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Politecnico di Torino, Department of Management and Production Engineering, Corso Duca degli Abruzzi 

24, 10129 Torino, Italy 
 

 

Abstract 

Designing suitable quality inspections is a significant issue for manufacturing companies. In 

particular, performing an economic evaluation of alternative inspections is key for choosing the 

most appropriate, especially in the field of low-volume productions. This paper presents a cost 

breakdown model for assessing the economic performance of quality inspections with the aim to 

support designers in early inspection design phases. Unlike the main cost models developed in the 

scientific literature that only consider cost components related to the production process, the 

proposed model integrates production costs with the main cost drivers involved in the product 

quality-related steps, including inspection activities, pre- and after-sales reworks and unnecessary 

repairs due to inspection errors. Moreover, a novel performance measure providing a snapshot of 

profitability of product inspections – the Return On Investment of Inspections (ROII) - is presented. 

An application case in metal Additive Manufacturing is proposed to demonstrate the practical 

relevance of the model.   

 

Keywords: Quality Control, Manufacturing, Inspection Planning, Cost model, Predictive Model, 

Quality costs. 
 

1. Introduction 

Quality inspections play a crucial role in improving product quality in manufacturing systems. In 

particular, the design of appropriate inspections is one of the key issues that companies must face 

in order to decrease and mitigate failures and defects in production for reaching the objectives of 

Zero-Defect Manufacturing (ZDM) 1–4. The adoption of suitable quality inspections guarantees 

customers the expected level of quality and allows the company to maintain a competitive advantage 
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in the market 5. Making the wrong choices regarding product inspections could result in severe 

resource, cost and time losses. 

Currently, in the framework of Industry 4.0, to cope with the more stringent demands of customers 

for increasing complexity and customization of products, manufacturing is facing the development 

of novel “on-demand manufacturing” methods, e.g., Additive Manufacturing (AM) 6, allowing for 

low-volume production, for open-architecture products and high product variety manufacturing 5,7,8. 

This inevitably requires innovative and flexible quality inspection technologies that easily adapt to 

the dynamics of the product 9. For instance, Bordron et al. 10 proposed an inline measurement 

solution based on a robot combined with a laser sensor which can be fully integrated into the 

manufacturing line as close as possible to the additive manufacturing process and post-process. Liu 

et al. 11 developed an image-based closed-loop quality control system for fused filament fabrication 

(FFF) to achieve online defect detection and mitigation. 

The choice of the most appropriate inspections for assessing the quality of certain product 

characteristics is a non-trivial problem for several reasons. First, the variety of products that can be 

produced with the existing technologies makes it difficult to standardize and adopt a unique 

inspection procedure. For example, products made with the same manufacturing technology may 

require specific quality inspections (e.g., visual inspections, metrological characterization via 

Coordinate Measuring Machines - CMMs, Computed Tomography - CT scans) depending on the 

complexity of the product, the customization, and the application field (e.g., automotive, aerospace, 

dental, construction industry) 12–16. Second, there may be several eligible and suitable alternatives 

for the considered production amongst all the different possible inspections.  

In light of these considerations, it is critical to define inspection performance measures to support 

designers in selecting the most appropriate inspection alternatives from the early inspection design 

phases. The present paper proposes an overall cost model for the economic assessment of inspection 

performance when offline inspections are performed. In offline inspection, the units are inspected 

after the manufacturing process is completed, unlike in-process inspections where the units are 

inspected during the manufacturing process 2,17. In some situations, in-process inspections are 

infeasible due to operation type and time. Accordingly, an effective approach is to perform offline 

inspection after preserving the processing order of the product 18–20. In detail, offline inspections 

consist of inspecting a random product - finished or semi-finished 19 - from the batch and, based on 

the inspection result, a decision is taken on what to do next 19,21.  

The model proposed in this study integrates production costs, i.e., material and manufacturing costs, 

with the main costs incurred by manufacturers concerning quality-related steps of a product 
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lifecycle, which are typically overlooked in traditional cost modeling. Indeed, in both additive- and 

subtractive-based manufacturing approaches, the majority of models developed to assess product 

costs (see, e.g., 22–25) have focused on quantifying production costs, direct and indirect costs, without 

including, however, relevant cost components such as the costs of quality-related steps. The quality-

related costs accounted for in the proposed cost model include costs of inspection activities, pre- 

and after-sales rework or replacing costs and costs of poor quality due to inspection errors. 

Furthermore, these cost components are combined into a novel single performance measure that 

aims to provide a snapshot of the profitability of product inspections, referred to as Return On 

Investment of Inspections (ROII). The proposed cost model and the ROII can be extensively used 

to support and speed up the decision process in the design stage of manufacturing inspections, 

enabling the achievement of ZDM goals.  

This paper is organized as follows. Section 2 introduces the adopted product inspection modeling. 

Section 3 presents the economic performance of inspections. The overall cost model is proposed in 

Section 4. A real case study in the AM field is introduced and discussed in Section 5 and, finally, 

conclusions are drawn in Section 6.  

2. Modeling product inspection 

In a manufacturing process, in optimal settings conditions, the product quality may be evaluated 

through the offline inspection of n output variables, i.e., quality characteristics (Fig. 1) 26. According 

to the technological requirements, inspection designers can choose to inspect several output 

variables by adopting different inspection methods, thus defining various inspection alternatives. 

