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ENGINEERING

Multistable shape programming of variable-stiffness

electromagnetic devices

Bekir Aksoy and Herbert Shea*

Programmable shape morphing enables soft machines to safely and effectively interact with the environment.
Stimuli-responsive materials can transform 2D sheets into 3D geometries. However, most solutions cannot hold
their shape at zero power, are limited to predetermined configurations, or lack sufficient mechanical stiffness to
manipulate common objects. We demonstrate here segmented soft electromagnetic actuators integrated with
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shape memory polymer (SMP) films, capable of deforming and latching into a broad range of configurations. The
device consists of liquid metal (LM) coils in an elastomer shell, laminated between two SMP films. The coils are
linked by narrow joints, on which stretchable heaters are patterned. Heating the SMP greatly reduces its stiffness.
Driving current through an LM coil in the presence of a magnetic field then leads to large bending or twisting.
Cooling the SMP locks in the shape, leading to load-bearing capacity. Complex shapes are obtained from an ini-

tially flat device.

INTRODUCTION

Soft actuators with programmable shapes can perform complex
tasks through morphological transformations. Soft devices that can
change their geometries to achieve desired time-varying shapes
have the potential to create mechanical functionalities beyond those
of traditional machines (I, 2). Shape change using integrated actua-
tors can be achieved based on different physical principles such as
shape memory polymers (SMPs) (3), swelling hydrogels (4), liquid
crystal elastomers (5), or dielectric elastomers (6). By generating
local deformations using these actuation principles (7), it is possible
to morph flat sheets into three-dimensional (3D) surfaces by bend-
ing (8), buckling (9), or folding (10). These techniques have been
reported for a wide range of applications from microrobots that
swim inside the body (11), to surfaces that respond to the environ-
mental stimuli (12, 13), to soft robotic grippers (14). Developing
on-demand shape morphing therefore has been a major goal of soft
robotics because it enables key features such as a safe human-robot
collaboration (15) and gentle manipulation of fragile objects (7).
Research on shape programming has enabled the execution of tasks
at multiple size scales (13, 16, 17) and bio-inspired systems that are
getting better at mimicking their biological counterparts (18).

A common strategy for shape programming is to fabricate a 2D
polymer sheet and morph it into 3D geometries (19). Numerous
strategies have been demonstrated for complex shape transforma-
tions. Most of them switch from the as-fabricated state to a set pre-
defined 3D geometry (19). For those systems, the final shape is
usually determined at fabrication and cannot be reprogrammed (20).
More recent studies have introduced devices that can be reconfig-
ured to achieve a finite set of different geometries (21). Hajiesmaili
and Clarke (6), for instance, have shown that multiple deformed
states of a planar dielectric elastomer composite can be achieved by
spatially varying the electric field in the elastomer sheet using a set
of electrodes. Systems with multiple shape transformation can solve
a broader range of robotic challenges.

Because of their compliant nature, soft systems exhibit large
stimuli-induced shape transformations when driven by relatively

Soft Transducers Laboratory (LMTS), Ecole Polytechnique Fédérale de Lausanne
(EPFL), Neuchatel 2000, Switzerland.
*Corresponding author. Email: herbert.shea@epfl.ch

Aksoy and Shea, Sci. Adv. 8, eabk0543 (2022) 27 May 2022

small forces. These soft systems, however, cannot sustain large ex-
ternal loads. A main limitation of soft shape morphing systems is
thus their low mechanical stiffness, which greatly limits applica-
tions. Variable-stiffness systems that can be soft during actuation and
become rigid after the deformation have been developed (22, 23).
These approaches generally combine a soft actuation mechanism
with a stiffness tunable material such as bistable electroactive poly-
mers (24), low-melting point alloys (25, 26), SMPs (27-29), and
ionic electroactive polymers (30). Another limitation of soft shape-
morphing designs is the need to continuously apply power to maintain
the deformed shapes. In some actuator types, i.e., electromagnetic
(EM) actuators, this leads to high energy consumption (31). The
ideal shape morphing system can be reprogrammed repeatedly to
reach a wide range of shapes, holds any position without any power
consumption, has high load-bearing ability and variable stiffness,
and can be rapidly and accurately deformed into arbitrary shapes.
Although various designs have been developed to include some of
these features in a single material design (32), a soft material system
that combines all of these has not been developed.

We report a segmented EM beam with variable-stiffness joints
that allows both control of shape transformation and shape fixation.
By spatially tuning the stiffness of joints between the segments and
by individually addressing the local EM actuators, we attain multi-
ple distinct deformations that can be latched in zero-power states,
as shown in Fig. 1. Because of the local stiffness control, large actu-
ation deformation (in the soft state) and high blocking force (in the
latched state) are achieved in the same device. In this study, we de-
signed a device with three segments linked with three joints, repre-
senting a variable-stiffness robotic finger with multiple degrees of
freedom. The number of the segments and joints can be scaled up to
increase the complexity of the deformation or to develop a reconfig-
urable surface with 2D actuators array.

