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ABSTRACT

Current commercial midsoles provide a fixed level of cushioning and elasticity regardless of gait phase or loading rate. We report
a novel “artificial muscle” midsole composite that dynamically tunes its compressive stiffness and relaxation behavior by em-
bedding nickel-titanium (Nitinol) shape-memory alloy (SMA) wires into multilayer silicone substrates (Shore A12, A20, A30)
using two hand-knitting patterns (A and C). Specimens (undeformed height=30mm; frontal area=61,213.856 mm® or
612.139 cm?) were tested on a 50 kN Instron 5969 under displacement control. For compression (stress-strain) testing, each sample
was ramped from an initial grip separation of 30 mm to a 12.5 mm gap (~58.33% nominal compressive strain) at 200 mm/min
(~0.111 5" strain rate). At each voltage state (0 V — 14 V for Pattern A; 0 V — 10 V for Pattern C), four loading-unloading cycles
were conducted at 60 mm/min (~0.033 s™* strain rate). For stress-relaxation (creep) testing, specimens were ramped from 30 mm
to a 12.5 mm gap (~58.33% strain) at 60 mm/min (~0.033 s~) and then held at constant displacement for 120 s under three voltage
levels (Pattern A: 0V, 14V, 19V; Pattern C: 0V, 8V, 14V). Under these protocols, silicone A30 with Pattern C consistently
exhibited the largest actuation-induced contraction (A = 27.79% in compression; A = 36.54% in creep/relax), while MANOVA and
t-test results confirmed that substrate hardness, actuation state, and knitting pattern each significantly modulated compressive
stress (all p < 0.001). These findings demonstrate that our SMA-enabled midsole can switch between soft and stiff modes—across

~58.3% strain at strain rates up to ~0.111 s~*—offering a tunable, durable, and cost-effective solution for adaptive footwear.

1 | Introduction

Footwear has an essential role in our well-being, reducing the
risk of falls, enhancing cushioning, and decreasing pain and
impairment [1, 2]; constraints during walk also affect how we
interact; for example, most falls occur as we move rather than
standing [3], while responses to disturbances in the standing
phase follow a short-medium-long latency response pattern over
50-200 ms, in muscular activation while walking can occur at

any time over a period much more extended (600 ms); in this
sense, the body configurations change dramatically during the
gait cycle, requiring different mechanisms to maintain the up-
right balance at different points of the cycle [4, 5].

Studies have found that maximalist shoes may reduce the pro-
nation component in tibial stress fractures (TSFs) in female
runners, reducing the peak ankle eversion and ankle internal
rotation (ROM), in comparison with neutral shoes, also
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a decrease in the ankle internal rotation in flexible shoes com-
pared with neutral footwear [6]. TSFs are frequent and serious
injuries in runners, especially in females [7]. Cushioned shoes
are better at reducing tibial acceleration and tibial shock, and
stability shoes can reduce rearfoot eversion and eversion ex-
cursion [8]. Longitudinal bending stiffness varies depending on
the running speed; this may affect and produce changes in
horizontal ground reaction forces, spatiotemporal variables,
subjective comfort, and metabolic cost. In this sense, an optimal
bending stiffness can reduce metabolic cost and improve comfort
but it may be dependent on the running speed [9].

The running shoe is a net dissipator of energy; the exchanges of it
depend on the cushioning material properties and the runner’s
plantar pressure distribution and how the energy storage and
recovery occur throughout the step in different regions of the
shoe midsole [10]. Other factors that affect the energy when
running are the environmental temperatures on the midsole;
results show that when increasing the temperature, the peak
deceleration and energy absorption decreased; however, the
times to peak deceleration and peak deformation increased,
suggesting that in cold environments, they will contribute to an
insufficient cushioning and in hot environments they will pro-
vide an inadequate rearfoot control [11].

The cushioning characteristics of sport shoes change with in-
creasing mileage; studies show an increase in peak force after
500 km, which is consistent with machine-simulated studies of
cushioning deterioration [12]. Running footwear are made of
different materials, particularly in the sole region, where the
rigidity significantly impacts movement mechanics. For exam-
ple, while the hardness of the shoe sole does not affect the initial
peak force or knee joint motion, it does influence the timing and
rate of force application, as well as specific movements of the
ankle joint, particularly in softer composites [13].

Muscle control also provides additional support to the foot and
compensates for any inadequate gait patterns [14], but there are
limits to the capacity of muscular compensations; for example, in
army recruits with low-arched feet, fatigue of the controlling
muscles was suggested as a factor fracture and pain during
training exercises [15-17]. At the same time, studies on fatigue
and postural compensation, using ankle destabilization devices,
try to uncover the causes of how muscle activation can com-
pensate for walking deficiencies [18, 19], or the influence of
reduced plantar sensation on pressure distribution by applying
an ice immersion approach in barefoot walking [20, 21], which
are commonly studied in research.

In this sense, an important area of discussion in muscle control is
modifications in longitudinal bending stiffness, also called LBS,
which has gained relevance in understanding the role of footwear in
movement [22, 23]. Also, in forefoot bending stiffness reduces in-
jury, decreasing the amount of metatarsophalangeal extension
(MTP) [23-25], especially in athletes [26, 27], running performance
[28, 29], jumping [30], and also as a treatment for metatarsal stress
using military boots [31]. When looking for materials with the ability
to modify their stiffness, we can identify several areas of develop-
ment of smarter materials with tunable properties that could be
applied in footwear technology to improve performance in move-
ment and support muscle control. For example, advances in additive
manufacturing techniques offer researchers the ability to modify the
internal structures in 3D cell arrangements, providing thousands of

degrees of freedom for the development of smarter systems with
multifunctional capabilities, otherwise known as metamaterials
[32, 33]. Examples can be found in several areas, for instance, in the
footwear industry using hyperplastic foams [34], in foot deformation
in sole design to personalize the deformation behavior [35], in foot
orthoses in patients with diabetes mellitus [36], or using piezo-
electric to harvester energy from during walk [37]. In this sense, 3D
printing has opened new opportunities for the development of smart
materials, for example, by converting the mechanical properties of
hard materials [38], designing the internal structure of objects by
introducing hollowing optimization in honeycomb-cell structures
[39, 40], or by modifying the volume and the balance of internal
configurations [41] has enabled the fabrication of complex geom-
etries in metamaterials, allowing elaborate behaviors and physical
properties [42], such as in origami-based designs with several areas
of applications, for example, self-folding systems [43, 44], me-
chanical metamaterials [45, 46], or medical stents using shape
memory alloys (SMAs) [47]; here, the SMA adds multifunctional
qualities to the structure, either by its shape memory effect [48] or
due to its biocompatibility [49, 50].

An actuator capable of producing changes in its structure is
artificial muscles, which are a series of connected microactuators
that form a larger one [51], where recent advances in nano-
material fabrication and characterization have resurfaced the
development of this type of soft robotics [52]. Here, the term
artificial muscle refers to a class of material capable of reversibly
contracting, expanding, or rotating within one component from
a stimulus (voltage, current, pressure, temperature, light, among
others), allowing to produce other types of motion if combined,
such as bending or more complex types of actuations that are
compressing one side and releasing in another part [53].

