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Abstract

Multi-material additive manufacturing (MMAM) enables integration of multiple materials
within single products, but existing design methodologies lack systematic frameworks
linking detailed consolidation decisions to product-level functional requirements while
preserving functional independence. This paper presents a methodology that extends
the conventional design process model with a reverse-traced workflow connecting part-
level decisions to higher-level product architecture. By tracing how Design for MMAM
(DIMMAM) affects design decisions in reverse, designers can identify the best opportu-
nities to use MMAM based on their project scope. The methodology introduces a Level
of Process Integration (LPI) framework based on design novelty that structures redesign
scope according to whether changes affect part geometry, component assembly, or func-
tion allocation, enabling designers to balance consolidation benefits against validation
complexity at each level. Sequential decision-making workflows systematically determine
which functions can be co-located within unified components while maintaining functional
independence through zone-specific design parameters. The methodology is illustrated
through a qualitative case study on trail running shoe design across three integration levels,
identifying substantial consolidation potential while establishing the foundation for future
quantitative validation. Unlike existing approaches limited to part-level redesign, this
framework traces detailed consolidation decisions back to product architecture trade-offs,
clarifying redesign scope and validation rigor required at each integration level. By opera-
tionalizing the relationship between functional decomposition, physical architecture, and
MMAM capabilities, this framework provides designers with structured decision pathways
to balance consolidation benefits against redesign complexity at each design phase.

Keywords: Multi-Material Additive Manufacturing (MMAM); Design for MMAM (DfM-
MAM); Level of Process Integration (LPI); product architecture; part consolidation; function
sharing; function combination

1. Introduction

The design of complex products involving multiple materials presents a transforma-
tive opportunity enabled by advances in MMAM. As performance demands grow and
manufacturing capabilities expand, engineers are increasingly tasked with integrating ma-
terials possessing distinct and sometimes conflicting properties into cohesive products [1].
In multi-material systems, this integration is particularly challenging, requiring careful
management of material transitions and the nesting of independent functions without
relying on traditional interfaces or adding unnecessary bulk [2]. While MMAM enables
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cost-effective manufacturing of geometrically complex parts and offers the ability to tailor
material composition and allocations to their functional roles [3,4], current software tools
and design methodologies remain insufficiently mature [5,6]. Despite significant research
into process innovation [7], industrial scalability [8], and material modeling [9], compara-
tively little work has been directed toward upstream MMAM design methodologies [6]
that include structured design protocols, design rules, and decision-making tools tailored
for multi-material systems [1]. Consequently, the goal in MMAM should be to define a
product architecture, or in the case of redesign, a bill of materials (BoM), that is minimal
yet functional and manufacturable within a single print job [10,11].

The literature predominantly addresses detailed design phases, employing Design
for Manufacturing (DfM) and Assembly (DfA) principles [12] through strategies such as
part consolidation and function sharing [10,11,13-16]. However, design tools that support
functional sharing, feasible function combination, and architectural definition remain less
developed. Existing design process models [17] provide an organized series of phases and
stages, yet they lack dedicated guidelines to assess whether DEIMMAM can be introduced
without limiting the design space. For example, Heitkamp et al. [18] propose a continuous
fiber reinforced additive manufacturing (AM) design process model offering valuable
process-oriented guidance; however, the early introduction of manufacturing constraints
during conceptual design can prematurely restrict the design space, limit exploration of
alternative functional principles, and inhibit innovation.

Furthermore, MMAM can couple multiple functions within the same volume, increas-
ing the risk of failure, a challenge that Axiomatic Design’s [19,20] independence axiom
directly addresses by dictating that functional requirements (FRs) be maintained indepen-
dently. Recent research has explored multiple approaches: Wargnier et al. [13] propose
early material categorization based on FRs to streamline design, yet this approach may
inadvertently constrain alternative solutions and compromise functional independence.
Yang et al. [21] present a consistent-assembly/reduced-assembly (CA/RA) framework
emphasizing early functional analysis and explicit identification of functional sets before
structural optimization, though formal decision support for consolidation limits remains
limited. Sossou et al. [11] introduce an assembly-oriented design framework spanning
conceptual through detailed design with emphasis on minimizing assembly, yet this frame-
work places limited emphasis on MMAM'’s conceptual potential and lacks systematic
tools for assessing multi-functionality without coupling during early design stages. Yang
etal. [22] argue that AM’s conceptual design impact is fundamentally constrained by the
nature of innovation itself. AM enables incremental innovation by optimizing physical
forms, but cannot independently drive radical innovation because it does not alter core
working principles.

A persistent gap exists: existing frameworks provide valuable downstream decision
support but rarely enable reverse propagation of design implications from detailed part
consolidation back to early embodiment phases where critical performance and robustness
factors originate. This paper addresses this gap by proposing a systematic methodology
for MMAM that extends the conventional design process model by Pahl and Beitz [23]
(conceptual, embodiment, and detailed design) with a reverse-traced workflow. By tracing
DfMMAM guidelines in reverse, this approach facilitates evaluation of consolidation, func-
tional combination, and independence strategies where critical performance and robustness
factors originate, thereby linking detailed consolidation decisions back to product architec-
ture trade-offs. While the proposed reverse-traced workflow is conceptually applicable to
various product domains, its value emerges in multi-material systems where functional
complexity and material transitions are critical, such as advanced footwear, aerospace and
automotive components, medical devices, and thermal management systems.
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The investigation seeks to answer four key research questions:

e (RQ1) How can parts be consolidated without compromising the independence of
functional requirements?

e (RQ2) Which criteria should govern part merging, and to what extent are these criteria
generalizable across applications?

e (RQ3) How should functional integration rules be applied at each phase of the
design process?

o (RQ4) At what points in the workflow do these integration rules most effectively
ensure both performance and manufacturability?

By addressing these questions, the proposed approach aims to formulate design
strategies that preserve functional clarity, support robust design, and fully exploit the
design potential of MMAM technologies [1,2].

The innovation content of the proposed methodology compared to the state of the
art consists of three elements: (1) function sharing and hybrid material decision-making
workflows that embed systematic decision-making prior to function allocation and during
embodiment design, enabling hybrid material solutions without compromising functional
independence; (2) assembly consolidation decision-making workflows that employ an
iterative design process synchronizing material, process selections, and assembly strategies;
and (3) a reverse design workflow with LPI framework that classifies redesign scope
according to design novelty (variant, adaptive, original design), clarifying which decisions
must be preserved and where design freedom exists at each level.

The key novelty compared to prior work lies in three critical aspects. First, unlike
Wargnier et al. [13], which employs early material categorization that may constrain func-
tional exploration, this framework delays material decisions until function sharing and
combination are established, preserving design freedom. Second, unlike Yang et al.’s [21]
CA/RA approach, which emphasizes early functional analysis but lacks formal decision
support for consolidation limits, this methodology provides structured workflows for
determining which functions can be co-located while maintaining functional independence
through zone-specific design parameters. Third, unlike Sossou et al. [11], which focuses
on assembly minimization through functional interface connection but underemphasizes
MMAM'’s conceptual potential, this reverse-traced workflow explicitly links detailed con-
solidation decisions back to product architecture trade-offs across three explicit LPIs. The
fundamental differentiator is the reverse propagation of design implications from detailed
design back to embodiment and conceptual phases, enabling designers to assess consolida-
tion feasibility against higher-level functional requirements from the outset, rather than
accepting early decisions as fixed constraints.

2. Methodology and Theoretical Framework

The methodology follows three steps. First, the conventional design process is de-
scribed. It covers conceptual design, embodiment design, and detailed design. Second,
MMAM opportunities and constraints are shown at each design phase. Third, a reverse
workflow is introduced. This workflow starts with detailed design and moves backward
toward conceptual design. Moving backward helps designers connect part-level deci-
sions to high-level requirements and customer needs, ensuring the design remains robust.
By identifying which decisions affect higher levels through LP], this approach enables
designers to understand their own design type and choose appropriate strategies.

