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Abstract: Additive Manufacturing (AM) has become a promising technique for spare parts management. The reduced lead 

time of AM compared to Classical Manufacturing (CM) has attracted the interest of researchers and many applications of AM 

to spare parts management have been introduced in the literature.  However, the high production and equipment costs obscure 

the advantages of AM to spare parts management to practitioners and academics. The recent literature on spare parts 

management with AM have two main limitations which we address in this work. The first is that AM spare parts are mistakenly 

assumed to be less reliable than CM ones, which has been refuted by the recent literature on the mechanical characteristics of 

AM parts. Secondly, the external supply of AM parts that excludes the investment cost of the equipment. Our model overcomes 

these limitations by taking into account a spare part installed on a fleet of systems which failures are based on failure data from 

recent literature. In addition, we consider an insourced 3D printer, and account for the purchasing cost. We propose several 

scenarios for the insourcing of a 3D printing, considering a future cost reduction and constrained stock systems, individuating 

constrained stock system with high lead times for the CM part, ideal for in-house printing. The work has been supported by the 

project SUPERCRAFT, funded by the Emilia-Romagna Region (Italy) with European funds (POR FESR). 
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I. INTRODUCTION 

The efficient management of spare parts is essential for 

ensuring the high availability of production systems [1]. 

Especially for  mass production systems, this is due to the 

unavailability of machinery, which then results in high 

financial losses [2]. The correct management of spare 

parts is hindered by their demand that is usually 

intermittent [3] and thus require ad hoc methods for its 

forecasting [4] . The other main limitation to the correct 

management of spare parts is the high and often uncertain 

procurement lead time of classical manufacturing (CM) 

parts [5]. In this context AM is an optimal alternative that 

overcomes these two main limitations. Spare parts 

management using an AM approach is effective thanks to 

its two main features: 

1. The lower lead times compared to CM [6]. 

2. The ability of a 3D printer to produce many 

different parts using metal powders [7]. 

These two characteristics enable on demand printing for 

spare parts. On demand printing can ideally substitute the 

high stock levels that usually characterize the CM 

management of spare parts aimed at reducing downtimes 

that cause high backorder costs [8]. AM is based on 

Computer Aided Design (CAD) since it creates an object 

directly from a CAD model [9] [10]. Initially, AM was 

used above all as a prototyping technology given the 

small (even null) set up time required for the production 

[11]. However in the medical sector, for example, AM is 

used for everyday production [12]. This mass production 

with AM was also possible due to the two-characteristics 

previously cited and also due to the variety of materials 

that can be used and the various post processes 

applicable. Post processes are increase the mechanical 

properties of those parts with higher production costs 

[13]. In addition, post processes can be associated with 

specific operational conditions [14]. However, the 

diffusion of AM to produce spare parts has been delayed 

for several reasons. The first is related to an operational 

perspective, since companies have experience with CM 

spare parts but lack knowledge on AM parts and their 

sourcing. This knowledge gap is justified in terms of the 

mechanical properties of AM parts since there is a gap in 

real failure data under different conditions [15].  Given 

the continuous improvements in AM technologies, the 

only viable ways to predict the mechanical properties are 

failure criteria [16] [17] and accelerated tests. The second 

reason for the limited diffusion of AM technologies is the 

high production and purchasing costs of the printer.  At 

the same time the cost of both the machinery and the 

production of AM parts are expected to decrease in the 
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next few years [18], which we have taken into account on 

the basis that the technology will certainly keeping 

improving.  In fact, the aim of this paper is to understand 

which scenarios would be preferable for the management 

of spare parts with the production on demand using an 

insourced 3D printer. Among the scenarios investigated, 

we analysed constrained stock systems and future 

improvements in AM technologies.  

We considered a spare part installed on a fleet of systems 

(e.g. aircraft, production systems) that can be produced 

by CM or by AM. The spare parts data for both CM and 

AM characteristics came from a recent paper [8] of which 

our work can be seen as a natural extension.  Sgarbossa 

et al. only accounted for an individual spare part and not 

a set of identical spare parts. However including the 

insourcing of a printer, which is a new aspect in the 

literature as we demonstrate in our literature review, it is 

essential to account for more than one part. 

