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ARTICLE INFO ABSTRACT
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Multi-material systems are increasingly pursued to meet industrial demands for lightweight, high-performance
structures. However, reliable joining remains critical. In recent years, mechanical interlocking has emerged as
a promising strategy to overcome limitations of conventional joining methods such as adhesive bonding, me-
chanical fastening, and welding. By exploiting the geometric freedom of Additive Manufacturing (AM), inter-
locking structures can be directly integrated into the interface, enabling new opportunities for multi-material
integration. Yet, the literature remains fragmented and lacks transferable design principles. This study reframes
AM-enabled interlocking as a design-driven interface strategy and, through a PRISMA-guided literature review,
introduces a unified design-material-process-performance mapping of the field. Interlocking structures are
classified across scales as micro-features, macro-pins, and macro-lattices, and further interpreted through a
common set of mechanism-based descriptors. These design categories are then examined alongside dominant
material combinations, AM and joining processes, reported mechanical response and failure modes. Sector-
specific requirements in aerospace, mobility, biomedical, robotics, and electronics applications are mapped
onto the proposed framework, and the main barriers to industrial uptake - lack of standardization, limited non-
destructive inspection, scalability, and sustainability — are translated into concrete research directions.

1. Introduction functional and lightweight components can be developed. The resulting

weight reduction significantly decreases fuel and energy consumption,

The industry is increasingly interested in multi-material components,
particularly in the aerospace, automotive, and defense fields. These
multi-material components help integrate different functions into a
single component, achieve customizable properties, and outperform
single-material parts. By strategically selecting materials, highly

contributing to the mitigation of emissions required to meet the
increasingly stringent climate targets. Different techniques allow
obtaining multi-material components, including using functionally
graded materials. A special scenario arises when different materials are
joined to combine their properties, as in the case of sandwich structures,
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where stiff face sheets and lightweight cores are integrated to achieve
enhanced structural efficiency [1,2], or in the case of fan blades for aero-
engines, where metallic leading edges are combined with composite
airfoils to improve impact resistance while reducing weight [3]. In such
an application, the performance of multi-material components is highly
dependent on the quality of the interfacial bond between the materials
to be joined, especially when joining materials characterized by
different coefficients of thermal expansion, stiffness, and chemical
properties. The interface is typically a critical area requiring appropriate
processing, dimensioning, and design.

Several technologies can be applied to join dissimilar materials,
including adhesive bonding, mechanical fastening, welding, or a com-
bination of them, such as adhesive-bolt hybrid joints. Each of these
techniques presents well-known intrinsic limitations [4]: adhesive
bonding suffers from costly surface pre-treatments and uncertain long-
term durability [5,6]; mechanical fastening introduces additional
weight and stress concentrations around the fixing holes [7]; welding is
restricted by material compatibility and, for dissimilar pairs such as
metals and polymers, typically yields porosity, thermal degradation and
weak interfacial adhesion [8]. Hybrid solutions can partially mitigate
these issues, but they also inherit the drawbacks of the combined tech-
niques, while adding manufacturing complexity and cost [6]. Conse-
quently, novel joining strategies have been recently explored to
overcome these limitations.

Among the emerging methods for joining dissimilar materials to
create a multi-material component, this review examines the strategy of
mechanical interlocking. This technique relies on the principle of
physically interlocking components by properly designed structures on
the surface of the materials involved. A noteworthy advantage of this
approach is that it enhances the mechanical strength and toughness at
the interface, preventing catastrophic failure when compared with ad-
hesive joints [9]. Additionally, it enables mechanical load transfer be-
tween the two materials, removing the need for additional locking
elements in contrast to mechanical fastening, while also addressing the
issues associated with the thermal resistance in welding [10]. New
challenges, though, arise with regard to end-of-life procedures, partic-
ularly the separation of multi-material structures in the light of recy-
clability and sustainability.

Various techniques can be employed to produce interlocking struc-
tures, including molding, machining, and Additive Manufacturing (AM).
This review focuses on interlocking structures produced by AM, taking
advantage of the design freedom that this technology permits. AM en-
ables the direct fabrication of geometrically tailored interfacial features,
with a level of complexity that is difficult or impossible to achieve
through conventional processes. This could enable the interlocking
structures to be adapted to the material combination, manufacturing
strategy, and expected loading condition, while also simplifying the
assembly phase and potentially reducing costs and time required.

Despite the growing interest in the field, the current literature on
AM-enabled interlocking remains highly fragmented, thereby slowing
technological maturation. This review aims to systematically present the
state of the art of mechanical interlocking joints produced using AM
technologies, offering a structured map that integrates interlocking
structures design, material combinations and manufacturing strategies,
joint performance, and emerging application scenarios. In particular,
Section 2 explains the methodology and approach of the research.
Section 3 investigates the nature and design of interlocking structures,
while Section 4 provides an in-depth analysis of materials and
manufacturing techniques. The properties of multi-material components
are heavily influenced by the interface quality, and Section 5 examines
the destructive and non-destructive test applied to interlocked joints and
the main characteristics reported in the literature. Section 6 explores the
possible applications, while Section 7 examines the current limitations
of this joining strategy and outlines future research directions. The ac-
quired knowledge on mechanical interlocking joints will promote the
widespread use of multi-material components, enabling a more
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resource-efficient approach with reduced environmental impact.
2. Methodology and approach of the research

A systematic literature review was performed to address the research
question: “How AM has been deployed to build mechanical interlocking
structures?”. Two categories of keywords were therefore included in the
search query:

(1) Related to the production method: additive manufacturing, 3D
printing;
(2) Related to the product class: interlocking structures.

The selected search terms were combined using Boolean operators
“AND” to narrow the results (e.g. “interlock*” AND “additive
manufacturing”), and “OR” to include word variants (e.g. “additive
manufacturing” OR “3D print*”). These queries were used for title, ab-
stract, and keywords search on Scopus and Web of Science databases.
The search was limited to English-language sources without any date
range restrictions. The sources included published peer-reviewed
research papers, proceedings of renowned conferences, and book
chapters available online, as summarized in Table 1. The initial search
yielded 658 articles, which were then reduced to 357 after removing
duplicates (Fig. 1). Additionally, 103 relevant articles were identified in
the reference lists through forward and backward searches.

The included records underwent a multi-stage screening process
(Fig. 1). In the first step, potentially eligible studies were identified by
screening titles and abstracts following predetermined inclusion/
exclusion criteria related to both the production method and product
class. Specifically, records were excluded when AM was not used as the
production method, or when the interlocking structures were not
intended as a joining strategy between two materials. Studies in which
interlocking was employed as an architectural or structural principle
governing a monolithic or modular system were therefore omitted. Of
the 460 records analyzed, 260 were excluded at this stage. Finally, a
comprehensive eligibility assessment was conducted through in-depth
reading, verifying the same inclusion/exclusion criteria in greater
detail. As a result, 117 studies were selected, which investigated the
design, materials, manufacturing techniques, properties, and applica-
tions of additively manufactured mechanical interlocking structures.

The methodology employed in this review adheres to several rec-
ommendations of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [11] to ensure transparency in data se-
lection. The data shows an increasing trend in the number of articles
published each year, suggesting a growing significance of the research
(Fig. 2).

Table 1
Summary of literature searching criteria followed in the review.

Literature searching
criteria

Search time frame
Language
Publication period
Bibliography sources
Search keywords

Up to February 2026

English

No restrictions

Scopus; Web of Science

Additive manufacturing; 3D printing; interlocking
structures

(“interlock* structure*” AND “additive manufacturing*”)
OR (“interlock*” AND “additive manufacturing*”) OR
(“interlock* structure*” AND “3D print*”)
Peer-reviewed articles; proceedings of conferences; book
chapters

Scope Design, materials, technologies, testing, properties, and
applications of additively manufactured mechanical
interlocking structures

Search syntax

Publication type




F. Valenza et al.

Materials & Design 270 (2026) 116872

Fig. 1. Flow diagram of the review adapted from PRISMA guidelines [12]. * Records excluded if AM was not used as the production method, or if interlocking

structures were not intended as a joining technique between two materials.

Fig. 2. Temporal distribution of the published studies on additively manufac-
tured mechanical interlocking structures included in the review. The curve
represents the cumulative growth of the literature over time.

3. Design of mechanical interlocking structures

The mechanical interlocking mechanism is primarily governed by
geometric interference, wherein the shape of the structure is employed
to lock materials in one or multiple directions. Consequently, detailed
geometric and design considerations are essential to improve the
effectiveness of the joints. Multiple studies have, in fact, demonstrated

that the bonding performance between dissimilar materials is heavily
reliant on the interlocking structure design [13,14].

In the following sections, a systematic analysis of the design of
interlocking structures is presented. It is important to specify that me-
chanical interlocking structures produced by AM can be classified into
two categories: micro-interlocking structures, involving features at the
submillimeter scale, and macro-interlocking structures, which encom-
pass larger-scale features (Fig. 3). Although the categories are intro-
duced here on a geometric scale basis, they are not exclusively
dimensional: each category is associated with a dominant interlocking
mechanism and with characteristic design descriptors that influence
joint performance. Micro-interlocking structures, presented in Section
3.1, include surface topology, wherein surface irregularities in terms
of roughness and porosity are deployed to interlock components, and
surface texture, which refers to designed surface patterns or micro-
geometrical features introduced to enhance mechanical interlocking at
the interface. Micro-interlocking structures operate predominantly via
surface anchoring, intended here as the penetration of the material into
surface irregularities or designed features. Macro-interlocking struc-
tures, which have been more extensively reported in the literature, are
outlined in Sections 3.2 and 3.3. In this context, interlocking structures
can be arrays of features, hereafter referred to as “pins”, which have
specific geometries and protrude from the material surfaces, exploiting
single-feature geometric interference through their shape. Additionally,
arrays of cells, such as lattice structures, are also included within this
category. These are hollow structures comprising periodically arranged
three-dimensional unit-cells that exhibit high strength-to-weight ratio
properties [15] and allow three-dimensional volumetric interference
across the unit-cell network. Table 2 provides a summarized comparison
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Fig. 3. Classification of mechanical interlocking structures produced by AM.

of these categories, reporting the main examples from the literature, and
introduces a design-oriented framework that is recalled in the corre-
sponding sections.

For nomenclature clarity throughout this review, micro-interlocking
structures are hereafter collectively referred to as micro-features; macro-
interlocking structures with arrays of pins, instead, are referred to as
macro-pins; finally, macro-interlocking structures with arrays of cells are
defined as macro-lattices. Furthermore, the material hosting the inter-
locking structures is designated as the primary material, while the
interacting material that engages with these structures is referred to as
the secondary material.

3.1. Micro-features

The micro-interlocking mechanism operates at the submillimeter
scale and, as illustrated in Fig. 3, can be divided into two subcategories:
surface topology and surface texture. A comparative overview of the
main characteristics of micro-features is provided in Table 2 together
with macro-pins and macro-lattices. Surface topology is the most
referenced class, referring to the intrinsic characteristics of AM surfaces,
such as roughness and open porosity. Surface texture involves modifying
the top layers to form specifically designed features in the submillimeter
range. It is important to underline that, although adhesion phenomena
often co-exist at this scale, micro-interlocking is conceptually distinct
from specific adhesion-dominated mechanisms [23]. In specific
adhesion-dominated interfaces, load is transferred through molecular or
atomic scale interactions, and the interfacial strength is largely
chemistry-driven. In micro-interlocking mechanisms, instead, the sec-
ondary material physically penetrates into surface topology irregular-
ities or designed surface texture, and load is transferred through
geometric interference. A more detailed discussion of these mechanisms
is provided in Section 5.1.

Within the surface topology class, roughness is frequently high-
lighted, as it enhances the contact area between the two materials,
allowing the secondary material to penetrate the surface irregularities of
the primary material and promote mechanical interlocking [24]. For AM
surfaces, roughness is commonly described through profile parameters
such as R,, which may range from a few micrometers to several tens of
micrometers depending on the process, material, build orientation, and
processing parameters. As an example, Nguyen et al. [17] reported an
average roughness R, of approximately 12 pm on Ti6Al4V surfaces
produced through Powder Bed Fusion with Laser Beam (PBF-LB)

technique, showing that the AM surface morphology can provide an
effective mechanical interlocking. In the study conducted by Marques
et al. [24], the bonding between CuNi2SiCr and Ti6Al4V, produced via a
multi-material Powder Bed Fusion (PBF) process, was shown to be
strongly influenced by the surface topology of the Ti6Al4V. In particular,
morphological observations of the interface showed that the AM-
induced roughness of as-built Ti6Al4V surfaces promoted mechanical
interlocking by enabling the molten CuNi2SiCr to penetrate surface ir-
regularities, whereas polished Ti6Al4V surfaces lead to poor adhesion
due to insufficient roughness. This AM-induced roughness can be
attributed to the presence of partially melted particles (Fig. 4), whose
formation is influenced by the process parameters.

Surface roughness can be categorized into macro-, micro-, and nano-
scale roughness [25]. Different strategies can be employed to enhance it.
In particular, two solutions are often proposed: the implementation of
surface treatments [16,26] or the modification of process parameters
[27,28]. The surface treatments can be classified into two categories:
mechanical surface treatments and chemical/laser-based processes.
Mechanical treatments include the use of emery papers, media blasting,
abrasive abrading and allow the formation of macro- and micro-scale
roughness [29]. These treatments are generally low-cost and easily
scalable, but can introduce residual compressive stresses and offer
limited control on feature shape. Chemical and laser-based treatments
encompass laser texturing, anodizing, acid etching, pickling, and reac-
tive gas processes for polymeric materials and allow the formation of
nano-scale roughness [16,30-32]. Laser texturing provides the highest
geometric control, on the negative site it requires dedicated equipment,
may induce a heat-affected zone, and processing time scales linearly
with surface area. Parkes et al. [31] provided evidence that laser-
induced nano-scale roughness, produced on PBF-LB Ti6Al4V surfaces,
resulted in improved adhesion to Carbon Fiber Reinforced Polymer
(CFRP) surfaces in comparison to micro- and macro-roughness, with a
25% higher load required to initiate failure compared to grit-blasted
components. In addition, a recent investigation [32] demonstrated
that laser-induced nano-scale roughness, when superimposed on micro-
scale roughness, creates a morphology that enhances mechanical
interlocking in Ti6Al4V-Ti6Al4V joints produced by PBF-LB process.
This resulted in up to 162% higher quasi-static shear strength and 130%
longer fatigue life compared with the as-built surface condition (Fig. 5).
Anodizing treatments have also been found to be highly effective in
generating nano-scale roughness and can be carried out using a variety
of chemical solutions [16]. The most utilized include chromic,



Table 2

Comparison of the three interlocking categories, summarizing the main literature trends and linking design, material combinations, testing conditions, and joint performance.

