
Synergizing Structural Stiffness Regulation with
Compliance Contact Stiffness: Bioinspired Soft
Stimuli-Responsive Materials Design for Soft Machines

Ke Ma, Jie Zhang, Ruotong Sun, Binhan Chang, Siyuan Zhang, Xiaojun Wang,*
Jianing Wu,* and Jinxiu Zhang*

1. Introduction

Soft machines[1] composed of compliant materials, such as
robotic grippers, can conform to intricate geometries,[2,3] miti-
gate shocks, and interact with biological systems,[4–6] providing

more adaptable alternatives for applications
that traditional rigid paradigms cannot
handle.[7,8] However, due to the limitation
of structural stiffness, traditional soft
machines are unable to cope with some
application scenarios, particularly for
manipulating heavy objects.[9–12] To over-
come this limitation, there is a need to
devise an approach to enable the structural
stiffness to be programmable for meeting
diverse interaction requirements.[13–16]

Recently, researchers have presented
several stimuli-response materials that
can achieve mechanical responses under
the action of external fields,[17–20] such
as light,[21] magnetic,[22,23] and electric
fields.[24] Utilizing this distinctive feature
of advanced materials, such as dielectric
elastomers (DEs),[25–27] low-melting-point
alloys (LMPAs),[28–30] and shape memory
polymers (SMPs)[31–35] to construct soft
machines, can endow them with tunable
structural stiffness. For instance, Aksoy
et al. employed DEs to develop multimorph
soft actuator sheets with enhanced load-

bearing capabilities, which could obtain multiple distinct config-
urations controlled by Joule heating.[36] However, this material is
susceptible to electrical breakdown due to its requirement for
high driving voltage (in kV) and its vulnerability to leakage
currents.[37] To circumvent the challenges of high voltage,
Zhang et al. combined elastic materials and LMPAs to present
an intelligent spring with tunable stiffness and then introduced
it into a continuum robot to provide a foundation for the appli-
cation for interacting with unstructured environments.[38]

Nonetheless, the mechanical properties of LMPAsmay be altered
due to the reaction with the encapsulant, which may lead to
unexpected issues, such as encapsulation deterioration and
potential material permeation.[39] Then, Mattmann et al. pre-
sented variable-stiffness robotic catheters which could enhance
maneuverability and safety in various medical procedures.
This design utilizes SMPs that are notable for their low actuation
voltage and absence of leakage.[35] However, prolonged exposure
of SMPs to external tensile stress triggers a relaxation process,
resulting in the irreversible plastic deformation of the sample
due to the slippage and disentanglement of the polymer
chains.[40–42]
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Stiffness regulation strategies endow soft machines with stronger functionality to
cope with diverse application requirements, for example manipulating heavy
items by improving structural stiffness. However, most programmable stiffness
strategies usually struggle to preserve the inherent compliant interaction
capabilities following an enhancement in structural stiffness. In this study,
inspired by the musculocutaneous system, we propose a soft stimuli-responsive
material (SRM) by combining shape memory alloy into compliant materials. By
characterizing the mechanical performance, the flexural modulus increases from
6.6 to 142.4 MPa under the action of active stimuli, crossing two orders of
magnitude, while Young’s modulus stays at 2.2 MPa during programming
structural stiffness. This comparative result indicates that our SRMs can keep a
lower contact stiffness for compliant interaction although structural stiffness
increases. Then, we develop three diverse soft machines to show the application
potential of this smart material, such as robotic grippers, wearable devices, and
deployable mechanisms. By applying our materials, these machines possess
stronger load-bearing capabilities. Meanwhile, these demonstrations also
illustrate the efficacy of this paradigm in regulating the structural stiffness of
soft machines while maintaining their compliant interaction capabilities.
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In contrast to the aforementioned strategies based on
advanced materials, the jamming method offers an alternative
approach for regulating the structural stiffness of soft
machines[43–46] For example, Shah et al. created thin and
reconfigurable “jamming skins” to regulate the stiffness of soft
machines, encompassing the calibration of soft robotic arm tra-
jectories, functioning as dynamic wrist support, and constructing
intricate architectures as required.[47] Li et al. proposed a design
using a pack (made of strain-limiting membrane) of particles to
stiffen a soft actuator. Using passive particle jamming, the actu-
ator exhibits more than six folds in stiffness variation using the
prototype.[48] Moreover, the membrane presses the elements
together and interlayer friction prevents further sliding, thus
increasing higher contact stiffness, making the skin stiff and
inextensible. However, this stiff state hinders the adaptability
of soft machine applications, particularly in interacting with liv-
ing organisms or manipulating delicate items.[49,50] As shown in
Figure 1A, the conventional method of regulating stiffness com-
promises contact stiffness while enhancing structural stiffness.
There is a pressing demand for a design that not only enhances
structural stiffness but maintains compliant interaction capabili-
ties for soft machines.