An important field transforming reversibly between the two phases
is SMAs, allowing the development of new and smarter actuators
in several areas; for instance, in materials and composites with
stiffness variations; for example, changes in bending stiffness in
footwear have been demonstrated to improve performance in
movement and reduce injury by modifying the center of pressure,
especially in sports [54, 55]. Here, the biomechanics of movement
plays a significant role in the development of assistive technology
with muscle actuation. For instance, during walk, the knee is one
of the parts of the body that needs support, especially when it has
weakened because of an injury, age, or weight, among others; they
are some novel assistive knee brace with wire actuators made of
SMAs; this mechanism can improve the weight and flexibility
issues [56], also in the development of small SMA biped robot to
improve stability during locomotion [57, 58], or in ankle foot
orthoses developed with SMA capable of producing mechanical
stiffness variations that emulate a healthy muscle capable of re-
ducing the metabolic energy during walk that depends on the angle
of the joint to enhance mobility, and the duration of activities can
be longer prior to fatigue [59].

When examining variable stiffness research in footwear technol-
ogy, it is possible to find several examples in prosthetics, for ex-
ample, in the development of a prosthetic foot capable of changing
the stiffness up to 50% in the sagittal plane to improve mobility in
multiple terrain conditions [60], using custom 3D-printed footwear
to reduce stress distribution [61], utilizing pneumatic actuation by
developing an interactive shoe using air pressure to change the
inflation within a sole to alter users gait in soft robotics [62],
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developing faster pneumatic networks (pneu-net) actuation [63],
or by controlling lower limb muscle activity during walk, using an
insole-embedded actuator to alter the shape and hardness of the
footwear influencing muscle activity [64].

Overall, the literature highlights the growing importance of footwear
technologies capable of adapting their mechanical properties to user-
centric demands. Despite notable advances in the control of cush-
ioning materials, all current footwear solutions rely on passive or
semi-passive structures with limited capacity of real-time adaptability.
The integration of smart materials such as SMAs and tunable
composites offers an opportunity to bridge this gap, enabling the
footwear system to actively respond to changes in load, temperature,
and motion. However, few studies have explored the combination of
soft elastomeric substrates with active actuation mechanisms to
achieve controlled stiffness modulation. This study addresses these
limitations by developing a new class of adaptive artificial muscles for
footwear applications, capable of modulating their stiffness and stress
distribution in response to changes in temperature.

2 | Method

2.1 | Mechanical Testing or Characterization

We developed a support structure that we can test several knitting
techniques, allowing us to obtain different actuation results
depending on the knitting pattern used, which shows to be a more
straightforward technique to embed. To test it, we developed an
open linear configuration in opposite directions using a tubing
technique to channel the SMA wire, adding different layers of
flexibility control as a series of artificial fibers that can affect the
construction cell. By investigating the actuation of each cell of the
footwear independently allowed us to further miniaturize the
model and embed more SMA per cubic centimeter.

This research focuses on developing and understanding the use
of innovative embedding techniques, specifically called knitting
patterns, as they are hand-knitted into a support structure to
enhance the performance of a soft actuator (artificial muscle)
integrated into a midsole structure for footwear technology.

The goal is to investigate the influence of different silicone shore
hardness levels (A12, A20, A30) on the mechanical properties of
these artificial muscles, particularly their stress performance
during compression. We seek to identify the most effective
methods for embedding SMAs into silicone substrates to improve
stress handling and overall performance.

By examining various knitting patterns, we aim to determine the
optimal configurations for embedding Nitinol wire, achieving
variable hardness and improved elasticity in the midsole. Ad-
ditionally, the research will explore the compression properties
of the midsole, the cyclic loading and unloading behaviors, and
the functional performance in terms of movement efficiency,
energy return, shock absorption, comfort, and injury prevention.
The interaction effects between material type, actuation status,
and knitting pattern will be analyzed to identify optimal per-
formance combinations. Comparative analysis will be conducted
to evaluate the smart midsole against traditional midsoles and
other adaptive footwear technologies. The study also includes
creep and relaxation tests to assess the long-term compression
behavior and statistical analysis to determine significant differ-
ences in performance across materials and knitting patterns.

Ultimately, our objective is to advance the development of smart,
adaptive materials in footwear technology, providing novel in-
sights into the interaction between Nitinol wire and silicone
support structures and pushing the boundaries of current
knowledge in smart footwear materials.

3 | Embedding Technique

3.1 | Knitting Patterns

We developed a series of embedding techniques in serval silicone
substrates of different shores (A12/A20/A30) that we called
knitting patterns, because we hand-knit each substrate and ana-
lyzed its elastic behavior. We measured the amount of contraction
(artificial muscle behavior) while applying temperature to the SMA
(Flexinol SMA) embedded in a silicon prototype. Flexinol is an
SMA made of nickel titanium capable of contracting 2%-5% of its
length [65, 66], developed by FLEXINOL® and Muscle Wires®,
which are Registered Trademarks of DYNALLOY, Inc. Copy-
right©2024 DYNALLOY, Inc. (see Table 1).

During the embedding, the SMA is knitted in the substrate back
and forth along a row through a series of adjacent tubing in
a path, described in a series of patterns tested in a tensile and
compression manner.

3.1.1 | Knitting Pattern A

The SMA wire is knitted in a back-and-forth pattern along a first row
in a first direction and then in a back-and-forth pattern along a second
row in a second direction, opposite the first direction; see Figure 1.

3.1.2 | Knitting Pattern C

The SMA wire is knitted in a back-and-forth pattern along a first
row in a first direction to the mid-point of the substrate and then
in a back-and-forth pattern along a second row in a second di-
rection, opposite the first direction. A second SMA wire is knitted
in a back-and-forth pattern from the second edge in a first di-
rection to the mid-point of the substrate and then in a back-and-
forth pattern along a second row in a second direction, opposite
the first direction; see Figure 2.

3.2 | Test Sample

For the development of a composite capable of dynamically
changing its flexibility, we started by exploring the literature on
objects with multiple cells to control elasticity.

Particularly, we observed the embedding techniques, especially
the use of fibers to produce tensile actuation and control
expanding deformation in artificial muscles. Through this, we
started developing a series of prototypes using arrays of fibers to
channelize the SMAs when embedded on a series of inter-
connected tubing to maximize the contraction when actuated.

To build the prototype for testing, we subdivided the midsole area
of the footwear into eight parts: the right and left hemispheres of
the heel and midfoot and four parts on the forefoot. We con-
centrated on section A (heel) of the picture below to conduct our
test; see Figure 3.

The samples tested for the compression test were assessed using
a specimen of volumetric mesh consisting of a series of multilayer
silicone tubes alternating at +45° and —45°. Tubes had an external
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Knitting Pattern A

Start

Front
view

Lateral
view

FIGURE 1 | Knitting Pattern A.

diameter of 4 mm, a wall thickness of 1.2 mm, and a distance
between the axes of two adjacent tubes in each layer equal to 6 mm;
see Figure 3. To control the suspension in the metamaterial, we
used a system of inner tubing of 1.4 mm diameter to reinforce the
connections between the six layers and an area of 61,213.856 mm?
(612.139 cm?). The substrate was 3D-printed using an Ultimaker S3
with an Ultimaker PVA (polyvinyl alcohol) Filament Natural,
which is a water-soluble support material for multiextrusion 3D
printing, using the software Cura 5.3.0. The prototypes were de-
veloped and tested using Solidworks 2023, and the PVA casting
mold was built on Autodesk Fusion 360. After dissolving the PVA,
0.51 mm-diameter Flexinol® Nitinol wires were hand-knitted
through adjacent tubes according to Pattern A or Pattern C, cre-
ating a uniform “artificial muscle” network.

