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High-Performance 3D Printed Mechanically Interlocked
Soft-Hard Interfaces of Hydrogels and Polylactide

L.B. Kunkels,* M. Cruz Saldivar, N.E. Putra, C. Pitta Kruize, S. Panahkhahi,
M.A. Leeflang, L.E. Fratila-Apachitei, A.A. Zadpoor, and M.J. Mirzaali*

High-performance soft-hard interfaces are inherently difficult to fabricate

due to the dissimilar mechanical properties of both materials, especially

when connecting extremely soft biomaterials, such as hydrogels, to much
harder biomaterials, such as rigid polymers. Nevertheless, there is significant
clinical demand for synthetic soft—hard interfaces. Here, soft-hard interface
geometries are proposed, designed with the aid of computational analyses and
fabricated as 3D-printed hydrogel-to-polylactide (PLA) structures. Two primary
interlocking geometries (i.e., anti-trapezoidal (AT) and double-hook (DH)) are
used to study the envelope of 2.5D geometric interlocking designs, fabricated
through hybrid 3D printing, combining pneumatic extrusion with fused deposi-
tion modeling. Finite-element analysis, uniaxial tensile tests, and digital image
correlation (DIC) are used to characterize the geometries and identify parame-
ters that significantly influence their mechanical performance. These findings
reveal significant differences between geometric designs, where DH ge-
ometries performed significantly better than AT geometries, exhibiting a 190%
increase in the maximum force, F, ., and a 340% increase in the fracture tough-

1. Introduction

High-performance soft-hard interfaces
are inherently difficult to fabricate as the
dissimilarity in the mechanical proper-
ties of both materials leads to severe
stress concentrations (i.e., localized ar-
eas that experience significantly higher
stress than the surrounding material)'!
that drastically reduce the mechanical
performance of such interfaces, partic-
ularly under tension. Furthermore, it is
often challenging to connect extremely
soft biomaterials, such as hydrogels, and
hard biomaterials, such as hard poly-
mers or metals, due to the limited ad-
hesion between both phases and the fact
that multiple safety and functional re-
quirements, including high mechanical
performance, chemical biocompatibility,

ness, W. Compared to the control groups (i.e., flat, inset, and 90° interfaces),
and W values increased by 500%-990% and 350%-1200%, respectively.
The findings of this study can serve as a guideline for the design and fabrication
of efficient soft-hard interfaces with performances close to predicted values.
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and biodegradability, severely limit the
available choices of adhesives!?] Despite
these challenges, there is a significant de-
mand for synthetic soft-hard interfaces
that could be used to treat several con-
ditions where the interface of a soft and
a hard tissue is damaged and requires
reconstruction either through implants
or through regeneration of both tissue
types. For example, the replacement of damaged bone-tendon
connections requires the development of a robust artificial inter-
face that can endure complex loading conditions.>=! A second ex-
ample is the scaffolds used for the regeneration of cartilage-bone
connections, which are needed to treat osteochondral defects.[®7]
Current treatments, however, often lead to reduced efficacy of
the interface due to the introduction of new stress concentra-
tion regions at the regions of soft-hard interface and compro-
mised mechanical properties.®l As a result, for example for the
case of bone-tendon connections, retear rates of rotator cuff in-
juries, even after surgical intervention, range from 20-94%.(89]
Similarly, osteochondral defects including those caused by os-
teoarthritis impact over 500 million people worldwide, while cur-
rent treatments do not fully restore cartilage function and the
affected subchondral bone, resulting in the need for additional
surgeries, such as total joint arthroplasty or joint fusion.['%! In
the case of bone tumor resections, large implants are often used
for the reconstruction of the resulting defect and the provision
of a muscle-reattachment site. Although this method has shown

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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potential for soft-hard tissue reattachment and enhanced os-
seointegration, the realized clinical outcomes often failed to fully
meet expectations.!!!]

Recently, significant progress has been made in the field of
artificial soft-hard interface fabrication with the aim of repli-
cating natural tissues and offering solutions for their repair or
replacement when damaged.l'>!3] A widely used technique in-
volves the use of chemical adhesives or coatings to bind two dis-
parate components.['*l A different method employs functional
gradients formed by material composites where a gradual mate-
rial transition effectively mitigates potential stress concentrations
that arise across the transition between different materials.!'>-17]
Finally, it is possible to use geometrical design to address this
challenge, establishing purely mechanical connections through
(complex) interlocking shapes.['®] Despite the diversity of these
methodologies, most solutions are rendered either wholly or par-
tially ineffective in the fabrication of extremely soft-hard inter-
faces where the mechanical property disparity spans several or-
ders of magnitude, making it challenging to replicate the hier-
archical structure of natural interfaces.[!>?% Although each tech-
nique offers specific benefits, they also have critical limitations
in one or more aspects of successful interface engineering, in-
cluding biocompatibility, fabrication complexity, and material
composition.[*]

The intrinsic disparity in mechanical properties between the
extremely soft and hard materials makes the seamless integra-
tion of extreme soft-hard interfaces inherently difficult, leading
to complications at the interface.l'! These complications encom-
pass a range of issues, including discrepancies in load-bearing
capacities, imperfections in geometrical material binding,!!) and
the emergence of stress concentrations due to abrupt transi-
tions at the interface.l!=23] In contrast to artificial soft-hard in-
terfaces, natural interfaces exhibit exceptional binding charac-
teristics and a high level of structural and functional adhesion
between soft and hard materials.?*] Nature accomplishes this
through gradual variation in the chemical compositional and in-
tricate geometrical designs that facilitate the formation of me-
chanically interlocked interfaces.!®! A notable example of such
interfaces is the tendon enthesis which connects the hard bony
tissue (220 GPa)l?®! to the soft tendonous tissue with an elastic
stiffness that is 2-3 orders of magnitude lower.'! This natural
interface, spanning a relatively short distance (<1 mm), is char-
acterized by morphological interdigitations and exhibits excep-
tional interfacial strength, toughness, and damage tolerance.['’!
Damage tolerance is of critical importance in biological applica-
tions to ensure that the hard and soft phases remain connected
following initial failure, thus permitting the regeneration of the
interface.[?”l Moreover, stress concentrations and imperfect in-
terfacing are of high significance in mitigating stress-induced
failures as proven by the developments in architected mate-
rial design and interlocking geometries.[?] Therefore, taking in-
spiration from nature, both in terms of geometric and chem-
ical interface designs, serves as a promising pathway toward
the development of high-performance biomimetic soft-hard
interfaces.

