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A mechanics-based approach to realize high–force 
capacity electroadhesives for robots 
David J. Levine, Gokulanand M. Iyer, R. Daelan Roosa, Kevin T. Turner*, James H. Pikul* 

Materials with electroprogrammable stiffness and adhesion can enhance the performance of robotic systems, 
but achieving large changes in stiffness and adhesive forces in real time is an ongoing challenge. Electroadhe-
sive clutches can rapidly adhere high stiffness elements, although their low force capacities and high activation 
voltages have limited their applications. A major challenge in realizing stronger electroadhesive clutches is that 
current parallel plate models poorly predict clutch force capacity and cannot be used to design better devices. 
Here, we use a fracture mechanics framework to understand the relationship between clutch design and force 
capacity. We demonstrate and verify a mechanics-based model that predicts clutch performance across multiple 
geometries and applied voltages. On the basis of this approach, we build a clutch with 63 times the force ca-
pacity per unit electrostatic force of state-of-the-art electroadhesive clutches. Last, we demonstrate the ability of 
our electroadhesives to increase the load capacity of a soft, pneumatic finger by a factor of 27 times compared 
with a finger without an electroadhesive. 
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INTRODUCTION 
The ability to program the mechanical stiffness of robotic systems 
has led to many advances and increased the performance of pros-
thetics (1), walking robots (2), active origami structures (3–5), and 
human exoskeletons (6). Clutches are a common approach for pro-
gramming stiffness and operate by mechanically connecting and 
disconnecting elements of different stiffness. Rotational clutches 
in robots can be activated to block force, control energy transfer 
between mechanical elements, and enable discrete stiffness tuning 
(7, 8). However, rotational clutches are restricted to rotational joints 
and are made from rigid materials (1, 9–11), which makes them in-
compatible with applications that require stretchability or in-plane 
mechanical programming. For these applications, soft materials 
with programmable stiffness have been developed to modulate stiff-
ness in soft or stretchable robotic systems. These materials enable 
transformations between complex, preprogrammed shapes (12), 
robotic fish with increased swimming efficiencies (13), and me-
chanically patterned grippers for gentle object manipulation (14). 
The ability to program large changes in mechanical stiffness in 
real time, however, has been a challenge with current soft stiffness 
tuning mechanisms, which consume large amounts of power, 
require phase changes, actuate in seconds to minutes, or have low 
strength (15, 16). 

A promising technology for modulating stiffness in soft or flex-
ible systems is an electroadhesive clutch (15). In contrast to rota-
tional clutches, electroadhesive clutches are composed of one or 
more thin, compliant, conductive, overlapping electrodes separated 
by a dielectric layer (Fig. 1A). When a voltage is applied between the 
conductive surfaces, the opposing charges on each electrode are at-
tracted to one another, resulting in electroadhesion (17, 18). The 
electrostatic force produced at the contact interface can prevent 
sliding and increases in the in-plane stiffness (15). When the 
clutch is loaded in tension or by an external bending moment, 

each electrode is pulled parallel to its length and away from the op-
posing electrode so that, in the absence of an applied voltage, they 
slide relative to each other. Therefore, when no voltage is applied, 
the unactivated stiffness is determined by the materials surrounding 
the clutch (Fig. 1B). Electroadhesives are lightweight (<1 g) because 
of the small thickness of the electrodes, and the stiffness changes 
occur in milliseconds. Moreover, electroadhesive clutches are low 
cost and easy to fabricate and consume small amounts of power 
(<1 mW) when fully charged. As a result, many electroadhesive 
clutches have been developed in recent years for programming stiff-
ness changes in a variety of applications, including wearable haptic 
interfaces for virtual reality and robotic teleoperation (19–21), 
robotic exoskeletons for ankle assistance during walking tasks (22, 
23), fingered gripping systems (24), modular robotic teams (25), 
shape locking of pneumatic actuators (26), and electrostatic 
zipping actuators (3). 

