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Abstract: Military maintenance organizations hold some of the largest and least liquid spare parts 
inventories in existence, and they operate them under conditions that commercial after-sales 
networks rarely face: intermittent demand, aging platforms, vanished suppliers, and supply lines 
that an adversary actively tries to sever. This review examines what additive manufacturing (AM) 
can realistically contribute to such systems. Drawing on 49 verified sources published between 
2019 and 2025, of which 46 are peer-reviewed journal articles, the analysis is organized along 
three axes: the technological maturity of AM processes relevant to spare parts production and 
repair; the logistical and economic evidence on when printing outperforms stocking; and the 
qualification, certification, and digital-security constraints that currently govern adoption. The 
evidence supports a consistent conclusion. AM already delivers documented value at the margins 
of military supply chains. Audit data record procurement lead times cut from two years to roughly 
one week, and unit costs reduced by several orders of magnitude for selected parts. Yet operations 
research modeling shows that printing complements rather than replaces inventory, with dual-
sourcing savings of 8-30% concentrated among low-demand, long-lead-time items. The binding 
constraints are no longer primarily technical: qualification pathways, fatigue-critical defect 
populations, and the cybersecurity of the digital thread now set the adoption frontier. The review 
contributes a three-axis readiness framing that connects engineering, logistics, and assurance 
literatures which have largely developed in isolation, and identifies the research gaps that matter 
most for defense maintenance planners. 
Keywords: additive manufacturing, spare parts, military logistics, maintenance, supply chain, qualification and 
certification, digital thread. 

 
INTRODUCTION 

 
Few problems in defense management 

are as persistent, or as expensive, as the sup-
ply of spare parts. A 2019 audit established 
that at least 81 depots, maintenance facilities, 
and field units across the United States armed 
services had already introduced additive man-
ufacturing (AM) for parts and tooling, a fig-
ure that signals both real momentum and 

considerable fragmentation, since the same 
audit criticized the absence of a shared parts 
database and of standardized reporting 
across the services (U.S. Department of De-
fense Office of Inspector General, 2019). 
The logistical background explains the inter-
est. Military maintenance systems support 
platforms whose service lives routinely ex-
ceed four decades, whose original suppliers 
may no longer exist, and whose repair parts 
exhibit demand patterns so intermittent that 
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classical forecasting performs poorly 
(McDermott et al., 2021; Mecheter et al., 
2022). The Defense Logistics Agency man-
ages millions of line items of Class IX repair 
parts, and its 2022 implementation plan treats 
additive production as a standing element of 
supply policy rather than an experiment (De-
fense Logistics Agency, 2022). 

Interest has sharpened for a second rea-
son: contested logistics. Deployed forces op-
erate at the end of long, vulnerable resupply 
lines, and recent operational experience, in-
cluding the extensive use of desktop printing 
for improvised components in the war in 
Ukraine, has demonstrated that localized 
production can substitute for disrupted sup-
ply in ways that were largely theoretical a dec-
ade ago (Marciniak, 2023). The United States 
Department of Defense issued its first de-
partment-wide AM strategy in January 2021, 
structured around five goals that range from 
integrating AM into the defense industrial 
base to securing the additive workflow itself 
(U.S. Department of Defense, 2021). Case re-
search from European forces points the same 
direction. Studies of the Dutch army's spare 
parts chain in expeditionary missions identify 
shorter lead times, reduced inventories, and 
lower waste as realistic gains (den Boer et al., 
2020), while Finnish work documents a de-
liberate national effort to embed printing ca-
pability inside the military maintenance sys-
tem through a hybrid arrangement with a 
commercial partner (Valtonen et al., 2022). 

The academic literatures that bear on 
this development are curiously disconnected. 
Engineering reviews synthesize process 
physics, materials behavior, and qualification 
practice in great depth. A single aerospace-
focused review draws on 357 sources (Bla-
key-Milner et al., 2021). But these works 
rarely engage inventory theory. Operations 
research has produced increasingly refined 
models of the print-versus-stock decision 
(Knofius et al., 2021; Sgarbossa et al., 2021; 
Song & Zhang, 2020), yet those models sel-
dom incorporate the qualification and secu-
rity constraints that dominate defense 

practice. Defense-specific empirical studies 
exist, but they remain few and are scattered 
across journals that engineering and logistics 
scholars do not usually read together (Rautio 
& Valtonen, 2022; Valtonen et al., 2023; 
Westerweel et al., 2021). Systematic reviews 
of AM in supply chains confirm the imbal-
ance: of 60 studies analyzed in one such re-
view, most concerned civilian aviation, with 
military applications forming a small minority 
(Mecheter et al., 2022). 

This article reviews the post-2019 evi-
dence with three questions in view. First, 
which additive processes are technologically 
mature enough to produce or repair military-
relevant spare parts, and for which part clas-
ses (RQ1)? Second, what does the quantita-
tive logistics and economics literature estab-
lish about when additive production outper-
forms, or should be combined with, conven-
tional stocking in maintenance supply chains 
(RQ2)? Third, which qualification, certifica-
tion, and digital-security constraints currently 
bind adoption in military maintenance sys-
tems, and what do they imply for implemen-
tation (RQ3)? 

