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RoboHeart: A Bi-directional Zipping Actuator

Mohammad Naghavi Zadeh1,2,∗, Martin Garrad1,2,∗, Christian Romero1,2,∗, Andrew Conn3,
Fabrizio Scarpa4, and Jonathan Rossiter1,2

Abstract— Widespread adoption of soft robotic technologies
is held back by the limitations of existing soft robotic actuators.
One cause of the limited performance of soft actuators is
their uni-polar stroke, which means only part of the work-
cycle is powered. In this work, we introduce RoboHeart, a
bi-directional compliant smart actuator. RoboHeart consists of
two spring-steel strips covered with PVC insulation, pre-bent
into a heart shape and is driven by dielectrophoretic zipping.
Here, we perform isotonic and isometric characterisation of
RoboHeart performance, demonstrating work output of 17 mJ
(expansion) and 18 mJ (contraction) and power of 1.5 mW
(expansion) and 2 mW (contraction). We then confirm the
practical application of RoboHeart by demonstrating a 10-
RoboHeart ring configuration capable of gripping a range of
objects as they are lifted. We also demonstrate bidirectional
control of actuation using three separate control channels.
We believe that RoboHeart represents a step towards high-
performance soft actuators and technologies.

I. INTRODUCTION

Soft robotic technologies have applications that range from
wearable rehabilitative devices to exploration of inaccessi-
ble and unpredictable environments [1]–[3]. However, the
widespread adoption of soft technologies is currently held
back by the lack of high-performance soft actuators [4], [5].
Specifically, the work and power density of existing soft
robotic actuators is limited, meaning soft machines are not
currently capable of meeting the performance requirements
necessary for applications outside the laboratory.

One limiting factor common to many soft robotic actuators
is a uni-polar stroke. This means that the actuator can only
actively power half of its work cycle, with the return stroke
passively powered by the release of stored potential energy
accumulated during the active half of the cycle. Consequen-
tially, operating the actuator at high cyclic frequency leads
to a reduction in stroke, in turn limiting power.

Recent investigations into soft electrostatic actuation have
demonstrated its capacity for high power operation [6], [7].
For example, dielectric liquid zipping (DLZ) electro-ribbon
actuators have demonstrated power densities comparable to
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Fig. 1. RoboHeart concept. a) The geometry of RoboHeart, consisting
of two bent conductive strips and zipping points at the top and bottom.
b) An image of a manufactured sample. c) Configuration of RoboHeart
in equilibrium and deformed states: contracted when zipping at the top and
expanded when zipping at the bottom. d) Two methods to control the zipping
at the top and bottom separately: control electrodes (left) and split strips
(right)

insect muscle [8]. A DLZ actuator consists of two flexible
electrodes, covered with an insulating layer and separated by
a thin layer of dielectric liquid. A range of DLZ architectures
have been demonstrated including bow-ties [6], pumps [9],



Fig. 2. Test setup. The test setup for isotonic (left) and isometric (right)
tests.

solenoids and recently ratchets [10]. In all cases, when
high voltage is applied to the electrodes, electrostatic forces
in the hinge region cause the electrodes to zip together.
While bidirectional bending DLZ actuators have recently
been demonstrated in [8], bidirectional contractile actuators
have not previously been investigated.

In this work, we introduce RoboHeart, a bidirectional
soft smart actuator (see Fig 1). RoboHeart consists of two
DLZ strips clamped together at one (top) end, and then
bent until the other ends meet each other. This configuration
is maintained by a further clamp on the latter (bottom)
end and results in different deformation directions when
dielectrophoretic zipping occurs at either the top of the heart
(providing contraction) or the bottom of the heart (providing
expansion).

The main contributions of this paper are:

• The introduction of the RoboHeart birectional electroac-
tive actuator concept.

• Characterisation of the RoboHeart actuator performance
in terms of work and power as key geometric and
mechanical quantities are varied.

• Demonstration of the potential applications of Robo-
Heart, including (1) a bi-directional soft robotic gripper
and (2) a bidirectional linear actuator with separate
channels.