To ensure the successful engineering of such interfaces and
their effective clinical application, it is imperative for the inter-
face materials to exhibit biocompatibility. Biocompatibility is es-
sential to prevent cytotoxicity in the human body, to enable struc-
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tural integration of the implant into surrounding native tissues,
and to fulfill the required functionalities. For the hard phase,
this translates to the use of non-cytotoxic materials. For the soft
phase, however, an additional requirement is the ability to pro-
vide a biomimetic environment for the proliferation of mam-
malian cells. Hydrogels could be highly effective in this regard.
Hydrogels are biphasic gel-like materials that are primarily com-
posed of water confined within a hydrophilic polymer network,
providing the material with structural integrity that resembles
extracellular matrix (ECM) of soft tissues.I?! These characteris-
tics create an excellent environment for the survival and pro-
liferation of cells while the versatile nature of hydrogel facili-
tates their processing for (bio)printing. This in turn allows for
the design of structures with mechanical properties resembling
those found in soft tissues.?*3%l The (bio)printing of hydrogels
paves the way for the development of complex soft phases that
closely mimic those found in nature, highlighting the need to
apply advanced techniques for fabricating extremely soft-hard
interfaces.

The fabrication of multi-phasic scaffolds composed of ma-
terials ranging from extremely soft to extremely hard intro-
duces increased complexity to their fabrication process.3!l The
biocompatibility requirements, particularly in terms of mitigat-
ing stress concentrations and ensuring proper material bind-
ing, necessitates a versatile and highly controllable fabrication
method capable of processing different types of biomaterials.!]
It is these requirements that render aforementioned fabrica-
tion solutions inadequate for replicating similar tissue inter-
faces, as the applicability of hydrogel has not been tested. Ad-
ditionally, conventional techniques fall short in realizing intri-
cate interfacial geometries and the requisite control over such
multi-material distribution.?°! Consequently, the utilization of
versatile advanced manufacturing techniques become impera-
tive to produce such intricate interlocking designs. The emer-
gence of additive manufacturing (AM, = 3D printing) tech-
niques, particularly their ability to precisely create both hard
and soft materials, has addressed these manufacturing limita-
tions and has paved the way for the fabrication of biomimetic
soft-hard interfaces.[*203132] By utilizing the strengths of 3D
printing, this technology can advance the field of personalized
medicine by enabling the fabrication of patient-specific inter-
face implant designs tailored to meet individual anatomical and
biomechanical needs. This personalized approach has the po-
tential to improve clinical outcomes by ensuring that interface
implants fit the specific requirements of each patient, reduc-
ing the likelihood of complications and enhancing long-term
stability.

In this study, we investigate the design envelope of simple 2.5D
geometric designs and their efficacy in mechanically interlock-
ing hydrogels with hard phases. Chemical bonding was deliber-
ately not used in this study to focus exclusively on the mechan-
ical interlocking capabilities of the geometric designs. Specifi-
cally, we examine two distinct interlocking designs, namely anti-
trapezoidal (AT) and double-hook (DH) systems (Figure 1). These
designs are chosen for their inherently high interfacial strengths,
respectable levels of damage tolerances, and tight interlock-
ing properties.[?33] To facilitate the controlled design of soft-
hard interfaces, these geometries are parametrized and exam-
ined through computational models. The insights gained from
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Figure 1. Schematic representation of the soft—hard interface design. a) A single unit cell consisting of three sections: a hard-, soft-, and interface part.
b) Design parameters of the two interface geometries. c) Boundary condltlons for the simulation model. Symmetry condltlons constrain the left- and
bottom edges of the model, while the right- and top edges are tied to respective reference points (marked X). A tensile load is applied longitudinally to
the top reference point. d) Tensile test configuration. The interface consists of multiple (n) unit cells in parallel. e) Fabrication process of the soft-hard

specimens used in this study.

these simulations are then used to design and realize several
hydrogel-plastic soft-hard interfaces. These interfaces are fab-
ricated through a hybrid 3D printing technique that combines
extrusion-based printing of the soft-phase biomaterials, such as
hydrogel, with fused deposition modeling (FDM) to print the
hard phase (e.g., hard polymers). The fabricated specimens un-
dergo tensile testing to evaluate their mechanical characteristics,
after which a comparison between the experimental and simu-
lated mechanical properties is conducted to assess and bench-
mark their mechanical performance. Ultimately, this research
will establish a baseline for the design and fabrication of soft—
hard interfaces with potential applications in both implantable
medical devices and regenerative medicine.

