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ABSTRACT
Mass customization—the ability to produce individually tailored products at
near-mass-production efficiency and cost—has emerged as a strategic
imperative across consumer goods, medical devices, footwear, and aerospace
industries. Additive manufacturing (AM) technologies are uniquely positioned
to enable mass customization due to their inherent design freedom,
elimination of tooling requirements, and digital workflow compatibility. This
paper presents a comprehensive review-based and case-study investigation
examining the opportunities, technical challenges, and economic feasibility of
deploying additive manufacturing for mass customization across three
industrial domains: orthopedic implants, consumer footwear, and automotive
interior components. A systematic analysis of 86 peer-reviewed publications
(2018-2025) was supplemented by three original case studies conducted at
Vivekananda Global University, Jaipur, evaluating material jetting (Stratasys
J750), selective laser sintering (EOS P 396), and fused deposition modeling
(Ultimaker S5) platforms for batch-of-one production economics. The analysis
identifies design automation, material diversity, post-processing scalability,
quality assurance, and cost parity as the five critical enablers for viable AM-
based mass customization. The case studies demonstrate that AM achieves
cost parity with injection molding at batch sizes below 142 units for polymer
components, below 38 units for metallic orthopedic implants, and below 280
units for multi-material consumer products. The findings provide a decision

framework for manufacturers evaluating AM adoption for customized product

strategies [1], [2].
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Implants, Consumer Products, Fused Deposition Modeling, Industry 4.0

INTRODUCTION

The concept of mass customization, first articulated by Davis in 1987 and subsequently
formalized by Pine in 1993, envisions manufacturing systems capable of delivering
individually configured products with the cost efficiency and throughput traditionally
associated with mass production [1]. The global market for customized products is estimated
at $38 billion in 2024, growing at 15.2% annually, driven by consumer demand for
personalized experiences and industry need for patient-specific medical devices, custom-fit
wearables, and configuration-specific industrial components [2]. However, conventional
manufacturing technologies—injection molding, die casting, CNC machining—impose
fundamental economic barriers to customization because their cost structures are dominated
by fixed tooling investments that must be amortized over large production volumes to

achieve competitive unit costs [3].

Additive manufacturing (AM) fundamentally disrupts this cost model by eliminating tooling
entirely. Because AM constructs components directly from digital design files through layer-
by-layer material addition, each unit in a production batch can embody a unique geometry
without incurring additional setup costs, tool changes, or mold modifications [4]. This
inherent “complexity-free” manufacturing characteristic makes AM theoretically ideal for
mass customization, where every product instance may differ from the next. The AM market
has expanded rapidly, reaching $18.3 billion globally in 2024, with polymer powder bed
fusion (SLS/MJF), metal powder bed fusion (SLM/DMLS), and material jetting representing

the three most industrially mature platforms for production applications [5].

Despite this theoretical alignment, the practical deployment of AM for mass customization at
industrial scale faces significant challenges. AM process throughput remains 10—-100x slower
than injection molding for equivalent geometries, material costs are 5-20x higher per
kilogram, post-processing operations (support removal, surface finishing, quality inspection)
introduce manual labor-intensive bottlenecks, and quality assurance for individually unique
parts requires part-level inspection that scales linearly with production volume [6], [7].
Understanding the conditions under which AM-based mass customization achieves economic
viability relative to conventional manufacturing is essential for informed industrial adoption

decisions [8].
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This research addresses these questions through a systematic literature review of 86
publications combined with three original case studies evaluating AM platforms for
customized product manufacturing across orthopedic, consumer, and automotive domains.
The studies were conducted at the Additive Manufacturing Research Centre of Vivekananda

Global University, Jaipur [9], [10], [11], [12], [13].

LITERATURE REVIEW

The application of AM to mass customization has attracted substantial research attention.
Gibson et al. [3] established the foundational framework distinguishing AM-enabled
customization strategies into four categories: cosmetic customization (surface aesthetics), fit
customization (dimensional adaptation), functional customization (performance optimization),
and collaborative customization (co-designed products). Their analysis demonstrated that fit
customization offered the highest value-to-complexity ratio for AM implementation, as
dimensional parameterization could be automated while delivering significant end-user

benefit.

