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Abstract
In this paper we present the design and characterization of actuated hinges based on the
electrostatic zipper architecture. We compare three designs that integrate the zipper actuator with
a flexural hinge and mechanical transmission. For each design, we present a model to predict
displacement and validate it experimentally, characterizing its step response, torque, and
repeatability. The results indicate that electrostatic zipper hinges are substantially faster than
alternative self-folding actuators. They can be designed to produce large fold angles (over 100°)
and repeatable analog behavior. These results suggest that this actuator can be applied to self-
adjusting origami solar arrays and high-speed self-folding structures.
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1. Introduction

Origami engineering is an effective paradigm for a variety of
engineering systems including microscale fabrication [1, 2],
mechanically tunable structures [3, 4], and transformable
robotics [5–7]. Particularly relevant to this paper, space
engineering has used origami concepts to transport and
deploy satellites [8, 9]. Some of these systems actuate
themselves along the fold lines in a process known as self-
folding. This is typically accomplished by low-profile actua-
tors installed at rotary hinges, and has been implemented with
shape memory alloys [10], shape memory polymers [11],
swelling hydrogels [12], and pneumatics [13], among other
methods. Self-folding has been applied to make structures and
machines from the meter [13] to the micrometer [14] scale
with a variety of performance characteristics and functional-
ities. However, many of these techniques share certain critical
limitations: the majority of methods are slow, irreversible, and
difficult to control. For example, open-loop actuation of shape
memory composites results in deviations of 5°–8° between
hinges, and these are mechanically pre-programmed, so they
can only target a single reference angle [15, 16].

One application where self-folding could be valuable is
in the controlled actuation of self-adjusting solar arrays

[17, 18]. Origami-inspired arrays consist of multiple plates
connected by discrete hinges [9] and in order to optimize their
power collection, the plates must maintain a precise alignment
relative to the Sun. If the hinges connecting these plates were
actuated, they could correct for deviations caused by drift,
thermal expansion, or imperfect deployments. However, to
accomplish this, the actuators would need to be fast, precise,
and low-power.

To address this need, we have developed and character-
ized a new self-folding actuator that uses an electrostatic
zipper architecture to drive a rotary joint in a low-profile form
(figure 1). We show that this approach to self-folding is fast
and repeatable. We present three possible designs along with
models and experimental data validating their performance.

2. Background

2.1. Electrostatic actuators

Electrostatic actuators are driven by the attractive force
between two electrodes with opposite charges, governed by
Coulomb’s Law. They are often used for adhesion [19] or
actuation of microscale structures [20]. If we consider a
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parallel plate capacitor with plate area A, gap width d, gap
dielectric permittivity ò and a voltage potential V, we can
model the attractive force between them as proportional to the
square of the voltage and inversely proportional to the square
of the distance.
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. 1att
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Electrostatic actuators are often used in parallel with a linear
elastic spring to provide a restoring force. Because the elec-
trostatic force is quadratically related to the plate displace-
ment and the spring force is linearly related to the plate
displacement, there is generally a plate separation distance
where the system reaches an instability and the plates snap
together. This transition from analog to bistable behavior is
referred to as ‘pull-in’. For parallel plate capacitors with a
linear spring, the pull-in point is approximately 1/3 of the
original gap length [21]. While some actuators use the bis-
table behavior, others can only operate within the analog
regime. Because of this, various designs have been imple-
mented to expand this analog range.

2.2. Electrostatic zipper actuators

The electrostatic zipper is a specific type of electrostatic
actuator that can achieve relatively large displacements
[22–24]. It takes the parallel plate actuator concept but tilts
the top electrode so that one side converges with the bottom
electrode (separated by a dielectric layer). The top electrode is
also compliant. As the voltage across the two electrodes
increases, the force between them increases as well and the
flexible beam will start to deform. Note that the force between
the electrodes will be greatest at the convergence, or ‘zipper’
point where the two electrodes are tangential because that is
the point at which d is smallest. As the actuation voltage
increases, the zipper point moves down the length of the
electrodes, bringing the tips together. This design increases
the displacement and the analog operating range in compar-
ison to the parallel plate capacitor [22]. The performance of
these actuators can be enhanced by the addition of a dielectric
liquid that has a higher ò and dielectric breakdown strength
than air, and this has been applied to hydraulic pumps and
ribbon actuators [25, 26].