The silicone-based substrate was specifically engineered to
maximize contractile behavior by embedding SMA wires
within a controlled, multicell metamaterial network. A tubing
network was generated to test and investigate the effects of
different SMA-embedding techniques in medium-hard silicone
composites. This interconnected tubing network forces all cells
to deform uniformly; changing tube geometry (diameter, wall
thickness, interlayer spacing) or rerouting SMA wires (knitting
pattern) directly affects how compressive stresses distribute
and relax. The multicell design not only allows direct com-
parison of the two embedding techniques but also enables
tailoring of midsole stiffness over a broad range (up to ~58%
compressive strain) by manipulating tube geometry and in-
terlayer spacing.

Variations in the internal tube diameter, wall thickness, and
knitting layout directly impact force distribution and stress-re-
laxation behavior—key factors in achieving improved weight
distribution and balance compared to conventional running shoe
midsoles; see Figure 4.

Knitting Pattern C End (1)

M1, N\

Start (2)

Start (1) I
I o/
|
SMA 2 Front
[
SMA 1
|
|
| M1 Floor 1
Start (1)_, ; ) Start (2),
End (1)~— - = End(2) ™
Floor 2
FIGURE 2 | Knitting Pattern C.

Part A

FIGURE 3 | Section A of the footwear tested on all compression tests.

This design allows the material to exhibit controlled elasticity
and flexibility, which can be dynamically adjusted based on the
specific requirements of the application. The support structure
enables the customization of the composite material for different
applications. By varying the design, the researchers can tailor the
mechanical properties of the material to meet specific needs. This
versatility is particularly important in applications like soft ro-
botics and wearable devices, where different levels of stiffness
and flexibility may be required.

4 | Mechanical Testing Footwear

Tests were performed on a 50 kN Instron 5969 using the software
Bluehill Universal version 4.06 to test the stress—strain also using
a creep and relax to further explore the stability of each sample at
the Materials Laboratory at University College London in Me-
chanical Engineering, Roberts Engineering Building, University
College London, Torrington Place, London WCI1E 7JE.

4.1 | Compression Displacement

During stress-strain compression displacement, we run a dis-
placement control test of the specimen applying 4 cycles on each
voltage (0V-14V) for knitting Pattern A, and (0V-10V) for
knitting Pattern C, setting a displacement of 30 mm (grip-to-grip
separation at start position), point of load application of the
circles of 12.5 mm with a speed at the start point of 200 mm/min,
and a speed of cycles of 60 mm/min; see Figure 5.

4.1.1 | Test Method

This is a displacement control test, meaning that the amount of
displacement (movement) applied to the specimen is controlled,
rather than the force.

4.1.2 | Voltage Ranges

The test involves varying the voltage applied to the knitting
patterns:

« For knitting Pattern A, the voltage is applied in the range of
0V-14V.

« For knitting Pattern C, the voltage range is 0 V-10V.

41.3 | Cycles

For each voltage level, 4 cycles are applied to the specimen. A
cycle in this context means repeating the same loading and
unloading (compression and release) processes.

4.1.4 | Displacement Setup

The displacement (distance between grips) at the start of the test
is set to 30 mm. This is the distance between the grips holding the
specimen.
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FIGURE 4 | Footwear heel compression test comparison between all market footwears and silicone prototypes using the knitting patterns in

Newton (N).

4.1.5 | Point of Load Application

The area where the load is applied is described as having circles
with a 12.5 mm diameter.

4.1.6 | Speed at Start Point (200 mm/min)

The test begins with the grips moving apart at a speed of 200 mm
per minute.

4.1.7 | Cycle Speed (60 mm/min)

During the cyclic loading part of the test, where the material is
repeatedly stretched, the grips move at a slower speed of 60 mm
per minute.

FIGURE 5 | Stress-strain compression displacement.

This procedure is used to evaluate the behavior of the material
(knitting Patterns A and C) under controlled compression, while
measuring the stress-strain response at different voltages. The
cyclic nature of the test indicates that the material’s performance
over multiple compressions is being studied.

4.2 | Creep and Relaxation Test

Creep and relax was tested at a displacement of 12.54 mm for 120 s at
different voltages (0 V, 14V, 19 V) for knitting Pattern A and voltages
0V, 8V, 14V) for Pattern C using the same specimens of the
compression test; see Figure 5. Creep refers to the tendency of
a material to deform gradually under constant stress over time, and
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relaxation refers to the reduction in stress over time while the material
is held at a constant strain (displacement in this case).

4.21 | Displacement Setup

In this test, the specimen is displaced (compressed) by 12.54 mm.
This displacement is maintained for a period of 120s.

4.2.2 | Voltage Ranges

« For knitting Pattern A, the test is conducted at voltages of 0V,
14V, and 19V.

« For knitting Pattern C, the test uses voltages of 0V, 8 V, and
14 V.

These different voltage levels are used to investigate the behavior
of the material under varying electrical stimulation, as voltage
actuates the SMA affecting the material’s mechanical properties
in this context.

4.2.3 | Test Duration

The displacement is held for 120 s to allow the material to exhibit
its creep or relaxation characteristics. Over this period, the material
may continue to deform (creep) or experience stress relaxation.

4.2.4 | Specimens

The specimens used for this creep and relaxation test are the
same as those used in the compression test.

This test aims to examine how the material (with knitting pat-
terns A and C) behaves when held under constant displacement
for an extended period at different voltage levels, focusing on
how the material continues to deform (creep) or reduce stress
(relax) over time.

This procedure is used to evaluate the behavior of the material
(knitting patterns A and C) under controlled compression while
measuring the stress-strain response at different voltages. The
cyclic nature of the test indicates that the material’s performance
over multiple compressions is being studied. On the other hand,
the creep and relax test aims to examine how the material (with
knitting patterns A and C) behaves when held under constant
displacement for an extended period at different voltage levels,
focusing on how the material continues to deform (creep) or
reduce stress (relax) over time; see Figure 5.

4.3 | Data Analysis and Statistical Methods

All results were analyzed using SPSS statistics, Python’s Spyder IDE
5.5.1 (conda), and Microsoft Excel. Data were analyzed for statistical
significance by multivariate analysis of variance (MANOVA) for the
compression test and an independent ¢-test for the creep and relax
test. p < 0.05 was considered statistically significant.

5 | Results

5.1 | Compression Strength of Silicone Substrates

The results of the compression A12, A20, and A30 at different
voltage/temperatures (0V, 14V) for knitting Pattern A and
voltages (0V, 10 V) for Pattern C are shown in Figure 6.

Results from the compression test show that when using silicone
shore A12 with knitting Pattern A, the compressive stress of the
material without voltage (OFF) was 0.0052 MPa, and when 14 V
was applied (ON), the stress increased to 0.0065 MPa. This pro-
duced a maximum difference of 0.0013 MPa, representing a 20.44%
increase in stress between the ON and OFF conditions. In com-
parison, knitting Pattern C with the same material (A12) exhibited
a greater stress increase. Without voltage (OFF), the compressive
stress reached 0.0039 MPa, and when 14 V was applied (ON), the
stress rose to 0.0054 MPa. This resulted in a maximum difference of
0.0014 MPa, which represents a 26.99% increase in stress, higher
than that of knitting Pattern A (see Figure 6).