The contribution of this review lies in 
connecting three bodies of work that have 
developed largely in isolation, namely process 
engineering, operations research on spare 
parts, and the assurance literature on qualifi-
cation and digital-thread security, and in read-
ing them jointly through the specific condi-
tions of military maintenance: extreme down-
time costs, intermittent demand, contested 
resupply, and institutional accountability for 
airworthiness and safety. I restrict the corpus 
to sources published from 2019 onward and 
verify every bibliographic record against the 
Crossref registry, which matters in a field 
where secondary literature has begun to ac-
cumulate citation errors. The remainder pro-
ceeds as follows: a review of the literature and 
the method; a presentation of the empirical 
results reported by the reviewed studies; 
three analytical sections corresponding to the 
research questions; and a conclusion with 
limitations and a research agenda. 
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LITERATURE REVIEW AND METH-

ODOLOGY 
 

Literature Review 
 

Systematic reviews published since 2020 
give a reasonable map of the field's shape. 
Mecheter et al. (2022) screened 152 records 
and analyzed 60 studies from the period 
2010-2021, finding the literature concen-
trated in aviation and reporting dual sourcing, 
additive alongside conventional supply, as the 
most frequently recommended configura-
tion. Kunovjanek et al. (2022) screened 1,004 
articles and coded 141 in full against the 
SCOR framework, documenting benefits and 
obstacles across sectors from aerospace to 
consumer goods. A review focused on aero-
space spare parts content-analyzed 136 arti-
cles selected from an initial pool of 4,788 and 
collected the most striking case figures in cir-
culation, including a part whose lead time and 
cost fell from 45 days and 2,000 dollars to 
two days and 412 dollars after conversion to 
additive production (Debnath et al., 2022). 
Reviews of adjacent questions complete the 
picture: 87 papers on the resilience implica-
tions of AM adoption (Naghshineh & Car-
valho, 2022), 87 studies on advanced manu-
facturing adoption barriers and enablers 
(Stornelli et al., 2021), and 206 papers on the 
circular-economy dimension, where recycling 
alone accounts for half of the literature (Po-
nis et al., 2021). 

The defense-specific stream is thinner 
but has grown into a recognizable cluster. 
den Boer et al. (2020) combined desk re-
search, literature review, and stakeholder in-
terviews around Dutch military and humani-
tarian missions. Westerweel et al. (2021) for-
malized the deployed-operations problem as 
a Markov decision process using data from 
the Dutch contribution to the United Na-
tions mission in Mali. McDermott et al. 
(2021) linked intermittent-demand character-
ization to supply network design through 
Monte Carlo simulation and mixed-integer 

programming, publishing in a dedicated de-
fense analytics journal. Finnish researchers 
contributed a connected series: a capability 
study of the Finnish Defence Forces and 
their strategic maintenance partner (Valtonen 
et al., 2022), a system dynamics assessment 
built on real printing data for MT-LB ar-
mored vehicle parts (Rautio & Valtonen, 
2022), and a resilience-oriented simulation 
(Valtonen et al., 2023). Survey work with 140 
maritime end-users provides the nearest civil-
ian analog to naval sustainment (Kostidi et 
al., 2021), and a recent treatment of fused 
deposition modeling in military applications 
documents wartime improvisation in Ukraine 
(Marciniak, 2023). 

On the engineering side, mature reviews 
now exist for every process family relevant to 
spare parts: aerospace metal AM broadly 
(Blakey-Milner et al., 2021), directed energy 
deposition (Svetlizky et al., 2021), wire arc 
deposition (Raut & Taiwade, 2021), cold 
spray (Vaz et al., 2023), binder jetting (Mosta-
faei et al., 2021), powder bed fusion of nickel 
superalloys (Sanchez et al., 2021), titanium al-
loys (Liu & Shin, 2019), surface post-treat-
ment (Maleki et al., 2021), and defect-driven 
fatigue (Sanaei & Fatemi, 2021). Bibliometric 
work shows how young this convergence is: 
86.8% of the literature linking AM to Indus-
try 4.0 appeared in the four years before 2020 
(Hernandez Korner et al., 2020). What is 
missing, and what this review attempts, is a 
reading that carries the engineering findings 
into the logistics models, and both into the 
assurance constraints that decide what a mil-
itary maintenance organization may actually 
install on a platform. 

A fourth strand addresses economics 
and sustainability directly. Cost modeling has 
moved from deterministic activity-based ac-
counting toward general formulations that in-
clude build failure risk (Ding et al., 2021), and 
empirical cost assessments now exist for re-
alistic spare parts portfolios rather than ideal-
ized cases (Ahlsell et al., 2023). Energy stud-
ies quantify the full chain from powder pro-
duction to post-processing (Gao et al., 2021; 
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Majeed et al., 2020), while sustainability syn-
theses organize the field across design, man-
ufacturing, and end-of-life phases (Su et al., 
2024) and within circular-economy framings 
that stress repair and remanufacturing (Colo-
rado et al., 2020). Publication activity in the 
circular-economy strand nearly tripled be-
tween 2017 and 2018 alone (Ponis et al., 
2021). For maintenance organizations this 
strand matters because life-cycle arguments, 
not unit-cost arguments, are where the addi-
tive case is usually won or lost. 