3. Design

In this paper we present three potential designs for electro-
statically actuated hinges. In each design the tip displacement
of the zipper drives angular displacement of a flexural hinge
through a mechanical transmission. The designs differ in their
transmission geometry.

The linkage design approximates a four-bar linkage
(figure 2(a)). The zipper tip, flexural hinge, and attachment
point connecting the output linkage and zipper act like rota-
tional joints while the elements connecting these points act
like rigid beams. The sliding-surface design shares a similar
resting profile to the linkage design, but the attachment point
slides along the output linkage surface (figure 2(b)). This
allows it to deflect farther under small voltages, but the fric-
tion causes the system to behave unpredictably. In both
designs, the compliance of the hinge is increased by cutting
‘windows’ into the flexural layer.

The double zipper hinge increases the maximum torque
by increasing the overall system stiffness and including zip-
pers on both sides of the hinge (figure 2(c)). Because the
bottom electrode extends across the hinge, we did not cut
windows into the flexural layer. As a consequence, it has
substantially lower angular displacement. As the zippers
actuate, they push against each other horizontally, resulting in
torque on the flexural hinge.

Each hinge is 20 mm wide, with 13 mm wide electrodes
and 3.5 mm border of dielectric material on either side to
prevent arcing. In the linkage and sliding-surface designs, the
zipper is 52 mm long and 12 mm tall at its tip. The flexural
hinge extends another 15 mm from the zipper and the output
linkage is another 15 mm. The double-zipper design has a
total electrode length (including both zippers) of 60 mm and
is 4 mm tall at the center. The linkage and sliding-surface
designs each weigh 1.5 g and the double-zipper weighs 1.9 g.

4. Fabrication

All hinges were designed to be fabricated with commercially
available off-the-shelf tools and materials in a repeatable
manner. Each electrode was composed of 50 μm thick 110
annealed copper sheet metal (Lyon Industries CUX-2). The
dielectric layer between the electrodes was 50 μm thick
polyimide film (Dupont). This layer was also used as a flex-
ural hinge and output link due to its favorable elastic
mechanical properties and convenient geometric location. The
layers were adhered together with 50 μm polyimide tape with
38 μm silicone adhesive backing (Saint-Gobain CHR 2345-
2). In the linkage design, the top electrode and transmission
were bonded with glue (Locktite 4903) and the transmission
and output were bonded with double-sided tape (3M Scotch).

The copper layers were cut with a fiber laser and the
polyimide layers were cut with a CO2 laser (PLS6MW, uni-
versal Laser Systems). The copper was held flat during cut-
ting with a gel pack backing (WF-60-X4-A, Gel-Pak) to
ensure a clean and even cut. Each layer was cut with an
oversized boundary to accommodate two horizontally spaced

Figure 1. This paper presents the design and characterization of three
actuated hinges driven by electrostatic zippers.
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alignment holes. Once the strips were cut and removed from
the laser cutter, they were wiped clean and rolled flat.

First, the bottom electrode layer was laid on top of the
dielectric layer, aligned on top of a base jig using dowel pins
and alignment holes. A layer of 50 μm thick, 19 mm wide
polyimide tape was rolled over the electrode, forming the
hinge base. The base was then flipped and placed back on the
base jig so that the polyimide tape was on bottom. A curved
electrode-shaping jig was placed on top of dielectric layer, the
upper electrode was laid on top of that, and the upper part of
the electrode-shaping jig was installed, sandwiching the top
electrode and fixing it along a specific curve. The entire jig
assembly was clamped together and a 19 mm wide piece of
polyimide tape was taped across the top electrode at the point
where the two electrodes converge.

The jig assembly was placed in an oven at 200 °F.
Although this is well below the annealing temperature of
copper, we observed that this step improved the quality of the
electrode curvature substantially. The assembly was removed
and the excess copper and polyimide were trimmed, leaving
10 mm of each layer at the end for a circuit connection
interface. An extra layer of polyimide tape was added around
the dielectric layer to prevent unwanted electrostatic
discharge.

Before operation, a small amount of dielectric oil
(Envirotemp FR3) was applied to the electrodes where they
connect. This addition was based on previous results
demonstrating that dielectric liquid can substantially increase
the performance of electrostatic zipper hinges [25, 26].

5. Modeling

A model of the electrostatic zipper hinge is based on Euler–
Bernoulli beam theory, using an approach first established by
Li et al [23] (figure 3). We start with the differential equation
relating the beam deflection w with the force per unit length q
distributed along a beam.

