirements that have been selected for future development. 279 

It includes methods aimed to capture the customer’s voice such as QFD or TRIZ, which aim at 280 

designing the ideal product (Pignataro, Lobaccaro and Zani, 2014), as well as the technical and 281 

lifecycle requirements arising from understanding and interpreting market needs (Maropoulos 282 

and Ceglarek, 2010). Researchers have identified that Requirements Validation proves that the 283 

requirements (and hence the system design) should satisfy the customer’s need or purpose 284 

before the system is actually built (Duren, 2006). 285 
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Conceptual Design: Studies have claimed that a well thought V&V plan can guide the testing 286 

processes during a project’s definition stage(Duren, 2006). V&V in the conceptual design, also 287 

known as V&V in the early stages, can achieve early stage verification of the design (Sibois et 288 

al., 2014) by studying all the initial decisions of one or multiple designs and evaluating their 289 

correctness. Thus, the optimum alternative can be selected.  Main subject of V&V during this 290 

stage is the outline of methods for design idea validation as well as more technical aspects such 291 

as ensuring the consistency in key design objectives and the Key Characteristics (KCs) 292 

(Maropoulos and Ceglarek, 2010). 293 

Detail Design: V&V during the detail design includes verification of specific characteristics, 294 

such as the Key Control Characteristics (KCCs) and describes in great detail how those 295 

characteristics should be monitored. Additionally, it contains validation of the product’s design 296 

and extensive testing of the prototype, physical or digital. All the information of how V&V 297 

should be applied is part of the Validation Master Plan (VMP) which is conducted by the 298 

engineers.  Since the main subject of V&V at this stage is validation of the product’s design 299 

and verification of the Key Control Characteristics (KCCs), this is the main stage of 300 

implementation of V&V adopting various approaches. For instance, some researchers used 301 

mathematical approaches to achieve validation  (Duren, 2006; Cambronero, Valero and Díaz, 302 

2010; Balachandran, Ozay and Atkins, 2016) while others focused on providing validation of 303 

the detail design through the digital domain  (Aleem et al., 2003; Ferrise, Bordegoni and 304 

Graziosi, 2013) and/or physical prototyping (Lan, Arteau and Sirard, 2004). Prototyping 305 

includes physical, digital and virtual techniques. The methods used for prototyping consist the 306 

9.17% of all the methods identified for V&V in this study and most of them refer to digital 307 

methods with main goal to provide early design V&V. 308 

Manufacturing/ Production: The subject of V&V during the manufacturing or production is 309 

inextricably linked with testing and can be expressed through examination of product’s 310 

characteristics’ conformance such as tolerances, geometric characteristics etc. At this stage 311 

Metrology is a powerful tool for achieving V&V and the engineers apply the VMP that had 312 

been developed in the previous stages. Some researchers followed this direct approach on 313 

examining the manufactured goods and testing them for V&V purposes (Aleem et al., 2003; 314 

Weissman, Petrov and Gupta, 2011; Pignataro, Lobaccaro and Zani, 2014) while others 315 

achieved V&V indirectly, by controlling and verifying the processes related to manufacturing 316 

(Hammett, Wahl and Baron, 1999; Chin, Zheng and Wei, 2003).       317 

Product Supply Chain: V&V practices span beyond the internal organisational boundaries, 318 

are well spread across the Supply Chain and are usually expressed through Standards, 319 

Identification and Tracking.  Previous studies have claimed that the subject of V&V should be 320 

the standardisation of manufacturing execution protocols for establishing an unambiguous 321 

definition ‘‘language’’ throughout a global supply chain and ensure consistent product 322 

performance in the service phase  (Maropoulos and Ceglarek, 2010).  Other researchers focused 323 

on verification of the production schedules and logistics achieved with the use of tracking 324 

methods such as RFID (Huang, Wright and Newman, 2011)  (Huang, Wright and Newman, 325 

2011) while other studies pointed out that validation practitioners cannot complete the 326 

validation processes without assessing suppliers and having a deep understanding of which 327 
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tests were conducted on the supplier’s side (Wakabayashi et al., 2017). From the V&V clusters, 328 

testing focuses on providing alignment with standards set by the OEM on the post-production 329 

phases and is the most common practice for examining the supplier’s quality during the 330 

commissioning. 331 

Use/ Service: V&V across the use or service life stage focuses on capturing data related to the 332 

use of the product and its performance for design analysis or model’s updating. Some studies 333 

aim at providing methods of how this data can be validated for direct use (Wakabayashi et al., 334 