Biological organisms leverage a wide range of material
properties to adapt to various environments.[51,52] In this study,
drawing inspiration from the musculocutaneous system,[53] we
propose a stimuli-responsive material (SRM), which exhibits a
compliant interaction interface and a capability of actively regu-
lating structural stiffness. Here, these SRMs are embedded with
stiffness-programmable composites coupled with compliant
materials, effectively reconciling the challenges posed by
trade-offs between compliant interaction and load-bearing
capability. To comply with variable-application scenarios, we
arrange four shape memory alloys (SMA) patterns in the silicon
substrate, as shown in Figure 1B, namely Patterns 1, 2, 3, and 4.
By applying Joule heat to these SRMs, these materials can rapidly
transition to a rigid state within 2.0 min, during which the flex-
ural modulus switches from 6.6 to 142.4MPa. To showcase the

application potential of our materials, we employ these soft mate-
rials to construct three soft machines, including a robotic gripper
for grasping diverse objects, a wearable device for immobilizing
injured limbs, and a deployable mechanism for disaster relief.
This simple yet efficient material with tunable stiffness serves
as the cornerstone for constructing soft machines, offering an
approach that enhances load-bearing capacities and enriches
interactive functionalities in next-generation soft machines.

2. Experimental Section

2.1. Fabrication of SRMs

The fabrication details are illustrated in Figure 2B; we amalgam-
ated the constituent parts A and B of silicon rubber (Dragon Skin
30, Smooth-On, USA) in a stoichiometric 1:1 ratio by weight. To
obviate potential structural effects induced by air bubbles, we
subjected the composite to a vacuum pump for efficient degass-
ing. Thereafter, we configured the SMA (8995, Gee SMA
Technology Co. LTD, China) pattern within a mold, precision
printed by 3D Printers (Shape 1þ, Rayshape, China), and infused
the silicone composite via a syringe. After a curing duration of
6-h interval, the silicon substrate and SMA achieved seamless
integration. We subsequently removed it from the mold and
straightened its structure via electrical stimuli. Next, we rotated
it by 180 degrees, ensuring that the exposed facet of the SMA was
oriented upward, positioned within a deeper mold, and
additional silicone was introduced using a syringe again.
Finally, after an additional 6-h interval, we gained the final
SRM and performed electrical stimulation to achieve its desired
straightening.

2.2. Surface Temperature Measurement

The surface temperature of SRMs was recorded using an infra-
red imaging device (K20, HIKVISION, China). Subsequently,
the acquired thermal imagery underwent analytical processing

Figure 1. Stiffness properties and application demonstrations of SRMs. A) Relationship between maximum structural stiffness and contact stiffness of
diverse materials, including soft, stiffness-tunable, rigid materials, and our SRMs. B) SRMs and three application demonstrations.
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through the specialized software, HIKMICRO Analyzer
(HIKVISION, China).

2.3. Differential Scanning Calorimetry Analysis

In our endeavor to quantitatively evaluate the phase transition in
SRM, differential scanning calorimetry (DSC) was employed to
ascertain the SMA phase transition temperature. The sample for
DSC analysis was meticulously sectioned to lengths of ≈10mm
utilizing a diamond saw, followed by encapsulation in a
DSC pan. Dimensional fluctuations within the composites were
evaluated using a thermomechanical analyzer (DZ-DSC30C,

Nanjing Dazhan Testing Instrument, China), operating at a con-
trolled thermal ramp of 10 °Cmin�1. The analysis was conducted
under a nitrogen atmosphere, with the temperature protocol
spanning from 0 to 100 °C and subsequently reducing to 5 °C.

