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Abstract

Additive manufacturing has progressed from a rapid-prototyping technology toward an industrial
production approach capable of reshaping how material, geometry, supply chains, and product life
cycles are considered during product development. Its layer-by-layer fabrication principle permits near-
net-shape production, topology-optimized structures, lattice architectures, functionally integrated
components, part consolidation, localized production, and selected use of recycled or recovered
feedstock. These capabilities create significant opportunities for reducing raw-material demand and
manufacturing waste. Nevertheless, additive manufacturing should not be considered inherently resource
efficient. Powder production, feedstock conditioning, support structures, failed builds, thermal
processing, machine utilization, inert gases, post-processing, heat treatment, surface finishing, and
electricity consumption can impose substantial resource and environmental burdens.

This study examines the strategies through which additive manufacturing can contribute to
genuinely resource-efficient product development. A structured integrative review was undertaken with
emphasis on Design for Additive Manufacturing, topology optimization, lightweighting, part
consolidation, support minimization, process selection, life-cycle assessment, life-cycle costing, circular
manufacturing, recycled materials, repair, and distributed production. Current evidence indicates that the
strongest sustainability outcomes arise when additive manufacturing is introduced at the design stage
rather than used merely as a substitute for conventional manufacturing of an unchanged geometry. The
study proposes a Resource-Efficient Additive Product Development Framework comprising functional
requirement definition, manufacturing-route screening, material-efficient design, build-oriented
optimization, life-cycle verification, circularity planning, and post-production learning.

Published aerospace and space-manufacturing evidence illustrates the potential scale of material
efficiency: recent review evidence reports conventional buy-to-fly ratios of approximately 20:1-40:1
with material waste reaching 95% in selected applications, compared with approximately 1:1-3:1 and
about 5% reported waste for additive routes. These values are sector-specific and should not be
generalized to all AM processes. The paper concludes that additive manufacturing becomes a resource-
efficiency strategy only when design freedom, process efficiency, material recovery, product-use
benefits, and end-of-life considerations are managed as one integrated product-development system.

Keywords: Additive Manufacturing; Resource Efficiency; Design for Additive Manufacturing;
Topology Optimization; Sustainable Product Development; Material Efficiency; Lightweighting; Life
Cycle Assessment; Circular Manufacturing; Part Consolidation
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1. Introduction

Manufacturing systems face increasing pressure to produce higher-performing and more customized
products while reducing dependence on virgin material, energy, tooling, inventories, transportation, and
waste-generating processes. Conventional product development has historically been constrained by
manufacturing rules associated with machining access, molding, casting, joining, tooling, and assembly.
Additive manufacturing changes several of these constraints because material is deposited or
consolidated incrementally from a digital model rather than predominantly removed from a larger
workpiece. NIST characterizes additive manufacturing as a layer-by-layer production technology and
highlights reduced material waste, increased design freedom, rapid product development, and the ability
to produce geometries that are difficult or uneconomic through conventional manufacturing.

The resource-efficiency potential of AM is especially important when conventional
manufacturing requires substantial material removal. Aerospace components manufactured from
titanium or other high-value alloys can exhibit particularly unfavorable buy-to-fly ratios because a large
starting billet may be extensively machined before the final component geometry is obtained. Huang and
colleagues demonstrated the importance of considering material production, manufacturing energy, and
subsequent lightweighting benefits across the aircraft life cycle, while later reviews of metal AM
continue to identify near-net-shape production and material efficiency as major opportunities in
aeronautical applications.

However, resource efficiency cannot be inferred solely from the amount of visible manufacturing
scrap. Laser powder bed fusion, directed-energy deposition, material extrusion, binder jetting, and other
AM technologies differ substantially in feedstock requirements, deposition efficiency, support needs,
thermal energy, processing rate, and post-processing. Pusateri and colleagues' systematic review
concluded that metal additive manufacturing can achieve environmental and economic advantages for
complex, high-value and relatively low-volume products, particularly in aerospace and automotive
applications, while conventional manufacturing may still exhibit stronger sustainability performance for
comparatively simple industrial parts.

This distinction makes product design central to AM sustainability. Hegab and colleagues’
review of Design for Sustainable Additive Manufacturing argues that AM design should integrate
resource and environmental considerations rather than treating sustainability as an assessment conducted
only after a component has been printed. Nyamekye and colleagues similarly link product-design
optimization and laser powder bed fusion with resource-efficiency improvement. Techniques such as
topology optimization, generative design, lattice structures, functional integration, part consolidation,
and support reduction can reduce material demand before manufacturing begins.