RESULTS

Actuator design and operational principle

The device shown in Fig. 1 consists of three square “segments”
linked by three narrow joints. The segments have a surface area of
15 mm by 15 mm and house the liquid metal (LM) coils, embedded
in a silicone shell (see fig. S1). The silicone structure is sandwiched
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Fig. 1. Design of the multistable beam and examples of latched configurations. (A) The device is composed of three square segments linked by three narrow joints.
The segments consist of liquid metal (LM) coils in a silicone shell, covered on both top and bottom surfaces with a layer of a SMP. The joints have the same internal struc-
ture as the segments, but additionally have stretchable heaters on both sides. (B) The device is electromagnetically actuated by running current through one or several
coils, generating a bending or a twisting force, depending on the orientation of the external magnetic field. When the hinges are cold (no current in the heaters), the SMP
has a high stiffness, and the hinges do not deform. When the hinges are heated above the glass transition temperature of the SMP, the SMP rigidity drops by two orders
of magnitude, and the Lorentz force allows for bending or twisting. Turning off the heating current then locks in the shape, allowing the coil current to be removed.
(€) Photographs showing different latched states obtained from a series of bend-and-latch and twist-and-latch operations. By changing the order of the actuation and
the type of the deformation of the joints, many distinct configurations can be reached.

between two 60-um-thick films of SMP. The coils and their electrical
traces are made of eutectic gallium-indium (EGaln) alloy, chosen
because it is liquid at room temperature and can sustain large defor-
mations (33, 34). The segments are electromagnetically actuated by
running current through these LM coils, which generates a bending
or a twisting force, depending on the direction of the external mag-
netic field, in our case from a permanent magnet.

Aksoy and Shea, Sci. Adv. 8, eabk0543 (2022) 27 May 2022

The joints are the deformable narrow sections (less than 4.5 mm
in width) of the device and have the same internal structure as the
segments. However, they additionally have stretchable heaters on
both sides. The heaters are made of carbon-loaded polyurethane
(C-SMP), i.e., the SMP material mixed with carbon particles to
make it electrically conductive. The heaters are used to control the
temperature of the SMP and therefore to control the mechanical
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stiffness of the joints. These heaters are referred to as activators in
this study, as they enable us to activate (Joule heating) or deactivate
(cooling) the joints. During the actuation, the active joint deforms,
whereas the deactivated joints do not undergo any deformation.

We use SMP layers in our device not only to fix the deformation
(shape fixation) but also to recover the initial shape (shape recov-
ery) (35). When the polyurethane SMP we use is heated above the
glass transition temperature (Tg), its stiffness drops by more than a
factor of 100 (see fig. S2): The SMP’s stiffness is 1.48 GPa at room
temperature and drops down to below 10 MPa when the tempera-
ture is just above T, This temperature modulation changes the
torsional and bending stiffness of the joints by more than 8 and
27 times, respectively (see fig. S3). This allows large deformation in
activated (heated) joints, while the deactivated (unheated) joints re-
main nearly undeformed because they are one order of magnitude
stiffer. The undeformed (initial) state of the joints can be recovered
by simply reheating them to above Tg.

Cooling the SMP joints locks in the deformation and allows the
coil current to be removed, leading to a zero-power load-bearing
deformed state. The joints can be softened (activated) independently.
The shape recovery and individual addressing enabled us to trans-
form the device from its initial flat shape into various distinct con-
figurations by changing the order, direction, and type of the joints’
deformation. Figure 1C shows the three latched states, among many
configurations, obtained from a series of bend-and-latch and twist-
and-latch operations. Because we have three joints that can be indi-
vidually activated, three coils through which current can be driven
independently in two directions, and because we can choose the
direction of the external magnetic field and sequence of events,
there is a very rich set of deformed states that can be reached.

A plate magnet with a radius of 35 mm and height of 35 mm is
used to provide the external magnetic field (see fig. S8). By changing
the position of the magnet relative to the LM coils, we can generate
either a torque or a force. The right side of Fig. 1B (actuation state—
twisting) illustrates a scenario where the direction of the magnetic
field is orthogonal the LM coil. This generates a Lorentz force in the
top and bottom sections (horizonal in the figure) of the coil. Because
of the direction of the current, the bottom and top coil segments
experience forces in opposite directions. These opposite forces cre-
ate a torque on the segment and, hence, on any joint or segment that
is located between the actuated LM coil and the clamp. However,
this torque can only twist the soft (activated) joint, while the deacti-
vated ones remain undeformed. The left-hand side of Fig. 1B depicts
the magnet field—coil configuration for the bending case, where the
magnet field and the axial direction of the LM coils are colinear.
When a current is applied to the LM coil, the segment is attracted or
repelled because of the interaction with the induced magnetic field
(36). This configuration of the magnet and LM coils leads to bend-
ing in the soft joint.

The LM (EGaln) coils have electrical resistance between 0.19 and
0.23 ohms. This allows us to drive up to 1.5 A through the coils
without excessive heating. In our device, 1.5 A generates a torque of
140 mN-mm in twisting mode and a force of 67 mN in bending
mode. The force and torque depend not only on the amplitudes of
the current and of the magnetic field but also on the relative posi-
tion of the magnet and the coil (distance and angle). Although higher
currents can be driven in the LM coils to increase the force and
torque, currents higher than 1.5 A heat the SMP past Ty, limiting
shape fixation of the SMPs, as discussed in the following section.
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Twisting and bending deformations in the soft (actuated)
and stiff (latched) states

The device has four operating states for each joint: (i) actuated,
(ii) shape fixing, (iii) latched, and (iv) recovery.