2017) while others used non-destructive testing to obtain data from infrastructures for design 335 

verification (Santini-Bell et al., 2008).   336 

Disposal: The subject of V&V in the disposal phase is linked with the data related to how the 337 

product should be disposed, its life expectancy and its condition. This study concludes that at 338 

the end of the lifecycle V&V is not performed. The rising of more sustainable practices, such 339 

as remanufacturing, circular economy and others, requires that data related to the end of 340 

lifecycle of the product should be taken into consideration and feed the initial design process 341 

in an attempt to optimise the product’s design. 342 

4.3 Clusters of the V&V Methods 343 

V&V methods and techniques were studied through the product’s lifecycle perspective. The 344 

methods identified were classified into 20 different clusters, based on the scope of the methods. 345 

Each cluster is composed of one or multiple methods, with similar properties, aims and 346 

objectives. The clusters, presented in Table 1, focus on capturing the variety of V&V methods 347 

and their inputs and outputs. In order to increase the robustness of the classification, both 348 

researchers classified the V&V methods into the clusters. The table found in the Appendix, 349 

contains in more detail the clusters, methods, sources and the subjects of the identified methods.  350 

The clusters might extend to more than one lifecycle stage. By identifying at which stage the 351 

clusters were first introduced, the researchers managed to capture the process stage when the 352 

product’s specifications have matured enough for a particular V&V method to be applied. 353 

Table 1 contains the clusters of the V&V methods per life stage. Due to size limitations of the 354 

paper, in-depth analysis of the methods contained in each cluster cannot be presented. 355 

4.4 PLM publications classification 356 

One of the investigated aspects of this study is to identify the focus of the implemented V&V 357 

methods in terms of Verification, Validation or both. Figure 6, based on the detailed 358 

information presented in the Appendix, summarises the results of this analysis. Methods aimed 359 

mostly at verification constitute 14% of the whole sample, 19 % focus on validation, and the 360 

rest 67% on both Verification and Validation. Most of the techniques/ methods can be used for 361 

both Verification and Validation. Similar techniques have been used with a different focus and 362 

without applying strict boundaries as to whether they are referring to verification of validation. 363 

The key parameter that alters the focus of the method used is the scope of its implementation, 364 

whether it’s verification of characteristics or validation of the design. As an example some 365 

papers used Testing for validation of the product (Jung et al., 2015) , other papers for 366 

Verification of the characteristics (Lan, Arteau and Sirard, 2004; Santini-Bell et al., 2008) and 367 
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some with a general focus on V&V (Bucca et al., 2009; Pignataro, Lobaccaro and Zani, 2014). 368 

Thus, guidelines that strictly define which methods are most suitable for verification or 369 

validation have not been adequately developed yet.  370 

Figure 6: Focus of the Methods 371 

 372 

Table 1 contains the 20 clusters created for the 70 distinct identified methods. The aim of Table 373 

1 is to illustrate to the reader the number of methods identified per cluster and the contribution 374 

of each cluster per product lifecycle stage, aggregating in total 100% for each stage. Moreover, 375 

through this analysis, it is evident that the cluster with the highest percentage is the dominant 376 

per stage. In the stages of Requirements Specification and Service/ Use, there are a limited 377 

number of clusters identified. On the other hand, in the Conceptual Design, Detail Design and 378 

Manufacturing & Production there are multiple clusters used in the V&V processes. This data 379 

underpins the large variety of V&V methods focused on those stages in contrast with the 380 

limited methods on the Requirements and after manufacturing stages. This observation can 381 

raise once again the point that most of the V&V methods and techniques have a narrow focus 382 

on the three internal lifecycle stages, from Conceptual Design to Manufacturing. It becomes 383 

clear that V&V is considered in academia an internal process with inadequate research focused 384 

on the external entities involved in the product’s lifecycle.  385 

Product development includes the stages of the requirements development, conceptual design 386 

and detail design. Based on Table 1, those three life stages are responsible for the 74% of the 387 

volume of all the V&V activities, which proves that V&V are processes focused in the first 388 

stages of definition of the project/product. 389 

 390 
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Table 1: Clusters and PLM focus of the method 394 
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1 Knowledge Sharing  5 16% 8% 5% 6% 7%     