2.1. Conventional Design Process

The design process [24] encompasses the following phases: conceptual design, embod-
iment design, and detailed design:
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The conceptual design phase begins with the needs analysis phase that gathers cus-
tomer requirements (CRs) and project constraints and defines the functional require-
ments (FRs) and nonfunctional requirements (NFRs) of the product [25,26]. FRs
specify what the product must do, and NFRs express how well the product should
perform its functions, including constraints such as reliability, maintainability, us-
ability, performance thresholds, and compliance requirements from legislation and
standards. Design Criteria (DCs) are constructed from NFRs as measurable, quan-
tifiable specifications that operationalize each NFR into explicit targets or thresholds.
DCs form the fundamental basis for design decision-making across all design phases
and enable systematic trade-offs and traceability. The concept generation phase serves
as a bridge between understanding the problem and defining viable solutions. This
process translates FRs into functions and explores solutions as a combination of work-
ing principles that address those functions. The functions can be seen as a black box
that processes flows. Those flows connect functions and can be described as a flow of
signal, material, and energy. The network of functions connected by flows refers to a
structure. Based on the abstraction levels, the structure can be detailed and narrow
the solution space. Indeed, begin with high-level functions that are decomposed into
sub-functions based on the context and constraints, thereby reducing the level of
abstraction. This decomposition enables the refinement of solutions, whereby the
sub-functions are associated with physical or digital entities called design parameters
(DPs) [19,20,27,28]. DPs are defined as parameters that govern the solutions, enabling
satisfaction of the specified FRs. This process refers in the literature to Functional
Modeling [29], and the functions and flows can be described using ontology as the
Functional Basis proposed by Stone et al. [30]. When solutions are defined using
function-flow pairs, they can be translated into mathematical forms for analysis, pro-
viding neutral comparison methods for different solutions. The output of this phase
is a concept with its functional architecture and DPs.

The embodiment design phase [23] translates functional architecture into physical
architecture by defining spatial arrangement, interfaces, materials, and manufacturing
processes for each product component. Physical architecture development follows
three main stages: allocating functions to components through activities such as
function sharing and combination; defining functional interfaces and spatial arrange-
ments using bounding volumes and geometric envelopes; and implementing auxiliary
functions (e.g., thermal management, environmental protections, and maintenance).
Functions to components are basically the association of the functions with the com-
ponents that physically or digitally realize them. In this stage, the notion of a module
is defined. There can be two main situations in the creation of modules in the product:
the association of one function to one component (modular architecture) and the
association of multiple functions to one component (integral architecture). Different
perspectives can be used for this allocation decision, such as supply chain or product
variety, but among them, two distinct methods are based on a function’s perspective.
Function sharing joins similar functions into a shared DP when they handle similar
flows and targets under matching DCs. Whereas, function combination integrates
distinct functions into the same component, assigning multiple DPs before finalizing
spatial arrangements. Functional interfaces, which may passively transmit or actively
transform flows, also establish component positioning and orientation. Interfaces
can be classified according to interaction type [31]: through-flow, in which the flow
passes through the interface unchanged; diverging flow, in which the flow is split or
separated; or converging flow, in which multiple flows are combined. Material and
manufacturing process selection involves a bidirectional trade-off with the definition
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of the physical architecture; the function defines material property regions, materials
constrain process options, and process choice determines shape, size, quality, and cost.
Process variables (PVs), material and process selections, are progressively defined
across embodiment and detailed design phases: at embodiment design, process and
material subclasses are selected; at detailed design, process and material members
(e.g., layer thickness, build orientation, specific material grade, processing conditions)
are specified. Finally, component consolidation strategies evaluate geometric adja-
cency, relative motion, process subclass, and material compatibility to merge, embed,
or assemble components, looping through material or process changes if necessary.
The output of this phase is the physical architecture (layout defined by component
allocation and orientation and interfaces), the selected material and process subclass
for each component, and the assembly strategy.

3. The detailed design phase [23] aims to convert the components established during
embodiment design into precise, production-ready specifications. Material and pro-
cess selections continue to follow the previously outlined methodology, while Design
for Excellence (DfX) principles [32] are applied to suit the chosen process and material
members. It involves the specification of all product parts, including geometries,
tolerances, materials, and PVs [19,20,27,28]. It concludes with the preparation of the
complete technical documentation. Additionally, components may be subdivided into
parts, or new parts can be introduced to accommodate assembly requirements; for
instance, separate fasteners (e.g., screws or clips) or subassemblies may be specified
to ensure correct fit, ease of assembly or manufacture, and reliable function in the
final product. Additionally, low-level DCs guide geometry optimization, while PVs
support the setup of manufacturing conditions to achieve the desired product require-
ments and define the material member (e.g., the specific supplier-grade material) and
the process member (e.g., the exact machine or tooling used for production).

2.2. Reversing the Design Process to Enable DMMAM

Reversing the design process to enable DIMMAM leads to the identification of three
key levels of abstractions where MMAM affects the workflow at different stages (Figure 1).
These levels are used to answer RQ1-RQ3, each highlighting how MMAM alters design
decisions and introduces specific constraints and opportunities. This forms the basis for
addressing RQ4.

MMAM enables the design and manufacturing of geometrically complex components
that are difficult or impossible to produce using conventional processes. This capabil-
ity opens new opportunities for higher-performing, innovative products. Four types of
complexity can be leveraged through MMAM, each corresponding to a design dimen-
sion [33,34]: shape complexity, process complexity, material complexity, and functional
complexity. Among these, MMAM’s process complexity offers distinctive advantages com-
pared to conventional manufacturing. These include reduced assembly steps, shortened
lead times, simplified supply chains, agile distributed manufacturing, and the ability to
manage small production batches [33]. Table 1 presents the design opportunities available
through the remaining three complexity dimensions (shape, material, and function), each
with corresponding examples.

While Table 1 highlights the opportunities, the realization of these benefits is strictly
governed by material compatibility. The potential of MMAM is as diverse as the material
combinations it enables, spanning metal-metal, polymer—polymer, ceramic—ceramic, and
hybrid pairings, yet miscibility remains a critical constraint [35,36].
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Table 1. Capabilities and opportunities of the MMAM process.
AM Unique .
Capabilities Opportunities Example
Part consolidation and
Tailored geometry to embodiment for a reduced BoM.
Shape . . .
Complexity different contexts and at Custom-designed geometries.
different scales. Tailored mesostructures and
part-scale macrostructures.
A hybrid material that satisfies
multiple conflicting requirements.
Material Tailored material FGM to tailor the transition and
Complexity composition. enable the combination of
incompatible materials. Tailored
nano-/microstructures.
Functions sharing and
Functional Tailored functions combinations. More functions are
Complexity allocations. associated with the same

component.

For example, in metal-metal combinations, miscibility is determined by mixing en-
thalpy and electrochemical potential; positive mixing enthalpy leads to pseudo-alloys that
may require intermediate gradient layers to prevent brittle intermetallic phases [37,38].
For polymer-polymer combinations, adhesion is dictated by chemical affinity (predictable
via Hansen Solubility Parameters) and thermal compatibility [39]. Specifically, processing
temperatures (melting and glass-transition temperature) must align, and Coefficients of
Thermal Expansion (CTE) must be matched to prevent residual stress. Significant mis-
matches in shrinkage, particularly between amorphous and semi-crystalline polymers,
require mitigation strategies such as mechanical interlocking, compatibilizers, or gradient
transitions [40]. Finally, designers must weigh these integration benefits against sustain-
ability, as the fusion of dissimilar materials significantly complicates end-of-life recycling
and separation.

To quantify the influence of a bottom-up design approach, the LPI index is introduced.
The LPI indicates the level of abstraction at which the design must adapt while preserving
decisions from conceptualization through product realization. Pahl and Beitz [23] identify
three degrees of design novelty. Original design solves new tasks using new solution
principles or novel combinations of known principles, encompassing both inventions (truly
new solutions grounded in current scientific insight) and innovations (new functions or
properties achieved by recombining existing solutions). Adaptive design retains established
solution principles while adapting the embodiment to new requirements and constraints;
where necessary, individual assemblies or components may demand original design effort,
but the overall principle remains unchanged, with emphasis on shape, process, and mate-
rials. Variant design alters sizes and arrangements within established product structures.
Original design effort is needed only once, after which subsequent orders mainly adjust
dimensions, often termed “principle design” or “design with fixed principle”.