In the actuated state, the target joint is softened by Joule heating
(activation), and the desired EM segments (which may be next to
the joint but could also be further away) are bent or twisted by driv-
ing current in the selected LM coil or coils (actuation). In this actu-
ated state, the soft (active) joints can deform in either twisting or
bending mode as explained previously. The design parameters (film
thickness, materials choice, etc.) are optimized to achieve higher de-
formation in this state.

Shape fixing is an intermediate state where the Joule heaters are
turned off but LM current is still on. During this state, the tempera-
ture of the joints cools to below Ty, which allows the SMP layers to
fix the deformation.

Once the joint is deactivated (cold), the LM current is turned off.
We are then in the latched state. Because the joint deformation is
locked, the device remains in the deformed configuration. The
amount of the deformation that can be latched depends on the rel-
ative thickness of the SMP and elastic layers (i.e., the SMP must
counteract the restoring force of the elastomer shell).

The final state is the recovery state, in which the joints go from
their deformed configuration back to the undeformed state. The re-
covery is done by simply reheating the joints and using the memory
effect of the SMP.

We first characterized the actuated and latched deformations of
the joints in the twisting mode. We then performed the same mea-
surements for the bending motion. For twisting, the segment is
aligned perpendicularly to the magnet surface as shown in the
right-hand side of Fig. 1B. When current flows through the LM coil,
it generates a Lorentz force, proportional to the current, twisting in
the activated joint. The joint deformation is determined by measuring
the rotation of the tip segment. The segment rotation is captured for
each current increment, and the image is processed to extract the
twisting angle. Because the deactivated joints are 27 times stiffer
than the active joints, the rotation of the segment corresponds nearly
only to the twisting angle of the soft joints. The sequence of the ac-
tivators (heaters) and actuator currents (LM current that generates
the EM actuation) is shown in Fig. 2A. The deformation of the
joints was measured at different LM currents, from -2 to +2 A, in
increments of 0.2 A.

A sample twisting deformation of the third joint is shown on the
right-hand side of Fig. 2B. Because the third joint was activated,
only this one twisted when the third segment was actuated. The rel-
ative position of the magnet and the segment to generate the twist-
ing (torsional) motion is shown in the inset of Fig. 2B. In this
configuration, the magnetic field is perpendicular to the surface
normal of the segment (see left-hand side of Fig. 1B). The joint
twists due to the torque created by the Lorentz forces acting in the
opposite direction of the top and bottom segments of the LM coil.
The dashed lines in Fig. 2B show the measured twisting of the joint
in the actuated (orange) and latched states (purple). The actuation
deformation increases linearly between 0 and 1.5 A of the LM cur-
rent. When the LM current is above 1.5 A, the actuated deformation
increases faster than linearly. This is due to heat flow from the actu-
ated (third) segment to the joint. This cross-heating increases the
joint temperature during the actuation, making it softer than it
would be if heated only with the heating element.
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Fig. 2. Characterization of twisting and bending deformation and latching. (A) Time sequence of the voltage applied to the heaters and of the current driven in the
LM coils (LM current). For each LM current, the device is actuated, the shape is then fixed, and, lastly, the initial flat shape is recovered by heating the joint. (B) Measured
and simulated twisting angle of the third joint versus LM current in the third segment, heating only the third joint. The initial and deformed states of the beam are shown
on the right-hand side of the panel. The relative position of the magnet and segment is shown in the inset. The model predictions and the experimental data are in very
good agreement for the LM current up to 1.5A. Above this current, heat from current in the LM coil softens the joint even when no heating voltage is applied. (C) Mea-
sured actuated and latched bending angles of all three segments, with heating applied only to the second joint and LM current only in the third segment. Because the
joints between the holder and the first segments and between the second and third segments remain stiff during this test, segment 1 does not move, and segments 2
and 3 have the same bending angle.
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For LM currents lower than 1.5 A, the latched deformation is
nearly identical to the actuated deformation, because of the high
shape fixation ratio of the SMP. For LM currents higher than 1.5 A,
larger twisting is achieved during the actuation, as explained above.
However, during the shape fixation state, this extra heat reduces the
shape fixation ratio, because the joint is latched at an elevated tem-
perature (see fig. S9). As a result, increasing the LM current above
1.5 A does not further increase the latched deformation. The ther-
mal limitation of the LM current on the trade-off actuation and
latching deformation, as well as on the choice of SMP material, is
discussed in the Supplementary Materials and schematically illus-
trated in figs. S6 and S7.

Figure 2B also includes the modeling results of the joint defor-
mation in the actuated and latched states. The model, presented in
the optimization section below, is based on the analytical analysis of
the beam deformation and shape memory effect (see the “Numerical
analysis to achieve large actuation deformation and high mechani-
cal stiffness” section for more details). It predicts very well the actu-
ated and latched deformations at LM currents below 1.5 A. Because
we neglect the effect of heat transfer from the EM coil to the joint,
the modeled deformation deviates from the measured one at LM
currents higher than 1.5 A. When the polarity of the LM current
was reversed, the joint twists in the opposite direction (see Fig. 2A).
Actuated and latched deformations in the reversed polarity follow a
similar trend: The deformation is linear deformation below 1.5 A
and is nonlinear above this current.

