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Spare parts supply chain  
 
The after-sales services digitalization, related to the spare parts can pose a strategic opportunity or 
a threat for original equipment manufacturers (OEMs). This is because of a shift towards customer 
value delivery (for instance in performance-based contracting) from the traditional goal of part 
price and quality competitiveness (Khajavi et al., 2014). In a performance-based contracting where 
a portion of the pay is tied to deliverable values such as availability, reliability and maintainability 
of product, supply of spare parts becomes a critical part of company success for renewal or 
extension of a contract as well as opportunities for upselling or cross-selling. Maintenance, repair 
and operations (MRO) are concerned with the accessibility of right components and proper 
skillsets when a product requires maintenance. A successful MRO can significantly lower 
customers downtime and enable them to efficiently meet their goals. However, performing an 
effective and efficient MRO is challenging because it is related to an ability for delivering the 
necessary parts and skills to the right place and with a short notice at the lowest cost (Zanoni et 
al., 2005).  
 
In the traditional method of reliably providing spare parts with an acceptable fill rate, the service 
providing company is required to heavily invest in the production/purchasing and storage locations 
for the spare parts in order to react in a timely manner to repair calls (Cohen et al., 2006). The 
drawbacks of the traditional method in addition to the high capital cost of carrying large inventory 
are related to the spare parts obsolescence as well as warehousing costs when the parts are stored 
near the point of need. With the emergence of digital solutions such as ERP (enterprise resource 
planning) systems and condition monitoring of capital-intensive equipment, the efficiency of spare 
parts supply chains has been significantly improved. Now the question that this chapter aims to 
answer is related to the potential spare parts supply chain improvements from the utilization of 
additive manufacturing while using real-world case studies. 
 
Spare parts supply chain management challenges  
 
An excellent supply chain provides a great customer demand response while being efficient in the 
use of its assets for producing outputs (Perumal, 2006). Management of spare parts supply chain 
is also concerned with the optimization of its operations to provide the required level of service to 
customers while minimizing costs (Andersson & Marklund, 2000). However, to achieve this goal 
any spare parts supply chain manager needs to overcome a number of challenges. The usual 
equipment breakdown follows an unpredictable pattern, therefore, the demand follows a stochastic 
distribution (Simao & Powell, 2009). While the digital technology advances and new tools become 
available for accurate failure prediction (product digital twin, predictive maintenance, etc.), for the 
products that are not highly critical or capital intensive the prediction of failure falls into the 
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analysis of patterns in the historical data to design preventive maintenance. However, not all the 
failures are preventable through a pre-scheduled maintenance regime. It is still important to deal 
with stochastic machine failures. A simple but costly method to mitigate equipment/facility 
downtime is through introducing spare parts inventories in locations close to the 
equipment/facility.  
 
The second challenge is related to the length of a product usage phase in its lifecycle, and provision 
of maintenance service to the previous generations of a product class. For instance, a bus 
manufacturer might start building electric buses while it may need to support multiple generations 
of older buses through the provision of spare parts, skilled technicians and special tools, for 20 
years. The support period can be longer for other equipment used for mining or power generation. 
With various equipment generations to be supported, the number of spare parts needed to be kept 
by the service providing company in storages multiplies which makes the spare parts supply chain 
operations costlier and more complex.  
 
The other challenging aspect of a spare parts supply chain is dealing with the combination of 
components that are required to resolve a service call (Cohen et al., 2006). These components are 
the right skill set (for accurate diagnostics and repair), appropriate tools and specific spare parts to 
be present at the right location to perform the equipment troubleshooting. Managing all these 
component with regard to availability, assignment prioritization and cost can become very 
complex for industries that have an installed base of thousands of equipment from different product 
generations all over the globe.  
 
Just to put things into perspective, in 2017 the F-35 multirole fighter jets of the United States 
military forces were struggling with spare parts shortage which reduced the aircrafts’ airworthiness 
by 22%. The repair process for this air platform took on average about 6 months (Figure 1) and 
the cost of spare parts acquisition in 2017 for the needs of Navy and Marine Corps was 402 million 
(GAO, 2017). This illustrates the difficulty and costliness of MRO even for the most technically 
and financially rich organizations. 
 

