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A Novel Hybrid Variable Stiffness Mechanism:
Synergistic Integration of Layer Jamming

and Shape Memory Polymer
Wenkai Yu , Jingyi Liu, Xin Li , Ziyue Yu, and Hongyan Yuan

Abstract—Soft robots have garnered considerable attention re-
cently due to their versatility, compliance, and myriad applications.
However, the inherent low stiffness of soft robots also limits their
stability and force output capability. Hence, variable stiffness tech-
nology has emerged as a solution, which enables soft robots to mod-
ulate stiffness according to the application scenario. Two primary
methods have been developed to regulate stiffness: material phase
transition (MPT) based method and geometric reconfiguration
(GR) based method. However, these approaches have not achieved
miniaturization while maintaining a wide range of stiffness change.
This work introduces a novel hybrid variable stiffness (HVS) con-
cept that combines the MPT-based and GR-based variable stiffness
methods for the first time. Specially, the HVS structure leverages
shape memory polymer (SMP) method and layer jamming (LJ) to
get a simultaneous response. Bending tests reveal that the compact
bi-layer designed HVS structure can achieve a wide stiffness range
(0.31 N/mm ∼ 4.86 N/mm, 15.7 times) and load-bearing capacity
(1.76 N∼ 28.1 N, 16.0 times), which has been simulated by finite
element analysis. Response tests show that the jamming response
is rapid (∼ms) while the maximum heating rate is 2.77 ± 0.16
°C/s, indicating that the HVS structure can achieve a relatively
fast response. Furthermore, a soft gripper equipped with the HVS
structure is developed to illustrate the enhanced grasping ability.
Several performed grasping tests reveal that the variable stiffness
soft gripper can grasp various objects with diverse shapes (40.0
mm ∼ 190 mm, 4.75 times) and materials while lifting a weight
up to 650 g, which provides an effective solution for the complex
application requirements of soft robots.

Index Terms—Soft robots, hybrid variable stiffness, layer
jamming, shape memory polymer, gripper.

I. INTRODUCTION

SOFT robotics, an emerging field of robots that has received
widespread attention in recent decades, represents the fron-

tier of advanced robotics research [1]. Soft robots can mimic
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unique soft biological organs or animal mechanisms in nature,
such as octopus tentacles, elephant trunks, or snake locomotion
[2], [3], [4]. Unlike traditional rigid robots, soft robots are fabri-
cated of soft materials with low modulus, such as silicone rubber,
hydrogel, and dielectric elastomers that can undergo large strains
or rotations. With superior compliance, soft robots can generate
continuous large deformations and contact with the environment
closely without causing damage [5], [6], [7], rendering them
highly safe for human-robot interaction and particularly suitable
for unstructured environments, e.g., inspection, medical and
rehabilitation, haptic devices, etc.

However, the inherent lower stiffness of soft robots con-
comitantly engenders poor stability, anti-interference ability,
and limited force output ability, posing new challenges to their
applications [8], [9]. To address the limitations, variable stiffness
technology has emerged as a solution, which enables robots to
modify their stiffness according to the application scenario. It
has been widely adopted in broad fields such as grippers [9],
[10], [11], [12], [13], aircraft landing gear [14], medical endo-
scopes [15], [16], artificial skin [17], and promising deployable
buildings [18].

The stiffness of soft robots depends on two principal factors,
the Young’s modulus of the material, and the geometric shape
parameters. The relationship between stiffness and the two
factors is positively correlated. Accordingly, current methods
for regulating stiffness can be classified into two approaches.
The first approach exploits material phase transition (MPT) to
modify Young’s modulus and thereby regulate stiffness. The
second approach leverages geometric reconfiguration (GR) to
modify equivalent geometric shape parameters of robots and
thus regulate stiffness. Each approach can independently adjust
stiffness and has its unique advantages and disadvantages con-
tingent on specific application requirements.

