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Abstract

Soft electrothermal actuators have drawn extensive attention in recent years for their promising
applications in biomimetic and biomedical areas. Most soft electrothermal actuators reported so
far demonstrated uniform bending deformation, due to the deposition based fabrication of the
conductive heater layer from nanomaterial-based solutions, which generally provides uniform
heating capacity and uniform bending deformation. In this paper, a soft electrothermal actuator
that can provide twisting deformation was designed and fabricated. A metallic microfilament
heater of the soft twisting actuator was directly printed using electrohydrodynamic (EHD)
printing, and embedded between two structural layers, a polyimide film and a
polydimethylsiloxane layer, with distinct thermal expansion properties. Assisted by the direct
patterning capabilities of EHD printing, a skewed heater pattern was designed and printed. This
skewed heater pattern not only produces a skewed parallelogram-shaped temperature field, but
also changes the stiffness anisotropy of the actuator, leading to twisting deformation with
coupled bending. A theoretical kinematic model was built for the twisting actuator to describe its
twisting deformation under different actuation effects. Based on that model, influence of design
parameters on the twisting angle and motion trajectory of the twisting actuator were studied and
validated by experiments. Finite element analysis was utilized for the thermal and deformation
analysis of the actuator. The fabricated twisting actuator was characterized on its heating and
twisting performance at different supply voltages. Using three twisting actuators, a soft gripper
was designed and fabricated to implement pick-and-place operations of delicate objects.
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1. Introduction

Soft actuators arc mainly made of elastomeric or flexible
materials. The actuators change their shape or size in response
to various stimuli such as electricity [1], heat [2], chemic-
als [3], light [4], magnetic fields [5], and pneumatic pressure
[6]. In the past decade, there has been an increasing interest
in the research of soft actuators, due to their lightweight,
high flexibility and adaptability, compliance, and compatib-
ility for human-robot interactions. These characteristics give
them potential uses in the field of biomimetic applications
like artificial muscles [7, 8], biomimetic grippers [9], and soft
robotics [10-12]. Soft electrothermal actuators use resistive
heating as the stimulus and are usually fabricated in a bimorph
structure with two layers that have significantly different coef-
ficient of thermal expansion (CTE). The electrothermal actu-
ators have a conductive heater layer, cither as one of the struc-
tural layers or as a separate embedded layer, to provide Joule
heat to drive the actuator. When the bimorph structure of the
actuator is exposed to the temperature change induced by res-
istive heating, the large mismatch of the thermal expansions
between the two structural layers triggers the actuator to bend.
Most soft electrothermal actuators reported so far demon-
strated uniform bending deformation, due to the fabrication
method of the conductive heater layer using nanomaterial-
based solutions. Conventional fabrication methods for the
conductive layer of soft electrothermal actuators are mostly
deposition-based, such as spin-coating [13], casting [14], fil-
tration [15], and spray [16]. A uniform conductive layer is gen-
erally produced from these deposition techniques, which only
provides even heating capability and is difficult to realize cus-
tomized heating distributions and complex deformations other
than uniform bending. Twisting represents another degree-of-
freedom for soft actuators to enhance their versatility and func-
tionality. Generally, twisting deformation requires soft actuat-
ors to have controlled non-uniform actuation of the actuator.
Twisting deformation of soft actuators can be achieved
from skewed bending deformation, which produces a coupled
twisting and bending deformation. When the bending direction
of the actuator is misaligned with its longitudinal axis, a twist-
ing deformation can be obtained. One method to achieve twist-
ing deformation is by changing the stiffness anisotropy. Bend-
ing deformation tends to occur along the direction with the
lowest stiffness. When the actuator has reinforcement struc-
tures (reinforcing stripes, fibers, or wires) that change its stiff-
ness anisotropy so that the lowest stiffness direction misaligns
with the transverse axis, the actuator tends to bend along this
skewed direction with the lowest stiffness, and hence a twist-
ing deformation can be achieved with the coupled bending
deformation. For example, Song et al [17] developed a shape
memory alloy actuator that can achieve customized bending
and twisting actuation. A layered reinforcement structure was
embedded in the matrix to vary the mechanical properties of
the actuator. When the reinforcement structure is along or per-
pendicular to the transverse axis, a pure bending deforma-
tion is obtained. When the layered reinforcement structure ply
configuration is misaligned with the transverse direction by

30/45/60 degree, a twisting deformation can be achieved. Sim-
ilarly, Wang et al [18] designed a thermal responsive soft actu-
ator that exhibits twisting deformation, which comes from its
structure anisotropy induced by the embedded shape memory
polymer fibers in a homogeneous elastic matrix.

