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Four-dimensional (4D) printing is an emerging technology by adding the dimension of
time-dependent reconfiguration into 3D printing. It enables the 3D printed structure to
change the shape, property, or functionality under external stimuli such as temperature,
magnetic field, and light, etc. Among the existing 4D printed structures, thermal
responsive structures are widely used for their easy operation. However, the slow
actuation of the thermal responsive structures impedes the applications like soft
robotics. In the current work, a pre-strained strategy is proposed to accelerate the
actuation of thermal responsive structures. A 4D printing platform that can apply strain
during the printing process is constructed to fabricate the pre-strained structures under
the aid of in-situ tensile of the printing base. A bilayer structure with one pre-strained
layer and the other non-pre-strained layer is integrally printed. Through experiments and
the finite element analysis, it is demonstrated that the aspect ratio has little effect on
the deformation of the bilayer structure, whereas the pre-strain plays a key role in the
deformation and also greatly accelerates the actuation of the bilayer structure. Based
on the 4D printed pre-strained bilayer structure, an energy-free gripper is fabricated and
a fully soft crawler is printed to achieve a high running speed.

Keywords: 4D printing, pre-strain, bilayer structure, thermal response, fast actuation

INTRODUCTION

3D printing is a widely used additive manufacturing technology that can embody objects from
digital 3D models rapidly and inexpensively in contrast to traditional manufacturing techniques. By
combining with smart materials, 3D printing is further extended to 4D printing with the addition
of time-dependent response to external stimuli. 4D printing enables the printed structure to change
its shape, property, and functionality under the external stimuli such as temperature (Ambulo et al.,
2017; Ding et al., 2017; Kotikian et al., 2018), magnetic field (Kim et al., 2018, 2019; Zhu et al., 2018),
light (Kuksenok and Balazs, 2016; Leist and Zhou, 2016; Yang et al., 2017), and pH (Nadgorny
et al., 2016), etc. In view of the characteristics of shape morphing, applications of the 4D printed
structure can be extended to diverse areas such as soft robotics (Kim et al., 2018, 2019; Kotikian
et al., 2018; Yang et al., 2018; Zhu et al., 2018), origami (Ge et al., 2014; Liu et al., 2018; Teoh et al.,
2018), biomedical device (Morrison et al., 2015; Gao et al., 2016; Zarek et al., 2017; Lin et al., 2020),
tissue engineering (Villar et al., 2013; Li et al., 2016; Gill et al., 2018), and metamaterials (Xin et al.,
2020), etc.

In consideration of the simplicity of operation and the applicability, the thermal responsive
structure is one of the most widely used 4D printed structures. For example, the thermal responsive
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hydrogel is used to realize programmable deformation of the
soft sheet by patterning chemically distinct, fiber-like regions
that exhibit different shrinkage and modulus under the external
stimulus (Wu et al., 2013). Similarly, Naficy et al. (2017) print
composite hydrogel structures which is capable of reversible
deformation under the stimulus of hydration and temperature.
Ge et al. (2013) fabricate thermal responsive 4D printed structure
by printing shape memory polymer fibers in an elastomeric
matrix. Although widely used in 4D printing, thermal responsive
structures (Le Duigou et al., 2019; Nishiguchi et al., 2020) have
a major problem in slow actuation resulting from the low heat
conduction rate of the structures, especially the cooling rate.

In order to enhance the actuation rate of the thermal
responsive structure, methods have been proposed. For example,
Bartlett et al. (2017) increase the thermal conductivity by
incorporating liquid metal microdroplets into the elastomer. Ze
et al. (2020) report a novel magnetic shape memory polymer
composite (M-SMP) that is softened by heating and actuated
by a magnetic field. Based on this M-SMP, the structures can
achieve faster actuation than conventional SMP-base structures
(Ze et al., 2020). In spite of the current strategies for fast actuation
of thermal responsive structure, there is still a long way to develop
a simple and effective method to increase actuation speed of the
thermal responsive structure.