Adv. Mater. Technol. 2025, 10, 2401081 2401081 (3 of 12)

2. Results and Discussion

2.1. Design Considerations for Mechanically Interlocked
Interfaces

2.1.1. Computational Models

The computational results revealed significant variations in the
performance of different interface variants for both AT and DH
type geometries. The range of maximum force (F,,,,) was highly
dependent on the design type (Figure 2a). For the AT designs,
F,... varied between 3.4 X 103 and 1.5 N, while it ranged be-
tween 5.6 X 1072 and 1.0 N for the DH designs. The maximum
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Figure 2. FE results of all interface variations for each geometry. Maximum force values are marked with a circle at the end of each curve. a) Force—
displacement curves for all AT (left) and DH (right) variations. A trend line, shown as a polynomial fit with degree d and R?, suggests a slight exponential
trend. Overall, DH designs demonstrate higher peak forces than AT designs, with more DH variations reaching greater maximum force values. b) Linear
regression of maximum force (F,,,) and stiffness (K) as a function of the A,:A; ratio. A selection of designs with varying A,:A; ratios are displayed at 80%
of the total applied strain, illustrating the distribution of stress concentrations under tensile loading conditions. Higher A :A; ratios show significantly

DH 6-8-8-3

DH 6-8-8-6 DH 4-8-8-4

larger deformations than the lower ratios.
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value of the AT designs was 1.5 times higher than that of the DH
designs. This data shows that the DH designs varied much less
than the AT designs, where the variance of the DH designs is only
4% of that of AT designs. The maximum displacements ranged
between 0.5 and 1.7 x 10" mm for the AT designs and between
1.4 and 1.4 x 10! mm for the DH designs, where the maximum
value of the AT designs was 82% of the maximum value of the
DH designs. Once more, the DH designs showed a much smaller
variation, namely 30% of that of AT. A key observation from these
results is the much larger variation in the interface performance
of the AT designs as compared to the DH designs both for F,
(95% lower for DH designs) and maximum displacements (70%
lower for DH designs), with most DH designs exhibiting an F, ,.
0f0.59 +0.29 N. The force-displacement plots generally exhibited
nonlinear characteristics, tending toward an exponential trend,
described using a second-degree polynomial through linear re-
gression with a coefficient of determination (R?) of 0.89 for the
AT models and 0.91 for DH models. Notably, abrupt drops in F
can be observed along these plots. This phenomenon is attributed
to the behavior of the elements used in our computational model.
As the total displacement increases, the elements suddenly “slip”
past the resisting edge of the interface, resulting in the observed
sudden reductions in the reaction force.

To mitigate the impact of such (computational) artifacts (i.e.,
mesh element “slip”) observed in the force-displacement plots,
we examined F, . in relation to the A,:A; ratio for each design.
Additionally, to provide deeper insight, we analyzed the stress
concentrations at F, ,, for three representative designs from each
geometry type (Figure 2b-bottom row). Notably, the data revealed
distinct trends that could be described using a second-degree
polynomial, as evidenced by linear regressions with a coefficient
of determination (R?) of 0.87 for the AT models and 0.77 for the
DH models, respectively. In general, the trends indicated that
higher A,:A, ratios resulted in increased F,,, values. This obser-
vation aligns with the mechanical behavior of interfaces, as lower
ratios result in less tightly confined interfaces, exerting weaker
resistance forces against the soft phase. Conversely, higher ratios
lead to tighter confinements and, thus, greater forces are required
to displace the soft phase through the interface opening. For an
A,:A, ratio of 1, the geometry would form a closed interface, dis-
joining the soft material interface from the bulk, while a ratio of
0 would denote a nonfunctional interface due to the absence of a
resisting edge. Additionally, designs with higher A :A; ratios (i.e.,
0.6 for the AT models and 0.3 for the DH models) exhibited un-
realistically large strains in the soft phases, suggesting the likeli-
hood of hydrogel rupture in real-world scenarios. Consequently,
the computational model is most reliable below these thresholds.

In the AT group, most designs had an A,:A; ratio between 0
and 0.4, each with an F,,, value below 0.2 N (Figure 2b). The
DH designs demonstrated a greater variability in both the A :A;
ratios and F,, , indicating a higher potential for rational design
within the context of the DH geometry (e.g., in terms of the A,:A,
ratio) as opposed to the AT geometry, which offers limited combi-
nations of parameters A, B, C that yield higher ratios and, thus,
higher values of F_,,. However, optimally designed AT geome-
tries could potentially achieve higher F,, values than the DH
geometries, as suggested by the observed trends.

To further elucidate the mechanical characteristics of the in-
terfaces, we also examined the stiffness trends of the interfaces
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(Figure 2b). For the DH designs, the stiffness trend appeared to
align with the F_, trend. For the AT designs, however, we ob-
served a more nonlinear trend. Notably, both trends were charac-
terized by second-degree polynomials with lower R? values than
for the F, . fits, at 0.63 for DH and 0.58 for the AT designs. A pos-
sible explanation for this disparity is that stiffness, unlike maxi-
mum force, may not be as strongly influenced by the A,:A, ratio
alone, indicating that other factors might also play a role in de-
termining the stiffness characteristics. Interestingly, for the DH
designs, a pronounced decrease in F,, was observed for A :A,
ratios exceeding 0.22 which coincided with a larger variation in
F,..- This might indicate a lower simulation accuracy than at
lower ratios. In contrast, the AT designs showed a consistent
trend where higher A :A; ratios were associated with increased

stiffness, similar to the F__, trend.