Within this work, the LPI scale follows these categories:

e  LPI-1 (variant design, part level). The product is redesigned for MMAM while keeping
the physical and functional architecture and the material subclasses unchanged;
only part geometry and process variables vary. This corresponds to CA in Yang
et al. [21] and is consistent with Sossou et al.’s use of CA-type adaptations when
architecture is preserved.
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Abstraction

e  LPI-2 (adaptive design, assembly level). Design freedom increases to permit alterna-
tive assembly strategies via embodiment changes or component consolidation, and
to allow modification of the material subclass, while the functional architecture and
the locations and orientations of functions and DPs remain fixed. This aligns with RA
in Yang et al. [21] and with Sossou et al.’s [10] architecture-minimization procedures
under process-aware constraints.

e  LPI-3 (adaptive design, function level). Design freedom is highest: the functional
architecture remains fixed, but function locations and orientations can be reassigned,
enabling co-location of multiple functions within the same component volume and
the use of hybrid-material solutions to reconcile conflicting requirements in a single
bulk. This tier is conceptually compatible with the advanced integration capabilities
discussed by Sossou et al. [10], and it extends beyond CA/RA by explicitly sanction-
ing function replacement and hybridization to achieve an integral, multifunctional
product in one design space.

Because the LPI framework operates within established working principles, MMAM
under LPI cannot attain the original design, which requires introducing new solution
principles rather than adapting existing ones. Indeed, a comprehensive review confirms
that established approaches for function integration in AM focus on adaptive and variant
design levels [41]. Nevertheless, MMAM-enabled functional integration can simplify
the functional architecture by combining decoupled functions into fewer, higher-order
functions; this reduced function structure can inform more compact conceptual solutions
and, in subsequent development, support new combinations of solution principles to satisfy
high-level functions [33].

DETAILED DESIGN

+ Geometrical Models

2. Definition
of Materials

1. Definition | —, 3. Definition * Bom

of Technical of Parts + Technical Documentations
Documents . aﬁelrzgsfss Geometries «  Material And Process
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Figure 1. Systematic methodology framework: conventional design process extended with reverse-
traced workflow for support of DFIMMAM.

2.2.1. LPI-1: Variant Design—Part Level

In this level, parts can be reproduced using different manufacturing processes if their
dimensional, geometrical characteristics, and material subclass are maintained. This en-
sures the product meets the high-level requirements of the original design and delivers
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the required performance to satisfy the customer’s needs. During detailed design, com-
ponents may be subdivided based on the assembly strategy and manufacturing process
constraints through DfX guidelines. Afterwards, the consolidation of parts that come
from different components could inadvertently introduce coupling between previously
independent functions, which must be avoided. Part consolidation should be guided by
ensuring spatial adjacency and no relative motion, preservation of functional independence,
and compatibility of materials and manufacturing processes (RQ2). Other factors include
manufacturability constraints and DfX principles like ease of maintenance and disassembly.

While these criteria broadly apply across industries, their priority and application
depend on the specific product and context. For instance, material selection in this level is
limited to the original material subclass to maintain MMAM compatibility and satisfy DCs.

When consolidation is feasible, the combined geometry should be redesigned ac-
cording to DIMMAM principles. For example, fixed joining methods such as adhesive
bonding and welding can be avoided when the merged parts share the same material or
replaced with graded transitions or mechanical interlocks tailored for MMAM. In prac-
tice, DEIMMAM lets the joining strategy be redesigned: merge parts if the material is the
same or connect dissimilar materials through interlocks or graded zones. This enables
the fabrication of a multi-material, multifunctional component in a single print without a
joining process.

2.2.2. LPI-2: Adaptive Design—Assembly Level

This level is characterized by the process of component consolidation (Figure 2), which
is used to define the assembly approach, whether it results in a consolidated assembly;,
an embedded assembly, or a regular one. In this case, the physical architecture remains
unchanged. The functional decomposition and allocation of low-level FRs to components,
and the spatial arrangement of components, are preserved. Since the functions are already
linked to specific components and the functional interfaces are defined, the design approach
at this level focuses on consolidation based on those interfaces. This can follow two main
paths: component consolidation, where components made of the same or compatible
materials are merged into a single part, or embedded design, where one component is
created with another embedded within it.

Are the
components
relative
move?

Can the
process be
changed?

Can the
material be
changed?

Can the
components
embed?

Have the
same Process
Subclass?

no

Have the Can be Regular
same Material the materials assembly
Subclass? combined?
Assembly with List of
Consolidated compgg?nt components,
assembly embedding with material
T | and process
] subclass
Update the unchanged
list as one
component

Figure 2. Systematic decision-making workflow for component consolidation.
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2.2.3. LPI-3: Adaptive Design—Function Level

In the last level, MMAM bridges the functional and physical architectures by deter-
mining which components carry which functions. While the functional architecture is estab-
lished early, the physical layout, how functions are spatially arranged within components,
remains flexible, allowing multiple functions to be integrated into single, multifunctional
components. This integration enables the development of hybrid materials tailored to the
spatial distribution of functions, influenced by DPs, DCs, and architecture drivers.

At the conceptual design phase, function combination is deliberately avoided to
preserve design freedom and encourage innovation; the focus is on defining a functional
architecture without limiting the physical solution space. During embodiment design, the
functional architecture guides a function-sharing analysis to identify similar functions that
can be grouped within a single DP.

In the literature [33,42], function-sharing is often used broadly to describe any instance
of a single part performing multiple functions. However, to support the specific decision-
making of this framework, a distinction is made: function sharing is defined here as the
consolidation of similar functions (redundancy reduction) into a single DP (Figure 3),
whereas function combination refers to the integration of distinct functions into a unified
component volume, enabled by the spatial variation in material properties.

Function similarity [43,44] is defined by the flow characteristics and by the Function
Basis ontology [30], which provides an ontology for functions and flows (Figure 3). At the
tertiary level, functions and flows are described in detail due to deeper decomposition.
Secondary functions give a mathematical connotation to the second level, while tertiary
functions specify the flows and definitions that point to the relevant technologies or physical
principles. Tertiary functions with the same input and output flows are treated as similar.
If two functions act on the same flow with the same target inputs and outputs, they
are identical and can be merged to enable function sharing. When the functions have
different DCs, choose according to the most restrictive DCs or a combination of them;
consider an alternative solution that allows a revised decomposition to recover functional
similarity. If this cannot be achieved, keep the functions distinct and evaluate other pairs
for possible merging.

This process simplifies functional allocation, ideally achieving a one-to-one mapping
between components and dominant functions.

Once function similarity is established, multiple decoupled functions can be com-
bined into one component while respecting their independence, enabling the creation of
multifunctional, hybrid designs (Figure 4).

This approach produces fully integrated components where distinct functions are
controlled independently by their own DPs, enhancing the efficiency and capabilities
enabled by MMAM.

A modular strategy, Otto and Wood [45] can guide how to combine functions and
where to place interfaces along the flow: the dominant-flow heuristic groups functions
that share one uninterrupted flow into a single component; the conversion-transmission
heuristic groups a conversion step with its immediate transmission path; and the branching-
flow heuristic places interfaces where flows split or join. In addition, tools such as the design
structure matrix (DSM), dendrograms, and node-link diagrams highlight connectivity
based on component adjacency or functional relations, helping identify functions that can
be combined.
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Figure 3. Systematic decision-making workflow for function sharing.
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Figure 4. Systematic decision-making workflows for hybrid material solution identification.

3. Case Study: Trail Running Shoe Using Reverse-Traced Workflow

The case study is based on a generic trail running shoe. While a multi-case approach
across different product domains would strengthen generalizability, this product was
selected for its functional complexity with 25 components subdivided into multiple parts,
which exercises the methodology across all three LPIlevels. Future work will systematically
extend this framework to aerospace, medical, and automotive applications.

In the beginning, a description of a conventional design process is presented to describe
a trail running shoe across the design phase. Then, the reverse workflow begins backwards
with the detailed design that has as input the technical documentation that defines technical
requirements, materials, and manufacturing process members, and the geometric model of
the trail running shoe parts.
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3.1. Design Based on Conventional Design Process

The case study illustrates the application of the design process model described in
this work, presenting its implementation in the context of a trail running shoe. The needs
analysis begins with an examination of the Voice of the Customer (VoC), based on feedback
from the target market segment in which the company aims to position itself [46]. This
process identifies customer needs, which are then translated into CRs. Additional CRs are
derived from the expectations of internal and external stakeholders relevant to the project.
The detailed analysis phase is not presented in this work; instead, a representative set of
CRs is provided as an example.

CR1: The shoe must prevent injuries from rocks, roots, and sharp objects.
CR2: The shoe must withstand rough usage.

CR3: The shoe must prevent ankle twisting or rolling.

CR4: The shoe should support the foot on uneven terrain.

e  CRb5: The shoe should reduce the shock transferred to the foot to prevent fatigue.
e  CRé6: The shoe shall distribute forces evenly to optimize user experience.

e CRn...

