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ABSTRACT 
In industry, Failure Mode and Effects Analysis is an established quality tool for minimizing 
development risks in systems, products and processes. Nevertheless, the presented use case shows that 
the application of the FMEA method in the development of Product-Service Systems in a SME 
requires modifications to ensure that the special character of PSS is appropriately included and that 
risks can be adequately assessed and prioritized. 
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1 MOTIVATION 

Industry 4.0 is a global trend that is changing industry by new forms of value creation and novel business 

models offering companies the opportunity to develop and market downstream services (Kagermann et 

al., 2013). Product-Service Systems (PSS) are one of these forms of additional value creation. In the 

B2B context Meier et al.(2010) define an industrial PSS as follows: “An Industrial Product-Service 

System is characterized by the integrated and mutually determined planning, development, provision and 

use of product and service shares including its immanent software components in B2B applications and 

represents a knowledge-intensive socio-technical system”. Thus, the objective of a PSS is to deliver 

holistic solutions meeting specific customer needs by combining products and services. 

Due to economic and ecological benefits, the implementation of PSS is an important trend around the 

globe. Especially in Germany it is proceeding faster than expected. A comparison of two studies about 

the implementation status of PSS from 2011 and 2015 prove this. In 2015 24.7% of the companies 

surveyed met the criteria of a PSS provider. This was a growth of approximately 10% compared to the 

year of 2011. (Bahrke and Kempermann, 2015)  

The offering of a PSS can lead to better relationships with customers and can speed up innovation to 

keep up with customer demands (Tukker, 2004). This can also lead to competitive advantages in the 

market because it is harder to copy the integrated package of product and service compared to only 

selling a product (Baines et al., 2007). Often, this helps customers to concentrate on their core activities 

(Tukker, 2004) or customers get an increased value through highly customized solutions (Baines et al., 

2007). Another reason for customers to adopt a PSS is that PSS are reducing risks for the customers, a 

benefit customers are willing to pay for (Reim et al., 2016). 

Despite these benefits, PSS are mainly provided by companies with more than 250 employees and not by 

SMEs (Biege et al., 2013). A potential reason is that the change towards a PSS-oriented business model 

is a complex, demanding and risky change process. For those processes a strong consideration of risk 

management is demanded by ISO 9001:2015 (International Organization for Standardization, 2015). 

Therefore, risk mitigation has to be an important sub-process for the development and change towards a 

PSS-oriented business model.  

This leads to the scope of this paper. Since risk reduction and the related risk shift to the provider are key 

selling points for PSS this paper addresses the topic of risk prevention in the PSS development process 

between the stages of concept development and detailed development (Haber and Fargnoli, 2017). The 

original idea was to support the risk assessment of newly developed PSS concept by the well-known 

failure mode and effect analysis (FMEA). During a test session it became obvious that the original 

FMEA method could not be applied to the case because the integrated character of a PSS (e.g. changes to 

the product can lead to problems in service provision) could not be assessed. Potential solution 

approaches found in a literature review did also not fit entirely for the evaluation and ranking of risks in 

PSS development. Therefore, this paper describes a case and modifications to the method of PSS-FMEA 

that give an answer to the following research question: How needs the FMEA method to be adjusted to 

become a useful tool in the PSS development process in SMEs? 

To answer the question this contribution first introduces the theoretical background. Then the business 

case is introduced. Based on findings of the FMEA application in the case company adjustments to the 

method are presented. Finally, the results of the practical application are described in section 5.  

2 THEORETICAL BACKGROUND 

2.1 FMEA and Service-FMEA 

The aim of FMEA is to find and prioritise possible faults in systems, products, or processes and to 

minimise or avoid their effects. There are three different types of classical FMEA, first developed by the 

US military in 1940 and later adapted by the automotive and other industries: design FMEA, system 

FMEA and process FMEA (Da Silva and Carvalho, 2019). The realisation of FMEA starts with the 

identification of failure modes. In the next step possible causes, effects and hazards for each failure are 

listed. Then the failure needs to be evaluated. For the evaluation three factors are used. Severity (S) 

describes the consequences of the failure. Occurrence (O) describes the likelihood for the failure to occur 

and detection (D) describes if the failure is easy to detect or not. Then the risk priority number (RPN) is 

calculated by multiplying the three factors. For failure modes with a high RPN measures are needed. The 

https://doi.org/10.1017/pds.2021.511 Published online by Cambridge University Press

https://doi.org/10.1017/pds.2021.511


ICED21 2503 

performance of the improved system is then monitored and re-evaluated after a reasonable period of time 

(Da Silva and Carvalho, 2019). 