Each output variable, denoted as 𝑌𝑌𝑗𝑗, with j=1,…,n, is associated with a probability of occurrence of 

a specific defect, 𝑝𝑝𝑗𝑗. The latter concerns the quality of the process and is strictly related to its 

intrinsic propensity to generate defects. Each inspection of the j-th output variable may be affected 

by inspection errors: (i) 𝛼𝛼𝑗𝑗, i.e., the probability of erroneously classifying 𝑌𝑌𝑗𝑗 as defective (Type I 

error), and (ii) 𝛽𝛽𝑗𝑗, i.e., the probability of erroneously not classifying 𝑌𝑌𝑗𝑗 as defective (Type II error). 

These probabilities depend on the quality of the inspection activity of the j-th output variable, 

including the type of inspection performed, the technical skills and experience of inspectors, the 

time allowed for the inspection and other work-environmental factors. In practical applications, the 

probabilities 𝑝𝑝𝑗𝑗, 𝛼𝛼𝑗𝑗 and 𝛽𝛽𝑗𝑗, that can be considered - as a first approximation - independent, can be a 

priori estimated using adequate prediction models or empirical methods (historical data, previous 

manufacturing experience, etc.) 3,20,26–28. 
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Figure 1. Schematic representation of the considered inspection framework. 

3. Economic impact of inspections: the Return On Investment of Inspections (ROII) measure 

The cost model proposed hereinafter is based on a cost-breakdown structure driven by the major 

quality-related steps of product lifecycle. These include: (i) inspection activities aimed at inspecting 

the product, (ii) operations for repairing/replacing the identified defects, (iii) unnecessary operations 

due to inspection errors, and (iv) after sales reworks or substitutions, aimed at repairing or substitute 

defects undetected by inspections. A cost driver can be attributed to each of these steps: (i) the 

inspection activities costs, Cinsp, (ii) the necessary repair cost, Cnec rep, (iii) the unnecessary repair 

cost, Cunnec rep, and (iv) costs of undetected defects, Cundet def. The first two costs contribute to 

increasing final product quality, while the latter two represent the undesirable costs incurred by the 

manufacturer due to inspection errors. Thus, the sum of Cunnec rep and Cundet def is referred to as Cpoor 

qual. 

Accordingly, the per-unit cost of quality-related steps, 𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞, can be expressed as: 

𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐶𝐶𝑖𝑖𝑛𝑛𝑛𝑛 𝑟𝑟𝑛𝑛𝑖𝑖 + 𝐶𝐶𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞  (€/part) (1) 

The proposed cost model is based on clearly stated assumptions and does not include any black-box 

estimates, any implicit or hidden functions. Therefore, it is directly applicable to several case studies 

belonging to different manufacturing processes. Such assumptions are as follows: 

• Each cost component refers to a single part, i.e., is a per-unit cost.  

• If the considered part is produced, and then inspected, along with other parts, in the so-called 

job (a stack of parts produced in one single process run), the following assumptions are 

made: 

 Each job includes a fixed number of parts. 
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 All the parts belong to the same product category. Albeit they can be customized in 

shape and characteristics, they should have similar geometry (i.e., volume and 

height) and constructional characteristics (e.g., type of material, infill 

strategy/density and deposition path). This assumption is consistent with various 

industrial applications, such as aerospace and biomedical applications, where each 

production process or machine can be dedicated to a specific product type.  

• Quality inspections are performed offline to check the conformity of quality characteristics 

(output variables). Such controls may be performed manually, automatically or semi-

automatically, using dedicated equipment. Depending on the type of inspection, labor costs 

and/or the costs of the equipment used, and the associated inspection errors, will be included. 

• Necessary (and unnecessary) repairs may be performed manually or through dedicated 

automatic, or semi-automatic, equipment. Accordingly, labor and/or equipment costs are 

considered.  

The cost components of Cqual, see Eq. (1), are described below.  

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 includes the costs of each j-th inspection activity (e.g., manual, automatic or semi-automatic 

inspections), denoted as cj: 

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ∑ �𝐼𝐼𝑗𝑗 · 𝑐𝑐𝑗𝑗�𝑖𝑖
𝑗𝑗=1   (€/part) (2) 

where 𝐼𝐼𝑗𝑗 is a parameter that considers potential interactions between inspection activities, i.e., when 

inspecting a single output variable also provides information on the defectiveness of other output 

variables. It is defined as 𝐼𝐼𝑗𝑗 ∈ [0,1) if inspecting other variables different from 𝑌𝑌𝑗𝑗 provides 

information on the defectiveness of 𝑌𝑌𝑗𝑗, and 𝐼𝐼𝑗𝑗 = 1 otherwise. The cost 𝑐𝑐𝑗𝑗 can be estimated as the 

total cost for the quality inspection of the part, including operator cost and cost of the metrological 

equipment used, multiplied by the time needed to inspect the part.  