Data show that knitting Pattern C is a softer composite under
both temperature treatments, but it also produces the highest
contraction difference between the two, which corresponds to
a 26.99% increase, suggesting that knit C allows for greater
contraction under compressive forces compared to knit A. The
higher percentage difference between the minimum and maxi-
mum stresses for knit C indicates that this pattern may be better
suited for applications requiring greater adaptability and re-
sponsiveness to mechanical deformation.

On the other hand, results from the compression test show that when
using silicone shore A20 with knitting Pattern A, the compressive
stress of the material without voltage (OFF) was 0.00998 MPa, and
when 14V was applied (ON), the stress increased to 0.01082 MPa.
This produced a maximum difference of 0.00084 MPa, representing
a 7.83% increase in stress between the ON and OFF conditions (see
Figure 6). In comparison, knitting Pattern C with the same material
(A20) exhibited a greater stress increase. Without voltage (OFF), the
compressive stress reached 0.00671 MPa, and when 14 V was applied
(ON), the stress rose to 0.00929 MPa. This resulted in a maximum
difference of 0.00258 MPa, which represents a 27.79% increase in
stress, higher than that of knitting Pattern A.

This suggests that Pattern C showed not only a higher absolute
stress under both conditions but also a significantly larger dif-
ference, indicating superior enhancement in stress performance
due to voltage application compared to Pattern A.

Finally, results from the compression test show that when using
silicone shore A30 with knitting Pattern A, the compressive stress
of the material without voltage (OFF) was 0.01209 MPa, and
when 14 V was applied (ON), the stress increased to 0.01447 MPa.
This produced a maximum difference of 0.00238 MPa, repre-
senting a 16.40% increase in stress between the ON and OFF
conditions, while the knitting Pattern C with the same material
(A30) exhibited a greater stress increase. Without voltage (OFF),
the compressive stress reached 0.01312 MPa, and when 14 V was
applied (ON), the stress rose to 0.01682 MPa. This resulted in
a maximum difference of 0.00369 MPa, which represents
a 21.96% increase in stress, higher than that of knitting Pattern A
(see Figure 6).

This suggests that the A30 substrate with Pattern C achieved the
highest stress values and the largest difference between ON and
OFF states among all tested combinations, highlighting its ex-
ceptional capability to withstand compressive stress under
electrical actuation on higher shore silicones.

The data in Figure 7 reveal a comparison of the compressive
stress differences across various combinations of materials and
knitting patterns.
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and the red lines represent the material with voltage (ON).

The results from the compression test provide valuable insights
into the mechanical behavior of different silicone shore materials
(A12, A20, A30) and their associated knit patterns (knit A and
knit C) under compressive forces (see Figure 7).

Across all materials, knit C consistently exhibited a higher
percentage increase in compressive stress between minimum and
maximum values compared to knit A. This suggests that knit C
allows for greater deformation under compressive loads, making
it a more adaptable structure in applications where flexibility and
stress variability are important.

Material A12, knit C demonstrated a 26.99% increase in com-
pressive stress, compared to knit A 20.44% increase. The dif-
ference in stress values between the two knit patterns highlights
that knit C enables the material to better respond to compressive
forces. In contrast, knit A, with its relatively lower percentage

Stress-strain curve for A12-knit C
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Compressive stress (MPa) versus compressive strain (mm/mm) plot, where the blue lines represent the material without voltage (OFF)

increase, suggests a more rigid response, providing greater sta-
bility under load but less adaptability.

The behavior of Material A20 further reinforces this trend, with
knit C showing a 27.79% increase in stress, significantly higher
than knit A of 7.83%. The large disparity between the two knit
types in this material suggests that knit C offers significantly
more flexibility, making it a superior choice in contexts requiring
the material to absorb more strain without failure. Conversely,
the narrow stress variation in knit A may be advantageous in
applications requiring consistent, predictable material perfor-
mance under compression.

For Material A30, the findings similarly highlight the adapt-
ability of knit C, with a 21.96% increase in stress, compared to
16.40% for knit A. While the percentage difference is smaller than
in Materials Al12 and A20, the trend remains consistent,
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Min, max compressive stress, differences, and percentages by material and knit combination

Min stress (MPa)
X | Max stress (MPa) Diff: 0.0037 MPa
A30-knit C (21.96%)
Diff: 0.0024 MP:
A30-knit A q ' (;)604(1)0%) :
o
9
= .
=] . | Diff: 0.0026 MPa
é A20-knit C (27.79%)
8
g . Diff: 0.0008 MPa
4 . ..
E A20-knit A (7.83%)
5
g
. ] Diff: 0.0014 MPa
A12-knit C (26.99%)
. Diff: 0.0013 MPa
A12-knit A 1 (20.44%)
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016
Stress (MPa)

FIGURE 7 | All substrate (A12, A20, and A30) differences between ON and OFF among the cycles and their percentage of difference.

indicating that knit C generally promotes a more flexible material
response, while knit A supports a more stable, rigid structure.

The compression tests conducted on Materials A12, A20, and
A30 with different knit patterns have revealed important dif-
ferences in mechanical performance. Knit C, across all materials,
allows for greater stress variation, indicating higher flexibility
and adaptability under compressive forces.

These findings underscore the importance of selecting the ap-
propriate knit pattern based on the specific performance re-
quirements of the material in real-world applications. For
applications requiring greater flexibility and stress absorption,
knit C is likely the superior option, while knit A is more suited for
scenarios where rigidity and stability are paramount.

5.1.1 | Implications

« Knitting pattern preference: Based on the results, knitting
Pattern C is generally more effective in improving stress
performance under electrical actuation for all tested sub-
strates. This makes it a preferable choice for applications
requiring enhanced stress resistance.

« Substrate choice: The choice of substrate (A12, A20, A30)
should be guided by the specific stress requirements of the
application. For example, A30 with Pattern C offers the
highest stress resistance and might be suitable for appli-
cations demanding maximum durability and strength.

The results indicate that knitting Pattern C, particularly when
used with the A30 substrate, provides the best performance in
terms of stress response to electrical actuation. This finding can
guide the development and optimization of materials for ap-
plications requiring precise and adaptable stress management.

5.2 | Statistical Analysis

A MANOVA was performed to examine the effects of material
used on the samples (A12, A20, and A30), the knitting patterns
(A, C), and whether the composite was actuated or not

(ON, OFF) on the dependent variables: time, displacement, force,
strain, and stress.

The MANOVA results showed significant effects for the ma-
terial (F (10.000, 417036.000) = 3331.963, p <0.001, partial eta-
squared = 0.074, indicating approximately 7.4% of the vari-
ance), ON/OFF (F (5.000, 208517.000) = 8625.693, p <0.001,
partial eta-squared =0.171 indicating approximately 17.1% of
the variance), knit (F (5.000, 208517.000) = 1879.241, p <0.001,
partial eta-squared = 0.043 indicating approximately 4.3% of the
variance). Significant interactions were found between the
material and ON/OFF (F (10.000, 417036.000) = 1599.936,
p <0.001, partial eta-squared = 0.037 indicating approximately
3.7% of the variance), material and knit (F (10.000,
417036.000) = 330.075, p<0.001, partial eta-squared = 0.008
indicating approximately 0.8% of the variance), ON/OFF and
knit (F (5.000, 208517.000) =456.331, p <0.001, partial eta-
squared =0.011 indicating approximately 1.1% of the vari-
ance), and a three-way interaction between the material, ON/
OFF, and knit (F (10.000, 417036.000) = 222.375, p <0.001,
partial eta-squared = 0.005 indicating approximately 0.5% of the
variance). Results showed that the interaction effects between the
dependent variables had a smaller effect size compared to the main
effects, which is visible in the partial eta-squared (n?). This allowed
us to confirm that the material, ON/OFF, and knit explain a large
portion of the variance in the dependent variables compared to the
interaction effects, suggesting that individual factors influence the
outcomes more than their combined interactions.