However, despite the proliferation of electroadhesive clutch 
designs in numerous applications where stiffness control is re-
quired, current electroadhesive clutches suffer from force capacities 
(FCs) below those of other materials with an electrically tunable 
stiffness, such as electrothermal and electrochemical systems (15). 
The FC is the force above which the clutch would fail or slip. Clutch-
es with increased FCs can reduce the applied voltage needed to 
achieve a target force, shrink device dimensions, and increase the 
achievable stiffness range. These benefits would make electroadhe-
sive clutches more compatible with off-the-shelf electronics and 
both macroscale and microscale robotic systems. To achieve this, 
the FC of electroadhesive clutches must be increased by a factor 
of 10 compared with what is achievable today (20). 

Current electroadhesive clutches rely on high operating voltages 
(typically >300 V) and large contact areas to achieve larger FCs, but 
an incomplete understanding of clutch mechanics has prevented 
current designs from achieving their full potential. To date, clutches 
have been designed using a simple electroadhesion model based 
solely on electrostatic parallel plate theory and Coulombic friction 
to predict the FC (27). Although simple in nature, this model does 
not accurately predict real-world performance in many cases, 
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because it does not account for nonuniform stresses and failures 
that occur due to the initiation and propagation of interface crack 
(i.e., fracture-based failure) (Fig. 1C) (28–34). There is, therefore, a 
need for models that accurately capture electroadhesive behavior 
and that, in turn, will enable the design of stronger, smaller, and 
lower-voltage clutches for programming stiffness or adhesion. 

We present an experimentally validated fracture mechanics– 
based model that describes the relationship between clutch design 
and maximum FC and show that using this model can enable elec-
troadhesive clutches with notable improvements in FC. Our model 
correctly predicts clutch performance over a wide variety of geom-
etries and applied voltages, unlike the widely used parallel plate 
equation (Fig. 1D). Using this understanding, we demonstrate 
that the performance of most electroadhesive clutches can be im-
proved by simply changing their geometry, i.e., shape and thickness. 
On the basis of our design criteria, we built a Coulombic electroad-
hesive clutch with the highest FC per applied electrostatic force, out-
performing the next highest-performing clutch by a factor of 63×. 
Last, we demonstrate the ability of our optimized electroadhesives to 
increase the load capacity of a soft robotic finger by a factor of 27×. 
By doing so with traditional dielectrics and electrode materials, we 
demonstrate the power of our mechanics-based design methodolo-
gy to increase clutch performance without relying on expensive ma-
terials or intensive manufacturing processes, making our approach 
optimal for widespread adoption by robotics researchers. This fun-
damental understanding of clutch mechanics and improved FC will 

enable smaller and stronger clutches for programming the mechan-
ical properties of robotic systems. 

RESULTS 
Analytical modeling 
To predict FC, we modeled electroadhesive clutches as bonded lap 
joints. Lap joint models assume that the adhesive layer is loaded in 
shear (35–38), undergoes failure via fracture upon reaching its FC 
(39), and is linear elastic before failure (28, 29). Because the same 
assumptions apply to electroadhesive clutches, their mechanics 
are akin to those of adhesively bonded lap joints. Although other 
fracture-based models exist for electroadhesive lap joints, they 
assume the electroadhesive to have no stiff electrode backing, 
which leads to a different failure mechanism compared with the 
clutches in this work (40). Using a fracture-based, analytical 
model of bonded lap joints (28, 29), the FC of an electroadhesive 
clutch can be expressed as 

FC ¼ b
ffiffiffiffiffiffiffiffi
2Gc

p
ffiffiffiffi
A
C

r

ð1Þ

where C is the overall compliance of the clutch system, A is the 
contact area between electrodes (red area in Fig. 1A), β is a constant 
(assumed to be 1 in this work), and GC is the critical strain energy 
release rate, which describes the adhesion at the interface and is not 
a function of clutch geometry or compliance (31). We define 