The MPT-based variable stiffness concept leverages smart
materials that can respond to external stimuli. According to the
type of material, there are several available options, including
shape memory alloy/polymer (SMA/SMP) [12], [19], [20], low
melting point alloys (LMPA) [15], [16], [21], electrorheologi-
cal/ magnetorheological fluids (ER/MR) [22], and other smart
chemical materials [23]. While the MPT-based variable stiffness
concept is highly dependent on material properties. SMA/SMP
and LMPA are challenging to miniaturize while retaining high
stiffness. The Joule heating stimuli will also introduce significant
thermal effects. The ER/MR have simple and fast stimuli and
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Fig. 1. Design, fabrication, and actuation of the Hybrid Variable Stiffness (HVS) structure. (a) Shape-memory polymer (SMP) layer and 3D printing process.
(b) Schematics and prototype of the HVS structure. (c) Dynamic mechanical analysis results of the SMP. (d) The dual-stimuli through jamming and heating systems.
(e) The operating states of the HVS structure.

response. But it has limited stiffness range and their actuation re-
quires relatively bulky field-generating equipment, constraining
their widespread applications.

GR-based variable stiffness approaches include jamming,
metamaterials [24], self-locking structures [11], counteract
structures [25], and other mechanical designs. GR-based ap-
proaches enable rapid response but commonly have structural
redundancy and large volumes. Among them, jamming is the
most common method, typically comprising two components:
a jamming structure composed of small-sized particles (Par-
ticle/Granular Jamming, PJ/GJ) [26], [27], [28], [29], fibers
(Fiber Jamming, FJ) [28], [30], [31], or layers (Layer/Laminar
Jamming, LJ) [10], [17], [32], [33], [34], and an actuation
system that capable of regulating the internal mutual forces. The
internal mutual forces (e.g., electrostatic adhesive or frictional
forces) increase rapidly under actuation, rigidizing the loose
structure and effectively increasing the equivalent structural
geometric parameters and stiffness. Jamming-based variable
stiffness mechanism enables fast response (ms) but requires a
large number of interfering objects to achieve high stiffness,
resulting in bulky, functional redundant mechanisms since the
structures lack tunable material properties.

We conducted a comprehensive literature review of the
existing variable stiffness methods, including stimuli, maxi-
mum/minimum stiffness, and response time, as summarized in
Table I. Current variable stiffness concepts have not achieved
miniaturization and rapid response while maintaining a wide
stiffness range, substantially limiting application in minia-
turized, high-precision soft robots. Consequently, there is an
urgent need for a variable stiffness structure with a small size

but a wide range of stiffness change, easy manufacturing, and
simple assembling. This paper presents a novel hybrid variable
stiffness (HVS) mechanism that integrates the MPT-based and
GR-based concepts (i.e., the SMP and LJ), which enables the
simultaneous modulation of Young’s modulus and the geomet-
ric structure parameters to achieve the desired stiffness. This
provides an effective solution for the complex demands of soft
robot applications. To the best of our knowledge, the proposed
hybrid variable stiffness mechanism integrates the two different
variable stiffness concepts for the first time and shows great
potential. A soft gripper incorporating the HVS structure will
be developed to verify its effectiveness. Grasping experiments
with various objects will demonstrate its interactive, secure, and
flexible nature as well as its stable grasping and force output
capability under high stiffness states.

II. DEVELOPMENT OF THE HYBRID VARIABLE STIFFNESS

(HVS) MECHANISM

A. Design and Fabrication of the HVS Structure

To validate the proposed hybrid variable stiffness (HVS)
mechanism systematically, shape memory polymer (SMP) and
layer jamming (LJ) are adopted as the implementation method.
The prototype of the sandwich-shaped HVS structure is shown
in Fig. 1(a). The components and fabrication process are as
follows: The commercial 4D printing SMP consumables (Gen 7,
Kangxun Co., LTD.) were utilized to fabricate the SMP layers
(120 × 20 × 1 mm) via 3D printing (Ender-5, Creality Co.,
LTD.). The primary printing process parameters are listed in
Table II. The commercial polyimide heating layer (100 × 20 ×
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TABLE I
SUMMARY OF THE VARIABLE STIFFNESS MECHANISM AND ITS PERFORMANCE

TABLE II
3D PRINTING PROCESS PARAMETERS OF SMP LAYER

0.25 mm, Rebainian Co., LTD.) is positioned between two SMP
layers. After assembly, the HVS structure was sealed in a plastic
bag (polyethylene, PE). The wires of the heating layer and the
vacuum tube pass through the reserved holes of the plug and are
connected to the heating and jamming system respectively. The
plug and the end of the plastic bag are finally sealed with liquid
silicone glue.