Category

scale

Dominant mechanism

Design descriptors

Typical material
combinations
(primary-secondary)

Testing conditions

Main reported performance

Micro-
features

Macro-
pins

Macro-
lattices

<1

Surface anchoring

Single-feature
geometric interference

Volumetric
interference across the
unit cell network

Surface roughness
parameters (e.g., Ra), size
and morphology

Pore size

Texture and micro-
features geometry (e.g.,
height, depth, diameter)
Tip/body/root shape
Pin geometry (height,
width, diameter, aspect
ratio)

Pin spacing and
distribution pattern

Pin orientation/offset
angle

Unit cell topology
Cell size

e Strut diameter or wall

thickness

Porosity and relative
density

Number of lattice layers
Lattice orientation

e Metal-Composite
e Metal-Polymer

Polymer—Polymer
o Metal-Composite

e Polymer-Polymer
e Metal-Composite

Lap-shear, tensile/pull-out, and fracture
toughness tests, often combined with surface
characterization before and after joining

Lap-shear, tensile/pull-out, and fracture
toughness tests. Less frequently, fatigue and
impact/damage-tolerance tests

Tensile/pull-out and compression tests

AlSi10Mg-BFRP: anodized nano-porous surfaces increased maximum
shear load by up to 30% compared with as-built surfaces [16]
Ti6Al4V-CFRP: semi-cylindrical grooves increased Mode I Fracture
toughness by up to 50% compared with the flat joint, by deflecting the
crack path and promoting mixed-mode crack growth [17]

316 L-GFRP: cylindrical pins increased quasi-static strength by
approximately 50-60% in double-lap joints and about 99% in single-lap
joints compared with flat joints, while promoting progressive failure and
high energy absorption [18]

Co-Cr/PMMA: Y-shaped pins increased interfacial tensile strength by 15
times compared with the flat interface and improved stiffness [19]
Ti6A14V-CFRP: grooved pins increased the contact area between
materials by 30%, resulting in a 14% higher maximum pull-out load and
a 60% higher absorbed energy compared with cylindrical pins [3]

316 L-AV651: BCCZ, FCC, and Kelvin lattices exhibited tensile strength
values 2-3 times higher than those obtained through conventional
surface modification, with BCCZ showing the highest interfacial
strength [20]

PLA-PP: dovetail planar-based lattices improve bonding, but remain
limited by in-plane deformation/disassembly [21]

VeroClear-PDMS: diamond TPMS lattices led to bonding strength 28
times higher and fracture energy up to 217 times higher than flat joints
[22]

‘ID 32 DZUIIDA A

248911 (9202) 04T u31saq 3 SIPLOIDA
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Fig. 4. (a and b) Surface morphology of a PBF-LB part, characterized by adhered and partially fused particles, resulting from process-related thermal effects; (c) the
corresponding roughness profile. Reprinted from [17], Copyright (2016), with permission from Elsevier.

Fig. 5. SEM micrographs and surface height profile of a laser-treated surface. Laser processing generates nano-scale roughness at both the pulse edge (A-A) and pulse
depression (B-B), superimposed on the underlying micro-scale roughness, contributing to enhanced mechanical interlocking. Reprinted from [32], under the terms of
the Creative Commons CC BY 4.0 license.

phosphoric, and sulphuric acids. Miranda et al. [16] reported increases in maximum shear load of up to 30% for anodized AlSi10Mg
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manufactured through PBF-LB and joined with Basalt Fiber Reinforced
Polymer (BFRP) compared to as-built conditions, attributed to the for-
mation of nano-porous oxide layers on the primary material surface that
enhance mechanical interlocking. However, this approach can be time-
consuming and involves the use of environmentally hazardous chem-
icals [33]. Acid etching, pickling and reactive-gas treatments for poly-
mers may represent simpler alternatives, but are strongly material-
dependent and provide less control over the resulting surface
morphology. The selection of an appropriate treatment is therefore
dependent upon the specific requirements of the intended application
and the materials involved. In general, mechanical treatments may be
preferred when cost and scalability dominate, laser texturing when
controlled local morphology is critical, anodizing when uniform nano-
porosity over complex shapes is needed, and acid etching, pickling or
reactive-gas treatments when chemical activation is required but geo-
metric control is less critical.

With regard to process parameters, Chueh et al. [27] introduced
micro-features by adjusting the process parameters of the PBF-LB tech-
nique. The surface roughness and open porosity were controlled through
the utilization of different laser-scanning parameters and strategies,
avoiding laser re-melting to create craters and pores on 316 L surfaces.
In another approach, Goetzendorfer et al. [28] reduced the energy
density during PBF-LB processing of tool steel to a level insufficient for
complete melting of the layer, resulting in the formation of roughness,
cavities, and channels that enhanced interlocking with PA12.

Materials & Design 270 (2026) 116872

The effectiveness of surface treatments and process parameter
modifications is highly dependent on the specific process involved for
both the fabrication of micro-features and the joining process of the
materials. Multiple studies [17,25,34] concluded that the roughness of
components produced by PBF-LB, for instance, can be sufficient for
adhesion in certain applications, negating the necessity for any surface
treatment processes. Considering the joining process, instead, in pro-
cesses like injection molding, when high thermal loads are involved,
particularly in polymer-based systems, the interface layers may undergo
local remelting or thermal degradation, thereby reducing the effective-
ness of roughness [35]. Consequently, alternative techniques are pro-
posed, including the combination of roughness with surface textures or
macro-interlocking structures. A comparison of micro and macro-
interlocking structures revealed that the latter have a more consider-
able impact than roughness itself [35]. Therefore, combining both
mechanisms is often recommended. Macro-interlocking structures are
discussed in the following section.

In the context of surface textures, the geometry of the designed
features and their characteristic dimensions, such as height, depth, and
diameter, control the available bonding area, the filling efficiency of the
secondary material, and the degree of geometric interference generated
at the interface. Dai et al. [36] investigated surface textures printed on
zirconia ceramic core through Vat Photopolymerization (VPP) and
joined with veneering porcelain, showing that these features can
enhance the shear bond strength by increasing the roughness and the

Fig. 6. Examples of different surface textures: (a and b) non-structured surface; (c and d) rectangular/diamond-shaped texture; (e and f) hexagonal/honeycomb
texture. Top views (g and h) illustrate the characteristic geometric parameters of each texture. Reprinted from [37], under the terms of the Creative Commons CC BY

4.0 license.
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effective bonding area of the primary material. In their study, two de-
signs were proposed: a hexagonal grid and a rectangular grid. The
hexagonal grid, with a height of 0.09 mm, was demonstrated to signif-
icantly enhance the shear bond performance. Furthermore, the grid
design exerted an influence on the failure mode. The implementation of
hexagonal grids resulted in an increase of cohesive failure, observed
through microscopy analyses, thereby indicating a more robust bond in
comparison to the use of rectangular grids. Similarly, Zou et al. [37]
compared hexagonal and rectangular grids, fabricated by Powder Bed
Fusion with Electron Beam (PBF-EB) and designated as honeycomb and
diamond-shaped, respectively, for Ti6Al4V-UHMWPE joints (Fig. 6).
The honeycomb architecture consisted of regular hexagonal prisms,
with a strut diameter of 0.3 mm, while the diamond-shaped configura-
tion comprised a rectangular tetrahedron as the unit cell, with the same
strut diameter. Both structures had a height of 0.5 mm. Results showed
that the ultimate shear force was markedly improved in both cases;
however, the structural complexity must be taken into account. Indeed,
in comparison to the diamond-shaped configuration, the simplified
honeycomb structure improved the filling efficiency, showing better
stability. It was thus established that the hexagonal configuration rep-
resents an optimal solution.

Among surface textures, spherical protrusions have been investi-
gated [38-40]. Wang et al. [38] proposed spherical 316 L protrusions
produced by PBF-LB with diameters ranging from 160 to 450 pm
(Fig. 7), as preliminary route for metal-polymer or metal-CFRP joining.
In this case, the morphology and size were selected with the objective of
facilitating the disassembly between materials. The authors emphasized
the necessity for micron-sized features rather than macro-sized ones, as
the latter could potentially lead to damage if joined with composite
materials containing fibers, resulting in delamination and making
disassembly a challenging process. Additionally, larger features may
induce thermal stress on the primary material during the manufacturing
process due to the significant heat input. Kim et al. [41] suggested the
formation of particle-shaped protrusions on A5052 aluminum alloy
substrates, which remained within the range of spherical features, by
spreading a special mix of Al-Ti-C powder on the substrate of the
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primary material in a thin layer of 50 um and subsequently utilizing a
laser to create micro-features. The resulting A5052 surfaces were joined
with PA6 sheets and tested under lap shear loading. It was established
that, for the investigated system, the chemical composition of the Al-Ti-
C powder mixture, expressed through the C/Ti molar ratio, controls the
morphology and adhesion of the protrusions and, consequently, the lap
shear strength of the joints. The highest joint strength was obtained for a
C/Ti molar ratio of 0.6, owing to the high fraction of well-bonded
protrusions.

Finally, Nguyen et al. [17] introduced the bio-inspired concept of
hierarchical structures, which are characterized by the incorporation of
features at varying length scales. Such structures are observed in bio-
logical materials, such as lotus leaves and mosquito legs [42]. These can
assist in enhancing joint performance, as the interfering hierarchical
features could deflect the straight crack path. The researchers proposed
the use of hemi-spherical and semicylindrical features with a diameter
ranging between 100 and 200 pm produced through PBF-LB. However,
they found that these features did not result in an improvement when
bonding similar metallic materials (Ti6Al4V-Ti6Al4V). Instead, the
semi-cylindrical features protruding from the surface increased Mode I
fracture toughness by up to 50% between dissimilar materials (TI6A14V-
CFRP). This proves the influence of the materials composition on the
effectiveness of surface textures.

In summary, the following can be stated:

Within the micro-features category, two main approaches are iden-
tified: surface topology and surface texture. In surface topology,
three levels of roughness can be distinguished according to their
scale: macro-, micro-, and nano-scale roughness.

e Surface roughness has a significant impact on joining strength,
providing a larger bonding area and promoting micro-interlocking.
Although a systematic quantitative correlation between roughness
parameters and mechanical performance is still lacking, the
reviewed studies allow a qualitative comparison among roughness
scales and morphologies. This comparison highlights that both the
size and morphology of the roughness are of critical importance. In

Fig. 7. Spherical micro-protrusions on the primary material substrate at 5 x (a-b) and 30 x (c-d) magnification, before and after removal of the un-melted powder.
Reprinted from [38], under the terms of the Creative Commons CC-BY-NC-ND license.



F. Valenza et al.

particular, nano-scale roughness, achievable through laser texturing
and anodizing treatments, has frequently been reported to be the
most effective.

Surface texture can be classified according to the geometry and
dimensional characteristics of the designed features, including
height, depth, and diameter. Reported examples include hexagonal
and rectangular grids, spherical features, and semicylindrical fea-
tures. It emerged that hexagonal grids facilitate filling and structural
stability; spherical features allow for easy disassembly; and semi-
cylindrical features enhance adhesion. However, the compatibility of
these surface textures with the secondary material must be
considered.

Manufacturing considerations, including both the production of the
micro-features and joining processes with the secondary material, as
well as material combinations, and application requirements are
fundamental in order to select the most appropriate interlocking
strategy.

3.2. Macro-pins

Macro-pins constitute the first macro-interlocking configuration
analyzed in this section. An overview of the main characteristics of this
category, including scale, dominant mechanism, design descriptors,
material combinations, testing conditions, and reported performance, is
provided in Table 2. These structures consist of arrays of protruding
features, referred to as pins, fabricated on the primary material surface,
with dimensions ranging from submillimeter to several millimeters
(Fig. 3). The discussion is organized into two subsections: the first pro-
poses a geometric classification of pin profiles (Section 3.2.1), while the
second presents representative macro-pin implementations reported in
the literature (Section 3.2.2).

3.2.1. Pin profiles

The geometric profile of a pin plays a key role in defining the me-
chanical interlocking mechanism and the overall joint performance.
Accordingly, a schematic classification of pin profiles is proposed. Three
fundamental regions can be identified — the tip, which is the upper part
of the pin; the body, which forms the main structure; and the root, which
is the final part of the pin, connecting the body to the substrate (Fig. 8).
For each of the mentioned regions (tip, body, and root), the shapes found
in the literature were summarized into three main classes according to
their geometrical complexity: straight, expanding, and profiled (Fig. 8).
The classes are presented in a progressive order of complexity, with an
explanation of the effects of the different shapes. It is important to note
that all class combinations across the three regions are possible, e.g., it is
possible to find a pin with a straight tip, an expanding body, and a
profiled root.

The straight class is characterized by pins that exhibit a consistent
linear shape without any significant changes or expansions throughout
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their length. Within this class, the tip may adopt a flat or a conical
configuration, extending directly from the body. The conical shape is
suggested to facilitate the embedding of the pin into the secondary
material [31]. Cylindrical or rectangular bodies are represented in this
class, typically exhibiting a uniform section through the entire structure.
The root is a sharp edge, hence a direct connection between the body
and the substrate is created. In this class, the majority of published
studies report pins characterized by an axis of symmetry perpendicular
to the component surface. Nevertheless, alternative configurations have
also been described, in which the axis of symmetry is inclined at an
offset angle relative to the surface [3]. For the straight class, interlocking
is achieved by geometric interference in the x-y plane.

As the complexity of the pin increases, the expanding class can be
considered. In this setup, the tip, body, and root do not align linearly;
rather, they gradually increase or decrease in size or diameter with
respect to the component surface. For the tip, the connection with the
body may expand in a perpendicular direction to the axis of symmetry,
creating a T-shape if the tip ends in a flat configuration or resembling an
arrow shape if the tip converges to a point. The undercuts created by the
material expansion play a crucial role, causing a dual effect. Firstly, they
enhance the interlocking mechanism between primary and secondary
materials, increasing grip and producing geometric interference along
the z-direction. However, their effectiveness depends on whether the
secondary material can adequately fill them [43]. Regarding the body,
the expanding configuration can resemble a truncated cone or an inverse
truncated cone. Therefore, the angle formed between the profile of the
pin and the horizontal plane is significant. As for the root, the body may
be connected to the substrate with a chamfer or a fillet. In this class,
interlocking is achieved through geometric interference along all three
axes.

The last group is the profiled class, which includes all the geometries
that cannot be described as straight or expanding due to their
complexity. Examples include an elliptical tip, a tip that combines
straight and expanding features, or an irregularly shaped tip. The body
may have a helical shape, a grooved surface, or other irregular shapes.
The same applies to the root. These experimental shapes are frequently
proposed to investigate the impact of the geometry on joint perfor-
mances [3]. In this case, interlocking is accomplished through geometric
interference in one or multiple axes, in function of the shape realized.

The interlocking behavior for macro-pins is governed by design de-
scriptors such as pin height, width or diameter, their ratio, and the ge-
ometry of the tip, body, and root. Considering these design
characteristics and the different degrees of mechanical constraint pro-
vided by each pin profile, suitable load scenarios can be summarized as
follows. Straight pins, such as cylindrical or rectangular pins, are
generally more suitable for shear-dominated, in-plane load cases with a
limited normal component, where their simple and cost-effective
fabrication can compensate for the comparatively low pull-out resis-
tance. Expanding pins, such as T-shape or arrow-shape pins, are more

Fig. 8. Schematic representation of pin profiles, identifying the three fundamental regions (tip, body, and root) and the three profile classes (straight, expanded, and

profiled), arranged in increasing order of geometrical complexity.
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effective under tension/pull-out dominated loading, including peel-
prone configurations, because the undercut geometry generates me-
chanical interference along the z-direction. Profiled pins, such as helical
or grooved pins, are particularly attractive for combined shear/tension
loading and for conditions requiring enhanced energy dissipation, since
tailored surface features can modify the pull-out response, redistribute
stresses, and promote progressive damage mechanisms along the pin
length. However, the increased fabrication complexity and process-
related constraints of these geometries should also be considered.