Next, those CRs are translated into FRs and NFRs to derive functions and DCs to give
direction to the design process, reflecting the operational requirement of the trail running
shoe, which is to enable users to safely and comfortably traverse off-road environments
under varying terrain and weather conditions while supporting performance, protection,
and adaptability throughout outdoor usage scenarios.

For example, CR1 can be translated into FR1: Protect the foot from external impacts,
where the constraints can be NFR1: Maximize localized impact force and penetration depth.

CR5 and CR6 can be translated into FR5: Stabilize the foot during movement, where
the constraints can be NFR5: Energy absorption efficiency.

Based on the identified high-level FRs and NFRs, the conceptual design phase
established their correspondence with the high-level systems representing the top-tier
DPs: Protective System, Movement Control System, Energy-Absorbing System, Ground-
Interfacing System, User-Adjustable System, Weather-Resilient System, and Pressure
Distribution System.

Abstraction governs the level of decomposition throughout the conceptual design
phase. For example, most shoes currently on the market adopt similar functional solutions
for the user adjusting system, typically a traditional lacing mechanism. Increasing the level
of abstraction allows designers to reconsider this function and explore alternative solutions,
such as the BOA closure system.

The conceptual design phase delivers the selected concept with its functional archi-
tecture up to the second level of decomposition, together with the product specification
defined as FRs and their related DCs. The embodiment design then uses this information
to define the third level of function decomposition and the physical architecture: allocation
of functions to components, product layout as the spatial location and orientation of com-
ponents and their physical interfaces, and the selection of materials, manufacturing, and
assembly processes down to the subclass level.

In the case of a trail running shoe, the physical architecture can be described as follows:
the bottom layer consists of the outsole at the base with tread lugs on its exterior surface, a
shank plate embedded between the outsole and midsole in the midfoot region, and a heel
crash pad integrated into the rear portion above the outsole. The middle layer features
the midsole spanning the full shoe length, with energy-return pods embedded within
specific zones, a medial post inserted on the inner side, and the insole positioned directly
on top. The upper layer encompasses flexible parts wrapping around the foot’s perimeter,
protective overlays bonded to the exterior surface, a toe cap covering the front, a rigid heel
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counter placed at the back, side reinforcements integrated laterally and medially, a tongue
positioned beneath the laces between the upper sides, laces running along the instep, a
collar surrounding the ankle opening, a waterproof membrane laminated within the upper
layers, and breathability zones distributed across selected upper regions.

The BoM for the reference trail running shoe is summarized below. For each compo-
nent, the table reports the selected material subclass together with the shaping and joining
process subclasses used in the baseline architecture (Table 2).

Table 2. Materials and process subclasses for trail running shoe components.

Material Shaping Process ..
Components Subclass Subelass Joining Process Subclass
Breathability Zones Polyamide mesh Cutting Lamination
Expanded
Waterproof Membrane polytetrafluoroethylene Cutting Lamination
membrane
Protective Overlays Thermoplastic Injection moldin Adhesive Dispensin
polyurethane & P 8
Outer Polyamide mesh Cutting Adhesive Dlspen51ng,
Sewing
Toe Ca Thermoplastic Thermoformin Adhesive Dispensin
p polyurethane & P &
Side Reinforcements Thermoplastic Cutting Polymer welding
polyurethane
Laces Polyamide Braiding Eyelet
Tongue Polyamide mesh Cutting Sewing
Collar Polyamide mesh Cutting Sewing
. Thermoplastic . .
Flexible Upper Parts polyurethane Cutting Sewing
Cushioning (liner) Polyurethane Cutting Adhesive Dispensing
. Thermoplastic " . . . .
Rigid Heel Counter polyurethane Injection molding Adhesive Dispensing
Shank Plate Glass fiber-reinforced Compression molding Adhesive Dispensing
polymer
Heel Crash Pad Ethylene-vinyl acetate Compression molding Adhesive Dispensing
Insole Ethylene-vinyl acetate Cutting Adhesive Dispensing
Midsole Ethylene-vinyl acetate Compression molding Adhesive Dispensing
Medial Post Ethylene-vinyl acetate Compression molding Adhesive Dispensing
Thermoplastic - . . . .
Energy-Return Pods polyurethane Injection molding Adhesive Dispensing
Outsole Styrene-butadiene rubber Compression molding Adhesive Dispensing
Multi-Zone Tread Lugs Styrene-butadiene rubber Compression molding Adhesive Dispensing

Finally, in the detailed design, the component geometries are tailored to the DCs and
the PVs and may be divided into parts to satisfy process constraints. For example, the outer
layer and the flexible upper are made by cutting pieces from a textile sheet and assembling
them by sewing and adhesive bonding. To optimize the process and achieve the final
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geometry, these components are split into multiple parts, which are then assembled with
the other shoe components.

3.2. Design Based on Reverse-Traced Workflow

The reverse workflow runs backward through the design process and considers three
levels where applying MMAM gives the designer extra freedom without changing the
decisions already made from high-level needs to product-level, detailed information. These
limitations are directly reflected in the types of decisions that can be made across the
three levels (Table 3). To preserve those decisions, the redesign maintains the functional
architecture, and the changes allowed depend on the abstraction level and the information
available. In LP-1, constraints include the functional architecture, interfaces, component
locations/orientations, assemblies, and material subclass; design freedom includes ma-
terial members, part shape, and parts/assembly details, enabling opportunities such as
part consolidation and refined part geometry. In LPI-2, constraints include the func-
tional architecture, interfaces, and component locations/orientations; design freedom
includes component assembly, material subclass, interfaces, and component placement,
enabling opportunities such as component consolidation. In LPI-3, the main constraint
is the functional architecture; design freedom includes material family and high-level
interface placement, enabling opportunities such as combining functions and proposing
hybrid-material solutions.

Table 3. Summary of key constraints, freedom, and opportunities along LPI levels.

Design Phase Detailed Design Embodiment Design
LPI Level LPI-1 LPI-2 LPI-3
Functional
architecture .
. Functional
Functional .
. architecture
interfaces -
Functional .
. Component . Functional
Constrain ; interfaces .
location and architecture
. . Component
orientation -
location and
Component - .
orientation
assembly
Material subclass
Functional
Material member Component Interfaces
Component
Freedom Part shape assembly ;
. location and
Parts assembly Material subclass . .
orientation
Material family
Function
Obportunit Part consolidation Component combination
PP y Part geometry consolidation Hybrid material
solution

3.2.1. LPI-1: Trail Running Shoe—Part Level

This level operates at the detailed design phase and assumes the functional and physi-
cal architectures are already defined. The objective is to reproduce existing parts via AM
without altering the physical and functional architecture, then evaluate functional uncou-
pled consolidation at the part level, ensuring that functional independence is preserved
and that DCs for FRs/NFRs remain satisfied.
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In a trail running shoe, the modular architecture supports decoupling between FRs-
DPs, enabling consolidation of physically adjacent components that exhibit no relative
motion, such as the midsole, energy-return pods, shank plate, outsole, and multi-zone
tread lugs. To consolidate parts without compromising functional independence (RQ1), it
is essential to know the original component affiliation of each part.

The midsole is used as an example; it concentrates the energy absorption, recovery,
and pressure distribution requirements that are central to trail footwear performance. The
midsole material subclass is Ethylene-Vinyl Acetate (EVA) with 20% Vinyl Acetate (VA);
the midsole geometry is designed for injection molding to achieve DCs such as energy
absorption (e.g., >50% of the impact force), recovery time (<0.3 s at 50% strain), pressure
uniformity (e.g., variance < 15% across plantar regions), and local compression limits
governed by Shore hardness. The redesign for DEIMMAM replaces molding with an AM
direction (e.g., FFF) while retaining geometry and material subclass equivalence; molding
PVs (e.g., foaming ratio, expansion temperature, cooling rate) are substituted with AM
PVs (e.g., layer thickness, slicing parameters, build orientation). Consolidation is then
considered between the midsole and the energy-return pods only if three conditions are
simultaneously met: geometric adjacency with no required relative motion; compatibility
of material and process subclasses; and explicit protection of FR-DP independence so that
tuning rebound via lattice density does not force retuning pressure distribution via zonal
thickness. When merging is admitted, local interlocks or graded transitions replace the
former interface, preventing stress concentrations and delamination. If any DP sensitivity
analysis reveals coupling advantages, the parts remain separate. This level thus delivers
AM part files (e.g., 3MF [47]) that support the design information related to the material
distribution, PV tables mapped to the original FRs/NFRs, and minimal interface redesign
features while keeping the architecture unchanged and the reverse-workflow trace intact.