2.4. Three-Point Bending

For the three-point bending measurement of SRM specimens,
each sample was aligned between an indenter and a pair of
supports, maintaining a distance of 50mm, as illustrated in
Figure 4A. In preparation for testing, the SRMs were conditioned
to attain thermal equilibrium with ambient room temperature

Figure 2. Biomimetic design, fabrication, and deformation performance of SRMs. A) Bioinspired SRM design. Inspired by the musculocutaneous system,
the SRM is designed as a three-layer structure. Four patterns are designed namely Patterns 1–4. B) Fabrication process of the SRM.We utilized 3D-printed
and soft lithography methodologies to fabricate SRM, and the detailed information is shown in I–V, respectively. C) Load-bearing deformation perfor-
mance. Varying weights are loaded on the tip of SRM, and the longitudinal displacement is measured. D) Comparison between the soft and stiff states of
Pattern 4.
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(25 °C). We applied an indenter to provide a vertical compressive
force, which enabled the sample to deform. Dimensional specif-
ics of the SRM samples included: a total length of 190mm, an
effective length of 150mm, a thickness of 4mm, and a breadth of
27.5 mm. Force responses were quantified using a MARK-10
tensile testing machine, with the dynamometer advancing at a
controlled rate of 2 mmmin�1, culminating in a maximum
displacement of 20mm and exerting a peak force of 48 N.
The experimental data were calculated, analyzed, and fitted by
the software origin.

2.5. Contact Stiffness

To evaluate the contact stiffness of SRM samples, the preparation
process commenced by equilibrating the SRM to ambient room
temperature; subsequently, Joule thermal excitation was applied
as required during the measurement phase. Here, we prepared
three samples, including two SRMs respectively in soft and rigid
states and a silicone substrate without any SMAs. Then, each
sample was positioned horizontally on the support platform,
ensuring alignment of its center with the pressure sensor.
Uniaxial compression experiments on SRMs were conducted uti-
lizing an ESM303 apparatus, fit with a 50 N load cell (ESM303,
Mark-10, USA), to quantify the lateral contact stiffness. The sen-
sor progressed at a controlled rate of 2mmmin�1, culminating

in a peak stress of 48 N. Experimental data were also processed by
the software origin.

3. Results and Discussion

3.1. Design of Bioinspired Materials with Tunable Stiffness

Biological systems consistently illuminate the intricate interplay
between structure and function, presenting groundbreaking
ideas that enhance the evolution of science and technology in
the field of artificial soft robotics.[54] For example, muscular struc-
tures harness chemical energy to facilitate diverse contractile
responses andmanifest differential rigidity between their passive
(minimized stiffness) and active (maximized stiffness) states,
enabling the modulation of both power and rigidity.[55]

Meanwhile, the dermis, constituted of collagen and elastic fibers
situated exterior to the muscle, furnishes adaptable interaction
proficiencies (Figure 2A).[56] This biological paradigm may
provide inspiration for the development of intelligent materials
tailored to the application which necessitates load capability and
compliance interaction. Inspired by the musculocutaneous
system, we combine both smart and compliant materials to con-
struct an SRM, as shown in Figure 2A, right, featuring the shape
memory alloy (SMA) to mimic muscle and silicon substrate to
emulate the properties of the skin. Different from traditional

Figure 3. Thermomechanical properties of SRMs. A) SRM surface temperature timing sequence during heating and cooling. B) DSC results of SMA.
C) Phase transformation processes of four patterns of SRMs.
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SMA-driven soft robots, our SRM exhibits musculocutaneous-
like stiffness-raising capabilities under the influence of Joule
heating stimuli, thereby achieving stiffness regulation of soft
machines.[57,58] Concurrently, the silicon substrate maintains
minimal contact stiffness, preserving its capability for compliant
interaction. Since SMA is the primary factor in regulating struc-
tural stiffness,[59] we arranged the SMA wires in configurations
varying from 1 to 4 times, designed to achieve a proportional
increase in structural stiffness. Here, according to the quantity
of SMA, the SRMs exhibit four diverse arrangements, namely
patterns 1–4. (The specific dimensions are shown in Figure S1,
Supporting Information.)

3.2. Deformation Performance of SRMs

To evaluate the stiffness regulation performance of SRMs, we
constructed a typical scenario, in which the SRMs act as a canti-
lever beam and are horizontally fixed by a clamp on one side.
Here, we selected SRM with Pattern 4 as an example to quantify
its stiffness regulation capability. When the weights ranging
from 5 to 200 g are applied to our SRMs, we recorded the entire
process of this experiment via a digital camera (FDR AX60, Sony,
Japan) and then measured the longitudinal displacement y of the
tip with the image software (ImageJ, National Institutes of
Health, USA). We characterized the unstimulated state by
Joule heat as a soft state, and the state induced by Joule heat,
existing in the austenitic phase, as a stiff state. After affixing a
200 g weight, the cantilever beam, in its soft state, succumbs
and assumes a nearly vertical posture, whereas it maintains func-
tionality in the stiff state. Through the comparative analysis of

longitudinal displacements corresponding to identical weights,
it is conspicuously observable that the apex displacement of
the stiff state is diminished. In this test, the most significant
effect is Pattern 4, which has markedly diminished displacement
in the stiff state in contrast to the soft state (85.26 vs. 120.23mm)
(Figure 2D). Additionally, the exact terminal longitudinal
displacements of the four patterns are enumerated in Table S1,
Supporting Information. The results elucidate that the SRM
manifests heightened bending stiffness and load-bearing capac-
ity in the stiff state compared to the soft state; furthermore, the
incorporation of additional SMAs within the soft plate amplifies
the bending stiffness of our SRM.