Fig. 1. Electroadhesive clutch materials, operation, applications, and design. (A) Electroadhesive clutches that use Coulombic electroadhesion are composed of two 
compliant, metallized electrodes separated by an insulating dielectric layer with relative permittivity κ. The contact area between the dielectric and the bottom electrode 
is denoted in red. (B) Electroadhesive clutch operation. In the off state, contact is made between the clutch surfaces, but they are not adhered and can slide freely past one 
another (left). In the on state, the two electrodes are held together by electrostatic forces, and sliding is blocked at the contact interface (right). (C) Electroadhesive FCs are 
governed by interface fracture mechanics. First, a crack initiates at the edge of the contact interface (left), which grows as the load applied to the clutch increases (middle). 
At its FC, the crack propagates through the whole interface, and the surfaces of the clutch separate (right). (D) Previous understanding of electroadhesive FCs was based 
on parallel plate theory and friction. Using this approach, static friction from electrostatic attraction holds the electrodes together (left), which increases as the load 
applied to the clutch increases (middle). At its FC, a slip event occurs, and the electrodes slide past one another (right). (E) Applications of electroadhesive clutches 
in robotic systems. Electroadhesive clutches can resist tensile loads to increase the holding capacity of a soft robotic gripper (top), tune the stiffness of a soft actuator 
or wearable device to provide kinesthetic haptic feedback to simulate the feeling of a virtual object (bottom left), or tune the bending stiffness of an orthotic, splint, or 
exoskeletal device (bottom right). AR, augmented reality; VR, virtual reality. 

Levine et al., Sci. Robot. 7, eabo2179 (2022) 30 November 2022                                                                                                                                              2 of 11  

S C I E N C E  R O B O T I C S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org at T

he H
ong K

ong U
niversity of Science and T

echnology (G
uangzhou) on M

ay 25, 2026



compliance as the axial displacement of a clutch with no slipping 
divided by the applied force. Modifications to compliance 
through shape change (28, 29, 34) and geometric confinement 
(27) have been previously shown to increase FC for nonelectrically 
controlled adhesive joints loaded in shear. Note, however, that such 
increases in FC reported in (27) could not be explained by the par-
allel plate friction model described in Eq. 2, which was the model 
used to predict electroadhesive FC in that study. Our model 
assumes that FC is the force at which the strain energy release 
rate G is equal to a critical strain energy release rate, GC. The critical 
strain energy release rate can be thought of as the interface tough-
ness or interface fracture energy required to separate the clutch sur-
faces. In an electroadhesive clutch, GC is directly proportional to the 
square of the applied voltage (V2), which is a relationship predicted 
by parallel plate electrostatic theory (41). This model has notable 
differences from the clutch FC predicted by parallel plate models, 
which is 

FC pp ¼ mFel ¼ m
10AðkVÞ2

2d2 ð2Þ

where Fel is the electrostatic force, μ is the coefficient of friction 
between dielectric and electrode, εο is the permittivity of free 
space, A is the contact area, κ is the relative permittivity, V is the 
applied voltage, and d is the thickness of the dielectric. First, accord-
ing to Eq. 1, FC is directly proportional to GC

1/2, which leads to a 
direct scaling with V and not V2, as Eq. 2 predicts. Next, our 
model assumes FC to be governed by adhesion and interface frac-
ture (Fig. 1C), whereas the FC of parallel plate models depends on 
static friction (Fig. 1D). Last, Eq. 2 is independent of the clutch com-
pliance (C ) and only considers A and d to be relevant geometric 
parameters that contribute to FC. In contrast, our model takes C 
into account, which includes not only the contact, or overlap 
region but also the free, noncontacting regions of the clutch, 
along with the contact area (A). The total compliance must be con-
sidered in a predictive model, because each clutch will undergo de-
formation in its overlap region and free regions, which all 
contribute to nonuniform shear and peel stresses that cause elec-
trode separation at FC (35–38). 

We denote the quantity (A/C)1/2 as the geometric stiffness pa-
rameter (GSP), which accounts for the overall clutch compliance 
and electroadhesive contact area. Figure 2A shows the spring- 
based model for overall clutch compliance. To satisfy the linear 
elastic assumption required by Eq. 1, we measured the clutch com-
pliance at small strains (1 to 1.5%) (fig. S1). The electroadhesive 
joint is split into two distinct regions. These include (i) the 
overlap region, where the electrodes are adhered and both the di-
electric and electrode layers undergo deformation, and (ii) the 
free regions away from the contact, where only the electrodes 
undergo deformation. In the overlap region, the dielectric and 
two adherends are treated as springs in parallel, and their axial com-
pliance is 