We proceed by introducing the principle of operation
of RoboHeart, including the key geometric and mechanical
parameters that affect performance. Next, we evaluate both
extensile and contractile performance in gravimetric and
isometric tests to identify the optimum RoboHeart configura-
tion. Finally, we demonstrate two applications of RoboHeart,
a gripper made of ten RoboHearts arranged in a ring and a
bidirectional structure. We believe this work represents a step
towards high-power soft robotic actuators and the widespread
adoption of soft robotic technologies.

II. PRINCIPLE OF OPERATION

The fundamental actuation mechanism of RoboHeart is
dielectrophoretic zipping, where two thin conductive strips
are insulated, clamped at two ends, and bent to create two
zipping regions. The clamps at the two ends meet opposite
faces of the strips as shown in Fig. 1a. When a high voltage is
applied across the strips, electrostatic forces are created and
amplified by dielectric liquid, attracting the strips to each
other. This causes the two strips to zip together. A small
droplet of dielectric liquid placed within the hinge prevents
dielectric breakdown of air, amplifying zipping forces up to
120 times [6]. A key DLZ parameter is the hinge angle, θzip,
which determines both the strain and force that the DLZ can
produce.

To fabricate RoboHeart, we use two spring steel strips
(length = 150 mm, width = 25 mm, h+s Prazisionsfolien,
Germany) covered with two layers of 0.13 mm thick PVC
tape (AT7, Advance Tapes, UK) to provide electrical insu-
lation. The two beams are then bent and held in place by
acrylic clamps at the bottom and top (see Fig. 1b). The
equilibrium state of the clamped strips in this pre-stressed
condition generates a heart shape, from which the name
RoboHeart originates.

RoboHeart enables bidirectional actuation because it has
zipping points at both the top and bottom hinges, as shown
in Fig. 1c (contraction and expansion). When potential is
applied across the top zipping point, RoboHeart reduces
in length. Conversely, when potential is applied across the
bottom zipping point, it extends.

Fig. 3. The loading and boundary conditions applied in finite element
analysis using Abaqus 2018 for four samples of different thickness. The
deformed coordinates are normalized with respect to the length L that
illustrate the same shape independent of the thickness

The simplest embodiment of RoboHeart consists of only
two spring steel beams. Applying a potential across the two



Fig. 4. Isotonic contraction. The initial (top) and actuated (bottom) configuration of the RoboHeart during contraction isotonic tests for a) 40 micron
and b) 70 micron thick samples. In the initial condition, the red arrows indicate the magnitude and direction of the static deformation under different loads.
In the actuated configuration, the gradient stroke vectors show the displacement of the bottom of the top clamp, when the RoboHeart actuates from the
initial (blue color) to the final (red color) positions. The total actuation time to actuate from the initial to final configurations is presented.

beams leads to actuation at both zipping points simultane-
ously. To enable independent control of the two zipping
points, two methods can be used (Fig. 1d): 1) modifying
the electric field at the two zipping points, or 2) splitting
the strips along the length and insulating the overlapping
sections.

To modify the field at the zipping points, we attach
an additional thin control electrode on top of one strip,
according to the configuration shown in Figure 1d. Assuming
two additional electrodes having the same polarity, When
potential is applied across the two sides of the heart, zipping
occurs only at the top if the control electrodes are connected
to high voltage and only at the bottom if they are connected
to ground (or vice versa depending on the polarity of the
metal strips). Further discussion on the operation of control
electrodes is provided in ”Demonstrations” section.

Because RoboHeart is a pre-stressed structure, its per-
formance is correlated with the magnitude of strain energy
stored as pre-stress. The key geometric parameter affecting
the stored strain energy is the slenderness ratio, i.e., the
length to thickness ratio (L/t) of the conductive strips. In
this work, we explore the effect of slenderness ratio by
varying the thickness, while the length of the strips is kept
constant. The actuation performance is dependent on the
geometric features that affect DLZ, including initial zipping
angles, θtop and θbottom. In the equilibrium condition and
for the same strip length L, changing thickness does not
affect the initial geometry but does change the stored strain
energy, because the two strips are connected to each other
with symmetric loading and boundary conditions. While
moments and reaction forces at clamping points are balanced
due to symmetry, their values are strongly dependent on
the slenderness ratio. The larger the thickness, the larger

the forces and moments when length is constant. As a
result, the work done by DLZ to deform the structure and
generate actuation stroke varies depending on the thickness
(slenderness ratio).