The actuated and latched deformations of the joints were then
investigated in the bending mode. As shown in the inset of Fig. 2C,
bending occurs when the external magnetic field is parallel to the
surface normal of the segments. For the bending test, the second
joint was activated, while the third segment was actuated. Photo-
graphs of the deformed device at 2 and — 2 A of LM currents are
shown in Fig. 2C. When the LM current of the third segment was
reversed, the second joint deformed in the opposite direction. As
seen in the photographs, only the second (activated) joint deforms
during the actuation, whereas the deactivated joints remain stiff and
do not undergo visible deformation. The first segment thus has zero
deformation, whereas the second and third segments move together
with the same bending angle, as seen in Fig. 2C. The graph shows
the bending angle of the segments in the actuated and latched states
for different LM currents. In the bending mode, a positive LM cur-
rent moves the segments toward to the magnet, whereas a negative
LM current moves the segments away from the magnet. The bend-
ing angles of the moving segments are therefore higher in the ap-
proaching cases than in the moving-away, simply due to a higher
magnetic field. As seen from the graph, almost all of the deforma-
tion achieved during the actuation is then locked in by the SMP
layers once cooled. The same deformation analysis was carried out
for the remaining joints, and the results are included in fig. S10.

In both bending and twisting scenarios, the activated joint de-
forms and latches independently of the deactivated ones, e.g., when
the second joint is bent with an angle >20°, the unaddressed first
joint has deformation of <2°. Because the deactivated joints are stiff
(8 times stiffer in bending and 27 times stiffer in twisting), they hold
their current state. The deformation achieved during the actuation
is locked by the SMPs when cooled down below the glass transition
temperature. To minimize unwanted heating, we chose to operate
our devices at +1.5A. In this region, we can achieve large deforma-
tion and also can lock it with high fixation ratio.
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Complex shapes obtained by sequential

deform-and-latch operations

The variable-stiffness beam can be transformed into complex shapes
by controlling and locking the deformation of each joint. This is pos-
sible because the joints can be individually activated and the seg-
ments can be actuated independently. To demonstrate this ability, we
deformed and latched the joints in different orders and directions to
achieve multiple complex shape transformations.

Figure 3A shows the sequential bending and latching of three
joints. During the test, the first, second, and third joints were acti-
vated in sequence, with always only the third EM segment actuated.
The initially flat device was first bent around the first joint, in the
upward direction, by applying +1.5-A LM current. It was then latched
(see the first photograph in Fig. 3A). Then, the second joint was
softened and then bent in the downward direction using —1.5 A of
LM current. After the second joint was latched in this position (second
photograph in Fig. 3A), the third joint was deformed in the upward
direction and latched (last photograph in Fig. 3A). The deflection angle
of the segments during this shape transformation (extracted from the
recorded video; see movie S1) is plotted in Fig. 3A. When the first joint
is activated, all segments move together with the same angle because
the joints (second and third) between them are stiff. Similarly, when the
second joint is addressed, the second and third segments bend with
the same angle and subsequently latch with small relaxation. When we
compare the latching performance of the joints, a small difference is
observed. As seen from Fig. 3A, the first joint has slightly better latch-
ing than the others. This is due to the long distance between the actu-
ated segment (third) and the activated joint (first). The longer the
distance between the actuated segment and the activated joint, the
smaller the heat transfer, and thus the smaller the cross-heating, result-
ing in a latching angle closer to the actuation angle.

In Fig. 3B, we show an example of increasing the twisting angle
of the tip segment by twisting and latching the joints in the same
direction. The joints were sequentially activated, twisted, and locked
into their deformed state. Photographs of the device after each joint
deformation are shown in Fig. 3B. The graph plots the deflection
angle of the bottom segment (tip segment) when the third, second,
and first joints are twisted, one after the other. We observe that
Bjoint3 > Ojoint2 > Ojoint1. This is due to varying widths of the joints:
Wiointl > Wjoint2 > Wjoint3» given different twisting stiffness, and also
due to the temperature uniformity of the joints, i.e., the first joint
heaters provide more uniform temperature distribution compared with
the third joint heaters. The section of the SMPs that is not sufficiently
heated, e.g,, if temperature is below Tg, significantly increases the overall
joint stiffness in the actuated state. Joint stiffness as a function of the
temperature is shown in fig. S3. Although our model only predicts the
actuated and latched deformations in the static (stationary) mode, we
include the model predictions on the graph of angle versus time (Fig. 3B)
to compare the model with the measured final deformed state. The
model accurately predicts the behavior of the joints during both ac-
tuated and latched states. The small difference between the model and
experimental data is mainly attributed to the nonuniform tempera-
ture distribution in the joints and the inaccuracy in the temperature
measurement of a stack structure using an infrared camera.

Different strategies can be used to improve the shape transfor-
mation, for example, obtaining larger deformation, faster deforma-
tion, creating more complex shapes, and lowering energy use. A
combination of twisting and bending can be used to achieve more
complex shapes; some examples of attainable shapes are shown in
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Fig. 3. Sequential actuation and latching of different joints, in bending and in twisting. (A) Bending: Time evolution of the bending angle of the segments. The first,
second, and third joints were softened, one after the other, while the third segment was actuated with +1.5 A of LM current when heating the first and third joints and
with —1.5 A of LM current when heating the second joint. The first and third segments thus move in the same direction, and the second segment moves in the opposite
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direction and latched. As expected, the narrowest joint (joint #3) has the highest twisting, whereas the widest joint (joint #1) has the smallest deformation. The model
prediction for the actuation and latched states (only stationary analysis) agrees reasonably with the experimental results.