2 Documentation 1     1% 3% 7%     

3 Process Validation 8 5% 8% 7% 14% 21%     

4 Validation Models 3 11% 4% 3% 3% 7%     

5 Product Requirements/ Development 9 32% 17% 5%         

6 CAD Software 3     3% 3% 7%     

7 Information Management 7 21% 8% 5% 9% 29% 20%   

8 Mathematical Based Method 18 5% 25% 20%         

9 Physical Prototyping 3     2% 9%       

10 Simulations 10 5% 12% 12% 9%       

11 Testing  9   2% 8% 9%   20%   

12 Numerical Analysis  11   4% 9% 14%   20%   

13 Risk & Assembly Analysis 4   2% 5% 3%       

14 Systematic Optimisation Techniques 3 5% 4% 2% 3%       

15 Digital Prototyping 4   4% 5% 3%       

16 Virtual Reality Simulations 3   4% 3%         

17 Regulations 1     1% 3%       

18 Standards 2     2% 6% 7%     

19 Metrology/ Inspection  2     1% 6%       

20 Tracking Methods/Identification Methods 3         14% 40%   

  Total (Methods with duplicates) 109 100% 100% 100% 100% 100% 100% 0% 

  Total Clusters per Stage   8/20 13/20 19/20 16/20 8/20 4/20 0/20 

  Total (Distinct Methods) 70 
       

 395 

Figure 7, based on the appendix and Table 1, illustrates the clusters of the V&V methods 396 

classified against the multiple stages of the product’s lifecycle. For the creation of this diagram, 397 

it was assumed that if at least one of the cluster’s methods has been applied in the selected 398 

lifecycle stage, then the cluster is applicable at this stage. This classification created a 399 

qualitative visual imprint of the applicability of the V&V processes across the multiple stages 400 

and the limits of each cluster. Thus, it provides the foundation for effective V&V across the 401 

product’s lifecycle by illustrating the used clusters for V&V per stage. As a result, it can be 402 

used as a guideline for designers to identify the appropriate clusters of methods to use and aid 403 

them in obtaining a holistic approach to the V&V processes.   404 
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Figure 7: Clusters' distribution across PLM stages 405 

 406 

 407 

Figure 8, created by taking into consideration the number of methods constituting each cluster 408 

per stage, illustrates the steep rise and fall of the V&V processes used. The peak is spotted in 409 

Detail Design, where the Validation Master Plan (VMP) is usually finalised. VMP is a 410 

document that is common for heavily regulated sectors such as the pharmaceutical, medical 411 

and biomechanical. It contains all the processes and equipment that will be validated during 412 

the production, the main guidelines and who will be responsible for each process. Figure 8 also 413 

highlights the scarcity of methods in the stages after manufacturing.  414 

 415 
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Figure 8: Distribution of the V&V methods across the PLM stages 416 

 417 

Finally, in Figure 9, the researchers synthesised the number of V&V methods from Figure 8 418 
with the distributed clusters across the PLM stages from Figure 7. Figure 9 is the main novelty 419 
of this systematic literature review and illustrates the results emerging from this research. It 420 
can provide the reader with various types of information such as the academic interest and 421 

efforts in the fields of V&V for the period from 1990 to 2017, the lifecycle stage range of the 422 
clusters identified , the frequency of application of V&V methods per lifecycle stage. This 423 

mapping of the V&V processes across the product’s lifecycle stages constitutes a novel 424 

approach in the fields of V&V.  425 

 426 

 427 

0
10
20
30
40
50
60
70
80
90

100

N
u

m
b

e
rs

 o
f 

m
e

th
o

d
s 

p
e

r 
st

ag
e

V&V
methods
per PLM
stage



17 
   

Figure 9: Combined analysis of the quantitative and qualitative results 428 

 429 

5. Discussion 430 

This study answers the following research question: ‘How Verification and Validation can be 431 

implemented across the product’s lifecycle?’. The answer to this RQ provided multiple topics 432 

for discussions and inspired the researchers to identify and structure the pillars for adequate 433 