The present study therefore examines additive manufacturing as a product-development strategy
rather than merely a fabrication process. The central proposition is that the largest resource-efficiency
gains arise when designers simultaneously consider geometry, material quantity, process energy, build
orientation, support generation, product functionality, use-phase performance, repairability, and end-of-
life pathways. This perspective is consistent with recent life-cycle-engineering research showing that
AM design tools and LCA/LCC methods still remain insufficiently integrated despite their combined
importance for environmentally and economically sustainable product development.
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2. Objectives of the Study

2.1 To ldentify Resource-Efficient Additive-Manufacturing Strategies

The first objective is to identify design and manufacturing strategies through which additive
technologies can reduce material demand and resource losses.

The study examines topology optimization, lattice structures, lightweighting, part consolidation, near-
net-shape fabrication, support minimization, build orientation, recycled feedstock, repair, and on-
demand manufacturing.

2.2 To Evaluate Life-Cycle Trade-Offs

The second objective is to examine the conditions under which reduced material use translates into
improved overall sustainability.

Particular attention is given to feedstock preparation, printing energy, machine utilization, powder or
filament waste, support structures, build failures, post-processing, product-use benefits, transportation,
and end-of-life recovery.

2.3 To Develop a Resource-Efficient Product-Development Framework

The third objective is to formulate an integrated framework connecting Design for Additive
Manufacturing with life-cycle engineering and circular-resource strategies.

The framework is intended to help designers determine not simply whether a product can be additively
manufactured, but whether AM provides a defensible resource advantage compared with alternative
manufacturing routes.

3. Review of Literature

3.1 Design for Additive Manufacturing and Material Reduction

Design for Additive Manufacturing has developed because the geometric freedoms and process
constraints of AM differ substantially from conventional design-for-manufacturing approaches.

Reinke and Santos' 2026 systematic review identifies DFAM as a field integrating design knowledge,
manufacturability, computational methods, and AM-specific constraints. Contemporary DfAM
increasingly incorporates topology optimization, generative design, lattice structures, multi-functional
design, and simulation-informed manufacturing strategies.

Topology optimization is particularly important for resource-efficient product development
because it distributes material according to structural requirements rather than retaining material simply
because conventional fabrication demands easily machinable geometry.

Huang and colleagues' aircraft analysis demonstrates why this second effect can become more
important than manufacturing energy when lightweight AM components operate over long service lives.
Part consolidation creates another resource-efficiency mechanism. AM can sometimes replace an
assembly containing numerous individually manufactured components with a smaller number of
multifunctional parts.

Part consolidation can reduce fasteners, joining operations, machining steps, tooling, inventory
items, assembly time, and potential failure interfaces.

AJAMIR Volume 2, Issue 1, January-February 2021 3



http://www.ajamir.com/

American Journal of Advanced Multidisciplinary
Innovation and Research (AJAMIR)

E-ISSN: XXXX-XXXX e Website: www.ajamir.com e Email: editor@ajamir.com

However, consolidation can also reduce repairability if one damaged feature requires replacement of a
larger integrated component.

3.2 Process Energy, Material Recovery, and Manufacturing Efficiency
Additive fabrication reduces certain forms of material waste but can consume substantial electricity per
kilogram of finished material.

Metal powder bed fusion is especially energy intensive because high-energy laser or electron-
beam systems, controlled atmospheres, powder handling, heating, and relatively long processing times
may be required.

Gao, Wolff, and Wang's review emphasizes the importance of energy efficiency and life-cycle
analysis in environmentally responsible metal AM, while Liu and colleagues have examined energy
consumption directly across metal additive-manufacturing operations.

Machine utilization is therefore a significant resource parameter.

An AM machine consuming base-load electricity while printing one small component can have
poor specific-energy performance.

Build-volume utilization can improve the allocation of machine energy across multiple
components, although greater packing density may introduce thermal, scheduling, or quality constraints.
Process planning should consequently consider build orientation, nesting, support volume, layer height,
scan strategy, deposition rate, and batch utilization.

3.3 Life-Cycle Engineering and Circular Additive Manufacturing
Life-cycle assessment has become increasingly important because manufacturing-stage comparisons can
produce misleading conclusions.

Kokare, Oliveira, and Godina's review shows that environmental performance varies with AM
process, electricity mix, feedstock, production quantity, geometry, post-processing, and comparison
baseline.

Favi and colleagues' 2025 systematic review of 87 publications similarly argues that the
sustainability potential of AM should be evaluated through life-cycle engineering integrating both
environmental and economic perspectives.