2.1.2. Experimental Observations

The four 3D printed interface designs demonstrated tightly in-
terlocked infills with no visible air gaps at the corners of the
interface or air bubbles within the soft phase. The tensile tests
of these specimens yielded distinct force-displacement curves,
displayed alongside their mean values, standard deviations, and
F,ax (Figure 3a). Additionally, images showcasing specimens at
different stages — elastic, failure point, and post-failure — are
provided for visual reference (Figure 3a). A notable observation
across all the interfaces is a similar failure point, ~0.8 mm dis-
placement. However, variations in F,, were evident (ranging
between 5.9 X 107! and 1.1 N) with the DH designs generally
exhibiting higher F, . values as compared to the AT designs.
Additionally, the results highlight a clear difference in the char-
acteristic behavior between the AT and DH designs, where the
AT designs tended to fail more abruptly, whereas the DH de-
signs displayed a more gradual failure, suggesting higher frac-
ture toughness values. This difference is visually discernible in
the images of the specimens, where the AT interfaces show si-
multaneous failure across all the unit cells, while the DH in-
terfaces demonstrate a progressive, zipper-like failure starting
from one unit cell and extending to the adjacent ones. This dif-
ference could be attributed to the contrasting resistive geome-
tries of both designs. In the DH designs, the resistive edges are
oriented perpendicularly to the tensile direction, offering more
resistance, whereas the sloped resistive edges of the AT designs
facilitate an easier detachment of the soft phase from the inter-
face cavity. All failures occurred within the soft phase, either as
detachment or slight ruptures at the outer unit cells in the DH
designs. In contrast, the hard phase remained intact in all the
tests. The standard deviation across the tests indicated consis-
tent behaviors in the elastic region among the replicates of each
design (e.g., forces of 0.3 + 0.05, 0.3 + 0.07, 0.4 + 0.06, and 0.6
+ 0.04 N at 0.35 mm displacement for AT 45-3-3, AT 60-4-3, DH
6-8-8-7 and DH 4-8-6-6, respectively). Greater variability was ob-
served in the failure region and the actual F_,, (e.g., forces of 0.2
+0.2,0.5+0.1,0.6 + 0.2, and 1.1 + 0.2 N at 1.3 mm displace-
ment for AT 45-3-3, AT 60-4-3, DH 6-8-8-7 and DH 4-8-6-6, respec-
tively). Despite this variance, consistent general failure behaviors
were observed among the specimens belonging to the same de-
sign, underscoring the reproducibility of the force-displacement
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Figure 3. Tensile-test results for the four interface designs. a) Force~displacement curves of each of the four interfaces. b) Comparison of ultimate tensile

strength (F ), stiffness (K), and toughness (W) including control groups.

0.01,n=3).

behaviors corresponding to each combination of design parame-
ters. Variations in the force-displacement magnitudes may have
been caused by several factors, such as minor differences in the
hydrogel crosslinking or printing process, including printing im-
perfections. During the hydrogel printing stage, a variation in the
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Fonax is compared against the (scaled) simulation results ("p < 0.05, “p <

pressure of +5 kPa (~10% of the total pressure) was observed,
suggesting that the observed standard deviations primarily stem
from variations in the hydrogel material at the ink-formulation
stage. The relatively minor degree of variation observed in
our experiments supports the reproducibility of the presented
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results and highlights the appropriateness of the applied
methods.

2.2. Role of Geometrical Design

We compared our computational results with the experimental
data to evaluate the validity of our computational models. We
used Equation (1) (see the Materials and Methods section below)
to scale the computationally derived values of F, , , thereby mak-
ing sure they correspond to the dimensions of the tensile test
specimens used in our experiments and facilitating a direct com-
parison between both result types (Figure 3b). No significant dif-
ferences were observed between the simulated and experimental
results (p values of 0.49, 0.56, 0.28, and 0.65 for AT 45-3-3, AT
60-4-3, DH 6-8-8-7 and DH 4-8-6-6, respectively). Both compu-
tationally and experimentally obtained values of F, , suggested
a similar trend regarding the performance of different interface
designs.

In an extended analysis of the tensile test data, we compared
F,.. K and W for each of the four interface designs (Figure 3b).
This data revealed a relatively consistent stiffness, K, across all the
interfaces (mean values ranging between 2.2 and 3.1 N mm™!)
with only minor, non-significant differences (p > 0.1). This ob-
servation aligns with our expectation that the system stiffness
would predominately be determined by the soft phase, due to
an excessive difference (factor 10°) between the elastic moduli of
both phases. In natural interfaces (e.g., tendon-to-bone insertion
sites), the interface is actually observed to exhibit a lower stiff-
ness than the neighboring materials, which is postulated to aid in
the reduction of soft-to-hard stress concentrations.!?’l The similar
values of K observed across all the interface designs corroborates
the validity of the specimen designs, as the similar values of stift-
ness across all interface designs indicates the stiffness is deter-
mined primarily by the soft bulk (which is kept constant across all
interfaces) and not by the interface design. Similarly to how the
soft phase dominates the characteristic stiffness of the system,
the interface largely determines F, ,, and the failure behavior of
the system, and consequently its toughness, W. A comparative
analysis of W reflects this, as substantial differences between the
AT and DH designs and their variations were observed, in line
with the patterns exhibited by the force—displacement curves de-
picted in Figure 3a. The W values range between 0.6 and 2.2
N'mm, where the DH designs demonstrating superior perfor-
mance over the AT designs, with significant differences between
AT 45-3-3 and DH 6-8-8-7 (p = 0.02), AT 45-3-3 and DH 4-8-6-6
(p = 0.004) and AT 60-4-3 and DH 4-8-6-6 (p = 0.01). A compara-
tive analysis of F,,, shows a similar difference between the per-
formance of the AT and DH designs, with significant differences
between DH 4-8-6-6 and AT 45-3-3 (p = 0.005), AT 60-4-3 (p =
0.002) and DH 6-8-8-7 (p = 0.02). Specifically, there was a differ-
ence of 190% and 340% between the maximum and minimum
values of in F,, and W, respectively. However, the DH designs
also exhibited much larger standard deviations of W (0.71 and
0.57 N'mm) as compared to AT designs (0.25 and 0.11 N-mm),
likely as a result of their different failure mechanics. Despite this,
the large values of F,_,, paired with the similarly large values
of W suggest that the DH designs possess promising interface
characteristics.
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To put the performance of our interface designs in perspec-
tive, we compared them with control specimens (Figure 3b). Rec-
ognizing that certain characteristics inherent to the 3D print-
ing process (e.g., ribbed surfaces due to layer squish and plas-
tic stringing due to nozzle oozing) potentially increase adhesion
between the phases by enlarging the contact area, creating small
resisting edges, and increasing frictional contact. For this reason,
three different control groups were designed to evaluate the influ-
ence of these characteristics (see Figure S1, Supporting Informa-
tion). The first control group (control 1) consisted of a flat inter-
face with no specific geometry. The second (control 2) featured a
flat control with an inset, designed to mimic the rougher surface
characteristic of the actual interface surface. The third (control
3) presented a DH geometry without a resisting edge, effectively
forming a 90° interface. In the case of control 2, complete fail-
ure was observed almost immediately upon applying tensile dis-
placement. The measured F,,, of 0.06 N with a measurement ac-
curacy of + 0.025 N and a K of 0.18 N mm™! suggests negligible
stress-worthiness. Control 1 exhibited partial failure during the
post-crosslinking stage, indicating inherent instability even be-
fore testing. Control 3 did withstand slightly higher tensile forces
than the other control groups (F,,., of 0.1 N), indicating that the
inaccuracies caused by the 3D printing process (Figure S1b, Sup-
porting Information) did contribute to a minor interlocking ef-
fect. Together with a measured K of 1.1 N mm™!, control 3 exhib-
ited higher values of F, ,, and K as compared to control 2 (0.06
N and 0.9 N mm™! higher, respectively), its low toughness W
(0.18 N'mm) suggests that these printing-induced effects were
relatively insignificant as compared to the influence of interlock-
ing mechanisms studied here. When juxtaposed with the control
groups, the four interface designs demonstrated a remarkable
improvement in performance: F, . values exceeded those of the
controls by over 500%, while W values were greater by more than
350%. For the most effective interface, DH 4-8-6-6, this increase
was even more pronounced, with F, . and W exceeding control
3 by 990% and 1200%, respectively. These findings underscore
the significant effects of interlocking mechanisms in general and
their geometrical design in particular on the mechanical perfor-
mance of artificially fabricated extremely soft-hard interfaces.