V&V practices in a lifecycle perspective, resulting in a novel PLM based approach. 434 

5.1 Research question results analysis 435 

The analysis firstly focused on the identification of methods and techniques applied for V&V, 436 

and secondly on the distribution of the methods across the lifecycle phases.  The analysis of 437 

the 52 final articles has driven the answer to the RQ, leading to the guidelines presented herein. 438 

One of the results of this study is that even if FDA is promoting V&V as lifecycle processes, 439 

commonly applied practices fail to do so, at least as it can be seen in the relevant literature. 440 

V&V is largely focused on the Conceptual and Detail Design phase with a steep decrease in 441 

frequency of use at the following lifecycle stages. During the stage of Manufacturing, V&V is 442 

mostly applied through Metrology/Inspection, and in the post-production phases, V&V is 443 

alarmingly absent. Finally, in the stage of disposal, V&V is completely missing with no method 444 

identified through the SLR that refers to that stage.  445 

The researchers have created 20 distinct clusters with 70 distinct methods identified in the 446 

literature. This analysis answered the first part of the RQ, namely ‘How Verification and 447 

Validation can be implemented’, by identifying the relevant methods. The classification of 70 448 

methods into 20 theme-related clusters has created a detailed mapping of the V&V processes 449 

and the existing analysis opportunities for the product’s characteristics. Analysis of those 450 

clusters provides fruitful insight, such as the lack of interest in academia for documentation, 451 

even if FDA guidelines require so. This has been defined as one of the factors that adversely 452 

affect V&V processes (Aleem et al., 2003). The distribution of those clusters across the stages 453 
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of the product’s lifecycle, according to the information found through the literature review, 454 

provided the answer to the second part of the RQ ‘across the product’s lifecycle?’.  455 

Moreover, this study was able to identify gaps in the fields of V&V, where additional research 456 

is needed. Validation is a much vaguer field than verification. Although organisations such as 457 

the FDA require validation as one of the prerequisites for approval of the product through 458 

regulation, there are no clear guidelines and processes to follow. Researchers have identified 459 

the need for further research on the standardisation of the validation concept (Duren, 2006). In 460 

the same direction (Kayis et al., 2007) highlighted the need for knowledge sharing and 461 

standardisation of the V&V approach of refreshed products while others focused on the 462 

development of frameworks that provide clear and measurable V&V goals (Aleem et al., 2003). 463 

Other researchers pointed out the need for governments to regulate regarding the V&V for 464 

connected devices, such as smart devices, in an attempt to standardise and protect the data 465 

sharing (Wright, 2017). 466 

Another important conclusion is that most of the researchers have identified the need for 467 

conformance comparison of a product against standards (Abramovici, O. Sieg, 2002a; Stark, 468 

2005; PTC, 2008). On the other hand, V&V of a product itself should not strictly be confined 469 

to one stage since successful V&V requires actual data from all the product lifecycle stages.  470 

This one-stage V&V practice is in contradiction with the identified need of V&V becoming a 471 

lifecycle process (Aleem et al., 2003) and the FDA guidelines.  472 

Other papers focused more on the need for formal methods, based on digital tools that can share 473 

Product Design Specifications (PDS) unambiguously and allow successful V&V (Weissman 474 

et al., 2011; Li and Liu, 2016). Their research could be the answer to gaps such as regulations 475 

and automatic validation of the product’s design, as this was defined by (Seo et al., 2015). 476 

The primary outcomes of this qualitative and quantitative analysis are: 477 

a) V&V is not currently addressed as a lifecycle process by academia, although since 2011 478 

guidelines from FDA promoted so. 479 

b) There are limited clusters of methods that are focused on V&V during the requirements 480 

specification stage. Verification occurs based on the Key Control Characteristics 481 

(KCCs) that the designers have developed, and Validation is questioning the correctness 482 

of the design. Poor selection of KCCs may lead to Verification failure while 483 

incorrectness in listening to the consumer’s voice may lead to design’s Validation 484 

failure.    485 

c) The main focus of the V&V processes seems to be in the Detail Design phase. All the 486 

clusters, with the only exemption of Tracking/Identification methods, are applicable at 487 

this stage. This results in creating a peak in the used processes of V&V, reflected by the 488 

creation of VMP.  489 

d) The steep increase that leads to the VMP peak is then followed by an almost equally 490 

steep decrease in practices of V&V methods during the manufacturing and the post-491 

production stages.  492 
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e) The interest in V&V is limited at the stages of Product Supply Chain and Service/Use.  493 