It should be noted that the distinction between straight, expanding,
and profiled classes in this classification is intended as a design-oriented
schematization, since geometrical features of different classes may
coexist within the same pin. Nevertheless, the aim is to provide quali-
tative guidelines for relating specific design features to dominant
loading scenarios, given the lack of standardized methods for quanti-
tatively comparing the influence of different classes and their de-
scriptors on performance.

Extending the discussion from the single pin to pin arrays, two
configurations can be identified. The first, and most widely reported,
consists of arrays of pins protruding from the primary material surface
and engaging the secondary material (Fig. 9a). The second corresponds
to a complementary interlocking configuration, also referred to in the
literature as male—female or mortise-and-tenon [45,46]. In contrast to the
previous case, both materials are geometrically structured: each pro-
trusion on the primary material is matched by a corresponding negative
geometry in the secondary material, and vice versa (Fig. 9b). Mechanical
interlocking is therefore achieved through the mutual engagement of
these geometrically matched features on both materials. This configu-
ration draws inspiration from several biological systems, such as cranial
and shell sutures or the elytra of certain beetles (Fig. 9b), where inter-
digitated protrusions and cavities connect dissimilar tissues, promoting
enhanced load transfer and toughness [44,47].

Overall, the proposed classification aims to guide the design of pins
produced by AM. The following section presents representative exam-
ples reported in the literature, corresponding to each of the profile
classes discussed above.

3.2.2. Macro-pin examples

Based on the proposed schematization of pin profiles, a structured
analysis of the literature is conducted. Initiating the examination of the
straight class, Ribeiro et al. [48] introduced a fully straight pin char-
acterized by a flat tip, a rectangular body, and an edge root, with both
width and height equal to 2 mm, referred to as U-shape in their study
(Fig. 10b).This configuration represents the most elementary pin case.
The authors investigated PLA-PLA and PLA-TPU material pairs, pro-
duced through Fused Filament Fabrication (FFF), under tensile loading
and emphasized that, for this geometry, the contribution of mechanical
interlocking was limited, and the joint strength was mainly governed by
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Fig. 10. Pin geometries proposed by Ribeiro et al. [48]: (a) T-shape; (b) U-
shape; (c) dovetail. Geometries (a) and (c) represent hybrid straight-expanding
classes, while (b) is the simplest reference of the straight class. Reprinted with
permission from [48]. Copyright 2019 Emerald Publishing. Permission
conveyed through Copyright Clearance Center, Inc.

interfacial adhesion between the materials. Consequently, two addi-
tional geometries were introduced in their work: the so-called T-shape
(Fig. 10a), consisting of a straight rectangular body 2 mm in width with
an expanding tip approximately 3 mm wide, and the dovetail shape
(Fig. 10c), featuring an inverted truncate-cone body 1.4 mm in height
with a flat tip of 2 mm diameter. These geometries represent a hybrid

Fig. 9. Schematic representation of macro-pin configurations: (a) the most widely reported interlocking configuration, with pins protruding from the primary
material and engaging the secondary material; (b) complementary interlocking configuration, in which both materials are geometrically structured with conjugated
positive and negative features, drawing inspiration from biological systems such as beetle elytra. Panel (b) adapted from [44], Copyright (2023), with permission

from Elsevier.
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between the straight and the expanding class, which is analyzed later in
this section. Comparative analysis of the three shapes revealed that the
T-shape interface provided the highest mechanical performance among
the tested geometries, particularly in terms of Young’s modulus and
tensile stress. This was especially evident for the low-compatibility PLA-
TPU pair, for which the T-shape geometry increased the ultimate tensile
stress by approximately 35-50% compared with the U-shape and
dovetail interfaces. A further noteworthy study in the straight class was
conducted by Peralta Marino et al. [49], who demonstrated the impact
of pin geometry and distribution on stress concentrations along the bond
length. A complementary interlocking configuration was utilized in this
work. Starting from a simple straight pin with a flat tip, a cylindrical
body, and an edge root, the researchers progressively modified specific
pin regions through Finite Element Modelling (FEM) to tailor its
response under different load conditions. Modifications included ad-
justments to pin length based on shear stress diagrams, optimization of
pin distribution on the interface to redistribute stress concentrations,
and exploration of tip configurations, transitioning from flat to hook
shape to mitigate stress induced by peeling. The experimental validation
was carried out on FFF-manufactured PLA components. The results of
the test, executed on compression-loaded single-lap configurations,
showed that the interlocked geometries shifted the stress peak from the
overlap edges toward the interlocked region and enabled higher load-
bearing capability than the non-modified reference geometry. The
complementary interlocking configuration was adopted also by Silva
et al. [46], who investigated aluminum-aluminum and aluminum-
polymer joints. They showed that the compression of a protruding pin
within its corresponding negative geometry amplifies the interlocking
mechanisms, acting similarly to mechanical fastenings and withstanding
pull-out forces of approximately 8 kN and 6 kN, respectively.

In the category of straight pins, a significant subcategory is consti-
tuted by pins with a conical tip. As previously reported, the conical tip
facilitates the embedding of the secondary material, thereby enhancing
the interlocking mechanism. An example is provided by the works of
Graham et al. [18,50], who proposed pointed cylindrical pins with a
diameter of 1 mm and a nominal height of 3 mm, produced on 316 L
substrates and embedded into Glass Fiber Reinforced Polymer (GFRP)
secondary material. The authors demonstrated that these features
enable the benefits of bonded and bolted joints without an increase in
weight. In quasi-static tests, the joints showed an increase in strength of
approximately 50-60% in double-lap configurations and about 99% in
single-lap configurations compared with flat control joints. Moreover,
the pins promoted a more progressive failure response, increasing en-
ergy absorption. Bagnato et al. [51] adopted a similar overall pin ge-
ometry for Ti6Al4V-CFRP joints, but introduced a 0.5 mm fillet at the
root, aimed at reducing stress concentration, representing an example of
a pin with a straight body and tip, but an expanding root. The PBF-LB
titanium pins markedly enhanced interfacial toughness: the Mode I
and Mode II propagation toughness values were approximately 18.5 and
6.3 times higher, respectively, than those of the flat control joint.
Finally, Nguyen et al. [52] proposed straight cylindrical Ti6Al4V pins
manufactured by PBF-LB and embedded into CFRP, incorporating both a
0.5 mm fillet and a 45° chamfer at the tip. The inclusion of the chamfer
was intended to facilitate the joining of the two materials. As a result,
the integration of the pins led to Mode I initiation fracture toughness and
Mode I steady-state fracture toughness values approximately 3.5 and 4.6
times higher, respectively, than those of the unpinned control configu-
ration. Moreover, the length-to-diameter ratio was shown to be a crucial
factor governing the transition between pin pull-out and pin failure
under different loading conditions [52,53]. The influence of pin length
was further highlighted by Huelsbusch et al. [53], who investigated
Ti6Al4V-CFRP joints with different pin lengths and reported that 2.0
mm pins resulted in tensile shear strength and fatigue strength values
approximately 6.0 and 3.5 times higher, respectively, than those of the
solely adhesive reference.

Exploring the expanding class, one of the most frequently cited
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examples is the work of Parkes et al. [55]. The researchers developed
pins with a conical expanding tip forming undercut geometries, referred
to hereafter as arrow-shaped tip, a truncated-cone body, and a fillet at the
root. These pins, which are part of a joining technology patented by
Airbus Group Innovations, are known as HYPER (Hybrid Penetrative
Reinforcement). The pins were additively manufactured from Ti6Al4V
and embedded into CFRP laminates in a single-lap shear configuration.
The research demonstrated that the pins delayed failure initiation,
slowed damage propagation, and significantly increased ultimate
strength compared to joints without pins. In particular, the limit load
was 21% higher than the ultimate load of the joints without pins, while
the ultimate load was up to 6.5 times higher. Final failure occurred
catastrophically by shear failure of the pins at their bases. Consequently,
in a further study [31], the authors investigated an alternative pin ge-
ometry with a 17% larger root diameter. This modification increased the
resisting area of the pins and resulted in a 25% improvement in joint
shear strength. However, more recent findings seem to suggest that pin
diameter must be selected also considering the type of secondary ma-
terial. In particular, when the secondary material is a composite,
reducing the pin diameter from 1 mm to 0.5 mm was shown to signifi-
cantly mitigate damage in the composite, while maintaining comparable
interfacial performance [54]. Raimondi et al. [54] introduced PBF-LB
manufactured double arrow-shaped pins (Fig. 11b), produced from
Precipitation-Hardening Stainless Steel (PH-SS) and embedded into
CFRP, showing increased pull-out strength compared with cylindrical
straight pins and improved repeatability of the mechanical response.
Focusing on arrow-shaped tips, Sarantinos et al. [13] performed a sys-
tematic numerical optimization to tailor the pin geometry according to
the mechanical response under different loading conditions. The tita-
nium pins were manufactured by PBF-EB and joined to CFRP laminates.
Three geometries were proposed, encompassing diameters ranging from
0.28 mm to 1.5 mm: the spiked upin, a simple cylindrical shape that
represents the straight pin class; the HYPER ppin, previously mentioned;
and the Mode I optimized ppin with the numerically optimized expanding
profile. The latter exhibited a 3.5-fold higher maximum pull-out force
and an 8.2-fold higher energy absorption to failure compared to the
cylindrical straight pin.

It is important to acknowledge that a considerable number of macro-
pin designs draw inspiration from natural structures. Indeed, over mil-
lions of years of evolution, natural structures have developed unique
features that provide excellent examples of multi-functional compo-
nents. Alsheghri et al. [19], for example, proposed a Y-shaped geometry
inspired by mangrove root systems for Co-Cr/PMMA joints. The inter-
locking features, produced by PBF-LB, led to a 15-fold increase in
interfacial tensile strength compared with the flat interface, while also
improving interfacial stiffness through geometric redistribution of
stresses. Similarly, Yunzhu et al. [44] took inspiration from the jigsaw-
like suture of the diabolical ironclad beetle elytra [56]. The authors
proposed PBF-LB manufactured AlSil0Mg pins, with an inverted
truncated-cone body, in a complementary interlocking configuration.
The investigated geometries were characterized by a height of 1.25 mm
and different interlocked angles, namely 76°, 70°, and 63°, defined as
the angle formed between the profile of the pin and the horizontal plane.
The study demonstrated that interface strength, toughness, and failure
mechanisms can be tuned by varying the design descriptors of the
interlocking feature. In particular, the analysis indicated that an inter-
locked angle of 70° provides the most favorable fracture performance.

Finally, the most complex and least diffuse category is represented by
the profiled class. The first proposed work is that of Nguyen et al. [3].
The authors proposed Ti6Al4V pins, produced through PBF-LB, joined to
CFRP laminates. Pins had lengths between 2 mm and 4.5 mm, diameters
ranging from 0.5 mm to 1 mm, and four shapes: a cylindrical reference
pin and the so-called grooved, pyramidal, and helical pins (Fig. 12). With
regard to the cylindrical pin, an offset angle ranging between 0° and 30°
was used to offset the pin axis with respect to the primary material
surface in order to investigate the mechanical behavior of the pin. The
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Fig. 11. Pin geometries proposed by Raimondi et al. [54]: (a) pin with arrow-shaped expanding tip; (b) pin with double arrow-shaped expanding tip. Adapted from

[54], under the terms of the Creative Commons CC BY 4.0 license.

Fig. 12. Pin geometries proposed by Nguyen et al. [3]: (a) cylindrical reference pin; (b) grooved pin; (c) pyramidal pin; and (d) helical pin. Geometries (b) and (d)
feature a profiled body, whereas (c) is characterized by a profiled tip. Reprinted from [3], Copyright (2017), with permission from Elsevier.

results indicated that higher offset angles led to increased friction and
energy absorption, although at the expense of localized stress concen-
trations that could promote earlier failure. The grooved pin represents a
combination of the three aforementioned classes. It presents a straight
conical tip, a profiled body with a series of evenly spaced, parallel
grooves, and a fillet in the expanding root region (Fig. 12b). The pyra-
midal pin has a profiled tip with a sudden change in inclination: the tip
widens before narrowing, creating an outward and inward sloping sur-
face, and then converges to a point (Fig. 12c). It then has a cylindrical
body and a fillet. The final geometry is characterized by a conical tip and
a 45° helical rib along the body (Fig. 12d). The introduction of surface
profiling elements, such as pyramidal tips or helical ribs, was shown to
improve the interlocking mechanism by increasing the contact area
between materials and modifying the pull-out response. However, these
pins exhibit unique failure patterns; for example, cracking can occur
around the tip for pyramidal pins and midway along the surface for
helical pins. In particular, the grooved pins increased the contact area by
30%, resulting in a 14% higher maximum pull-out load and a 60%
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higher absorbed energy compared with cylindrical pins, while preser-
ving a progressive pull-out failure mode. Conversely, pyramidal and
helical pins increased the maximum load by 20% and promoted com-
posite fracture. Frascio et al. [57] proposed a profiled tip with a lobate
geometry, referred to as Mickey Mouse geometry, for multi-material
PET/PLA components produced by FFF. Compared with the expanding
T-shape tip, they found that the lobate shape reduced stress concentra-
tions around sharp tip edges. However, tensile tests showed that the
Mickey Mouse geometry provided only a 7% increase in ultimate tensile
strength compared with a flat interface, whereas the T-shape geometry
achieved a 58% improvement. Focusing on profiled root regions, Chueh
et al. [27] presented an anchor root and a tree-shaped root in pins with a
height and width of about 2 mm. In this work, SS 316 L interlocking
structures were manufactured by PBF-LB and subsequently filled with
PET by FFF. The anchor root consisted of two converging straight lines
forming an inverted V-shape, whereas the tree-shaped root adopted a
trapezoidal profile. These geometries were designed to facilitate the
penetration and enhance the adhesion and connection with the
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secondary material, thereby preventing detachment. Tensile and shear
tests confirmed reliable metal/polymer joint strength, with tensile fail-
ure occurring mainly in the polymer component rather than at the
interface.

In conclusion, the following considerations emerge from the analysis
of the available literature:

e There is a lack of standardization in pin design, despite its decisive
role in governing joint performance. The same authors frequently
present different pin geometries in their works, progressing from one
class to another or mixing them.

From a comparative perspective, the straight class provides a simpler
solution, mainly suited to shear-dominated load transfer, whereas
the expanding class, which is the most recurrent, enhances pull-out
and peel resistance through undercuts and enlarged contact areas.
The profiled class introduces additional surface features that further
tailor stress distribution and mitigate energy dissipation under
combined loading, although often at the cost of increased
manufacturing complexity.