Because the transmission rate of force is faster than the
thermal conduction rate, it is an effective method to increase
the actuation speed of the structure by combining mechanical
response and thermal response. In this work, we construct a pre-
strained 4D printing platform and propose a pre-strained strategy
for fast actuation of 4D printed bilayer structures. Through
experiments and finite element analysis (FEA), it is demonstrated
that the aspect ratio has little effect on the deformation of
the bilayer structure, whereas the pre-strain greatly affects the
deformation and greatly increase the actuation speed of the
thermal responsive structure. Based on this simple and effective
strategy, we have designed a soft energy-free gripper with high
responsive capacity and a soft crawler with a larger locomotion
step and high speed. The current work provides a new solution
based on pre-strain to increase the thermal actuation speed of 4D
printed structures, which has a wide range of applications such
as soft robotics with high locomotion speed, grippers with high
responsive capacity and so on.

EXPERIMENTAL SETUP

Materials and Fabrication
A bilayer structure with one pre-strained layer (i.e., the thermal
responsive layer) and the other non-pre-strained layer is
integrally printed. For the fabrication of the thermal responsive
layer, the precursors of EcoflexTM 00-35, Part A and Part B
(Smooth-On, Inc.) were first mixed with ethanol (98%) in a
volume ratio of 4:1, respectively. The well-mixed precursors of
EcoflexTM 00-35, Part A and Part B were blended in a volume
ratio of 1:1 for 4 min. Then, the mixture was poured into a mold
and cured at room temperature for 5 min to obtain the ethanol-
silicon composite. For the fabrication of the non-pre-strained

layer, the base and curing agent of PDMS (polydimethylsiloxane,
Dow Corning 184) were mingled in a mass ratio of 10:1. Then,
the mixture was poured into a syringe and degassed for printing.

4D Printing Platform With Pre-Strain
Stage
As shown in Figure 1A, the pre-strained 4D printing platform
includes a 3D movement platform for spatial printing, and
a clamping device fixed on a precision displacement table
(Figure 1B) for applying the pre-strain. To show the printing
capability of this pre-strained 4D printing platform, a bilayer
structure consisting of a pre-strained bottom layer and a non-pre-
strained top layer was printed. On the one hand, the bottom layer
was made from the ethanol-silicon composite that is relatively
soft (Young’s modulus is 52 kPa) and can perform isotropic
deformation under the thermal stimulation (Li et al., 2020). On
the other hand, the top layer was fabricated with PDMS that is
relatively stiff (Young’s modulus is 2 MPa) and exhibits almost no
expansion compared with the bottom layer fabricated of ethanol-
silicon composite under the thermal stimulation (Schneider et al.,
2009; Müller et al., 2019). Between the layers, resistance wire was
embedded to provide the thermal stimulation. During printing
as shown in Figure 1C, the bottom layer was stretched by the
clamping device and served as the substrate for the printing of
the top PDMS layer. Then, the resistance wire with a diameter
of 0.15 mm was fixed by surface adhesion on the pre-stretched
substrate and patterned into a zigzag line in order to increase
the heating efficiency and reduce the impact on the deformation
of the bilayer structure. Finally, the well-mixed PDMS precursor
was squeezed out of the nozzle and heated at the nozzle by the
resistance wire closely twisting around the nozzle (Hardin et al.,
2015; Ober et al., 2015). 3 W was applied to the resistance wire of
the nozzle to heat the PDMS precursor. After printing, the heated
PDMS was cured at room temperature for 4 h.

Actuation Method
The printed bilayer structure is actuated by heating and cooling
of the resistance wire embedded in the bilayer structure through
a DC power. The DC power supply is connected to the resistance
wire through the copper wires. The heating speed is regulated by
the power. Increasing the current power will enhance the heating
speed. The power is directly set to and remains 7 W for all the
following experiments. The heated bilayer structure is cooled
due to the natural heat dissipation after cutting off the power
supply. The cooling rate depends on the thermal conductivity
of the printed materials and the temperature difference, which is
constant in our experiments.

