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Soft actuators, capable of mimicking the motion of biological organisms, enable precise and gentle operations
in complex environments. While conventional pneumatic artificial muscles (PAMs) are typically fabricated
from materials with fixed stiffness, this study introduces shape-memory polymers (SMPs) to achieve tunable
stiffness, thereby enhancing both deformability and load-bearing capacity. By replacing traditional bladders
and constraint frameworks with 3D-printed SMP structures, we have developed SMP-PAMs that exhibit
temperature-controlled bending and elongation. We analyze the kinematics of the printed PAM, evaluate
its output force and bending moment at varying temperatures. A nonlinear quasi-static model, based on
the virtual work principle, is developed to capture the interaction between pneumatic input and structural
mechanics and its effect on actuation performance. Finite element analysis (FEA) is employed to simulate
the PAM’s motion, where a full-scale braided tube is first modeled, followed by a simplified equivalent
cross-section model for coupled simulation with the internal elastomer. Experimental validation confirms the
SMP-PAM’s shape recovery rate, temperature response, kinematic deformation, and bending stiffness. Through
a combination of theoretical modeling, simulation, and experiments, this study provides a comprehensive
performance evaluation of the novel PAM, offering key insights for future research and innovative design
approaches.

1. Introduction capabilities, enhanced load-bearing strength, and a wider range of
motion patterns.

Soft actuators play a vital role in the functionality of soft robots, sig- Jianbin Liu designed a triple helix balloon weaving and shape

nificantly improving the flexibility and safety of robotic systems [1,2].
By imitating the compliant motion of living organisms [3], they allow
for stretching [4], bending [5], and twisting [6], which facilitates pre-
cise and gentle manipulation in dynamic settings and reduces the risk of
damage to nearby objects. This technology not only broadens the scope
of robotic applications in healthcare [7-10], service industries [11],
and precision manufacturing but also enhances the interaction between
humans and robots in daily life and industrial environments, making it
a crucial force in the evolution of robotics [12,13].

Braided pneumatic artificial muscles (PAMs) are a quintessential
type of soft actuators [14,15], comprising a flexible inner liner, a
braided tube, elastic beams, and connecting components [16]. Tra-
ditionally, these components are designed with fixed stiffness [17].
However, the ability to adjust the stiffness of each component or
the entire assembly in a controlled manner would greatly increase
the adaptability of braided PAMs [18,19]. By incorporating variable
stiffness, pneumatic artificial muscles can achieve greater deformation
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memory polymer (SMP) skeleton mechanism that allows for agile ac-
tuation and variable stiffness functionality [20]. Kazuto Takashima
developed a segmented SMP sheet embedded with electric heating
wires and evaluated its mechanical properties through bending and
tensile tests [21,22]. By applying SMP sheets embedded with electric
heating wires to pneumatic synthetic rubber muscles [23,24], the initial
shape and bending displacement of these muscles can be controlled by
adjusting the temperature of the SMP sheets [25]. Rossiter J explores
the use of SMP resin to impregnate the woven mesh shell of commercial
McKibben artificial muscles. When the actuator reaches the required
length, SMP can be cooled below its glass transition temperature (7,),
and it will fix the structure in a rigid state. J. describes how twisted
polymer artificial muscles are integrated into Fan precursor fibers
to serve as driving mechanisms [21]. Shigeyoshi Yahara proposed a
shape memory polymer (SMP) technique alongside layer interference
(LJ) method to achieve simultaneous response of soft robots. This is
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Table 1

Comparison of Feature between SMP-PAM and Conventional PAM.
Feature Conventional PAM SMP-PAM Improvement
Stiffness Range Fixed (0-0.5 MPa) 10 MPa-1.5 GPa 3000x
Deformation Modes Single (bending/extension) Multiple +100%
Self-locking No Yes New capability

Table 2

Printing Parameters.
Parameter Category Specific Parameter Set Value

Printer Model

Bamboo Lab H2D

Equipment and Materials Print Material SMP-PLA
Material Glass Transition Temperature 85°C + 5°C
Temperature Parameters Nozzle Temperature 220°C
P Heated Bed Temperature 55°C
Print Speed 200 mm/s
Speed Parameters
P Initial Layer Speed 50 mm/s
Layer Height 0.2mm
Structural Parameters Perimeter Count 2
Infill Density 100%
Infill Pattern Straight line
Build Plate Adhesion None
Other Parameters .
Cooling Fan Close

achieved through spiral shape memory polymer fibers, which exhibit
variable contraction properties in McKibben artificial muscles, and
demonstrate enhanced gripping capabilities. Multiple grip tests have
shown that the variable stiffness soft gripper can grip objects of vari-
ous shapes (40.0 mm 190 mm, 4.75 times) and materials, supporting
weights of up to 650 grams. This provides an effective solution for the
complex demands of soft robot applications [26].

In this study, we present a novel variable-curvature McKibben
PAM with tunable stiffness by utilizing the temperature-dependent
stiffness properties of shape-memory polymers (SMPs) in conjunction
with 3D printing technology. Our design substitutes conventional hy-
perelastic tubes and elastic constraint beam in bending-type McKibben
actuators with 3D-printed SMP tubes. These SMP tubes exhibit hy-
perelastic behavior at elevated temperatures, facilitating deformation
functionality because their temperature-dependent stiffness variation
allows for adjustable bending curvature. Additionally, the SMP tube’s
stiffness increases dramatically at low temperatures, resulting in a
pressure-independent self-locking mechanism (see Table 1).