Coverlap;axial ¼
L
w

1
2Eet þ Edd

� �

ð3Þ

where Ee is the Young’s modulus of the electrodes, Ed is the Young’s 
modulus of the dielectric, t is the thickness of the electrodes, d is the 
thickness of the dielectric layer, w is the width of the overlap region, 
and L is the length of the overlap region. For the single lap shear 

configuration, there is eccentricity in the loading path, which 
results in the joint being loaded by a moment that leads to 
bending and shear deformation of the dielectric. However, 
because the thickness of the dielectric is substantially smaller than 
the overlap length (d << L) in the clutches presented here, we 
neglect both the shear and bending compliance. The compliance 
of the two free regions, which are loaded axially, is 

C f ¼
L f

Eewt
ð4Þ

where Lf is the length of the free region. The experimentally mea-
sured compliance of the testing machine (Cmachine) is also included. 
Adding these compliances in series, the total system compliance is 

Ctotal ¼
L

wð2Eet þ EddÞ
þ

2L f

Eetw
þ Cmachine ð5Þ

which is similar to the system compliance used in (29). Figure S2 
shows reasonable agreement between the measured and predicted 
clutch stiffnesses k, which is equal to the reciprocal of the compli-
ance (1/Ctotal). Last, we combined Eqs. 1 and 5 to find an expression 
for electroadhesive FC. This model illustrates that the electroadhe-
sive FC depends on material and geometric parameters as well as 
contact area and applied voltage, so all of these parameters must 
be considered in clutch design. 

Figure 2 (B to D) summarizes the effect of clutch shape and 
applied voltage on electroadhesive FC. Figure 2B shows the FC as 
a function of clutch width. The lines of constant area were calculated 
using the model with a GC value corresponding to our 200-V FC 
experiments (GC = 4.71 J m−2), and the lines of constant voltage 
were calculated using GC values corresponding to our 125-, 150-, 
and 200-V FC experiments (GC = 1.77, 2.76, and 4.71 J m−2). 
These GC values were determined by performing a linear regression 
on our GSP versus FC experimental data at 125, 150, and 200 V, 
where the slope was equal to (2GC)1/2. GC was determined from 
the best fit lines: 125 V [GC = 1.77 J m−2, coefficient of determina-
tion (R2) = 0.98], 150 V (GC = 2.76 J m−2, R2 = 0.99), and 200 V 
(GC = 4.71 J m−2, R2 = 0.98). The map in Fig. 2C assumes 200-V 
operation and shows FCs for overlap lengths (L) and widths (w) 
ranging from 0 to 80 mm. Overall, increasing the GSP of an electro-
adhesive clutch (decreasing total compliance and increasing contact 
area) increases the FC. Our model showed that holding the contact 
area constant but changing the clutch shape leads to changes in FC 
as the clutch compliance also changes [FC α (Α/C)1/2]. This contra-
dicts the predictions of parallel plate electrostatic models, which do 
not account for joint stiffness, indicate that FC α Α, and suggest that 
FC should be constant if Α is fixed. Figure 2 (B and D) shows lines of 
constant area to illustrate this point. To reduce the contact area of 
any electroadhesive clutch without decreasing its FC, its overlap 
width can be increased and its joint length reduced (Fig. 2C). More-
over, Fig. 2D shows how voltage influences FC, where GC is propor-
tional to V2. Lines corresponding to 125, 150, and 200 V (GC = 1.77, 
2.76, and 4.71 J m−2) are shown, which were determined by fitting 
the model to the experimental data. This relationship shows that the 
applied voltage can be reduced without reducing the electroadhe-
sive FC by decreasing joint compliance and/or increasing contact 
area. Overall, the contour maps show the combined influence of 
compliance, contact area, and applied voltage on electroadhesive 
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FC, which all need to be considered in the design to optimize a 
clutch for a set of design constraints. 