DEFORMATION OF THE PRE-STRAINED
BILAYERS

After 3D printing and releasing the pre-stretched substrate, the
bilayer structure bends towards to bottom pre-stained layer. We
denote the initial curvature as positive and the inverse bending
curvature as negative. When the thermal stimulus is applied, the
bottom layer begins to expand. As the temperature increase, the
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FIGURE 1 | Pre-strained 4D printing platform. (A) 3D movement platform for spatial printing. (B) The clamping device. (C) Schematic of the 4D printing with a
pre-strain stage.

expansion of the bottom layer reaches the maximum swelling
rate at the boiling point of ethanol, i.e., 78◦C and finally reaches
the maximum deformation at 95◦C (Li et al., 2020). As shown
in Figure 2, the slender and wide bilayer structure both bend
towards to bottom layer for the pre-strain at the beginning.
With the thermal stimulus applied, the bottom pre-strained layer
made from the ethanol-silicon composite begins to expand while
the top layer made from PDMS exhibits almost no expansion.
For the expansion of the bottom layer, the mismatch strain
between two layers as well as the curvature gradually decreases
to zero. With further expansion of the bottom layer, the opposite
mismatch strain between two layers appears, the bilayer structure
bends upwards and the curvature becomes negative. Besides,
the slender pre-strained bilayer structure whose width is much
smaller than its length can be regarded as a beam and thus
we can neglect the deformation in the width direction. For
the wide pre-strained bilayer structure whose deformation in
the width direction cannot be neglected, as the temperature
increases, the curvature in the short-axis direction decreases,
and the curvature in the long-axis direction increases. This
phenomenon attributes to the isotropic expansion of the ethanol-
silicon composite during the thermal stimulation. Combined
with the powerful manufacturing capabilities of 3D printing,
more pre-stretched structures have been fabricated (see details in
Supplementary Figure 1).

To explore the deformation of a slender pre-strained bilayer
structure, the effect of aspect ratio (length/width) and pre-strain
on the deformation is experimentally investigated. Figure 3 show
the variation in the average curvature of the slender pre-strained
bilayer structure as a function of the heating power of resistance
wire. All the data in Figure 3 represent the deformation of

pre-strained bilayer structures with the width of 1 cm, and the
thicknesses of the top and the bottom layers of 2 mm and
3 mm, respectively. Figure 3A shows the effect of the aspect ratio
by changing the length of the bilayer structure from 3 cm to
4 cm and 5 cm under a constant pre-strain of 60%. Figure 3B
shows the effect of the pre-strain by changing the pre-strain of
the bottom layer from 40% to 60% and 80% under a constant
structure length of 3 cm. The experimental data in Figure 3
reflect that the average curvature decreases monotonically and
nonlinearly as the heating power increases. Besides, the aspect
ratio has less effect on the average curvature, while the pre-strain
has much influence on the deformation of slender pre-strained
bilayer structure.

Given the pre-strain ε0, the curvature of the pre-strained
bilayer structure κ can be predicted by the classical bi-strip
model with the mismatch strain given by Timoshenko S.P
(Timoshenko, 1925),

κInitial

=
6ε0(1 + m)2

h(1 + ε0)
[
3(1 + m)2

+ (1 + mn)
(
m2 + 1

mn
)] , (1)

where m and n are the thickness ratio and Young’s modulus
ratio between the non-pre-strained layer and the pre-strained
layer, respectively (see details in Supplementary Text). The
solid lines and filled dots in Figure 4 show the initial
average curvatures of the pre-strained bilayer structure as a
function of the pre-strain obtained by theory and experiments.
All the structures in Figure 4 have the same size, i.e., the
length of 3 cm, the width of 1 cm, the thickness of the
top layer of 2 mm, and the thickness of the bottom layer
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FIGURE 2 | Bi-directional deformation of pre-strained bilayer structure. Schematic of deformation of slender pre-strained bilayer structure (A) and of wide
pre-strained bilayer structure (B).

FIGURE 3 | Variation in the average curvature of the slender pre-strained bilayer structure. (A) Effect of the aspect ratio on the deformation under a constant
pre-strain of 60%. (B) Effect of the pre-strain on the deformation under a constant structure length of 3 cm. (C) Deformation sequence as the thermal stimulus is
applied to the bilayer structure with 40% pre-strain and 3-cm length.

of 3 mm. It is found that the data are in good agreement
with the theoretical prediction when the pre-strain is smaller
than 40%. When the pre-strain is greater than 40%, the
experimentally measured values are slightly greater than the

theoretical prediction. This deviation originates from the
hypothesis of the theory that the constitutive relation of the
model is linear elastic, whereas the materials in the experiments
are hyperelastic.
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FIGURE 4 | The initial and final average curvatures of the slender pre-strained
bilayer structure. Symbols are experimental data and lines are predictions of
Equation (1) and (2). The solid lines and filled dots are the initial average
curvatures and the dash lines and hollow dots are the final average curvatures.