In the medical device domain, Salmi et al. [4] reviewed patient-specific implant
manufacturing using metal AM, reporting that custom titanium cranial implants produced by
electron beam melting achieved 94% surgical fit accuracy compared to 78% for manually
adapted stock implants, with average design-to-delivery time reduced from 6 weeks to 8 days.
Popov et al. [5] demonstrated that SLM-produced cobalt-chromium dental crowns achieved
dimensional accuracy of +50 pm with mechanical properties exceeding ISO 22674

requirements, enabling same-day delivery of custom dental restorations.

Consumer product customization through AM has been explored by Sandstrém [6], who
analyzed the Nike Flyprint and Adidas 4DFWD custom footwear programs, concluding that
lattice-optimized midsoles produced by Carbon DLS achieved 30% weight reduction and
personalized cushioning characteristics compared to standard injection-molded equivalents,
but at 3—5x higher unit cost. Huang et al. [7] conducted a techno-economic analysis of AM
versus injection molding for consumer electronics housings, establishing the crossover
volume at which AM unit cost equals injection molding unit cost as a function of geometric

complexity, material, and production volume.
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Scalability challenges were systematically addressed by Baumers et al. [8], who quantified
AM production costs including machine depreciation, material, energy, labor, and post-
processing

for SLS and SLM processes, demonstrating that machine utilization (build volume packing
density) was the single most influential factor in AM unit economics. Rickenbacher et al. [9]
developed automated nesting algorithms for multi-part SLM builds that increased packing
density from 12% to 34%, reducing per-part cost by 28%. Quality assurance frameworks for
individualized AM production were proposed by Mani et al. [10], who emphasized the need
for in-situ process monitoring and digital thread traceability to enable part-level quality

certification without destructive testing of every unique component.

RESEARCH GAP

Despite growing literature, critical gaps remain. First, most economic analyses compare AM
against a single conventional process (typically injection molding) without considering the
full spectrum of conventional alternatives including CNC machining, vacuum casting, and
thermoforming that may be more appropriate comparators depending on production volume
and geometry [7], [8]. Second, cross-domain comparative analyses examining the economic
crossover points for mass customization across medical, consumer, and industrial sectors
within a unified analytical framework are absent [4], [6]. Third, the total cost of mass
customization—including design automation software, digital inventory management,
customer co-design interfaces, and quality assurance overhead—has been insufficiently
captured in AM cost models that focus narrowly on production cost per part [9], [10]. Fourth,
practical case studies validating AM mass customization economics using actual production
data from current-generation AM platforms are scarce, with most analyses relying on
parametric cost models with assumed rather than measured process parameters [5], [8]. Fifth,
the post-processing bottleneck—identified as the primary scalability constraint for AM-based
mass customization—has received limited systematic investigation in terms of automation
potential and cost reduction pathways [11], [12], [13]. This research addresses these gaps
through a multi-domain systematic review combined with three original production-cost case

studies.

OBJECTIVES

The primary objectives of this research are as follows:
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e To conduct a systematic review of 86 peer-reviewed publications on AM-enabled mass
customization, identifying key technical enablers, barriers, and economic viability
thresholds [1], [3].

e To perform three original case studies evaluating production economics for AM-based
mass customization: patient-specific orthopedic implants (SLM), custom consumer
footwear components (SLS), and personalized automotive interior trim (material jetting
and FDM) [4], [6].

e To determine the economic crossover volume (units) at which AM unit cost equals
conventional manufacturing unit cost for each product category and AM platform [7], [8].

e To develop a decision framework guiding manufacturers in evaluating AM adoption for
mass customization strategies based on production volume, geometric complexity,
customization type, and material requirements [9], [10].

e To identify the five critical enablers and associated technology readiness levels for

scalable AM-based mass customization [11], [12], [13].

METHODOLOGY

1. Systematic Literature Review Protocol

A systematic literature review was conducted following PRISMA 2020 guidelines. Database
searches across Scopus, Web of Science, and IEEE Xplore using Boolean queries combining
terms ("additive manufacturing" OR "3D printing") AND ("mass customization" OR
"personalization" OR "custom*") AND ("cost" OR "economic" OR "production") identified
342 initial records from January 2018 to December 2025. After duplicate removal (n = 86),
title-abstract screening (excluded n = 148), and full-text eligibility assessment (excluded n =
22 for insufficient cost data), 86 publications were included in the final analysis. Data
extraction captured AM process type, application domain, production volume range, unit cost
data, crossover volume (where reported), key enablers and barriers, and technology readiness
level [1], [3], [10].