 
Figure 2. Costs incurred for each j-th output variable depending on the defect probability, pj, Type 

I error, αj, and Type II error, βj. 
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The cost Cnec rep is the sum of necessary repair costs for removing defects related to all the n output 

variables inspected. According to Fig. 2, which summarizes all possibilities occurring in a scenario 

of imperfect inspection, Cnec rep is defined as:  

𝐶𝐶𝑖𝑖𝑛𝑛𝑛𝑛 𝑟𝑟𝑛𝑛𝑖𝑖 = ∑ ��𝐾𝐾𝑗𝑗 · 𝑁𝑁𝑁𝑁𝐶𝐶𝑗𝑗� ⋅ 𝑝𝑝𝑗𝑗 ⋅ �1 − 𝛽𝛽𝑗𝑗��𝑖𝑖
𝑗𝑗=1   (€/part) (3) 

where NRCj is the necessary repair cost (or rejection cost) related to the j-th output variable and Kj 

is again a parameter that considers potential interactions between output variables. This latter is 

defined as: 𝐾𝐾𝑗𝑗 ∈ [0,1) if repairing other variables different from 𝑌𝑌𝑗𝑗 also involves repairing 𝑌𝑌𝑗𝑗, and 

𝐾𝐾𝑗𝑗 = 1 otherwise. Such a situation may occur, for instance, when the repair action is the same for 

two or more output variables or when the joint presence of defects leads to the rejection of the part.  

The cost Cunnec rep contains all the costs incurred when identifying false defective-output variables. 

Despite there may be no cost for removing/repairing defects, the overall process can be slowed down 

with a consequent extra cost. Such a cost can be expressed as (Fig. 2): 

𝐶𝐶𝑞𝑞𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 𝑟𝑟𝑛𝑛𝑖𝑖 = ∑ ��𝑊𝑊𝑗𝑗 · 𝑈𝑈𝑁𝑁𝐶𝐶𝑗𝑗� ⋅ �1 − 𝑝𝑝𝑗𝑗� ⋅ 𝛼𝛼𝑗𝑗�𝑖𝑖
𝑗𝑗=1   (€/part)     (4) 

where URCj is the unnecessary-repair cost related to the j-th output variable and 𝑊𝑊𝑗𝑗  is defined, 

similarly to Kj, as: 𝑊𝑊𝑗𝑗 ∈ [0,1) if the unnecessary repair of variables other than 𝑌𝑌𝑗𝑗 also results in 

repairing 𝑌𝑌𝑗𝑗, and 𝑊𝑊𝑗𝑗 = 1 otherwise. The first case may occur when, for instance, false-positive 

defects result in a single extra cost to double-inspect the part. 

The last cost component, Cundet def, includes the costs of undetected defective-output variables. It is 

the cost incurred by the manufacturer after-sales due to the missing detection of defective-output 

variables. It is defined as (Fig. 2): 

𝐶𝐶𝑞𝑞𝑖𝑖𝑢𝑢𝑛𝑛𝑢𝑢 𝑢𝑢𝑛𝑛𝑓𝑓 = ∑ ��𝑋𝑋𝑗𝑗 · 𝑁𝑁𝑁𝑁𝐶𝐶𝑗𝑗� ⋅ 𝑝𝑝𝑗𝑗 ⋅ 𝛽𝛽𝑗𝑗�𝑖𝑖
𝑗𝑗=1   (€/part)                                                                      (5) 

where NDCj  is the cost of undetected defective j-th output variable  and Xj is defined as: 𝑋𝑋𝑗𝑗 ∈ [0,1) 

if after-sales repair action of variables other than 𝑌𝑌𝑗𝑗 also contribute to repair 𝑌𝑌𝑗𝑗, and 𝑋𝑋𝑗𝑗 = 1 

otherwise. The cost NDCj covers external failure costs, including product recalls and return costs, 

after-sales repair costs, legal fees related to customer lawsuits and warranty costs. In this scenario, 

the first case could occur when the after-sales repair action is the same for multiple variables or 

when the occurrence of defects leads to the substitution of the entire part. Typically, the costs 

components NRCj, URCj and NDCj can be estimated by using direct manufacturing experience and/or 

by gathering from the literature. Whilst NRCj and URCj costs are easily quantified by organizations, 
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external failure costs NDCj are the most challenging quality cost category to measure. Some insights 

and suggestions for measuring external failure costs can be found in previous studies 29–31. In the 

case of machining processes, NRCj, URCj and NDCj can be estimated by using the cost model 

recently developed by Ingarao and Priarone 24. A typical approach is to compute the total costs 

associated with the operation performed, e.g., operator, metrological equipment and energy 

consumption costs, and multiply them by the time spent on the operation. Regarding parameters 𝐼𝐼𝑗𝑗, 

𝑊𝑊𝑗𝑗 and 𝑋𝑋𝑗𝑗, they should be estimated by designers on a case-by-case basis, considering possible cost-

sharing amongst output variables.  

It has to be remarked that, as the quality of the inspections is improved, 𝛼𝛼𝑗𝑗 and 𝛽𝛽𝑗𝑗 are likely to 

decrease due to the improved testing activities. Accordingly, the costs Cunnec rep and Cundet def will 

tend to decrease, while Cnec rep (and generally Cinsp) will tend to increase due to the lower inspection 

errors and the improved testing activities. To assess the economic performance of the adopted 

inspection, a performance measure providing a snapshot of profitability could be a sort of Return 

On Investment (ROI) of inspections. This performance measure, denoted as Return On Investment 

of Inspection (ROII), can be defined, similarly to traditional ROI metric, as the ratio between net 

profit, meant as the difference between necessary repair costs and costs of poor-quality, and cost of 

the investment, as follows: 

ROII = �𝐶𝐶𝑖𝑖𝑛𝑛𝑛𝑛 𝑟𝑟𝑛𝑛𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑝𝑝𝑝𝑝𝑟𝑟 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞�/𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (6) 

4. General cost model 

The cost 𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 presented in Section 3 may be integrated into models existing in the literature aimed 

at assessing per-unit production cost, both for traditional subtractive approaches 23,24 and innovative 

techniques such as, for instance, AM 22,25.  