5.2.1 | Main Effects

- Material: The significant main effect for material (F (10.000,
417036.000) = 3331.963, p <0.001, partial eta-
squared = 0.074). This suggests that the type of silicone
substrate (A12, A20, A30) plays a crucial role in determining
the dependent variables (time, displacement, force, strain,
and stress). Approximately 7.4% of the variance in these
variables can be attributed to the material used, indicating
a substantial influence.
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- ON/OFF status: The significant main effect for ON/OFF
status ONOFF (F (5.000, 208517.000) = 8625.693, p < 0.001,
partial eta-squared = 0.171). This indicates that whether the
composite is actuated or not has a significant impact on the
performance, accounting for about 17.1% of the variance.
This large effect size suggests that actuation greatly enhances
or alters the material properties under compression.

Knitting pattern: The significant main effect for knitting
pattern knit (F (5.000, 208517.000) = 1879.241, p <0.001,
partial eta-squared = 0.043). This shows that the pattern (A
or C) used also significantly affects the performance, with
about 4.3% of the variance explained by this factor.

5.2.2 | Interaction Effect

Material and ON/OFF: The interaction between material
and actuation status (F (10.000, 417036.000) =1599.936,
p <0.001, partial eta-squared = 0.037), which indicates that
the effect of actuation on the dependent variables varies
depending on the material type. This interaction accounts
for approximately 3.7% of the variance, suggesting a mod-
erate but significant combined effect.

Material and knit: The interaction between material and
knitting pattern knit (F (10.000, 417036.000) = 330.075,
p <0.001, partial eta-squared = 0.008) explains about 0.8% of
the variance, indicating that the effectiveness of different
knitting patterns varies with the type of silicone substrate.

ON/OFF and knit: The interaction between actuation status
and knitting pattern (F (5.000, 208517.000) =456.331,
p <0.001, partial eta-squared = 0.011) shows that the impact
of actuation on the dependent variables is influenced by the
knitting pattern used, accounting for approximately 1.1% of
the variance.

Three-way interaction: The three-way interaction among
material, ON/OFF status, and knitting pattern (F (10.000,
417036.000) = 222.375, p<0.001, partial eta squared =
0.005) explains about 0.5% of the variance, suggesting that
while the interaction is significant, it has a smaller effect size
compared to the main effects.

Levene’s test of equality of error variance indicates that the
assumption of homogeneity of variances was violated for all
dependent variables; time F (11, 208521) = 17403.571, p < 0.001,
displacement F (11, 208521) = 4238.621, p <0.001, force F (11,
208521) = 4117.784, p <0.001, strain F (11, 208521) = 4238.527,
p <0.001, and stress F (11, 208521) = 4117.777, p < 0.001. Results
from Levene’s test indicate that the variance of the dependent
variables is not equal across groups (material, ON/OFF, and
knit). On the other hand, the between-subject effects showed
significant influence of the main factors and their interactions on
the dependent variables. This indicates that the material, ON/
OFF, and knitting pattern used significantly influenced the
dependent variables individually and through their interactions,
where the effect sizes suggest that ON/OFF had a stronger in-
fluence on time, while the other variables had smaller but also
significant variance.

Post hoc multiple comparisons: Tukey HSD and Bonferroni tests
for the dependent variables across their different silicone

materials (A12, A20, and A30) showed significant mean differ-
ences for all variables p <0.001 with a 95% confidence interval
(CI) that does not include zero, confirming the material differ-
ences for each dependent variable (time, displacement, force,
strain, and stress).

5.2.3 | Implications

These results have several practical implications:

» Material selection: A30 substrate shows a larger variance
and higher stress levels, indicating it may be suitable for
applications requiring higher stress tolerance but with
a trade-off in predictability.

« Knitting pattern: The choice of knitting pattern significantly
affects material performance, suggesting that optimizing the
pattern could tailor material properties for specific applications.

Overall, the study underscores the importance of considering
material composition, actuation status, and knitting pattern in
designing and utilizing silicone-based composites for various
engineering applications.

5.3 | Creep and Relax

The results of the creep and relax test using the substrates A20
and A30 at different voltage/temperatures (0V, 14V and 19V)
for knitting Pattern A and voltages (0 V, 8 V and 14 V) for Pattern
C are shown in Figure 8.

Results from the creep and relax test compressive on the substrate
A20 with the knitting Pattern A, at 0V (OFF), a stress of
0.0079 MPa and 0.0092 MPa when actuates (ON), which represent
a difference of 0.0013 MPa, which represents a 16.46% percentage
change in stress. On the other hand, when using the substrate A20
but now with the knitting Pattern C, it showed a stress of
0.0052 MPa at 0 V and 0.0071 MPa when actuated (ON), exhibiting
a higher difference of 0.0019 MPa, representing an increase in
stress of 36.54%, the highest among all tests; see Figure 8.

When inspecting the creep and relax test using the A20 substrate
in both knitting patterns (Figure 8), again, knitting Pattern C was
the softest sample but the highest performer when comparing the
difference between OFF and ON. When observing the figure, it is
possible to observe the difference in MPa. The analysis indicates
that the substrate material and knitting pattern both play crucial
roles in determining the stress behavior of the material under
actuation. Substrate A20 with knitting Pattern C exhibits the
highest stress increment and percentage growth when actuated,
suggesting that it may be the most responsive combination
among those tested.

When analyzing the following substrate A30 using the knitting
Pattern A, it is possible to observe that it reaches a stress of
0.0093 MPa at 0 V and a stress of 0.0122 MPa when actuated, which
represent a difference between ON and OFF of 0.0029 MPa, which
again is increased when using the knitting Pattern C that achieves
0.0098 MPa when OFF and 0.0133 MPa when actuated, repre-
senting a difference of 0.0035 MPa; see Figure 9.

Figure 9 shows that on the creep and relax test using the A30
silicone, knitting Pattern A was slightly softer but again per-
formed below knitting Pattern C between ON and OFF, as can be
observed on the plot.
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Stress—strain curve for A20-knit A (voltage-based coloring)

Time vs force curve for A20-knit A (voltage-based coloring)
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FIGURES8 | Creepand relax test using the two substrates A20 on knitting patterns A and C; the first plot represents the strain (%) versus stress (MPa)

and next to it a second plot of the time (s) versus force (kN), where the blue lines represent the material without voltage (OFF), the red lines represent the

material with voltage (ON), and the gray lines represent faults in the test.

The analysis of compressive stress behavior across various ma-
terials and knit combinations of artificial muscles reveals notable
findings regarding the responsiveness of these materials to ex-
ternal conditions such as voltage and temperature. The artificial
muscle materials, particularly in combinations of A20 and A30
with different knit patterns, demonstrate a range of mechanical
adaptability under compression, which is modulated by external
stimuli like voltage. These variations imply that the artificial
muscles can dynamically adjust their rigidity, becoming softer or
harder in response to controlled changes in voltage or heat, an
effect that could be highly beneficial in fields requiring adaptable
mechanical properties.