Digital inventories can permit replacement parts to be produced when required rather than stored
physically for long periods.

Directed-energy-deposition processes can potentially repair or restore high-value components
rather than replacing entire products.

4. Research Methodology
4.1 Research Design
The present study adopts a structured integrative literature-review and conceptual-framework
methodology.

No original manufacturing plant, proprietary AM dataset, experimental build campaign, or
fabricated industrial case is presented.
Published quantitative values are attributed explicitly to their original sources.
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The approach was selected to compare design, production, material, circularity, and life-cycle strategies
across multiple AM technologies.

4.2 Evidence ldentification

The principal review period covered literature published from 2014 through August 2026, with emphasis
on more recent research from 2021 onward.

Evidence was identified using combinations of the concepts:

“sustainable additive manufacturing,” “resource-efficient additive manufacturing,” “Design for Additive
Manufacturing,” “

2 e

topology optimization,” “life cycle assessment additive manufacturing,” “material
efficiency additive manufacturing,” “circular additive manufacturing,” “buy-to-fly additive
manufacturing,” and “additive manufacturing product development.”

Peer-reviewed systematic reviews, life-cycle studies, comparative manufacturing analyses,
design-focused research, and authoritative NIST material were prioritized.

4.3 Eligibility and Evidence Coding
Sources were included when they addressed at least one direct resource-efficiency mechanism within
additive product development.

Studies limited solely to mechanical characterization without design, manufacturing-efficiency,
circularity, or life-cycle relevance were not central to the synthesis.
The evidence was coded according to product-development stage, resource mechanism, AM process,
comparison route, life-cycle boundary, and sustainability outcome.

Table 1: Research Methodology and Evidence-Synthesis Framework

Methodological Element Study Specification
Research design Structured integrative literature review
Core review period 2014—-August 2026

Industrial additive manufacturing and product

Main context
development

LPBF, DED/WAAM, material extrusion, binder

Principal processes .
patp jetting and related AM routes

DfAM, topology optimization, lightweighting,

Core strategies s . . .
consolidation, support reduction and circularity

Material input, scrap, energy use, support mass,
Resource indicators product mass, process steps and life-cycle
impact

Manufacturing cost, post-processing, tooling,

Economic indicators . .
inventory and life-cycle cost
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Methodological Element Study Specification
Original industrial sample None
iginal i I
Original experimenta None

dataset

Synthesis procedure Comparative thematic analysis

4.4 Analytical Position

The study does not assume AM is superior to conventional manufacturing.

A strategy was interpreted as resource efficient only when it could plausibly reduce one or more material
or energy requirements without shifting an unacceptable burden to another life-cycle stage.

This position follows current metal-AM sustainability research indicating that AM is especially
promising for complex, high-value, lightweight, and low-volume applications, while conventional
manufacturing may retain advantages for geometrically simple and high-volume products.

5. Analysis
5.1 Resource-Efficiency Strategies Across Product Development

The evidence indicates that resource efficiency should be designed into the product before the build file
is generated.

Table 2: Additive-Manufacturing Strategy Matrix for Resource-Efficient Product Development

. Pr - - .
Strate Resource-Efficiency Devecl)gur(:ent Principal Risk /
9y Mechanism P . Trade-Off
Benefit
Complex geometr
Topology Removes structurally | Lower component p_ _g y
L . and difficult post-
optimization unnecessary material mass

processing

Lattice structures

Replaces solid
volumes with cellular
architecture

High stiffness-to-
weight potential

Inspection and
powder-removal
difficulty

Part consolidation

Reduces component

Less assembly and

Reduced modular

requirement

and joining count inventory repairability
Reduces subtractive . -
Near-net-shape - Lower raw- Final machining may
. machining . .
production material loss still be necessary

Build-orientation
optimization

Reduces support and
processing time

Lower material
and energy

Orientation can affect
properties and surface
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Strate Resource-Efficiency Deflz(;gur(:c;nt Principal Risk /
9y Mechanism P . Trade-Off
Benefit
demand quality
Support Reduces sacrificial Less printing and Geometric freedom
minimization material removal may be constrained

5.2 Material Efficiency: A Sector-Specific Aerospace Illustration

Material efficiency is particularly visible in aerospace and space manufacturing because conventional
titanium and high-value alloy components can require extensive machining.

A recent review of additive manufacturing for space applications reported typical conventional-
manufacturing buy-to-fly ratios of approximately 20:1-40:1, compared with approximately 1:1-3:1 for
additive manufacturing.