Certain geometric features, such as conical tips, undercut geome-
tries, and root fillets, recur across multiple studies and consistently
demonstrate a stronger influence on joint performance than more
elaborate surface modifications.

In terms of dimensions, variability exists among proposed designs;
however, pins with widths and heights in the 2-3 mm range are most
commonly reported. Geometric parameters such as length-to-
diameter ratio, as well as pin distribution along the interface, are
repeatedly identified as critical variables. A more detailed analysis of
their effect is provided in Section 5.4.

3.3. Macro-lattices

Macro-lattices constitute the most geometrically complex macro-
interlocking configuration, typically characterized by dimensions in
the millimeter range and above (Fig. 3). An overview of the main
characteristics of this category is reported in Table 2. Macro-lattices
consist of arrays of periodically arranged three-dimensional unit-cells,
commonly referred to as lattice structures [15], fabricated on the pri-
mary material surface. Their inherent porosity can facilitate the infil-
tration of the secondary material, thereby promoting mechanical
interlocking through volumetric engagement [20]. Compared to micro-
features and macro-pins, the literature on macro-lattices presents
significantly fewer studies. However, the underlying mechanism in all
three approaches remains the same: each design strategy aims to in-
crease the contact area, enhancing the bond between materials.

Considering the limited number of studies, macro-lattice imple-
mentation appears circumscribed to two main design cases. The first
involves their adoption as a geometric alternative to conventional sur-
face modification techniques, such as plasma activation or chemical pre-
treatments, typically employed to bond materials with poor chemical
compatibility, commonly defined as hard to bond. In such cases, con-
ventional methods may prove insufficient, while macro-lattices have
been shown to significantly enhance bonding strength, with reported
values fivefold those of conventional methods [58,59]. The second
scenario involves the integration of macro-lattices with structural ad-
hesives [58,60]. In this configuration, macro-lattices act as a volumetric
scaffold that can be fully infiltrated by the adhesive. Consequently, load
transfer is no longer governed predominantly by adhesion at the
adhesive-substrate interface; instead, stresses are redistributed within
the infiltrated lattice-adhesive network, promoting cohesive failure
rather than interfacial debonding while maintaining a lightweight
design. The following discussion focuses on macro-lattices in the first
scenario, where interfacial performance is primarily governed by me-
chanical interlocking rather than adhesive bonding.

Despite their limited diffusion, macro-lattices offer significant ad-
vantages, including a high strength-to-weight ratio and enhanced
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energy absorption. Moreover, the properties of these structures are
highly dependent on their geometry, and tailored properties can often be
achieved through only a single parameter adjustment within the unit-
cell [15,58]. The design workflow typically starts with the selection of
the unit-cell [61], after which macro-lattices are generally classified into
three categories: strut-based, planar-based, and surface-based. The litera-
ture may present varying classifications, with additional distinctions
based on topology, connectivity, and other factors [61]. This work
adopts the classification most commonly used in mechanical inter-
locking applications.

Strut-based lattices consist of rod-like elements connected in
different orientations to form three-dimensional unit-cells. Among
them, cubic-derived configurations, such as Body-Centered Cubic (BCC)
lattices, are frequently reported in the literature [20,60,62]. In several
cases, a single layer of these structures oriented along the loading di-
rection has proven sufficient to enhance interfacial strength over both
conventional surface modification techniques and more complex lattice
designs. Verma et al. [20], for instance, investigated the mechanical
interlocking between PBF-LB processed 316 L lattice structures joined to
Avaspire AV651 resin. Three strut-based geometries were evaluated: a
BCC lattice reinforced along the vertical direction (BCCZ) (Fig. 13a), a
Cubic Face-Centered (FCC) lattice (Fig. 13b), and a truncated octahe-
dron (Kelvin cell) lattice (Fig. 13c). Their findings revealed that joints
incorporating these structures, consisting of a single layer of unit cells
with varying relative densities and an overall size of 5x5x1 mm?,
exhibited tensile strength values two to three times higher than those
obtained through conventional surface modification techniques. The
BCCZ lattice provided the highest interfacial strength. Nevertheless,
geometric detailing plays a crucial role: the BCCZ lattice with 29%
relative density and 0.25 mm strut diameter reached the highest tensile
strength, while both the denser configuration, with 39% relative density
and 0.30 mm strut diameter, and the less dense configuration, with 20%
relative density and 0.20 mm strut diameter, showed lower perfor-
mance. This demonstrates that bonding strength is governed by a bal-
ance between lattice structural integrity and secondary material
penetration. Lower densities led to premature lattice failure due to
thinner struts and manufacturing defects, whereas higher densities
promoted secondary material failure due to reduced penetration in the
lattice. Additionally, sharp corners at the node intersections were
identified as preferential sites for stress concentration and crack initia-
tion [63]. Accordingly, simplified lattice geometries with rounded struts
and smooth node transitions are generally preferred.

Planar-based lattices are created by generating a periodic pattern in a
two-dimensional plane and then extruding it in the third direction to
form the three-dimensional structure. They face intrinsic limitations in
mechanical interlocking, since they constrain only one or two of the
three translational degrees of freedom [17,21,43]. Representative ex-
amples include periodic two-dimensional patterns with U-shape, T-
shape, or dovetail shape features extruded in the third direction
(Fig. 14). Kuipers et al. [21], for example, investigated dual-material
MEX of PLA and PP, comparing the dovetail planar-based interlocking
geometries with strut-based lattices. Their study showed that planar-
based lattices, if not complemented by additional geometrical fea-
tures, may allow relatively easy disassembly. Consequently, although
planar-based lattices improve bonding compared to smooth or surface-
modified interfaces, the interlocking mechanism primarily develops
within the interface plane and can be overcome by in-plane deformation
or sliding.

Surface-based lattices consist of surfaces generated from mathe-
matical functions and represent an effective strategy for mechanical
interlocking, primarily due to their continuous and smooth geometries,
which mitigate stress concentrations. Among these, Triply Periodic
Minimal Surface (TPMS) lattices are widely investigated. TPMS lattices
are continuous, non-self-intersecting surfaces characterized by zero
mean curvature at every point and periodicity along three orthogonal
directions. Representative examples include Gyroid, Diamond, or
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Fig. 13. Strut-based macro-lattices geometries: (a) Body-Centered Cubic lattice reinforced along the vertical direction (BCCZ); (b) Face-Centered Cubic (FCC) lattice;
(c) truncated octahedron (Kelvin cell) lattice. For each unit-cell topology, the relative density is varied by modifying the strut diameter and the corresponding pore

dimensions. Reprinted from [20], Copyright (2022), with permission from Elsevier.

Fig. 14. Planar-based macro-lattice geometries obtained by extrusion of periodic two-dimensional patterns: (a) U-shape configuration; (b) T-shape configuration.
Adapted from [43], under the terms of the Creative Commons CC BY 4.0 license.

Neovius geometries (Fig. 15¢) [22,64]. Compared to strut-based and
planar-based lattices, surface-based lattices generally exhibit superior
mechanical performance. Ding et al. [22], for instance, explored me-
chanical interlocking between a rigid UV-curable acrylate resin, Ver-
oClear, and a soft thermally curable silicone rubber, PDMS, combining
PolyJet printing of the rigid component with subsequent molding and
curing of the silicone. They compared U-shape pins with hierarchical
features, BCC, and TPMS lattices. Their results demonstrated that TPMS
lattices, specifically the diamond geometry, compared to control flat
samples, enhanced the bonding strength by up to 28 times and the
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fracture energy by up to 217 times, due to their smooth, non-intersecting
surfaces and more uniform stress distribution. Moreover, increasing the
porosity of the diamond cells from 60% to 84% increased the ultimate
bonding strength by about 73%.

When designing macro-lattices for mechanical interlocking, the ge-
ometry selection must consider manufacturing constraints, material
compatibility, application requirements, and interlocking functionality.
The design of the lattice is an important factor contributing to the
strength of the bond [65]. A useful way to rationalize the relationship
between lattice design and mechanical performance is to consider the
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Fig. 15. Representative macro-interlocking structures: on the left, U-shape macro-pins with hierarchical micro-features; in the center, a strut-based macro-lattice,
with a single layer corresponding to half BCC unit-cells; on the right, surface-based macro-lattices based on Triply Periodic Minimal Surfaces (TPMS), including
Diamond, Gyroid, and Neovius geometries. Adapted from [22], Copyright (2024), with permission from Elsevier.

interlock as a system whose strength is governed by its weakest load-
bearing region. Although Freund et al. [65] developed this framework
in the context of Material Extrusion (MEX), the same principle can be
extended to macro-lattices produced by different AM processes. In this
view, the final joint strength is controlled by the concurrent contribution
of the lattice structure, the infiltrated secondary material, and the
connection between the lattice and the substrate. Therefore, increasing
lattice complexity, connectivity, or relative density does not necessarily
lead to higher joint strength. A denser lattice may improve the load-
bearing capability of the structure, but it also reduces pore volume
and may hinder complete infiltration of the secondary material.
Conversely, a highly porous lattice can promote filling and stress
redistribution, but excessively thin struts or shells may become sensitive
to manufacturing defects, local fracture, or weak connection with the
substrate. The optimal design is therefore process. and material-
dependent and results from a balance between lattice robustness, sec-
ondary material penetration, stress distribution, and manufacturability.

Based on the literature [65], several recommendations can be
identified:

e Unit cell topology, cell size, relative density and porosity, strut
diameter or wall thickness, number of lattice layers, and orientation
are the main design descriptors of macro-lattices and must be care-
fully considered.

e Comparing topology design, manufacturability constraints, and
performance, strut-based lattices are generally easy to manufacture
and offer effective load transfer due to their interconnected porosity
and undercut features; nevertheless stress concentrations may arise
at node intersection. Planar-based lattices are the simplest to fabri-
cate, but they constrain only one or two translational degrees of
freedom and may allow disassembly if not complemented by addi-
tional features. Surface-based lattices are generally preferred. They
provide smooth, non-self-intersecting surfaces that mitigate stress
concentration and promote enhanced bonding strength; however,
their thin walls and complex internal channels may amplify manu-
facturability constraints.

Cell size, strut diameter or wall thickness, and lattice porosity must

be selected together, since they jointly control both manufactur-

ability and connection strength. Higher porosity and larger pores
generally facilitate the penetration of the secondary material and
improve volumetric engagement, but may weaken the lattice struc-
ture if the struts or walls become too thin or approach the process
resolution limit. Conversely, denser lattices improve lattice stiffness
and strength, but reduce pore accessibility and may limit the me-
chanical contribution of the infiltrated material. Moreover, smaller
cells increase the number of load-transfer points and the interfacial
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area, whereas larger cells improve filling efficiency and
manufacturing reliability. Therefore, optimal performance is gener-
ally achieved within a process- and material-dependent design win-
dow, rather than by maximizing either density or porosity.
e The lattice should maximize load transfer within the smallest
possible interfacial volume. Since interlocking is primarily estab-
lished within the first layer, additional layers may introduce poten-
tial failure sites without proportionally increasing joint strength.
Lattice orientation should align with the dominant loading mode to
promote uniform stress distribution. Repetitive and symmetric ge-
ometries are preferable, whereas density gradient may introduce
stiffness mismatches and stress concentrations, causing premature
failure governed by the weakest structural region.

4. Materials and manufacturing techniques

This section provides a structured analysis of materials (Section 4.1)
and manufacturing techniques (Section 4.2) for mechanically inter-
locked joints. These aspects are inherently interdependent, as material
selection constrains the range of feasible fabrication and joining ap-
proaches, while the adopted processing strategies influence the
achievable material combinations, interlocking configurations, and
resulting interfacial behavior.

4.1. Materials

A comprehensive analysis of material families employed in me-
chanical interlocking structures is presented, making a clear distinction
between the primary materials used to fabricate the interlocking struc-
tures and the secondary materials joined to these structures (Section
4.1.1). This approach enables the identification of prevalent material
combinations, facilitating insights into current industrial trends and
identifying existing gaps (Section 4.1.2).

4.1.1. Material families

Examining the previously defined mechanical interlocking cate-
gories — micro-features, macro-pins, and macro-lattices — it emerges
from the literature that only two material families, metals and polymers,
are currently employed as primary materials (Fig. 16). In contrast, sec-
ondary materials encompass metals, polymers, and composite families,
particularly Fiber Reinforced Polymers (FRPs). Composite materials
have not yet been reported as primary materials. This may be related to
the intrinsic manufacturing constraints associated with fiber-reinforced
materials, where the presence of continuous or oriented fibers can limit
the geometric freedom required to fabricate complex three-dimensional
interlocking structures. Ceramic materials, instead, are scarcely
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Fig. 16. Frequency analysis of material family combinations reported in the literature for micro-features, macro-pins, and macro-lattices. Percentages represent the
relative occurrence within each category. The x-axis indicates the primary material families, while the bars represent its combinations with the corresponding

secondary material families.

investigated in either role, with only a single specific biomedical
application reported among the analyzed studies [36,66] and therefore
not included in the graph. In this case, a surface texture was produced on
zirconia substrates to enhance bonding with secondary materials,
namely dental resin or veneering ceramic, for dental restorations.

At the level of material families, combinations can be broadly
organized into two principal groups: combinations within the same
family (e.g., polymer—polymer) and combinations across different fam-
ilies (e.g., polymer-composite). Metals are utilized as primary materials
in conjunction with all three secondary material families, while poly-
mers predominantly pair with other polymers or composite materials.
Polymer-metal combinations, with polymer serving as the primary
material, have been suggested in the literature as a potentially inter-
esting direction for future research [27].

A clearer trend becomes apparent when correlating material families
with interlocking typologies (Fig. 16). In micro-features, metal inter-
locking structures combined with composite or polymeric secondary
materials clearly dominate. Combinations involving polymers as pri-
mary material, in this case, remain infrequent. This tendency appears

consistent with the predominant methods used to produce micro-
features, such as anodizing or related treatments, which are well-
established for metal AM components. In contrast, macro-pins and
macro-lattices are largely characterized by polymer—polymer combina-
tions, reflecting the broader adoption of polymers in AM and the
maturity of their manufacturing techniques. The second most common
combination involves metal interlocking structures paired with com-
posite materials, aligning with the industrial drive toward lightweight,
highly functional multi-material components. A detailed analysis of
specific material combinations is presented in the next section.

4.1.2. Material combinations

Bubble maps illustrating the combinations of materials for each
interlocking category are presented in Figs. 17-19. In these maps, node
size corresponds to the frequency of individual material citations,
whereas the thickness of the connecting lines indicates the prevalence of
a specific material combination within the literature. The direction of
the connecting lines represents the interlocking configuration: the tail
corresponds to the primary material providing the interlocking

Fig. 17. Bubble map of material combinations for micro-features. Arrow direction indicates the interlocking configuration: the tail corresponds to the primary
material, while the arrowhead points to the secondary material. Line thickness scales with the number of studies for a given combination. Node size is proportional to

the number of citations of each material in the literature.