Fig. 1C. For instance, the last image of Fig. 1C was obtained by bend-
ing and latching of the first joint followed by twisting and latching of
the second and third joints. Our approach gives the freedom to choose
both the deformation type and the deformation location. Unlike the
hierarchical shape transformation techniques (28, 37) where the order
of the deformations is fixed, this technique provides higher degrees of
freedom, thus more options of distinct and complex shapes.

When we do not use the latching function of the device, we can
operate it in a dynamic mode, in which the desired joint is kept in
the soft state and LM current is rapidly changed. This allows for much

Aksoy and Shea, Sci. Adv. 8, eabk0543 (2022) 27 May 2022

shorter response times. Movie S1 and fig. S11 show the dynamic re-
sponse of soft and rigid joints at different actuation frequencies, up to
4 Hz. The bending angle versus time plot shows no reduction in am-
plitude at 4 Hz compared with lower actuation frequencies.

Shape morphing to match a target object

In this section, we show how the shape of the beam can be pro-
grammed to manipulate objects or to align its segments according
to a slit in an object. The latching ability enables both the alignment
of the device to the object and also firm holding.
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Figure 4A shows frames from movie S2 starting with a straight
beam. One segment is first twisted to match the slit orientation of
the object in order to slide in. A further twisting motion is used to
prevent extraction, allowing the now twisted beam to be used to pull
on the object. The undeformed beam was initially positioned verti-
cally, with an angle between the object entrance slit and the segments
of 20°. To match the slit orientation, the first segment of the beam
was twisted by —20° around the z axis and subsequently latched in
this deformed configuration. Once latched, the device was lowered
manually so the first segment fitted inside the object. Then, the sec-
ond joint was activated and twisted in the opposite direction of the
first rotation, with an angle of +20°. The second motion allowed to
engage with a firm grip. Once the joint was latched in the final de-
formed state, the device was pulled up, taking the object with it.
This latched state of the device is stable and robust enough to hold
heavy weights, up to 2.5 N (see movie S2).

Figure 4B includes frames from movie S2, showing the deforma-
tion of the beam to match the slit orientation in a tip-tilt stage. The
beam was initially flat (undeformed) and was placed longitudinally
along the z axis (its surface normal was parallel to the y axis). The
object was placed on the stage and was rotated with angles of —25°
and 25° with respect to the x and z axes. For the beam to completely
match the slit, it has to go through several deform and latch opera-
tions, where each operation needs to be independent from the others.
A single bending or twisting deformation would not be sufficient
for a perfect match. The device was first bent with an angle of 25°
using the first joint and then latched. The device was then twisted
through the third joint with an angle of 25°. Throughout the second
deformation, the first joint was locked and does not deform. Once
the device configuration matched with the slit orientation, the de-
vice was lowered down manually to demonstrate the fitting. We
showed two sequential deform-and-latch operations using the first
and the third joints. Multiple distinct deformations can be achieved by
changing the sequence and the type of the deformation of each joint.

Figure 4C shows the frames from another demonstration where
a sequence of twisting of three joints is required to allow the system
to pass through a set of three slits. The initially flat device was in-
serted through the obstacles with actuate-and-latch operation for
each aperture, flowed by a lowering step. To pass through all obsta-
cles, the device had to go through a series of local deformation and
shape fixation.

Numerical analysis to achieve large actuation deformation
and high mechanical stiffness

We take advantage of the local stiffness tuning to achieve large de-
formations and use shape memory effect to fix the deformations
into place. However, there is a trade-off between achieving large
actuation deformation and high shape fixation. Using thin layers of
SMP adds less stiffening, allowing larger deformations for a given
EM force. However, very thin SMP layers cannot resist the elastic
recovery forces of other layers, leading to low shape fixation. In ad-
dition, thin SMP layers cannot hold their shape under high external
loads. We derive a numerical model to maximize the performance
of the beams by getting the best trade-off between the stiffening and
the shape fixation of SMPs.

On the basis of a model that we previously developed (38) for
soft actuators combining SMP and dielectric elastomer actuators,
we optimize the design parameters of the multistable soft EM actu-
ators. As the joints are the deformable sections of the device, we
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optimize their geometries for both twisting and bending motions.
Their widths are designed to be as small as possible to reduce the
torsional stiffness (the torsional stiffness is proportional to the third
power of the width). However, the heaters and their traces induce a
constraint for the minimum width of each joint. Therefore, the
joints along the beam have slight differences in their widths, from
4 to 4.5 mm, as those closer to the anchor have more traces leading
to the heaters. Although the width of the beam varies along the longi-
tudinal direction, the thickness of the layers is uniform everywhere in
the device (see fig. S1). The silicone layer has a constant thickness of
1.30 mm, chosen to accommodate two layers of LM channels. The
thickness of the SMP layers is the most crucial design parameter
as it affects the amplitude of the actuation deformation and the
load-bearing capacity of the beam. Therefore, the SMP thickness is
optimized to achieve large deformation and high mechanical stiff-
ness in both bending and twisting scenarios.