 
Research Methodology 

 
The review covers sources published be-

tween January 2019 and mid-2025. I searched 
the major publisher platforms, among them 
ScienceDirect, SpringerLink, Taylor and 
Francis Online, Wiley Online Library, IEEE 
Xplore, Emerald Insight, MDPI, and the IN-
FORMS collection, combining process terms 
(additive manufacturing, 3D printing, pow-
der bed fusion, directed energy deposition, 
wire arc, cold spray, binder jetting) with ap-
plication terms (spare parts, maintenance, 
sustainment, military, defense, repair) and 
constraint terms (qualification, certification, 
non-destructive testing, cybersecurity). Inclu-
sion required peer review, a resolvable digital 
object identifier, and publication in 2019 or 
later. Three institutional documents from the 
United States defense establishment were 
added as primary sources on policy and adop-
tion scale (Defense Logistics Agency, 2022; 
U.S. Department of Defense, 2021; U.S. De-
partment of Defense Office of Inspector 
General, 2019). 

Two protocol decisions deserve com-
ment. I verified each of the 46 journal records 
against the Crossref registry and reconciled 
titles, author lists, years, and pagination be-
fore inclusion; records that could not be rec-
onciled were dropped rather than repaired. 
And I chose thematic synthesis over meta-
analysis deliberately. The outcome measures 
in this corpus, which range from cost ratios 
and lead-time reductions to simulation 

savings percentages and hardness values, are 
too heterogeneous to pool, and forcing them 
into a common effect size would create pre-
cision that the underlying studies cannot sup-
port. The synthesis instead organizes findings 
along three axes: technological maturity, lo-
gistical and economic performance, and as-
surance constraints. The final corpus num-
bers 49 sources. A weakness of the protocol, 
discussed in the conclusion, is its restriction 
to English-language publications and public 
documents; classified or export-controlled 
results are by construction invisible here. 

 
RESEARCH RESULTS 

 
Four groups of findings emerge from the 

corpus, and I present them here without in-
terpretation. The first group concerns adop-
tion scale and policy. The audit record estab-
lishes that at least 81 United States military 
maintenance sites had operational AM capa-
bility by late 2019, while also finding that the 
services could not tell each other what they 
had printed (U.S. Department of Defense 
Office of Inspector General, 2019). The 2021 
departmental strategy formalized five goals 
for the technology, from industrial-base inte-
gration to workflow security (U.S. Depart-
ment of Defense, 2021), and the Defense Lo-
gistics Agency's implementation plan opera-
tionalized these through six lines of effort, 
supported by a joint model exchange that 
held hundreds of printable part files, more 
than 30 of which were added in 2020 for pan-
demic-related equipment alone (Defense Lo-
gistics Agency, 2022). In the wider defense 
industrial base, one engine manufacturer had 
produced over 30,000 additively manufac-
tured fuel nozzles by 2021, consolidating 
roughly 20 parts into one and removing 
about a quarter of the component's weight 
(Blakey-Milner et al., 2021). 

The second group concerns process per-
formance. For repair, directed energy deposi-
tion produced a heat-affected zone 21.5 
times smaller than conventional welding in 
gray cast iron, with 62% higher elongation in 



121 

the repaired material; a repaired Inconel 718 
turbine compressor seal cost 45% of a new 
part, and repaired drive shafts about half 
(Saboori et al., 2019). Cold spray deposits 
reached densities above 99% at deposition 
rates on the order of kilograms per hour, and 
cold-sprayed Inconel 625 exhibited hardness 
near 600 HV against values below 300 HV 
for the same alloy from arc- or laser-based 
routes (Vaz et al., 2023). Wire arc deposition 
achieved mechanical properties comparable 
to wrought or cast equivalents at deposition 
rates well above powder-bed processes (Raut 
& Taiwade, 2021). Surface condition remains 
the recurring weakness of as-built parts: ma-
chining reduced the roughness of a laser 
powder bed fusion titanium surface from 
33.90 to 0.89 micrometers, and surface treat-
ments improved bending and axial fatigue 
strength by roughly 30% and 50% respec-
tively (Maleki et al., 2021). Fatigue scatter in 
additively produced metals traces predomi-
nantly to lack-of-fusion defects, gas porosity, 
and surface roughness, with hot isostatic 
pressing and machining as the standard miti-
gations (Sanaei & Fatemi, 2021). 

The third group concerns logistics and 
economics, and it divides into documented 
cases and model results. Among the cases: a 
sonar system cover for the MH-60R helicop-
ter fell from a two-year procurement lead 
time to roughly one week, and an F-35 land-
ing gear door component was printed for 
0.75 dollars against approximately 70,000 
dollars for the conventionally procured as-
sembly (U.S. Department of Defense Office 
of Inspector General, 2019). The aerospace 
review literature records buy-to-fly ratios im-
proved from roughly 10:1 to near 1:1 and 
transport-related emissions reduced by 7-9 
percentage points under decentralized pro-
duction (Debnath et al., 2022). An industrial 
field experiment on 36 problematic spare 
parts found conventional lead times of two 
to six weeks, and up to twenty when tooling 
had to be remade, and used a downtime cost 
of 100 euros per hour to show that lead-time 

value can justify a higher additive unit cost 
(Akmal et al., 2022). 