= ( ) ( )EI
d w

dx
q x . 2

4

4

In this case, the force is due to electrostatic attraction, and can
be expressed as
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where b is the electrode width, ò0 is the vacuum permittivity,
òl is the relative permittivity of the dielectric oil, dp and òp are
the thickness and relative permittivity of the polyimide
insulator, y is the vertical space between the top electrode and
polyimide layer, and da represents an additional space
between the electrodes due to fabrication irregularities.
Derivation of this equation can be found in [26].

The beam has a resting position c which can be expressed
by a quadratic equation.

d
= = +( ) ( ) ( ) ( ) ( )c x

L
x y x c x w x , 40

0
2

2

where δ0 is the vertical distance from the tip of the top
electrode to the bottom of the flexible electrode in its resting
state so that δ0=y(L0) when V=0, L0 is the length of the
bottom electrode, and x is the horizontal distance rightward
starting at the left of the zipper. To solve this equation, we
need to define four boundary conditions. At x=0, the beam

Figure 2. Three designs were developed and tested, each with a different transmission mechanism. (a) The linkage design. (b) The sliding-
surface design. (c) The double-zipper design. An isometric drawing (top), unactuated side view (center), and actuated side view (bottom, with
exaggerated displacement) are shown for each design.
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position and slope are fixed, and at the tip (x=L0), there is a
negligible moment and a shear force Ftip due to the trans-
mission.

= ¢ =  = ¢¢¢ =( ) ( ) ( ) ( )

( )

w w w L w L
F

EI
0 0 0 0 0
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tip
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We model Ftip as an ideal spring kw(L0) and a gravity force Fg

due to the transmission and output linkage, where k is a spring
force dependent on the hinge design (table 1). For the linkage
and sliding-surface designs, k was characterized experimen-
tally by applying a point force to the zipper tip and measuring
the force as a function of displacement. For the double-zipper
design, k was fit using the data.

From this model, the zipper tip displacement ( )y L0 is
calculated using a numerical boundary value problem solver.
To relate the tip displacement with angular output, we assume
a linear relationship.

q
d
d

q=
- ( )y

. 60

0
max

qmax was determined experimentally for each hinge and
represents complete pull-in of the zipper (table 1).

6. Experiments and results

6.1. Step response

We applied a 5 kV step input for two seconds to observe the
displacement and speed of each hinge. For each experiment,
we placed the sample inside a plastic enclosure and fixed the
bottom electrode to an acrylic base with double sided tape
(figure 4). We recorded the actuator with a high-speed camera
at 960 fps. We analyzed the video with a MATLAB script to
calculate the hinge angle at each frame of the test. We used a
Matsusada Precision AMT-5B20 5 kV DC voltage amplifier
to generate the high voltage signals and a BK Precision
2190E 2-channel oscilloscope to measure the current from the
power supply. We controlled the high-voltage supply with an
Arduino Uno generating 0–5 V analog signal. To sync the
voltage and current data collected from the oscilloscope to the
hinge angle calculated from the high-speed camera, we gen-
erated a syncing pulse from the Arduino that triggered the
oscilloscope to start recording and turned on an LED in the
camera’s frame of view, allowing us to correlate these time
points in post-processing.

For each design, we tested a single sample in three
separate trials, manually resetting the hinge between inputs.
We calculated the final angle and rise time (up to first peak) of
each test and measured the current drawn over time to cal-
culate the total electrical energy input (table 2). We plotted
each step response as a function of time (figure 5).

Each design had some resting angle due to gravity
between 20° and 45°. The hinges were designed to be com-
pliant to maximize displacement, but this made them sus-
ceptible to body forces. The linkage and sliding-surface
designs both reached their maximum angular displacement,

Figure 3. (a) The hinges can be treated as two components: the
zipper drives a linear displacement at the zipper tip, and the
transmission translates the linear motion into an angular displace-
ment. (b) The zipper is modeled as an Euler–Bernoulli beam under a
distributed load with a spring at its tip.

Table 1. Performance parameters of the hinges.

Design
Zipper tip stiffness k

(N m−1)
Maximum angle

qmax (°)

Linkage 2.8 100
Sliding-surface 1.2 80
Double-zipper 170 90

Figure 4. Experimental setup for measuring angular displacement.

Table 2. Step response characteristics for a single sample of each
design in response to a 5 kV input. Mean±standard
deviation, n=3.