The main elastic property modified by thickness is bending
rigidity, EI, where E is the elastic modulus of the material
and I is the second moment of area that depends on the
thickness cubed. Deciding on what thickness (slenderness
ratio) is appropriate for a specified actuation work and
power depends on the working mode of the RoboHeart.
RoboHeart can be used only for contraction, expansion , or
a combination of both. Therefore, the effect of the thickness
(slenderness ratio) on the actuation performance is evaluated
during both contraction and expansion actuations.

III. CHARACTERISATION

In order to verify the dependence of the strain energy on
thickness (slenderness ratio) and independence of the initial
geometry from thickness, the initial deformation process to
form the heart shape is studied. Since large bending defor-
mations are applied, numerical analysis is an appropriate tool
and nonlinear static finite element analysis using Abaqus
2018 is done. All analysis are performed on a set of samples
made of 40, 50, 60, and 70 micron thick steel strips (E =
200 GPa and ν = 0.3); i.e., slenderness ratios of 3750, 3000,
2500, and 2143, respectively. The analysis is performed using
beam model with a fine mesh of quadratic B22 elements after
a mesh study. The load and boundary conditions applied and
deformed geometry for the four cases are shown in Fig. 3
where the bottom end of the strip is fully clamped while the
top end can move freely in the y-direction while constrained
in the x-direction. The rotation of θ = π is applied at the
top end to bend the strip. The deformed shape of all four
cases were the same (the difference of the nodal positions in



four cases after deformation was zero); therefore, the initial
deformed geometry is independent of the thickness. The
moment required to rotate the top end of the beam π radian
for 40, 50, 60, and 70 micron samples were 0.94, 1.84, 3.18,
and 5.05 N.mm, respectively; which indicates the increase
in the energy required to deform the strip as expected.

To measure the effect of changing RoboHeart’s slender-
ness ratio, we performed isotonic and isometric characteri-
sation for both expansion and contraction. Figure 2 shows the
experimental setup for these tests where RoboHeart is fixed
in a holder using two bolts. Two pairs of transparent acrylic
guides are installed that prevent the top clamp’s rotation.
All samples are also covered with PVC tape on both sides.
In order to characterise actuation over the largest possible
stroke, a piece of 1 mm thick acrylic sheet that disrupts
zipping is placed within the bottom clamp for contraction
tests (so that zipping occurs only at the top) and within
the top clamp for expansion tests (so that zipping occurs
only at the bottom). RoboHeart actuation was controlled
from a PC using a high-voltage amplifier (10HVA24-BP1,
UltraVolt, USA), with the displacement measured by a laser
displacement meter (LK-G402, Keyence, Japan) and all data
was logged using a data acquisition unit (NI USB-6343,
National Instruments, USA). The laser was installed above
RoboHeart and the beam was focused on the top surface
of the top acrylic clamp as the point of measurement. As
the displacement rate of RoboHeart varies throughout its
stroke, we report the average power based on 80% of the
full displacement throughout this paper. In all test cases, the
applied voltage is 10 kV where one side of the RoboHeart is
connected to ground and the other side to the high voltage.

Gravimetric isotonic tests were performed with 5, 10, 15,
and 20 grams masses. In these tests, the initial deformation
of the structure increased with mass as the initial gravimetric
load acts against the structure. Therefore, in contraction tests
the heart is initially expanded (Fig. 4) and in expansion
tests it is initially contracted (Fig. 5). The extent of initial
deformation depends also on the structural bending rigidity,
which depends on the beam thickness (compare the 40 and
70 micron cases in Fig. 4 and Fig. 5). The sequences of
deformation for both contraction and expansion for the 70
micron thick sample under 20 g load are illustrated in Fig. 6.
Figure 7 presents the experimental results for both expansion
and contraction isotonic tests.

In contractile tests, for thicknesses below 60 microns,
the displacement increases with increasing load. This is
predominantly due to the initial deformation caused by the
gravimetric load. In these cases, RoboHeart completes its
entire stroke, and thus the additional contribution from the
initial loading leads to greater total displacements. For the
70 micron sample, RoboHeart is not able to complete its
entire stroke due to increased bending rigidity. This causes
displacement to peak at 10 grams.