The other commonly used approach to achieve twisting
deformation is changing the actuation direction. For soft pneu-
matic network actuators, this can be done by orienting the
air chambers by an angle from the transverse direction. For
example, Wang et al [19] reported a soft pneu-net actuator to
generate twisting motion with coupled bending, which was
achieved by creating oblique air chambers. Through finite
element analysis (FEA) and experimental verification, vari-
ation trends of bending and twisting motions with respect to
the chamber angle were investigated. Some photo respons-
ive materials exhibit uniaxial deformation or have a domin-
ant deformation direction. Hu et al [20] reported a photo actu-
ator which was fabricated by compositing a photo-liquefiable
azobenzene derivative with polyethylene film. Guided rubbing
and annealing treatments were subsequently applied to the
composite film. Actuators obtained by cutting along the rub-
bing direction exhibited only bending deformation, while actu-
ators obtained by cutting at an angle with the rubbing direction
exhibited helical twisting. Haan et al [21] reported humidity
responsive actuators based on a single sheet of a hydrogen-
bonded, uniaxially aligned liquid crystal polymer network.
The asymmetry in the molecular trigger in the anisotropic
polymer film plays a dominant role leading to programmed
deformations including bending, folding, and twisting.

More dedicated twisting deformation with little coupled
bending can be achieved by combining two perpendicular
straining deformations, as the opposite bending deformations
cancel out. For example, Grinberg et al [22] developed a
piezoelectric beam actuator driven by interdigitated electrodes
(IDEs), deposited over its top and bottom surfaces. IDEs on
both top and bottom surfaces have a 45° angle with the beam
axis but orient at the opposite directions. When only one set
of electrodes is actuated, either on the top or bottom surface,
a coupled bending and twisting response is induced. How-
ever, if both the top and bottom electrodes are actuated, a pure
twisting mode can be achieved. Wang et al [23] developed
a dual-layer liquid crystal soft actuator that can bend under
ultraviolet irradiation and twist under near-infrared irradiation.
The top layer possesses a uniaxially aligned liquid crystalline
elastomer matrix incorporated with azobenzene chromophores
and a near-infrared absorbing dye, so it bends under ultravi-
olet stimulus and shrinks under near-infrared stimulus. The
bottom layer has only near-infrared dye, and only responds
to near-infrared stimulus. Because the shrinkage directions of
the top and bottom layers are tilted to each other, the actu-
ator executes twisting deformation under near-infrared irra-
diation. Similarly, Finio et al [24] developed a piezoelectric
twisting actuator by deploying antisymmetric top and bottom
fiber-reinforced composite layers. Gorissen et al [25] fabric-
ated a pneumatic twisting actuator by combining two atrays
of pneumatic balloon actuators with opposite bending direc-
tions.
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In this paper, a soft twisting electrothermal actuator was
designed, fabricated, and characterized. The conductive metal-
lic microfilament heater of the actuator was directly printed in
a skewed orientation using the electrohydrodynamic (EHD)
printing technology. EHD printing was selected as the fabric-
ation method due to its high-resolution direct patterning cap-
abilities and simpler processing than lithography and etching
based technologies. Meanwhile, a low melting point alloy is
used and directly printed as the heating element, which has
higher conductivity than most conductive composites used
in common ink-printing techniques. The resistive heater was
embedded in the two structural layers of polyimide (PI) and
polydimethylsiloxane (PDMS), which are selected due to their
largely different CTEs. This skewedly oriented heater filament
not only creates a skewed parallelogram-shaped temperature
ficld, but also changes the mechanical anisotropy of the actu-
ator, which leads to twisting deformation with coupled bend-
ing. A theoretical kinematic model was built to describe its
twisting deformation under different actuation effects. Based
on the theoretical model, the effect of the design parameters on
the resulting twisting angle and motion trajectory of the twist-
ing actuator were studied and compared with experimental
results. FEA simulation tool was utilized for the thermal and
deformation analysis. The fabricated soft twisting actuator has
been characterized on its heating and twisting performance at
different actuation voltages. Using three twisting actuators, a
soft gripper was designed and fabricated to implement pick-
and-place operations of delicate objects.