Service-FMEA is a special form of FMEA for the development of services. The procedure for the 

Service-FMEA is primarily the same as for the classic FMEA. The difference between services and 

products or processes is that when services are provided in direct customer contact, faults are 

immediately detected. Therefore, only the factors severity (S) and probability of occurrence (O) are 

assessed in the evaluation process for services (Geum et al., 2011). 

2.2 Literature review on FMEA application in the context of PSS 

To identify existing approaches, related to the usage of FMEA in the development of PSS, a systematic 

literature review has been carried out. The aim of the literature review was to find existing approaches 

that could be applied in the development of PSS in a SME. The literature study is based on the PRISMA-

Statement method (Moher et al., 2015), an established model in medicine for conducting meta-studies, 

which is also proposed for engineering design research (Lame, 2019). The literature research was 

conducted in the databases “Web of Science”, “EBSCOhost” and “TEMA”. Search phrases were used, 

which contain combinations of relevant search strings, such as “produ?t service syste*”, “produ?t 

service”, “PSS”, “IPSS”, “FMEA”, “Failure Mode and Effects Analysis” and “Fehlermöglichkeits- und 

einflussanalyse”. The procedure of the systematic literature research is shown schematically in Figure 1. 

The database search yielded only 20 hits in total. After the removal of duplicates, the titles and abstracts 

of the remaining 19 papers were reviewed. Thereof 15 papers were excluded because they did not 

address the desired topic. The assessment of the remaining papers did not lead to further exclusions. 

 

Figure 1. Systematic literature review process based on Lame (2019) 

As there were only four relevant hits by the systematic literature research the “snowballing” method was 

used to extend the range of the research. With “snowballing” (Wohlin, 2014), all titles from the 

bibliography of the selected papers were checked (backward snowballing) as well as all the papers citing 

the selected paper (forward snowballing). This was carried out with all four papers found via the 

database search. Through snowballing one further title could be identified. All identified titles are listed 

in Table 1. 

In all five papers the method FMEA is used in the development process for PSS. Köhler et al. (2007) 

combine the FMEA for products and the Service-FMEA into one integrated method to evaluate the 

entire delivery process of a PSS. This integrated FMEA begins with the decision whether the item to be 

evaluated is a service or a product/production process. When a service compoment is evaluated, no value 

is assigned to the detection (D) factor, as it is assumed that a service is performed in direct contact with 

the customer and therefore failures cannot occur without the customer being aware of them. Therefore, 

the risk priority number (RPN) for service processes is calculated by multiplying the factors severity (S) 

and occurrence (O). Products or production processes are evaluated as usual. However, Köhler et al. 

added a fourth factor named reduction factor (R). It is added for both RPN calculations. As a special 
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characteristic of PSS, this factor assesses measures that can reduce the negative effects when an error has 

occurred (e.g. annoyance of the customer). 

Table 1. Results of the literature review 

Source Author Year Title 

Database 

search 

Köhler et al. 2007 Leistungsbündel unter der Lupe. Integrierte FMEA für 

Product-Service-Systems (PSS-FMEA) 

Database 

search 

Zhang, Chu 2010 A new approach for conceptual design of product and 

maintenance 

Database 

search 

Chiu et al. 2018 An integrated product service system modelling 

methodology with a case study of clothing industry. 

Database 

search 

Kimita et al. 2018 A failure analysis method for designing highly reliable 

product-service systems 

Snowballing Kimita et al. 2020 Failure analysis method for enhancing circularity 

through systems perspective 

Zhang and Chu (2010) describe a design approach to meet the correct maintenance strategies with 

products. To achieve this, they are combining the method quality function deployment (QFD) and 

FMEA. Zhang and Chu use QFD to map customer requirements with engineering characteristics and 

then translate these into product related and maintenance related engineering characteristics which are 

then mapped with product modules and maintenance strategies. In the next step House-of-Quality is used 

to calculate the best combinations for product modules and maintenance strategies. Finally, a traditional 

FMEA is used to identify failure modes in the product concepts. 