Although the service/ use stage of the product lifecycle has been studied in the literature 494 

from various perspectives such as the customer’s (Jun-Yeon et al., 2018), there are 495 

limited studies conducted from the V&V perspective. This study points out this issue 496 

and raises the question to academia and industry, why V&V is not currently applied to 497 

those phases, and what the impact of this absence is. Future research can search for the 498 

answer and aid in identifying the reasons why V&V is not currently implemented as a 499 

lifecycle process.    500 

f) Although the disposal of a product from an environmental perspective is of high interest, 501 

this is not the case for the V&V practices perspective. According to the findings of this 502 

study, V&V has not been focusing on that stage of the product’s lifecycle. Validation of 503 

the design seems not to have created the crucial loop of information flow from the end 504 

of the lifecycle back to the designers, in order to provide update to the predictions made 505 

from the designers. Moreover, V&V hasn’t been linked with ideas such as reverse 506 

logistics, sustainability and circular economy. Another promising future research area 507 

for the field of V&V could be the integration of V&V with Quality Assurance and 508 

estimation models, focused on promoting Circular Economy practices such as reusing, 509 

refurbishing, recycling and disposal.  510 

g) Finally, other studies concluded that Process Planning, a familiar and often prerequisite 511 

activity for V&V, is still at an immature level and more efforts should be committed to 512 

this cause (Maropoulos and Ceglarek, 2010). 513 

5.2 Verification and Validation Pillars for PLM approach 514 

Past studies identified the need for extending V&V across two main directions. The first one 515 

refers to the adoption of a PLM approach, able to apply V&V across the multiple product 516 

lifecycle stages (Maropoulos and Ceglarek, 2010; Sibois et al., 2014). The other direction is 517 

focused more on the entities integrated within the V&V activities. Those studies underpinned 518 

the need for taking into consideration the suppliers (Kang, Rong and Yang, 2003; Al-Ashaab 519 

et al., 2012; Wakabayashi et al., 2017), external companies, and the end-user (Bahill and 520 

Henderson, 2005; Wright, 2017).  521 

Up to now, various studies, applying an internal focus, defined that V&V is based on three 522 

main pillars, a) inspection of geometrical specifications, b) the simulation of processes and, c) 523 

the detailed examinations of layouts (Wöhlke and Schiller, 2005). Those pillars can adequately 524 

describe V&V activities only from an internal organisational perspective.  525 

This study concluded that it is possible to integrate the lifecycle stages perspective with the 526 

external and the internal focus of the V&V processes on the same approach. Thus, by analysing 527 

the created clusters, this study concludes that additional pillars should be constructed for 528 

implementation of a lifecycle approach to V&V and expansion of those activities beyond the 529 

internal organisational boundaries. This novel approach takes into consideration external 530 

stakeholders and entities such as the suppliers and the environment of the focal company, 531 

adopting a more holistic approach. This study suggests that additional pillars should be 532 

constructed based on the following groups:  533 
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1) Validation of the product’s requirements: This pillar should contain all the methods 534 

that are aiming to validate the correctness of the decisions that translate the customer needs 535 

into product characteristics and later specifications. Methods such QFD, TRIZ, AHP and other 536 

similar methods are able to provide a robust approach on which Key Characteristics (KCs) will 537 

be defined for the product and link the selection of those KCs with the users’ expectations 538 

(Chin, Zheng and Wei, 2003; Filippi and Barattin, 2016). Other methods in later stages will be 539 

able to provide guidelines on how and which of those KCs will be transformed into Key Control 540 