In the twisting mode, the LM coils are placed on a magnetic field
thatis perpendicular to the surface normal, as shown in Fig. 1B. When
current flows in the LM coils, a torque is created by the Lorentz
forces, given by

T = Y B.)Ild; (1)

where B, is the z component of the magnetic field at a distance of
z;, I is the LM current, J; is the length of the coil segment, and d; is
the distance between the coil segment and the center of the rotation
(see fig. S4). Recall that z; and d; depend on the angle of the twist
(Bact). These parameters can be written as d; = djp cos (0,¢) and z; =
Zio + dip(1 — cos (B,¢t)), where subscript 0 refers to the initial (unde-
formed) state. For the sake of readability, we do not substitute these
expansions for the following equations (the full expressions are in-
cluded in the Supplementary Materials). The general formula of the
twisting angle for the actuation can be written as

TLjoint
<GJ>

Ljoint

<GJ> @

= XBeeILid;

eactuation =

where T is the torque acting on the segment, Ljoiy is the length of
the joint (5 mm for all joints), and <GJ> is the equivalent torsional
rigidity of the joint in the soft state. In this equation, G stands for
the shear modulus of the materials, and ] is their second moment of
area. The details of the torsional rigidity calculation are provided in
the Supplementary Materials.

Once actuation is achieved, the deformation is locked in by the
SMP layers. In this latched state, the SMPs fix their deformation,
whereas the silicone layer exerts an elastic force, given their defor-
mation from the initial state. The equation of the torque equilibri-
um for the latched state can be written as

elatchGpdms]pdms _ (Bactuation — Olatch) Gsmp]smp

©)

where Bj,¢ch is the angle of the twist in the latched state. Recall that,
because the SMP layer already fixes its actuation deformation
during the shape fixing step, the angle of the twist for this layer is
Oactuation — Olatch (N0t Bjaech). In this equation, we use the shear mod-
uli of the materials at the cold state because both SMP and silicone
layers are at the room temperature.

Figure 5A shows the computed actuation and the latched defor-
mations of the third joint as a function of SMP thickness. The

Ljoint Ljoint
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Fig. 4. Matching target shapes by a series of deform and latch operations. (A) An initially flat beam is first deformed to match the slit orientation in the object and then
further actuated to allow picking up the object. To match the slit orientation, the first segment of the beam is twisted and latched by —20° around the z axis. The device is then
lowered so that the first segment is inside the object. The second joint then is softened and twisted to an angle of +20°, thus preventing the device from being pulled out,
and hence allowing the object to be picked up. See movie S2. (B) In this example, bending on two axes is required to match the slit on the target. The slide on the green object
is rotated by —25° and 25° with respect to the x and z axes. The beam was initially flat and was aligned with the z axis. The device was first bent and latched with an angle of
25° using the first joint and then twisted through the third joint with an angle of 25°. Throughout the second deformation, the first joint is locked and does not deform. Once
the device configuration matched the object slit orientation, the device was lowered, slotting in as required. (C) Frames from movie S2 showing the insertion of an initially
flat device through a series of differently oriented slits. The initially flat device successfully passed the apertures by performing a series of local twisting and shape fixation.

highest actuation deformation is obtained at t;mp = 0, and it decreases  the stiffening of the SMPs, even in the hot state. As depicted in
as the SMP thickness increases. At t;mp, = 0, i.e., when there is no  Fig. 5A, increasing the SMP thickness reduces the actuation defor-
SMP, the joint is soft and is easy to deform. The SMP films on both  mation. Although the actuation deformation is high for thinner SMP
sides of the silicone layer increase the torsional rigidity because of layers (<5 um), the latching is small because the thin SMP layers
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Fig. 5. Optimization of the SMP thickness to achieve both large actuation deformation and high mechanical stiffness. (A) The computed twisting angle plotted as
a function of the SMP thickness for the actuated (SMP is hot, Ygs:c =7.6 MPa) and latched (SMP cold, Y,s:c = 1.48 GPa) states. The actuation deformation is highest at

tsmp = 0 because the stiffness of the SMP layer is then zero. At zero SMP thickness,

however, the latched deformation is zero. Increasing SMP thickness increases latched

deformation until a maximum is reached for an SMP thickness of 10 um. Above this thickness, the actuation decreases because of higher stiffening effect of the hot-state
SMP. (B) Computed bending angle of the joints as a function of the SMP thickness. When there is zero SMP thickness, the joint has the highest deformation. However,
there is no shape fixation. We choose an SMP thickness of 50 um to reach both large latched deformation (in both bending and twisting modes) and high mechanical

stiffness. Some deformation range is sacrificed to increase the holding force.

cannot counter the elastic restoring force of the polydimethylsiloxane
layer, resulting in very large relaxation and hence small latched defor-
mation. The maximum latched deformation takes place at around 10-um
SMP thickness. Above 10 pum, the latched deformation decreases as the
SMP thickness increases, because of smaller actuation deformation.

Aksoy and Shea, Sci. Adv. 8, eabk0543 (2022) 27 May 2022

To decide on the SMP thickness, we also need to take into ac-
count the mechanical stiffness of the devices, as a proxy for robust-
ness under external loads. In addition, we need to perform the same
analysis for the bending configuration as we did for twisting. We
consider the mechanical stiffness as one of the important design
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criteria because we want devices with high load bearing ability when
latched. The torsional stiffness in the latched state is plotted on
Fig. 5A. It increases as the SMP thickness increases. There is a trade-
off between the latched deformation and the mechanical stiffness.
Higher mechanical stiffness comes at the price of lower deformation.