3.2.2. LPI-2: Trail Running Shoe—Assembly Level

This level operates in the embodiment design phase and keeps the product architecture
unchanged. The mapping of functions to components and their spatial layout remains the
same. The objective is to reduce assembly by consolidating components across suitable
interfaces or by adopting embedded assemblies. Decisions follow an interface-led sequence.
Figure 5 presents a connectivity graph on the relationship between the components that
describes the type of flow at the interfaces and the density of the connections. This infor-
mation helps ensure compatibility and synergy between interacting systems and aids in
identifying points where modular separation or functional combination is most effective.

In the trail running shoe, the sole offers a clear application of this approach while
preserving the architecture.

In this level, functionally graded lattice structures, where properties vary according to
shape and relative density, can be considered equivalent to graded materials.

The midsole originally molded in EVA can be redesigned using lattice structures
tailored to fulfill the required functions, such as impact energy absorption. Bending-
dominated lattice structures like the octet lattice can be used for this purpose, and areas
like the heel counter can feature thicker lattice zones. By changing the lattice cell topology
locally, it is possible to tune stiffness, for instance, using a cubic close-cell lattice in the shank
plate area to provide higher torsional rigidity. Similarly, in the location of the energy return
pods, a lattice structure can be selected to improve energy return, like a diamond lattice.
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Breathability Zones

Waterproof Membrane

MR
Heel Crash Pad — ‘Midsn}z”""/
T Energy Pods
h Shank Plate” 1,,’ S - "l:rreadr;.ugs

Low density connection (<4) Medium density connection (4-6) High density connection (>6)

Figure 5. The diagram illustrates the relationships between various shoe components; lines represent
the physical interfaces, and nodes represent individual components, colored according to their
connection density.

All these lattice structures can be consolidated into a single part. The outsole, including
multi-zone tread lugs, can also be integrated into the same building using multi-material
printing techniques, such as combining stiffness gradients or mechanical interlocking strate-
gies. The result is a consolidated component fabricated in one build process, representing
a redefinition of geometry but not of the physical architecture, since the arrangement of
components and the allocation of functions remain the same. If the friction layer material
of the outsole is not compatible with the midsole’s process subclass, the outsole remains
a separate component and is joined with a high-shear adhesive. Where consolidation or
embedding is not admitted due to motion or compatibility, joining methods are selected
according to interface function and service needs; for example, eyelets are used for the laces
to the upper to preserve adjustability and durability. These choices align with the interface
roles and help avoid unwanted coupling.

Critically, LPI-2 consolidates components while preserving the fixed function alloca-
tion defined in the baseline design; the spatial zoning and lattice structures emerge as a
physical implementation strategy within unchanged functional boundaries. In contrast,
LPI-3 goes further by consolidating the functions themselves, merging tertiary function
identities through function sharing and combination, thereby changing the function-to-
component mapping itself.

The outputs of this level are an interface-based decision record for each candidate pair.
Independence is preserved by keeping separate DPs per function, for example, by verifying
that local lattice tuning does not force retuning of torsion or traction parameters.

3.2.3. LPI-3: Trail Running Shoe—Function Level

At this level, MMAM enables the integration of multiple independent functions into
single, multifunctional components through hybrid materials and spatial zoning. This
integration preserves functional independence by assigning separate DPs to each zone,
allowing distinct functions to be controlled independently despite physical co-location.

The LPI-3 approach operates in two sequential phases: first, function sharing identifies
and consolidates similar tertiary-level functions; second, function combination strategically
co-locates distinct functions within unified component volumes.

At LPI-3, the reverse workflow operates at the embodiment phase by reverse-tracing
the existing physical architecture back to its functional purpose. Starting from the
25 components documented in Table 4 with their interfaces and flows, tertiary-level func-
tions are extracted and mapped to show how each physical component currently imple-
ments functional behavior. This extraction process, moving from physical components
backwards to functional flows, identifies tertiary-level functions (Table 4), which represent
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the finest level of functional abstraction currently realized in the design. Simultaneously,

these tertiary functions are the highest abstraction level relative to physical architecture;

they describe what each component does within the existing layout, since multiple compo-

nents realize these functions across the existing shoe layout.

Table 4. Tertiary functional basis decomposition: Functions, Flows, DPs, and DCs for trail running

shoe components.

Components Functions Lev. 3 DPs Lev. 3 DCs Lev. 3
Import M.M. (admit air) . . .
Breathability Zones Inhibit S.L.M. (block splash) Mesh opening ar‘ch1tecture (grid Airflow passage capacity > 2 cm?/(s-cm?)
Export G.M. ( ¢ air) spacing)
port G.M. (export air
Extract G.M. to S.L.M. (block liquid, Membrane channel structure (passage ~ Channel passage allows vapor transmission
Waterproof Membrane Ppass vapor) width) > 1000 g/(m?-24 h)
. o . Overlay coverage pattern (spatial area Tear strength > 45N
Protective Overlays Inhibit M.E. (external protection) distribution) Abrasion > 10,000 cycles
o Outer shell structure (coverage pattern Coverage area > 95% of dorsal surface,
Outer Inhibit S.L.M. (coverage) and surface integrity profile) Abrasion > 10,000 cycles
Toe Cap Inhibit M.E. (protect toes) Shell dome structure (radial wall Deflection angle < 15°, Abrasion > 10,000

curvature)

cycles, Impact resist > 50 J

Side Reinforcements

Inhibit M.E. (lateral bracing)

Geometric profile and thickness
distribution

Lateral displacement < 5 mm in dynamic
motion
Abrasion > 10,000 cycles

Spacing architecture and sizing

Eyelet spacing supports easy

Laces Import H.M. (enable closure) topology lacing,/ unlacing
Slot distribution pattern and buffer Tongue pressure < 75 kPa under lacing,
Tongue Import Tac. S. (buffer laces) topology Abrasion > 100,000 cycles
Circumferential support profile and Collar pressure < 50 kPa around ankle,
Collar Secure HM. (comfort hold) contact topology Abrasion > 10,000 cycles

Flexible Upper Parts (vamp)

Secure H.M. (allow motion)

Dorsal-to-ventral profile and opening
topology

Flex zones support > 30° dorsiflexion, Flex

cycles and Abrasion > 100,000.

Cushioning (liner)

Shape M.E. (offload laterals)

Cushion layer thickness distribution
(thickness profile across surface)

Peak pressure < 150 kPa on lateral surfaces,

compression set < 8% after 100,000 cycles

Cushion layer thickness distribution

Flex-zone position and thickness control <5

Rigid Heel Counter Convert FLE.to M.E. (stabilize heel) (thickness profile across surface) mm heel displacement at 50 N load
Shank Plate Transmit M.E. (torsion control) Shank plate cross-section profile and Cross-section shapfz provi_dfes_z 15
contact area. Nm/degree torsional rigidity
Heel Crash Pad Shape M.E. (attenuate heel impact) Heel crash wedgfs shape (yvedge angle Wedge profﬂg achlevgs 2 50% energy
and height profile) absorption during impact
S Insole contact area and arch structure Peak plantar pressure < 280 kPa during gait,
Insole Shape M.E. (distribute load) (arch rise profile across length) compression set < 8% after 100,000 cycles
Energy absorption > 50%, Abrasion >
. Midsole contour shape (curvature and 100,000 cycles, compression set < 8% after
Midsole Shape MLE. (attenuate shock) thickness profile) 100 000 cycles,
hardness 45 Asker C
Medial ¢ octi h Medial stiffness > 2 x lateral in rearfoot,
Medial Post Shape MLE. (limit pronation) cdial post projection shape Abrasion > 10,000 cycles, compression set <

(projection depth and angle)

8% after 100 000 cycles

Energy-Return Pods

Collect MLE. (store energy)

Energy pod cavity structure (cavity
shape and spatial arrangement)

Energy return efficiency > 60%

Outsole

Transmit ML.E. (release energy to
ground interface)

Outsole base plate geometry (thickness
and surface profile)

Coefficient of friction > 0.65 on wet surfaces,

Abrasion > 100,000 cycles
hardness 70 Shore A

Multi-Zone Tread Lugs

Transmit MLE. (multi-direction grip)

Tread lug array structure (lug base
shape, height, and spacing pattern)