2.3. Comparison Between Different Printing Technologies

To examine the strain-distribution patterns of the tensile speci-
mens, Polyjet-printed specimens were produced to allow for DIC
testing using a painted black-and-white speckle pattern. The DIC
results (Figure 4a) revealed that strain in each interface design
manifested predominantly in the soft phase, especially concen-
trated along and at the corners of the resisting edges of the hard
phase. This pattern aligns with intuitive expectations, as these
regions are the most susceptible to the contact forces exerted by
the resisting edges. A comparative analysis of the strain distri-
butions between the simulations and DIC images (Figure 4D)
showed a strong similarity between the experimentally and nu-
merically obtained strain distributions, particularly within the re-
gions exhibiting strain concentrations. Geometry-specific strain-
distribution patterns were evident in both the simulations and
experiments: the AT geometries exhibited concentrated strain re-
gions initially in the soft phase at the corners of the resisting
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Figure 4. Digital Image Correlation (DIC) of Polyjet-printed four interface designs. a) Full-specimen image, at 75% of total applied strain. b) Comparison
of strain-progression of a single interface cell between experimental (left) and simulated (right) models, shown at 25%, 50%, and 75% of total applied
strain.
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edge, whereas the DH geometries showed strain extending along
the parallel edge. For both geometries, the strain-concentration
regions then extend horizontally toward each other, while form-
ing a lower intensity directly below the resisting edge within the
center of the neck. Besides these strong similarities, slight dis-
parities between the simulations and experiments were found as
well. For instance, at 75% total applied strain, the simulation of
DH 4-8-6-6 showed the strains mostly concentrated in the neck,
while in the experiments, the strains were mostly concentrated in
the head. This discrepancy suggests that the simulated material
may exhibit higher compliance as compared to the actual mate-
rial. Such findings show that while computational models can
generally predict physical material behavior, experimental vali-
dation remains crucial for accurately designing soft-hard inter-
faces. Overall, our results indicate that the computational mod-
els employed in this study provide a reliable approximation of the
mechanical behavior of the interfaces.

While the current methodology facilitates the predictive design
of soft-hard interfaces, it is important to acknowledge certain
limitations. Although uniaxial tensile tests provide clear insights
into the mechanical performance of these soft-hard interfaces
under simple uniaxial loading conditions, real-world applications
particularly in biomedical devices, often involve more complex
loading environments, such as multiaxial loading, cyclic stresses,
and varying strain rates. These factors could significantly influ-
ence the performance and mechanical behavior of the interfaces
and may result in different failure modes or altered mechanical
responses as compared to those observed in uniaxial tests.

Moreover, the presented computational model represents an
idealized version of the physical system. Although the hydrogel
material is modeled as a hyper-elastic material, its (apparent) me-
chanical properties are likely to vary over time due to various
factors such as stress relaxation, creep, hydration, and polymer
degradation and damage, particularly under prolonged loading
conditions. These time-dependent behaviors were not included
in the present model, which may impact its predictive accu-
racy under more complex loading scenarios. Additionally, while
we conducted a mesh sensitivity analysis to ensure the stability
and convergence of the results, discrepancies between the model
and real-life performance could arise from variations in material
properties or geometric imperfections that are difficult to fully
capture computationally. Future work could focus on refining the
computational model by incorporating time-dependent and non-
linear material behaviors, such as viscoelasticity for the hydro-
gel phase, to better simulate real-world performance. Sensitiv-
ity analyses for material properties and loading conditions could
also help identify key parameters that influence the accuracy of
the model. Such enhancements would strengthen the predictive
framework for designing soft-hard interfaces with improved re-
liability in complex, application-specific environments.