3.3. Tunable Stiffness of the SRM

Upon the embedded SMA exceeding its intrinsic transformation
temperature, our SRM undergoes a modifiable stiffening shift.
Here, this temperature can be defined as the temperature at
which it changes from martensite to austenite. This reversible
modification can be instigated by the phase transition from aus-
tenite to martensite, reverting the material to its original state
when the temperature descends below the transformation
threshold. To elucidate the thermomechanical properties, infra-
red thermographic imaging (K20, HIKVISION, China) is utilized
to record the temperature changes resulting from the application
of 5.0 A current (with a voltage of around 1.5 V) to the SRMs, as
depicted in Figure 3A (Video S1, Supporting Information). Upon
stimulation with 5.0 A current, the SMA experiences an increase
in temperature; however, it remains within the designated ser-
vice temperature parameters of the silicon substrate, which span

Figure 4. Three-point bending and compression tests of SRM. A) Experimental setup of the three-point bending test. B) The linear region of the
force–displacement trajectory. C) Experimental setup and D) the corresponding results of the compression test.
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from �53 to þ232 °C. Then, to elucidate the phase transition
mechanisms of our SRM under stimulation, DSC experiments
are performed on the SMA samples, and the experimental results
are demonstrated in Figure 3B. The data represent the phase
transition temperatures of the SMA, which corresponds to the
phase transition thresholds of our materials. Specifically, the aus-
tenite starts (As) at 57.6 °C and finishes (Af ) at 72.0 °C during
Joule heat stimulation. In the cooling phase, we discover that
the transformation of the martensite starts at 54.9 °C (Ms) and
finishes at 45.6 °C (Mf ).

Consequently, we segment the entire thermodynamic behav-
ior of SRMs into two stages, respectively, namely, the stimulation
stage and the heat exchange stage. During the stimulation phase,
the application of 5.0 A current to the SMA induces Joule
heating, which serves as the stimulation mechanism, elevating
the material’s temperature from room temperature (25 °C) to
Af. Upon converting Joule heat into phase transition potential
energy, the state of our materials switches into austenite from
martensite. In Figure 3C, despite the four configurations
exhibiting distinct resistance values, their corresponding voltages
similarly manifest a multiplicative correlation due to the
multiplicative relationship with the quantity of SMA filaments.
Consequently, each configuration can undergo a phase transition
within 105 s. Regardless of its initial state, once subjected to the

specified current stimulation for 105 s, our SRMwill transition to
the rigid state. This characteristic ensures that we can determine
its properties without the addition of inspection devices when it
works in any complex conditions. Furthermore, we define the
cooling stage as a process after reaching the stiff state, in which
the stimulation is removed and the SRM is allowed to show heat
exchange until ambient conditions. Here, we discover that an
increase in the number of wires within the SRM directly corre-
lates with an extended duration of stiff state. For instance, pattern
4 sustains the stiff state for 200 s at this juncture, approximately
doubling the duration observed in pattern 1. This difference is
primarily attributed to the increased thermal mass, which results
from a multiplicative number of SMAs. After ensuring the
temperature and conversion characteristics of the SRMs’ phase
transition, it is necessary to evaluate both structural stiffness
regulation and compliant interaction abilities.