The research presented here introduces a nonlinear model tailored
for the proposed PAM and performs simulation analyses using the
SMP hyperelastic framework. The simulation results are rigorously
validated against experimental data. By integrating our approach with
current printable structure designs, the model demonstrates significant
stiffness variation across temperatures and highlights the flexibility
of 4D additive manufacturing. This adaptability leads to exceptional
programmability within the McKibben PAM. Consequently, a single
actuator can achieve multiple deformation modes, thereby significantly
enhanced design versatility and broadening potential applications in
field of soft robotics.

2. Design and manufacturing

The bending-type McKibben PAM is made up of three primary
components: an inner bladder, an outer braided tube, and a constraint
beam. Upon pressurization, the inner bladder and braided tube push
the structure to expand along its axis. However, the constraint beam,
positioned off-center, limits this axial deformation on one side. As a
result, the whole system bends to adapt to the uneven deformation.

Achieving desired deformation in PAMs demands particular mate-
rial characteristics for their components. In bending PAMs, bladder
inflation serves as the main actuation mechanism, which requires the
bladder material to possess hyperelastic properties. Simultaneously,

the constraint beam significantly influences bending deformation and
must have a flexural stiffness that is considerably lower than its tensile
stiffness.

We developed a completely 3D-printed SMP-PAM by integrating
both the bladder and constraint beam into a unified SMP structure. (Fig.
1). The SMP demonstrates hyperelastic properties at high temperatures,
allowing for significant tube deformations, and exhibits high rigidity at
low temperatures, limiting deformation primarily to bending modes.
The SMP-PAM comprises two functional elements: a monolithic SMP
tube and a braided tube. As shown in the cross-section, the cylindrical
section serves the role of a traditional bladder, whereas the protruding
square features fulfill the function of the constraint beam.

We opted for SMP-PLA as our printing material due to its superb
processability and impressive mechanical strength. This biocompatible
material is ideal for implants and wearable devices since it is non-toxic
and free of harmful effects. Furthermore, it is entirely biodegradable,
breaking down into carbon dioxide and water in natural environments,
thus promoting environmental sustainability. Utilizing fused deposition
modeling (FDM) technology, the structures were crafted via a layer-by-
layer deposition of molten material. This method offers the advantages
of rapid prototyping and low production costs. FDM is particularly apt
for creating small structural components, achieving a printing precision
of approximately 0.2 mm, which fulfills all the requirements for PAM
fabrication in this study (see Table 2).

Through the precise regulation of temperature and working pres-
sure, we successfully modulated both the bending angles and load-
bearing capacity of the SMP-PAM. In our experimental setup, we used
environmental heating to thermally activate the pneumatic muscle,
with an air compressor supplying pressurized gas at ambient tempera-
ture. This setup, based on basic heat conduction principles, created a
transverse thermal gradient across the printed structure’s cross-section,
resulting in higher exterior temperatures compared to the interior. At a
constant pressure, three distinct deformation modes were observed as
the heating temperature increased.

The SMP-PAM demonstrates three distinct thermo-mechanical re-
sponse regimes based on the temperature distribution across its cross-
section:

(1) Rigid-loading regime: When the entire cross-section remains
below the glass transition temperature (1) of the SMP, the structure
retains high stiffness with minimal deformation, showcasing optimal
load-bearing capacity.
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Fig. 1. Design concept of Printing Bending Pneumatic Artificial Muscles. (a)Schematic diagram of printing structure replacement. (b) Printing Manufacturing
Process of SMP-PAM. (c) Geometric parameters used for manufacturing and experimentation.

Table 3
Pneumatic artificial muscle parameters for experimental
and simulation analysis.

Structure parameters Value
Initial weaving angle «, (°) 14
Outer diameter of the printing structure R, (mm) 9.5
Printing structural wall thickness 7, (mm) 1.25
Thickness of printed constraint beam a (mm) 1.25
Width of printed constraint beam » (mm) 3
Length of deformation area /, (mm) 50
Length of single-sided structural area /, (mm) 10

(2) Controlled-bending regime: In this regime, the cylindrical sec-
tion surpasses 7, while the constraint regions remain below it. The ac-
tivated SMP areas exhibit hyperelastic behavior, and the SMP-PAM ex-
hibits mechanical properties similar to traditional bending-type PAMs,
achieving significant bending curvature and output torque.

(3) Axial-extension regime: At temperatures uniformly above T,, the
entire structure becomes hyperelastic, rendering the constraint beam
ineffective. The SMP-PAM demonstrates minimal bending curvature,
closely mirroring the behavior of extension-type PAMs. Notably, tem-
perature adjustments can be dynamically applied during operation. In-
stantly cooling the system below T, at any stage of deformation leads to
immediate stiffness recovery and motion locking. Reheating then allows
the system to revert to its original deformation mode. Through iterative
testing, we have successfully optimized the fabrication parameters,
detailed in Table 3.

3. Modeling

This section presents a comprehensive analysis of the printed pneu-
matic artificial muscle’s (PAM) kinematics and output bending mo-
ment [27,28]. We established the relationship between the initial braid-
ing angle and maximum deformation while evaluating output force and
bending moment under varying temperature conditions. To facilitate
theoretical calculations, the following assumptions were adopted [29,
30]:

(1) The braided tube fibers possess infinite elastic modulus with
negligible tensile deformation;

(2) Frictional effects between the braided tube and printed structure
are disregarded;

(3) The cross-sectional envelope maintains perfect circularity during
deformation;

(4) Below the glass transition temperature (T,), the constraint beam
is modeled as a bendable but inextensible elastic material with finite
flexural rigidity;

(5) Above Tg, all printed structures are treated as incompressible
hyperelastic materials.