The HVS structure has two independent stimuli (Joule heating
and vacuum pressure), which can be realized by the designed

TABLE III
THE OPERATING STATES OF THE HVS STRUCTURE

heating and jamming systems, as shown in Fig. 1(d). The heating
system includes a heating layer, a temperature sensor (K-type
thermocouple), a temperature controller, a relay, and a direct
current (DC) power supply. The temperature sensor is attached
to the external surface of the plastic bag and connected to
the temperature controller. After measuring the temperature,
the controller compares it with the predetermined setpoint and
controls the on-off of the heating layer by the relay. With the
designed heating system, the temperature can be continuously
regulated between 25 °C and 75 °C, with a control accuracy of
0.1 °C. The jamming system consists of an air pump and a valve,
which is relatively simple. The air tube is directly connected to
the air pump, and the jamming is achieved by switching the
working states of the valve. Due to the considerable flow and
velocity of the vacuum pump and the limited amount of air
inside the sealing bag, the HVS structure can be evacuated to
vacuum (−0.1 Mpa) instantaneously (within 1 ms). Therefore,
the vacuum pressure can be regulated to 0 or −0.1 Mpa. The
hybrid operating states can be classified into four classes with
different stimuli, as shown in Fig. 1(e) and Table III.

B. Characterization of the Mechanical Properties of SMP

The thermomechanical properties of the shape memory poly-
mer (SMP) determine the material phase transition behavior
of the HVS mechanism, which is a crucial factor for further
analysis. Thus, a dynamic mechanical analysis (DMA) test was
performed based on the DMA 850 (TA Instrument Inc). The
SMP specimen is fabricated in a film type (30 × 6 × 1 mm).
The temperature increased incrementally from−20 °C to 120 °C
with a rate of 5 °C min−1. The DMA experimental results reveal
that the storage modulus (representative of the elastic response)
increases substantially from 2.8 Mpa at high temperatures (>70
°C) to more than 1260 MPa at room temperature (∼25 °C), as
shown in Fig. 1(c). Besides, Young’s modulus and the storage
modulus is quite similar, assuming that the SMP is a linear,
isotropic, and elastic material under small deformations and
low temperature. Furthermore, the glass transition temperature
(Tg) can be approximated to be around 50 °C, as inferred from
the maximum point of the curve of loss tangent (tan(δ)), which
represents the ratio of the loss modulus to the storage modulus.

C. Characterization of the Frictional Properties of SMP

The frictional properties of the SMP layer are another crucial
factor of the HVS mechanism, which determines the jamming
behavior and the interlayer slippage. To accurately model the
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TABLE IV
THE DYNAMIC FRICTION COEFFICIENTS BETWEEN SMP LAYER AND

MATERIALS

Fig. 2. Three-point bending test of the HVS structure. (a) Test illustration.
(b) Experimental platform. (c) Force-deflection curves with vacuum pressure.
(d) Force-deflection curves without vacuum pressure. (e) Bending stiffness at
different temperatures. (f) Force output with a 6 mm deflection.

interlayer friction, the dynamic friction coefficients between the
SMP layer and various materials (Polypropylene (PP), Poly-
dimethylsiloxane (PDMS), and 304 stainless steel) are measured
based on the Tribometer platform (TRB³, Anton Paar Inc), as
shown in Table IV.