Design Displacement (°)
Rise

time (ms)
Input

energy (J)

Linkage 46.6±1.8 69±6 5.85±0.51
Sliding-
surface

30.5±0.3 68±5 6.30±0.19

Double-
zipper

5.4±0.3 117±2 5.85±0.66
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while the double-zipper hinge displacement was substantially
below the maximum.

The hinges all showed satisfactory repeatability (�5%)
between trials. They also showed fast response times of
approximately 50 ms for the linkage and sliding-surface
designs and 120 ms for the double-zipper design.

We then tested two more samples of each design (three
samples total) in three trials and compared their displacement
(figure 6). We observed some variation between samples but
also noted that each design exhibited certain characteristics
common between samples. The linkage design was the most
consistent across samples and exhibited higher order
dynamics, with a slow overdamped response in addition to the
fast underdamped one. The sliding surface design exhibited a
large overshoot and substantial variability in settling time and
max displacement between samples, likely due to the friction
forces that dominate the system dynamics. The double-zipper
also had substantial variability in displacement, but had a
consistent natural frequency and settling time across samples.

Each design exhibited some drift over multiple step
inputs, which is why the previous experiments were all per-
formed after manually resetting the hinges. To characterize
this drift, we performed 10 sequential step inputs to a single
sample of each design without manual resetting. After each
step input, the voltage was reset to 0 and the hinge was
allowed to fully relax. The sliding-surface design always held

its maximum angular displacement, and so could not be
actuated repeatedly without manually resetting. For the link-
age and double-zipper designs, we observed that although
there was an initial change in the resting position after the first
few steps, subsequent step inputs did not cause the resting
position to change further (figure 7). We also observed that
the shape of the input response changed slightly with suc-
cessive steps, particularly in the linkage design.

6.2. Torque and energy characterization

We characterized the torque of each design with blocked-
torque measurements. We tested three samples of each design
with step inputs of increasingly higher amplitudes up to 5 kV
(figure 8). The linkage and sliding-surface designs showed
similar torque-voltage profiles, which aligns with their similar
geometries in the blocked state. The double-zipper demon-
strated substantially larger torques, and we expect this is due
to a combination of the double-actuator architecture and the
higher transmission stiffness. From these measurements and
their step response we estimated their stroke energy

q t»E 2s max max (table 3). Although we expect that the tor-
que as a function of angular displacement is nonlinear, we can
use this value to gain some insight into their stroke energy.

Figure 5. The absolute angle as a function of time in response to a 5 kV step input for one sample of (a) the linkage design, (b) the sliding-
surface design, and (c) the double-zipper design. The dashed line indicates model-predicted steady-state response. Shaded regions indicate
standard deviation, N=3.

Figure 6. The angular displacement as a function of time in response to a 5 kV step input for three samples of (a) the linkage design, (b) the
sliding-surface design, and (c) the double-zipper design. Each line represents the mean angle from three different trials.
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6.3. Ramp response

To observe the linearity and hysteresis of the hinges, we
subjected three samples of each design to a triangle-wave
voltage input, consisting of three ramps with increasing peak
voltages of 1, 3, and 5 kV at a rate of 200 V s−1. We observed
the output angle using the same process and equipment as for
the step response experiments, except that we used an Sam-
sung Galaxy S7 camera at 240 fps to record displacement.

The linkage design showed relatively continuous dis-
placement in response to the initial voltage increase
(figures 9(a)–(b)). However, it exhibited an interesting
response to decreasing voltage, in which the displacement
would initially decrease, and then increase as the voltage
approached zero, resulting in a U-shaped voltage-displace-
ment curve on subsequent ramps. This behavior appeared
regularly across all samples and trials. The actuator reached
its maximum displacement at approximately 2.5 kV.

The sliding surface design showed discrete jumps as well
as bistable pull-in behavior (after which the system remained

Figure 7. Angle of (a) the linkage design and (b) the double-zipper design in response to 10 sequential step inputs without manual reset of
hinge’s initial angle. Dots indicate the resting angle between each step and dashed lines separate each step.

Figure 8. Blocked torque of the (a) linkage, (b) sliding-surface, and
(c) double-zipper designs. Error bars indicate standard devia-
tion, N=3.