Among the model results: dual sourcing 
that combines additive and conventional sup-
ply produced savings above 30% against the 
best single-sourcing policy even when the 
printed part was three times more expensive 
or less reliable, with average savings near 8% 
across 6,561 problem instances and around 
17% in remote settings with short additive 
lead times (Knofius et al., 2021). A stochastic 
model of the stock-or-print decision found 
printing and stocking complementary, print-
ers lightly utilized at the optimum, and the 
value of printing rising with part variety but 
falling with part criticality (Song & Zhang, 
2020). Deployed-operations modeling with 
data from the Mali mission showed on-site 
printing outperforming expedited resupply 
under a double-threshold policy (Westerweel 
et al., 2021). Simulation across more than 
2,000 scenarios found insourcing additive ca-
pacity generally unprofitable in uncon-
strained inventory systems but viable in 
about 69% of cases under storage re-
strictions, with cost reductions up to 46% 
(Lolli et al., 2025). A supply chain cost assess-
ment of 14 slow-moving parts found additive 
production cheaper for only three, with the 
savings arising from inventory and warehous-
ing rather than unit production cost (Ahlsell 
et al., 2023). System dynamics work with real 
military printing data identified production 
speed as the single most limiting factor at 
field level (Rautio & Valtonen, 2022), and a 
follow-on resilience study concluded that, at 
current speeds, depot-level inventories re-
main the better resilience instrument (Valto-
nen et al., 2023). Game-theoretic analysis 
found hybrid offerings of printed and con-
ventional parts optimal at moderate unavail-
ability costs (Sun et al., 2024), and analysis of 
licensing models in which equipment owners 
print locally found decentralized production 
optimal across a surprisingly wide parameter 
range, with profit gains for all supply chain 
parties (Zhang et al., 2022). 
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The economics-and-sustainability find-
ings attach to the third group. A general cost 
model that includes failure probabilities 
shows unit costs rising materially once failed 
builds are priced in (Ding et al., 2021). Energy 
reviews report high specific energy consump-
tion for metal additive processes, with feed-
stock production and post-processing con-
tributing substantial shares of the total (Gao 
et al., 2021; Majeed et al., 2020). In the circu-
lar-economy literature, recycling appears in 
half of the 206 reviewed papers, reuse in 
21.4%, and remanufacturing or repair in 
10.7% (Ponis et al., 2021). A synthesis of 258 
sources organizes sustainability effects across 
design, manufacturing, and post-manufactur-
ing phases, crediting topology optimization 
and part consolidation with most of the ma-
terial savings (Su et al., 2024), while reviews 
of materials circularity conclude that optimi-
zation strategies exist but have not reached 
wide implementation (Colorado et al., 2020). 
Bibliometric evidence, finally, dates the bulk 
of the literature connecting additive produc-
tion with digitalized manufacturing to the pe-
riod after 2015 (Hernandez Korner et al., 
2020). 

The fourth group concerns constraints, 
and it is dominated by assurance. In the sur-
vey of 140 maritime end-users, quality assur-
ance of printed parts ranked as the leading 
obstacle, ahead of knowledge and skills gaps 
(Kostidi et al., 2021). The qualification litera-
ture identifies four distinct qualification ob-
jects, namely feedstock, process, machine, 
and part, and a standards ecosystem spanning 
ISO/ASTM, ASME, SAE, NASA, and the 
classification societies, with process variabil-
ity and non-harmonized standards named as 
the principal brakes on adoption (Chen et al., 
2022). Reviews of non-destructive testing 
map lack-of-fusion, porosity, and cracking 
against the inspection methods able to detect 
them, and document the resolution-versus-
size trade-off of X-ray computed tomogra-
phy (Rao et al., 2023). In-process monitoring 
research links melt-pool sensing to machine-
learning defect detection and closed-loop 

control (McCann et al., 2021). Security re-
search demonstrates sabotage attacks that 
embed internal voids or manipulate process 
parameters without changing external geom-
etry, alongside theft of design data through 
acoustic and thermal side channels (Gupta et 
al., 2020; Mahesh et al., 2021). Reviews of 
adoption more broadly report five barrier 
categories and four enabler categories across 
87 studies (Stornelli et al., 2021), and find that 
adoption strengthens supply chain capabili-
ties while introducing new vulnerabilities of 
its own (Naghshineh & Carvalho, 2022). 