To investigate the regulation capability in bending stiffness
subsequent to Joule thermal stimulation, we execute a
three-point bending examination on the SRM, as shown in
Figure 4A (Video S2, Supporting Information). The materials
of each configuration are pressed by 10mm, and the correspond-
ing force–displacement trajectory is measured, as shown in
Figure 4B. We opt for the quantification of the statistical stiffness
within the moderately stable linear segment (displacement

Figure 5. Soft gripper-integrated SRM for achieving regional stiffness regulation. A) SPA embedded with SRM. The soft and rigid stiffness can be denoted
as 0 and 1, respectively. B) Configuration changes of SPA by applying two stimuli strategies. C) Definition of curvature radius and equivalent stiffness.
D) Configuration of soft gripper. E) Maximum load and surface contact percentage of soft gripper pre- and poststimulation. F) Properties’ quantification
of gripper pre- and poststimulation.
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interval of 4–9mm) to be performed via numerical fitting. The
corresponding flexural rigidities are shown in Table S2,
Supporting Information. In this linear regime, the apex of dis-
placement at 9 mm exhibits a substantial increase in maximal
load endurance, escalating from 2.8 to 43 N, an amplification fac-
tor of ≈15. This load endurance is consistent with an escalation
in flexural modulus, which rises from 6.6 to 142.4 MPa, reflect-
ing a multiplication of ≈21.5 times. These mechanical properties
align precisely with the requirements ranges of soft robotics,
rendering SRM a viable contender for structural stiffness
modulation within the domain of soft machines.

We further showcase the application for gentle manipulation
by quantifying the deformation of our materials in both stiff and
soft states (Figure 4C, Video S3, Supporting Information). We
gauge the contact stiffness of Pattern 4 with maximal stiffness
(stiff state), and minimal stiffness (soft state), then compare
them against a pure silicone substrate devoid of SMAs.
According to the fitted curves displayed in Figure 4D, the

findings disclose the Young’s modulus of around 2.20MPa,
virtually in parity with the 1.95 Young’s modulus of the silicon
substrate. For example, after compressing pattern 4 to a displace-
ment of 0.8 mm, the contact force in the stiff state is 47.89 N,
which is only 0.8 N more than the soft state (47.09 N). These
results demonstrate the SRM’s proficiency in regulationg struc-
tural stiffness while preserving environmental compliance and
interaction capabilities.

3.4. Application Demonstration

To illustrate the functionality of the SRM more comprehensively
in soft machine applications, we first fabricate soft pneumatic
actuators (SPAs) integrating the above material as a constraining
layer, by which the structural stiffness can be programmed. As
shown in Figure 5A, to modulate regional stiffness, we divide the
SRM into three segments (i.e., Pattern 2) extending from the

Figure 6. SRM-based wearable device. A) Experimental setup is composed of a prosthesis limb and a wearable device. B) Bending performance of the
wearable device. i–iv) Loading evaluation for both soft and stiff states. C) Contact force comparison between soft and stiff states. D) Demonstration of the
actuation performance of the wearable device.
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base to the end, named Seg. 1–3. As depicted in Figure 5B, we
administer two distinct types of stimulation: global and regional,
respectively, to activate the SRM, thereby inducing it transition to
a rigid state. Here, acknowledging the binary nature of the struc-
tural stiffness status for each segment, we can characterize a seg-
ment capable of transitioning between a soft state (designated
as 0) and a rigid state (designated as 1). Such a result reveals that
when the segments are stimulated, the corresponding bending
deformation will be constrained, thereby diminishing the local
curvature. To further quantify the capability of structural stiff-
ness regulation, we define the bending curvature ρ= l/θ and
equivalent structural stiffness of the SPA, which can be calcu-
lated according to κ 0 = ρ/P, as shown in Figure 5C. We discover
that the equivalent structural stiffness relative to its initial soft
state exhibited an augmentation of nearly 2.2 times upon stimu-
lation of the limiting layer. Then, we arrange three SPAs in par-
allel to construct a soft robotic gripper, as shown in Figure 5D.
We quantify the load-bearing and conformal interaction capabil-
ities of the robotic gripper to evaluate the grasping performance
of the gripper (Video S4, Supporting Information). When the
current is applied to the soft gripper, the local stiffness
of the soft gripper exhibits the equivalent stiffness of
292 (mMPa)�1, which is 2.2 times that in the soft state. The
increased structural stiffness enables the robotic gripper to resist
stronger disturbances and achieve robust structural shape reten-
tion, by which its load-bearing capability can be improved. For
example, the maximum capacity goes up to 100 g, which is about
5 times that of the soft state. Moreover, using stiffness regulation

strategies, our robotic gripper can grasp items conformally due to
the enhanced regional structural stiffness, thus achieving a
higher contact percentage. This percentage, which we define
as the proportion of the gripper’s contact profile to the items’
profile, increases from 16.0% to 36.0%.