Characteristics (KCCs) during the manufacturing stage. 541 

2) Data Exchange: According to multiple studies a V&V plan must unambiguously 542 

describe and define the data flow and take into consideration this exchange (Weissman, Petrov 543 

and Gupta, 2011; Shehab et al., 2013; Sanya and Shehab, 2015). Such a plan can indicate 544 

overlapping activities, prevent non-needed processes and keep production under the well-545 

defined quality acceptance limits. This information exchange should describe the type of data 546 

that will accompany the digital twin of the product, the entities that will share the data, which 547 

data will be part of the feedback loop to previous lifecycle stages and also regulations that will 548 

protect the data. 549 

3) Knowledge sharing: The importance of knowledge sharing lies in the fact that 550 

quality-related knowledge should be able to travel through the different members of the 551 

complex product supply chain and the lifecycle stages (Al-Ashaab et al., 2012). Previous 552 

studies have highlighted the advantages of supplier-customer integration in the design process 553 

(Fish, 2011). Other researches focused on investigating how testing results, a crucial piece of 554 

V&V information, can efficiently interface with other value streams and travel among different 555 

stakeholders (Toche et al., 2017).  Those cases of knowledge sharing among multiple 556 

stakeholders are crucial for providing insight and feedback on the product’s lifecycle in a 557 

bidirectional way. This loop will provide the designers awareness for the late stages of the 558 

product after its manufacturing. The importance of knowledge sharing, and data sharing loops 559 

is increased when the product enters a circular economy scheme with the purposes of reusing, 560 

remanufacturing, recycling or disposal.   561 

4) Regulations & Documentation: Studies have shown that often designers are not 562 

aware of the regulations that define the market which their product is manufactured for (Kim 563 

et al., 2015) and that the industries and not the governments are the ones who push forward for 564 

additional regulations (Wright, 2017). Regulations are crucial for the effective V&V of the 565 

product across its lifecycle. Moreover, documentation of the V&V process should be aligned 566 

with each of the product’s stages and provide valid information both for the physical and the 567 

digital twin of the product and support establishing the conformance against the standards. 568 

5) PLM approach: Finally, by constructing the previous pillars, the organisation will 569 

be able to approach V&V as lifecycle processes. For V&V to be successfully transformed to 570 

lifecycle processes, all the pillars presented herein should be fully developed and able to 571 

provide support to each other. The need for a PLM approach to V&V has been acknowledged 572 

multiple times in the literature (Maropoulos and Ceglarek, 2010).  573 
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The proposed pillars create a novel approach on approaching V&V from the PLM perspective 574 

since they capture both the internal and external focus and are based on the clusters developed 575 

for the multiple lifecycle stages of the product. Figure 10 illustrates both the established pillars 576 

(Wöhlke and Schiller, 2005) and the additional proposed pillars steming from this analysis. For 577 

V&V to be addressed as lifecycle processes, those pillars should be equally developed, 578 

integrating multiple departments and stakeholders such as the focal company, suppliers, 579 

external companies, consumers and the regulation and institutional framework in which the 580 

company operates. 581 

Figure 10: Suggested pillars for successful V&V 582 

 583 

6. Conclusions 584 

This study identified the methods and techniques applied for V&V, classifying them in 20 585 

distinct clusters and distributing those clusters among the well-defined product lifecycle stages. 586 

The 52 papers analysed provided the methods applied for V&V and were the raw data that the 587 

researchers used to map the V&V processes. The analysis and illustration of the 109 identified 588 

methods led to multiple findings and a depiction of the V&V current state across the product’s 589 

lifecycle. 590 

This study identified gaps and trends in different stages of the related processes. It built the 591 

foundation for more focused further research. It also demonstrated the uneven distribution of 592 

V&V practices usage in the product lifecycle and the limited frequency of use during the last 593 

lifecycle stages.  594 

Moreover, it demonstrated that although V&V is promoted as a lifecycle process from the 595 

FDA, in reality, it is focused almost exclusively on the stages of Conceptual and Detail Design. 596 

For the following stages of the lifecycle, V&V is mostly applied through Metrology/ Inspection 597 

and, at the disposal stage, V&V is completely absent. 598 

Finally, based on the analysis of the selected papers, this research identified the crucial pillars 599 

for successful implementation of a lifecycle approach on V&V. It questioned past practices 600 
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which focused on only three internally-facing pillars (Wöhlke and Schiller, 2005) and 601 

developed a novel approach on V&V from the PLM perspective which aims at extending V&V 602 

practice beyond the internal organisational boundaries. This “eight pillars” plan can create 603 

strong foundations for the development of a fruitful and robust V&V framework across the 604 