 
PROCESS MATURITY AND THE 
SEPARATION OF REPAIR FROM 

PRODUCTION 
 

The technological evidence reads differ-
ently once the part population of a military 
maintenance system is kept in view. No single 
additive process serves that population. Laser 
powder bed fusion offers geometric freedom 
and good static properties for small, com-
plex, high-value metal components, which is 
why it dominates aerospace applications (Bla-
key-Milner et al., 2021; Sanchez et al., 2021). 
Directed energy deposition and cold spray 
occupy a different niche, material addition 
onto existing components, where thermal 
characteristics and deposition rates matter 
more than resolution (Svetlizky et al., 2021; 
Vaz et al., 2023). Wire arc systems trade sur-
face quality for size and speed, making them 
candidates for large structural spares that 
would otherwise wait months for a forging 
(Raut & Taiwade, 2021). Binder jetting, with 
its separate sintering step and powder-metal-
lurgy-like properties, points toward batch 
production of small hardware (Mostafaei et 
al., 2021). And polymer printing, technically 
the least demanding family, has delivered a 
disproportionate share of the documented 
military value, from the 0.75-dollar landing 
gear component to improvised equipment 
produced near the front in Ukraine 
(Marciniak, 2023; U.S. Department of De-
fense Office of Inspector General, 2019). A 
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capable maintenance system will therefore 
run a portfolio, not a printer. 

Materials behavior differentiates the 
portfolio further. Titanium alloys from pow-
der-bed processes solidify into martensitic 
microstructures whose static strength can ex-
ceed wrought values while fatigue life lags be-
hind, a combination that suits statically 
loaded brackets far better than rotating com-
ponents (Liu & Shin, 2019). Nickel superal-
loys attract additive routes for the opposite 
reason: they are so difficult to machine con-
ventionally that printing near-net shapes 
saves both tooling and material, which ex-
plains the attention powder bed fusion re-
ceives in the turbine context (Sanchez et al., 
2021). Binder jetting produces near-isotropic 
properties similar to conventional powder 
metallurgy, at the price of a sintering step that 
a deployed site is unlikely to host (Mostafaei 
et al., 2021). Part consolidation adds a design 
dimension of its own. The documented case 
of roughly 20 components merged into one 
fuel nozzle removed not only weight but also 
the spare-parts entries, fasteners, and failure 
interfaces those components represented 
(Blakey-Milner et al., 2021). Consolidation, in 
other words, changes what a spare part is. For 
maintenance planning, that is a more conse-
quential development than any single process 
improvement. 

Field experience with polymer printing 
deserves a note of its own, because it inverts 
the usual maturity ordering. Fused deposition 
modeling is the least sophisticated process in 
the portfolio, yet reinforced filaments now 
reach mechanical properties adequate for 
brackets, covers, handles, and fixtures, and 
the machines survive transport and austere 
power conditions (Marciniak, 2023). Ship-
board surveys report storage-space reduction 
among the expected benefits, which matters 
on platforms where every cubic meter is con-
tested (Kostidi et al., 2021). Dutch mission 
research likewise identifies waste reduction 
and faster availability for exactly this class of 
items (den Boer et al., 2020). The lesson I 
draw is that maturity should be judged per 

part class, not per technology generation. A 
cheap printer that closes a real gap is more 
mature, in the operational sense, than a metal 
system awaiting qualification. 

My initial reading of this corpus grouped 
repair and new-part production together as a 
single capability. The cost evidence forced a 
separation. Repair by directed deposition or 
cold spray restores value to a component 
whose alternative is scrap, so the economic 
comparison runs against the full price of a re-
placement; hence figures like 45% of new-
part cost for a repaired turbine seal or half-
price drive shafts (Saboori et al., 2019). New-
part production, by contrast, competes 
against a functioning conventional supply 
chain, and there the additive option wins 
mainly where that chain has already failed: 
vanished suppliers, lost tooling, two-year lead 
times (Mecheter et al., 2022; U.S. Depart-
ment of Defense Office of Inspector Gen-
eral, 2019). For aging fleets whose original 
manufacturers no longer exist, repair and ob-
solescence recovery are arguably the additive 
applications with the shortest path to value. 
The distinction is rarely drawn this sharply in 
the literature, though the underlying data 
support it. 

Against this, the materials evidence 
counsels restraint for anything fatigue-criti-
cal. Titanium and nickel parts from powder-
bed processes carry defect populations, lack 
of fusion, gas porosity, and rough as-built 
surfaces, that scatter fatigue life well beyond 
wrought equivalents (Liu & Shin, 2019; 
Sanaei & Fatemi, 2021). Post-processing nar-
rows the gap. The reported 30-50% fatigue 
improvements from surface treatment are 
large, but they add steps, cost, and equipment 
that a deployed or depot environment must 
then also qualify (Maleki et al., 2021). Energy 
studies complicate the sustainability narrative 
as well, since specific energy consumption in 
metal additive processes is high, and savings 
materialize mainly through material effi-
ciency and avoided logistics rather than 
through the process itself (Gao et al., 2021; 
Majeed et al., 2020). Reviews that frame 
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additive production in circular-economy 
terms, through repair, remanufacturing, and 
distributed recycling, stand on firmer ground 
for maintenance systems than those claiming 
process-level environmental advantage (Col-
orado et al., 2020; Ponis et al., 2021; Su et al., 
2024). On the available evidence, a mainte-
nance planner should treat metal AM as a set 
of engineered exceptions and polymer AM as 
a general-purpose expedient. That asym-
metry appears stable for the near term. 