This study simplifies the cross-section of pneumatic muscles dur-
ing compression expansion to a perfect circle, a common engineer-
ing simplification aimed at establishing a concise analytical force—
displacement relationship. In actual deformation, the cross-section
tends toward an elliptical shape due to geometric constraints imposed
by the woven structure. Zhou et al. noted that when establishing
a model for path-dependent cross-sectional variations in 3D woven
composite tubes, adopting this simplification may introduce average
errors of approximately 5% to 9% in predicting critical geometric
dimensions [31]. Another study on woven composite unit cell mod-
els also demonstrated that accounting for the continuous transition
of fiber bundle cross-sections from circular to elliptical significantly
improves geometric prediction accuracy (with errors below 4%). These
studies quantitatively reveal that neglecting cross-sectional deforma-
tion introduces certain errors. However, given that the core objective
of this research is to construct a theoretical framework capable of
revealing overall actuation trends and stiffness regulation mechanisms,
this simplification is reasonable and necessary to ensure the model’s
practicality and solubility.

In the model, we did not explicitly account for friction between the
woven tube and the external SMP constraint structure. This simplifica-
tion was primarily adopted to balance computational complexity and
practicality in soft robotics mechanics modeling, as accurately charac-
terizing distributed friction contacts in complex multiphysics-coupled
models would significantly increase computational costs. Furthermore,
friction coefficients are highly dependent on manufacturing processes
and assembly conditions, making precise acquisition challenging. Stella
et al. explicitly noted in their study of reduced-order models for soft
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robot-environment interactions that model development requires bal-
ancing computational manageability with modeling accuracy [32]. Ap-
propriate simplifications are crucial for enabling effective theoretical
analysis and control design.

3.1. Mechanics model

Given the considerable complexity in deriving force equilibrium
equations for three-dimensional bending deformations, we developed a
nonlinear quasi-static model based on the principle of virtual work. This
energy-based formulation effectively captures the coupled interactions
between pneumatic input and structural mechanics, as well as their
collective influence on actuation performance.

For an infinitesimal PAM segment of unit length dl, the work-
energy principle establishes the fundamental relationship between the
pneumatic input and the elastic energy distribution among structural
components:

AWy, + dWy = dUg @
Win = PdVi, @
Wout = —Fourd's — Moy d0 3
Up = d(Up; + Uyy) ()]

where P is Driver working pressure, V;, is internal working volume of
printing structure. F,,;, M, represents the output force and torque at
the end of the unit, while Uy, and Uy, denotes the elastic strain energy
of printed structures and braided tubes.

Under elevated temperature conditions, a non-uniform thermal dis-
tribution emerges within the printed structure. The outer cylindrical
part surpasses the glass transition temperature (7,) and displays hyper-
elastic characteristics, whereas the inner frame structure stays below Tg
and retains its elastic properties. This thermal gradient induces differ-
ential elastic strain energy distributions during deformation, yielding
the following relationship:

dUp; = d(Uey + Up) )

In this formulation, U, represents the elastic strain energy stored
in the cylindrical portion of the printed structure, while U; denotes the
elastic strain energy accumulated in the constraint beams of the printed
assembly.

Furthermore, the braided reinforcement fibers are modeled as per-
fectly rigid, exhibiting zero elastic strain energy contribution, dUy, =
0.

This analysis requires separate consideration of two operational
regimes based on thermal conditions: (1) Only the cylindrical cross-
section exceeds Tg, and (2) The entire cross-section surpasses T,.

In Regime (2) - where the cylindrical portion exceeds T, while
constraint regions remain below T, - the activated SMP domains exhibit
hyperelastic behavior. Under these conditions, the SMP-PAM demon-
strates mechanical responses analogous to conventional bending-type
PAMs [6], achieving both significant bending curvature (x > 0.15 mm~!)
and substantial output torque (M > 2.5 N m).

Based on the principle of virtual work, the following relationship
can be established

Mp=nP[CR+ 3kR2)§ + R ®)
U
Mp=—0 =My +M,; @)

aw;, dUg+Uy)
in _ cy S ®)
do do
The bending moment system of the pneumatic driver comprises
several key components: the driving bending moment (M) generated

Moy = Mp — Mg =
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by internal air pressure acts as the primary actuation force. This driv-
ing moment is counteracted by multiple antagonizing moments: the
elastic deformation resistance (M), the cylindrical printing structure’s
mechanical resistance (M.,), and the constrained frame printing struc-
ture’s resistance (M f). The net resultant of these interacting moments
determines the system’s final output bending moment (M,,), which
governs the actuator’s motion characteristics.

Based on Assumption (4) stated previously, where the constraint
beam is modeled as a bendable yet inextensible elastic material with
finite flexural rigidity when operating below T,, we neglect the axial
strain in the printed constraint structure. Consequently, the bending
moment M, generated by the constraint structure can be expressed as:

dUu, , k
Mf=W=Ef[fk =Eflf(m) 9
where I, represents the axial bending moment of inertia of the con-
straint structure.