In discrete manufacturing productions, the cost of a part can be obtained as the sum of costs 

associated with the main phases. 

In the present study, the following costs are considered: (i) cost of material, Cmat, (ii) manufacturing 

cost, Cman, (iii) assembly cost, Cass, and (iv) cost of quality-related steps, Cqual. The first two cost 

items, Cmat and Cman, refer to the production of all the parts (or subassemblies) that will constitute 

the final part, i.e., the finished product. The assembly cost, Cass, includes all cost items necessary to 

assemble the final part. The latter cost item, Cqual, can be evaluated according to Eq. (1), while Cmat, 

Cman and Cass should be estimated on a case-by-case basis, depending on the production process and 

technology considered. It has to be clarified that both direct and indirect costs, including overhead 
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costs, can be accounted for in the proposed cost model. Thus, the total per-unit cost can be expressed 

as follows: 

𝐶𝐶𝑖𝑖𝑞𝑞𝑟𝑟𝑢𝑢 = 𝐶𝐶𝑚𝑚𝑞𝑞𝑢𝑢 + 𝐶𝐶𝑚𝑚𝑞𝑞𝑖𝑖 + 𝐶𝐶𝑞𝑞𝑖𝑖𝑖𝑖 + 𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞  (€/part) (7) 

Provided below is an example of the procedure for estimating the cost components of Eq. (7) in the 

case of AM metals processes (see also Fig. 3).  

 
Figure 3. Example of flowchart of a metal AM part production, including material production, 

part manufacturing and quality-related steps, with the corresponding cost drivers. 

 

The cost Cmat can be obtained by multiplying the purchase cost of the metal powder by the mass of 

the material to be deposited, also taking into account that a limited fraction of powder is typically 

removed as waste – e.g., because partially sintered or non-spherical - and is not recycled at the end 

of the process 13,32. The cost Cman can be evaluated by considering (i) pre-process cost, (ii) process 

cost, and (iii) post-process cost. These cost components, which are per-unit costs, can be estimated 

from the total cost of the job in which the part is included divided by the number of parts in the job. 

In detail, the pre-process cost, Cpre-proc, includes the costs of the preparation of the job in which the 

part is included and the setup of the AM system before starting the process 22. These costs can be 

estimated by considering the time needed for the pre-process operations and the related costs of 

operators, AM system and hardware/software units. The process cost, Cproc, can be determined by 

the AM system cost, energy and inert gas consumption costs, multiplied by the production time 22. 

In both pre-process and process cases, the cost of the AM system is estimated by assuming a straight-
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line depreciation, fixed maintenance costs and considering production and administration overhead 

costs, including space rental costs and other costs incurred due to running the enterprise, 

administrative staff, office space, and consumables 33,34. 

The post-process cost, Cpost-proc, includes the costs of removing the parts in the job from the AM 

system, cutting parts from the baseplate and removing supports. Again, these costs can be estimated 

by considering the costs of each post-process operation (operator and AM system costs) and the 

corresponding time 22.  

As mentioned above, if the final part is obtained through the assembly of sub-assemblies, the 

assembly cost, 𝐶𝐶𝑞𝑞𝑖𝑖𝑖𝑖, should also be considered. This cost includes all cost items necessary to 

assemble the final part, e.g., costs for assembly equipment, space, tools (jigs/fixtures), robots, skilled 

labor. For a more detailed discussion of this cost item, see previous research in the field 35–37. 

The novel general model presented in this section, including the main cost drivers involved in the 

product quality-related steps (i.e., Cinsp, Cnec rep, Cunnec rep and Cundet def), allows engineers to make a 

comprehensive and structured economic assessment. As will be illustrated in the next Section 5.3, 

traditional cost models, e.g., the Rickenbacher et al. 22 model, typically neglect quality-related cost 

items. As a result, the total per-unit cost may be underestimated being not affected by the quality 

inspection adopted. The gap between traditional cost models and the model proposed in this study, 

which corresponds to Cqual, becomes particularly evident when the quality-related costs are 

considerable. Thus, the effectiveness of the proposed model over traditional ones is the more 

improved the higher the costs associated with quality are. 

5. Real case study: AM production for the automotive sector 

The proposed cost model is applied to support designers in assessing the economic impact of 

alternative inspections for the AM low-volume production of aluminum alloy sample parts for the 

automotive sector. Each part (Fig. 4) is produced by Laser Powder Bed Fusion (LPBF) process. In 

LPBF, a high-density object is built up layer by layer through the consolidation of metal powder 

particles with a focused laser beam that selectively scans the surface of the powder bed 6,38–40. The 

part is produced using the AlSi10Mg alloy by an EOS M290 system. In this system, an ytterbium 

(Yb) fibre laser system in an argon atmosphere melts powders with a continuous power of up to 400 

W, a scanning rate up to 7 m/s and a spot size of 100 μm. Sixty parts per job are produced (in a build 

area of 250 x 250 mm).  
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Figure 4. AlSi10Mg sample parts produced via LPBF process for the automotive sector. 

 

5.1. Production costs 

According to the model presented in Section 4, the cost of material is obtained from the average 

purchase cost of the metal powder (107 €/kg 34) and the mass of the part (5.35·10-3 kg/part). 

Considering that, on average, the ratio of material that is not recycled at the end of the production 

process is 5%, the resulting cost of material is Cmat= 0.60 €/part.  