 
PRINTING AGAINST STOCKING: 

WHAT THE MODELS SETTLE 
 

The operations research corpus con-
verges on one central proposition: printing 
complements inventory, it does not replace 
it. The result appears independently in sto-
chastic inventory theory, where the optimal 
printer sits lightly utilized beside a stock of 
critical items (Song & Zhang, 2020); in dual-
sourcing models, where savings persist even 
under strongly unfavorable additive cost and 
reliability assumptions (Knofius et al., 2021); 
in Poisson-demand comparisons across nine 
sourcing configurations combining processes 
and post-treatments (Sgarbossa et al., 2021); 
and in after-sales game theory, where hybrid 
offerings dominate at realistic parameter val-
ues (Sun et al., 2024). Even studies sympa-
thetic to insourcing find it profitable mainly 
under storage constraints, in 69% of re-
stricted-stock cases, against general unprofit-
ability where warehouses are unconstrained 
(Lolli et al., 2025). The automotive assess-
ment that found savings for only three of 14 
candidate parts, concentrated in inventory ra-
ther than production cost, fits the same pat-
tern (Ahlsell et al., 2023). Unit economics de-
teriorate further once build failure probabili-
ties enter the cost model explicitly (Ding et 
al., 2021). The complementarity finding is, I 
would argue, the single most policy-relevant 
result in this literature. 

The models also clarify which levers 
matter. In the stock-or-print formulation, re-
ductions in printing cost raise the value of 

additive supply roughly linearly, while im-
provements in printing speed produce S-
shaped gains, meaning little effect until a 
threshold is crossed and diminishing returns 
beyond it (Song & Zhang, 2020). Poisson-de-
mand comparisons identify part size, com-
plexity, backorder cost, and consumption 
rate as the variables that move the decision 
among nine sourcing configurations (Sgar-
bossa et al., 2021). Network-design results 
show that the ranking of centralized against 
distributed configurations flips with the inter-
action of demand volume and printing capac-
ity, so no single architecture dominates 
(McDermott et al., 2021). Demand character-
ization itself proves decisive: intermittent 
military demand defeats forecasting ap-
proaches calibrated on smooth civilian series, 
which is one reason simulation and stochastic 
optimization dominate this literature 
(McDermott et al., 2021; Westerweel et al., 
2021). Taken together, the models offer 
maintenance planners something close to a 
screening rule. Candidate parts should be 
slow-moving, long-lead-time, storage-expen-
sive, or obsolescence-threatened, and prefer-
ably several of these at once (Knofius et al., 
2021; Mecheter et al., 2022). 

Military maintenance shifts the parame-
ters of these models in a consistent direction. 
Downtime costs for weapon systems exceed 
almost anything in the civilian calibrations. 
Where an industrial study reasons with 100 
euros per hour (Akmal et al., 2022), an una-
vailable combat platform during operations 
resists monetary expression altogether. De-
mand intermittency is extreme, lead times are 
long, and the resupply line itself may be inter-
dicted, which is precisely the regime where 
the models award additive production its 
largest gains: the 17% dual-sourcing savings 
in remote settings (Knofius et al., 2021), the 
superiority of on-site printing over expedited 
shipment in the Mali case (Westerweel et al., 
2021), and the sensitivity of optimal network 
design to the interplay of demand volume 
and printing capacity (McDermott et al., 
2021). Dutch case evidence adds reduced 
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inventories, waste, and energy use in expedi-
tionary conditions (den Boer et al., 2020). 
The resilience literature reaches a compatible 
verdict from the disruption side (Naghshineh 
& Carvalho, 2022). I read these results as say-
ing something fairly precise: the additive 
business case in defense is strongest exactly 
where the civilian case is weakest, far from 
factories, for slow movers, under disruption. 

Two qualifications temper the optimism. 
The first is speed. The Finnish system dy-
namics work, one of very few studies built on 
real military printing data, identified produc-
tion speed as the single most limiting factor 
for field-level repair support (Rautio & Val-
tonen, 2022), and the follow-on simulation 
concluded bluntly that, at current speeds, 
buying inventory buys more resilience than 
buying printers (Valtonen et al., 2023). The 
second is organization. Capability research 
shows that embedding additive production in 
a military maintenance system is not an 
equipment purchase but an institutional de-
sign problem spanning doctrine, training, 
materiel, and contracts with commercial part-
ners (Valtonen et al., 2022). Switchover 
frameworks developed with industrial spare-
parts providers make the same point from 
the commercial side, down to the four cost 
and time scenarios that govern the decision 
(Akmal et al., 2022). Licensing analysis sug-
gests that intellectual-property arrangements, 
not machines, may decide how distributed 
military printing eventually becomes, since 
letting equipment owners print under license 
benefits all parties across a wide parameter 
range (Zhang et al., 2022), and manufacturer-
customer studies confirm that the two sides 
of the same supply chain evaluate additive 
adoption quite differently (Naghshineh et al., 
2023). The cross-sector review literature 
reaches a compatible conclusion (Kunovja-
nek et al., 2022). Machines are the easy part. 