The final curvatures of the pre-strained bilayer structures
can be also predicted by the theory through introducing the
maximum thermal expansion strain εmax of the pre-strained
layer. The final curvature is

κFinal

=
6(ε0 − εmax)(1 + m)2

h(1 + ε0 − εmax)
[
3(1 + m)2 (1 + mn)

(
m2 + 1

mn
)] , (2)

The maximum thermal expansion strain of our structures is
nearly 70% obtained by experiment. Dash lines and hollow
dots in Figure 4 show the final curvatures as a function of
the pre-strain, which presents a good agreement between the
experimental data and the theoretical prediction.

For the wide pre-strained bilayer structure, Finite Element
Analysis (FEA) is conducted by COMSOL Multiphysics to
explore the effect of size and pre-strain on the deformation.
The moduli of the top and the bottom layers in the FEA model
are set to 2 MPa and 52 kPa, respectively. The coefficients of
thermal expansion of the top and the bottom layers are 0 and
0.0025, respectively. As the temperature increases from 20◦C to
100◦C, curvatures in two directions are analyzed for the wide
pre-strained bilayer structure with the width of 2 cm as shown
in Figure 5. For the cases of FEA simulation, three lengths of
the bilayer structure (5 cm and 7 cm) are considered under a
constant pre-strain of 20% and two pre-strains (10% and 20%)
are considered under a constant length of 7 cm. As shown in
Figures 5A,B, the curvature κ1 decreases monotonically and
the curvature κ2 increases monotonically as the temperature
increases. The curvature κ1 and κ2 increase notably as the pre-
strain increases and are insensitive to the aspect ratio.

The effect of pre-strain on the deformation speed of wide
curved bilayer structure is further explored. For the bilayer with

pre-strain, it bends when it is released at the beginning without
heating. While for the bilayer without pre-strain, we curve it
as a control group. The relative length (L/L0) of the curved
bilayer is selected as the variable to measure the deformation
as shown in Figure 6A. The sizes and materials of all the
bilayer structures are the same, i.e., the length of 7 cm, the
width of 2 cm, top layer (PDMS) thickness of 1 mm, bottom
layer (ethanol-silicon composite) thickness of 2 mm. The heating
power is 7 W. As shown in Figure 6A, as the temperature
increases, the relative length of the structure increases and finally
reaches to maximum deformation. And then, as the temperature
decreases by stopping heating, the relative length decreases.
According to the variation rate of L/L0 during the heating and
cooling process, it is demonstrated that the bilayer structure
with 80% pre-strain has the fastest deformation speed both
upon heating and cooling. Besides, the deformation amplitude of
curved bilayer with 80% pre-strain is the largest. In comparison,
the bilayer without pre-strain performs smaller deformation
and takes longer time In Figure 6B, compared with other
thermal responsive structures, the pre-strained bilayer structures
present relatively fast deformation speed at centimeter scale (see
Supplementary Table 1). Thus, the pre-strain can accelerate the
actuation of the thermal responsive bilayer structure and provide
a larger deformation amplitude.

APPLICATIONS OF PRE-STRAINED 4D
PRINTING BILAYER STRUCTURE

In contrast to the slender bilayer structure, the wide bilayer
structure has a larger contact area, which is more conducive
forgrip and crawling. Thus, based on the wide bilayer structure
(the length of 7 cm, the width of 2 cm, the PDMS layer thickness
of 1 mm, and the ethanol-silicon composite layer thickness of
2 mm), a soft energy-free gripper with high responsive capacity
and a soft crawler with a larger locomotion step and high speed
are designed and presented in the following.