In the second application, we utilized our SRM to develop an
assistance device for patient rehabilitation. In terms of medical
machines and wearable devices, most efforts are focused on
power, actuation, and control, while neglecting the compliance
of the device’s interaction with tissues.[60,61] These devices,
composed of hard materials, cannot interact with humans com-
pliantly, which may result in poor treatment or even secondary
injury.[62] Here, we create a wearable device by integrating
SRMs with a heat-insulating woven sleeve, as demonstrated in
Figure 6A. This proposed concept allows for a light and thin
paradigm, extending on the surface that can easily wrap a limb.
To showcase the immobilization and protective features for
injured limbs, we create a specific scenario where the prosthetic
limb is arranged horizontally on the table to securely hold a 1 kg
weight (Figure 6B). In the soft state, the wearable device does not
restrict the normal movement of the limbs, and the limbs bend
immediately after grabbing the weight. When stimulated, the
wearable device switches to the stiff state, and no bending occurs
after grabbing the weight, thus effectively fixing the patient’s
limbs (Video S5, Supporting Information). To illustrate the com-
pliance properties of this device, we apply a pressure sensor
(FlexiForce, Tekscan, Inc, USA) to measure the contact force
between the wearable device and the prosthesis before and after

Figure 7. Application of SRMs in a deployable mechanism for postdisaster rescue. A) Configuration of the deployable mechanism. B) Snapshots of the
unfolding process of the deployable mechanism under stimulation. C) Deployable mechanism for postdisaster rescue. i–iii) Rescue procedure after
building collapse. iv–vi) Folding and loading evaluation for the mechanism. D) Volume and maximum load of the deployable mechanism.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2400461 2400461 (8 of 10) © 2024 Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400461 by Z
hongshan U

niversity, W
iley O

nline L
ibrary on [24/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


stimulation (Figure 6C). We discover that the force of this stim-
ulated device on the human body is only around 1.3 N, and the
corresponding pressure is only 72 Pa, which is consistent with
the soft state. Therefore, we consider that our device not only
immobilization and is protective for injured limbs, but provides
a compliant and comfortable choice. In addition, we also discover
that our wearable device has a tendency to change from bent to
straight after stimulation, which can also be applied as an actua-
tor to perform rehabilitation exercises for patients (Figure 6D).

We also implement a deployable mechanism utilizing three
SRMs, a 3D-printed component, and a fabric cover, as illustrated
in Figure 7A. Subsequently, Figure 7B elucidates the unfolding
process of the mechanism when subjected to a stimulus.
Notably, this mechanism converts into a supporting platform
within 50 s. We quantify the height achieved during the
unfolding sequence and determine the spatial occupancy of
the deployable mechanism. The deployable mechanism initially
encompasses a volume of 239.0 cm3, which expanded to
3444.7 cm3 poststimulation. Here, the SRMs endow the mecha-
nism with deployable characteristics and tunable carrying capac-
ity (Video S6, Supporting Information). To demonstrate the
improvement in volume and load-bearing capacity after stimula-
tion, we constructed an unstructured environment typified by a
building collapse that impedes rescue operations. After applying
stimulation, the deployable mechanism lifts the broken debris,
allowing the injured patient to be rescued. Additionally, its
load-bearing capacity significantly increases to 1 kg, a notable
enhancement to 8.8 times its own weight (113.1 g). This
deployable mechanism, distinguished by its foldable nature
and load-bearing qualities, may provide an effective route for
equipment maintenance or structural support, such as post-
disaster rescue.

4. Conclusion

In this study, inspired by the musculocutaneous system, we
introduce a stimuli-responsive plate for effectively regulating
the structural stiffness of soft machines. This innovation ensures
that these machines consistently maintain contact stiffness, facil-
itating compliant interactions. Upon characterizing the mechan-
ical performance, the flexural modulus experiences a significant
elevation from 6.6 to 142.4 MPa with Joule heat stimulation,
spanning two orders of magnitude. Concurrently, Young’s mod-
ulus remains constant at 2.2 MPa during the programming of
structural stiffness. The results reveal that, even when structural
stiffness rises, our SRMs are capable of sustaining a lower con-
tact stiffness for compliant interactions. Then, we construct three
application scenarios integrated with SRMs, which are soft grip-
pers, wearable devices, and deployable mechanisms, respectively.
Experiment results demonstrate that by combining the SRM,
these soft machines reach a higher structural stiffness without
sacrificing the contact stiffness, thereby enabling higher load
capabilities. In future work, we would like to integrate additional
advanced materials to further reduce both the temperature and
the duration of the phase transition. Moreover, by incorporating
temperature-responsive, tactile, and strain-sensing hydrogels,
we aim to achieve self-sensing capabilities in SRMs.
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