The paper is structured as follows: Section 2 reviews the 

literature; Section 3 introduces our model and Section 4 

our experimental analysis. Our conclusions are given in 

Section 5 

II. LITERATURE REVIEW 

The intermittent demand for spare parts [3] makes it 

difficult to forecast  and how to manage them. However, 

correct forecasting is essential and, in the literature, there 

are two main ways for this to be done. The first considers 

the standalone time series which was initiated by the 

seminar paper by Croston [3] which was extended by 

[19]. Non parametric approaches such as bootstrapping 

[20] and machine learning [21] have also recently been 

introduced in the literature. For a review on the theme we 

suggest [22]. The second approach links forecasting with 

the maintenance approach and optimizes both. The study 

by Kabir and Al-Olayan [23] was one of the first in this 

stream which has recently gained a lot of attention [24] 

and is well reviewed in [25]. Our work focuses on the 

impact of AM on spare part management thus forecasting 

is not central and not considered. Although AM is a 

valuable option for parts management and in particular 

for spare parts [26], few works have evaluated its 

application.  Liu et al. (2014) investigated the reduction 

in safety stock derived from the introduction of AM 

technology for spare parts for aircrafts in both centralized 

and decentralized AM production. However they did not 

consider the purchasing cost of the printer in the 

centralized scenario and nor did they account for the 

lower reliability of AM compared to CM. However, due 

to the evolution of the technology and post processing, 

AM parts can now be more reliable than CM parts [28]. 

Song and Zhang [11] considered an overseas equipment 

manufacturer and on demand printing. They modelled the 

problem as a multi-class priority queue with Poisson 

demand, where they divided different spare parts into two 

clusters (make-to-stock and printed on demand) and then 

found the optimal continuous review policy. They 

considered the dynamics at the insourced 3D Printer (i.e. 

the waiting time in queue) although they did not consider 

an application with real failure data. Nor did they 

consider the cost of the 3D printer in their insourcing 

option, and in their analysis, they considered the same 

failure rate between AM and CM.  Knofius et al. [29] 

modelled the dual sourcing problem as a continuous 

Markov decision process with a single-item perspective. 

In fact, they accounted for a single item installed on a 

base of an identical system, as is the case in this work. 

However, they considered only the outsourcing of AM 

with replenishment lead time exponentially distributed. 

Westerweel et al.  [30] extended the dual sourcing 

problem with fixed order cycles considering two supply 

sources. Their results showed that on site on demand 

printing leads to savings by reducing the inventory and 

increasing the availability. In their work AM parts have 

lower reliability, which has already been highlighted as 

an out-of-date assumption.  Similarly, through dynamic 

programming, Knofius et al. [26]  [31] optimized the 

switching period from regular components to AM by 

considering the cost reduction for AM over time. This 

was a neat solution since one of the main drawbacks of 

AM is the still high cost. Lastly, Sgarbossa et al. [8] 

modified the classic reorder model outlined in [32] and 

applied it to a periodic multi-technology reorder model. 

The innovation of their work is the conjunction of spare 

parts management with different AM technologies to 

evaluate their impact with different materials and post-

processing, finding the best match between them. An 

approach followed in a recent paper by our research 

group on preventive maintenance using on demand 

printing [33] investigated different AM technologies and 

post processing by constructing a decision support 

system (DSS) to help practitioners in choosing their best 

combination.  In this work we exploited the data 

presented in [8] focusing on small spare parts since they 

have been found to be the most promising for AM. In 

fact, our work can be seen as a natural extension of [8]. 

Sgarbossa et al. only accounted for outsourced AM parts 

without including the purchasing cost of the printer. 

Purchasing cost that we included and that can be 

sustained only if a considerable number of parts are 

printed, for this reason we accounted for a spare part that 

is installed on a fleet of systems.  Another difference in 

our study lies in the backorder cost which in the original 

paper of Sgarbossa et al. (2021) was considered as a 

unitary cost per part in the backorder, which in our model 

is considered as a unitary cost per part per unit time.  