product lifecycle and provides ground for future studies. Such an approach is more beneficial 605 

for products produced in numbers with well-defined supply chain standards and manufacturing 606 

processes which extend beyond the internal organisational boundaries rather than design-to-607 

order artefacts, since each of those artefacts may have different lifecycle requirements.  Thus, 608 

this study contributes to knowledge by creating clusters that describe the V&V practices, 609 

distributing those clusters across the product’s lifecycle, identifying gaps on the current 610 

implementation of V&V, setting the foundation for future work on the related fields and most 611 

importantly, proposing a new approach addressing V&V as both internal and external processes 612 

across the product’s lifecycle.  613 

6.1 Research Limitations 614 

Adopting a systematic approach to a literature review does not make the research immune 615 

against limitations. The selection of the databases raises the first pragmatic limitation. Each 616 

database may offer different search functionality or sub-category classifications, requiring a 617 

subjective judgement from the researchers. Although effort has been put through joint 618 

discussion and decisions from the researchers to increase objectivity, there could potentially be 619 

some bias introduced due to these decisions. Secondly, the process of the literature requires 620 

some decisions that may not be strictly applied to one of the criteria. In those cases, it is in the 621 

researchers’ critical ability to apply or not the criteria, potentially adding some subjectivity to 622 

the results. For addressing this issue, the authors worked independently on the classification of 623 

the methods and debated any differences in opinions, to increase the robustness.  624 

6.2 Future Work 625 

This paper was able to map the V&V processes across the product’s lifecycle, to identify gaps 626 

in the literature and pinpoint the pillars that need to be addressed for V&V to extend beyond 627 

the organisational boundaries, providing a novel approach on how V&V can be implemented 628 

across the product lifecycle. The identification of those gaps in combination with the 629 

development of the 20 clusters and the clear illustration of the V&V practices during the 630 

product's lifecycle can provide the fertile ground for shaping future research on V&V to 631 

provide support to the practitioners for lifecycle application of the V&V processes. Another 632 

future direction of this study can be the implementation of this approach and quantitative 633 

analysis through a case study.  Moreover, this study promotes further research in the after 634 

manufacturing phases and especially in the stage of disposal, where V&V is inadequately 635 

practised and suggests the need for integration of large scale V&V practices within the Circular 636 

Economy loops as an innovative and promising field. Finally, as other researchers have 637 

identified (Wright, 2017), regulations and standardisation of the V&V practices, data sharing 638 

and collaboration for technologies based on multiple connected devices is an emerging 639 

direction of V&V. 640 

 641 
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Finite Element 
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(Sibois et al., 
2014) 

X X X         
Managing simulations in 

collaboration with the PLM  
Both 

Simulation 
Lifecycle 

Management 
(SLM) 

Simulations 

  X X X       
Validation of system's 

requirements 
Both 

Digital Mock Up 
(DMU) 

Digital Prototyping 

(Stark, Kind and 
Neumeyer, 2017) 

    X         

Creation & validation of 
optimum Cyber Physical 

Production Systems (CPPS) 
architecture 

Both Virtual prototyping Digital Prototyping 

  X X         
Use of VR for assembly 

validation  
Validation  Virtual Assembly 

Virtual Reality 
Simulations 

  X X         
Behaviour modelling 

extended by skill 
negotiation and execution 

Validation  Simulation  
Virtual Reality 

Simulations 

(Suresh, Ozev and 
Sinanoglu, 2015) 

    X         

Use of software simulation 
for validation of the 

proposed ID generation 
method 

Validation  Simulation Method Simulations 
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        X     

Generation of unique ID 
for product genuinity 

identification across the 
Supply Chain 

Both 
Identification 

generation Method 

Tracking 
Methods/Identification 

Methods 

(Urbanic and 
Elmaraghy, 2009) 

X X X         
Potential problem 

diagnosis based on target 
tolerance variations 

Validation  

Matrix based 
modified Failure 
Mode & Effect 

Analysis (FMEA) 

Product Requirements/ 
Development 

(Vyatkin et al., 
2009) 

  X X         
Testing the system's 

correctness 
Validation  Formal Validation  

Mathematical Based 
Method 

  X X         
Support the Formal V&V 

methods and achieve 
automated validation 

  