The work done by the RoboHeart in expansion and con-
traction consistently increases with increasing mass, with a
maximum work of 17.1 mJ in expansion and 17.8 mJ in
contraction (Fig. 7b and 7e). While the amount of work done

Fig. 5. Isotonic expansion. The initial (top) and actuated (bottom)
configuration of the RoboHeart in expansion isotonic tests for a) 40 micron
and b) 70 micron thick samples. The total actuation time to actuate from
initial to final configuration is presented. The direction and magnitude of
the static deformation due to the mass loading is shown in the initial
configuration (yellow arrows). The gradient stroke vector shows the initial
position of the bottom of top clamp (blue color) and final position (red
color) under actuation.

in contraction reduces with increasing thickness, there is a
maximum in the work done in expansion, with the position
of the maximum shifting towards higher thickness for larger
weights (Fig. 7b). This is partially due to the compromise
in the θbottom caused by the initial loading. Looking at
the initial configurations of the 40 and 70 micron thick
samples shown in Fig. 5a and 5b (top), it is evident that for
the 40 micron case, the top clamp rests within the bottom
zipping point for masses equal and above 10 g. Therefore,
the best performance of the 40 micron thick sample, in
terms of displacement, is obtained under a 5 g load where
θbottom is smaller and the top clamp does not rest within
the bottom zipping point. As thickness increases, the mass
loading at which the maximum displacement and work occur
also increases (Fig. 7a and 7b), since a trade-off between the
initial and final configurations determines the range of stroke.



Fig. 6. Sequences of actuation. The change in configuration of the 70 micron thick RoboHeart under a 20 g mass loading is illustrated at different times
during a) contraction and b) expansion

Fig. 7. Isotonic Characterisation. Tests performed on 5, 10, 15, 20 grams masses. The graphs show the experimental values related to expansion a)
displacement, b) work, c) power and contraction d) displacement, e) work, f) power

In terms of power, the 50 micron thickness beam con-
sistently generated the larger values in contraction, while
the 60 micron thickness generated larger power for 10, 15,
and 20 gram masses in expansion. In general, the powers
generated in expansion and contraction are of a similar scale
with maximum power of 1.52 mW in expansion (Fig. 7c)
and 1.76 mW in contraction (Fig. 7f). This suggests that an
optimum value for the slenderness ratio of the RoboHeart
may be between 2500 and 3000 as this maximises the power
in both expansion and contraction. we report the efficiency
for expansion and contraction at different thicknesses for
a mass loading that has the highest power, i.e., 10 gram
loading for expansion and 5 gram loading for contraction.
The efficiency is considered as the ratio of the mechanical
output to the electrical input Pout/Pin. The input power is

calculated by the measured current from the amplifier and
using the formula Pin = V · I where V = 10 kV for all
cases. For expansion actuation, the average efficiencies of
40, 50, 60, and 70 micron thick RoboHearts were about 0.66,
0.31, 0.29, and 0.17 percent, respectively. For contraction
actuation, the average efficiencies of 40, 50, 60, and 70
micron thick RoboHearts were about 0.46, 0.55, 0.53, and
0.22 percent, respectively.

For the isometric tests, the top of RoboHeart was fixed to
a load cell. The load cell was attached to a mechanical stage,
allowing us to adjust the position of the load cell. The same
thicknesses (slenderness ratios) were used for the isometric
characterisation as for isotonic tests. Figure 8a shows the
results of the isometric tests for different beam thicknesses
in both expansion and contraction, where the difference in



sign indicates the different direction of the load (upwards in
expansion and downwards in contraction).

There is no upwards or downwards load exerted on the
load cell when the RoboHeart is in its initial configuration
(i.e, equilibrium). By changing the position of the load cell
and moving it above or below the equilibrium point, the
initial structural load can be recorded as shown in Fig. 8b.
In order to better understand the effect of changes in initial
configuration on the loads generated, we performed isometric
tests over a large part of the actuation stroke from 40 mm
below to 30 mm above the equilibrium position. Therefore,
we plot the force profile of the RoboHeart in expansion
(Fig. 8c) and contraction (Fig. 8d). During expansion, the
absolute value of the actuation force generally increases
when the RoboHeart moves from the compressed to the
extended configuration. In contraction, the actuation force
increases from the lowest point (-40 mm) and then starts
decreasing with the decrement intensifying by increasing the
thickness of the strips.