16



F. Valenza et al.

Materials & Design 270 (2026) 116872

Fig. 18. Bubble map of material combinations for macro-pins. Arrow direction indicates the interlocking configuration: the tail corresponds to the primary material,
while the arrowhead points to the secondary material. Line thickness scales with the number of studies for a given combination. Node size is proportional to the

number of citations of each material in the literature.

structures, while the arrowhead points to the secondary material. The
same scaling criteria are adopted across all three figures to ensure direct
comparison.

One of the most frequently reported combinations across the three
analyzed interlocking categories, and particularly pronounced in macro-
pins, involves metallic primary materials, such as titanium alloys and
steels, joined with CFRPs [3,17,31,33,34,51-55,63,67-77]. More than
75% of current CFRP production relies on thermoset matrices [8], while
thermoplastic composites are progressively gaining industrial attention
due to their short processing cycles and inherent recyclability. The
considerable interest in CFRPs is primarily driven by their increasing
adoption in industrial sectors, such as aerospace and automotive, where
weight reduction is crucial for decreasing fuel consumption and
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minimizing CO, emissions [26]. Additionally, CFRPs exhibit excellent
specific mechanical properties, although they present certain draw-
backs, including high costs, limited energy absorption, and degradation
of matrix-dominated properties at elevated temperatures. In contrast,
GFRPs appear less frequently and are mainly observed in macro-pins and
macro-lattices [18,50,78,79]. Natural fiber reinforced polymers also
remain marginal, despite their increasing relevance in sustainable ma-
terial development. To the best of the authors knowledge, the only re-
ported example is provided by Miranda et al. [16], who combined
AlSi10Mg macro-pins with BFRPs, highlighting the less energy-intensive
production and superior environmental profile of basalt fibers compared
to glass and carbon fibers, while maintaining competitive mechanical
properties.
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Fig. 19. Bubble map of material combinations for macro-lattices. Arrow direction indicates the interlocking configuration: the tail corresponds to the primary
material, while the arrowhead points to the secondary material. Line thickness scales with the number of studies for a given combination. Node size is proportional to

the number of citations of each material in the literature.

Among metallic materials, titanium alloys, aluminum alloys, and
stainless steels have attracted extensive research interest for their well-
known advantageous characteristics, such as good mechanical proper-
ties, stiffness, and thermal performance [75]. Within metal-polymer
combinations, particularly evident in micro-features, metals paired
with thermoplastic materials such as PA and PC are recurrent
[19,20,27,30,37,39,40,43,80-82]. Metal-metal combinations are also
reported. In some cases [17,83,84], the secondary material may coincide
with the primary one, for example, AlSi10Mg joined with AlSi10Mg
[44,85], often implemented through complementary interlocking con-
figurations, in which macro-pins are produced on both materials prior to
joining. Alternatively, dissimilar metallic combinations are explored
[24,62,86-89], as in the case of Li et al. [86], who combined stainless
steel 316 L, characterized by high ductility, with Inconel 625, exhibiting
higher strength but reduced deformability. This specific combination
aims to mitigate the conventional strength-ductility trade-off by pro-
moting complementary deformation behavior, thereby improving en-
ergy absorption and extending applicability to high-temperature, harsh
environments.

Finally, polymer-polymer combinations are particularly recurrent in
macro-pins and macro-lattices [21,23,28,47,49,57,58,90-96]. Often
reported materials include thermoplastic polymers such as PLA, PP,
ABS, and PU, especially PLA-PU combinations, reflecting their pro-
cessing versatility and accessibility [97-99]. However, when chemically
dissimilar polymers are combined, reliable mechanical interlocking re-
mains challenging due to poor interfacial adhesion, chemical in-
compatibility, and susceptibility to deformation-induced shape
distortions. Comprehensive studies on interface characteristics remain
limited, highlighting a notable research gap [100]. Photopolymer resins
and silicone-based elastomers appear sporadically in the literature
[22,59,101,102].

Overall, the material distributions reveal clear scale-dependent ten-
dencies. Micro-features are largely characterized by metallic primary
materials paired with polymeric or composite adherends; macro-pins
exhibit a wide spectrum of combinations, including metal-composite
systems, metal-metal complementary joints, and polymer—polymer
pairings; macro-lattices display a marked prevalence of
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polymer—polymer combinations. The trends highlight several research
gaps, including the limited exploration of natural fiber composites and
the lack of systematic interfacial characterization in chemically dis-
similar material pairings. Moreover, material selection is influenced not
only by compatibility and application requirements, but also by the
technological constraints and maturity of the AM processes, discussed in
the following section.

4.2. Manufacturing techniques

The analysis of materials necessitates an integrated and compre-
hensive study of the corresponding manufacturing techniques, as pre-
sented in this section. In this review, the classification and terminology
of the AM processes follow the ISO/ASTM 52900:2021(E) standard
[101].

The manufacturing of mechanically interlocked multi-material
components can be divided into two sequential phases [9]. The first
involves the fabrication of the interlocking structures on primary ma-
terial substrates (Section 4.2.1). In complementary interlocking config-
urations, such structures are typically produced on both materials prior
to assembly; however, this represents a specific configuration that dif-
fers from the more conventional approach. Despite the intrinsic differ-
ences in the three interlocking categories — micro-features, macro-pins,
and macro-lattices — the fabrication processes share a common objective:
creating geometrical features that enable subsequent joining. The sec-
ond phase consists of the actual joining process, in which the inter-
locking structures fabricated on the primary material are bonded to the
secondary material (Section 4.2.2). The following sections provide an in-
depth analysis of these two phases.

4.2.1. AM fabrication of mechanical interlocking structures

As depicted in Fig. 20, Powder Bed Fusion (PBF) and Material
Extrusion (MEX) are the predominant technologies for producing
interlocking structures across all analyzed categories. This trend is
consistent with the material distributions presented in the frequency
analysis and bubble maps discussed in Section 4.1. Conversely, the
limited adoption of Directed Energy Deposition (DED), Material Jetting
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Fig. 20. Relative distribution of AM processes employed for the fabrication of mechanical interlocking structures. Percentages are calculated with respect to the total

number of publications considered within each interlocking category.

(MJT), and Vat Photopolymerization (VPP) highlights the need for
further investigation to expand their applicability to interlocking
structures.

The marginal adoption of MJT and VPP, each accounting for
approximately 4-6% of the reviewed literature, can be traced to three
converging limitations. First, the available feedstock is mainly restricted
to photo-curable resins, inks, or resin-based formulations, whose me-
chanical and thermal performance is generally lower than that of ther-
moplastics processed by MEX or metals processed by PBF, thereby
limiting their suitability for load-bearing interlocking joints. Second, the
properties of MJT- and VPP-printed parts are strongly influenced by
curing and post-curing conditions, which may complicate the integra-
tion of the printed primary substrate with co-bonded or secondary
bonded materials. Third, in MJT, the limited range of materials and the
frequent need for support materials can restrict the feasibility of com-
plex interlocking geometries, whereas in VPP the need to ensure resin
drainage and complete curing can hinder the fabrication of closed or
poorly accessible internal cavities. DED is also less represented in the
surveyed literature, approximately 4-5%, although for different reasons.
While DED is highly suitable for adding material onto existing substrates
and for producing large-scale features, its lower geometrical resolution
compared with PBF, larger melt pools, higher heat input, and greater
susceptibility to distortion and residual stresses limit its use for small,
accurately controlled interlocking features. These process-specific con-
straints explain why MJT, VPP, and DED are currently utilized in few
studies, while also identifying clear research directions.

In the micro-feature category, PBF techniques represent the domi-
nant approach, accounting for 74% of the reported cases. This preva-
lence is closely aligned with the frequent use of metallic alloys, such as
Ti6Al4V and AlSi10Mg, and thermoplastic materials such as PA and PU,
as illustrated in Fig. 17, which are well suited to PBF processing. Since
controlling surface morphology at the micron scale is essential to
achieving strong interfacial adhesion, the intrinsic resolution of PBF
makes it particularly suitable for this application. Nevertheless, to
further enhance interface performance, additional post-processing
methods such as mechanical or chemical surface treatments may still
be required, as already discussed in Section 3.1. In contrast, MEX (14%),
DED, MJT, and VPP (4% each) are only marginally reported.

In contrast, the macro-pin category shows greater technological
diversification. Although PBF remains prevalent (53%), employing both
laser and electron beam energy sources, other technologies, including
MEX (30%), DED (5%), MJT (6%), and VPP (6%), are also employed.
This diversity is further reflected in the broader range of primary ma-
terials employed, including photopolymers and silicones (Fig. 18). Such
findings suggest that macro-pins possess greater flexibility in dimen-
sional and functional requirements, enabling the adoption of different
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manufacturing technologies. Moreover, the widespread investigation of
macro-pins in the literature, compared to other interlocking categories,
likely contributes to the exploration of their production via multiple
technologies.

Consistent with the trends observed for macro-pins, the macro-lattice
category displays a similar process distribution, with PBF (50%) and
MEX (38%) prevailing, in line with the predominance of polymers in this
type of structure (Fig. 19), and only marginal use of MJT and VPP (6%
each).

Across all categories, the literature emphasizes that, despite the
design flexibility offered by AM, intrinsic limitations and process con-
straints must be considered prior to fabrication [15]. A direct quanti-
tative correlation between individual processing parameters and
interlocking performance cannot yet be established, since the available
studies differ markedly in terms of interlocking geometries, material
pairs, joining strategies, and testing configuration. Nevertheless, a
qualitative process-structure-performance relationship can be extracted
by considering the features through which processing affects inter-
locking behavior, such as, for example, surface roughness for micro-
features, dimensional accuracy for macro-pins, and support re-
quirements for macro-lattices. Since PBF is the most frequently reported
process in the reviewed literature, most available examples refer to
powder-based technologies; however, the same rationale applies to
other AM processes, each governed by its own process-sensitive vari-
ables, such as layer height, raster orientation, infill density, and extru-
sion temperature in MEX; heat input, deposition path, and feed rate in
DED; curing, post-curing, support removal, and resin drainage in MJT
and VPP.

For micro-features, surface roughness is a key factor governing
bonding performance and must be controlled through the appropriate
tuning of parameters such as power input, layer thickness, hatch
spacing, and build orientation [76]. In the study by Nusom et al. [76],
PBF-LB Ti6Al4V surfaces manufactured at different build angles showed
distinct roughness patterns that directly affected bonding performance.
In particular, the highest roughness condition, obtained at a 45° build
angle with R, = 24.84 pm, resulted in a 54.4% increase in bonding shear
strength compared with the samples built at 90°, which exhibited a
lower roughness of R, = 10.68 pm. Likewise, in macro-pins, mechanical
performance, particularly in terms of lap-shear strength and fracture
behavior, is highly sensitive to process conditions [72]. In this case, the
process-performance link is mediated by the dimensional accuracy of
the pins, surface porosity and roughness, and the ability of the secondary
material to flow around them during the joining step. From a dimen-
sional perspective, the accurate reproduction of key geometrical details,
including tips, bodies, and roots, is essential since these regions govern
the effective mechanical engagement between two materials. The choice
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of the production system can therefore significantly affect the replica-
tion of small features. Systems using a larger spot size and layer thick-
ness, for instance, tend to produce rougher surfaces, with partially
melted particles or balling phenomena, as well as geometrical deviations
in small features. Conversely, systems using a smaller laser spot size and
layer thickness may enable the fabrication of more distinct shapes,
improving surface quality. Thus, even when the designed interlocking
geometry is successfully manufactured, process resolution and defect
formation can alter the effective pin morphology and, consequently, the
potential interlocking capacity. In macro-lattices, manufacturability
constraints become even more critical, since the performance of the
structure depends on the accurate reproduction of thin struts, open
pores, and internal cavities. In powder-based techniques, laser power
and scan speed can affect powder adhesion on struts and dimensional
accuracy [103]. Moreover, macro-lattices are susceptible to residual
powder entrapment [102], necessitating careful consideration of both
geometry and process parameters. Similar attention is required to
minimize excessive support structures [104] and to mitigate de-
formations caused by thermal expansion, shrinkage, or suboptimal
processing conditions [103]. Consequently, designers must balance
structural integrity, dimensional accuracy, cost-efficiency, and produc-
tion time while ensuring compatibility with the subsequent joining
phase.

In conclusion, PBF and MEX are currently the most commonly
employed technologies for the fabrication of interlocking structures,
although their effective use requires careful optimization of process
parameters. This further confirms that material selection is often
inherently linked to process availability and technological maturity.
Moreover, the selection of a suitable manufacturing technique should be
guided not only by material and structural complexity, but also by the
specific requirements of the subsequent joining phase. Future research
should aim to fully exploit the potential of AM technologies in this
context.

4.2.2. Joining processes of materials

Joining processes refer to the phase in which the secondary material
is bonded to the mechanical interlocking structures fabricated on the
primary material. In this context, the distinction between micro-
features, macro-pins, and macro-lattices becomes secondary, as joining
processes are primarily dictated by the materials involved. For this
reason, an analysis based on material combinations and typical appli-
cation scenarios is conducted, as summarized in Table 3. Within each
combination, a distinction can be drawn between co-bonding and sec-
ondary bonding methods. Co-bonding refers to processes wherein the
production of the secondary material and its joining to the primary one
occur simultaneously. Secondary bonding, in contrast, separates these
two stages.

For metal-composite combinations, co-bonding approaches clearly
derive from conventional composite manufacturing technologies. These
include Vacuum-Assisted Resin Infusion (VARI) techniques [18,70],
autoclave consolidation [3,17], and thermo-mechanical processes,
including hot pressing and compression overmolding [34,76]. In these
methods, the composite phase is consolidated while simultaneously
penetrating and engaging the metallic interlocking features.

VARI involves resin infiltration into dry fibers facilitated by vacuum
pressure within a flexible or closed mold setup [9]. It is a cost-sensitive
process, suitable for large-area components. A known limitation of these
infusion-based processes, particularly when applied to components with
macro-pins, is their susceptibility to defects such as voids, cracks,
debonding, and delamination [70]. Autoclave and thermo-mechanical
processes are most commonly used in combination with prepreg com-
posite materials. While both rely on controlled thermal and pressure
cycles, autoclave processes apply pressure uniformly via a pressurized
gas environment, whereas thermo-mechanical systems deliver direct
pressure through heated plates. These methods currently represent the
benchmark for manufacturing such components, as they tend to ensure
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Table 3

Overview of joining processes for mechanically interlocked components, clas-
sified according to material combinations, and typical application scenarios.
Processes are distinguished between co-bonding and secondary bonding.