Grip > 0.7 coefficient in all directions,
Abrasion > 100,000 cycles

The objective at LPI-3 is to determine whether multiple tertiary functions (currently

dispersed across separate components) can be co-located into fewer, multifunctional com-

ponents using MMAM'’s hybrid-material capabilities, while preserving the functional

architecture (the relationships and independence of tertiary functions) and maintaining

each function’s independent DP control through spatial zoning. Table 4 documents all

tertiary-level functions extracted from the existing 25-component shoe design, mapped

to their corresponding components, DP, and DC. These functions are not derived from

top-down decomposition in this reverse workflow but rather reconstructed by analyzing
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how the physical shoe components currently implement functional behavior through their
interfaces and flows.
The functional model in Figure 6 is described as follows:

e  Import mixture material (M.M.) defines the interaction of the shoe with the external
environment, where the input flow is a mixture material (air, water, debris).

e  Extract gas material to solid/liquid/gas (S.L.G.M.), separate the gas material (air)
from the mixture to enable the ventilation of the foot, and then Export gas material
(G.M.) to the breathable air and moisture vapor out of the shoe within the function
Inhibit solid /liquid material (5.L.M.) that blocks the ingress of mud and water.

e  The interfaces with the user are defined by Import Human Material (H.M.) for the
foot entering the shoe and Import Human Energy (H.E.) to provide tension to the
lacing system and import tactile status signal (Tac. S.) for the user feedback via lacing
pressure, Convert (H.E. into MLE.) to convert the human force into tensile force at the
foot-shoe interface, and Secure (H.M.) to wrap the foot inside the shoe system.

e  Another interface with the user is defined by Import Human Energy (H.E.) to provide
motion to the foot and the interaction with the environment (also impact with external
forces), Convert (H.E. into M.E.) to convert the human force into mechanical force,
and Transmit (M.E.) mechanical energy through the sole and outer.

e  Then, Inhibit mechanical energy (Inhibit M.E.) arrests high-impact forces between the
foot and the environment, Shape (M.E.) mechanical energy absorbs impact energy
during the foot strike, Collect (M.E.) mechanical energy stores elastic energy, and
finally, Transmit (M.E.) mechanical energy provides rebound force returned to the
ground for propulsion.

Modules

M Air-Material Management module M Protection module

M User Interaction module M Energy Attenuation module

M Energy Conversion and Trasmission module M Energy Storage and Return module

Extract G.M. --->GM.
S.L.GM. - - >Import MM.- - - - - - - - > Export M.M.
= toSLM. L - P —> T.E. heat flow
|

|
HM.= - > Import M. - - - == == = === * - >Inhibit SLM. - -> SLM.

h
Tac, S. > Import Tac, S, t++-w-wwwswwsooseveecs |
|

> Inhibit M.E. —> Transaltional force M.E.

Convert H.E. "
into M.E.

H.force.E.—— Improt H.E. —>
| >Transaltional force M.E.
| T.E. heat flow

{> Shape MLE.

Convert H.E.
Heforce.E.——> Improt HE. into MLE. ME.

Transmit

b Collect M.E. ——> "2 Transaltional force M.
Legend Functional basis class (Primary)
H.E.= Human energy H.M.=Human material
M.E.= Mechanical energy Tac. S.= Tactile Signal Channel ] Support
TE=Thermal energy ~ M.M.= Mixture material Provision [ ] Branch
5.L.G.M.= Solid/liquid/gas material Magnitude

Figure 6. Tertiary functional model of trail running shoe. Box colors denote primary functional basis
classes; tertiary functions are connected by tertiary-level flows whose primary class is material, energy,
or signal. Functions are clustered using dominant-flow, conversion-transmission, and branching-flow
heuristics to define modules.

Function similarity at the tertiary level is determined by similar flow types and tertiary
function classes using the Functional Basis ontology. When two or more tertiary functions
extracted from different components act on the same flow with identical input-output
characteristics, they are candidates for function sharing, merging them under a shared DP.
When these similar functions have different DCs, the consolidated design must satisfy all
DCs simultaneously by reconciling them through spatial zoning and material gradation.
A key example is Shape M.E. (shaping mechanical energy), which appears in multiple
components across the shoe: Heel Crash Pad, Insole, Midsole, and Medial Post.
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All four components have identical tertiary function and flow, and they all transform
and shape mechanical energy flowing through the foot-ground interface. This makes them
candidates for function sharing.

However, their DCs differ due to distinct performance targets at each anatomical loca-
tion. Through function sharing, these four Shape M.E. functions merge into a single shared
DP (sole geometry), but the consolidated design must satisfy all four DCs simultaneously.
This is achieved through spatially graded lattice design with independent material configu-
rations per zone. This case was discussed in the LPI-2 regarding the combination of lattice
structures. And in LPI-1, each lattice zone can be controlled by its own independent DP
(lattice type, cell size, local density); tuning the heel lattice topology for absorption does not
force retuning the arch pressure response, and modifying forefoot rebound behavior does
not require changes to medial stiffness. This preserves functional independence despite
physical co-location within a single midsole/sole assembly. The four original components
(Heel Crash Pad, Insole, Midsole, and Medial Post) are now consolidated into a single
integrated sole, and sharing does not eliminate the different performance targets; instead,
it reconciles them through spatial material design.

This consolidation introduces a hierarchical DP structure: at the macro level, a single
shared DP governs the overall sole geometry and integration strategy; at the meso level,
spatially distinct sub-DPs control each zone’s lattice topology, density, and local material
properties. Independence is preserved because each sub-DP can be tuned without affecting
others; for example, modifying heel lattice density does not force retuning of forefoot
rebound behavior, even though all zones reside in one fabricated component.

After function sharing identifies and consolidates similar tertiary functions, distinct yet
decoupled functions can be physically combined into integrated modules while preserving
their independence. Modular heuristics guide where to place interfaces along functional
flows, determining which functions co-locate and which remain separate.

The module construction draws directly upon the third-level functional model (Fig-
ure 6) and employs six distinct modulus grouping heuristics:

1.  Dominant-Flow Heuristic: Air-Material Management Module: The four functions—
Import M.M., Extract G.M. to S.L.M., Export M.M., and Inhibit S.L.M.—operate on
a continuous, unbroken air-mixture material flow path. This path flows through
breathability zones, through the waterproof membrane, and then vents out backward,
with liquid blocking at each stage. The flow does not branch until the gas and
solid /liquid mixture are fully separated. Because these four tertiary functions share
one uninterrupted flow from entry to internal separation, they consolidate into a
single Air-Material Management Module. By clustering these functions, the design
achieves a cohesive module responsible for both ventilation and waterproofing.

2. Conversion-Transmission Heuristic: User Interaction and Transmission Module: Con-
vert H.E. to M.E. (Rigid Heel Counter) converts user force into mechanical force,
which is immediately transmitted via Transmit M.E. (Shank Plate). These sequen-
tial conversion-transmission functions have no branching between them; conversion
flows directly into transmission. The modular heuristic groups them into a single
Energy Conversion and Transmission Module, where force is converted at the heel
and transmitted through the midfoot in one physical assembly.

3. Branching-Flow Heuristic: Energy Modules: After primary mechanical energy trans-
mission, the functional flow diverges into three parallel branches, establishing natural
module boundaries: Protection, Energy Attenuation, Storage, and Return Module.

After function sharing identifies and consolidates similar tertiary functions into shared
DPs, the methodology proceeds to function combination, integrating distinct functions into
single modules despite their differing flow roles. This step follows the decision-making
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workflow (Figure 4) that guides when and how functions can be combined while preserving
independence through spatial zoning and hybrid materials.

One example is the Air-Material Management functions (Import M.M., Extract G.M.
to S.L.M., Export M.M., and Inhibit S.L.M.) operate on continuous air-mixture flows and
naturally consolidate into a single module through the dominant-flow heuristic. However,
function combination extends this further by integrating the Protective Module (Inhibit
M.E.) with the Air-Material Management Module despite their differing flow roles:

° Inhibit (S.L.M.) imposes a barrier to prevent solid and liquid material (mud, water)
from entering the shoe interior.

e  Inhibit (M.E.) imposes a zero-velocity boundary to arrest peak mechanical loads at
the toe and lateral surfaces.

Although these functions operate on different material flows (mixture material vs.
mechanical energy), both serve an external protection purpose. Following Figure 4’s
decision workflow, they can be combined into a unified Air Management and Protection
Module by assigning distinct spatial zones: breathability grids for air-mixture flow in
dorsal regions, waterproof barriers for underfoot contact, and impact-resistant outer shells
at toe and heel. Each zone maintains its own DP without functional coupling.