A similar analytical approach is also used to compute the bend-
ing deformation of the joints during the actuated and latched steps.
In bending mode, it is difficult to numerically quantify the EM force
between the LM coils and the magnet. We therefore used a finite
element model (COMSOL) to determine the interaction force and
then used Stoney’s equation to quantify the bending deformations
(39). Details of this calculation can be found in the Supplementary
Materials. Figure 5B shows the bending angles and bending stiffness
as a function of SMP thickness. Unlike the twisting scenario, the
distance between the magnet and the actuated segment changes be-
tween the negative and positive values of the LM currents. Because
this distance differs in approaching the magnet and moving away
from the magnet cases, the actuation deformation has different curves
when approaching the magnet or moving away. When the segment
approaches the magnet, it experiences a higher magnetic field than
when it moves away from the magnet (see fig. S5) and therefore reaches
a higher bending angle when approaching the magnet. Similar to the
twisting analysis, larger bending deformation is attainable with thin-
ner SMPs; however, the device then latches with a lower amplitude.
Although thick SMPs provide a high fixation ratio, they reduce the
actuation performance because of increased stiffening and result in
small final latched deformation. The highest latched deformation is
predicted for an SMP thickness of around 10 um. When we choose
SMP thickness, we however also consider the mechanical stiffness
of the device at the latched state. As we want our device to be more
robust against external loads, we choose SMP thickness of 50 pm,
giving up some deformation to obtain a higher stiffness in the
cold state.

The models shown here predict very well the behavior of the
joints in bending and twisting modes. It also provides insights into
the joint’s behavior for actuation and latched states. Figure 2B, for
instance, compares the model prediction with experimental data,
with a good agreement. At higher LM current (above 1.5 A), the
device deforms more than predicted, because of heat transfer from
the actuated segment, which is neglected in the modeling.

Stiffness of the joints in the actuated and latch states

and their performance under cyclic loading

The bending stiffness of the joints was measured at 25° and 90°C,
corresponding the temperature of the latched and actuated states.
The joints were clamped at one end, and the load was applied to the
other end (see fig. S12). Figure 6A plots force versus displacement
of the one joint at both temperatures. The bending stiffness of the
joints at room temperature is approximately seven times higher
than the stiffness at 90°C, e.g., at room temperature, 340 mN of
force is required to displace the joint by 1 mm, whereas in the hot
state, only 49 mN of force is needed for the same displacement.
More details on the measurement setup and on deformation of the
joints at different temperature are shown in fig. S12.

The time-dependent behavior of soft actuators under cyclic ac-
tuation is important for long-term applications. Soft and electro-
active materials are often challenging because of their material
nonlinearity and time-dependent viscoelastic behavior (40). We
experimentally evaluated the performance of our devices for over
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2000 cycles, using the third joint and third segment. For each cycle,
the segment was first actuated, then latched, and, lastly, recovered.
The joint was heated with a power of 500 mW, and the segment was
actuated with 1.25 A of current. Figure 6B shows the time evolution
of the twisting angle in these states for 2000 cycles. The first three
cycles exhibit a small drift. This is the well-known creep behavior in
elastomers and in SMPs, which occurs mostly in the first few cycles
(41, 42). After the first three cycles, the device has almost constant
deformation profiles, showing its suitability for cyclic operation.

DISCUSSION

This paper reports variable-stiffness EM actuators that are capable
of performing adaptive shape morphing and latching. The devices
provide versatile movements from planar shapes into distinct 3D
configurations and latch in the deformed state, providing highly en-
ergy efficient systems with good load bearing. We show that the
device is able to transform between a low-stiffness state for easy de-
formation and a high-stiffness state for robust holding.

Once softened by the Joule heaters (activated), the device achieves
fast shape transformations thanks to the EM actuation of the LM
coils. When stiff (deactivated, i.e., cooled), it forms a robust struc-
ture that can withstand large external loads, e.g., the joints are >7x
stiffer in the cold state and then in the hot state. This technique
holds a potential for reconfigurable systems where distinct and ro-
bust shapes are needed for long-period of time.

The current design leaves room for improvements. Here, we
showed a proof of concept for a 1D array. A planar surface with 2D
array of actuators could be developed for higher geometric com-
plexity. The stretchable heaters, as another example of improvement,
could be used as resistive sensors for positional feedback. This would
allow for accurate shape control without external sensors.

We used thermoresponsive SMPs for shape fixation and Joule
heating to stimulate them. While the EM actuation can be very fast
(31), the heating and cooling times impose a limit on actuation and
latching speeds. The actuation speed can be increased by using higher
heating power in a shorter time. An active cooling system (instead of
passive cooling) would accelerate the latching process. Another ap-
proach to accelerate the speed would be using an SMP with lower
and sharper glass transition temperature region. This would allow
for more quickly reaching a different state, but it would be more
sensitive to undesired Joule heating from the LM current. Scaling
down the size is another approach that reduces the response time
and allows faster actuation and recovery.