Material
combination

Co-bonding Secondary

bonding

Typical application
scenarios

VARI
Autoclave
Consolidation

Ultrasonic
Joining

Metal-composite VARI: large-area or cost-
sensitive parts with
moderate consolidation
requirements
Autoclave/Thermo-
mechanical Processes:
high-performance parts
requiring low void
content and/or high fiber
volume fraction
Ultrasonic Joining:
short-cycle, localized
heat input (applicable
only to composite with
thermoplastic matrix)
Thermo-mechanical

Thermo-
mechanical
Processes

Ultrasonic
Joining

Metal-polymer Thermo-
Processes: metal-
thermoplastic joints
requiring controlled
polymer softening and
flow into interlocking
features

MMAM: integrated or
sequential fabrication,
reducing handling steps
and enabling direct
material deposition onto
interlocking features
Hybrid Processes:
tailored undercuts and

mechanical
Processes
MMAM

Hybrid additive-
subtractive
Processes

localized interlock
Ultrasonic Joining:
short-cycle, localized
heat input (applicable
only to thermoplastic
polymers)

MMAM: integrated or
sequential fabrication,
reducing handling steps
and enabling direct
material deposition onto
interlocking features
Adhesive/Manual
Bonding:
complementary
interlocking
configuration

MMAM: integrated or
sequential fabrication,
reducing handling steps
and enabling direct
material deposition onto
interlocking features
Adhesive Bonding:
chemically dissimilar
polymers
Thermo-mechanical
Processes/Ultrasonic
Joining: applicable only
to thermoplastic,
although scarcely
reported
Thermo-mechanical
Processes: applicable to
thermoplastic-matrix
composite, although
scarcely reported
Adhesive Bonding: most
diffuse technique with
structural adhesive

MMAM Adhesive
Bonding
Manual

Bonding

Metal-metal

MMAM
Thermo-
mechanical
Processes

Adhesive
Bonding
Ultrasonic
Joining

Polymer—polymer

Adhesive
Bonding

Thermo-
mechanical

Polymer-
composite
Processes
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substantial reductions in void content and enable higher fiber volume
fractions compared to VARI techniques. Nevertheless, their imple-
mentation entails strict process control and high investment costs [9].

Secondary bonding in metal-composite combinations involves the
application of localized thermal energy to soften the matrix and facili-
tate the joining procedure. Ultrasonic joining [105,106] exemplifies this
strategy, allowing short cycle times and high energy efficiency. Never-
theless, the process is restricted to composites with thermoplastic
matrices and may present drawbacks, such as potential tool wear when
joining hard alloys such as titanium [9], as well as possible inaccuracies
and laminate swelling during assembly [70].

In metal-polymer combinations, co-bonding strategies include
thermo-mechanical processes, Multi-Material Additive Manufacturing
(MMAM) [27,30,43,80], and hybrid additive-subtractive processes [39].
Thermo-mechanical processes, including hot pressing [37,72,76] and
compression molding [63], are widespread due to the frequent use of
thermoplastic polymers such as PA, PLA, ABS, and PU. These processes
enable strong mechanical interlocking through controlled thermal
softening and material flow. However, inadequate parameter selection
may result in incomplete penetration of the interlocking structures, re-
sidual stress, or interfacial defects.

MMAM systems constitute an interesting and emerging solution, as
they enable the fabrication of both primary and secondary materials and
their simultaneous joining within the same platform. These systems may
be based on a single-process configuration, in which the same AM
technology is employed to deposit different materials (e.g., multi-nozzle
MEX [107] or multi-material PBF [87]). This approach is particularly
suited for metal-metal or polymer—polymer pairings. Alternatively,
particularly in metal-polymer combinations, MMAM may rely on multi-
process configurations that integrate distinct AM manufacturing tech-
niques within a single machine (e.g., a hybrid platform merging laser-
based PBF and MEX [27]). These configurations reduce handling steps
and processing time but remain technologically complex [23], requiring
further research. Sequential AM approaches are also reported in the
literature. In these cases, separate AM machines are employed to
fabricate the interlocking structures and subsequently deposit and join
the secondary material (e.g., a PBF system to fabricate metallic inter-
locking structures, followed by a separate MEX system to deposit poly-
mer directly into the structures [43]).

Lastly, hybrid additive-subtractive processes may be adopted,
combining subtractive creation of undercuts with subsequent additive
deposition of the secondary material [108]. Within this category, the
AddJoining technique (patent application DE 102016121267 [109])
deserves a mention. The process involves fixing a pre-manufactured
metallic substrate onto the build platform, depositing an intermediate
coating layer via MEX to promote adhesion, and subsequently depos-
iting thermoplastic layers to complete the joint [110,111].

Secondary bonding in metal-polymer combinations is less prevalent
and mainly involves ultrasonic joining [112], again limited to thermo-
plastic polymers.

Metal-metal combinations exhibit a limited set of joining processes.
Co-bonding is achieved through MMAM systems [24,86-89], where
multiple metallic materials are deposited within a single integrated
manufacturing system.

Secondary bonding includes adhesive bonding [17] and manual
mechanical assembly [44], particularly in complementary interlocking
configurations. Although adhesive bonding is traditionally regarded as
an independent joining method, it can serve as a complementary joining
process in mechanically interlocked components. Several studies have
shown that the combination of mechanical interlocking structures and
adhesive bonding can enhance or reduce joint performance depending
on loading conditions [34,49,51,113]. For example, under compression
loading, joints with macro-pins and adhesive outperformed the corre-
sponding interlocked joints without adhesive [49]. Conversely, in
another study, the addition of a film adhesive reduced the Mode I
toughening compared with macro-pins alone [51]. However, the
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integrated use of these two techniques is still at an early stage and re-
quires further investigation [5].

Polymer-polymer combinations are frequently addressed through
MMAM systems [21,23], with different thermoplastic materials
sequentially deposited within the same process. However, when chem-
ically dissimilar polymers are involved, interfacial adhesion becomes
challenging due to limited molecular compatibility and mismatched
thermal expansion behavior. In such cases, joining performance is
highly sensitive to infiltration and dimensional accuracy.

For secondary bonding, adhesive application remains the most
common approach [45,58]. When both polymers are thermoplastic,
thermo-mechanical process or ultrasonic joining may be feasible,
although such approaches are scarcely reported.

In polymer-composite combinations, co-bonding techniques are
generally not documented. Also in this case, when thermoplastic
matrices are involved, thermo-mechanical processes are feasible but
remain scarcely reported [35]. Polymer-composite combinations,
instead, are predominantly joined through secondary bonding, most
commonly using structural adhesives [60].

Across all material systems, the selection of the joining process is
strongly governed by the intrinsic behavior of the materials involved.
Co-bonding approaches are prevalent, particularly when thermoplastic
and composite materials are involved. In contrast, secondary bonding
methods are less diffused and become necessary when materials are
chemically dissimilar or thermally incompatible. Despite the variety of
reported processes, comparative studies assessing joint performance
remain scarce. Consequently, process selection must rely on case-
specific evaluation, considering material compatibility, process feasi-
bility, and application requirements.

5. Performance and test methods of mechanically interlocked
joints

In this section, an in-depth overview of the performance of me-
chanically interlocked joints and of the experimental methods used to
assess it is provided. Section 5.1 introduces the most frequently inves-
tigated performance metrics and the key parameters governing joint
behavior. Building on this, Sections 5.2 and 5.3 review the most
commonly adopted destructive and non-destructive testing methods
used to quantify these metrics and characterize interfacial integrity.
Finally, Section 5.4 discusses the main findings and recurring trends
reported in the literature, with particular emphasis on the correlation
between the design and performance of mechanically interlocked joints.

A major limitation that clearly emerges from the literature is the lack
of standardized testing protocols specifically tailored for mechanical
interlocking as a joining method. This issue becomes even more critical
when AM is considered as the production route for the interlocking
structures. As a result, a wide variety of specimen geometries, setups,
and testing procedures have been proposed. This methodological di-
versity, while reflecting the early stage of research in the field, also
prevents a direct comparison between studies, underscoring the need for
a unified experimental framework.

5.1. Performance metrics

The performance of mechanically interlocked joints results from a
complex interplay among geometry, materials, and process-related
factors. These variables are strongly interdependent, making it diffi-
cult to isolate the contribution of any single factor. At the geometrical
level, the design of the interlocking features, including shapes, di-
mensions, and distributions, governs the load-transfer path, stress
localization, and the ensuing failure mechanisms. At the material level,
intrinsic properties such as elastic modulus, strength, polarity, wetta-
bility, and thermal expansion coefficient control both the local stress
state and the effectiveness of interfacial interactions. Manufacturing-
related variables, including build orientation, energy input, and layer
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thickness in AM processes, as well as joining-related factors such as
infiltration pressure or curing temperature, affect the quality of me-
chanical engagement and interfacial continuity. The combined influence
of these factors determines the joint performance, which is quantified
through different metrics reported in the literature. Moreover, the
testing configuration adopted to measure them can also influence the
observed joint response and is discussed in Section 5.2.

Several performance metrics are recurrently reported to evaluate
joint performance. Apparent shear strength and failure load remain the
most frequently adopted metrics, reflecting the need to quantify load-
transfer efficiency at the interface. In the majority of studies, particu-
larly those involving macro-pins, failure load is preferentially reported
rather than stress-based metrics. This is due to the inherent difficulty in
defining an effective bonding area in the presence of micro-features,
macro-pins, and macro-lattices, together with the non-uniform stress
distributions that characterize these structures [16,45,114,115]. In this
context, comparing results across different studies becomes challenging
due to the absence of a standardized design and testing framework.
Consequently, results from different works may differ substantially and
can even appear contradictory [14]. Tensile strength and interfacial
fracture toughness are also commonly evaluated, as well as fatigue life
and environmental durability (e.g., corrosion or humidity resistance).
These mechanical outcomes are often correlated with morphological
descriptors such as surface roughness, topology, porosity, defect distri-
bution, and infiltration depth, establishing links between interface
morphology and macroscopic response.

Describing interfacial strength is further complicated by the simul-
taneous action of multiple adhesion mechanisms. A useful interpretative
map (Fig. 21) is provided by the adhesion-theory framework discussed
by Freund et al. [23], in which interfacial bonding is classified into
mechanical adhesion and specific adhesion. Mechanical adhesion is
achieved through geometric interference between interlocking features.
Specific adhesion, instead, is the result of polar interactions and chem-
isorption, both dependent on the polarity of the materials; adsorption,
governed by intermolecular forces and wettability; diffusion, resulting
from elements or chain mobility across the interface; and, to a lesser
extent, weak boundary layer effects and electrostatic interactions. While
these mechanisms co-act and are each sensitive to several variables,
mechanical interlocking and material polarity emerge as particularly
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impactful levers. Focusing the present analysis on interlocking, there-
fore, allows examination of one dominant mechanism in depth while
keeping sight of the multi-mechanism landscape.

Since test configuration and boundary conditions can amplify or
suppress specific mechanisms, a clear understanding of testing methods
is essential for interpreting joint performance. The following sections,
therefore, review the most commonly adopted destructive and non-
destructive testing methods used to quantify the performance metrics
discussed above.

5.2. Destructive testing

Destructive testing methods employed for mechanically interlocked
joints are commonly derived from procedures originally developed for
adhesive bonding. These methods can be adapted to better capture the
specific features of mechanical interlocking, reflecting the absence of
consolidated testing protocols for this class of joints. According to the
literature, the most common approaches, applicable to micro-features,
macro-pins, and macro-lattices, are mechanical tests complemented by
morphological inspections and fracture analyses. A summary of the
main reported tests, including output metrics, applicability to different
interlocking categories, and main limitation, is reported in Table 4.

Among mechanical tests, the lap shear configuration, particularly the
single-lap shear test, is the most frequently adopted, owing to its ease of
fabrication and testing efficiency in evaluating adhesion performance
[49]. The lap shear test consists of bonding the primary and secondary
materials, together referred to as adherends, through an overlap region
where the load is transferred. The standards most often referenced for
single-lap shear tests are those originally defined for adhesive bonding
under different material combinations and conditions (e.g., ASTM
D1002 [116], D3165 [117], D5868 [118], ISO 19095 [119], ISO 13445
[120]). However, in many studies, the reference standard is not
explicitly mentioned, and substantial flexibility is observed in specimen
dimensions. The overlap length, for instance, can range from the 12.7
mm prescribed by ASTM D1002 and D3165 [39] up to 25 mm or more
[18,34], depending on the case study. Increasing the overlap length
generally leads to higher failure loads, since the load is distributed over a
larger region. Yet, as demonstrated for adhesive joints [121], this
improvement is nonlinear: beyond a certain length, the increase tends to

Fig. 21. Schematization of the adhesion mechanisms that govern interface strength. Reprinted from [23], under the terms of the Creative Commons CC BY

4.0 license.
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Table 4
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Summary of the destructive and non-destructive testing methods used to characterize mechanically interlocked joints, highlighting output metrics, main applicability

and limitations.

Testing category Testing technique

Main output/metric

Main applicability

Main limitations

Destructive Testing Single-lap shear

Double-lap shear and
custom shear fixtures

Tensile, pull-out,
compression

Double cantilever
beam and end notch
flexure

Fatigue

Impact

Complementary
characterization and
in-test monitoring

Digital image
correlation and
optical monitoring

Surface morphology
(OM, SEM,
profilometry,
confocal microscopy)
Cross-sectional
analysis

Fractography
(OM, SEM, EDS,
EBSD, XRD)
Micro-indentation

Non-destructive testing Micro-computed

tomography

Ultrasonic testing

Al-assisted
morphological
analysis

Maximum load, apparent shear
strength, displacement, failure
mode

Maximum load, apparent shear
strength, failure mode

Tensile strength, pull-out force,
energy absorption

Mode I and Mode II interfacial
fracture toughness

Load-cycle response, fatigue life,
residual strength

Damage tolerance, delamination
resistance, crack deflection

Surface strain fields, crack
initiation, deformation
localization

Roughness features, surface
defects, micro-feature quality

Infiltration quality, voids,
interface continuity, material
distortion, local defects
Failure mode, crack path,
elemental composition,
microstructural changes
Local interfacial integrity,
hardness variation

Porosity, voids, incomplete
infiltration, internal geometry,
dimensional deviations,
penetration depth

Debonding, delamination,
internal discontinuities, interface
defects

Quantitative descriptors of
surface defects and
morphological features

Most common for micro-features and
macro pins for comparative
assessment under dominant shear
loading

Suitable for micro-features and
macro-pins, when a symmetric shear
loading condition is required

Most common for macro-pins and
macro-lattices, where out-of-plane
anchoring, pin extraction, and
infiltration efficiency are critical
Useful for assessing crack opening
and crack sliding resistance,
especially in macro-pins

Relevant for evaluating cyclic
durability and progressive interfacial
degradation in micro-features and
macro-pins

Reported mainly for macro-pins and
potentially relevant for macro-
lattices subjected to dynamic loading
Useful during mechanical testing to
correlate deformation with failure
mechanisms, reported for all
categories

Useful for all categories

Useful for all categories

Useful to interpret mechanical test
results and identify failure type for
all categories

Useful for probing local property
gradients near the interface, mainly
reported for micro-features
Particularly useful for macro-pin and
macro-lattices with complex internal
features

Potentially scalable to larger
components, mostly reported for
macro-pins

Useful for automated analysis across
all categories

Non-uniform stress distribution, peel and
bending effects, local stress concentrations at
overlap edges and geometric transitions, strong
dependence on overlap length, adherend
thickness, and stiffness mismatch

Complex specimen preparation and alignment,
fixture and specimen geometry often study-
specific, possible local stress concentrations in
geometric transitions

Results strongly depend on feature geometry,
embedded length, loading direction, and
infiltration quality

Requires controlled pre-crack insertion, mainly
applicable to relatively planar joint
configurations

Stress-based comparisons are difficult because of
heterogeneous stress fields

Rarely reported and difficult comparison across
studies because of different impact energies and
configurations

Cannot directly detect internal defects, requires
optical access and surface preparation

Provides mainly surface information, does not
directly assess the final interfacial quality

Limited to selected sections and may not
represent the whole joint volume

Local observations require careful interpretation

Local and not directly representative of global
joint performance

Resolution depends on specimen size, limited
contrast between dissimilar materials, artefacts,
scan time, cost, data-processing effort, and
mostly laboratory-scale use

Resolution limited by wavelength, signal
attenuation and scattering increase in dissimilar
materials, non-planar interfaces

Strongly dependent on image quality, dataset
size, annotation quality, and model validation

plateau, as most of the load is still carried near the overlap edges, where
stress concentrations occur. This behavior results from the eccentric load
path inherent to the single-lap geometry, which introduces, in addition
to the intended shear load, bending moments that generate normal
stresses along the overlap edges, producing local peel effects. Variations
also emerge in the thickness of the adherends. Some authors, such as
Nguyen et al. [3], proposed adjusting the thickness to account for
stiffness mismatch between dissimilar materials, according to the
following relationship:
s[E1

— Xt

t, =
2 E

where t is the adherends thickness and E is the elastic modulus in the
specimens longitudinal direction. Conversely, Banea [122] recom-
mended keeping both adherends identical in thickness, arguing that
maintaining geometric symmetry is more critical than balancing stiff-
ness, as it minimizes bending moments and load eccentricity. Moreover,

thickness also affects the joint performance, since thicker adherends can
reduce peel effects and increase load-carrying efficiency, although this
effect likewise saturates beyond a certain threshold [122,123]. Overall,
the interplay among these parameters is one of the key factors governing
how effectively the load is transferred through the interface, and thus
the joint performance. While these considerations are well established
for adhesively bonded joints, they can be reasonably extended to me-
chanically interlocked joints, although specific studies confirming these
trends are still scarce.