The hourly cost of EOS M 290 system is based on a price of 700 k€, assuming a depreciation over 

five years and 50% utilization rate, fixed maintenance of 23 k€/year, space rental costs of 600 €/year 

and administration overheads of 2000 €/year. This results in an AM system cost of about 38 €/h. In 

addition to the AM system, the cost of hardware/software units is estimated by considering the 

average license prices of commercially available AM software products (2.5 €/h 13). The average 

cost for the operator is set at 20 €/h, considering a low-medium-skilled worker. The cost of energy 

is estimated at 0.65 €/h and the cost of the inert gas at 5 €/h. Considering 2.5 h for the setup of the 

AM system and 1.5 h for the job preparation in the software, both performed by the operator, the 

obtained per-unit pre-process cost is Cpre-proc=2.97 €/part. Furthermore, considering a build time of 

18 h, the per-unit process cost is Cproc=13.04 €/part. Regarding the post-process, both the removal 

of the parts from the AM system by the operator and the parts’ cutting from the baseplate are 

considered. The former is evaluated by considering the time for removing all the parts (2 h/job) and 

the operator and AM system costs. The latter is evaluated considering the cost for cutting the parts 

from the baseplate (15 €/job), the area of the baseplate (0.0625 m2/job) and the part area (1.00·10-4 

m2/part). As a result, the per-unit post-process cost is Cpost-proc=1.95 €/part. Thus, the final cost Cman, 

which is the sum of Cpre-proc, Cproc and Cpost-proc is Cman=17.96 €/part. Accordingly, the production 

costs, meant as the sum of material and manufacturing costs, are 18.56 €/part. It has to be noted that, 

for the sample part of the proposed case study, the assembly cost Cass is not considered since the 

final part is produced as a single part through the LPBF process, without requiring any subsequent 
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assembly operation. A summary of the main items that are included in the production costs is 

provided in Table 1. 

Table 1. Main items contributing to production costs 

Item description Value 

Metal powder cost (€/kg) 107 

Mass of the part (kg/part) 5.35·10-3 

Ratio of material not recycled (%) 5 

Cost of AM system (€) 700000 

AM system utilization rate (%) 50 

AM system depreciation (year) 5 

Fixed maintenance costs (€/year) 23000 

Space rental costs (€/year) 600 

Administration overheads ( €/year) 2000 

AM system cost (€/h) 38 

Cost of AM software license (€/h) 2.5 

Operator cost (€/h) 20 

Energy cost (€/h) 0.65 

Inert gas cost (€/h) 5 

Setup time of AM system (h/job) 2.5 

Job preparation time in the software (h/job) 1.5 

Number of parts in the job (part/job) 60 

Build time (h/job) 18 

Time for removing the parts (h/job) 2 

Cost for cutting the parts of the job from the baseplate (€/job) 15 

Area of the baseplate (m2/job) 0.0625 

Part area (m2/part) 1.00·10-4 

Cmat (€/part) 
Cpre-proc (€/part) 
Cproc (€/part) 
Cpost-proc (€/part) 

0.60 
2.97 
13.04 
1.95 

 

5.2. Quality costs 

The quality of the produced part can be evaluated by alternative quality inspections aiming to control 

(i) dimensional and shape accuracy (DS), (ii) macro-hardness (MH) and (iii) surface roughness 
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(SR). Three alternatives are considered in the analysis: A1, A2 and A3. Table 2 shows their 

respective characteristics. 

Table 2. Inspection alternatives characteristics. 

 DS MH SR 

A1 
Manual controls and visual 

inspections 

Brinell hardness 

test 
Contact Stylus (CS) 

A2 
Coordinate Measuring Machine 

(CMM) 

Brinell hardness 

test 
Contact Stylus (CS) 

A3 

 

Coordinate Measuring Machine 

(CMM) 

Brinell hardness 

test 

Point Autofocus Instrument 

(PAI) 

 

The defect probability 𝑝𝑝𝑗𝑗 (j=DS, MH, SR) is evaluated according to direct manufacturing experience 

and previous studies 20. For each inspection alternative, the inspection errors 𝛼𝛼𝑗𝑗 and 𝛽𝛽𝑗𝑗 are estimated 

considering the nature of inspections and operations required to measure the j-th output variable. 

The cost of each inspection, cj, is computed considering operator cost (20 €/h) and equipment costs 

(estimated at 5 €/h for measurements and 0.3 €/h for visual inspection) and the time needed for the 

inspection. In this case,  𝐼𝐼𝑗𝑗 = 1 for each j-the output, because three separate inspection activities are 

performed (see Eq. 2). NRCj is estimated from the time required for identifying and repairing 

possible defects (necessary or unnecessary) and the hourly operator and equipment costs. For 

repairing MH defects, a thermal treatment is considered, while to remove SR and DS defects, 

finishing machining operations are adopted. URCj is considered the same for all variables (2 €) due 

to the slowdown in the process. Also in this case, for each j-th output variable, 𝐾𝐾𝑗𝑗=𝑊𝑊𝑗𝑗=1 because 

different repairing/control activities are carried out. In all the alternatives, NDCj is estimated 

considering the total replacement of the part, with the consequent external failure costs. As a result, 

the cost of undetected defects should be considered only once and, by convention, is attributed to 

the output variable with the highest mean number of undetected defects, i.e., 𝑝𝑝𝑗𝑗 ⋅ 𝛽𝛽𝑗𝑗 (see Eq. 5). 