Experimental validation 
To validate our analytical model for the FC of an electroadhesive 
clutch, we performed mechanical tests of electroadhesives with a 
variety of compliances (see Materials and Methods for details; 
setup is shown in fig. S3). For each electroadhesive, we measured 
FC, stiffness (at small strains of 1 to 1.5%), and the maximum pos-
sible contact area. First, we assessed the validity of GSP as a predic-
tive variable for clutch FC. Figure 3A shows that there is a linear 
relationship between the calculated GSP and measured FC, where 
the (2GC)1/2 slope matches the prediction in Eq. 1. The slope of 
the best fit line for the 125-, 150-, and 200-V datasets increased 
by the same degree as the voltage increased: 1.63× for 125 to 200 
V (1.88% below the expected 1.6×) and 1.31× for 150 to 200 V 
(1.75% below the expected 1.33×) for clutches with the same geo-
metric parameters, which agreed with the predicted FC α V 
relationship. 

Next, we measured the influence of clutch stiffness on electroad-
hesive FC by changing the clutch aspect ratio as we maintained a 
constant contact area of 16 cm2. Figure 3B shows that the FC in-
creases with increasing width, which corresponds to a decreased 
compliance as the length shrinks to keep the area constant (blue 
data). The electroadhesives had a fixed free length of 24 mm, a 
fixed electrode thickness of 127 μm, an applied voltage of 200 V, 
and a set dielectric thickness of 14 μm, so that the electrostatic pres-
sure (Ep) was constant. The electrostatic pressure is the total electro-
static force divided by the contact area (Ep = Fel/A). Figure 3C shows 
electroadhesive FC as a function of width for clutches with thicker 
electrodes (t = 254 μm). These clutches (shown in black) had the 
same parameters used in the initial test (A = 16 cm2, V = 200 V, 
d = 14 μm, and Lf = 24 mm, with varying L and w), but they 
showed larger FCs compared with the specimens of t = 127 μm 
(shown in blue) because of the decrease in total compliance, even 
at a fixed contact area. For both experiments, the measured data 
match the predicted values from the analytical model. These 
results show that the electroadhesive FC can vary substantially 

Fig. 2. Predictions of the analytical model of electroadhesive clutch joint stiffness and FC. (A) A schematic of an electroadhesive clutch with important geometric 
and material parameters labeled (top) and the representative spring network used to predict total joint compliance and electroadhesive FC (bottom). (B) FC as a function 
of clutch width predicted by the model. The lines of constant area were calculated using our model with a GC value corresponding to our 200-V FC experiments, and the 
lines of constant voltage were calculated using GC values corresponding to our 125-, 150-, and 200-V FC experiments. All lines of constant area (black) represent clutches 
operated at a set voltage of V = 200 V, and all lines of constant voltage (blue) represent clutches with a set area of A = 16 cm2. (C) A design map showing electroadhesive 
FCs for different electroadhesive joint lengths and joint widths. The dotted lines represent electroadhesives with constant contact areas of A = 4 to 48 cm2. (D) A design 
map of predicted electroadhesive FCs for different GSPs and critical strain energy release rates (GC), which correspond to different voltages. The dotted horizontal lines of 
constant voltage were calculated using GC values corresponding to our 125-, 150-, and 200-V FC experiments. All model predictions assume geometries and material 
properties that match those of the clutches that were experimentally tested. 
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under a constant area, which contradicts prior parallel plate models 
and reinforces the importance of considering the clutch compliance 
in device design. 

To investigate the effect of simultaneous changes in both electro-
adhesive clutch compliance and contact area on FC, we tested elec-
troadhesives with the same electrode and dielectric thicknesses 
(t = 127 μm, d = 14 μm, and Lf = 40 mm) at an applied voltage of 
V = 200 V but held overlap width constant at w = 80 mm and varied 
the overlap length L from 10 to 40 mm, which corresponded to 
contact areas ranging from 8 to 32 cm2 (Fig. 3D). We observed a 
nonlinear increase in electroadhesive FC at increased overlap 
lengths, which corresponds with the simultaneous increase in 
contact area and clutch compliance predicted by the analytical 
model. This dependence of FC on overlap length arises from the 
clutch’s load train compliance (free region compliance and 
machine compliance), which has been previously shown to affect 

FC for adhesive specimens that undergo electrode separation at 
FC (42), like our electroadhesive clutch designs (fig. S1). 