2. Fabrication of the twisting electrothermal
actuator

The soft actuator was designed with a bimorph structure with
embedded microfilament heater fabricated by EHD printing
using a low melting point alloy. The two structural layers of
the bimorph structure are PI and PDMS due to the large mis-
match of their thermal expansion capabilities. The CTEs of
PI and PDMS are 20 x 107% °C~! and 320 x 1076 °C~!,
respectively. The heating filament of the soft actuator was dir-
ectly printed and embedded in-between the PI and PDMS lay-
ers using a low melting point solder (Bi58/Sn42, 58% Bismuth
and 42% Tin with a melting point of 138 °C, purchased from
Qualitek).

An EHD printing process of the low melting point metal ink
was developed for the fabrication of the embedded heater in
the actuator [26-28]. As shown in figure 1(a), the EHD print-
ing system consists of four components: a three axes motion
stage, a heating syringe, a pneumatic dispensing system, and
a high voltage power supply. The motion stage, directed by
computer numerical control program, can move in XYZ dir-
ections with high precision. A temperature-controlled syringe
was heated up to 260 °C to melt the low melting point alloy
to increase the ink flowability. A small pressure of 0.1-0.2 psi
(689-1379 Pa) was used in the pneumatic dispensing system
to ensure a stable flow of the molten metal to the nozzle tip. A
high voltage about 2 kV was applied between the nozzle and
the ground electrode below the printing substrate to provide

the needed electrostatic force for printing. When the result-
ing electrostatic force overcomes surface tension of the ink,
the ink meniscus at the nozzle tip forms a conical shape (i.c.
Taylor cone), and a fine filament whose size is smaller than the
nozzle’s diameter is ejected onto the substrate.

To fabricate the soft twisting actuator, a layer of PDMS was
first coated on a glass slide. The microfilament heater was then
printed on the cured PDMS substrate by EHD printing. The
printed heater filaments have a semi-circle profile with a dia-
meter (i.e. linewidth) about 100 xm and a height about 50 pm.
Then, a PI tape (with a 25.4 pm thick PI layer and a 25.4 um
silicone adhesive layer) was pressed against the printed heater
to peel the heater filament off from the PDMS substrate. There-
after, copper wires were connected to the printed heater using
solder for electrical connection to the power supply. Finally,
a layer of PDMS was blade coated to seal the microfilament
heater in between the PDMS and the PI layer with controlled
PDMS layer thickness (about 250 um). The thickness was con-
trolled by a gap between the coating blade and substrate, which
was set by laying two plastic films with pre-determined thick-
ness. The top PDMS layer was cured at room temperature (to
minimize the residue thermal stress) for 24 h, then the actu-
ator was produced by cutting the bimorph film into designed
sizes (10 mm by 40 mm rectangular shape for the actuator in
figure 1(b)).

In our previous research [29-31], we have studied soft elec-
trothermal actuators with uniform bending and the general
design concepts for programmable deformations. In this work,
we specifically focused on the design, kinematic modeling,
and FEA of soft electrothermal actuators that demonstrated
twisting deformation. Unlike the uniform bending actuator,
the twisting actuator was designed with a skewedly oriented
heater pattern, as shown in figure 1(b). This oblique heater pat-
tern not only produces a parallelogram high temperature area,
but also changes the stiffness anisotropy of the actuator. For
the previous uniform bending heater pattern, the temperature
distribution is approximately even, and the transverse direc-
tion has the lowest bending stiffness. While for the skewed
heater pattern, the heating area and the direction with the low-
est bending stiffness shifts to be parallel to the skewed heater
filaments, as shown in figure 1(c). The actuator tends to bend
along this oblique direction, resulting in the twisting deform-
ation with coupled bending (figure 1(d)). It is worthy to point
out that both skewed heating area and mechanical anisotropy
contribute to the overall twisting deformation. It was observed
that an actuator with skewed heater filaments but filling in
a rectangular shape showed only around half of the twisting
angle of the twisting actuator with a parallelogram shaped
heater at the same voltage. Therefore, both features are adop-
ted in the design of this work to achieve maximum twisting
deformation.

3. Modeling of the deformation of the twisting
actuator

The soft twisting actuator provides much more complicated
deformation, compared with uniform bending actuators. It
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Figure 1. (a) The schematic EHD printing system. (b) A fabricated twisting electrothermal actuator with EHD printed skewed heater
filaments (scale bar is 10 mm). (c) Thermography of an actuated soft twisting actuator showing skewed parallelogram temperature
distribution. (d) The actuator produces twisting deformation along with coupled bending.