 
Figure 1. The process of repair and spare part provision for the F-35 fighter jets 
 
Digital spare parts  
 
The logic behind digital spare part is that the digital design files of the spare parts are stored in the 
cloud and are ready to be downloaded and produced on-demand when a failure takes place, 
wherever required (Salmi et al., 2018). Different direct digital manufacturing technologies (e.g.: 
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CNC machining, 3D printing, Incremental sheet forming, etc.) can be used for digital spare parts 
production. The digital spare part has been utilized in concepts such as US Army’s Mobile Part 
Hospital (Pérès & Noyes, 2006) which is an agile manufacturing cell packed in a 20-foot container 
(Figure 2).  
 

  
 
Figure 2. Mobile Part Hospital and its Mazak Lathe CNC machine used for the production 
(Workman, 2013) 
 
One of the technologies that made digital spare parts a reality is the 3D printing also known as 
additive manufacturing. The 3D printers can be located closer to the point of demand and produce 
the spare parts on a manufacture on demand (MOD) basis. Based on a survey reported by 
Kretzschmar et al., (2018) companies see manufacturing decentralization and on-demand 
production among the most important 3D printing features for digital spare parts. This higher 
flexibility allows for lower spare parts inventory which not only reduces the inventory carry cost 
and parts obsolescence but also reduces the amount of capital tied to the spare parts inventory. 
Another advantage of spare parts digitalization through the use of 3D printing is that the response 
time is significantly shortened through the on-site manufacturing which eliminates the shipping 
cost and reduces equipment downtime.  
 
In the case of utilizing 3D printing for the spare parts manufacturing it is important to choose the 
right type of parts to be able to take full advantage of this manufacturing technology. In other 
words, since 3D printing is toolless and still is an order of magnitude more expensive than the 
traditional manufacturing techniques for the production of geometrically simple components, low 
volume, slow-moving spare parts with complex geometrical features are considered appropriate. 
These spare parts can be for old equipment which requires reproduction of tooling or for current 
spare parts that are consists of multiple parts which can be combined into one part with complicated 
geometries. GE Aviation utilization of powder bed fusion for the manufacturing of LEAP jet 
engine fuel nozzles is among the well-known examples that illustrate the part types that are most 
suitable for 3D printing. 
 
Nowadays with advancements in 3D printing technologies, high-performance parts can be 
manufactured out of polymer or metal. This technology allows for part improvements through 
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weight reduction or components consolidation. This is significant for spare parts application as it 
allows for the parts debugging and improvements (Khajavi et al., 2018a) without the need for 
retooling. However, one of the challenges that bar manufacturing companies from an adaptation 
of 3D printing for digital spare parts is the lack of digital design file for their manufactured 
components. Therefore, the first step towards the use of 3D printing for spare parts digitalization 
is to analyze the spare parts libraries to find the components suitable for 3D printing and create 
their digital design file. The digitalization does not end at the geometrical and dimensional aspects 
but also should include other information related to the material, surface finish, necessary post-
processing and allowed tolerances, etc.  
 
The competencies required for the spare parts digitalization are related to the understanding of 3D 
printing processes and raw material printability or substitutability as well as knowledge about the 
3D design to be able to take advantage of design for performance enabled by the 3D printing. The 
differences between 3D printing processes are significant to the extent that some of the 
technologies are mostly utilized for prototyping and some are mainly used for final parts. Some of 
the processes require considerations related to the chamber packing (to minimize the costs) and 
some require accurate planning of part orientation for enhanced mechanical properties and reduced 
support requirement (Khajavi et al., 2018b & Salmi et al., 2016). Moreover, 3D printing methods 
produce different surface finishes that should be taken into account (net shape or near net shape 
printing methods). Different surface finishes may or may not require post-processing, heat 
treatment or surface finishing, given the type and criticality of a spare part.  
 
The knowledge about printability of raw material is valuable since not all the material used in the 
conventional manufacturing methods are available for 3D printing. This knowhow assists with the 
selection of printable spare parts and knowing the substitutability of the raw material for 3D 
printing is important as well. 3D design insights are very important for allowing spare parts 
improvements, and upgrades to take advantage of 3D printing in the production of complex 
geometries. Moreover, it allows for parts consolidation which can improve the components 
lifespan and cost competitiveness with conventional manufacturing (Chekurov et al., 2018).  
 
The 3D printing technology is developing and this allows some companies to experiment or even 
implement it for the production of some industrial spare parts. While BMW and Volkswagen are 
experimenting with 3D printed digital spare parts, Daimler AG is producing plastic spare parts 
near the point of use with powder bed fusion (Taylor & Cremer, 2016).  Another pioneer in the 
use of 3D printing for spare parts is Deutsche Bahn which not only produces replacement parts for 
their fleet of trains but their designers focus their efforts towards the improvement of the 
replacement parts (Rutsch, 2018). To further examine the current readiness for digital spare parts 
made by 3D printing a study was conducted at Aalto University in cooperation with VTT Finnish 
research center and industrial partners. In the following section, this empirical study will be 
explained and conclusions will be drawn.  
 