III. STUDY OF THE HVS MECHANISM PERFORMANCE

A. The Bending Stiffness and Load-Bearing Capacity

The bending stiffness is the primary performance parameter
of the HVS structure, which reflects the ability to withstand
bending moment. The load-bearing capacity is another impor-
tant performance parameter of the HVS structure, which reflects
the maximum force that the structure can withstand or output. To
quantitatively determine these parameters of the HVS structure
under different operating states, a three-point bending test was
conducted based on the force measurement platform (ESM303,
Mark-10), as shown in Fig. 2(a) and (b). The experimental
parameters are listed as follows: the supporting span d of 48
mm, a loading rate of 10 mm/min, and a total deflection of 7
mm. The curve of loading force and deflection can be obtained

Fig. 3. Theoretical model of the HVS structure. (a) The interlayer slippage
increases with the deflection. (b) The normalized bending stiffness without
vacuum pressure and the normalized storage modulus of SMP.

via the bending experiments, where the curve slope represents
the bending stiffness; the force magnitude under the deflection
of 6 mm represents the load-bearing capacity.

According to the bending test results, the HVS structure can
achieve a wide range of bending stiffness, as shown in Fig. 2(e).
The minimum stiffness (0.31± 0.013 N/mm) occurs under State
1 (75 °C, 0 Mpa). The maximum stiffness (4.86 ± 0.11 N/mm)
occurs under State 4 (25 °C, −0.1 Mpa), which is 15.7 times
the minimum stiffness. Meanwhile, the HVS structure can also
achieve a wide range load-bearing capacity, as shown in Fig. 2(f).
The minimum force (1.76 ± 0.21 N) occurs under State 1 (75
°C, 0 Mpa). The maximum force (28.1 ± 1.76 N) occurs under
State 4 (25 °C, −0.1 Mpa), which is 16.0 times the minimum
force, indicating that the HVS structure can achieve a wide
range of force output capacity. As the temperature decreases, the
bending stiffness and the load-bearing capacity increase rapidly.
Meanwhile, jamming also has a significant impact on the HVS
structure under the same temperature, where the stiffness under
vacuum is 1.60 ± 0.30 times larger than under non-vacuum
conditions, the load-bearing capacity under vacuum is 1.39 ±
0.15 times larger than under non-vacuum conditions.

The theoretical equation for calculating the bending stiffness
of the HVS structure can be expressed as K ∝ E(T ) ∗ I(P ).
Where E(T) denotes Young’s modulus of SMP, which is reg-
ulated by the temperature T. I(P) denotes the moment of in-
ertia of the HVS structure, which is regulated by the vacuum
pressure P. The HVS structure acts as a cohesive beam under
vacuum pressure. As deflection increases, gradual interlayer
slippage occurs, decreasing the I(P) and stiffness, as depicted
in Fig. 3(a). The process will be further studied in finite element
analysis. To investigate the intricate interplay between stiffness
and temperature, the experimental bending stiffness without
vacuum pressure and the DMA-measured storage modulus of
SMP (25 °C∼75 °C) are normalized to address the inherent
substantial numerical differences, as shown in Fig. 3(b). Notably,
the normalized factors fit well within the temperature range
of 25 °C to 45 °C, which reveals a proportional relationship
between them. Nonetheless, as the temperature transcends 45
°C, discernible discrepancies emerge, which can be attributed
to the rapid attenuation of the storage modulus, coupled with
the neglection of the stiffness conferred by the heating layer
and the sealing plastic bag. The analytical modeling of the HVS
structure will be studied in future work.
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Fig. 4. Hysteresis characterization. (a) The HVS structure. (b) Soft finger.

B. Hysteresis Characterization

Hysteresis (the residual deformation) refers to the path de-
pendence of the HVS structure’s force versus deformation. The
hysteresis loops also offer vital information about the energy
dissipated, which plays a pivotal role in the nonlinear modeling
and the applicability of the HVS structure in soft robotic systems.
The force-deflection curve obtained from the supplementary
bending test (loading/unloading speed of 10 mm/min), can be
used to analyze the hysteresis of the HVS structure. The experi-
mental results (Fig. 4(a)) indicate that the hysteresis is minimal
when the SMP exhibits elastic behavior at room temperature (25
°C) and without vacuum pressure. However, it amplifies with the
rising temperature and the applied vacuum pressure. The origin
of hysteresis of the HVS structure is attributed to the viscoelas-
ticity of the SMP and the relative slippage between SMP layers
during the jamming process. The hysteresis induced by vacuum
pressure can be mitigated by closing the jamming system, while
the hysteresis induced by the SMP can be effectively mitigated
by the actuation of the soft robot under the low stiffness states.
Therefore, the soft robots incorporating the HVS structure can
efficiently recover to their initial configuration through the hy-
brid variable stiffness mechanism and the actuation system. The
more comprehensive characterization of hysteretic behavior will
be studied in future research.