Consistent with Assumption (5) stated earlier, when the operating
temperature exceeds 7, the cylindrical printed structure is treated as
an incompressible hyperelastic material. Applying the Mooney-Rivlin
hyperelastic material model [33], we obtain:

i=1,j=1
W,y = C, (I =3, -1y (10)
i 0

i=0,j

}‘cy,lﬁ‘cy,2)“cy,3 =1 11

where Acy 1, Ay and Acy s represent the axial, circumferential, and
radial stretch ratios of the cylindrical printed structure.
According to the principle of virtual work, the cylindrical printed

structure produces a resisting bending moment as follows:

dUcy dk Acy dVch
M, = = = dA ) R 12
YT Tdk do - v < /0 dk ) 0 (12)

Aoy AWy k
M = Moy My = ey ([ =5 aa R0+Ef1f(m) (13)

The resultant output bending moment M, can be expressed as:

dw; dU
Moy = d9m _¥=MP_ME
dR

= P[ZR 3R IR R3]
7P |2R+ )dk+

ACYdel k
- — Y 4a) Ry - E I, (—— 1
</0 dk ) 0 ff(l—kR) a4

When the entire cross-section exceeds the glass transition tempera-
ture (T), the printed structure becomes fully hyperelastic, effectively
negating the constraint beam’s function. Under these conditions, the
SMP-PAM demonstrates minimal bending curvature, exhibiting be-
havior analogous to extension-type PAMs. For this operational mode,
well-established mechanical models exist to determine the radial and
axial stresses in extensible pneumatic artificial muscles. Through stress
integration, the actuator’s output force can be derived [34].

Cio 2r2 - D
=06, +2D( — +Cy A | —- 15
%0 =0 < PR > (2 - D) 1%
_ 2 1 2Cor—D
c,=0.+ <2cm/1 —2Cy, ﬁ) - 2c01/1r2 " 16)

The constitutive equation for pneumatic muscles involves the fol-
lowing parameters: C;, and C,, represent the material constants de-
rived from the Mooney-Rivlin hyperelastic model, D denotes an unde-
termined geometric constant related to the wall thickness, 4 expresses
the axial stretch ratio of the muscle under pressurization, while r indi-
cates the instantaneous radial coordinate. The stress components ¢, and
o, correspond to the circumferential and axial stresses, respectively,
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Fig. 2. Theoretically calculated result (a) Correspondence between initial weaving angle and bending angle under different diameters. (b) Correspondence between
air pressure and bending angle under different constraint beam conditions. (c) Correspondence between air pressure and locking bending moment under ideal
conditions of different diameters. (d) The correspondence between air pressure and locking bending moment under ideal conditions of different wall thickness.

3.2. Motion analysis

In conventional fiber-reinforced pneumatic artificial muscles
(PAMs), the braided mesh is typically modeled as inextensible along
the radial direction of individual fibers while remaining freely movable
in other directions [35]. Under the condition of constant fiber length,
varying braiding angles correspond to different cross-sectional areas
and axial lengths, thereby altering the internal volume. When pressur-
ized, the internal chamber expands to maximize its volume, resulting
in either reduced cross-section with axial elongation, or expanded
cross-section with axial contraction.

This fundamental mechanism enables the essential extension/
contraction functionality of PAMs. Given the unique correspondence
between internal volume and braiding angle, geometric analysis yields
the optimal initial braiding angle (a;) for maximum volume capacity.

[cos ap(1 + &> + [sin ay(1 + €,)]* = cos? agA? + sin® @y A3

=cos?a+sina =1 a7)

When considering solely the braided mesh constraints, the theoret-
ical axial output force can be expressed as:

Foye = 7R*(Bcos?a — 1) 18)

When F,;; = 0, the critical braiding angle X is determined to be
54.74°.

Leveraging this fundamental characteristic, we can precisely con-
trol the actuator’s extension/contraction motion by engineering the
initial braiding angle, which governs the volumetric expansion behav-
ior of the inner braided chamber. Furthermore, through the strategic
incorporation of constraint mechanisms, this linear motion can be
transformed into more complex deformations, including bending and
helical twisting.

When the cylindrical section exceeds the glass transition tempera-
ture (T,) while constraint regions remain below T,, the activated SMP
exhibits hyperelastic behavior, enabling the SMP-PAM to demonstrate

mechanical characteristics comparable to conventional bending-type
PAMs. This configuration produces:

g =4 —1mk(1—cosd)r 19

The strain distribution on the PAM surface is governed by the inter-
play between the braiding angle and bending curvature, as expressed
by:

V1 —=[cosa(l +¢&))]?

sin a

(20)

£ —1=sina [kf(l - cos(D)r] -1

The maximum achievable bending curvature occurs when the out-
put bending moment M, = 0, yielding:

Ay AW, k
R3]— oA Ry = E 0, (—X—
</0 dk 0 ff(l—kR)

2D

dR
P|Q2R+3kR>)==
y 3 [( + )dk +

When the entire cross-section temperature exceeds 7,, the fully
activated SMP-PAM exhibits homogeneous hyperelastic behavior, ef-
fectively nullifying the constraint beam’s mechanical influence. In this
regime, the actuator demonstrates minimal bending curvature, behav-
ing essentially as an extension-type PAM. The axial stretch ratio 4, can
be determined from geometric analysis as:

sinay

= 2)

sina
where « represents the initial braiding angle.