 
ASSURANCE AS THE BINDING 

CONSTRAINT 
 

If the previous section identified where 
printing pays, this one explains why adoption 
nonetheless crawls. The qualification prob-
lem is structural. A part qualified under con-
ventional manufacturing carries decades of 
accumulated process history; an additively 
produced equivalent must requalify feed-
stock, process, machine, and part, four ob-
jects rather than one, under a standards eco-
system that ISO/ASTM, ASME, SAE, 
NASA, and the classification societies are still 
harmonizing (Chen et al., 2022). Aerospace 
practice answers with building-block qualifi-
cation campaigns whose cost only high-value 
programs can absorb (Blakey-Milner et al., 
2021). For a military depot that wants to print 
a bracket, that overhead is prohibitive unless 
criticality-graded pathways exist. This is a 
policy question as much as a technical one, 
and end-users themselves rank quality assur-
ance first among obstacles (Kostidi et al., 
2021). 

Inspection technology decides how far 
qualification can relax. Post-build methods 
led by X-ray computed tomography detect 
the defect classes that drive fatigue, but reso-
lution falls as part size and density grow, and 
acceptance criteria specific to additive defect 
populations remain unsettled (Rao et al., 
2023). The in-process alternative, melt-pool 
sensing, layerwise imaging, machine-learning 
classification, and closed-loop control, prom-
ises first-time-right builds and a lighter post-
build burden (McCann et al., 2021). Digital-
twin architectures give that promise its most 
ambitious form precisely because the under-
lying process is, in the words of one perspec-
tive piece, inherently chaotic and poorly re-
peatable (Gunasegaram et al., 2021). Recent 
syntheses treat twins, artificial intelligence, 
and security as one integrated problem rather 
than three (Ahmmed et al., 2025). I suspect 
the qualification economics will hinge on 
whether in-process data become doctrinally 
acceptable as evidence of part quality; the 
technical literature is ahead of the regulatory 
one here, and the gap is widening. 
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Security gives the constraint its distinctly 
military edge. Distributed printing is, in com-
putational terms, distributed execution of de-
sign files across a network of machines, an 
attack surface that centralized procurement 
never presented. Demonstrated attacks in-
clude internal voids invisible to external in-
spection and parameter manipulations that 
degrade strength without altering geometry, 
alongside design theft through acoustic and 
thermal side channels (Gupta et al., 2020; 
Mahesh et al., 2021). For civilian industry 
these are commercial risks. For a force print-
ing safety-critical parts at deployed locations, 
they are attack vectors an adversary has every 
incentive to exercise. It is no accident that the 
departmental strategy lists securing the work-
flow among its five goals (U.S. Department 
of Defense, 2021), or that implementation 
planning routes part files through a con-
trolled model exchange rather than open re-
positories (Defense Logistics Agency, 2022). 
Countermeasures such as watermarking, 
side-channel process verification, and prove-
nance chains exist in the research literature 
(Mahesh et al., 2021), but hardening them to 
military assurance levels remains, hitherto, 
undone work. Skills scarcity compounds all 
of this, since the barrier and enabler literature 
consistently pairs technology adoption with 
workforce capability (Kostidi et al., 2021; 
Stornelli et al., 2021; Valtonen et al., 2022). 

A quieter constraint concerns data and 
people. Printable part files are technical data 
with contested ownership, and the licensing 
literature shows that whether an equipment 
owner may print at all is a contractual ques-
tion before it is a technical one (Zhang et al., 
2022). Defense practice converges on curated 
repositories precisely to manage this, as the 
joint model exchange demonstrates (Defense 
Logistics Agency, 2022). On the human side, 
survey evidence ranks knowledge and skills 
immediately behind quality assurance among 
adoption obstacles (Kostidi et al., 2021), the 
barrier literature pairs every technology cate-
gory with an organizational enabler (Stornelli 
et al., 2021), and the Finnish capability work 

treats training and doctrine as coequal with 
materiel (Valtonen et al., 2022). Post-installa-
tion phases remain the least researched part 
of the adoption process (Stornelli et al., 
2021). None of this is exotic. It is the ordi-
nary institutional work that separates a de-
monstrator from a capability, and the litera-
ture suggests militaries underestimate it more 
often than they underestimate the machines. 

 
CONCLUSION 

 
Three questions organized this review, 

and the corpus supports reasonably firm an-
swers to each. On technological maturity 
(RQ1), the process portfolio is mature 
enough for a defined and growing class of ap-
plications: polymer printing for expedients, 
tooling, and non-critical replacements; pow-
der bed fusion for small, complex metal parts 
outside the fatigue-critical envelope; directed 
deposition and cold spray for repair and ob-
solescence recovery, where documented eco-
nomics, repairs at 45-50% of replacement 
cost, are already persuasive (Saboori et al., 
2019; Vaz et al., 2023). Fatigue-critical struc-
tural parts remain, for now, on the far side of 
the qualification frontier (Sanaei & Fatemi, 
2021). 