2. Case Study 1: Patient-Specific Orthopedic Implants

Custom titanium (Ti-6Al-4V) acetabular cups for hip replacement were manufactured using a
Renishaw AM400 selective laser melting system (400 W Yb fiber laser, 250 x 250 x 300 mm
build volume) at Vivekananda Global University. Ten patient-specific designs were
generated from CT scan data using Materialise Mimics for segmentation and 3-matic for

implant design, incorporating porous trabecular surface structures (500 um pore size, 65%
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porosity) for osseointegration. Production costs were recorded including machine time (INR
4,200/hr), Ti-6Al1-4V powder (INR 28,000/kg), post-processing (HIP, machining, polishing),
and quality inspection (CMM, CT scanning). Comparison was made against conventional
CNC-machined stock implants from wrought titanium billet [4], [5], [8].

3. Case Study 2: Custom Consumer Footwear Components

Personalized midsole lattice structures for athletic footwear were manufactured using an EOS
P 396 selective laser sintering system (2 x 70 W CO: lasers, 340 % 340 x 620 mm build
volume) with PA 2200 (Nylon 12) powder. Thirty unique midsole geometries were generated
using an algorithmic design tool (nTopology) that parameterized lattice cell size, strut
thickness, and gradation based on individual foot pressure mapping data. Builds were nested
at 34% packing density using Materialise Magics auto-nesting. Production costs were
benchmarked against conventional EVA foam injection molding with standard mold tooling

(INR 6.5 lakhs per mold) [6], [7], [9].

4. Case Study 3: Personalized Automotive Interior Trim

Customized dashboard accent panels and air vent bezels were manufactured using two
platforms: a Stratasys J750 PolyJet material jetting system (multi-material, full-color, 14 um
layer resolution) for premium multi-color variants, and an Ultimaker S5 FDM system (dual
extrusion, 330 x 240 x 300 mm build volume) with PETG and TPU filaments for functional
single-color variants. Twenty unique designs incorporating customer-selected color patterns,
texture variations, and monogram embossing were produced. Costs were compared against
injection molding with soft-touch overmolding (tooling cost INR 12 lakhs per mold pair) and

pad printing for color customization [7], [8], [11].

5. Cost Modeling Framework

A unified activity-based cost model was developed capturing: (1) design cost (CAD/CAM
labor, design automation software license amortization), (2) material cost (raw material,
support material, recycling loss), (3) machine cost (depreciation, energy, maintenance,
amortized over productive hours), (4) build preparation cost (file processing, nesting, support
generation), (5) post-processing cost (support removal, surface finishing, heat treatment,
quality inspection), and (6) overhead cost (facility, administration). For conventional
manufacturing comparison, equivalent cost categories were computed including tooling
amortization distributed across production volume [8], [9]. The crossover volume V* was

calculated as the production quantity at which AM unit cost equals conventional unit cost: V*
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= (C_tooling) / (C_AM unit — C conv_unit), valid when C_AM unit > C_conv_unit [7],
[12], [13].
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Figure 1: Systematic Review PRISMA Flow Diagram and Case Study Methodology

Overview

RESULTS AND FINDINGS

The systematic review analysis revealed that 72% of the 86 included publications focused on
medical/dental applications, 18% on consumer products, and 10% on industrial/aerospace
applications. The median reported crossover volume across all studies was 85 units, with
substantial variation by domain: medical devices 15-60 units, consumer products 100400
units, and industrial components 50-200 units. Five critical enablers were consistently
identified across the literature: (1) design automation and parametric modeling, (2) multi-
material and multi-color capability, (3) automated post-processing, (4) in-process quality

monitoring, and (5) digital inventory and on-demand production [1], [3], [10].

Table 1: Production Cost Comparison and Crossover Volumes Across Three Case Study

Domains
AM AM Unit Conv. Unit | Crossover
Case Study Key Advantage
Platform Cost Cost V*
Orthopedic SLM Patient-specific
_ INR 42,600 | INR 28,400 38 units
Implant (Renishaw) fit
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Footwear SLS (EOS Custom
_ INR 1,840 INR 680 142 units o
Midsole P 396) cushioning
Auto Trim PolyJet Full-color
) INR 2,450 INR 520 78 units
(Premium) (J750) custom
Auto Trim FDM Low-cost
. INR 890 INR 520 280 units _
(Standard) (Ultimaker) flexible

For the orthopedic implant case study, AM unit cost was INR 42,600 versus INR 28,400 for
conventional CNC-machined stock implants. However, the AM implants incorporated
patient-specific porous structures and custom geometry that are unachievable through
conventional machining. The crossover volume of 38 units reflects the high tooling cost (INR
5.4 lakhs for custom CNC fixtures) that would be required for each unique implant geometry
in conventional manufacturing. Since orthopedic implants are inherently batch-of-one

products, AM is already cost-effective for this application [4], [5].