The same review summarized material waste as reaching up to 95% for conventional processing and
approximately 5% for AM in the comparison presented.

Graph 1: Reported Material-Waste Comparison in Aerospace/Space Manufacturing

80

60 1

40 4

Reported material waste (%)

20 1

5%

Conventional machining Additive manufacturing

The graph illustrates why AM can be particularly attractive for expensive metals and highly subtractive
conventional routes.

A high buy-to-fly ratio means considerable quantities of processed material must be purchased,
transported, handled, machined, collected, and recycled to obtain a much smaller finished component.
Near-net-shape fabrication changes this relationship.
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However, material efficiency alone is not sufficient to demonstrate environmental superiority.
Metal-powder atomization, laser processing, shielding gas, machine operation, support
structures, heat treatment, machining, and inspection can generate significant energy and resource
requirements.
Consequently, buy-to-fly improvement should be treated as one component of life-cycle
performance rather than the complete sustainability result. This caution aligns with contemporary
systematic reviews of metal AM.

6. Discussion

6.1 Additive Manufacturing Is Not Automatically Sustainable

The principal conclusion from current sustainability research is that AM possesses sustainability
potential, not guaranteed sustainability.

Ford and Despeisse identified material efficiency, product redesign, supply-chain
reconfiguration, and product-life-cycle changes as important opportunities but also described energy
intensity, process inefficiency, and material concerns among the associated challenges.

More recent quantitative reviews reach a similar conclusion: metal AM can outperform
conventional routes under favorable conditions, yet conventional manufacturing may remain preferable
for simple products or inefficiently utilized AM systems.

This distinction is important for product developers because changing only the manufacturing
process often fails to exploit the main benefit of AM.

Printing an unchanged machined geometry can retain excess material and provide few use-phase
advantages while introducing AM-specific energy and post-processing burdens.

The stronger strategy is redesign for additive manufacturing.

6.2 Resource Efficiency Depends on Design—Process Interaction

e AM's design freedom has often been presented as an unrestricted benefit.

e In practice, every AM process imposes constraints.

o Powder-bed components may require support structures and powder-removal channels.

o  Material-extrusion parts may require infill and orientation decisions.

o Directed-energy deposition may require machining allowances.

e Binder-jetted components may shrink during sintering.

e Consequently, resource-efficient DFAM should optimize the interaction between geometry and
manufacturing physics.

e Recent systematic DFAM literature emphasizes precisely this need to connect design intent with
manufacturability and final physical realization.

o Topology optimization is a useful example.

o If optimization removes 40% of component mass but creates extensive supports, difficult powder
removal, long build height, or expensive finishing, the theoretical material saving may be reduced
substantially.

The sustainability metric should therefore be finished functional resource demand, not simply optimized

CAD volume.
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6.3 Life-Cycle Engineering Should Move Into the Design Interface

e A particularly important research direction concerns embedding environmental assessment directly
within product-development software.

o Contemporary CAD, finite-element, topology-optimization, and generative-design systems can
evaluate geometry and structural performance rapidly.

e However, Favi and colleagues found that LCA and LCC remain poorly integrated into these design
environments.

o Designers therefore often optimize mass, stiffness, or manufacturability first and evaluate
sustainability later.

7. Conclusion
Additive manufacturing provides a distinctive opportunity to reconsider resource efficiency at the
product-development stage.

The aerospace and space example presented in this paper illustrates the potential magnitude:
recent review evidence reports conventional buy-to-fly ratios of approximately 20:1-40:1 and material
waste reaching 95% in selected applications, whereas additive routes were summarized at approximately
1:1-3:1 and about 5% material waste.

AM technologies can require energy-intensive feedstock production, long machine operation,
shielding gases, support fabrication, heat treatment, machining, surface finishing, and inspection.
Systematic reviews therefore demonstrate that AM sustainability is highly context dependent.

The proposed Resource-Efficient Additive Product Development Framework contains seven
stages:

functional definition — manufacturing-route screening — material-efficient DfAM — build-aware
optimization — life-cycle verification — circularity planning — manufacturing feedback.

Experimental studies should report actual feedstock input, support mass, machine energy, failure
rates, post-processing requirements, recycled-material content, and finished-part yield rather than relying
only on theoretical CAD mass.

Greater attention is also needed to hybrid manufacturing, where additive processes create near-
net-shape or high-complexity regions and conventional processes provide efficient finishing.

The central conclusion is that additive manufacturing becomes genuinely resource efficient when
product geometry, manufacturing strategy, material flows, process energy, use-phase performance, and
end-of-life recovery are optimized together from the beginning of product development.
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