Lastly, Sgarbossa et al. (2021) considered AM under the 

classical reorder model of Babai [32] where an AM part 

can be kept in stock. On the other hand in our model, AM 

parts are exclusively made on demand. The reason for 

this is the pressing demand in spare parts logistics to 

eliminate the inventory  [34]. In addition it is a natural 

choice for example in the automobile industry for old 

parts due to discontinued manufacturing [11] or in 

constrained remote systems such as offshore platforms 

where stocks are not allowed or are highly constrained 

[30]. Thus, insourcing a printer is the most efficient 

approach to demand printing, which we have 

benchmarked with a make to stock system based on CM. 
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III. MODEL 

In this section our mathematical model, its notation and 

underlying hypothesis will be explained. 

 

A. Notation 

▪ 𝑁: total number of spare parts installed 

▪ 𝑛𝐴𝑀 : number of spare parts produced on demand via 
AM, variable to be optimized 

▪ 𝑁 − 𝑛𝐴𝑀 : number of spare parts produced with CM 
managed with stocks  

▪ 𝑖: production mode (options are CM or AM) 

▪ 𝑀𝑇𝑇𝐹𝑖 : mean time to failure of the spare part made 

with production mode-i [𝑤𝑒𝑒𝑘𝑠] 
▪ 𝜆𝑖 : failure rate of the spare part made with production 

mode-i [
𝑝𝑎𝑟𝑡

𝑤𝑒𝑒𝑘𝑠
] 

▪ 𝑐𝑎: purchasing cost of the CM option [
€

𝑝𝑎𝑟𝑡
] 

▪ 𝑐𝑝: production cost of the AM option [
€

𝑝𝑎𝑟𝑡
] 

▪ 𝑐𝑏: unitary backorder cost per time unit [
€

𝑝𝑎𝑟𝑡∗𝑤𝑒𝑒𝑘
] 

▪ ℎ: weekly holding rate [
1

𝑤𝑒𝑒𝑘
] 

▪ 𝑓: fixed weekly costs for the purchasing of a 3D 
printer, considered as depreciation 

▪ 𝑡𝑝𝑟𝑜𝑑: production time of the AM option 

▪ 𝐿𝑇: replenishment lead time of the CM option 

▪ 𝑚: number of insourced 3D printers, variable to be 
optimized 

▪ 𝑇: review period 

▪ 𝑆: order up to level for CM option, variable to be 
optimized 

▪ 𝑆𝑚𝑎𝑥  : máximum order up to level for CM option in 
stocks constrained systems 

▪ 𝑦: auxiliary variable representing the number of 

failures of the part in 𝑇 + 𝐿𝑇 

▪ 𝐶𝐴: purchasing cost for CM parts [
€

𝑤𝑒𝑒𝑘
] 

▪ 𝐶𝑃: production cost for AM parts [
€

𝑤𝑒𝑒𝑘
] 

▪ 𝐶𝐵𝐴𝑀 : backorder cost for AM parts [
€

𝑤𝑒𝑒𝑘
] 

▪ 𝐶𝐵𝐴𝑀 : backorder cost for AM parts [
€

𝑤𝑒𝑒𝑘
] 

▪ 𝐶𝐻: inventory cost [
€

𝑤𝑒𝑒𝑘
] 

▪ 𝐶𝑆: weekly cost for the purchasing of a 3D printer 
 

B. Hypothesis 

 

1. For both the production options (CM and AM) 

failures follow a Poisson distribution. This is a 

reasonable assumption for spare parts [8] 

2. The model considers a spare part that is installed on 

a fleet of 𝑁-systems (e.g. aircraft) where the spare 

part is subjected to the same failure rates i.e., the 

failures depends only on the production mode 

adopted 

3. For the parts produced with AM a strictly on demand 

approach is followed.  

4. For the parts produced with CM a period policy with 

order up to level is proposed inspired by [32] and [8] 

who recently modified it. 

5. Each system in the case of production with CM has 

its own inventory.  

6. For the parts produced with CM the review period is 

not optimized but tested with two different levels.  

7. For the parts produced with AM only one printer can 

be purchased. This assumption is in line with the 

adoption of a new technology in a company. 