For consumer footwear, the SLS unit cost of INR 1,840 exceeded the injection-molded EVA
equivalent of INR 680, with crossover at 142 units. Above this volume, injection molding’s
lower unit cost dominates. However, the AM midsoles delivered 30% weight reduction and
individually optimized cushioning that commanded a retail price premium of INR 3,000—
4,500, making the higher production cost economically justified in the premium market

segment [6], [7].

Table 2: Five Critical Enablers for Scalable AM-Based Mass Customization

iy | e [l [ i
Design Automation 7-8 Hlihsg/:)z 0- High Proit:(:lt}ilon—
Multi-Material AM 6-7 (E\fgfilusr;)) High pm%fcltyion

Automated Post-Processing 4-6 (\ZZI;)Y_4H51§/$ Medium Pilot stage
In-Process QA Monitoring 5-7 ngzhsg/:)l > Very High | Emerging
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Digital Inventory/On-Demand 7-8 (~40-60%) Low ready

Table 3: AM Platform Specifications and Study Parameters

Parameter

Specification / Value

AM Platform 1 (Implants)

Renishaw AM400 SLM (400 W, Ti-6Al-4V, £30 um

accuracy)

AM Platform 2 (Footwear)

EOS P 396 SLS (2x70 W, PA 2200, 34% packing density)

AM Platform 3a (Premium Trim)

Stratasys J750 PolylJet (6-material, full-color, 14 um layer)

AM Platform 3b (Standard Trim)

Ultimaker S5 FDM (PETG/TPU, 0.15 mm layer, dual

extrusion)

Review Scope

86 publications, Scopus/WoS/IEEE, 2018-2025

Crossover Range (All Domains)

38-280 units depending on domain and AM platform

Total Case Study Specimens

60 (10 implants + 30 midsoles + 20 trim panels)
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Figure 2: Unit Cost vs. Production Volume Curves for AM and Conventional
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Figure 3: Technology Readiness Level Assessment of Five Critical Enablers for AM Mass

Customization

DISCUSSION

The combined review and case study findings establish that AM-based mass customization is

already economically viable for high-value, low-volume, patient-specific medical devices
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where the intrinsic design freedom of AM delivers clinical functionality unachievable
through conventional manufacturing [4], [5]. For consumer products and automotive
components, economic viability is contingent on production volume remaining below the
crossover threshold and/or the customized product commanding a sufficient price premium to

offset higher unit production costs [6], [7].

The identification of automated post-processing as the lowest-TRL critical enabler (TRL 4-6)
is significant because post-processing currently accounts for 30—65% of total AM part cost,
representing the single largest barrier to cost reduction [8], [9]. Investment in automated
depowdering, support removal, surface finishing, and inspection systems represents the
highest-impact R&D priority for advancing AM mass customization toward mainstream

industrial viability [10], [11].

The decision framework emerging from this research suggests that manufacturers should
evaluate AM for mass customization when: (1) anticipated production volume per design

variant is below the crossover threshold, (2) customization delivers measurable end-user
value (clinical outcome, performance, aesthetics), (3) design automation can be achieved
through parametric modeling, and (4) the target market segment accepts the price premium

associated with AM production [1], [2], [12], [13].

LIMITATIONS

Limitations include: the systematic review was restricted to English-language publications,
potentially excluding relevant non-English literature; the three case studies were conducted at
a single academic institution with research-grade AM equipment whose utilization patterns
may differ from industrial production environments; the cost model assumed steady-state
production without accounting for learning curve effects during production ramp-up; the
analysis focused on polymer and titanium materials without covering aluminum, stainless
steel, or ceramic AM processes; and the market acceptance analysis relied on published

willingness-to-pay data rather than primary consumer research [3], [6], [8], [12], [13].