For Material A20 with knit A, the stress-strain characteristics
exhibit moderate variability, with a maximum compressive stress
of 0.0092MPa and a minimum of 0.0079 MPa, resulting in
a 16.46% change in stress. This combination appears to provide
a consistent compressive response with relatively minor fluc-
tuations, indicating that it could maintain stable mechanical
properties under minor voltage shifts. Conversely, material A20
with knit C shows a broader range of compressive responses,
with a 36.54% change in stress, reflecting a higher sensitivity to
external modulation; see Figure 8.

Material A30 with knit A demonstrates higher rigidity with
a maximum compressive stress of 0.0122 MPa and a minimum of
0.0093 MPa, corresponding to a 31.18% change. This increased
stress threshold indicates that the material can withstand higher
compressive loads while allowing for moderate adaptability in
response to changes in voltage or temperature. On the other
hand, material A30 with knit C shows the highest stress

variability, with a 35.71% change in stress. The large difference in
the compressive response suggests that this combination may be
ideal for applications requiring substantial mechanical adapt-
ability while retaining the ability to transition between softer and
stiffer states; see Figure 9.

The relationship between voltage and compressive stress across
these artificial muscle combinations is significant, as higher voltages
are associated with increased stress levels. This implies that voltage
can serve as a reliable external control to modulate stiffness and
softness, which could be leveraged in real-time applications where
material compliance must be adjusted dynamically.

The differences between knit patterns also underscore the im-
portance of structural design in achieving desired mechanical
properties, with some combinations more responsive to voltage
shifts than others.

5.3.1 | Implications

The results suggest that both the material type and the knitting
pattern significantly affect the stress response under electrical
actuation.

Specifically:

« Knitting Pattern C consistently outperforms Pattern A in
both substrates (A20 and A30), demonstrating greater in-
creases in stress when actuated.

» Substrate A30 shows a higher overall stress response
compared to A20, indicating its superior performance in
applications requiring higher compressive resistance.

Advances in Materials Science and Engineering, 2026
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Stress-strain curve for A30-knit A (voltage-based coloring)

Time vs force curve for A30-knit A (voltage-based coloring)
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FIGUREY9 | Creepand relax test using the two substrates A30 on knitting patterns A and C; the first plot represents the strain (%) versus stress (MPa)

and next to it a second plot of the time (s) versus force (kN), where the blue lines represent the material without voltage (OFF), the red lines represent the

material with voltage (ON), and the gray lines represent faults in the test.

« Electrical actuation effectively enhances the compressive
resistance of these silicone substrates, with the degree of
enhancement varying depending on the knitting pattern and
substrate type.

These findings are crucial for designing and optimizing materials
for applications where enhanced stress resistance and dynamic
performance are required, such as in adaptive structural com-
ponents in robotics and engineering.

5.4 | Statistical Analysis

Finally, an independent samples t-test was conducted to compare
the test scores of two different silicone substrates A20 and A30 on
the creep and relax stress data, where the test variable is the stress
from the compression and the grouping variable is the material
composition A20 or A30.

5.4.1 | Descriptive Statistics

5.4.1.1 | Group A20
+ Sample size (n) = 165750
« Mean (M) = 0.006248 MPa

« Standard Deviation (SD) = 0.0019706 MPa

54.1.2 | Group A30

« Sample size (n) = 198900

« Mean (M) =0.009362 MPa
« Standard Deviation (SD) = 0.0025678 MPa

5.4.1.3 | Comparison of Stress Levels

« The mean stress level for substrate A30 (0.009362 MPa) is
significantly higher than that for substrate A20
(0.006248 MPa).

« The standard deviation for A30 (0.0025678 MPa) is also
higher than that for A20 (0.0019706 MPa), indicating that
stress levels in A30 are more dispersed around the mean.
This suggests that A30 exhibits less predictable performance
under stress compared to A20.

An independent samples ¢-test to compare test scores in Group
A20 and Group A30. There was a significance in test scores
between Group A20 (M =0.006248, SD =0.0019706) and
Group A30 (M =0.009362, SD = 0.0025678); t
(—404.395) = 364648, p<0.001. The effect size was
(d =0.0023155). The results showed a significant difference in
stress between the A20 and A30 silicone substrates, the A30
being the one that produced the higher stress levels with
a mean difference of —0.0031142. When observing the in-
dependent sample effect size, it is possible to observe a large
effect size; Cohen’s d = —1.345 (with a 95% confidence interval
of —1.352 to —1.338), Hedges’ correction = —1.345 (with a 95%
confidence interval of —1.352 to —1.338), and Glass’s delta
= —1.213 (with a 95% confidence interval of —1.220 to —1.205),
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which shows the substantial difference between A20 and A30
silicone substrates.

5.4.2 | Independent Samples t-Test

The t-test revealed a significant difference in stress levels between
Group A20 and Group A30.

« Group A20 (M = 0.006248, SD = 0.0019706)

« Group A30 (M =0.009362, SD = 0.0025678)

o t(—404.395) = 364648, p <0.001
The mean difference in stress levels between A20 and A30 is
—0.0031142 MPa, with A30 showing higher stress levels.

5.4.3 | Effect Size

5.4.31 | Cohen’sd

o d=—1.345(with a 95% confidence interval of —1.352 to —1.338)

5.4.3.2 | Hedges Correction

+ Hedges’ correction = —1.345 (with a 95% confidence interval
of —1.352 to —1.338)

5.4.3.3 | Glass’s Delta

» Glass’s delta=—1.213 (with a 95% confidence interval of
—1.220 to —1.205).

These effect sizes indicate a large and substantial difference in
stress levels between the A20 and A30 silicone substrates, with
A30 exhibiting significantly higher stress.

5.4.4 | Implications

The results from the independent samples t-test and the ac-
companying descriptive statistics provide important insights:

« Higher stress levels in A30: Substrate A30 consistently
shows higher stress levels under the same conditions
compared to A20. This makes A30 more suitable for ap-
plications where higher stress tolerance is needed.

« Increased variability in A30: The higher standard deviation
in A30 indicates more variability in its stress response,
suggesting that while it can withstand higher stress, its
performance is less predictable compared to A20. This could
be a consideration in applications where consistency and
reliability are critical.

« Significant difference and large effect size: The significant ¢-
test results and large effect size measures (Cohen’s d,
Hedges’ correction, and Glass’s delta) confirm that the
difference in stress levels between A20 and A30 is not only
statistically significant but also practically meaningful.

In conclusion, the independent samples t-test analysis demon-
strates that the A30 silicone substrate exhibits significantly
higher stress levels than A20, albeit with greater variability. This
indicates that A30 may be preferred in applications requiring
higher stress tolerance, but the variability should be considered
when consistency is essential. The substantial effect size further

underscores the importance of these findings for material se-
lection and application design in engineering and manufacturing
contexts.

5.4.5 | Effect Size Discrepancy

The reported effect size (d =0.0023155) is very small, sug-
gesting that despite the significant p value, the practical dif-
ference between the two groups might be minimal. This small
effect size indicates that, while A30 exhibits higher stress levels,
the magnitude of this difference in practical terms is not
substantial.