C.  Mathematical Model 

Below is our model for the management of 𝑁 spare parts 

choosing between  classical management with CM under 

a periodic review policy or printing on demand with AM. 

 

𝑚𝑖𝑛 𝐶𝑡𝑜𝑡 = 𝐶𝑎 + 𝐶𝑝 + 𝐶𝑏𝐶𝑀 + 𝐶𝑏𝐴𝑀 + 𝐶ℎ + 𝐶𝑠 1) 

s.t. 

𝑃𝜆𝐶𝑀,𝑇+𝐿𝑇,𝑦 =
(𝜆𝐶𝑀(𝑇+𝐿𝑇))

𝑦
∙𝑒−𝜆𝐶𝑀(𝑇+𝐿𝑇)

𝑦!
   2) 

𝑡𝐹𝑀,𝑛𝐴𝑀
=

1

𝜇
+

𝜌

2𝜇(1−𝜌)
          3) 

𝑛𝐴𝑀 ≤ 𝑀 ∙ 𝑚      4) 

0 ≤ 𝑛𝐴𝑀 ≤ 𝑁      5) 

0 ≤ 𝑚 ≤ 1      6) 

0 ≤ 𝑆 ≤ 𝑆𝑚𝑎𝑥      7) 

𝑛𝐴𝑀, 𝑀, 𝑆 ∈ 𝑁     8) 

Where the terms in 1) can be written as: 

𝐶𝑎 = (𝑁 − 𝑛𝐴𝑀) ∙ 𝑐𝑎 ∙ 𝜆𝐶𝑀    9) 

𝐶𝑝 = 𝑛𝐴𝑀 ∙ 𝑐𝑝 ∙ 𝜆𝐴𝑀     10) 

𝐶𝑏𝐴𝑀 = 𝑛𝐴𝑀 ∙ 𝑐𝑏 ∙ 𝑡𝐹𝑀,𝑛𝐴𝑀,𝑚 ∙ 𝜆𝐴𝑀    11) 

𝐶𝑏𝐶𝑀 = (𝑁 − 𝑛𝐴𝑀) ∙ ∑ (𝑦 − 𝑆) ∙ 𝑃𝜆𝐶𝑀,𝑇+𝐿𝑇,𝑦 ∙ 𝑐𝑏 ∙∞
𝑦=𝑆

(∫
𝜆𝐶𝑀

𝑦
∙𝑡𝑦−1∙𝑒−𝜆𝐶𝑀𝑡

(𝑦−1)!
∙ (𝑇 + 𝐿𝑇 − 𝑡)

𝑇+𝐿𝑇

0
𝑑𝑡)  12) 

𝐶ℎ = ∑ (𝑆 − 𝑦)𝑆−1
𝑦=0 ∙ 𝑃𝜆𝐶𝑀,𝑇+𝐿𝑇,𝑦 ∙ ℎ ∙ 𝑐𝑎 ∙

𝑦

𝜆𝐶𝑀
∙

1

(𝑇+𝐿𝑇)
 

      13) 

𝐶𝑠 = 𝑚 ∙ 𝑓      14) 

The goal of our model is to minimize the total cost for the 

management of the parts (1) which is composed of 

different sub costs. In particular, there is a purchasing 

cost for the fraction of parts that we decide to outsource 

with CM (9) which became a production cost for the parts 

internally produced with AM (10). Similarly, there is a 

backorder cost for the fraction produced with AM (11) 

which is proportional to the waiting time at the printer 

(3). The expression for the waiting time was obtained by 

modelling the queue as an M/D/1 system [35] since we 

accounted for only one printer that can be insourced.  In 

the total cost there is also the backorder cost for the CM 

parts (12) for which the expression is new and differs 

from the backorder cost considered in [8]. In fact, we 
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accounted for a backorder cost that is proportional to the 

unavailability time calculated as the average waiting time 

in 𝑇 + 𝐿𝑇 when the number of failed parts overcame the 

order up to level.  Lastly, the total cost includes the 

holding cost (13) and purchasing cost of the printer (14).  