Similarly, function combination merges the Energy Attenuation Module (Shape M.E.
functions for absorption) and the Energy Storage and Return Module (Collect M.E. and
Transmit M.E. for elastic rebound and propulsion). These modules share the same mechan-
ical energy flow and output type, yet operate distinct functions:

e  Shape MLE. attenuates and absorbs impact energy.
e  Collect M.E. and Transmit M.E. capture, store, and return elastic energy for propulsion.

Using Figure 4’s decision workflow, these distinct tertiary functions are merged into a
single Energy Attenuation, Storage, and Return Module. Integrating them into one physical
assembly, a multifunctional sole (as the result in LPI-2), while preserving each function’s
separate DPs through spatial zoning.

Function combination achieves robust multifunctional designs through hybrid mate-
rial solutions with spatially graded properties. Each zone must operate under its own DP,
satisfying its distinct DC without introducing functional coupling. This approach enables
the consolidation of four separate components (Heel Crash Pad, Insole, Midsole, Medial
Post) performing Shape M.E. into one integrated structure, with six additional components
(energy-return pods, outsole, multi-zone tread lugs) contributing Collect M.E. and Transmit
M.E. functions within the same multifunctional volume.

The result of applying function sharing and function combination workflows (Figure 4)
is the consolidation of the trail running shoe’s original 25-component assembly into four
integrated functional modules:

e  Air Management and Protection module: Combines material-flow functions with
mechanical protection

e  Energy Conversion and Transmission module: Combines force input conversion with
transmission, structural support and torsional control.

e  User Interaction module: Combines user fitting, setting, and foot retention functions.

e  Energy Attenuation, Storage, and Return module: Integrates multiple Shape/Collect/
Transmit M.E. functions through spatial zoning.

At LPI-3, these four modules define the spatial layout and interfaces of the shoe
(Figure 7), establishing that multiple functions can be co-located within unified component
volumes while maintaining functional independence.
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Figure 7. LPI-3 trail running shoe spatial layout: four multifunctional modules from function sharing
and combination.

4. Discussion

The systematic methodology, incorporating a reverse-traced workflow and LPI frame-
work, integrates MMAM considerations throughout the product design process. The trail
running shoe case study demonstrates how the methodology assists design decisions
through qualitative application examples across the LPI levels. The reverse workflow
appears most effective for products with significant functional integration opportunities,
while simpler products with minimal consolidation potential may favor LPI-1 adjustments.
By addressing the four research questions posed in the introduction, the proposed approach
establishes a theoretical foundation for MMAM design methodology while identifying
critical gaps requiring future validation.

RQ1: How can parts be consolidated without compromising the independence of functional
requirements? Part consolidation without compromising FR independence is achieved
by preserving the mapping between FRs and their associated DPs while maintaining
component-level functional architecture. According to Axiomatic Design’s independence
axiom, each DP should affect only one FR. This principle operates consistently across
three LPIs.

e  LPI-1 (variant design): Consolidation occurs only within parts belonging to the same
component, with functional and physical architecture unchanged. Since parts from
the same component already share DPs, maintaining FR independence by design,
physical consolidation introduces no new coupling.

e  LPI-2 (adaptive design): Component consolidation uses three assembly approaches
(consolidated, embedded, and regular assembly), with function allocation and lo-
cations remaining fixed to preserve functional decomposition. FR independence is
verified through interface-led assessment, ensuring one component’s DP tuning does
not force another.

e  LPI-3 (adaptive design): Functions co-locate within unified volumes via spatial zon-
ing, with each zone assigned dedicated DPs tuned independently. Spatial zoning
ensures functional independence despite physical co-location through material prop-
erty boundaries that minimize problematic cross-coupling.

RQ2: Which criteria should govern part merging, and to what extent are these criteria
generalizable across applications? Part consolidation is governed by criteria with varying
generalizability.

e  The primary criterion, preservation of FR independence as established by Axiomatic
Design, is broadly generalizable across all LPI levels and industries.

e  Secondary criteria such as geometric adjacency, material compatibility, process feasibil-
ity, and DfX considerations have context-dependent weighting; their implementation
strategies and relative weighting are product- and industry-specific.

The LPI framework applies identically across all domains: varying geometry and
process variables (LPI-1), consolidating components through assembly strategies (LPI-2),

https://doi.org/10.3390/eng7010013


https://doi.org/10.3390/eng7010013

Eng 2026, 7,13

21 of 28

and integrating functions via spatial zoning and zone-specific DPs (LPI-3) operate through

the same logical structures and decision criteria regardless of manufacturing sector or

product type.

RQ3: How should functional integration rules be applied at each phase of the design process?

Functional combination rules operate sequentially across design phases with deliberate

phase-specific restrictions, ensuring that consolidation decisions emerge from functional

analysis rather than premature architectural commitment.

Conceptual design deliberately avoids combining FRs to preserve design freedom
and innovation space, ensuring that all solutions remain open before commitment to
specific working principles.

Embodiment design first applies LPI-3, using function-sharing analysis to identify
opportunities for grouping similar FRs within single DPs and function combinations
to combine functions into modules, allowing the creation of hybrid material solutions.
For LPI-3, this involves defining spatial zones and assigning distinct FRs to distinct
zones within a unified component volume. Then, LPI-2 addresses assembly strategy
(consolidated, embedded, and regular assembly) that best matches the product’s
performance and manufacturability requirements. The consolidation strategy chosen
at embodiment design directly shapes downstream detailed design activities.
Detailed design optimizes the geometry under PV constraints, enabling fully inte-
grated parts where multiple FRs are fulfilled by independently controlled DPs. At
detailed design, component consolidation is not revisited; the consolidation strategy
is locked from the embodiment phase. Instead, detailed design focuses on geometry
optimization within consolidated part boundaries; mesostructural design (lattice
topology, material gradients, density profiles) supporting zone-specific DPs; and
manufacturing process parameter selection, with voxel/layer-level control of material
composition and deposition sequence to maintain zone-specific DP independence,
ensuring the consolidation strategy is feasible.

RQ4: At what points in the workflow do these integration rules most effectively ensure both

performance and manufacturability? The most effective workflow integration points occur

when MMAM rules are matched to design scope and risk tolerance at specific decision

moments. Designers select the LPI level by matching scope and risk:

LPI-1 for fast, low-risk updates that only tune geometry or process variables; it offers
minimal cost and the fastest iteration, but limited integration potential with small part
count reduction, no architectural change, and the lowest redesign/verification cost.
LPI-2, when the goal is assembly /interface reduction with fixed function locations, it
provides meaningful BoM/interface reduction with moderate validation overhead,
redesign effort, and potential serviceability constraints.

LPI-3 when architectural simplification requires co-locating functions via spatial zon-
ing while keeping the functional decomposition fixed, balancing consolidation benefit
against redesign and validation effort. LPI-3 maximizes integration/performance
gains and part count reduction but requires the highest redesign/validation rigor and
stricter independence control through zoned DPs/DCs.

Industrial parallels illustrate how each LPI level manifests across product types.

LPI-1 aligns with redesigns that swap PVs and geometry while keeping architecture
fixed. Porsche Design 3D MTRX II [48] exemplifies this approach, adjusting cush-
ioning profiles through lattice topology tuning without modifying the fundamental
upper/midsole/outsole structure or their distinct functional roles. This level repre-
sents the fastest, lowest-risk consolidation path, ideal for performance optimization
within existing component boundaries.
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e  LPI-2 corresponds to component consolidation into fewer parts with fixed function
allocation and locations. Conformal lattice midsoles exemplify this by integrating
impact absorption and energy return within a single consolidated component while
preserving the upper and outsole as separate functional modules. Adidas 4DFWD [49]
demonstrates this approach across product versions, consolidating cushioning and
energy return elements while maintaining architectural clarity. Sintratec’s Cryptide
sneaker [50] extends LPI-2 principles further, using laser sintering with flexible TPE to
merge multiple footwear elements into one continuous part, proving viable assembly
reduction without functional requirement reassignment. This level balances meaning-
ful part-count and assembly cost savings against moderate verification complexity.

e  LPI-3 reflects function-level integration in a single design space with spatial zoning
and co-location of distinct FRs. Fully printed footwear exemplifies this paradigm
by merging upper, midsole, and outsole layers while embedding internal struc-
tures, all within one consolidated component. Zellerfeld’s fully 3D-printed Nike
Air Max 1000 [51] merges upper and lower layers while embedding an internal air-
cushioning structure, demonstrating sophisticated spatial integration. Neri Oxman'’s
“0O0” shoe [52] represents an advanced vision for fully integrated, sustainable design
made entirely from polyhydroxyalkanoates (PHAs). This mono-material multifunc-
tional component uses material gradients and spatial zoning to achieve structural
support, cushioning, and environmental protection with distinct zone-specific DPs,
all without assembly or adhesives. This level unlocks maximum consolidation but
demands the highest verification rigor.