This study conducts a comprehensive parametric analysis of the
bending performance through systematic computational simulations,
as shown in Fig. 2. The investigation evaluates the interrelationships
between the braiding angle, input pressure, free bending angle, and
blocking torque under various structural parameters, including the
printed structure’s diameter, wall thickness, and the constraint beam’s
flexural rigidity. The results demonstrate that under ideal pure bending
conditions of the constraint beam, the free bending angle exhibits
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Fig. 3. ESimulation analysis approach (a) Full-scale modeling; (b) Equivalent Stiffness calculation; (c) Cross-section simplification; (d) Combined simulation.

a clear inverse correlation with the beam’s bending stiffness. Fur-
thermore, the braiding angle, diameter, and wall thickness of the
printed structure collectively influence both the free bending angle and
blocking torque. Specifically, structures with thicker walls and larger
diameters show significantly improved pressure-to-torque conversion
efficiency, enabling stronger blocking torque generation under identical
input pressure conditions. The parametric studies cover the following
ranges: diameter, wall thickness, and constraint beam flexural rigidity.

4. Simulation analysis

Compared to experimental validation, finite element analysis (FEA)
enables rapid and cost-effective verification of deformation and mo-
tion functions in complex structures [36-38], thereby guiding design
optimization and facilitating fast iterations [39-41]. In this study, we
employed Abaqus/CAE to simulate the motion and deformation of the
pneumatic artificial muscle (PAM) model.

The numerical approach provides detailed insights into the struc-
tural behavior under various loading conditions while significantly
reducing development time and material costs associated with physi-
cal prototyping. This computational methodology allows for efficient
parametric studies and performance prediction before manufacturing
actual prototypes.

The primary challenge in simulating braided pneumatic artificial
muscles is accurately characterizing the deformation behavior of the
braided tube. Directly modeling the entire braided structure is compu-
tationally demanding due to the numerous surface contacts between the
sleeve and inner components, leading to high computational costs and
difficulties in achieving convergence. To overcome this, we propose a
multi-stage modeling approach:

1. Develop a full-scale model of the braided tube to determine its
tensile and shear stiffness.

2. Use these findings to create a simplified equivalent cross-section
model.

3. Integrate this equivalent representation with the internal elas-
tomer components in a coupled simulation.

This optimized computational method, as shown in the accom-
panying diagram, reduces solving time by approximately 70% while
maintaining over 90% accuracy compared to experimental data (see
Fig. 3).

The external sleeve consists of a nylon braided tube, modeled as an
anisotropic material whose tensile and shear stiffness properties were

derived from full-scale simulations. The principal stress direction aligns
with the initial braiding angle.

The internal printed structure is fabricated from shape-memory
polymer (SMP). At temperatures below the glass transition point (7}),
the SMP behaves as a conventional elastic material, with a Young’s
modulus of 1500 MPa as determined through tensile testing.

Dynamic mechanical analysis (DMA) measures the time-dependent
stress or strain response of polymeric materials under oscillatory load-
ing while varying temperature [42]. This method characterizes the
viscoelastic properties of materials over defined temperature ranges. In
this study, we fabricated PLA shape-memory polymer (SMP) specimens
compatible with DMA tensile testing. The experiments were conducted
under the following conditions: Temperature range: 25 °C (room tem-
perature) to 150 °C; Heating rate: 2 °C/min; Loading frequency: 1 Hz
(tensile mode). The results identified the glass transition temperature
at 86 °C, a critical parameter for SMP actuation performance.

The high-temperature deformation behavior was modeled using the
Mooney-Rivlin hyperelastic formulation, which outperforms the Neo-
Hookean model in capturing nonlinear large deformations through
higher-order strain invariants. Material parameters (C;, = 0.163 MPa,
Cp1 = 3.6 x 103M Pa) were calibrated via least-squares fitting to
uniaxial tensile test data [33]. Finite element simulations implementing
these parameters with fixed-free boundary conditions and 0.2 MPa
internal pressure generated the stress/displacement distributions shown
in Fig. 4, demonstrating the model’s capability to predict complex
deformations under thermomechanical loading.

5. Experiment and results
5.1. Working temperature calibration

The deformation behavior of the designed SMP-PAM is governed
by two external stimuli: pneumatic pressure required for structural
deformation and temperature, which critically determines material
properties. In this study, temperature directly modulates structural
stiffness and deformation modes, making its precise control essential
for SMP-PAM performance.

To investigate thermal effects on bending curvature, we character-
ized temperature distribution using a UT325F thermometer with K-type
thermocouples, measuring four key locations (see figure):

T,: Ambient heating temperature

T,: Actuator outer surface
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Fig. 4. Simulation results (a) Stress distribution in the state of elongation deformation; (b) Deformation distribution of elongation deformation state; (c)
Deformation distribution of bending deformation state; (d) Stress distribution in the state of bending deformation.

Ts: Actuator inner surface

T,: Constraint structure interior

And three distinct thermo-mechanical regimes were identified:

1. Rigid-loading regime (73, T, < T,): High stiffness enables superior
load-bearing but negligible deformation.

2. Controlled-bending regime (753 > T,, T, < T,): SMP exhibits
hyperelasticity, producing large bending curvature and output torque
akin to conventional bending PAMs.

3. Axial-extension regime (73, T, > T,): Near-loss of constraints
yields minimal curvature, resembling extension-type PAMs.

This study comprehensively reveals the response characteristics of
mode switching through time-series data of temperature distribution
and controlled experiments on heating duration. Under ambient heat-
ing conditions, the response time is primarily determined by heating
duration and the heat transfer process, effectively regulated by heat
source power, heating duration, and ambient temperature. When the
heat transfer coefficient, heat source power, and ambient temperature
are fixed, the response time in this study is predominantly governed by
heating duration.