IV. EXPERIMENTAL ANALYSIS 

Here we describe our experimental analysis based on real 

data from [8]. They leveraged accelerated tests available 

in the literature to obtain the ratio between the Mean 

Time To Failure (MTTF) of the parts. Specifically, we 

accounted for a small part that Sgarbossa et al. found was 

best suited to AM management for which the data are 

reported in Table 1.  

TABLE I 

INPUT DATA 

Data Value Data Value 

𝑁 90 𝑐𝑝 150 [
€

𝑝𝑎𝑟𝑡
] 

𝑀𝑇𝑇𝐹𝐶𝑀 26 [𝑤𝑒𝑒𝑘] 𝑐𝑏 
2000[

€

𝑝𝑎𝑟𝑡 ∗ 𝑤𝑒𝑒𝑘
] 

𝜆𝐶𝑀 0.0385 

[
𝑝𝑎𝑟𝑡

𝑤𝑒𝑒𝑘𝑠
] 

ℎ 0.0058 [
1

𝑤𝑒𝑒𝑘
] 

𝜆𝐴𝑀 0.0055

 [
𝑝𝑎𝑟𝑡

𝑤𝑒𝑒𝑘𝑠
] 

𝑓 769.88 [
€

𝑤𝑒𝑒𝑘
] 

𝑐𝑎 30 [
€

𝑝𝑎𝑟𝑡
] 𝑡𝑝𝑟𝑜𝑑 0.1 [𝑤𝑒𝑒𝑘] 

 

All the data come from Sgarbossa et al. (2021) except for 

the fixed weekly cost of the purchasing of the printer 

which was obtained considering a cost of € 200,000 

amortized over five years. We tested this data 

considering two levels of lead time and reorder time, the 

first where both are equal to 12 weeks and the second 24 

weeks. The results of these base scenarios are listed in 

Table 2.  

TABLE II 

BASE SCENARIO RESULTS 

 𝑛𝐴𝑀 𝑚 𝑆 𝐶𝑡𝑜𝑡 

𝑇 = 12 𝐿𝑇 = 12 

𝑆𝑚𝑎𝑥 =ꚙ. 

0 0 4 143.60  

𝑇 = 24  𝐿𝑇 = 24 

𝑆𝑚𝑎𝑥 =ꚙ. 

0 0 6 160  

𝑇 = 12 𝐿𝑇 = 12 
and  

𝑇 = 24  𝐿𝑇 = 24 

90 1 - 947.41 

 

As shown in Table 2 in the base scenario with both the 

levels for 𝑇 and  𝐿𝑇 it is economically viable to use the 

classical CM management of parts with an order up to 

level of 4 parts in the lower level and of 6 in the higher. 

In fact, in these situations management with AM is 

almost six times more expensive than with CM. We thus 

decided to carry out a further analysis considering future 

improvements in AM technology, shown in Table 3, 

together with various constraints on the stock levels.  

TABLE III 
DATA CONSIDERING IMPROVEMENTS OVER TIME FOR AM   

Year 𝑓 𝑡𝑝𝑟𝑜𝑑 𝑐𝑝 Reduction  

1 € 730.77 0.095 € 142.50 5% 

2 € 692.31 0.09 € 135.00 10% 

3 € 653.85 0.085 € 127.50 15% 

4 € 615.38 0.08 € 120.00 20% 

We also considered constraints on the order up to level, 

by setting 𝑆𝑚𝑎𝑥, which is a reasonable assumption for 

remote locations, where the application of AM has 

already been tested but considering that AM parts to be 

less reliable than CM ones [30]. The results for the lower 

level of 𝑇 and  𝐿𝑇 are shown in Figure 1.  

 

 

Fig. 1. Results for T=12 and LT=12 

 

As shown in Figure 1 with the cost for CM considered 

and future improvements for AM as reported in Table 3 

the management on demand of the parts is economically 

viable only with a strict constraint on the stock levels. In 

fact, it is only with 𝑆𝑚𝑎𝑥 = 2 that AM becomes more 

convenient being almost three times less expensive in the 

first year and up to four times less expensive in the year 

5. This is an interesting result that clearly shows the 

profitability of AM under a stock constrained system. It 

is also confirmed by imposing an 𝑆𝑚𝑎𝑥 = 1 (not reported 

since not in scale) where a management with CM will 

cost 20.6670 € that is up to 21 times the cost for AM in 

the first year and up to 33 times year five. This again 

confirms how stock constrained scenarios favour AM 

while obviously a cost reduction over time increases this 

advantage. On the other hand, for non-constrained stock 

systems with this lower level of lead time and reorder 

time AM is still not preferable.  We also tested the effect 

of a cost reduction over time of AM and CM constrained 

stock systems for the higher level of T and LT, the results 
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of which are shown in Figure 2.  As shown in the figure 

with a higher level for the revision period and lead time 

AM is less expensive but only under stocks constraints. 