Table 3 summarizes the model inputs and costs for each inspection alternative (inputs common to 

all the alternatives are reported in the last column).  
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Table 3. Inspection alternatives with model inputs (probabilities and costs). 

𝑌𝑌𝑗𝑗 A1 A2 A3 Common inputs 

DS 
α=4%, β=5%, 

c=3.38€/part 

α=0.5%, β=1%, 

c=12.50€/part 

α=0.5%, β=1%, 

c=12.50€/part 

p=0.5%, 

NRC= 10.83€/part, 

URC=2€/part 

MH - - NDC=100€/part 

p=0.55%, α=1%, β=2%, 

c=6.25€/part, 

NRC=52.5€/part, 

URC=2€/part 

SR 

 

α=4%, β=5%, 

c=4.17€/part, 

NDC=100€/part 

α=1%, β=1.5%, 

c=4.17€/part, 

NDC=100€/part 

α=0.5%, β=1%, 

c=12.50€/part 

p=0.67%, 

NRC=8.67€/part, 

URC=2€/part 

 

5.3. Results 

By using the proposed cost model and its components, the three control alternatives can be 

compared, and the most suitable one can be selected. In Fig. 5, these alternatives are compared in 

terms of the total per-unit cost Cpart, by distinguishing each cost component (Cmat, Cman, and Cqual), 

and also representing the ratio of costs of necessary repair (Cnec rep) and poor-quality (Cpoor qual) to 

production costs (Cmat + Cman).  

 
 

Figure 5. Comparison of the inspection alternatives A1, A2 and A3 in terms of (a) the total per-

unit cost and (b) the ratio of necessary repair and poor-quality costs to production costs. 
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According to the context, different goals might be set: one possible goal could be to minimize the 

total per-unit cost, Cpart. Alternatively, single costs components can be considered (e.g., the costs 

Cpoor qual and Cinsp can be minimized). Besides, according to Eq. (6), the performance measure ROII 

can be derived for each alternative. In detail, the obtained performance measures are ROIIA1=1.28%, 

ROIIA2=1.46%, ROIIA3=1.10%. 

The comparison shows that A1 is to be preferred in case of minimization of total costs and quality 

costs. On the other hand, A3 is the alternative that minimizes poor-quality costs, although it has the 

highest inspection costs. On the other hand, by considering the ROII, A2 is to be preferred as it is 

the most efficient and profitable compared to the other alternatives. 

In order to highlight the advantages of the proposed method, the approach proposed in this study is 

compared with a model well-known in the scientific literature and commonly adopted by researchers 

and practitioners to assess per-unit cost in LPBF processes. In particular, the model used is the one 

proposed by Rickenbacher et al. 22, as it is a general model, suitable for parts with different 

geometries included in the same build, that extended previously presented formulations 41. Such a 

model was also recently extended in the study of Colosimo et al. 13 to evaluate the impact of scrap 

fractions and in-situ monitoring performances on production costs. In the model, the cost 

components considered are the material and manufacturing costs, including pre-processing, 

processing and post-processing 22. Thus, the costs related to potential assembly operations and the 

costs associated with quality-related steps (costs of quality inspections, poor-quality and necessary 

repair actions) are not taken into account. By Eq. (7), the following cost-per unit is obtained 

(regardless of the inspection alternative adopted): 

𝐶𝐶𝑖𝑖𝑞𝑞𝑟𝑟𝑢𝑢 = 𝐶𝐶𝑚𝑚𝑞𝑞𝑢𝑢 + 𝐶𝐶𝑚𝑚𝑞𝑞𝑖𝑖 = 18.56 €/part (8) 

Fig. 6 shows a comparison of per-unit costs obtained applying the Rickenbacher et al. 22 model and 

the novel model proposed in this study. As shown in the figure, it emerges that the novel model 

incorporates quality-related cost items that traditional cost models neglect. The difference between 

the Rickenbacher et al. 22 model and the novel model is particularly evident for the inspection 

alternative A3, which has the highest quality-related costs (i.e., 31.69€ versus 14.40€ of A1 and 

23.37€ of A2). Consequently, the per-unit cost obtained by the traditional model is more than 2.5 

times lower than the one derived by the novel model when performing the inspection A3 (i.e., 18.56€ 

versus 50.26€). In the light of these results, the novel model allows designers to make design and 

inspection planning decisions based on a comprehensive, accurate and structured economic 

assessment. 
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Figure 6. Comparison of the inspection alternatives A1, A2 and A3 by using a prior model 

commonly adopted for LPBF processes 22 and the novel model proposed in this study.  

6. Conclusions 

Although several cost models in the literature quantify product per-unit cost, accounting for both 

direct and indirect costs, quality-related costs are often overlooked. In order to fill this gap, this 

paper presents a more comprehensive cost model allowing for the assessment of the economic 

performance of manufacturing inspections. The costs of quality-related steps, including inspection 

costs, costs of necessary operations and costs of poor-quality due to inspection errors, are integrated 

into the model with production costs (material and manufacturing costs). Furthermore, the Return 

On Investment of Inspections (ROII), representing a novel performance measure depicting the 

profitability of product inspections, is proposed. This novel cost model and the ROII can be useful 

decision-supporting tools for designing and selecting alternative quality inspections. Thanks to its 

ability to include the different quality characteristics (output variables) of the parts under 

consideration, the proposed approach may be especially beneficial in low-volume productions, 

characterized by a high level of customization and complexity, and multi-variant products, i.e. 

products with altered configuration 42. Indeed, the cost model allows for flexible adaptation and 

transfer to products with different features, after appropriately tailoring the model variables’ 

estimates to suit the specific case. An application case concerning a low-volume production in the 

AM field shows that the novel cost model and the ROII measure can effectively support and guide 

company decisions toward desired goals (e.g., minimization of total costs, minimization of poor-

quality costs or maximization of the return on investment of inspections) when alternative quality 
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inspections can be adopted. A comparison between the proposed model and a well-known cost 

model from the literature (Rickenbacher et al. model 22), on a real case study, is also presented. 