As shown in Fig. 5(b), after heating for 320 s, T; rises above the
glass transition temperature (T,). At this point, heat rapidly transfers
from the ambient environment (7)) to the surface of the SMP layer
(T, T3), causing it to soften quickly. Meanwhile, the interior of the
constrained beam (7}) remains rigid due to thermal inertia, leading to
bending deformation of the SMP-PAM tube. Maintaining the ambient
temperature and continuing heating for 30 s allows heat to continue
diffusing inward until the constrained structure softens. At this point,
the bending constraint weakens, and the actuator transitions to axial
extension. 7} also rises above the T, causing the SMP-PAM tube to un-
dergo elongation deformation. After heating ceases, the system recovers
its rigid mode during natural cooling, a process taking approximately
60 s.

By setting different heating durations, the timing and sequence of
mode transitions can be precisely controlled. Closed-loop temperature
feedback based on real-time data from T,, T3, and T, also enables
dynamic compensation and control of response times. This mechanism
provides a controllable deformation timing foundation for time-critical
tasks in practical applications, such as sequential grasping and adaptive
gait switching.

5.2. Free bending test

The term “free bending” refers to the bending deformation be-
havior of the pneumatic artificial muscle (PAM) when subjected to

pneumatic pressure in the absence of external loads. In this study,
the SMP-PAM exhibits two primary deformation modes: bending and
elongation. While the elongation behavior is similar to that of conven-
tional McKibben PAMs and has been extensively studied in prior works,
the current investigation focuses exclusively on characterizing the free
bending deformation of the newly designed SMP-PAM.

This targeted approach allows for a comprehensive analysis of the
unique bending performance enabled by the shape-memory polymer
(SMP) and structural design. By isolating the bending behavior, we
systematically evaluate how temperature-dependent stiffness modula-
tion and constraint mechanisms influence the actuator’s curvature and
output capabilities under varying pressure inputs.

The free bending tests provide essential baseline data for under-
standing the SMP-PAM’s actuation mechanics, which will later inform
applications requiring controlled bending motions in soft robotics and
biomedical devices. This focused methodology complements existing
research on McKibben-type elongation while advancing knowledge of
thermally programmable bending actuators.

The deformation testing system comprised a 6L. MZB air compres-
sor with dual-stage pressure regulation (primary: 0-1 MPa analog;
secondary precision: 0.005-0.2 MPa, +0.001 MPa) and filtration, cou-
pled with a temperature-controlled chamber for SMP activation. Under
0.200 MPa pressure, the SMP-PAM (fabricated per Section 2 param-
eters) exhibited maximum deformation of 40.622 mm with a 110.4°
free bending angle, demonstrating its programmable bending capability
through combined thermal-pneumatic actuation [43].Repeat the exper-
iment five times and take the average. This integrated setup enabled
precise quantification of the actuator’s performance while maintaining
experimental repeatability (see Fig. 6).

5.3. Uniform bending moment loading test and characterization

To comprehensively characterize the mechanical properties of the
pneumatic artificial muscle (PAM) and elucidate the respective roles of
the elastic bladder and flexible frame, quasi-static tests were conducted
at varying temperatures. A four-point bending fixture mounted on a
Zwick universal testing machine was employed to apply moment loads,
with the resulting bending moments calculated through mechanical
analysis.

The SMP-PAM was mechanically characterized under four distinct
thermomechanical states: (1) pressurized bending when heated to T; >
T, while 7, < T,, (2) pressurized extension when both T;andT, > T,,
(3) bend-locked state after cooling, and (4) extension-locked state after
cooling. Key results demonstrated:
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of pneumatic drive system.

(1) The locked states achieved high stiffness (E
dominated by intrinsic material properties.

(2) Heated extension showed minimal bending resistance (x <
0.05 mm~1);

(3) Heated bending produced intermediate stiffness with a max-
imum output moment of 150 N mm - comparable to conventional
PAMs.

This quantified the actuator’s programmable stiffness range (4E >
1 GPa) and validated its dual-mode functionality (see Fig. 7).

~
~

1.2-1.5 GPa)

5.4. Shape recovery rate experiment

The shape-memory polymer (SMP) in the designed SMP-PAM show-
cases distinctive shape recovery properties, allowing for the
programmable locking and reactivation of deformation modes. During
its operation, a swift cooling process below the glass transition tem-
perature (T,) initiates a rapid recovery of stiffness, with an increase in
E by more than 300%, effectively locking the motion by suppressing
the hyperelasticity of the printed structure. When reheated above T,
the original deformation behavior is reinstated, illustrating completely
reversible shape-memory cycles [44].

The SMP-PAM  demonstrated exceptional shape-memory
performance, achieving 97.3% axial and 92.9% radial recovery ratios

through controlled thermo-pneumatic cycling (heating > 86 °C with
0.20 MPa pressure, rapid cooling < 86 °C, then reheating). The minor
7.1% radial strain retention reflects minimal viscoelastic relaxation
during quenching, validating robust geometric restoration capability.
This quantitative assessment (5 test cycles) confirms reliable shape
recovery under repeated actuation, with performance metrics suitable
for applications requiring precise shape programming.