C. FEA Simulation of the HVS Mechanism

The HVS structure undergoes large deformations that are
challenging to analytically model. Finite element analysis (FEA)
can recapitulate the mechanics computationally to generate
quantitative data and provide an insightful understanding of the
HVS’s deformation behavior. Therefore, a three-dimensional
(3D) and non-linear simulation was performed based on the
ABAQUS/Explicit software package (Dassault Systèmes). The
simulation model consists of two components: the HVS structure
and the load device, while the element type utilized was the
8-node linear brick element (C3D8R), with a seed spacing
of 0.3 mm as specified by the ABAQUS meshing algorithm.
The geometric features and material properties were thoroughly
considered to ensure consistency with the physical testing con-
ditions. The bending device was specified as a rigid body to
improve computational efficiency, where only contact between
the HVS structure and the loading device was considered. A
normal displacement with controllable amplitude was adopted
to exert load.

Fig. 5. Simulation of the bending of HVS structure. (a) The stress contour
with different deflection. (b) The force-deflection curve and fitting stiffness.

Fig. 6. Characterization of the heating/cooling efficiency of the HVS structure.
(a) Experiment setup. (b) The infrared thermography during the heating process.
(c) The temperature variation curves with different currents. (d) Temperature
rising rate with different currents.

The surface-to-surface contact with penalty friction formula-
tion is adopted to simulate the contact behavior, including inter-
layer and the HVS structure to load device. The dynamic friction
coefficients for contact are set based on the characterization of
the tribological properties of SMP. The normal contact force
between the load device and the HVS structure will be computed
for further analysis. The simulation results of the HVS are shown
in Fig. 5. The stress contour indicated that the stress increases
with the deflection, as shown in Fig. 5(a). The force-deflection
curve is shown in Fig. 5(b). The bending stiffness decreased
from 12 N/mm to 4 N/mm with deflection increasing, which is
caused by the interlayer slippage. The simulation results agree
well with the experimental results, indicating the effectiveness
of the simulation.

D. Investigation of the Response Time

To comprehensively investigate the response time of the HVS
structure, a quantitative experimental study is undertaken, which
encompasses two critical aspects: the heating/cooling efficiency
of the SMP layer and the jamming response time, as shown in
Fig. 6(a). The infrared thermography shows that the HVS struc-
ture has a uniform temperature distribution during the heating
process, as shown in Fig. 6(b). The heating experiments were
conducted under varying electrical currents I, ranging from 0.6 A
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Fig. 7. Variable stiffness enhanced grasping ability. (a) (b) The instability and
grasp failure due to low stiffness. (c) The enhanced grasping ability by HVS
structure. (d) The stress-strain curve of silicone rubber.

to 2 A, as shown in Fig. 6(c). The heating power W is determined
by the heating layer’s resistance of R (11.5 ohms) and the current
I. The maximum temperature rising rate is 2.77 ± 0.16 °C/s at 2
A, while the minimum temperature rising rate is 0.26± 0.06 °C/s
at 0.6 A, as shown in Fig. 6(d). Compared to other MPT-based
variable stiffness structures, the experimental results indicated
that the proposed HVS structure can achieve a fast material
phase transition, which is attributable to its unique sandwich
configuration and slender layer composition. Correspondingly,
cooling experiments were conducted under natural cooling at
room temperature (25 °C), while the cooling rate (−0.14 ± 0.05
°C/s) was relatively low, considering there were no additional
cooling equipment, which could be studied in future work to
enhance the cooling efficiency. The jamming response is rapid,
typically within milliseconds, due to the utilization of the vac-
uum pump with large power and the limited amount of air in the
sealed bag.