The proposed approach has some limitations, which are briefly summarized below: 

• As a first approximation, it is assumed that the probabilities of occurrence of defects and 

inspection errors related to different output variables are independent. Although this 

assumption may be reasonable in most applications, future research efforts should account 

for and overstep it.  

• The estimation of cost model variables may not be straightforward. However, prior 

knowledge of the production process and historical data can help overcome (at least in part) 

this limitation. 

Further developments can be devoted to analyzing the combination of different inspections in 

manufacturing systems characterized by more complex architectures (e.g., multi-stage 

manufacturing systems).  

Acknowledgement 

The authors thank Dr. Flaviana Calignano for supporting the definition of samples geometry and 

the selection of process parameters. 

Funding 

This work has been partially supported by “Ministero dell’Istruzione, dell’Università e della 

Ricerca”, award “TESUN- 83486178370409 finanziamento dipartimenti di eccellenza CAP. 1694 

TIT. 232 ART. 6”, and by FCA-POLITO-2018 Project “Quality control of surface mechanical 

properties and topographical features of manufacts by Additive Manufacturing”. 

References 

1.  Psarommatis F, May G, Dreyfus P-A, Kiritsis D. Zero defect manufacturing: state-of-the-art 

review, shortcomings and future directions in research. Int J Prod Res 2020; 58: 1–17. 

2.  Tiwari D, Farnsworth M, Zhang Z, Jewell GW, Tiwari A. In-process monitoring in electrical 

machine manufacturing: A review of state of the art and future directions. Proc Inst Mech 

Eng Part B J Eng Manuf 2021; 09544054211016675. 

3.  Verna E, Genta G, Galetto M, Franceschini F. Towards Zero Defect Manufacturing: 

probabilistic model for quality control effectiveness. In: 2021 IEEE International Workshop 

on Metrology for Industry 4.0 & IoT (MetroInd4.0&IoT). 7-9 June 2021, Rome, Italy: IEEE, 

2021, pp. 522-526. doi: 10.1109/MetroInd4.0IoT51437.2021.948. 



 
 
 

17 
 

4.  Verna E, Genta G, Galetto M, Franceschini F. Inspection planning by defect prediction 

models and inspection strategy maps. Prod Eng 2021; 1–19. doi: 10.1007/s11740-021-

01067-x. 

5.  Colledani M, Tolio T, Fischer A, Iung B, Lanza G, Schmitt R, Váncza J. Design and 

management of manufacturing systems for production quality. CIRP Ann Technol 2014; 63: 

773–796. 

6.  Schmidt M, Merklein M, Bourell D, Dimitrov D, Hausotte T, Wegener K, Overmeyer L, 

Vollertsen F, Levy GN. Laser based additive manufacturing in industry and academia. CIRP 

Ann 2017; 66: 561–583. 

7.  Koren Y, Hu SJ, Gu P, Shpitalni M. Open-architecture products. CIRP Ann 2013; 62: 719–

729. 

8.  ElMaraghy H, Schuh G, ElMaraghy W, Piller F, Schönsleben P, Tseng M, Bernard A. 

Product variety management. Cirp Ann 2013; 62: 629–652. 

9.  Charalampous P, Kostavelis I, Tzovaras D. Non-destructive quality control methods in 

additive manufacturing: a survey. Rapid Prototyp J. 

10.  Bordron M, Mehdi-Souzani C, Bruneau O. Inline measurement strategy for additive 

manufacturing. Proc Inst Mech Eng Part B J Eng Manuf 2019; 233: 1402–1411. 

11.  Liu C, Law ACC, Roberson D, Kong ZJ. Image analysis-based closed loop quality control 

for additive manufacturing with fused filament fabrication. J Manuf Syst 2019; 51: 75–86. 

12.  Chang W-C. Automated quality inspection of camera zooming with real-time vision. Proc 

Inst Mech Eng Part B J Eng Manuf 2018; 232: 2236–2241. 

13.  Colosimo BM, Cavalli S, Grasso M. A cost model for the economic evaluation of in-situ 

monitoring tools in metal additive manufacturing. Int J Prod Econ 2020; 223: 107532. 

14.  Jiang L, Li Y, Han L, Zou Y, Ding G, Qin S. A workpiece registration and localization 

adjustment method with contact inspection under multi-tolerance conditions. Proc Inst Mech 

Eng Part B J Eng Manuf 2019; 233: 1653–1662. 

15.  Ramadany M, Bajjou MS. Applicability and integration of concrete additive manufacturing 

in construction industry: A case study. Proc Inst Mech Eng Part B J Eng Manuf 2021; 235: 

1338–1348. 

16.  Mantovani S, Barbieri SG, Giacopini M, Croce A, Sola A, Bassoli E. Synergy between 

topology optimization and additive manufacturing in the automotive field. Proc Inst Mech 

Eng Part B J Eng Manuf 2021; 235: 555–567. 