Figure 2. (a) The original coordinate system of the twisting actuator. (b) The transformed coordinate system to calculate position of the free
end. (c) Development of the reference cylinder and the actuator. (d) Projection of points on the actuator to the cylinder bottom.

is very important to understand the relationship between the
actuation voltage, the curvature of the oblique bending, and
the resulting twisting angle and the free end position, so as
to apply the twisting actuator in delicate applications, such
as soft robotics. For the soft actuator designed in this work,
due to the skewed temperature distribution and stiffness aniso-
tropy, actuators with a skewed heater pattern exhibit twisting
deformation with coupled bending when actuated with elec-
tricity. This coupled twisting and bending deformation is res-
ulted from a bending deformation that misaligns the trans-
verse direction. Assuming the structural deformation of the
actuator comes from the parallelogram-shaped heated area,
the rectangular actuator can be divided into three segments,
a parallelogram segment and two triangle segments, as shown
in figure 2(a). The parallelogram segment undergoes skewed
bending deformation, while the two triangle segments mostly
remain tangent to the parallelogram segment since their tem-
perature does not increase significantly during the actuation.

Figure 2(a) shows the actuator in the original rectangular
coordinate system, but it is difficult to use this coordinate sys-
tem for theoretical modeling and calculation. Since bending
of the parallelogram-shaped heated area is along the skewed
direction, if the bending curvature is known, the actuator will
wrap around a cylinder with its z-axis being parallel to the
skewed direction and its radius being the same to the bend-
ing radius of the actuator. Therefore, a transformed cylindrical
coordinate system as shown in figure 2(b) is used for model-
ing the deformation of the actuator. In the cylindrical coordin-
ate system, Z-axis is the reference axis and X-axis is the ref-
erence direction. Assume that the top edge of the actuator is
fixed, and the bottom edge is free to move. In order to find
the bottom edge’s position and the twisting angle, we need
to calculate the coordinates of points A and B (as shown in
figure 2(b)). The reference cylinder and the wrapped actu-
ator can be laid out on a surface as shown in figure 2(c). In
figure 2(c), L and W are length and width of the actuator, 6
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is the heater pattern inclination angle with respect to the lon-
gitudinal direction. Also, points on the actuator can be projec-
ted to the bottom of the cylinder as shown in figure 2(d), in
which A’ and C’ are projections of A and C, and R is radius
of the cylinder (R = 1/, where & is the bending curvature
of the actuator). Based on these two diagrams, the axial dis-
tance of point A is L OA’ = v/ R? + W2cos20, its azimuth is
equal to angle —(a+ 8) = — Smg(L;Www) — tan~" <88 angd
the height is —Lcos 6. For point B, axial distance is R, azimuth
is angle —a = w, and height is —Lcosf — Wsiné.
Coordinates of points A and B are summarized below.

Ao, = (VT Wy - S et

R

_ Wcosf

— tan —Lcosﬂ), (@))]

sinf(L — Wcotf)

B(p,p,2) = (R - R ,—Lcosf — Wsin9) .

@

Cylindrical coordinates then can be transformed into rect-
angular coordinates in the calculation coordinate system:

X = pcosy, 3)
y = psing, (€]
=2z (5)

The rectangular coordinates in the calculation coordinate
system can be converted into the original rectangular coordin-
ate system by transformation of the coordinate system. This
can be done by two steps: translate along x-axis by length R,
and rotate around x-axis by —6 (negative sign means a clock-
wise direction). Afterwards, we are able to find the coordinates
of A and B in the original coordinate system using the follow-
ing equation:

x’ 1 0 0 X R
vy =10 cos(—0) sin(—0) yi—10
7 0 —sin(—6) cos(—0) b4 0
(©)

Twisting angle of the free edge can be obtained by calculat-
ing the angle between line AB’s projection on X-Y plane and

Y-axis:
_ 1 (X/(B)—x'(A)
TA = tan <W) . (7)