Chiu et al. (2018) propose a design concept to redesign and improve existing PSS. The redesign process 

starts with a customer survey among unsatisfied customers to identify potential failure modes in the PSS. 

These potential failure modes were analysed with importance-performance analysis (IPA) and weighted 

according to the customer feedback. Next the FMEA is used to evaluate and rank the failure modes 

according to their RPN. The calculated RPN will then be weighted with the factor from the IPA. Possible 

solutions are summarized in a service-product development matrix. To find the best solution grey 

relation analysis was carried out. 

Kimita et al. (2018) are using FMEA in a concept to design highly reliable PSS. First, the relationships 

between customer requirements and functions and entities are shown with a “view model”. Next, the 

PSS delivery process will be visualised with a service blueprint. Now FMEA is applied to the entities in 

the view model. An entity can be a product component or an actor in the PSS. The evaluation of the 

possible failure modes is carried out on a scale from 1 to 5 for detection and occurrence. The severity 

factor is calculated by using the method QFD to calculate the influence of a component’s behaviour or 

actors’ activities on the users’ requirements. After applying the FMEA the improvements are applied to 

the service blueprint. 

Kimita et al. (2020) propose an altered FMEA to enhance circularity through systems perspective. This 

is achieved by adding another column to the FMEA called “cause-effect-relationship”. In this version of 

the FMEA the designers also consider if a failure mode influences another failure mode and calculate the 

“net cause or effect” for each failure mode. This value is calculated by using the Decision-Making Trial 

and Evaluation Laboratory (DEMATEL) method.  

The literature review provided five possible options for the usage of FMEA in the context of PSS: one 

approach introducing a modified method and four approaches describing more or less complete 

development processes including the FMEA method. Since the requirements on development tools for 

SMEs differ from those of large companies (Peruzzini et al., 2014; Wiesner et al., 2017) it is concluded 

that the case company would only accept a modified FMEA that is an easy-to-use tool with clear 

recommendations for actions. Because the application of QFD, DEMATEL and large customer surveys 

do not meet the requirements of the SME, it was decided to apply the PSS-FMEA approach. 

3 CASE STUDY: DESCRIPTION AND EXPERIENCES 

The case company is a SME that offers anodizing of aluminium components to regional customers. Over 

the past years the company faced more and more problems in the anodizing business. The added value 

that the company contributes in comparison to the rest of the value chain is very low while the value of 

the components is typically very high. This results in a high risk for the company in case of damages. In 
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addition, components are becoming increasingly complex, making anodizing more costly for the 

company. However, customers do not want to pay higher prices for this. Furthermore, due to lacking 

negotiation power with large customers the case company faces difficulties to enforce higher prices. The 

company is hence looking for new ways to create value for their customers with services to augment the 

range of offerings around the core anodizing business. 

To achieve this goal the company decided to develop a PSS. The PSS should offer customers added 

value while simultaneously negating problems the company has with its current business model. The 

development process is based on Alam and Perry (2002) and started with a workshop to generate ideas 

for additional services. This workshop itself was structured based on the Design Thinking approach 

(Lewrick et al., 2018) and generated eight ideas. The workshop team evaluated the ideas and chose the 

best for further development. The next step in the development process was the creation of a service 

blueprint and the implementation of a requirements analysis. 

The PSS idea is based on the implementation of a new enterprise resource planning software that the 

company is currently working on and is divided in two development stages. The new service gives 

customers in the first stage the opportunity to re-prioritise their order for an additional charge, so it is 

processed more quickly. In the second stage, which is to be implemented as soon as the first stage is 

running smoothly, the customer has the possibility to block production capacities of the company in 

exchange of a fee. According to the model of Tukker (2004) this new service in combination with the 

core product anodizing is a product-oriented PSS. 

The next step in the development process of this PSS is the risk analysis. The development team decided 

to apply the FMEA method, because it is an established approach which is used worldwide to prevent 

risks early in the development phase of products and services (Da Silva and Carvalho, 2019). Special 

attention should be paid to the interaction of the product and service components or in the special case of 

the anodising company to the interaction between the existing operation processes and the new service 

aspects.  