17.  Genta G, Galetto M, Franceschini F. Inspection procedures in manufacturing processes: 



 
 
 

18 
 

recent studies and research perspectives. Int J Prod Res 2020; 58: 4767–4788. 

18.  Raz T, Herer YT, Grosfeld-Nir A. Economic optimization of off-line inspection. IIE Trans 

2000; 32: 205–217. 

19.  Tzimerman A, Herer YT. Off-line inspections under inspection errors. IIE Trans 2009; 41: 

626–641. 

20.  Verna E, Genta G, Galetto M, Franceschini F. Planning offline inspection strategies in low-

volume manufacturing processes. Qual Eng 2020; 32: 705–720. 

21.  Colledani M, Tolio T. Performance evaluation of production systems monitored by statistical 

process control and off-line inspections. Int J Prod Econ 2009; 120: 348–367. 

22.  Rickenbacher L, Spierings A, Wegener K. An integrated cost‐model for selective laser 

melting (SLM). Rapid Prototyp J 2013; 19: 208–214. 

23.  Ashby MF. Material Selection in Mechanical Design. 3rd Ed. Oxford: Butterworth-

Heinemann - Elsevier, 1999. 

24.  Ingarao G, Priarone PC. A comparative assessment of energy demand and life cycle costs for 

additive-and subtractive-based manufacturing approaches. J Manuf Process 2020; 56: 1219–

1229. 

25.  Priarone PC, Pagone E, Martina F, Catalano AR, Settineri L. Multi-criteria environmental 

and economic impact assessment of wire arc additive manufacturing. CIRP Ann 2020; 69: 

37–40. 

26.  Galetto M, Genta G, Maculotti G, Verna E. Defect Probability Estimation for Hardness-

Optimised Parts by Selective Laser Melting. Int J Precis Eng Manuf 2020; 21: 1739–1753. 

27.  Montgomery DC. Statistical quality control. 7th Ed. New York: John Wiley & Sons, 2012. 

28.  Verna E, Genta G, Galetto M, Franceschini F. Defect prediction models to improve assembly 

processes in low-volume productions. Procedia CIRP 2021; 97: 148–153. 

29.  Sower VE. Estimating external failure costs: A key difficulty in COQ systems. In: ASQ World 

Conference on Quality and Improvement Proceedings. American Society for Quality, 2004, 

p. 547. 

30.  Miguel PAC, Pontel S. Assessing quality costs of external failures (warranty claims). Int J 

Qual Reliab Manag 2004; 21: 309–318. 

31.  Snieska V, Daunoriene A, Zekeviciene A. Hidden costs in the evaluation of quality failure 

costs. Eng Econ 2013; 24: 176–186. 

32.  Hart J. Cost and Value Analysis of AM. Cambridge, Massachusetts (USA): Additive 

Manufacturing Summer School Report 2015, Massachusetts Institute of Technology, 2015. 



 
 
 

19 
 

33.  Ruffo M, Tuck C, Hague R. Cost estimation for rapid manufacturing-laser sintering 

production for low to medium volumes. Proc Inst Mech Eng Part B J Eng Manuf 2006; 220: 

1417–1427. 

34.  Kretzschmar N, Ituarte IF, Partanen J. A decision support system for the validation of metal 

powder bed-based additive manufacturing applications. Int J Adv Manuf Technol 2018; 96: 

3679–3690. 

35.  Salmi A, David P, Blanco E, Summers JD. A review of cost estimation models for 

determining assembly automation level. Comput Ind Eng 2016; 98: 246–259. 

36.  Bahubalendruni MVAR, Biswal BB. An intelligent approach towards optimal assembly 

sequence generation. Proc Inst Mech Eng Part C J Mech Eng Sci 2018; 232: 531–541. 

37.  Bahubalendruni MVAR, Gulivindala AK, Varupala SSVP, Palavalasa DK. Optimal 

Assembly Sequence generation through computational approach. Sādhanā 2019; 44: 1–9. 

38.  Pan T, Li L, Zhang X, Flood A, Karnati S, Cui W, Zhang Y, Li W, Liou F. Investigation of 

significant factors on deformation with powder bed fusion system. Proc Inst Mech Eng Part 

B J Eng Manuf 2021; 235: 902–911. 

39.  Pragana JPM, Pombinha P, Duarte VR, Rodrigues TA, Oliveira JP, Bragança IMF, Santos 

TG, Miranda RM, Coutinho L, Silva CMA. Influence of processing parameters on the density 

of 316L stainless steel parts manufactured through laser powder bed fusion. Proc Inst Mech 

Eng Part B J Eng Manuf 2020; 234: 1246–1257. 

40.  Ren Y, Lu H, Xu D, Chen Y, Xin Z, Ni J, Ge L, Li Z, Liu R. Investigation of mechanical 

properties and microstructures of GH536 fabricated by laser powder bed fusion additive 

manufacturing. Proc Inst Mech Eng Part B J Eng Manuf 2021; 235: 155–165. 

41.  Kadir AZA, Yusof Y, Wahab MS. Additive manufacturing cost estimation models—a 

classification review. Int J Adv Manuf Technol 2020; 107: 4033–4053. 

42.  Rückert P, Tracht K, Herfs W, Roggendorf S, Schubert V, Schneider M. Consolidation of 

product lifecycle information within human-robot collaboration for assembly of multi-variant 

products. Procedia Manuf 2020; 49: 217–221. 

 