5.5. Thermal-mechanical cycling test

The performance degradation of shape memory polymers (SMPs)
under repeated thermal-mechanical loading — such as reduced shape
recovery rates, stiffness decay, and material aging — constitutes a core
consideration for their engineering applications. To quantitatively eval-
uate the durability of the SMP-PAM composite actuator proposed in this
study, systematic thermomechanical cycling tests were designed and
conducted in this section. The experiments aimed to obtain evolution
data for key performance parameters of the actuator through finite-
cycle testing at the specimen level. This validated its functional stability
during short-to-medium-term operation and provided early insights for
understanding long-term behavior.

The tests were conducted on a self-built experimental platform.
This platform integrates temperature control, pneumatic actuation, and
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a multi-parameter synchronous acquisition system. The temperature
control unit comprises a programmable temperature controller, an
oven, and K-type thermocouples, ensuring the SMP section is heated
uniformly and precisely to the target temperature. The pneumatic ac-
tuation unit consists of a precision air source, proportional valves, and
controllers. The test subjects were SMP-PAM actuator samples (n=3)
fabricated for this study. Each specimen undergoes an identical test
sequence to ensure reproducibility and statistical significance: “heating
for softening - pneumatic actuation to target bending angle - cooling for
locking - heating for reset” (see Fig. 8).

Test results clearly reveal the performance evolution of the SMP-
PAM actuator under thermomechanical cycling. All performance pa-
rameters exhibit a similar two-stage pattern of “initial adjustment fol-
lowed by long-term stability”. Bending curvature consistently fluctuates
randomly within the strictly controlled set range. The average maxi-
mum deflection stabilizes at 40.6, with fluctuations limited to +1.2. No
observable significant degradation in the actuator’s core functionality
occurred throughout the test cycle.

The observed “two-stage” evolution aligns closely with the material
science principles of SMPs. The initial performance adjustment primar-
ily stems from the SMP molecular chain network releasing internal
stresses and reconfiguring during the first multiple cycles to reach
a thermodynamic metastable state [45]. This universal phenomenon
and its underlying two-phase network mechanism have been exten-
sively studied and validated by theoretical models [46]. Seo et al.
reported a biomass-based artificial muscle fiber based on polylactic acid
(PLA), where the optimized SMP-PLA conjugated fiber maintained a
shape recovery rate exceeding 98.3% after 50 consecutive cycles [47].
Subsequent long-term stability tests demonstrated the superior fatigue
resistance of the SMP-PLA material system and the “pneumatic drive-
SMP constraint” composite structure employed in this design. Research
also indicates that rational material design can effectively enhance

the cyclic life of SMPs [48,49], pointing the way for future material
optimization of this actuator.

Although this 30-cycle test did not achieve the ultra-long lifespan re-
quired for certain extreme applications, the results demonstrate the ac-
tuator’s high functional reliability in short-to-medium-term tasks with
limited cycles. The stability of performance parameters provides a cred-
ible data foundation for predicting its long-term behavior. Compared
to traditional pure pneumatic artificial muscles (PAM), this actuator
potentially reduces fatigue in pneumatic components due to the SMP
bearing the primary structural load in the rigid state. This constitutes
a potential durability advantage warranting direct comparative studies
in the future.

5.6. Proof of concept

To validate the application value of the multimodal soft actuator
proposed in this paper, we designed and fabricated a prototype three-
finger adaptive soft gripper. The gripper employs three actuators as
finger drivers, integrated into a monolithic base with a 120-degree
circumferential symmetrical layout. Without requiring complex sensing
or control algorithms, the gripper can switch between two modes:
gently grasping fragile items and firmly holding heavy objects.

Within modeling software, the gripper base and pneumatic interface
underwent lightweight and integrated design. Installation tilt angles
and internally integrated independent pneumatic channels were en-
gineered to ensure coordinated control of all fingers. All structural
components were printed using FDM technology. The core “finger”
parts were directly fabricated from SMP-PLA material, strictly adhering
to the printing parameters outlined in Chapter 2 to guarantee their
shape memory and stiffness switching performance. The support base
was printed using rigid PLA to maintain overall stability. After fabrica-
tion, woven tubing, pneumatic connectors, and other components were
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Table 4

The SMP-PAM parameter comparison of the theoretical results, simulations and experiments.
Performance Theoretical- results Simulation- results Experiments
parameter Value Error Value Error Value
Block moment 157 11.3% 169 19.9% 141+6
(N mm)
Bending curvature 0.0127 18.2% 0.0143 8.33% 0.0156 +0.009
(mm1)
Radial shrinkage 38.6 4.93% 39.0 3.94% 40.6 £2.7
rate (%)
Radial displacement 28.2 13.8% 34.9 6.73% 327+1.1
(mm)
Maximum deflection 45.3 11.6% 41.9 3.2% 40.6+1.2
(mm)
Axial shape / / 100 2.7% 97.3+20
recovery rate (%)
Radial shape / / 100 7.1% 929 +2.1

recovery rate (%)

integrated according to the design, assembling the complete gripper
system.

The gripper features two preset operational logics: (1) Adaptive
Envelope Mode: Inflates the fingers while the SMP is in its softened
state (low stiffness), enabling gentle bending to conform to object sur-
faces; (2) Powerful Grasping Mode: First heats and softens the fingers
to preform them to a curvature matching the target object, then cools
the SMP to lock it in a high-stiffness state before applying pneumatic
pressure to generate strong clamping force (see Fig. 9).