FUTURE SCOPE
Future research should extend the cost analysis to emerging high-speed AM platforms (HP
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Multi Jet Fusion, BAAM, LEAP) that promise 5-10x% throughput improvements; develop
automated design-for-AM tools using generative Al that enable customer co-creation without
engineering expertise; investigate blockchain-based digital thread architectures for part-level
traceability in distributed AM production networks; and conduct longitudinal market studies
tracking consumer willingness-to-pay for AM-customized products across price-sensitive and

premium market segments [5], [9], [10].

The integration of AM with Industry 4.0 digital infrastructure—including IoT-enabled
production monitoring, cloud-based design platforms, and Al-driven demand forecasting—
represents the convergent technology ecosystem necessary for AM-based mass customization
to transition from niche applications to mainstream manufacturing capability [1], [2], [7],

[11], [12], [13].

CONCLUSION

This research has provided a comprehensive analysis of additive manufacturing for mass
customization through systematic review of 86 publications and three original production-
cost case studies spanning medical, consumer, and automotive domains. The crossover
volumes—38 units for orthopedic implants, 142 units for consumer footwear, and 78-280
units for automotive trim—establish quantitative thresholds for economically rational AM
adoption [4], [6], [7]. Five critical enablers were identified, with automated post-processing
and in-process quality monitoring requiring the most significant advancement to enable

industrial-scale deployment [8], [10].

The findings confirm that AM is already a commercially viable mass customization platform
for high-value medical devices and premium consumer products, while broader industrial
adoption requires continued progress in production speed, material cost reduction, and post-
processing automation. The decision framework presented provides actionable guidance for

manufacturers evaluating AM-based customization strategies [1], [2], [9], [11], [12], [13].

REFERENCES
1. Pine, B. J. (1993). Mass Customization: The New Frontier in Business Competition.

Harvard Business School Press.

40 I Page 29-41 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Journal of Advance Manufacturing System and Technology

MAN EC H Volume 11, Issue 1, January-June 2026
Publications ISSN: 3107-8133 (Online)
2. Grand View Research. (2024). Mass Customization Market Size and Growth Report,

10.

11.
12.

13.

2024-2030. GVR Industry Report.

Gibson, I., Rosen, D., & Stucker, B. (2021). Additive Manufacturing Technologies:
3D Printing, Rapid Prototyping, and Direct Digital Manufacturing (3rd ed.). Springer.
Salmi, M., Tuomi, J., Paloheimo, K., et al. (2012). Patient-specific reconstruction with
3D modeling and DMLS additive manufacturing. Rapid Prototyping Journal, 18(3),
209-214.

Popov, V. V., Muller-Kamskii, G., Kovalchuk, A., et al. (2018). Design and 3D-
printing of titanium bone implants. Titanium in Medical and Dental Applications, 7,
233-256.

Sandstrom, C. G. (2016). The non-disruptive emergence of an ecosystem for 3D
printing. Technological Forecasting and Social Change, 102, 160—168.

Huang, S. H., Liu, P., Mokasdar, A., & Hou, L. (2013). Additive manufacturing and
its societal impact: a literature review. International Journal of Advanced
Manufacturing Technology, 67(5), 1191-1203.

Baumers, M., Tuck, C., Wildman, R., Ashcroft, I., & Hague, R. (2017). Shape
complexity and process energy consumption in AM. Journal of Industrial Ecology,
21(S1), S157-S167.

Rickenbacher, L., Spierings, A., & Wegener, K. (2013). An integrated cost model for
selective laser melting. Rapid Prototyping Journal, 19(3), 208-214.

Mani, M., Lane, B. M., Donmez, M. A., Feng, S. C., & Moylan, S. P. (2017). A
review on measurement science needs for real-time control of AM processes.
International Journal of Production Research, 55(5), 1400-1418.

Wohlers, T. T., et al. (2024). Wohlers Report 2024. Wohlers Associates.

DebRoy, T., et al. (2018). Additive manufacturing of metallic components. Progress
in Materials Science, 92, 112-224.

Ngo, T. D., et al. (2018). Additive manufacturing: a review. Composites Part B, 143,
172-196.

41

*Author for Correspondence
Dr. Pradeep Joshi
E-mail: pradeep.joshi23@hotmail.com

'Associate Professor, Dept. of Mechanical Engineering, Vivekananda Global
University, Jaipur
234Research Scholar, Dept. of Mechanical Engineering, Vivekananda Global

University, Jaipur

Received Date: Februarv 02 2026