On logistics and economics (RQ2), the 
modeling literature is unusually unanimous: 
additive production complements inventory 
rather than replacing it, with the strongest 
gains among slow-moving, long-lead-time 
items and in remote or disrupted settings, as 
the 8-30% dual-sourcing savings, the Mali re-
sult, and the 69% viability rate under storage 
constraints jointly indicate (Knofius et al., 
2021; Lolli et al., 2025; Song & Zhang, 2020; 
Westerweel et al., 2021). Military parameter 
values push the break-even toward printing, 
but current production speeds still cap what 
field-level capability can deliver (Rautio & 
Valtonen, 2022; Valtonen et al., 2023). 

On constraints (RQ3), the binding ones 
are no longer chiefly technical. Qualification 
pathways, inspection acceptance criteria, dig-
ital-thread security, and workforce capability 
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jointly set the adoption frontier, and each is 
documented as decisive in its own literature 
(Chen et al., 2022; Kostidi et al., 2021; Ma-
hesh et al., 2021; Rao et al., 2023). The prac-
tical implication for maintenance planners 
follows directly: investment in assurance in-
frastructure, in criticality-graded qualifica-
tion, in-process monitoring, and secured file 
logistics, is likely to release more value than 
investment in additional printers. 

The principal contribution of this review 
is the joint reading itself: a three-axis framing 
of technological maturity, logistical perfor-
mance, and assurance constraints that con-
nects engineering, operations research, and 
security literatures which cite each other 
rarely, applied to the specific parameter re-
gime of military maintenance and grounded 
in a corpus of 49 sources from 2019 onward 
whose bibliographic records were individu-
ally verified. The framing yields a compact di-
agnosis. The technology is ready at the mar-
gins. The economics are favorable exactly 
where military logistics is hardest. Assurance 
is the gate. 

Four limitations deserve honest state-
ment. The corpus is English-language and 
public, which excludes classified programs 

and most non-Western experience. The 
headline case figures, the 70,000-dollar as-
sembly and the two-year lead time among 
them, originate from audit and review 
sources rather than controlled studies, and I 
have accepted their framing, perhaps too 
readily. The field moves quickly, and findings 
dated 2023-2025 may be superseded before 
long. And a single-author thematic synthesis 
carries interpretive judgments that a review 
team would have contested; the separation of 
repair from production, for instance, is my 
organizing choice rather than the literature's.  

Future research would do well to con-
centrate on five gaps: empirical military cost 
data beyond single-case anecdotes; faster 
field-grade metal deposition, since speed is 
the documented limiting factor (Rautio & 
Valtonen, 2022); criticality-graded qualifica-
tion frameworks fitted to maintenance rather 
than series production (Chen et al., 2022); 
digital-thread security hardened to military 
threat models (Gupta et al., 2020); and licens-
ing and data-rights architectures for distrib-
uted printing across allied forces (Zhang et 
al., 2022). The defense-specific literature re-
mains small relative to the stakes.  
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Sažetak: Vojne organizacije za održavanje raspolažu jednim od najvećih i najmanje likvidnih 
inventara rezervnih dijelova i njima upravljaju u uslovima koje komercijalne postprodajne mreže 
rijetko poznaju: isprekidana tražnja, starenje platformi, nestanak dobavljača i linije snabdijevanja 
koje protivnik aktivno nastoji presjeći. Ovaj pregledni rad ispituje šta aditivna proizvodnja realno 
može doprinijeti takvim sistemima. Na osnovu 49 verifikovanih izvora objavljenih između 2019. 
i 2025. godine, od čega je 46 recenziranih časopisnih članaka, analiza je organizovana duž tri ose: 
tehnološka zrelost aditivnih procesa za proizvodnju i popravku rezervnih dijelova; logistički i 
ekonomski dokazi o tome kada štampanje nadmašuje skladištenje; te ograničenja kvalifikacije, 
sertifikacije i digitalne bezbjednosti koja trenutno upravljaju usvajanjem. Dokazi podržavaju 
dosljedan zaključak. Aditivna proizvodnja već isporučuje dokumentovanu vrijednost na 
marginama vojnih lanaca snabdijevanja: revizorski podaci bilježe rokove nabavke skraćene sa 
dvije godine na približno sedmicu dana i jedinične troškove smanjene za više redova veličine za 
pojedine dijelove. Modeli operacionih istraživanja ipak pokazuju da štampanje dopunjuje, a ne 
zamjenjuje zalihe, pri čemu su uštede dvojnog snabdijevanja od 8 do 30 posto koncentrisane 
među artiklima niske tražnje i dugih rokova isporuke. Vezujuća ograničenja više nisu prvenstveno 
tehnička: putevi kvalifikacije, populacije defekata kritičnih za zamor i sajber-bezbjednost digitalne 
niti sada određuju granicu usvajanja. Pregled doprinosi trodimenzionalnim okvirom spremnosti 
koji povezuje inženjersku, logističku i literaturu o osiguranju kvaliteta, koje su se dosad uglavnom 
razvijale odvojeno. 
Ključne riječi: aditivna proizvodnja, rezervni dijelovi, vojna logistika, održavanje, lanac snabdijevanja, 
kvalifikacija i sertifikacija, digitalna nit. 
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