For clinical applications, the material biocompatibility for spe-
cific applications involving soft-hard interfaces is critical. Hydro-
gels and other soft materials integrated into these interfaces must
maintain their mechanical properties and structural integrity in
the biological environment, where factors such as hydration, en-
zymatic degradation, and inflammatory responses can impact
material performance. Therefore, future work should focus on
specific biomedical applications and should include in vitro and
in vivo testing of the materials selected to assess their chemi-
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cal, mechanical and cellular biocompatibility under relevant clin-
ical conditions, or include the use of 3D bioprinting techniques
through the use of cell-loaded hydrogels.

Looking ahead, we advocate for future research exploring the
use of varied materials combinations in mechanically interlocked
interfaces. Investigating hard and soft phases, such as metals and
alternative hydrogels, could provide deeper insights into the ver-
satility and applicability of these interfaces. Additionally, studies
focusing on how these interfaces behave under more complex
environmental conditions (e.g., testing strain-rate dependence,
shear stress conditions, or within an aqueous environment to
simulate biological conditions), would be valuable for broaden-
ing their potential applications. In the field of 3D printed me-
chanically interlocked plastic-hydrogel interfaces, this study lays
down a foundational framework for the controlled fabrication of
high-performance artificial interfaces.

3. Conclusion

We studied how geometrical design and additive manufactur-
ing can be used to create high-performance mechanically inter-
locked soft-hard interfaces. We fabricated 3D-printed hydrogel-
to-polylactide (PLA) structures and analyzed the effects of mul-
tiple design parameters on their performance with the aid of
computational models. We also developed a parametrized com-
putational model and demonstrated it to be an effective and reli-
able tool for predicting the ultimate tensile strength of various
interface designs. These designs were then reliably replicated
using our hybrid extrusion and FDM-based printing technolo-
gies. Our findings revealed notable distinctions in the mechan-
ical performance between different geometric designs and their
variants. Notably, DH geometries demonstrated a significant en-
hancement in mechanical properties as compared to AT geome-
tries, exhibiting a 190% increase in the maximum force and a
340% increase in the fracture toughness. As compared to the con-
trol groups, the performances of the four interface designs were
remarkably higher: F, . values exceeded those of the controls
by over 500%, while W values were greater by more than 350%.
The most effective interface design even showed F,_, and W ex-
ceeding the control groups by at least 990% and 1200%, respec-
tively. Finally, DIC measurements performed on Polyjet-printed
specimens showed strong similarities between the experimen-
tally and numerically obtained strain distributions, especially in
the regions exhibiting strain concentrations. Our analyses and
the data presented here indicate that the performance of mechan-
ically interlocked soft-hard interfaces can be effectively modu-
lated through rational design of the interface geometry. Moreover,
the results demonstrate that such performance can be accurately
predicted using our computational models, especially when em-
ploying realistic interface parameter combinations with respect
to the A,:A, ratio. This methodology, validated through our study,
could serve as a guideline for the design and fabrication of effi-
cient and successful soft-hard interfaces.

Our findings in this study not only contribute to the under-
standing of interface mechanics but also open novel avenues for
practical implementations in areas requiring robust and reliable
soft-hard material integration. Furthermore, these results di-
rectly contribute to the progress in biomaterial fabrication, med-
ical devices, and tissue engineering. The potential applications
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of these findings are vast, offering promising avenues for future
innovations in biomaterials and their integration into medical
devices.

4. Experimental Section

Computational modeling in the form of finite element analysis (FEA) was
employed to parameterize different design features and evaluate them
in terms of their maximum force (F,,,) and stiffness (K). Utilizing in-
sights gained from these simulations, four distinct interfaces were de-
signed with respect to their expected performance. These prototypes were
then fabricated using hybrid combination of extrusion and FDM-based
3D printing techniques. The performance of these interfaces was then as-
sessed to validate the results obtained from the simulations. Furthermore,
the four interfaces underwent comparative analyses, focusing on the key
metrics Fp,, K, and toughness (W). This comparative approach was in-
strumental in understanding the relative performance of various interface
designs.

Computational Modeling: ~ First, the soft-hard interface was modeled
using unit cells comprising three distinct segments: a bulk hard-, a bulk
soft-, and an interface section (Figure 1a). To ensure comparability across
different geometries, the overall dimensions of the soft—hard models were
standardized using a constant bulk height (h,) for the soft- and hard
bulks, while the interface was kept at a constant interface height (h;). All
the sections shared a uniform width (w). Additional hard bulk was incor-
porated into the interface section, which varied in accordance with the
changes in the interface geometry to maintain a constant volume of the
soft phase. This approach was chosen to maintain a constant volume of
the soft phase, which was assumed to be the predominant driving factor
influencing the system stiffness. The impact of geometric design on the
tensile properties of mechanically interlocked interfaces was investigated
through the parameterizations of two distinct designs of interlocking ge-
ometries, namely AT and DH (Figure 1b). The AT model was defined by
three independent variables: the trapezoidal angle (A), trapezoidal depth
(B), and opening width (C). The DH model was characterized by four in-
dependent variables: the opening width (A), total depth (B), hook width
(€), and hook thickness (D). Variations of these geometries were created
by altering the values of these parameters. Each variation was named ac-
cording to its geometry type, followed by the assigned parameter values
(i-e., “AT A-B-C” for AT designs and “DH A-B-C-D” for DH designs). For the
AT designs, a constraint of A < 90° was applied to ensure the presence of
a resistive edge. Similarly, for the DH designs, the constraints of C> A and
B> D were applied. By manipulating these parameters, we could alter the
ratio between the resisting area (A,) and total interface area (A;), which
was anticipated to significantly affect the performance of the soft-hard
interfaces.