These examples reinforce the findings of this research: when systematically integrated,
MMAM could enhance design outcomes by minimizing assembly needs, enabling novel
functional configurations, and unlocking higher levels of product performance.

Context-dependent factors vary significantly across industries (e.g., automotive,
aerospace, consumer electronics, medical devices), but these variations affect the weighting
of consolidation criteria and validation rather than the framework’s core logic. This con-
sistency of core logic despite varying implementation rigor is the framework’s strength:
it provides universal guidance applicable across domains while accommodating sector-
specific risk profiles and regulatory constraints.

This work remains primarily theoretical, and the case study provides only qualita-
tive functional analysis and DP mapping. The case study has not yet been supported
by FEA-based sensitivity studies to verify that local DP adjustments do not induce un-
acceptable FR-DP coupling or require DC compensation in adjacent zones. For a hybrid
material incorporating functionally graded properties, the material property distribution
within each DP zone could be validated through Representative Volume Element (RVE)
analysis [53]. Following homogenization approaches [54-59], the validation determines
mechanical properties as a function of local porosity [60], fiber content [54], and mate-
rial composition [53], enabling designers to confirm that zone-specific DP modifications
preserve functional independence while avoiding unacceptable stress concentrations at
material interfaces. Time and cost effects are also not documented through measured data
on baseline development effort, LPI-specific redesign loops, manufacturing and assembly
costs, or lifecycle impacts (maintenance, disassembly, recycling), which limits the ability to
substantiate claimed efficiency gains. These limitations reflect the theoretical nature of the
design framework and define clear priorities for future work.

5. Conclusions

This research addresses the challenge of integrating MMAM into product design by
extending the conventional design process model with a reverse-traced methodology. This
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approach preserves functional independence while enabling robust consolidation decisions
across conceptual, embodiment, and detailed design phases.

The work presents a reverse-traced MMAM design framework that extends the con-
ventional process with explicit decision workflows for function sharing and combination,
governed by the LPI framework. The framework clarifies the redesign scope at each level:
LPI-1 varies geometry and PVs while keeping the functional and physical architecture fixed;
LPI-2 consolidates components via interfaces and material /process subclasses without
changing function allocation; and LPI-3 maintains the fixed functional decomposition but
reassigns locations to co-locate functions within unified volumes through spatial zoning,
preparing the design for subsequent material selection and assembly strategy definition.
Crucially, the framework operationalizes Axiomatic Design for MMAM. It makes consolida-
tion decisions traceable to tertiary-level functions, DPs, and DCs, while preserving design
freedom by deferring material and process decisions until function sharing and combina-
tion are established. Its applicability is strongest for complex products with significant
functional integration opportunities; for simpler products, lightweight LPI-1 adjustments
alone offer superior tradeoff time/benefit.

The trail running shoe case study demonstrates substantial consolidation capability,
with an 84% part-count reduction achieved through systematic function sharing and combi-
nation. Progression toward industrial application requires coupling the proposed workflow
with systematic experimental and numerical validation, including finite element sensitivity
studies and RVE analysis for hybrid materials.

Future research will focus on collecting application-specific cost-benefit data across
diverse sectors (e.g., automotive, aerospace, and medical) to validate generalizability and
establish sector-specific guidelines. Furthermore, a software application is currently under
development to operationalize the LPI framework and automate consolidation workflows,
enabling industrial practitioners to apply the methodology systematically.
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Abbreviations

The following abbreviations are used in this manuscript:

MMAM Multi-Material Additive Manufacturing
AM Additive Manufacturing

RQ Research Question

CA Consistent Assembly

RA Reduced Assembly

FR Functional Requirement
NFR Non-Functional Requirement
CR Customer Requirement

Dpr Design Parameter

DC Design Criteria

PV Process Variable

DfX Design for Excellence

DfA Design for Assembly

DM Design for Manufacturing

DfMMAM  Design for Multi-Material Additive Manufacturing

Glossary

Branching-flow Heuristic
CA

Component
Consolidation
Conversion-transmission Heuristic
CRs

DCs

DfA

DM

DIMMAM

DX

Dominant-flow Heuristic
DPs

FGMs

Flow

FRs

A modular design rule suggesting that module boundaries should be placed at points where
material, energy, or signal flows diverge (split) or converge [45].

Consistent Assembly. A design approach where the original assembly structure and part
count are preserved, focusing on making the existing assembly manufacturable [21].

A distinct physical unit within a product that performs specific functions. In this framework,
a component may consist of a single part or multiple parts.

The process of merging multiple discrete items into one, eliminating

assembly interfaces [11,16,21,33].

A modular design rule suggesting that a function converting a flow (e.g., electrical

to mechanical) should be grouped with the subsequent transmission function [45].
Customer Requirements. The initial set of needs and expectations gathered from

the “Voice of the Customer” and stakeholders [19,20].

Design Criteria. Measurable, quantitative specifications derived from NFRs used to evaluate
design solutions [25].

Design for Assembly. A methodology focusing on reducing product assembly cost and
complexity, primarily by minimizing part count and simplifying assembly operations [12].
Design for Manufacturing. A methodology focusing on minimizing the cost

and complexity of manufacturing individual parts (e.g., maximizing ease of fabrication) [12].
Design for Multi-Material Additive Manufacturing. Design guidelines specifically

tailored to exploit the capabilities of MMAM technologies [6,33].

Design for Excellence. A systematic approach to product development that considers

the full product lifecycle (manufacturing, assembly, service, etc.) [46].

A modular design rule suggesting that a chain of functions sharing a single, continuous flow
should be grouped into the same module [45].

Design Parameters. The key physical variables or solution elements in the physical domain
chosen to satisfy the specified FRs [19,20].

Functionally Graded Materials. Materials characterized by gradual variation in composition
and structure over volume, resulting in corresponding changes in properties [61-64].

The material, energy, or signal that is exchanged or transformed between functions

(e.g., electricity, mechanical force, data) [30].

Functional Requirements. A minimum set of independent requirements that

characterize the functional needs of the product (what the product must do) [25].
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An abstract formulation of a task, independent of any specific solution, defined as

Function the transformation of inputs (flows) into outputs. In the Functional Basis, it is typically

expressed as an active verb (the function) acting on a flow (the object) [25,30].
The integration of distinct functions (with different requirements) into a single component

Function Combination volume. MMAM enables this by spatially distributing different material properties

(allocating distinct DPs) within a unified part, preserving functional independence.
The consolidation of similar functions (handling similar flows) into a single DP.

Function Sharing This strategy eliminates functional redundancy by satisfying

Functional Basis

multiple overlapping requirements with a single physical feature.

A standardized design language (ontology) is used to describe product functions
and flows (material, energy, signal) in a uniform manner [30].

Level of Process Integration. A framework introduced in this work is to classify

LP redesign scopes into three levels based on design novelty.
MMAM Multi-Material Additive Manufacturing. Additive manufacturing processes
capable of depositing or fusing different materials within a single build [1,6,35].
Module A physical unit composed of one or more functions that facilitate specific interactions;
often the result of consolidation in LPI-3 [45,46,65].
Non-Functional Requirements. Constraints on the design (e.g., cost, weight, reliability)
NFRs describe how well the product must perform its functions,
often determining the quality of the solution [25].
Part The lowest level of physical hierarchy; an elementary piece
that cannot be disassembled further without destruction.
Or called Working Principles, is the physical effect (e.g., friction, leverage,
Physical Principle thermal expansion) selected to realize a specific function. The combination of
several working principles results in the working structure of a solution [23].
PVs Process Variables. The key variables in the process domain (manufacturing settings and
material properties) that characterize the process used to generate the specified DPs [19,20].
RA Reduced Assembly. A design approach focusing on reducing part count
through consolidation and function integration [21].
Tertiary functions are the third level of the functional hierarchy in the Functional Basis,
Tertiary Functions which provide more specific function definitions than the class (primary) or secondary levels,
leading to specific technologies or physical principles [30].
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