Based on the constructed model, design parameters includ-
ing actuator L, W, bending curvature (), and heater pattern
inclination angle () all affect the twisting angle. These design
parameters can be integrated in the process of device fabrica-
tion to optimize actuator design and achieve desired response.
Figure 3(a) shows the relationship between twisting angle and

actuator length when other parameters are set as W = 10 mm
and 6 = 45°. Theoretically, twisting angle is proportional
to the actuator length. We fabricated four actuators whose
length ranged from 17 to 62 mm and measured their twist-
ing angles when the bending curvature was approximately
0.3 cm™! under actuation. As we can see from figure 3(a), the
experimental results generally agree well with the trend from
the theoretical model. From figure 3(b), the twisting angle is
inversely proportional to the actuator width, in which actuator
length is set to 32 mm and heater pattern inclination angle
is 45°. We fabricated three actuators whose widths were 3,
10, and 15 mm, and measured their twisting angles when the
bending curvature was approximately 0.3 cm™!. The twisting
angle generally decreases as the actuator width increases, fol-
lowing the theoretical trend. Intuitively, the twisting angle is
proportional to the bending curvature of the actuator, which is
confirmed in figure 3(c). When the actuator length is fixed to
32 mm and actuator width is fixed to 10 mm, twisting angle is
proportional to the bending curvature as shown in figure 3(c).
Twisting angle at different bending curvatures was measured,
which agrees with the theoretical trend. Lastly, the relationship
between twisting angle and the inclination angle of the heater
pattern is presented in figure 3(d), in which actuator length is
32 mm and actuator width is 10 mm. Note that on the hori-
zontal axis in figure 3(d), the heater pattern inclination angle
starts from 17.35°, which is the smallest heater inclination
angle when the actuator length is 32 mm and actuator width
is 10 mm based on our heater pattern configuration. We fab-
ricated three actuators whose heater pattern inclination angles
were 30°, 45°, and 60°, and measured their twisting angles
when the bending curvature was approximately 0.3 cm™!.
When all other design parameters are fixed, the largest twist-
ing angle will be achieved when the heater inclination angle
is around 45°. This is quite intuitive as when the inclination
angle gets close to 0 or 90°, the deformation will mostly be
pure bending deformation.

From the model, we can obtain the coordinates of the two
points on the free edge of the actuator, by which we are able to
calculate the position of the free edge (shown in figure 4(a)).
The displacement of the midpoint on the free edge can be
derived by calculating its coordinate change with respect to
its original position (0, W/2, —L). Then its displacements in X,
Y, and Z directions are:

Ar_ YA B) )
2
YA +y'(B) W
Ay = 2 > )
PG JZFZI(B) +L (10)

The theoretical displacement trend of the midpoint on the
free edge in X, Y, and Z directions is shown in figure 4(b),
in which the actuator length is 32 mm and width is 10 mm,
heater pattern inclination angle is 45°. Figure 4(c) shows the
motion trajectory of the free edge when the actuator’s bending
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Figure 3. (a) The relationship between twisting angle and actuator length. (b) The relationship between twisting angle and actuator width.
(c) The relationship between twisting angle and bending curvature. (d) The relationship between twisting angle and inclination angle of the

heater pattern.

curvature gradually increases from O to 1 cm ™!, and figure 4(d)
shows its bottom view, which indicates a trend similar to
the sequential images we obtained experimentally in the next
section.

4. FEA of the soft electrothermal actuator

To help the design of the soft twisting actuator, FEA sim-
ulation is used to study the temperature distribution and
deformation of the twisting actuator. Our electrothermal actu-
ator is a coupled multi-physical system with electric-thermal-
mechanical responses. FEA is a powerful tool to simulate and
analyze the actuation process and the relationship between
supply voltage, temperature distribution, and deformation. A
3D model was generated by SolidWorks and then SolidWorks
part files were converted to Parasolid files that can be impor-
ted into FEA software ANSYS. In the CAD model, the actu-
ator was simplified to a bilayer structure, in which the silicone
adhesive layer was added to the PDMS silicone layer due to
their similar physical properties. The simulation work consists
of two analysis systems: a thermal-electric system and a static
structural system. The two analysis systems share the same
engineering data and geometry information, and the solution
results of thermal-electric system is used as input load for

the static structural system. All engineering data used is lis-
ted in table 1, which come from technical data sheets or sci-
entific papers. Note that we assume the Young’s modulus of
Bi58/Sn42 decreases linearly from 39 GPa to O as the temper-
ature increases from 20 °C to 138 °C (its melting point).