Last, the clutches operated at different voltages not only followed 
the trend predicted by the model (FC α V ) but also showed the same 
predicted nonlinear increase in FC for larger clutch widths and 
shorter clutch lengths (Fig. 3B). Overall, our experimental data 
for FC at a variety of clutch compliances and contact areas are in 
good agreement with the analytical model. 

Soft actuator demonstration 
Strong electroadhesives can modulate the stiffness and strength of 
robotic systems, but for many soft robotic applications, such as grip-
ping, the elastomer compliance that enables robust damage-free in-
teractions with fragile objects (43) also results in reduced load- 
carrying capabilities. For example, we show a custom pneumatically 
actuated soft hand that can carry one 0.2-kg apple with two inflated 

Fig. 3. Experimental validation of the analytical model and an exploration of electroadhesive clutch stiffness on FC. (A) Measured electroadhesive FC as a function 
of the GSP. Each data point indicates a different electroadhesive clutch design, with n = 3 clutches tested per data point. The error bars indicate 1 SD above and below 
each measured FC value. The green, red, and blue dotted lines indicate the model-predicted values of electroadhesive FC with GC = 1.77 J m−2 for the 125-V data, 2.76 
J m−2 for the 150-V data, and GC = 4.71 J m−2 for the 200-V data. The green, red, and blue shaded regions indicate a 20% deviation in GC from the fitted parameters. (B) 
Measured electroadhesive FC versus electroadhesive joint widths for clutches tested with different operating voltages (V ) at a set contact area of 16 cm2, with all other 
design parameters fixed. The green dotted line indicates the model’s predictions for 125-V operation, the red dotted line indicates the model’s predictions for 150-V 
operation, and the blue dotted line indicates the model’s predictions for 200-V operation. (C) Measured electroadhesive FC as a function of electroadhesive clutch widths 
for clutches with different electrode thicknesses (t) at a set contact area of 16 cm2, with all other design parameters fixed. The blue dotted line indicates the model’s 
predictions for t = 127 µm electrodes, and the black dotted line indicates the model’s predictions for t = 254 µm electrodes. (D) Measured electroadhesive FC as a function 
of electroadhesive clutch lengths with all other design variables fixed. The blue dotted line indicates the model’s predictions for 200-V operation. 
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fingers (Fig. 4A). When the same fingers are loaded with a 1.8-kg 
bag of apples, the fingertips bend away from the palm, and the hand 
drops the load (movie S1). We show that strong electroadhesives at-
tached to soft robotic fingertips can increase their load-carrying ca-
pacity by mechanically connecting the fingertip to the palm (Fig. 4B 

and additional details in fig. S4), which allows the same robotic 
hand to lift a 1.8-kg bag of apples with one finger without dropping 
it (movie S1). When the electroadhesive is not activated, a finger 
inflated to 30 kPa can sufficiently bend to touch the palm under 
zero load but is easily uncurled by a small 0.1-kg mass, which 