A parametric study was conducted using computational modeling to
simulate the tensile behavior of these variations of the geometries. The
simulations were performed using Abaqus/CAE 2022 v.6.25 (SIMULIA,
Dassault Systémes, France), using a nonlinear model with hyperelastic
constitutive equations. The resulting data were processed with MATLAB
R2018b (MathWorks, United States). The computational models were de-
signed to include the same three parts of the unit cell in series: a soft, a
hard, and an interface part, the latter containing the target interface ge-
ometry (Figure 1c). These models were integrated using a script written in
Python v.3.11 (Python Software Foundation, United States). A bulk height
of h, = 12.2 mm, an interface height of h; = 10 mm, and a width of w =
10 mm were used. Using these parameters, the total unit cell and the soft
phase volumes were kept constant while the volume of the hard phase
varied with changes in the interface depth (B). To investigate the impact
of the geometric parameters on the force—displacement behavior of the
interlocking system, simulations of each model were performed using dif-
ferent combinations of the geometrical parameters. For the AT model, A
ranged between 30° and 75° in 15° increments. B and C were varied inde-
pendently from 1to 5 mm in 1 mm increments. Similar variations were
used for the DH model, focusing solely on the relative size of the hook,
the A:C ratio, and the B:D ratio, due to the extensive combination of pos-
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sibilities presented by these four independent variables. This led to a total
of 71 models for the AT geometry and 17 models for the DH geometry.

For both the experimental and computational analyses, two distinct
materials were selected to represent the hard- and soft phases. The hard
phase was made from Tough PLA (Makerpoint, Netherlands), which was
characterized by an elastic modulus (E) of 2.3 GPa, a Poisson’s ratio (v)
of 0.35,134] and a density (p) of 1.22 g cm~3. This material was modeled
as a linear elastic material in the simulations. The soft phase was made
from a hydrogel, specifically a 5% (w/v) Sodium Alginate solution (Fisher
Scientific, Belgium) in 0.9% NaCl. This hydrogel was modeled as a hypere-
lastic material using the Ogden strain energy potential, with the following
parameters: y = 45%1072, @ = 3.61281242, and D=0, N = 1. These
parameters were determined using Abaqus from standard tensile test re-
sults of a cast hydrogel in a standard shape (ASTM D412-16[3%1). For more
details, see Note S1 (Supporting Information).

The computational model was optimized with regard to the expected
large displacements of the soft phase. Large displacements might cause
nonlinear geometric effects (i.e., large deflections or “snap through”),
which were accounted for using a default nonlinearity tolerance of 0.05.
In addition, the meshing strategy was carefully designed to ensure accu-
rate simulation results, using plane strain elements with a plane strain
thickness of 1.0 mm. These elements were 4-node bilinear with reduced
integration and hourglass control (CPE4R), to accurately measure mate-
rial warping. To optimize the mesh for both accuracy and computational
efficiency, the selection of the mesh size was informed by a mesh sensi-
tivity analysis (see Note S2, Supporting Information). This analysis led to
the use of a global seed size of 1.4 mm. However, to capture the intrica-
cies at the interface more accurately, the local seed sizes at the interface
of the soft and hard phases were decreased, resulting in a local seed size
of 0.6 mm in the hard phase and 0.1 mm in the soft phase. These lo-
cal seeds were generated on the interface edges and up to 1.5 mm away
from it.

The boundary conditions applied to the computational model directed
the displacement exclusively along the tensile load (L) axis. Symmetric
boundary conditions were enforced at the bottom (U, = R, =R, = 0)
and the left (U, = R, = R, = 0) edges of the models. Additionally,
tie constraints were used to connect all the nodes on the right and top
edges to their respective reference points (marked x in Figure 1c), with
the right and top edges, respectively, satisfying the conditions U, =R, =
0 and U, = R, = 0. Periodic boundary conditions were not employed
in our simulations. This decision was based on preliminary comparisons
which indicated no significant differences in the mechanical behavior be-
tween the models with multiple unit cells and those with a single unit cell.
The interaction between the hard- and soft phases was modeled using
surface-to-surface penalty contact with a friction coefficient of 0. A ten-
sile displacement of 10 mm along the longitudinal direction (U, = 10)
was applied to the top reference point over a time span of 1s. The out-
put data, specifically the reaction force, RF,, and displacement, Uy, of the
top reference point, were generated at fixed time increments of 1072 s.
Simulations that due to computational limitations (e.g., the absence of
rupture mechanics) resulted in unrealistic strains were excluded from the
analysis.

Additively Manufactured 2.5D Interfaces: To experimentally test these
interface designs and validate the simulation data, 3D printing was em-
ployed to realize the soft-hard interface structures. Based on the out-
comes of the simulations, two variations of each geometry type were se-
lected for fabrication: AT 45-3-3, AT 60-4-3, DH 6-8-8-7, and DH 4-8-6-6.
A schematic representation of these specimens is provided in Figure 1d,
illustrating the arrangement of 6 unit cells (n = 6), each with a width (w)
of 2.88 mm. These specimens were produced with a bulk height (h,) of
3.5 mm and a thickness of 7 mm. To facilitate the tensile tests, modifi-
cations were made to the hard phase of the specimens. Protruding grips,
which were designed to interface seamlessly with the matching grip claws
attached to the tensile machine, were integrated into the specimen ex-
tremities. Additionally, tapered pillars were incorporated that protrude into
both hard parts to aid in alignment during the crosslinking and tensile test
stages. The tapering of these pillars was specifically engineered to mini-
mize the impact of frictional forces on the measured forces during testing.
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Similarly, control specimens were produced to compare the performance
of these interfaces (Figure S1, Supporting Information).