For the application of the PSS-FMEA as promised by Köhler et al. (2007) process steps from the service 

blueprint were added as items in the FMEA. Before evaluating a process step, a distinction was made 

between service processes and production processes. Production processes were evaluated with the 

factors S, D and O on a scale from 1 to 10 as well as the reduction factor on a scale from 1/S to 1. 

Service processes were evaluated with the factors S, O and the reduction factor on the same scale.  

While carrying out the PSS-FMEA as described above, five methodical problems came up:  

 The comparability of the RPN for products/production processes and service processes appeared 

as the first problem. Since the two process types are evaluated with a different number of factors, 

there is no inter-comparability between the RPN of both categories. Thus, no clear ranking of the 

failure modes could be established.  

 Second, although the Service-FMEA rules out the possibility of failure detection, almost every 

evaluation of the service elements led to discussions whether the failure mode could be detected or 

not. As a matter of fact, not all service components are performed in direct contact with the 

customer and therefore failure detection and assessmeent is possible. Overall, doing this, would add 

a third type of RPN and amplify the problem of non-inter-comparable RPNs.  

 Third, the detection problem described is more complex with regards to the assessment of the 

failure detection. It makes a difference whether an failure is detected early enough or too late in a 

subsequent process step. If the failure is detected immediately, the problem could still be solved. If 

the failure is discovered too late, the provision of the service is jeopardised or no longer possible. 

This problem of time dependency of failure discovery and the possibility of being able to react is 

not represented by the evaluation criteria. 

 Fourth, the FMEA team tended to an extensive usage of the reduction factor on almost every 

failure mode detected. As a result, many additional risk reduction actions were proposed, some of 

which would have bypassed the original service with much additional operational effort and, 

furthermore, did not lead to real risk reduction. 

 Fifth, the system concept of the PSS led to a further problem in the evaluation of possible failures. 

The behaviour of the customer becomes an additional cause of potential risks that cannot be 

excluded anymore. Interestingly, there are typically known “errors” caused by the customers that 

were no risk for the “old” process of the case company but would make the delivery of the “new” 

PSS impossible. So, potential errors caused by the customers need to be identified. 
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4 ADJUSTMENTS TO THE PSS-FMEA APPROACH 

As mentioned before five problem areas were identified and thus build the basis for the further 

development of the PSS-FMEA approach. 

4.1 Comparability of risk priority numbers 

The reason for the lack of comparability between the RPN for the product or process components and the 

service components is the different range of possible valuation results. Multiplying the three factors for 

the valuation of product and process components yields numerical values between 1 and 1000. For 

service components, only the numerical values between 1 and 100 are possible due to the two valuation 

factors. As a result, the risk priority numbers of service components always appear lower in comparison 

to product or process components, i.e. that risks can easily be overlooked: The risk priority figure of 80 

is exemplary here. For a product or process component this means a negligible risk. In the case of a 

service component, 80 is an indication of a high failure risk. 

Several solution approaches can be used to solve this problem: 

1. no direct comparison between service and product/process components:  

As a consequence, the risks need to be assessed separately using different target values. This, for 

example, could be done using two risk lists. However, this would lead to a loss of both, the clarity 

of the recommended action and the system idea. An ambiguous suggestion for action is not 

recommended, especially in the case of SMEs, as it makes the FMEA application more 

complicated. Here it should be considered in particular that in SMEs, in contrast to large 

companies, often no FMEA method specialists are kept available to support the operative areas. 

Therefore, this approach will therefore not be further pursued.  

2. Instead of absolute risk priority numbers, percentages are used or an indexation is applied:  

The advantage of this approach is the possiblity of direct comparability. The calculation could 

either be done by multiplying the risk priority number of the service component by 10 or by 

dividing the risk priority numbers of all components by the calculated maximum of the RPN (i.e. 

service components by 100, product/process components by 1000). The percentage approach would 

also require the target value for the optimisation limit to be adjusted. For example, a risk priority 

number of 125 would become a value of 12.5%. This approach seems feasible at first sight. 