Unified Modelling 
Language (UML)  & 
net condition event 

systems  

Mathematical Based 
Method 

  X X         
Use of Simulink to aid 
Formal V&V methods 

Both Simulations Simulations 

(Wakabayashi et 
al., 2017) 

        X X   
Data Management System 

validation  
Both Cloud Computing 

Information 
Management 

        X X   
Collect data for 

Verification processes 
Verification  Smart devices 

Tracking 
Methods/Identification 

Methods 

          X   Supplier's data validation  Both 
Tracking / 

documentation  

Tracking 
Methods/Identification 

Methods 
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(Weissman, 
Petrov and 

Gupta, 2011) 
X X           

Standardisation of writing 
Product Design 

Specification (PDS) and 
relevant information for 

automated V&V 

Both 
Computational & 

Software Tool 
Information 

Management 

(Witherell et al., 
2010) 

  X           

To provide a structured 
approach for enhancing 

knowledge sharing 
acquisition and knowledge 

validation techniques in 
engineering design 

ontologies 

Both 
Logic-based 

method 
Knowledge Sharing  

(Wöhlke and 
Schiller, 2005) 

  X X         

Use of Digital Mock-Up 
(DMU) and simulations for 

checking the planning 
state of the digital product 

Validation  
Digital Planning 
Validation (DPV) 

Process Validation 

  X X         
Validation of the digital 

product 
Validation  

Digital Mock Up 
(DMU)  

Digital Prototyping 

(Yan et al., 2008) 

  X X         
Testing/ calibration of 
subscale compressor 

models 
Both 

Experimental 
Validation 

Testing  

  X X X       
Achieve validation and gain 

insight on product's 
behaviour 

Validation  
Computational 
Fluid Dynamics 

(CFD) 
Simulations 

(Yang, Vyatkin 
and Pang, 2014) 

    X         
Creation of standards for 

distributed systems 
modelling and validation 

Both 
Distributed logic 

Simulations 
Simulations 
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(Zbrozek et al., 
2013) 

X X X         

Guidance on how to 
achieve validation of the 
requirements of a data 

collection device 

Validation  
Process Validation 

Method 
Process Validation 



43 
   

 

Authors’ Biographies 

Aineias Karkasinas is a PhD researcher in Engineering Management at the University of 

Strathclyde, Department of Design, Manufacture and Engineering Management. He holds a 

Bachelor in Mechanical Engineering and a master’s in industrial management & Operational 

Research. He is currently completing his PhD in ‘Product Verification and Validation for 

SMEs’. His interest focuses on Industrial Management, Quality Management, Circular 

Economy and decision making.   

Contact: aineias.karkasinas@strath.ac.uk 

Athanasios Rentizelas is a Lecturer in Engineering Management at the University of 

Strathclyde, Department of Design, Manufacture and Engineering Management. Dr Rentizela’s 

research interests lie in Supply networks & Reverse supply chain design and optimization; 

Sustainability assessment and performance improvement in extended supply chains; Digitally 

enabled supply chains; Quality Management; Energy-related supply chains, such as the 

unconventional Oil & Gas and Bio-based value chains. He has led or participated in more than 

20 research & consultancy projects during the past 15 years and has published 26 articles in 

peer-reviewed international journals and four book chapters in the relevant fields.  

Contact: athanasios.rentizelas@strath.ac.uk 

Corresponding author 

Aineias Karkasinas can be contacted at: aineias.karkasinas@strath.ac.uk 

file:///C:/Users/yqb16228/Desktop/try%202/the%205s%20of%20the%20abstracts/potential%20articles/V_V%20in%20product%20lifecycle/Most%20updated%20versions%20of%20the%20article/Thai_IEOM%202019/aineias.karkasinas@strath.ac.uk
file:///C:/Users/yqb16228/Desktop/try%202/the%205s%20of%20the%20abstracts/potential%20articles/journals%20for%20Publishing/Journal%20of%20Manufacturing%20Technology%20Management/article/athanasios.rentizelas@strath.ac.uk
file:///C:/Users/yqb16228/Desktop/try%202/the%205s%20of%20the%20abstracts/potential%20articles/V_V%20in%20product%20lifecycle/Most%20updated%20versions%20of%20the%20article/Thai_IEOM%202019/aineias.karkasinas@strath.ac.uk