In the meshing process, the element size was set to about
0.3-0.5 mm. Three meshing methods were used. Tetrahedron
meshing was used for the PDMS layer, hexahedron meshing
was used for the PI layer, and sweep meshing was used for
the Bi58/Sn42 filament heater. Meshing methods were selec-
ted mainly based on the geometrical features of the object.
The PI film has a uniform thickness, so it can be meshed
using the hexahedron meshing method. The heater filament
has a semi-circular cross-section, and hence a sweep meshing
is appropriate. Since the heater filament is embedded inside the
PDMS layer, a tetrahedron meshing method is applied to the
PDMS layer. To ensure reasonable simulation results and to
prevent the three layers from separating each other, topology
was shared on the meshing boundaries.

In the thermal-electric system, voltages were applied on the
two ends of the heater filament. A constant air convection coef-
ficient 2 x 107> W mm™—2 °C was applied on the outside sur-
face of the actuator. For the static structural system, the left
edge of the actuator was fixed, while all the other sides were
free to deform.
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Figure 4. (a) Displacement of the free edge. (b) Displacement of the midpoint on the free edge in x, y, and z directions. (c) Motion
trajectory of the free edge. (d) Bottom view of the motion trajectory of the free edge.

Table 1. Engineering data used in the FEA simulation.

Properties Bi58/Sn42 PDMS PI
Density (kg m ™) 8720 965 1420
Young’s modulus (MPa) 39 000-0? 2.6 2500
Poisson’s ratio 0.35 0.495 0.34
CTE (ppm/C°) 16.7 320 20
Thermal conductivity 21.6 0.27 0.12
(WmK™hH

Specific heat J g~ 1) 46 1.46 1.09
Electrical conductivity 345 N/A N/A

(pohm cm)

* Decreases linearly as temperature increases.

The soft electrothermal actuator is generally made of elastic
materials, and can generate large deformation when being
actuated. Due to its high nonlinearity, simulation of elastic
materials is much more difficult than the conventional rigid
structures. The elements could become so distorted that the
solver cannot give a solution. To overcome the convergence

difficulties under large structural deformation for the soft actu-
ator, a nonlinear adaptive region was used in ANSYS, which
commands ANSYS to automatically re-mesh the model or a
portion of the model when elements become excessively dis-
torted. Moreover, a semi-implicit solving scheme was applied
when the default implicit solver was having trouble, as the
semi-implicit solver can better handle very large deformation.
As a result, the force and displacement were able to converge
even under large deformation.

Based on the CAD model and simulation environment con-
figurations, the thermal analysis and deformation analysis of
the soft twisting actuator were studied at different actuation
voltages (e.g. 1, 2, 3, and 3.5 V) as shown in figure 5. Clearly
for our oblique heater design, a roughly parallelogram heat-
ing area and temperature distribution can be observed from
the thermal analysis. Twisting deformation can be achieved
at the free end of the actuator. The resulting temperature on
the actuator and twisting deformation can be controlled by the
applied actuation voltage. As shown in the next section, the
FEA results are very close to the experimental results shown
in figure 6.
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Figure 5. Thermal analysis and deformation analysis of the twisting actuator when the supply voltage is (a) 1 V; (b) 2 Vi (c)3 V; (d) 3.5 V.

5. Experimental characterization of the twisting
electrothermal actuator

The fabricated twisting actuator was characterized on its heat-
ing and twisting performance at different actuation voltages.
Temperature distribution on the twisting actuator was meas-
ured by an infrared camera (Fotric 225). Figure 6(a) shows its
thermographies at different actuation voltages. Clearly, a par-
allelogram high temperature zone was observed. Note that the
actuator was restrained from deformation when being meas-
ured for temperature. Figure 6(b) shows the actuator’s twist-
ing deformation at different actuation voltages, in which twist-
ing deformation can be observed with coupled bending. Both
figures 6(a) and (b) were captured at steady state when heating
had saturated after supplying voltage for more than 1 min. The
experimental temperature distribution and twisting deforma-
tion of the soft actuator at different actuation voltages are very
close to the FEA simulation results in figure 5. Moreover,
the motion trajectory of the free edge at different voltages in
figure 6(b) resembles the trend of the theoretical model, as
shown in figure 4. At 3 V supply voltage, the actuator can gen-
erate a torque that is about two times its own weight-length
(70 mN mm).