An empirical study of spare parts manufacturing by 3D printing (Salmi et al., 2018) 

An empirical study was conducted in Finland with an aim to determine the number of spare parts 
that can be possibly and feasibly 3D printed and compare that number with the total number of 
spare parts for the participating industrial firms. The printing possibility analysis is concerned with 
the technical aspects such as part size, raw material, tolerances, etc. while the feasibility assesses 
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the cost competitiveness of printed part against the conventionally made ones from a lifecycle 
perspective. The method utilized for the parts classification is to some extent similar to the one 
developed by Knofius et al., 2016, which uses a top-down approach to rank the spare parts based 
on a weighted average score to uncover the spare parts with highest printability potential (Salmi 
et al., 2018).  
 
A major obstacle in front of this research project was related to the unavailability of digital design 
files for all the spare part components. Moreover, in a lot of cases where the spare parts digital 
design files were available the detailed information regarding the material, tolerances, surface 
finishing, minimum order quantity, were missing. Therefore, as a first step, a decision was made 
to conduct the study in the two companies which had the richest digital databases regarding their 
spare parts. These companies are global industrial equipment manufacturers with vast production 
supply chains and decades-long product lifecycles. The starting number of spare parts chosen for 
analysis in the study from Companies 1 and 2 were respectively 198,638 and 17,182 individual 
spare parts which include both metallic and polymer parts (Figure 3). 
 

 
 

   
Figure 3. Some of the candidate spare parts for 3D printing (Salmi et al., 2018) 
 
In, the second step to identify the technologically printable spare parts two criteria of part size and 
material were chosen. Although this might not be enough for a thorough study and ideally other 
criteria such as tolerances and surface finishing need to be examined, however, this decision was 
made due to the information availability limitations. Even in many cases, the information regarding 
the material and size was not explicitly available. All the above-mentioned issues made the use of 
an automatic software algorithm for distinguishing printable spare parts impractical. Accordingly, 
manual and statistical approaches were used. 
 
The spare part size was picked as a technically limiting criterion because the size of the 3D 
printers’ production chambers are often limited. The material was taken into account as the other 
criterion since the range of 3D printable material is limited and 3D printing still lacks the capability 
to produce multi-material final parts. The number of parts that passed through the technical 
printability test was about 26% and 22% for Companies 1 and 2 respectively. This is a significant 
number given the initial numbers for the total spare parts (about 51,249 and 3,746 parts 
respectively).  
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In the third step, to further simplify the classification, a decision was made to analyze a sample of 
the remaining parts and find out if there is an explicit criterion that can be used a rough divider of 
printable and not-printable spare parts. The geometrical complexity of parts was shown to be a 
good enough criterion. The analysis of parts geometrical complexity was performed based on 
parts’ photographs on a chosen sample size of 30% for Company 1 and 15% for Company 2 from 
the technical possibility analysis (30% and 15% of the results of the second step). This further 
narrowed down the rough number of printable parts to 5.9% (about 11,720 parts) and 5.5% (about 
945 parts) for Companies 1 and 2 respectively.  
 
The fourth step of the analysis was to apply an economic feasibility filter to the resulted spare parts 
from the third step. For the economic feasibility analysis, only spare parts from Company 1 were 
analyzed and once again to facilitate the manual work a sample size of 30% was analyzed and 
extrapolated to all the remaining spare parts after the third analysis step. In an ideal 3D printability 
economic feasibility analysis all the spare parts supply chain related costs such as production cost, 
inventory carrying cost, transportation cost, equipment downtime cost, tool making and tool 
carrying cost should be taken into account. However, due to the unavailability of data, the analysis 
criteria selected for the printability economic feasibility were the part production cost, average 
annum consumption volume, MOQ (Minimum Order Quantity) and lead-time for a replacement 
part delivery. Only 2.1% (or about 4,171 parts) of the Company 1’s spare parts were shown to 
have a high potential for 3D printability as those parts satisfy the economic feasibility and technical 
possibility conditions while are not geometrically simple (Figure 4).  
  
  

 
 
Figure 4. Analysis results on the printability of two companies’ spare parts (Salmi et al., 2018) 
 
Which parts of 3D printable spare parts puzzle are missing? 