Fig. 4. Using an electroadhesive clutch to increase the load capacity of a soft robotic hand. (A) A soft robotic hand required two fingers (each inflated to 30 kPa) to 
successfully hold a bag containing one apple weighing 0.2 kg without dropping it. By using a clutch to mechanically anchor one of the hand’s fingers to its palm, the hand 
successfully held a full bag of apples weighing 1.8 kg with only one finger, without increasing the input pneumatic pressure. (B) A schematic of the soft finger setup. The 
pneumatic finger was attached to a rigid palm (black) and was connected to an air tube for inflation. One clutch electrode was attached to the palm (blue), and the other 
was attached to the fingertip (red). The finger was anchored to the palm upon inflation of the finger and activation of the clutch. (C) Determining the load capacity of a 
finger without a clutch. As a control, a 0.1-kg mass uncurled a soft finger pressurized to 30 kPa. (D) Increasing finger load capacity with a low-GSP electroadhesive clutch. 
Upon activation at 125 V, this clutch enabled the same finger to hold 1.7 kg, a 17× increase compared with the control. (E) Increasing finger load capacity with an 
increased GSP electroadhesive clutch. Upon activation at 125 V, this clutch enabled the same finger to hold 2.7 kg at failure, a 27× increase compared with the control. 
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therefore represents the load capacity of the simple finger (Fig. 4C). 
To use the electroadhesive, we inflated the finger to 30 kPa, which 
brought the electrodes into a parallel configuration. After turning 
on the voltage and lightly pressing the electroadhesive electrodes 
into contact, the two electrodes became adhered. Mass was then 
added to the finger directly underneath the electroadhesive. A sec-
ondary attachment feature (zip tie) was used to ease the placement 
of mass on the finger. The zip tie was not tightened to grip the 
finger, so when the finger was overloaded, the mass and zip tie 
easily slipped off. An electroadhesive with L = 80 mm, w = 20 
mm, V = 125 V, t = 127 μm, d = 14 μm, and Lf = 24 mm increased 
the finger’s load capacity from 0.1 to 1.7 kg, at which point the elec-
trodes separated (movie S2). For this electroadhesive design operat-
ed at 125 V, our model predicts an FC of 1.85 kg, which is only 8.1% 
larger than the measured FC. We also tested an electroadhesive with 
increased GSP to further increase the finger’s FC. The stronger elec-
troadhesive had a larger overlap width (w = 40 mm) and smaller 
overlap length (L = 40 mm), with the other design variables fixed 
(V = 125 V, d = 14 μm, t = 127 μm, and Lf = 24 mm). This electro-
adhesive increased the finger’s FC to 2.7 kg, which is 27× the load 
capacity of the simple finger with no electroadhesive (movie S2). 
Our model predicts an FC of 2.8 kg, which is only 3.6% larger 
than the measured load capacity. In this demonstration, we ob-
served slight misalignment between the horizontal position of the 
applied load and the electroadhesive attached to the finger. This 
caused peeling of the electrodes and explains why the finger's 
load capacity did not reach the expected value.  

Many robotic applications, such as wearables and haptic inter-
faces, would also benefit from strong electroadhesives to modulate 
bending stiffness and to resist rotation to provide kinesthetic haptic 
feedback. As an example, we demonstrated an elbow wearable with 
an electroadhesive clutch placed on the arm of a mannequin 
(Fig. 5A). When the electroadhesive was activated at 125 V and 
the electrodes were lightly pressed into contact, they became 
adhered. An electroadhesive with L = 40 mm, w = 40 mm, 
V = 125 V, t = 127 μm, d = 14 μm, and Lf = 24 mm reduced the 
bend angle of the mannequin’s elbow joint by 17° when loaded 
under its own weight, resisting a moment of 2.67 N-m. When the 
clutch was not activated, the electrodes slid past one another, and 
the elbow freely bent downward. Similarly, we demonstrated a soft 
finger with an attached high-GSP electroadhesive (Fig. 5B). First, 
the finger was inflated to 30 kPa, which caused it to easily bend 
due to its low bending stiffness. In this configuration, the clutch 
electrodes slid past one another until they were no longer in 
contact. However, when the clutch was activated at 125 V, the elec-
trodes adhered to one another after being lightly pressed. When the 
finger was inflated to 30 kPa, the finger’s rotation was substantially 
reduced due to the increase in bending stiffness resulting from the 
activated electroadhesive, which increased the finger’s flexural ri-
gidity. Overall, our model can be applied to design strong electro-
adhesives that notably augment the FC and modulate the stiffness 
and strength of soft actuators and other robotic systems in both 
bending and tensile loading scenarios. These were all achieved at 
125 V, which is considerably lower than the 300 to 1500 V used 
in previously reported electroadhesives (19–23, 25). 