In our design, a silicone layer is sandwiched between two SMP
films. Having the SMPs on the outer sides increases the overall stiff-
ness of the device at the cold state. Heating and cooling these SMP
layers change the stiffness by 8 times in bending and 27 times in the
torsional mode. The silicone layer could be replaced with the SMP
to much increase the stiffness change between the cold and hot
states. This requires the development of fabrication processes where
the SMP is to be molded with microfluidic channels.

A plate magnet is used here to generate the external magnetic
field. Although this greatly simplified our experimental setup, it is
not suitable for portable or wearable devices, and it requires manual
repositioning to obtain different types of motion. By replacing the
permanent magnet with several electromagnets, the direction of the
magnetic field can be rapidly changed, allowing for a quick switch
between bending and twisting.
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Fig. 6. Bending stiffness of the joints in the actuated and latched states and their cyclic performance. (A) Measured bending stiffness of a joint at 25° and 90°C,
corresponding to the temperatures in the actuated and latched states. The bending stiffness of the joint at room temperature is approximately seven times higher than
at 90°C. (B) Time evolution over 2000 cycles of the twisting angle of a joint cycling through the actuated, latched, and recovered states. The three angular positions remain

nearly constant over the 33 hours of the test.

MATERIALS AND METHODS
Choice of the SMP material

Figure S7 shows the measured Young’s moduli of two different
SMP materials are functions of temperature. MM4520 and MM7520

Aksoy and Shea, Sci. Adv. 8, eabk0543 (2022)

are thermoplastic polyurethanes with glass transition temperatures
around 45° and 75°C. Figure S7b shows the calculated EM force of the

27 May 2022

segment and the simulated temperature of its adjacent joint as func-
tions of the LM current. As depicted in the graph, using the SMP
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with higher glass transition temperature allows higher EM force
before getting softened because of the Joule heating from the LM
current. We therefore choose the SMP with high T, (MM7520) for
this study.

Thermomechanical characterization of SMP

The thermomechanical characterization of SMP (MM7520 from
SMP technologies) is carried out using a dynamic mechanical ana-
lyzer (DM Q800). This enables us to measure the storage modulus
(Y") and loss modulus (Y”), and loss factor tan(delta) of the mate-
rial as functions of the temperature. The measured data are shown
in fig. S2. When the temperature is swept from 20° to 100°C, the
modulus of the SMP reduces more than 100 times, where most of
this stiffness change occurs in a narrow range around 80°C (the
glass transition region).

The mechanical stiffness of the silicone layer sandwiched by two
SMP layers strongly depends on temperature. The design of these
joints and their bending and torsional stiffness as a function of
temperature are shown in fig. S3. Both the bending and torsional
stiffness decrease significantly when the temperature increases
above 80°C.

Fabrication

The fabrication flow process of our device is summarized in fig. S13.
The fabrication starts with the manufacturing of the conductive
SMP (heaters) + SMP + PDMS composite. An A4-size polyethylene
terephthalate (PET) sheet was used as the substrate layer. The sur-
face of the PET was treated with oxygen plasma, followed by coating
a thin layer of Teflon using a thin film applicator. The Teflon layer
acts as a sacrificial layer and eases the release of the device layers.

To fabricate the conductive SMP, we dissolved MM7520 pellets
in a glass container with dimethylformamide (DMF) at a weight ra-
tio of 1:4 at 80°C for 12 hours. In another container, the carbon
particles (Ketjenblack KB300) were ball mixed with DMF at a weight
ratio of 1:20 at 2000 rpm for 5 min. The solutions in these two con-
tainers are then ball mixed together for another 5 min at 2000 rpm.
This mixture was blade casted on the Teflon sacrificial layer. The
DMEF in this solution was evaporated on a hotplate at 80°C for
4 hours. Once the conductive SMP layer was cured, the layer was
patterned using a laser cutter to define the local heaters. A bare SMP
mixture was then casted on the heaters using the thin film applica-
tor. The bare SMP solution was prepared by mixing the SMP pellets
with DMF at a weight ratio of 1:4 and dissolved at 80°C for 12 hours.
The final layer in this composite was the PDMS layer. For this layer,
we used Sylgard 186 (from Dow Corning) with a ratio of 1:10 (cur-
ing agent: prepolymer) and casted it on the SMP layer. Last, the
composite was put in the oven at 80°C for 1 hour. After this step, the
composite is ready to bond with the microchanneled PDMS. These
steps are schematically shown in fig. S13.

To fabricate the PDMS layer with the microfluidic channels, we
used polymethyl methacrylate (PMMA) master molds. First, the
mixture of Sylgard 186 was poured into the top and bottom PMMA
molds. The air bubbles were removed using a desiccator. The bot-
tom and the top were then aligned and clamped. The PDMS struc-
ture was cured in the oven at 80°C for 2 hours.

The final step of the device assembly was to bond the molded
PDMS with the composite layers using an oxygen plasma treat-
ment. Both surfaces of the molded PDMS and the PDMS side of the
composite layers were treated with oxygen plasma. The PDMS was
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then sandwiched by the composite layers, forming the final device.
This way, we had a symmetrical design with the heaters positioned
on the exterior of the structure, allowing for easy electrical connec-
tions. The final step of the fabrication was to fill the silicone chan-
nels with LM. The channels were filled with EGaln alloy using a
syringe. After the electrical connection was made, the channels
were sealed with a silicone glue.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0543
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