Figure 9. Angular displacement of the hinges in response to a
triangle-wave signal with increasing peaks (1, 3, 5 kV). (a)–(b)
Linkage design as a function of (a) voltage and (b) time. (c)–(d)
Sliding-surface design as a function of (c) voltage and (d) time. (e)–
(f) Double-zipper design as a function of (e) voltage and (f) time.
Each plot is a single trial. Dashed lines represent the modeled
displacement (a), (c), (e) and voltage (b), (d), (f).

Table 3. Blocked torque and estimated energy characteristics of the
electrostatic zipper hinges at 5 kV. Mean±standard
deviation, N=3.

Design Torque (μN-m) Stroke Energy (μJ)

Linkage 21.2±8.8 8.6
Sliding-surface 13.9±5.9 3.7
Double-zipper 102.7±9.5 4.8
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at a maximum displacement) under voltages less than 1 kV,
substantially less than the other designs (figures 9(c)–(d)).
Once displaced, the actuator did not relax. This is likely due
to the dominance of friction in the system dynamics, which
makes the system nonlinear and highly hysteretic.

The double-zipper design also showed hysteresis,
including the increase in displacement as the voltage returned
to zero (figures 9(e)–(f)). However, it was less pronounced
than in the other designs, and the hinge demonstrated analog
behavior up to 5 kV.

7. Discussion

The results demonstrated the performance of electrostatically
driven self-folding hinges and revealed differences between
the designs. The linkage design showed a reasonable com-
promise between displacement and torque, making it the most
promising candidate for continuous and controlled actuation.
The double-zipper hinge had the least displacement but the
highest torque. The sliding surface design showed the least
repeatability and greatest hysteresis, but it did demonstrate the
largest displacement in response to sub-kilovolt inputs.

These results indicate how each design is suited for dif-
ferent applications. the linkage design has a large continuous
(but nonlinear) range over ≈60° and is reversible, making it
best suited for repeated and controllable actuation. In contrast,
the sliding surface design would not be easy to control but
does have large displacement at low voltages, so it would be
better suited for discrete transformations such as flat-to-folded
self-assembly. The double-zipper design has the highest tor-
que and stroke energy, making it appropriate for the actuation
of heavier structures, but only in applications where the angle
needs to be adjusted within a few degrees. It could also be
distributed along flexible surfaces to adjust tension, dynami-
cally straightening thin surfaces. In all designs, the biggest
challenge to future applications is in the limited torque and
low stiffness of the actuators, limiting their effectiveness
under gravity or other substantial body forces. While our
torque results correspond to blocked tip forces on the order of
hundreds of millinewtons, other work into zipper hinges have
generated forces up to hundreds of newtons [26], so future
work may be able to substantially improve the torque outputs.

Our proposed model helped us understand the differences
between the three designs but did not capture their complete
behavior. In particular, it did not predict the observed hys-
teresis. We believe that this may be due to a combination of
plastic deformation and viscous behavior from the dielectric
oil. The increase in displacement during the gradual decrease
in voltage was unexpected and may be due to space charge
accumulation in the polyimide layer [27, 28]. Further
experiments must be conducted to determine its cause.

Variations between different samples indicate that our
fabrication process is not repeatable enough for precise
applications. This is supported by the model, which suggests
that small changes in initial position will result in large dif-
ferences in angular displacement. A few of the challenges
include the application of a precise curve to the upper

electrode, avoiding microscale dents and creases in the cop-
per, and precise position of the polyimide dielectric layers.
Further research can look into high-temperature annealing to
remove prestress from the electrodes, better layup jigs for
precise layer alignment, and alternative bending methods for
patterning the upper electrode curvature.

If these challenges can be addressed, there are several
interesting avenues for future research. One possibility is to
use the capacitance of the zipper as a sensor to measure the
angular displacement. Previous angular sensors in self-folding
hinges have had challenges with accuracy [29] and minia-
turization [30], so a structure with inherent actuation and
sensing would be valuable for controlled transformation. We
could also use our model to optimize the resting curvature of
the electrode c(x) to maximize precision, power, or even tailor
it to create arbitrary voltage-displacement curves. If the fab-
rication process could be minimized, we expect that, like
traditional electrostatics, this design would be well-suited to
the sub-millimeter scale level. Finally, connecting multiple
actuators in series or parallel could result in interesting and
highly adaptive structures.

In summary, the electrostatic zipper design is a promising
and flexible approach to fast and repeatable self-folding.
These mechanisms have the potential for precise and con-
trollable actuation of complex planar structures.
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