However, it must be noted that the assessment of the service component could be distorted in 

relative terms. Mathematically, this is equivalent to an evaluation of the failure detection with a 

factor of 10. 

3. Introduction of the assessment of the failure detection for the service component:   

Contrary to the established practice of Service-FMEA, the case of a PSS-FMEA could integrate a 

failure detection assessment. This is because certain parts of an integrated service component also 

occur behind the so-called “line of visibility”. This means that in certain cases errors in a service 

component could still be detected. Only if they occur before the line of visibility of the service, they 

would no longer be detected, which is equivalent to a factor of 10. This would level the RPNs of the 

service components to a realistic level. To implement this solution, evaluation criteria for the failure 

detection would need to be defined. The solution is thus classified as promising. 

4. Applying the risk priority logic of the new AIAG FMEA standard: 

The new AIAG FMEA standard (Automotive Industry Action Group, 2019) replaces the risk 

priority number by a complex system for the determination of task priorities. This solution could 

function as a workaround to this problem. However, for the intended usage of the tool in SMEs and 

under the consideration that most of them are not part of the automotive industry this approach 

appears to be too complex and, thus, will not be pursued further. 

The second and third solution approaches seem to be the most promising. Under consideration of the 

findings of the following section, the authors have decided to pursue solution approach three further. 

4.2 Assessment criteria for a time-differentiated failure detection 

During the assessment of the service components the FMEA team members discussed quite often 

whether it is possible to detect a failure mode inhouse and thus wanted to assess the probability of 

detection. Although this was excluded in the original PSS- and Service-FMEA logics there are some 

practical considerations why this could make sense, nevertheless. In the case of an early and inhouse 

failure detection there might be enough time left to compensate the failure (with additional efforts) or 
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even heal it. The precondition for this case is that the failure detection must take place with a sufficient 

time buffer before the service reaches the line of visibility. These considerations can act as criteria for the 

failure detection assessment of a service component (see Table 2), that is partly inspired by the 

assessment criteria of the new AIAG FMEA guideline (Automotive Industry Action Group, 2019).  

Table 2. Assessment criteria for the detection of a service component 

Assessment Criteria 

10 No detection possible at all or failure detection behind the line of visibility and 

detection by customer is unavoidable 

9 Failure detection behind the line of visibility but detection by service provider is 

still likely 

8 Failure detection behind the line of visibility but detection by service provider is 

very likely 

7 

6 

5 

Failure detection before the line of visibility but time too little to react inhouse 

4 

3 

Failure detection before the line of visibility, still enough time left to heal the 

failure 

2 

1 

Failure detection before the line of visibility with enough time to completely debug 

the failure 

4.3 Conditions for the use of the reduction factor 

In principle, the reduction factor was considered a useful extension of the FMEA methodology in the 

PSS context. This is especially because it allows to consider PSS characteristics that can limit the 

negative effects of a failure mode. At the same time, the use case has shown that without regulation the 

reduction factor was used inflationary. This leads to an inadmissible reduction of the risk potential on 

one side, but on the other side it leads to inefficiencies in the company, because risks are mitigated by 

additional operational expenditure. Therefore, the following rule must be respected when applying the 

reduction factor:  

The reduction factor may only be applied in the risk assessment when all technically, 

organisationally, and personally feasible and economically viable measures to prevent and detect 

the failure have been exhausted. 

In the method this is anchored by a distinction between an RPN1 (traditional, without application of the 

reduction factor) and an RPN2 (modified RPN with additional application of the reduction factor). 

4.4 Integration of failure modes caused by the user 

When delivering a service, a direct interaction with users is unavoidable. With regards to robustness in 

the user-centred development of a PSS, likely failure modes caused by the users have to be considered. 

Thus the traditional thinking considering all input factors as good quality (Robert Bosch GmbH, 2012) is 

no more applicable to PSS-FMEA in the context of service components. 