In fact, here AM is favoured with less constraints on the 

stock’s levels being up to four time lower in the first-year 

respect to a management with CM with 𝑆𝑚𝑎𝑥 = 3 and up 

to seven times lower in five years. While management 

with AM is slightly higher than with CM and 𝑆𝑚𝑎𝑥 =
4 in the first year (€ 947.41 vs € 789.17) while from the 

second year AM becomes advantageous since it is 22% 

less expensive in year five. 

 

Fig. 2. Results for T=24 and LT=24. 

 

At the same time even with the higher level of 𝑇 and  𝐿𝑇 

and with no constraints on the stocks or with soft 

constraints i.e., 𝑆𝑚𝑎𝑥 = 5, a classical management using 

CM parts and order up to level policy is preferrable than 

printing on demand.  

V. CONCLUSIONS 

In this work we have presented a management model for 

a set of identical spare parts that optimizes the choice 

between management with a classical order up to level 

policy using CM parts and printing on demand with AM. 

The model for the management of CM parts is very 

similar to the one by Sgarbossa et al. (2021) and Babai et 

al (2011) but modified to account for a backorder cost 

proportional to the waiting time. This modification was 

essential to equally compare CM with AM since for AM 

we accounted for an insourced 3D printer and modelled 

the queue at the printer to derive the wating time for AM 

parts. On the other hand, accounting for a 3D printer 

forced us to also account for a set of identical spare parts 

installed in a fleet of systems (e.g. production system, 

aircraft) to justify the purchasing of a printer. This is in 

contrast with Sgarbossa et al. (2021) who considered AM 

parts to be outsourced.  We applied our model to real data 

on CM and AM parts from Sgarbossa et al. (2021) in 

contrast with current literature where failures data are 

often only estimated. In our analysis we have included 

both stocks constrained scenarios and an improvement 

over future for AM technologies while considering two 

levels for the revision period and procurement lead time. 

Our results clearly show how under unconstrained stock 

system is still not convenient to insource a 3D printer for 

the production on demand of spare parts with both the 

levels for the revision period and lead time. However, 

while constraining the stock levels AM become more 

convenient as well as by considering its improvement 

over time.  Specifically, for the lower level of T and LT 

a management with AM is convenient only with an order 

up to level constrained to two parts being three times less 

expensive than CM. An advantage that became higher, 

up to four times less expensive than CM, if we consider 

the improvements over five years. While with softer 

constraint on the stock CM is still preferable. Results 

change with the higher level of the reorder time and 

procurement lead time where less constraints on the stock 

are required to favour AM. In fact, in this case AM is 

preferable with an order up to level constrained to be 

equal or less than three from the first year being up to 

seven times lower than CM. In addition, in this situation 

AM became preferable also with the order up to level of 

CM constrained to four from the second year. Thus, we 

can conclude that: 

• Print on demand with AM respect to a classical 

management of spare parts with CM is 

preferable when the system is constrained from 

a stock point of view. That is a situation arising 

in many operative settings i.e., offshore 

platforms. 

• Print on demand with AM is more useful under 

system with high revision period and 

procurement lead time. 

• The improvement of AM over years makes it 

convenient even for soft stocks constrained 

systems. 

At the same time our study can be extended in order to 

overcame some of its limitations. Specifically: 

• In this study we compared a classical 

management of spare parts with CM with a print 

on demand approach with AM. However, AM 

should be tested also for print to stock policies. 

• We considered only a set of identical spare 

parts. Should be useful to consider a set of 

different parts with their own characteristics and 

evaluate the insourcing of a printer.  
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