The fabrication of the interface models followed a structured series of
steps (Figure le). First, an FDM 3D printer equipped with a 0.25 mm
nozzle (UltiMaker 3, Ultimaker B.V., Netherlands) was used to print the
hard phase. The specimens were printed with a layer height of 0.2 mm, a
line width of 0.25 mm, a printing speed of 30 mm s~1,100% infill, 100%
fan speed, and nozzle and print bed temperatures maintained at 220 and
60 °C, respectively. The parts were printed with the interface directly on
the print bed to eliminate the need for support or post-processing. Subse-
quently, the soft phase was printed directly atop the hard phase through
extrusion-based hydrogel 3D printing using an extrusion-based bioprinter
(BioScaffolder 3.2, GeSiM Bio-instruments, Germany). To achieve both in-
terlocking efficiency and structural stability, two distinct pre-crosslinking
concentrations of CaCl, were used for the hydrogel ink. A 1 mm pre-
crosslinked hydrogel was used for the infill of the interlocking geometry, fa-
cilitating flow into the corners of the geometries during printing. The bulk
material was formed using a 15 mm pre-crosslinked hydrogel, ensuring
sufficient rigidity to prevent collapse. Both hydrogels were preconditioned
for 24 h at 7 °C prior to printing. The interlocking infill was printed using
a 0.25 mm nozzle, positioned inside the cavities at 0.58 mm above the
interface surface with an extrusion pressure of 20 kPa, aimed at achieving
slight over-extrusion at a speed of 100 mm min~". The bulk was printed
using a 0.84 mm nozzle at 25 kPa and a speed of 500 mm min~'. No heat-
ing was applied during the printing of the soft phase. The following step
consisted of merging two of the soft—hard structures by aligning, stacking,
and maintaining them 7 mm apart via the tapered pillars (Figure 1d). The
final step consisted of the post-crosslinking of the entire assembly. This
was accomplished through submersion in a 200 mm CaCl, solution for 24
h at 7 °C, effectively merging both soft bulk parts and homogenizing the
entire soft phase.

To further validate the computational and experimental models, each
interface design was additionally fabricated through Polyjet-printing (Ob-
jet350 Connex3 Polyjet 3D printer (Stratasys Ltd., USA)). This method was
chosen for its multi-material printing capabilities and higher precision,
allowing for more controlled fabrication than when using hydrogels. For
this process, two distinct materials were used: VeroCyan (RGD841, No-
vamatrix) (E = 0.73 GPa, v = 0.3303¢]) for the hard phase, and Agilus30
(FLX935, Novamatrix) (E = 0.60 MPa, v = 0.45[36]) for the soft phase.
Both phases were printed separately and assembled after removal of their
support structures to prevent chemical adhesion. To facilitate an in-depth
examination of the strain distribution characteristics of each interface de-
sign, these specimens were printed at a larger scale (125 x 3 x 75 mm?).

Tensile Tests: Force—displacement data for each specimen was ob-
tained through tensile testing using a mechanical testing machine
equipped with a 5 N load cell (LR-5K, Lloyd Instruments Ltd., UK). The test-
ing protocol involved loading the specimens at a rate of 0.02 mm s~ until
complete failure, which was defined as the total separation of the phases.
Customized tensile test grips (Figure 1d) were used to secure the speci-
mens. These grips were designed with a geometry that matched the pro-
truding grips on the specimens, with a tolerance of 1 mm to prevent any
pre-loading. Each specimen design was produced and tested in triplicate.
In addition to the force—displacement measurements, strain-distribution
data was captured through full-field strain mapping (equivalent von Mises
strains) of the Polyjet-printed specimens using a 3D DIC system (Q-400
equipped with two 12 MPixel cameras, LIMESS GmbH, Germany) and its
associated software (Instra 4D v4.6, Danted Dynamics A/S, Denmark).
The DIC process was conducted at a frequency of 1 Hz. Prior to imaging,
the specimens were prepared by painting them white and applying a black
dot speckle pattern to facilitate accurate strain mapping. The imaging was
performed during tensile testing with a 100 N load cell (LR-5K, Lloyd In-
struments Ltd., UK) at a rate of 2 mm min~'.

In the post-processing phase, the tensile test data were first filtered
to exclude the initial segment where forces registered below 0.03 N. This
step ensured the analysis focused on the significant force-bearing phase
of the tests. From the refined force-displacement data, three parameters
were derived for evaluating the interface performance: maximum force
(Fmay), stiffness (K), and toughness (W). F,,, was defined as the max-
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imum measured force while K was calculated using a moving linear re-
gression method with a window size of 15 datapoints, identifying the max-
imum slope of the force—displacement curve. W was defined as the to-
tal area under the force—displacement curve, representing the energy ab-
sorption capacity of the interface. To facilitate a meaningful comparison
between the computational and experimental results, the computational
data was scaled to match the experimental specimen dimensions, accord-
ing to Equation (1).

Fcomp X Nexp X hb,exp

From = —0 P~ 2% M

norm hb,comp

Here, the maximum measured force (Fop) is normalized (Fqpp,) relative
to the experimental specimen dimensions. The scaling factor considered
the number of experimental unit cells (n,,,) and the ratio of the exper-
imental to computational bulk heights (hy, i, and hy, omp, respectively),
ensuring an accurate and direct comparison of the performance metrics.

Statistical Analysis: To assess whether significant differences existed
between computationally and experimentally obtained results analyses
of variance were performed using one-way ANOVA through IBM SPSS
Statistics 29 Software. To determine the significance between the perfor-
mance of different interface designs, pairwise comparisons were made.
The Levenel?”] and Shapiro-Wilkl33] tests were performed to test for the
homogeneity of variances and normality, respectively, to ensure robust-
ness of results obtained through ANOVA. A p value less than 0.05 was
considered statistically significant.
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