In contrast, the other effect size measures (Cohen’s d, Hedges’
correction, and Glass’s delta) indicate large effect sizes (around
—1.345), which are contradictory to the initially reported small
effect size.

The independent samples -test shows a statistically significant
difference in stress levels between A20 and A30 silicone sub-
strates, with A30 exhibiting higher stress levels.

However, the interpretation of the effect size presents a complex
picture:

« Small effect size (d = 0.0023155): Suggests minimal practical
difference, highlighting the need for context-specific
evaluation.

« Large effect sizes (around —1.345): Indicates substantial
practical importance, especially for high stress applications.

Overall, while A30 demonstrates higher stress levels and thus
potential for higher performance in demanding applications, its
greater variability and the mixed implications of effect size
warrant careful consideration in material selection and appli-
cation design.

5.5 | Footwear Comparison

Subsequently, we compared our results with the current running
footwear from the market [raw Force data in Newtons].

The dataset we are analyzing contains only force-related data,
using different brands and models of the market, by compression
the heel part of the shoe and our prototype under a uniform
displacement of 12.5 mm. This assumption allows us to use the
force data (FmaxN) to infer how each model behaves under this
fixed displacement.

5.5.1 | Force-Displacement Relationship

Since each model experienced the same 12.5 mm displacement,
we can interpret the recorded force values as indicative of the
rigidity or stiffness. In a real-world scenario, stiffness K is defined
as follows:

k=1 M
where F is the force and Ax is the displacement. Since Ax is
constant (12.5 mm), the force values directly reflect the stiffness:
the higher the force, the more rigid the material. Then, we
compared the mean force values (in Newtons) for different
brands and models to infer their relative rigidity under the same
12.5 mm displacement.
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Data from the compression tests show that the On Cloudflyer 4
was the hardest material on the heel, followed by the Adidas
Ultraboost, Nike Zoom Fly 5, Adidas Adizero Adios Pro 3, and
the Hoka Bondi X, while the Nike Air Zoom Tempo Next% was
the softest material in the heel. It is important to consider that the
Nike Air Zoom Tempo Next% is an ultra-responsive type of
running footwear with higher than average energy return when
compressed, and this is the reason why marathon professional
runners tend to use this supper responsive cushioning systems,
and several brands have options with these capabilities; see
Figure 4.

When comparing our smart composite with footwear from
the market, it is possible to observe the different ranges in
compressive stress of the smart composite when it is OFF
and actuated in the three silicones tested (A12, A20,
and A30).

We can observe that the A30 substrate with the knitting Pattern
A ranged between 740.3N (OFF) and 885.5N (ON), with
a maximum difference of 145.2N. In comparison, the A30
substrate with the knitting Pattern C had a range between
803.3 N (OFF) and 1029.4 N (ON), with a maximum difference
of 226.1 N. On the other hand, the substrate A20 with the
knitting Pattern A exhibited a stress of 610.7 N (OFF) and
662.6 N (ON) with a maximum difference of 51.9 N; meanwhile,
the A20 with a knitting Pattern C had 410.9 N (OFF) and 569 N
(ON) with a maximum difference of 158.1 N. Finally, the
substrate A12 with the knitting Pattern A achieved 317.7N
(OFF) and 399.3 N (ON) with a maximum difference of 81.6 N,
and A12 with the knitting Pattern C showed 239.4 N (OFF) and
327.9N (ON) with a maximum difference of 88.5N; see
Figure 4.

Also, when comparing the results from our compression tests
with the current running footwear, we can observe that we have
developed a range that covers different cushioning types. For
example, the Adidas Adizero Adios Pro 3 (which is an ex-
ceptionally soft shoe for running) reached around 380 N, while
the Adidas Switch FWD did around 420 N. This range differ-
ence in softness cushioning can be covered by our artificial
muscle A12 with the knitting Pattern A, which can change from
317 N (OFF) to 400 N (ON). In comparison, the prototype A20
knit C exhibited between 410 N (OFF) and 569 N (ON) and
covered an extensive range of harder sole footwear for running,
allowing us to cover the whole range of cushioning just using 2
samples.

The following interpretation highlights the key findings.
5.5.2 | Comparison With Running Footwear

« Hardest heel material: The On Cloudflyer 4 was identified as
having the hardest heel material, followed by Adidas
Ultraboost, Nike Zoom Fly 5, Adidas Adizero Adios Pro 3,
and Hoka Bondi X. The Nike Air Zoom Tempo Next% was
the softest material in the heel.

Softest heel material: The Nike Air Zoom Tempo Next% is
noted for its ultra-responsiveness and high energy return,
which is preferred by marathon runners for its cushioning
system.

5.5.3 | Impact of Cushioning

« Higher cushioning reduces impact on the heel, providing
more comfort while running. This type of cushioning is
favored for longer races.

« Harder soles produce more responsive and faster running,
which might be preferred for shorter, more intense runs.

5.5.4 | Performance of Silicone Substrates

5.5.4.1 | A30 Substrate

« Knitting Pattern A: Range between 740.3N (OFF) and
885.5N (ON) with a maximum difference of 145.2 N.

» Knitting Pattern C: Range between 803.3N (OFF) and
1029.4 N (ON) with a maximum difference of 226.1 N.

5.5.4.2 | A20 Substrate

« Knitting Pattern A: Range between 610.7 N (OFF) and
662.6 N (ON) with a maximum difference of 51.9 N.

« Knitting Pattern C: Range between 410.9 N (OFF) and 569 N
(ON) with a maximum difference of 158.1 N.

5.5.4.3 | A12 Substrate

« Knitting Pattern A: Range between 317.7N (OFF) and
399.3 N (ON) with a maximum difference of 81.6 N.

« Knitting Pattern C: Range between 239.4N (OFF) and
327.9N (ON) with a maximum difference of 88.5N.

5.5.4.4 | Comparison With Specific Running Shoes

« The artificial muscle A12 with knitting Pattern A can range
from 317 N (OFF) to 400 N (ON), covering the range of softer
cushioning found in some running shoes.

» The prototype A20 with knitting Pattern C covers a range
between 410 N (OFF) and 569 N (ON), aligning with harder
sole footwear for running.

5.5.4.5 | General Range of Running Footwear. The run-
ning footwear tested had a force range between 349 N and 497 N,
which the tested silicone substrates can encompass with their
respective knitting patterns and actuation states.

The results show that the smart composites (A12, A20, A30)
developed can effectively mimic and even exceed the perfor-
mance characteristics of the current running footwear in terms of
compressive force and cushioning. The ability of these materials
to adjust their compressive force when actuated (ON) demon-
strates their potential for application in adaptive footwear
technologies.

6 | Discussion

The findings from the comprehensive analysis of the smart
composite materials reveal several important insights into their
mechanical performance and potential applications.
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This study investigated how silicone substrate hardness, SMA
actuation state, and knitting pattern collectively influence the
mechanical behavior of a smart composite intended for adaptive
footwear applications.

Three consistent findings emerged across the compression and
creep-relax experiments.

Data showed that these embedding systems (knitting patterns) enable
smart composites to be tuned to achieve different levels of rigidity and
compliance, which is advantageous for adaptive applications. A
MANOVA confirms that material hardness and actuation state are
the primary factors influencing mechanical performance, while in-
teractions are less dominant but still relevant. Notably, the actuation—
material interaction suggests that responsiveness can be tailored by
combining substrate hardness with electrical activation. Post hoc tests
(Tukey HSD and Bonferroni) also showed significant mean differ-
ences across materials for all variables, reinforcing the distinct be-
havior of each silicone substrate under stress.