The 4,100 printable spare parts that were resulted in the study for Company 1 is a rough estimation 
given the limitations of the method with regard to the unavailability of data for the analysis steps. 
Putting things into perspective, in a similar study by Knofius et al. (2016) on a Company active in 
the aviation industry, out of 40,330 spare parts analyzed only 2.83% (1,141 items) were technically 
and economically 3D printable. These cases indicate that the 3D printing is an emerging 
manufacturing method for the production of industrial spare parts, however, it also suggests a lot 
needs to be done before 3D printing can be declared as a matured technology. Developments with 
regard to the production speed and volume, material range and cost, quality assurance systems, 
and pre- and post-processing automation are still necessary for wider utilization of 3D printing in 
spare parts operations. Additionally, technological shortcomings are not the only hinders in front 
of a wider 3D printing utilization in spare parts supply chains, business practices (e.g. transitioning 
to a cohesive digital strategy for manufacturing) and engineering education (e.g. being able to 

Potion to be made by 3D printing 

Step 1: Total number of spare parts after the scope definition for study  
 
Step 2: Ratio of spare parts that are technologically printable  
 
Step 3: Ratio of spare parts that are technologically printable and have 
complex geometries 
Step 4: Ratio of spare parts that are technologically printable and have 
complex geometries and also are economically printable  

Conventionally manufactured spare parts 

 

Co. 1 Co. 2 
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think and design for 3D printing and thinking beyond the conventional manufacturability 
limitations) should also be updated to enable taking full advantage of this manufacturing 
technology.  
 
One of the current technological and practice risen issues is related to unavailability of spare parts 
3D design files. Spare parts’ 3D design files are crucial for the utilization of 3D printing. In cases 
where the 3D computer-aided design files are missing, those can be produced through reverse 
engineering of the physical component through digital scanning or from the parts’ blueprints at a 
cost. Moreover, some of the parts that were designed for conventional manufacturing may require 
redesign in order to benefit from 3D printing. These benefits can be towards the part’s weight 
reduction and components consolidation. In the GE fuel injector production, the part redesign 
allowed for consolidation of twenty components, weight reduction of 25% and five times lifespan 
increase for the part (Underwood, 2015). With regard to redesigning parts for 3D printing addition 
of information regarding the surface finish and required tolerances is very important as this can 
save money and effort on the post-processing operations. In other words, because tight tolerances 
and smooth finishes are still not achievable by 3D printing and produced parts are required to be 
CNC machined after the production in a near-net-shape production scheme, therefore, knowing 
exactly which surface finishes and tolerances are involved in part performance and which do not, 
is instrumental for 3D printed spare parts.  
 
The post-processing of parts after 3D printing which includes support removal, cleansing of the 
parts and powder removal is currently mostly manual which can significantly add to the cost of 
production. New techniques to automate and streamline these post-production steps by integration 
of them into a single manufacturing system, can offer lower per part production cost.   
 
With regard to the digital design in addition to geometrical, dimensional, tolerance and surface 
finish other data related to part original and possible substitute material can be invaluable. Since 
the range of available material for 3D printed parts is still very limited compared to the 
conventional manufacturing methods, therefore, the suggestion of a substitute material from the 
design phase can increase the possibility for 3D printing. All in all, moving towards a Model-based 
definition (MBD) approach which is “a new strategy of product lifecycle management (PLM) 
based on computer-aided design (CAD) models transition from simple gatherers of geometrical 
data to comprehensive sources of information for the overall product lifecycle” (Alemanni et al., 
2011) can benefit and widen 3D printing application for spare parts.   
 
Based on a survey conducted by Salmi et al., (2018) among the specialists and decision makers in 
industrial firms the six most important technological obstacles for the 3D printing of spare parts 
are related to raw material limitations, incapability to produce required tolerances, limitation 
related to production chamber size, lack of proper post-processing, lacking the 3D design files for 
the parts, and IT system issues (Figure 5).  
 
The problem with printable raw materials in addition to the limited range is the high cost which 
can be an order of magnitude higher than the same material in a different form factor for 
conventional manufacturing. This elevates the cost of 3D printed spare parts. However, there has 
been a number of attempts to produce affordable printable raw material (e.g. Metalysis efforts to 



8 

produce titanium powder) that can help reduce the production cost of spare parts (Khajavi et al., 
2018c).  