Fig. 8. Isometric test results. a) trend of the actuation force in the initial
configuration (equilibrium condition) for different thicknesses, b) structural
force due to deformation from the equilibrium point, c) actuation force
profile for expansion loading and d) for contraction.

IV. DEMONSTRATIONS

A. RoboHeart Ring

Multiple RoboHeart actuators can be assembled together
to form a smart compliant structure with versatile functional-
ities. For example, by assembling a series of RoboHearts in a
chain and closing the chain by attaching the first RoboHeart
to the last, a ring is formed as shown in Fig. 8a. The
RoboHeart ring can reduce in diameter when contraction is
applied or increase in diameter when expansion is applied.
The actuated ring has many applications, including grasping

and lifting of an object or enlarging the diameter of a flexible
channel. The functionality of the RoboHeart ring to act as
a gripper is demonstrated in Figure 8b where it is shown
grasping and lifting a smooth spherical object and in Figure
8C gripping and lifting an irregular shaped object. In addition
to the large change of the ring diameter under contraction
(160 mm to 45 mm), the expansion leads to a large increase
in diameter from 160 mm to 261 mm, as shown in Fig. 8d.

Fig. 9. RoboHeart as a gripper a) a ring of 10 RoboHearts in initial and
contracted configuration, b) gripping a smooth and regular geometry such
as a sphere, c) gripping an object with complex geometry, and d) a ring of
10 RoboHearts in initial and expanded configuration

B. Bi-directional RoboHeart

A major advantage of the RoboHeart bi-directional ca-
pability is that it can be actively driven throughout its work
cycle. This means we do not have to rely only on the passive
release of stored elastic energy to return the structure to its
resting configuration; instead, we can actively drive the return



Fig. 10. Bidirectional actuation a) The RoboHeart with two additional electrodes connected to two separate channels (see Fig. 1d left), b) initial
configuration, c) contraction actuation, d) expansion actuation, and e) combination of expansion and contraction actuation (combined mode). Numbers
indicate the voltage of each channel in kV

stroke. Here we use two additional electrodes at the top and
bottom zipping points to modify the electric field (Fig. 1d).
The sample RoboHeart used in the test is shown in 10a, in
which the RoboHeart’s strips connect to channel 1 (CH1)
and each additional copper electrode connects to a separate
channel (CH2 and CH3). When installed in the setup (Fig.
10b), the right strip of the RoboHeart is connected to the
electrical ground and the left side to CH1. According to this
installation, when a high voltage (9 kV) is present on CH1
and the other two channels (CH2, CH3) are at zero voltage,
the electric field in the bottom zipping point is disrupted and
zipping only happens at the top; the RoboHeart therefore
contracts (Fig. 10c). When CH2 and CH3 also receive the
same high voltage as CH1, the electric field at the top zipping
point is disrupted and zipping occurs at the bottom; as a
consequence, RoboHeart expands (Fig. 10d). The versatility
of the RoboHeart’s geometry is further demonstrated when
CH2 and CH3 have different voltages with respect to each
other and combined actuation is achieved. Figure 10e shows
the presence of arbitrary tuning of the zipping at the top and
bottom by controlling the CH2 and CH3 voltages where full
zipping at the bottom and partial zipping at the top occurs.

V. DISCUSSION & CONCLUSION

In many robotic systems, compliance is integrated by
combining discrete elastic and active elements to form series
or parallel elastic actuators [11], [12]. RoboHeart differs
by combining active and elastic elements in a single com-
ponent, similarly to dielectric elastomer actuator minimum
energy structures [13], [14]. This simplifies the fabrication of
RoboHeart-based structures, enabling potential applications
in active structures and metamaterials [15]. Using high
voltage actuators around or within human body can be also
practical if the proper insulation is applied and the peak
electrical current is limited to a value safe for human body,
although actuation speed will be compromised [16].

In this work, RoboHeart, a simple bi-directional elec-
troactive zipping actuator is introduced. RoboHeart provides
expansion, contraction, and a tuneable combination of both.
The performance of RoboHeart is investigated using standard
isotonic and isometric tests and an optimum range for the
slenderness ratio (length to thickness ratio) between 2500

and 3000 is suggested for optimum expansion and contrac-
tion power. RoboHeart demonstrates the high potential of
novel bi-directional electroactive actuators for future smart
structures, active metamaterials, and soft robotics.
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