Single lap shear tests can be carried out under various conditions to
investigate different aspects of joint behavior. These tests can be con-
ducted, for example, at quasi-static loading rates or under high-strain-
rate conditions, as proposed by Graham et al. [18], particularly when
dealing with composite materials, whose mechanical response is often
strain-rate sensitive. Alternatively, environmental conditions can be
modified to assess bond stability under different service scenarios.
Moritz et al. [34], for instance, combined lap shear tests with a salt spray
exposure for 1000 h (DIN EN ISO 9227 [124]). The results showed that
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corrosion resistance is strongly affected by the joining method. The
configuration using pins combined with an adhesive layer exhibited the
highest durability, as the adhesive acted as a barrier to moisture diffu-
sion and corrosion.

However, as mentioned above, single-lap shear tests generate a non-
uniform stress distribution along the bond line, with the highest peaks
typically concentrated at the overlap edges [49]. To mitigate these is-
sues, alternative configurations have been proposed. An example is the
double-lap shear test, which provides a symmetric, non-eccentric
loading condition that leads to a more uniform stress distribution,
reducing the peel effects.

In addition to its mechanical advantages, the double-lap geometry
has also been used to investigate other influencing factors. Grothe et al.
[75], for instance, adopted a double-lap setup based on the ASTM
D3528-96 standard [125] to study the role of temperature and pro-
cessing conditions on joint performance. Their results showed that
manufacturing-related factors, particularly residual stresses induced
during the process, had a more significant impact on joint strength than
the temperature variations during the tests. In particular, samples cured
at lower temperature exhibited higher failure load even under cryogenic
conditions, whereas those cured at higher temperature failed earlier,
likely due to thermally induced residual stresses associated with
shrinkage and differential thermal expansion. These findings underline
the importance of thermal management during processing and the need
to focus on residual stress effects, which are an unexplored aspect in the
literature.

Beyond standardized configurations, customized testing setups can
be designed to better reflect functional and application-specific condi-
tions. Chueh et al. [27], for instance, designed a custom fixture system,
which clearly aimed to ensure direct shear load across the bonded re-
gion, avoiding bending or tensile components (Fig. 22). Similarly,
Freund et al. [60] developed a dedicated experimental methodology
with a tailored specimen and a C-shaped fixture to prevent bending
during shear loading, while a printed rim around the interlocking area
controlled material infiltration and enabled repeatable testing.

Other, less common test configurations have also been explored,
offering valuable insights despite their limited diffusion. Among these,
one notable example is the scarf configuration proposed by Spaggiari
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and Favali [91], typically adopted when it is useful to compare the joint
properties with those of the monolithic material. In this case, the
adherends are joined through inclined surfaces, maintaining a contin-
uous and uniform thickness along the joint. The absence of a distinct
overlap zone eliminates stress concentrations and ensures a more ho-
mogeneous load transfer.

Lap-shear tests are widely adopted for assessing the performance of
joints featuring micro-features and macro-pins, whereas their applica-
tion to macro-lattices remains far less common. In macro-lattices, the
joining process requires the secondary material to infiltrate the entire
lattice volume. As a result, load transfer is not confined to the interface
but occurs through the lattice structure itself, making the interpretation
of lap-shear results less straightforward than for micro-features or
macro-pins. Moreover, achieving complete and uniform infiltration in
these systems can be more challenging, since the secondary material
must penetrate through the full lattice thickness. This may lead to de-
fects not only in the overlap region but also in the first layers of the
secondary material. Corrado et al. [77], for instance, observed that,
despite achieving high shear stress in single-lap shear tests applied to
macro-lattices, premature failure occurred through delamination be-
tween the first CFRP plies, likely caused by resin starvation.

Hence, joints with macro-lattices are more commonly evaluated
through compression and tensile/pull-out tests (terms that are often
used interchangeably in the literature) [20,58,59]. Also in this case,
these tests, which are likewise employed for macro-pins [94,96], lack a
clearly defined reference standard. When specified, the ASTM D638
[126] is typically adopted [48], and classical dog-bone specimens could
be employed [107], although this remains relatively uncommon.

In addition to these tests, other experimental methods are employed
to evaluate the interfacial toughness of the joints. For instance, Bagnato
et al. [51] utilized the Double Cantilever Beam (ASTM D5528-13 [127])
and End Notch Flexure (ESIS protocol) tests, both performed on speci-
mens with a pre-crack inserted along the interface. In these tests, a non-
stick PTFE film is introduced to ensure a controlled and repeatable
initiation of debonding. The double cantilever beam test assesses crack
opening, promoting the separation of the adherends along the interface,
while the end notch flexure test measures crack sliding under flexural
loading. Results showed that the effectiveness of the joining methods

Fig. 22. Customized testing setups for evaluating mechanically interlocked joints under controlled shear (a,c) and tensile (b,d) loading conditions. Reprinted from

[27], Copyright (2020), with permission from Elsevier.
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depends on the loading mode: the presence of pins drastically increased
resistance to crack opening, whereas the combined pin-adhesive
configuration performed best under flexural conditions. Overall,
deeper investigations of combined loading scenarios are still needed.

Moving to dynamic testing, fatigue performance is typically evalu-
ated through cyclic lap shear tests (ASTM D3166 [128]), often com-
plemented by additional protocols to account for environmental effects
(e.g., ASTM D2295 [129], D1183 [130]), such as thermal cycling, hu-
midity, and chemical exposure. It emerged again that, due to the coex-
istence of multiple interacting factors, a highly heterogeneous stress
distribution develops at the interface, making conventional stress-based
fatigue analyses unreliable [73]. For this reason, load-number of cycles
curves are recommended instead of standard stress-number of cycles
curves, allowing a more accurate representation of the mechanical
response. Fatigue investigations showed that mechanically interlocked
joints can sustain long cyclic loading, while exhibiting progressive
interfacial degradation, especially under environmental exposure
[18,73]. Finally, although less frequently reported, impact tests have
also been used to evaluate damage tolerance. Graham et al. [18], for
example, conducted impact tests, revealing that macro-pins effectively
limit delamination and deflect crack propagation.

Mechanical testing is consistently complemented by additional an-
alyses aimed at gaining deeper insight into joint behavior. These can
include morphological characterizations [27,34], fractography ana-
lyses, performed through optical or electron microscopy [72,76], and
damage monitoring techniques such as Digital Image Correlation (DIC)
[34,110].

Morphological analyses play a crucial role, particularly in the studies
involving micro-features. These analyses can be divided into two stages:
surface characterization prior to joining, aimed at describing the
morphology of the interlocking features, and post-joining analyses,
aimed at evaluating the quality of the formed interface.

Prior to joining, surface morphology is typically characterized to
assess topographical features, which strongly influence adhesion and
interfacial strength. Optical and electron-based techniques are
commonly employed, including confocal laser scanning microscopy,
surface profilometry, Optical Microscopy (OM), and Scanning Electron
Microscopy (SEM) [23,38,43]. Wang et al. [38], for instance, developed
a systematic methodology to produce uniform, well-defined micro-fea-
tures on metal surfaces, analyzing the influence of process parameters
through SEM observations.

Post-joining analyses are mainly performed through cross-sectional
investigations to evaluate the quality of the interfacial region and the
degree of material infiltration within the interlocking structures. Several
studies have reported incomplete infiltration or void formation, which
may arise from the joining process, the geometry of the interlocking
features, or the material selection [34,39,74]. For example, the high
viscosity of polymeric components can hinder the complete filling of
metallic surface structures [39]. Similar issues have also been observed
when bonding metals with fibre-reinforced composites using pins, as
their presence and geometry can strongly influence both the resin flow
and the local fibre architecture, ultimately affecting joint performance
[34,74]. In addition, SEM observations can be coupled with Energy
Dispersive Spectroscopy (EDS) or Electron Backscatter Diffraction
(EBSD) to investigate the elemental composition and crystallographic
texture at the interface [86]. X-ray Diffraction (XRD) is also used to
identify phase transformations or the formation of brittle secondary
phases, which may affect joint performance [86].

Finally, micro-indentation methods, such as Vickers hardness-based
interfacial testing, have been employed to locally probe interfacial
integrity and evaluate bonding quality [86,87].

5.3. Non-destructive testing

Non-destructive techniques are often employed alongside destruc-
tive testing as supplementary tools. While destructive testing remains

25

Materials & Design 270 (2026) 116872

the primary method to determine joint strength and identify failure
mechanisms, non-destructive testing plays a crucial role in investigating
internal features and damage evolution without altering the integrity of
the joint. An overview of the main reported tests, including metrics,
main applicability and constraints, is reported in Table 4.

Among the available techniques, Micro-Computed Tomography
(uCT) is increasingly adopted to investigate the internal morphology of
interlocked joints, providing insights not only into porosity and
manufacturing defects, but also into penetration depth within the
interlocking structures. Englert et al. [43], for instance, used pCT to
evaluate the infiltration of polymer into metallic macro-pins, revealing
that penetration into undercut regions strongly depends on pin geome-
try and nozzle-substrate distance. Similarly, Popp et al. [78] combined
uCT analysis with stereomicroscopy and a MATLAB-based image-pro-
cessing script to investigate the fibre displacement during pin insertion,
showing that compaction beneath the pin tips and matrix-rich zones
around the pins are strongly influenced by pin diameter. Overall, pCT
observations confirm that the joining process itself can substantially
modify the local morphology, with direct implications for the mechan-
ical integrity of the interface.

Advanced monitoring techniques, such as ultrasonic testing, have
also been utilized for the evaluation of mechanically interlocked joints.
For example, Parkes et al. [31] employed immersion pulse-echo ultra-
sonic testing to monitor interfacial debonding through variations in
reflected acoustic energy. Using the same technique, Jasitiniené et al.
[70] proposed a novel signal post-processing algorithm capable of
reconstructing the joint interface and improving the detection of inter-
nal defects. Although demonstrated using an immersion pulse-echo set-
up, the technique could be extended to more practical configurations,
such as water-jet inspection, for industrial applications.

More recently, experimental investigations have increasingly been
complemented by numerical modelling, statistical approaches, and
machine learning-based methods [81,110]. In a recent study [81],
conventional microscopy-based morphological inspection was inte-
grated with a Region-based Convolutional Neural Network to quanti-
tatively analyze the balling features typical of PBF-LB surfaces. These
features, usually considered detrimental defects, were reinterpreted as
potential anchoring sites for mechanical interlocking. This data-driven
approach enabled the extraction of geometric descriptors, which were
then correlated with finite-element predictions of interlocking strength,
marking a shift toward quantitative and Artificial Intelligence (AI)
assisted morphological characterization of AM surfaces.

Nevertheless, the application of non-destructive techniques to me-
chanically interlocked joints remains challenging. The presence of
complex internal geometries, non-planar interfaces, and multi-material
systems can significantly affect signal propagation and image interpre-
tation, limiting defect detectability and quantitative accuracy. In
particular, uCT analyses can be affected by artifacts and limited contrast
resolution between phases. Ultrasonic techniques may suffer from signal
scattering and attenuation at material interfaces, while Al-based ana-
lyses remain constrained by dataset quality, model validation, and
image resolution. These limitations underscore that non-destructive
techniques have not yet been fully adapted to the structural
complexity of mechanically interlocked joints. Since such joints cannot
be disassembled without damage, the development of reliable and
tailored non-destructive inspection strategies remains an important
research direction. The main experimental findings emerging from the
testing methods discussed above are summarized in the following
section.

5.4. Influence of mechanical interlocking structures geometry on joint
performance

The experimental results obtained from the testing methods dis-
cussed above reveal several recurring trends, highlighting the significant
role that the geometry of the interlocking structures plays in
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determining joint performance. Although the literature is still frag-
mented and testing conditions vary across studies, common relation-
ships can be identified between feature size, shape, and spatial
distribution and the resulting failure modes.

Failure modes in mechanically interlocked joints are described using
different classifications, reflecting the inherent complexity of these
systems. Miranda et al. [16] proposed a classification by adapting the
failure modes commonly used for adhesive bonding to mechanical
interlocking structures (Fig. 23a). According to this approach, failures
can be categorized as adhesive failure, corresponding to interfacial
debonding; cohesive failure, occurring within the interlocked region;
and mixed failure, characterized by the coexistence of both mechanisms.
The transition from adhesive to cohesive or mixed failures is generally
associated with improved interfacial adhesion and more efficient load
transfer. Alternative descriptions have also been proposed to account for
mechanisms associated with specific interlocking structures. De Car-
valho et al. [73], for instance, identified additional mechanisms such as
pin pull-out, referring to the extraction of the pins without fracture;
through-thickness reinforcement failure, associated with pin breakage;
and net-tension failure, which occurs when rupture takes place in the
unreinforced zone of the adherends.