 
Figure 5. Technical barriers in front of 3D printed spare parts (Salmi et al., 2018) 

The engineering education should more comprehensively include subjects related to principles of 
design for 3D printing. Also, the companies’ competences regarding the possibilities and 
limitations of 3D printing should be improved and kept updated. For instance, still there is a feeling 
among some designers that 3D printing is only good for prototyping or its surface finishes are not 
fixable. However, various examples in the spare parts industry from Daimler trucks to GE fuel 
nozzle illustrates that 3D printed parts can be made as sturdy and high quality as the conventionally 
manufactured parts if not better. This is achievable through the selection of parts with high 
potential, performing the appropriate design or modifications to take advantage of 3D printing 
capabilities and applying the required post-processing (e.g. heat treatment or surface finishing, 
painting, etc.). The companies’ investment to gain the design for 3D printing know-how will have 
wider applications in their prototyping, toolmaking, and components design and manufacturing, 
in addition, to spare parts manufacturing.  
 
With regard to the spare parts quality assurance, technology is in need of advancements with regard 
to a cohesive real-time process monitoring and build quality verification. The research is ongoing 
in this area, but the implementations on the 3D printing machines are still not capable of assuring 
the holistic reliability of part by analyzing the cross-sections. A functional real-time quality 
assurance solution can allow for true manufacturing repeatability. However, until then the only 
way to reliably assure the production quality of a 3D printed part (for powder bed fusion processes) 
is the use of test pieces which are components printed in the same chamber as the parts and are 
sent for mechanical properties (e.g. tensile strength, elongation, etc.) testing.  
 
Another real concern with the 3D printing of spare parts is related to the intellectual property right 
(IPR). The establishment of transparent and universal rules, legal frameworks and methods to 
govern the IPR ownership and sharing amongst the supply chain partners and third-party service 
providers are fundamental for the flourishment of spare parts 3D printing. Moreover, risk transfer 
or risk sharing agreements amongst the organizations involved in the spare parts manufacturing 
chain can facilitate dealing with the liability issues in case of 3D printed spare parts failure.    

1. Limited range of printable materials 
 
2. Tolerances are not achievable 
 
3. Production chamber size 
 
4. Unavailability of required post-
processing  
 
5. Unavailability of 3D CAD file 
 
6. Limitations with IT systems 
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Conclusions 

In this work, the results suggest that currently only a relatively small portion of industrial spare 
parts are technically and economically 3D printable for end-use. However, this can change as the 
3D printing technology progresses and business practices evolve. In a research by Jiang et al., 
(2017) the future impact of 3D printing on society and economy was envisioned. Their research 
was based on the scenarios constructed upon a large Delphi survey. They conducted interviews 
and workshops with experts and performed a literature review and came up with about a hundred 
future projections for the 3D printing in the year 2030. Their most probable scenario, for the year 
2030, suggested that non-critical spare parts are most likely to be 3D printed near the point of 
consumption. The roadmap presented in Figure 6 is envisioned by Salmi et al. (2018) for the year 
2028 which predicts 10% of all spare parts to be digital spare parts in the future. They see the 
emergence of 3D copiers as a novel way of producing parts replicas.   

 
Figure 6. The vision for digital spare parts (Salmi et al., 2018) 
 
In their vision of 2028, the 3D printing technologies are mature and reliable and can produce high-
quality components. The product lifecycle tracking through embedded electronics (by using multi-
material printers) and unique identification can provide significant value to the spare parts supply 
chain of the 3D printed parts (Khajavi et al., 2018a). The parts failure can be traced back to the 
very moments, machines and material batches that were utilized for their production. Customized 
spare parts can be identified, reordered or upgraded without the need for reverse engineering or 
significant effort for data extraction. Moreover, smart spare parts manufactured on multi-material 
3D printers of the future can perform condition monitoring on a component level helping in the 
creation of products’ digital twins and enabling autonomous ordering of the replacement parts 
when the part’s end of life is near.  
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According to Jiang et al., (2017) in 2030 novel business practices will emerge for protecting the 
companies’ IPR and sharing of 3D printable files will be comprehensively regulated. If that comes 
true might have a positive impact on spare parts printing as the number of counterfeited parts will 
be reduced and can significantly strengthen the faith of small and big manufacturers in 3D printing 
and manufacturing digitalization.  
 
All in all, the use of 3D printing for spare parts manufacturing (as a high potential application for 
this technology) will face various obstacles and ups and downs with respect to the manufacturing 
cost, quality, digital design file piracy, illegal reverse engineering and sharing of liabilities, 
however, as with any other radical innovation this will have a profound impact on the architecture 
and management of the supply chain of the future.  
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