4.5 Adjusted PSS-FMEA sheet and process description 

In summary, the outlined adjustments lead to a slightly modified process of the PSS-FMEA and to an 

adaptation of the PSS-FMEA sheet. The new process is shown in Figure 2 and the sheet in Figure 3. So, 

the adjusted PSS-FMEA can be used for risk assessment after different development steps (e.g. in the 

concept development phase according to Haber and Fargnoli (2017) to assess risks of the identified 

product and service elements). To identify relevant PSS elements, first a service blueprint visualising the 

entire delivery process including all production and service process was developed. Subsequently, the 

project team selected the critical sub-processes for the provision of the PSS by means of dot-voting.  
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Figure 2. PSS-FMEA process 

5 EFFECTS OF THE PSS-FMEA ADJUSTMENTS 

The adjustments on the PSS-FMEA approach described in section 4 have been applied to the results of 

the FMEA described in section 3 to validate the changes. The results are shown in Figure 3. First, the 

evaluation sheet for FMEA was adapted to the adjusted method. Previously, the detection measures and 

the detection factor were greyed out when a service process was evaluated and a RPN was calculated 

with only 2 factors. Now the RPN is determined in two steps: First, all potential errors for the process 

steps that need to be evaluated are listed. Then the potential causes and effects are described, as well as 

the prevention and detection measures. This is followed by an assessment of severity (S), occurrence (O) 

and detection (D). After, the RPN1 can be calculated. Subsequently, reduction measures can be 

described and evaluated for the most important processes in accordance with the rule described in 

Chapter 4.3. If no reduction measures are applied, a factor of 1 is used. Finally, the RPN2 can be 

calculated and the failure modes be ranked. 

The differences between the original assessment and the improved assessment are illustrated by two 

examples in Figure 3. The two potential failures relate to the use of the service platform by the customer. 

In the first example the platform is offline and therefore cannot be used by the customer. As a preventive 

measure, the use of an external service provider with appropriate measures was suggested and, in line 

with the approach initially used, no detection measure was proposed. As a reduction measure, it should 

be offered that the customer can call and book the service by phone. A RPN of 7 was calculated. Under 

the new evaluation procedure, a monitoring function was conceived as a detection measure and a re-

evaluation was carried out. It was also decided not to offer a reduction measure in this case. This leads to 

a RPN2 of 42. In the second example, the customer cannot access the service platform because the 

website is blocked by the customer’s IT department. As a prevention measure, a detailed pre-test of the 

service was suggested and as a reduction measure the customer should be able to book the service again 

by phone, should be informed about the problem and asked for clarification with the IT department. 

PSS-FMEA

component / 
process

function

reduction 
measures ?

failure modeeffects cause

detection 
measures

avoidance 
measures

effects limitation 
measures

detection  D severity  S occurence  O 

reduction factor 
 R 

risk priority number 1 (RPN1)
RPN = S x D x O

service / 
product / 
process

risk priority number 2 (RPN2)
RPN = R x S x D x O

RPN1 optimized
noyes

Changes 
compared to 

traditional FMEA
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According to the new assessment scheme, the probability of detection was assessed at 10, as there are no 

detection measures for this case. However, the described reduction measure makes sense in this case, 

resulting in a RPN2 of 70. 

 

Figure 3. FMEA-evaluation sheet before (top) and after (bottom) the modifications 

The application of the modifications to the results of the original PSS-FMEA according to Köhler et al. 

(2007) shows that the modified version is more consistent in the risk application and supports both the 

effectiveness of the PSS and the efficiency of its provider. The comparable RPN for product/production 

and service processes enables a fast and straight forward prioritisation of the discovered risks. 

Furthermore, the assessment of the detection factor is accelerated by the clear and adapted criteria. 

6 CONCLUSION 

This contribution describes the further development of a modified FMEA tool to support the 

development of PSS based on insights from the application in a case company. Applied again in the case, 

the modified method was found to be effective and supporting in the process of PSS development. In 

addition, the case study has shown that risk assessment in the PSS development process is a crucial 

process step that should not be omitted, as the results of the FMEA in the testing company contained 

several failure modes that were not a problem in the standard process, but are now considered very 

critical for the successful delivery of the new service. The presented modifications allow to use a familiar 

tool in the development of complex PSS. This can help to overcome the barriers in the transformation to 

PSS-supported business models especially in SMEs. So far, the modified PSS-FMEA has only been 

tested in one company in one scenario. Further tests will therefore be carried out with other scenarios and 

in other companies to verify the validity of the method. 
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