The actuator was also characterized on its heating per-
formance and twisting deformation with regard to the applied
electrical voltage. The actuator’s average temperature in the
parallelogram area and its twisting angle at different actu-
ation voltages were measured, as shown in figures 6(c) and
(d), respectively. The actuator’s average temperature in the
parallelogram area and its twisting angle at different actu-
ation currents are provided in figure S1 (available online at
stacks.iop.org/IMM/32/035001/mmedia) in the supplement-
ary information. Linear relationship is observed between the
actuation voltage and the resulting twisting angle. Figure 6(e)
shows change of the twisting angle as a function of time when
a 2.5 V voltage was applied at 0 s while cut off at 60 s.
The twisting angle was measured every 5 s by a protractor
on the captured image. Specifically, motion of the moving
edge of the twisting actuator was first captured by a digital
camera. Then the twisting angle was obtained by measuring
the rotating angle of the moving edge. Generally, the twist-
ing angle of the actuator increased rapidly when the voltage
was applied, and then gradually reached a stable twisting angle
within 60 s. Upon turning off the voltage, the twisting angle
dropped sharply at the beginning, then decreased slowly to
about 5° within 60 s (less than 3° within 90 s, which is a
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Figure 6. (a) Thermographies and (b) deformation of the twisting electrothermal actuator at different actuation voltages. (c) The measured

average temperature in the parallelogram heated area at different voltages. (d) The twisting angle at different voltages. (e) Change of the
twisting angle as a function of time when a 2.5 V voltage was applied at 0 s, and cut off at 60 s.

1 cm Pa ————— || @i

—— e S—

U=0V,06=0°

U=3.5V,0=80° U=0V,0=0° U=35V,0=-80°

Figure 7. (a) A right skewed heater pattern and counterclockwise twisting. (b) A left skewed heater pattern and clockwise twisting.
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Figure 8. A soft gripper made of three twisting actuators. (a) Initial unactuated state; (b) actuated without load; (c) gripping the sample.

residual angle after actuation). The asymmetric actuation in
the heating and cooling stages was caused by the change of
the heater’s electrical resistance and heat dissipation speed at
different temperature, while the residual angle is mainly due to
the elastic hysteresis of the silicone materials. Moreover, both
clockwise and counterclockwise twisting deformation can be
obtained by changing the orientation of the heater filaments.
An actuator with right oriented heater pattern exhibits counter-
clockwise twisting deformation (shown in figure 7(a)), while
an actuator with left oriented heater pattern exhibits clockwise
twisting deformation (figure 7(b)). Both actuators can achieve
an 80° twisting angle when the supply voltage is 3.5 V.

Soft grippers are typical applications of soft actuators,
because of their large deformation and gentle interaction with
the objects. In this work, three twisting actuators were integ-
rated into a soft gripper to pick-and-place delicate objects.
Compared with conventional soft grippers consisting of bend-
ing actuators, grippers made of twisting actuators have higher
adaptability, and can grasp objects more securely with less
gripper fingers. Figure 8 shows a soft gripper made of three
twisting actuators. The three twisting actuators were connec-
ted in a series circuit. When the actuators were unactuated,
the gripper fingers remained flat (shown in figure 8(a)). After
applying a voltage, the actuators twisted, and their tips got
closer to each other (shown in figure 8(b)). We used a foam
block as the gripping sample to mimic a delicate object. As
shown in figure 8(c), the soft gripper can securely grasp the
sample, which realized humanoid motion without any addi-
tional mechanical components and can potentially be used as
robotic ‘hand’ to handle fragile objects that cannot be handled
by conventional rigid grippers.

6. Conclusions

In this paper, a soft twisting electrothermal actuator was
designed, fabricated, and characterized. The actuator has a
bimorph structure with two structural layers (PI and PDMS)
having distinct thermal expansion properties, and an EHD
printed metallic microfilament heater embedded between the
two structural layers. The metallic heater filaments were dir-
ectly printed in a skewed orientation, which not only produces
a skewed parallelogram-shaped high temperature area, but
also changes the stiffness anisotropy of the actuator, leading
to twisting deformation with coupled bending. A theoretical
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geometric model was built for the soft twisting actuator to
study the influence of design parameters and the actuation
effect on the resulting twisting angle and the deformation of
the actuator, which were validated by experiments. FEA sim-
ulation using ANSYS was utilized for the thermal analysis and
deformation analysis of the twisting actuator. The fabricated
twisting actuator was characterized on its heating and twisting
performance at different actuation voltages. Using the twisting
actuators, a soft gripper was integrated to implement pick-and-
place operations of delicate objects.
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