The wide pre-strained bilayer structure is first used to design
a fast and energy-free gripper. In Figure 7, four identical wide
pre-strained bilayers with 40% pre-strain act as fingers to form
a soft gripper. In the absence of thermal stimuli, the wide pre-
strained bilayer bends inwards and the soft gripper is in a close
“finger” configuration. It is worth noting that the resistance
wire is only embedded in the upper half section of the bilayer,
namely the heating region as shown in Figure 7A. Such a design
ensures the end of the “finger” maintain its initial shapes during
the heating process so that this soft gripper can capture the
object more efficiently. Furthermore, since the heating region
is away from the end of the “fingers,” the thermal stimuli has
little effect on the object being held. By switching on and off
the power supply, we can control the opening and closing of
the gripper as shown in Figure 7C. Due to the pre-strain,
our gripper can open or close the “fingers” quickly. It takes
around 10 s to open the “fingers” as shown in Figure 7A.
Furthermore, the energy-free gripper only needs energy to open
the “fingers.” After the gripper capturing the target object, the
gripper can hold the object by its pre-strain without extra energy
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FIGURE 5 | FEA simulation results of wide pre-strain bilayer structure. (A) Variation in the curvature of pre-strained bilayer structure, (A) κ1 and (B) κ2, as a function
of temperature for different aspect ratios and pre-strains. (C,D) The shapes of pre-strained bilayer structure with different aspect ratio at 20◦C (C) and 100◦C (D).

FIGURE 6 | Deformation of the wide bilayer. (A) The variation in the relative length of the curved bilayer as a function of time. (B) The comparison of deformation time
between our work and other thermal responsive structures with different thicknesses in the literature. (C) Deformation sequence for bilayer with 40 % pre-strain (left)
and without pre-strain (right).

input. Figures 7D,E shows that the gripper can grasp a sphere
with a weight of 40 g, and a plastic cup filled with water
with a weight of 70 g that is 3.5 times the whole weight of
the soft gripper.

We further design and fabricate a soft crawler by utilizing the
wide pre-strain bilayer structure. The resistance wire embedded
in the structure is connected to the thin copper wire that
supplies power for thermal actuation and avoids the effect on
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FIGURE 7 | Energy-free gripper based on 4D printing pre-strained bilayer. (A) Rapid deformation of pre-strained bilayer upon heating. (B) Schematic of pre-strained
soft gripper composed of four identical pre-strained bilayers. (C) initial closed “fingers” open upon heating and closes upon cooling. (D,E) Demonstration of grasping
of a sphere with a weight of 40 g, and a plastic cup filled with water with a weight of 70 g. The weight of the soft gripper is 20 g.

FIGURE 8 | Soft crawler based on 4D printing pre-strained bilayer. (A) Snapshot sequences for the crawler with 80 % pre-strain. (B) Deformation of the soft crawler
as a function of time.

the locomotion of the crawler. To break the symmetry of the
crawler and realize effective locomotion, two different flat sheets
are attached to the end of the bilayer as shown in reference

(Li et al., 2020). Figure 8A shows the locomotion mechanism
of the soft crawler. During the heating-cooling cycle, the soft
crawler can move forward effectively (Supplementary Movie 1)
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Figure 8B shows the relative length of the soft crawler with
different pre-strain over time. It is experimentally demonstrated
that the soft crawler with a larger pre-strain (80%) has a larger
motion step and higher speed, i.e., 0.3 mm/s, which is faster
than the thermal actuation soft crawler of the previous work
(Li et al., 2020).

CONCLUSION

In summary, a pre-strained strategy is proposed to accelerate
the actuation of thermal responsive structures. To fabricate the
pre-strained bilayer structure, we construct a pre-strained 4D
printing platform that can apply strain to the substrate during
the printing process. Due to the strain mismatch, the pre-
strained layer tensions the non-pre-strained layer, leading to an
initial bending of the printed structure. Because of the higher
coefficient of thermal expansion of the inner pre-strained layer,
the curvature of the pre-strained bilayer structure decrease under
the external thermal stimulus. As the temperature increases, the
initial bending structure will bend in the opposite direction. We
have explored the effects of aspect ratio and pre-strain on the
slender pre-strained bilayer structure through experiments and
on the wide pre-strained bilayer structure through FEA. The
deformation of pre-strained bilayer structure is less sensitive to
the aspect ratio while sensitive to the pre-strain. Furthermore, we
have studied the deformation speed of wide pre-strained bilayer
structure with different pre-strains, and deduce that pre-strain
can enhance the deformation speed of bilayer structure. Based
on the pre-strained bilayer structure, we have designed a fast and
energy-free gripper and a soft crawler with a larger motion step
and higher speed. In further research, the pre-strained structure

can be applied to more sophisticated soft robotics for higher
responsive capacity.
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