Therefore, the proposed hybrid variable stiffness (HVS)
mechanism integrates the intrinsic merits of the MPT-based and
GR-based concepts (i.e., the SMP and LJ), which demonstrates
the substantial potential for modulating bending stiffness and
load-bearing capacity within a compact design and relatively
fast response. Notably, in comparison to variable stiffness ap-
proaches exclusively based on SMP, the HVS structure can
achieve a 1.60-fold stiffness enhancement within milliseconds,
effectively reducing response time. Furthermore, compared to
the layer jamming-based variable stiffness method, the HVS
structure attained a remarkable 10-fold stiffness enhancement
with merely 2 layers, effectively minimizing the volumetric
demands of the jamming structure.

IV. THE HVS MECHANISM ENHANCED GRASPING CAPABILITY

The structural stiffness will significantly influence the compli-
ance and the grasping capability of soft grippers. Grippers with
low stiffness can conform to the object effectively due to its
excellent compliance but may experience buckling instability as
the driving force incrementally rises, which will restrict the force
output capability and then lead to grasping failure, as shown in
Fig. 7(a) and (b). In contrast, grippers with high stiffness can
maintain structural stability under high driven force, enabling
effective force transmission to the grasped object, thereby real-
izing larger force output and stable grasping capability, as shown
in Fig. 7(c). Thus, an optimal balance between conformability
for compliant grasping and high-force transmission for grasping
heavy objects can be achieved by the proposed HVS structure.

Fig. 8. Design, fabrication, and the tendon-driven principle of the soft gripper
equipped with HVS structure. (a) Prototype of the variable stiffness soft gripper.
(b) The grasping experiments platform. (c) The actuation system of the step
motor. (d) The tendon-driven principle of the soft gripper. (e) The fabrication
process of the fiber-reinforced soft finger.

The soft robotic gripper integrating the HVS structure was
developed to fully characterize and validate the complex in-
terplay between stiffness, morphology, and grasping ability, as
shown in Fig. 8(a). The variable stiffness soft gripper comprises
three articulated fingers at 120° intervals, which are secured to
the base via screws. The HVS structure can be installed along
the reserved holes of the fingers, which can be easily replaced
with other variable stiffness or functional structures. Three HVS
structures embedded in fingers are interconnected and integrated
with the heating and jamming systems to achieve synchronous
stiffness regulation during the grasping experiment, as shown in
Fig. 8(b). The soft gripper implements a tendon-driven actuation
mechanism. Each finger contains two eccentrically positioned
driven tendons such that the contraction will generate a concen-
trated force and bending moment at the fingertip, which causes
the finger to bend in different directions, as shown in Fig. 8(d).
Tendon contraction is actuated by step motors (17HS8401, Han-
pose Co., Ltd.), integrated with an actuation system comprising
a STM32 controller (EmbedFire Co., Ltd.), and motor drivers
(BH-MSD4805, EmbedFire Co., Ltd.), as shown in Fig. 8(c).
The motor rotation is transferred to tendon contraction via the
transmission system, which consists of an active gear coupled
to the step motor shaft and three passive gears with the driven
tendon wound. During the bending process of the gripper, the
driven tendon is in close contact with the internal surface of the
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Fig. 9. HVS structure enhanced grasping capability of the soft gripper. (a)
Grasping of a football (diameter ∼19.0 cm, weight ∼340 g). (b) Gripping of a
cup of water (∼650 g). (c) Grasping of a glass tank (∼15.1 cm, ∼400 g). (d)
Grasping of various fragile objects with shapes ranging from 40 mm to 120 mm,
and weight ranging from 2.7 g to 300 g.

finger. Significant driven force is required to bend fingers in high
stiffness, which may cause damage. To prevent this, soft fingers
were reinforced with Kevlar fibers. The manufacturing process
involves five steps, as shown in Fig. 8(e).