When focusing on macro-pins, the correlation between geometry,
load transfer, and failure behavior becomes particularly evident. While
similar relationships can also be identified for micro-features and macro-
lattices, the available studies remain more limited, and the resulting
trends are therefore less clearly established. Nguyen et al. [68] devel-
oped a numerically and experimentally validated map correlating the
pin aspect ratio L/D (length-to-diameter) and loading mode with the
dominant failure mechanism, providing a useful tool for geometry
optimization (Fig. 23b). Since pin pull-out represents a progressive
failure mechanism within the cohesive failure mode, in which load is
dissipated through friction and deformation along the pin, the authors
suggest that it is generally preferred over brittle pin breakage. Their
analysis revealed that the critical L/D ratio required to promote com-
plete pin pull-out strongly depends on the loading mode, decreasing
from about 6 in tension-dominated conditions to approximately 3.5
under shear-dominated loading. When the aspect ratio exceeds the
critical value, the pin tends to fracture at the root due to increased
bending stresses, limiting the energy absorption capacity of the joint.
Similarly, Peralta Marino et al. [49] demonstrated that modifying the
shape and height of the pins can effectively homogenize the stress dis-
tribution along the interface.

Further studies highlight that not only the geometry but also the
spatial distribution of pins affects the load transfer and failure mode. De
Carvalho and Amancio-Filho [112] showed that failure often initiates
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near the first row of pins and typically involves a combination of
cohesive and adhesive mechanisms. Consistent observations were also
reported by Graham et al. [18], who observed that pin failure is spatially
non-uniform, with pins near the edges of the overlap carrying higher
loads and failing earlier. To alleviate these effects and redistribute the
load, the authors introduced a graded pin distribution, using fewer pins
at the edges and a higher density toward the center of the overlap region
(3 in the first row, 4 in the second, and 6 in the remaining four rows).

Overall, several design-oriented trends can be identified to guide the
optimization of mechanically interlocked joints:

e Increasing the effective bonding area through mechanical inter-
locking structures generally leads to improved strength and tough-
ness by promoting more effective mechanical engagement and load
transfer at the interface. However, these improvements strongly
depend on achieving complete material infiltration between the
adherends, which must therefore be carefully considered when
selecting materials and joining processes.

Appropriately designed interlocking features, tailored to the ex-
pected loading conditions, can mitigate interfacial debonding, crack
initiation and propagation, redistribute stresses, and promote cohe-
sive failure mode.

Geometrical transition regions within the interlocking structures
often act as stress concentration sites [131]. Consequently, careful
design of feature shapes is essential to avoid premature failure.

In macro-pins, both pin geometry and distribution strongly influence
joint performance. Thin and elongated pins tend to improve energy
absorption and fatigue resistance, whereas shorter and wider pins
increase stiffness and ultimate strength. Moreover, the spatial dis-
tribution of pins must reflect the stress distribution within the joint.
Higher stress regions may benefit from a lower pin density to avoid
local overloading, potentially combined with longer pins to improve
load transfer. Conversely, regions experiencing lower stress can
accommodate a higher density of shorter pins, allowing the load to
be shared more effectively.

Establishing a clear relationship between interlocking geometry,
load transfer mechanisms, and failure behavior is essential for the reli-
able integration of these joining strategies into structural multi-material
components. The potential applications of mechanically interlocked
joints across different industrial sectors are discussed in the following
section, highlighting how the design principles identified above can be
translated into practical solutions.

Fig. 23. Failure mechanisms in mechanically interlocked joints: (a) schematic classification of failure modes adapted from adhesive joints. Reprinted from [16],
under the terms of the Creative Commons CC-BY-NC-ND license. (b) Failure map correlating pin aspect ratio (L/D) and loading mode with the dominant failure

mechanism. Reprinted from [68], Copyright (2018), with permission from Elsevier.
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6. Applications of mechanical interlocking structures

The adoption of AM-enabled mechanical interlocking structures has
the potential to unlock new opportunities for developing complex, high-
value, multi-material components. However, the analysis of current
literature indicates that industrial uptake remains a distant prospect.
The field is relatively recent and, consequently, the limited existing body
of works is predominantly oriented towards understanding fundamental
mechanisms and conducting laboratory-scale tests. Furthermore, the
absence of robust design rules and standardized procedures limits the
repeatability and reliability of the proposed solutions. In addition, AM
processes impose practical constraints on build volume, productivity,
and material, making scalability a major challenge [18]. Economic
considerations also influence feasibility. Production costs depend on
multiple parameters, including machine characteristics, material selec-
tion, build volume, and batching efficiency [79]. However, evaluating
cost-effectiveness would require comprehensive life-cycle analyses,
which fall outside the scope of this review and exceed the current
maturity level of the technology. As a result, the available literature il-
lustrates promising directions rather than fully validated industrial so-
lutions, providing insights into which application areas may benefit
from AM-enabled mechanical interlocking structures once the underly-
ing manufacturing routes become more robust and scalable.

Only a limited number of studies explicitly address application-
driven developments, which can be classified into five thematic areas:
aerospace, automotive and lightweight mobility, biomedical devices,
robotics and electronics, and secondary structural functions.

Aerospace applications reflect the sector longstanding pursuit of
lightweight, high-performance multi-material structures and the need to
realize reliable interfaces between specific material combinations such
as Al/CFRP and Ti/CFRP, commonly employed in wing panels, heli-
copter blades, and other aeronautical components [26]. The widespread
use of multi-material configurations in aerospace is exemplified by the
Boeing 787 aircraft, which strategically combines CFRPs in weight-
critical regions with metallic components in areas requiring greater
impact and wear resistance [72]. This illustrates the structural demand
for a robust joining approach capable of accommodating material in-
compatibilities, ensuring efficient load transfer, and meeting durability
constraints. In this context, interlocking-based joining has been explored
for load-bearing structural assemblies [67], serving as a fastening
strategy in components such as trailing edge mechanisms and under-
carriage door structures [44,52]. Further applications could include
lightweight sandwich panel architectures [132], as well as aerospace-
specific systems, such as thermal protection assemblies designed for
harsh environments (Fig. 24) [133].
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Applications in automotive and lightweight mobility reflect the
increasing demand for energy-efficient and weight-optimized compo-
nents — a priority shared across the entire transportation sector.
Reducing mass directly lowers CO, emissions over the vehicle service
life and helps compensate for additional weight introduced, for example,
by electrification [134]. Consequently, multi-material solutions are
already well established in this field, although reliable joining remains a
critical challenge. Within this context, AM-enabled mechanical inter-
locking structures have been explored for structural automotive com-
ponents such as seatback frames, where metal-composite regions have
demonstrated up to 20% weight reduction while maintaining compa-
rable stiffness to the baseline metallic design (Fig. 25) [134]. Beyond
conventional automotive applications, lightweight mobility also en-
compasses alternative transportation systems such as bicycles. In this
framework, fully customized, ergonomic handles with improved grip
comfort have already been proposed, showcasing the potential of this
joining strategy for tailored, high-performance assemblies [59].

In biomedical applications, mechanical interlocking enables the
development of advanced implants, prosthetic components, and drug-
delivery systems by facilitating the integration of dissimilar materials,
including bio-functional materials. This sector particularly benefits from
AM capability to tailor interfacial geometries to patient-specific
anatomical conditions and to integrate mechanical anchoring with
controlled functional gradients. Representative applications include
bioinspired microneedles with microbarbs designed to enhance tissue
anchorage and facilitate transdermal drug delivery [135,136]; ortho-
pedic prosthetic components, such as hip implants and acetabular cups
(Fig. 26), integrating dissimilar materials to achieve region-dependent
mechanical or therapeutic functionality [27,88]; customized multi-
material devices, such as mouthguards, that enhance impact absorp-
tion while improving patient-specific comfort [90,93], or dental resto-
rations with engineered surface textures to improve functional
performance and patient-specific adaptation [36,66]. Although exam-
ples remain at the prototype level, the biomedical field shows strong
translational potential due to its inherent need for customization and
interface reliability.

In the robotics and electronics field, mechanical interlocking plays a
key role in enabling the local integration of materials with markedly
different stiffness, which is essential for soft robotic actuators, grippers,
wearable devices, and embedded electronics. A representative example
in this domain is the soft robotic finger proposed by Rossing et al. [59],
in which interlocking structures were used to mechanically anchor
thermoplastic fingers to silicone, ensuring stable load transfer while
preserving flexibility at the active fingertip. Interlocking structures have
also been demonstrated in pressure sensors for robotic and

Fig. 24. Example of aerospace application of mechanical interlocking structures. Thermal protection tiles used in spacecraft such as the X-37B (left) may be attached
to the underlying vehicle structure through macro-pins (right), allowing secure fixation while accommodating thermal expansion and mechanical loads. Reprinted

from [133], under the terms of the Creative Commons CC BY 4.0 license.
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Fig. 25. Example of automotive application of mechanical interlocking structures. Topology-optimized seatback frame (a) incorporating a metal-composite sub-
component joined through micro-features (b), enabling weight reduction while maintaining structural performance. Reprinted from [134], Copyright (2024), with
permission from Elsevier.

Fig. 26. Example of biomedical application of mechanical interlocking structures. Acetabular cup concept combining dissimilar metals through planar-based macro-
lattices, enhancing mechanical performance at the interface. Reprinted from [88], Copyright (2023), with permission from Elsevier.

human-machine interaction applications, supporting reliable force Finally, secondary structural functions encompass a diverse set of
detection across a wide range of loading conditions (Fig. 27) [137]. potential applications in which interlocking is not intended as the pri-
These examples show how AM-enabled interlocking can support hybrid mary load-bearing mechanism, but to support adhesives or other joining
soft-rigid mechanisms that are difficult to achieve with conventional technologies, such as inserts, mounting elements, and ancillary com-
bonding methods. ponents. One recurrent example is the reinforcement of adhesive joints
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Fig. 27. Example of electronic application of mechanical interlocking structures. Flexible piezoresistive sensor inspired by the structure of human fingerprints,
incorporating micro-features between soft-rigid polymers to enhance sensing performance and mechanical stability. Adapted with permission from [137]. Copyright

2024 American Chemical Society.

with micro-features inspired by gecko toe morphology to increase the
shear strength of the bond (Fig. 28) [83,138].

In summary, these five domains illustrate the breadth of opportu-
nities offered by AM-enabled mechanical interlocking structures,
demonstrating how sector-specific requirements, from structural effi-
ciency to soft-rigid materials integration, can be addressed through
geometrically tailored interfaces that complement and overcome spe-
cific limitations of traditional joining technologies.

7. Current limitations and future perspectives

The analysis conducted throughout this review demonstrates that
mechanical interlocking has emerged as a promising strategy for joining
dissimilar materials. The adoption of AM technologies has further
expanded the range of achievable architectures, enabling control over
surface morphology, geometric complexity, and multi-material inte-
gration. By examining micro-features, macro-pins, and macro-lattices,
along with the related material combinations, manufacturing strate-
gies, and performance metrics, it becomes clear that AM-enabled

Fig. 28. Example of secondary structural function of mechanical interlocking structures. Bio-inspired micro-features derived from gecko toe morphology (a), applied
to the overlap region of a component to enhance adhesion and increase the shear strength of adhesive joints (b-c). Reprinted from [83], Copyright (2025), with

permission from Elsevier.
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mechanically interlocked joints offer a viable route to complement and
overcome several limitations of conventional joining methods. This
strategy is especially attractive for joining material combinations that
are difficult to bond through conventional methods due to differences in
thermal expansion, surface chemistry, or mechanical properties. Despite
the encouraging performance trends observed, the technological matu-
rity of this strategy remains low. The available literature is still highly
fragmented, methodologies diverge, and only a few studies provide
demonstrators approaching real application requirements. Taken
together, these factors reveal a set of persistent challenges that must be
addressed to consolidate the field and unlock its full potential.

In this context, a primary challenge is the lack of standardized pro-
cedures for both the design and testing of mechanically interlocked
joints. Geometries, material combinations, process strategies, test con-
figurations, and reported metrics vary widely, hindering cross-study
comparison and the establishment of robust and generalizable rules.
Consequently, the reliability and repeatability of the obtained joints are
affected, limiting the capacity to validate performance trends and derive
transferable conclusions. The field would therefore greatly benefit from
consolidated guidelines and unified methodological frameworks.
Moreover, current studies often investigate isolated interlocking con-
figurations, whereas the potential of hybrid approaches necessitates
further investigations.

A further limitation arises from the restricted combination of mate-
rials investigated to date. As the industrial sector continues to evolve,
there is a growing trend toward the use of materials such as composites
reinforced with natural fibers. These materials offer promising func-
tional and mechanical characteristics; however, their integration within
this domain remains scarce. Sustainability and recyclability should be
also considered in this sense. Multi-material components complicate
material separation and end-of-life management, making recyclability a
critical aspect to be addressed already at the design stage [92]. While
monolithic components benefit from well-established recovery path-
ways and environmental data, multi-material solutions introduce
complexity, particularly in composite-based structures, for which
mature recycling technologies remain limited [139,140]. The sustain-
ability of mono- versus multi-material components is a complex and
context-dependent issue that requires full life-cycle evaluation.
Comprehensive studies on this topic are still largely lacking.

An additional challenge concerns the further development and
extension of AM technologies to support multi-material components.
While future research should aim to fully exploit the potential of existing
AM techniques, additional progress is expected from the emergence of
dedicated MMAM platforms. In parallel, the development of specific
design tools will be essential to fully leverage these technologies [141].
Beyond manufacturing, testing and quality assessment also remain
critical barriers, due to the intrinsic complexity of mechanically inter-
locked joints. The local evolution of stresses, deformation, and material
flow during manufacturing, as well as process-related factors, has been
shown to exert a strong influence on the final quality and mechanical
reliability of the interlocked interface. Since mechanical interlocking
structures are not intended to be disassembled, robust non-destructive
inspection strategies and post-process controls are essential [58,100].
However, the current literature has only begun to address these
capabilities.

Finally, it is evident that the technology is in an early stage of
development and not yet sufficiently mature for widespread practical
implementation. The majority of studies are confined to laboratory-scale
specimens, meaning that current manufacturing routes lack the stability
and reproducibility needed for industrial workflows. Progress in this
direction will require intermediate steps, including the consolidation of
scalable processes and the development and validation of pilot-scale
demonstrators.

At the current stage, practical research actions include:
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e Establish mechanism-oriented datasets that correlate interfacial de-
scriptors, such as roughness amplitude, pore size, feature spacing,
and surface morphology, with mechanical performance. These
datasets should also report failure modes using consistent criteria, in
order to distinguish the different type of fracture.

Develop equivalent datasets for measurable macro-scale descriptors,
including L/D ratio, pin distribution, lattice topology, cell size, strut
or wall thickness. This should be supported by unified testing
framework, design-of-experiments campaigns, simulations, or
machine-learning models to generate design-performance maps. As
an initial step, this could focus on the most relevant metal-polymer
and metal-composite systems highlighted in this review.

Establish quantitative correlations between dissimilar joining tech-
niques applied to the same interlocking category. This would help
clarify which joining route is most suitable for each type of geometry,
while also considering material compatibility and process-related
constraints.

e Validate non-destructive inspection and quality-assessment pro-
tocols specifically tailored to mechanically interlocked interfaces.
Particular attention should be paid to the detection of incomplete
infiltration, lack of contact, internal porosity, pin defects, lattice
damage, and local debonding, since these features can strongly affect
the reliability of the joint but are not always visible from external
inspection.

Develop and validate pilot-scale demonstrators that move beyond
laboratory coupons by incorporating realistic geometries and appli-
cation requirements.
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