The magnitude of actuation effects varied with substrate hard-
ness. As expected from elastomer mechanics, the harder A30
silicone generated the highest absolute stress values, whereas
A12 produced the lowest. Softer substrates dissipated de-
formation more efficiently, reducing the effective translation of
SMA contraction into bulk stress.

Results demonstrated that knitting Pattern C produced substantially
greater differences between ON and OFF conditions than Pattern A
across all substrates, especially when combined with silicone shore
A30, which yields higher adaptability and stress response, sug-
gesting enhanced efficiency in stress distribution and elasticity. This
enhanced responsiveness appears to be driven by the symmetric,
dual-direction arrangement of SMA routing in knitting Pattern C,
which enables more efficient load transfer and coordinated de-
formation across the multicell architecture. In contrast, knitting
Pattern A unidirectional layout constrained deformation along
a more limited axis, resulting in lower actuation-induced stiffness
changes. These findings highlight the importance of substrate se-
lection in achieving a desired stiffness range.

Creep and relax tests further confirmed these findings, showing
that the A30 material had the highest stress and greater vari-
ability than the A20 material. This ability to dynamically adjust
stiffness could be beneficial for wearable applications, such as
footwear, where adaptability to different movement patterns and
shock absorption is crucial. These insights align with the t-test
results, which confirmed results, indicating a substantial dif-
ference in compressive performance between the two materials.
This statistical result aligns with the mechanical findings, con-
firming that substrate A30 offers higher rigidity and stress re-
sistance, making it a better choice for applications requiring high
compressive strength.

When analyzing the differences between running footwear from
the market and our artificial muscle, across the three substrates,
the smart composites exhibited a force range of approximately
239 N-1030 N under a standard compressive displacement of
12.5 mm. This range overlaps with the stiffness characteristics of
commercial running footwear tested for comparison, including
soft high-energy-return models and firmer stability shoes. Im-
portantly, the shift between soft and firm states can be achieved
through activation of a single composite, whereas commercial
midsoles provide only a fixed mechanical response.

This overlap suggests that the proposed artificial muscle midsole
system has the potential to replace multiple traditional cush-
ioning types with a single configurable material, offering dy-
namic stiffness profiles that could improve performance,
comfort, and injury risk mitigation.

In the context of variable elasticity, the porosity and internal cellular
arrangement of the composite play a critical role in determining its
mechanical adaptability. Similar to biological muscle, which exhibits
a hierarchical porous structure consisting of aligned fibers, sarco-
mere gaps, and extracellular matrix channels, the present artificial
muscle composite uses interconnected silicone tubing to replicate
a functionally graded architecture. This controlled porosity enables
localized deformation, stress redistribution, and energy dissipation
under compression, closely mimicking the viscoelastic behavior of
muscle tissue. When SMA wires contract, this porosity is selectively
reduced or reoriented, producing changes in local density and ef-
fective stiffness analogous to muscle fiber recruitment during con-
traction, such as the metamaterials’ porosity-controlled response to
the intrinsic adaptability of biological muscle. Knitting Pattern C
enhances this effect by enabling a more uniform deformation of the
porous network, functioning similarly to how muscle architecture
coordinates deformation across fascicle bundles. Therefore, the ar-
tificial muscle not only reproduces the mechanical transition ob-
served in living tissues from the relaxed to the contracted phase but
also provides an engineered pathway to control stiffness through
geometric and porosity designs.

The ability to dynamically adjust mechanical properties provides
a versatile and customizable solution for enhancing perfor-
mance, fit, balance control, pressure distribution, and comfort.

Future research should focus on validating the long-term perfor-
mance of these materials, exploring advanced applications, and
integrating emerging technologies to unlock their full potential.
Further studies should also incorporate ergonomic testing with
human participants and multicycle fatigue analyses to confirm that
the composite behaves consistently under diverse locomotor con-
ditions. Addressing these factors will be essential to establishing the
composite’s suitability for real-world applications and ensuring that
its adaptive capabilities translate to meaningful improvements in
comfort, performance, and user safety. Through interdisciplinary
collaboration and innovative research, smart composites can revo-
lutionize multiple industries and improve the quality of life for users.

7 | Conclusion

The aim of this study was to evaluate how silicone substrate
hardness, SMA actuation state, and knitting pattern influence the
stiffness, adaptability, and compressive behavior of an artificial
muscle intended for adaptive footwear applications. The results
from the compression and creep-relax experiments provide clear
evidence that each factor plays a significant role in shaping the
composite’s mechanical response, directly supporting the
stated aim.

We investigated the current techniques for the development of
a novel smart composite with muscle behavior, capable of dy-
namically changing its flexibility and elasticity with applications
in footwear technology, while highlighting its importance in
balance and muscle control during movement. Current tech-
nology in metamaterials provides the foundations for the de-
velopment of an artificial muscle capable of upholding the forces
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and stress in an affordable, long-lasting, and reliable smart
system with multifunctional capabilities.

We have presented two different embedding techniques using
smart materials to control the deformation behavior of a flexible
substrate structure made of fibers that can control the muscle
behavior when compressed. The embedding technique described
in this study is called knitting patterns, as it generates a series of
interlocking mechanisms that can dynamically compress and
relax the structure while in use.

Both knitting patterns presented in this paper were tested
during compression in both states: ON and OFF. The study
provides compelling evidence that the type of material utilized
to support the substrate and the knitting pattern used signif-
icantly influences the stress response and elasticity of the
material during compression testing. Where the silicone ma-
terial A30 shore, in combination with the knitting Pattern C,
consistently exhibited the highest stress differences among all
combinations, making it the best candidate for applications
requiring high elasticity, such as artificial muscles, soft robotics
for the development of stimuli-responsive devices for walking
assisting in rehabilitation to improve muscle control. Lastly,
significant main effects and interactions were found with the
MANOVA and comprehensive post hoc analyses, underscoring
the importance of considering both material composition (A20
and A30) and structural design in developing advanced ma-
terials with bespoke mechanical properties. Future research
should explore long-term performance and durability of these
materials under repeated stress cycles to further validate their
applicability in practical scenarios.

Results show that both knitting patterns behave differently
during compression, which allows us to compare them with
various types of footwear from the industry. These differences
generate a vast amount of possibility in terms of the needs for
actuation depending on the activity required during movement,
which is supported by the comparative analysis with running
footwear from the market, demonstrating the potential appli-
cations of this artificial muscle and knitting patterns, providing
customizable cushioning and support capabilities.

This study demonstrated that embedding SMAs into silicone
substrates using specific knitting patterns enables dynamic
modulation of mechanical properties in footwear midsoles.
Among the tested configurations, knitting Pattern C combined
with silicone A30 consistently exhibited the highest stress re-
sponse under actuation, with up to a 36.54% increase in com-
pressive stress during creep and relaxation. These findings
confirm the effectiveness of electrical actuation in tuning midsole
stiffness and elasticity, opening the door to customizable foot-
wear systems tailored to user needs. This adaptable material
behavior has potential applications in athletic performance,
injury prevention, and rehabilitation. Future research will focus
on long-term durability and real-world usage to validate sus-
tained performance.
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