The bending stiffness of the soft finger is experimentally mea-
sured (0.20± 0.01 N/mm, Fig. 4(b)) and theoretically calculated
using the formula K = E∗I. The uniaxial tensile test results
(Fig. 7(d)) indicate Young’s modulus of the silicone rubber is
approximately 0.038 MPa within a strain of 100%, and IFinger

is 10215 mm4. The storage modulus of the SMP ranges from
1260 to 2.29 MPa between temperatures of 25 °C to 75 °C, and
IHVS is 3.33 mm4 without vacuum pressure. Considering that
IHVS has a 1.60-fold increase due to vacuum pressure (Fig. 2),
IHVS is adjusted to 5.33 mm4. Therefore, the calculated soft
finger stiffness is 388.2 Mpa∗mm4. The theoretical stiffness of
the HVS structure ranges from 6713.3 to 7.73 Mpa∗mm4. But
it has been corrected to about 6713.3 to 427.6 Mpa∗mm4, based
on the 15.7 times stiffness variable factor. Therefore, the HVS
structure has a theoretical 17.3 to 1.10 stiffness ratio compared to
the soft finger, which agrees well with the experimental results,
indicating that the HVS structure can effectively adapt to the
soft finger and can significantly enhance the structural stiffness
without compromising the compliance of the soft robots.

The motions of the soft gripper embedded with the HVS
structure have grasping and pinching, according to the differ-
ent contact areas between the gripper and the objects. In the
grasping motion illustrated by its interaction with large objects,
such as a football (diameter ∼19 cm, weight ∼340 g) and a
glass tank (∼15.1 cm, ∼400 g), the gripper’s fingers make
conformal contact with the grasped object’s surface through
its exceptional compliance. While in the pinching motion (a

special grasping motion), such as lifting a weight cup, only the
three fingertips will make simultaneous contact with the objects.
The gripping process is as follows: First, the HVS structure
is worked on State 1 and heated to 45°C to get low structural
stiffness, enabling the gripper to open with minimal driven force.
Next, the soft gripper is lowered and conforms to the object’s
contour. Subsequently, the HVS structure is switched to State 3
and cooled to increase stiffness. Finally, the gripper can grasp
and lift the objects stably, as shown in Fig. 9(a) and (c). To
demonstrate the grasping stability, versatility, and force output
capability of the soft gripper with the HVS structure, several
gripping experiments were also performed with different fragile
objects, including table tennis ball, tomato, capsicum, carrot,
orange, broccoli, and a cup of water. The HVS structure enabled
the gripper to lift heavy loads, up to 650 g (Fig. 9(b)). The
soft gripper has also shown great conformability to various
shapes, including spherical, rod, and umbrella, with dimensions
varying from 40 mm to 190 mm, and weights ranging from
2.7 g to 300 g, as shown in Fig. 9(d) and Supplementary
Video S1.

V. CONCLUSION

This letter presents a hybrid variable stiffness (HVS) mecha-
nism that integrates material phase transition (MPT)-based and
geometric reconfiguration (GR)-based approaches (specifically
utilizing shape memory polymer (SMP) and layer jamming (LJ))
to change stiffness. Stiffness is simultaneously modulated by
modifying Young’s modulus of the SMP layer through Joule
heating and applying the vacuum pressure. To investigate the
performance of the HVS mechanism, bending and response
tests were performed. Bending test results revealed that the
HVS structure can achieve a wide stiffness range (0.31 ± 0.013
N/mm ∼ 4.86 ± 0.11 N/mm, 15.7 times) and a wide range
of load-bearing capacity (1.76 ± 0.21 N ∼ 28.1 ± 1.76 N,
16.0 times). Response test results showed that the jamming
response is rapid (∼ms), and the maximum temperature rising
rate is 2.77 ± 0.16 °C/s, indicating that the HVS structure
can achieve a relatively fast response. Furthermore, a variable
stiffness soft gripper was designed, and grasping experiments
were conducted. The grasping tests showed the HVS structure
can enhance the grasping abilities significantly, which enables
the grasping of various objects with diverse shapes (40 mm
∼ 190 mm) and materials while lifting a weight up to 650 g,
demonstrating its great potential for practical applications of
soft robots. In future work, a barometer will be integrated into
the jamming system for the continuous and precise control of
vacuum pressure. More accurate analytical modeling of the HVS
structure will also be studied.

Author Disclosure Statement: No competing financial inter-
ests exist.

Supplementary Material: Supplementary Video S1.
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