Its unique advantages in scenarios requiring safe interaction and
adaptive manipulation have been validated. Experiments demonstrate
the gripper’s reliable handling of diverse objects ranging from eggs
and irregularly shaped fruits to moderately weighted tool components.
Its adjustable stiffness directly addresses the pain points of traditional
rigid grippers causing object damage and conventional soft grippers
lacking sufficient load capacity. This provides a clear technological
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prototype for applications in medical rehabilitation, service industries,
and advanced manufacturing.

5.7. Error analysis

This section conducts an attribution analysis of systematic errors
identified in the comparison of theoretical, simulation, and experimen-
tal data presented in Table 4. The existing errors primarily originate
from the following three levels:

The hyperelastic constitutive model employed in simulations rep-
resents an idealized characterization of SMP-PLA’s nonlinear, rate-
dependent, and path-dependent behavior under complex thermal-
mechanical cycling. This model struggles to fully capture the material’s
significant modulus changes near the glass transition region, as well as
the mechanical hysteresis effects arising from molecular chain orienta-
tion and relaxation. This simplification inevitably leads to predictable
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computational deviations when predicting torque output dependent on
the material’s instantaneous stiffness.

The simulation environment assumes ideal fixed constraints and
frictionless contact. However, the experimental system features
micrometer-scale assembly gaps, micro-slip between connectors, and
distributed friction at the interface between the braided tube and
the SMP constraint structure. These unmodeled energy dissipation
mechanisms effectively reduce force transmission efficiency, causing
experimentally measured output parameters to fall below the ideal
values predicted by simulation.

The FDM-based 3D printing process introduces inherent manu-
facturing errors, including non-uniform interlayer bonding strength,
material anisotropy due to micrometer-scale layer striations, and cross-
sectional dimensional variations caused by nozzle extrusion fluctua-
tions. These manufacturing tolerances result in local stiffness distribu-
tions within the actual SMP components that differ from the homo-
geneous, ideal geometric model used in simulations, directly affecting
their mechanical response to external loads.

Existing errors primarily stem from three systemic factors preva-
lent in engineering research and difficult to eliminate entirely: model
simplification, boundary idealization, and manufacturing tolerances.
However, the highly consistent qualitative trends and variation pat-
terns observed across all operating modes in theory, simulation, and
experiment demonstrate the reliability of the theoretical framework
established herein for revealing intrinsic physical mechanisms and
predicting system behavior.

6. Discussion

This study introduces the design and fabrication of a novel pneu-
matic artificial muscle (PAM) that integrates both stiffness-tunable and
curvature-tunable capabilities. While conventional braided PAMs have
demonstrated certain flexible characteristics, their fixed stiffness prop-
erties inherently limit deformation performance and practical applica-
tions. Our innovative approach addresses this fundamental constraint
by incorporating variable stiffness mechanisms, achieving remarkable
improvements in both deformability and load-bearing capacity.

The current study utilizes the thermoresponsive characteristics of
shape memory polymers (SMPs) alongside cutting-edge 4D printing
technology to create a next-generation bending-type McKibben pneu-
matic artificial muscle (PAM). The SMP material demonstrates a signif-
icant stiffness change (A4E > 1 GPa) at its glass transition temperature
(T, = 86 °C, as measured by dynamic mechanical analysis), opening up
fundamentally new possibilities for actuation.

This study develops a comprehensive theoretical framework to char-
acterize the SMP-PAM’s thermomechanical behavior through nonlinear
quasi-static modeling based on the principle of virtual work. The model
incorporates three critical aspects of actuator performance.

The experimental results demonstrate the SMP-PAM’s exceptional
multifunctionality, achieving three distinct operational modes through
thermal control: bending-dominant (110.4° maximum bending angle at
partial activation), extension-dominant (35% axial strain at full activa-
tion), and rigid-locked modes (1.5 GPa stiffness). Dynamic mechanical
analysis has confirmed the thermoresponsive behavior, demonstrating
a glass transition at 86 °C and a dramatic 300-fold change in stiffness,
shifting from 1.5 GPa to 8 MPa. Performance metrics highlight signif-
icant advancements over traditional PAMs, such as a 23% increase in
bending range and an exceptional shape memory capability, achieving
97.3% recovery. These quantified results establish new benchmarks
for soft actuators, combining pneumatic power with SMP’s tunable
properties to enable adaptive robotic systems.

In summary, this study proposes a novel pneumatic artificial muscle
(PAM) with tunable stiffness and curvature through comprehensive
theoretical analysis, simulation, and experimental validation, demon-
strating its broad application potential in soft robotics. The research not
only provides innovative design concepts for PAMs but also establishes
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a foundation for future advancements in soft robotic technologies. By
incorporating variable-stiffness materials and 4D printing techniques,
we have successfully achieved multifunctionality and high adaptabil-
ity in the PAM, significantly expanding its potential applications in
complex environments.

However, the long-term stability and durability of PAM have not
been fully validated, and further long-term testing is needed. There is
relatively little discussion on the control strategy of PAM in research,
and there is a lack of in-depth analysis on its adaptability in complex
environments. Although a nonlinear model has been established, the
complexity of the model may make it difficult to implement in practical
applications, and further simplification and optimization are needed.

In the future, more types of variable stiffness materials can be ex-
plored to enrich the design choices of PAM and enhance its adaptability
and functionality. At the same time, by combining artificial intelligence
technology, an intelligent control system is developed to achieve adap-
tive control of PAM in dynamic environments. Explore the combination
application of PAM with other types of flexible actuators to form more
complex and multifunctional soft robot systems. Further research the
application of PAM in fields such as healthcare, services, and precision
manufacturing, and promote its commercialization process.
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