DISCUSSION 
We show that a fracture mechanics–based model, and not a parallel 
plate model, describes the relationship between electroadhesive 
design and FC. The improved predictive accuracy originates from 
the model’s ability to assess slip on the basis of the electroadhe-
sion-induced critical energy release rate required to delaminate 
two electrodes. From this model, a natural set of design variables 
emerge, which we used to tune the FC by changing the electroadhe-
sive compliance. Our approach differs from previous empirical 
methods for electroadhesive FC modeling, which accurately pre-
dicted the FC of a similar electroadhesive clutch system (23) but 
could not illuminate the driving physical and geometric phenome-
na that contribute to strength and therefore provided limited insight 
into design strategies for improving clutch strength, such as the 
modification of system compliance. Thus, our approach can 
provide insights into previously unknown clutch materials and ar-
chitectures that go beyond the single system we are studying because 
of the derived relationship between clutch stiffness, critical strain 
energy release rate, and FC. Our approach also allowed us to 
design strong clutches that do not require substantial amounts of 
electrostatic force for operation, which was the reason for the per-
formance gains described in this work. Although the fracture-based 
design approach is key to the performance, the smooth surfaces of 
the Parylene dielectric layers and the thinness of the electrodes also 
contribute to the high performance. The smooth surfaces and thin-
ness both promote good contact at the clutch interface, whereas the 
thinness also helps to reduce the peel stresses at the interface. The 
clutches that we developed also operated at low voltages with a di-
electric of low relative permittivity (κ = 3.1 for Parylene-C) (44) and 
have FCs per unit area that are similar to those of existing clutches at 
electrostatic pressures that are 1 to 3 orders of magnitude lower 
(Fig. 6A). Our clutches have a high FC per unit electrostatic force 
(FC/Fel), which is the mechanical FC per input of electrical force 
and can be viewed as the structural efficiency of the clutch design. 
Figure 6 (B to D) compares the FC/Fel of our clutches to previous 
work for different FC/A, applied voltage, and absolute FC. The 
highest-performing clutch we built had an FC per unit electrostatic 
force of 6.8 at a contact area of 16 cm2 and 125-V operation (Fig. 6, 
B and C). Because electroadhesive force capacity scales with V and 
electrostatic pressure scales with V2, force capacity per unit electro-
static force scales with 1/V, which led to our lowest voltage designs 
(125 V) exhibiting the highest FC/Fel.  This FC per unit electrostatic 
force is 63× higher than that of the highest-performing clutch in the 
literature (23). Because electroadhesive FC scales with V and elec-
trostatic pressure scales with V2, FC per unit electrostatic force 
scales with 1/V, which led to our lowest-voltage designs (125 V) ex-
hibiting the highest performance per this metric. Our clutches show 
absolute FCs that are lower than the best existing clutches (Fig. 6D), 
because our dielectric's relative permittivity is 10× lower than the 
dielectric used in prior work (23). The dashed lines in Fig. 6A, 
however, show the scaling advantage of a high FC/Fel. For 
example, increasing the dielectric constant of our clutches by a 
factor of 10, while maintaining a FC/Fel of 1.5, would increase 
their FC/A to ~1000 N/cm2 and absolute FC to ~16kN.  

The increases in FC can be achieved with simple changes to the 
clutch geometry or materials, which allows the application of these 
improvements to many robotic systems. For example, by changing 
the clutch’s aspect ratio (L/w) from 4 to 1/4 at a set contact area of 16 
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cm2 and an operating voltage of 200 V, we increased the FC by 2.2×. 
We demonstrate the value of this with a soft robotic hand that can 
pick up 27× larger loads when an electroadhesive clutch allows me-
chanical anchoring of the fingertip to the robot palm. These clutch-
es are easy to manufacture, lightweight, and flexible, and their 
superior FC/Fel over prior work can enable smaller clutches that 
operate with lower voltages and allow larger changes in material 
stiffness and strength. The reversible electroadhesion of the present-
ed clutches is also critical in robotic and haptic applications that 
must undergo repeatable stiffness changes and motions. The funda-
mental insight into clutch performance solves persistent engineer-
ing challenges of incorporating electroadhesive clutches into 

robotic systems and will enable next-generation wearable and un-
tethered robotic systems such as soft grippers (45), morphing 
sheets (12), prosthetics (46), orthotics (47, 48), and haptic gloves 
(19, 20, 49). 

Although the improvements in clutch performance presented 
here are notable, the accuracy of the model will be limited by the 
model assumptions. First, because our model assumes that the 
clutch mechanics is similar to that of a bonded joint, the model 
may not be applicable when the electrostatic pressure between sur-
faces is sufficiently low so that there is slip at the contact surfaces. In 
addition, loading conditions that are very different from the 
assumed tensile loading could reduce the predictive power of the 
model, and clutch designs with very small aspect ratios could be sus-
ceptible to alignment issues that may reduce the apparent contact 
area between surfaces. Overall, we found the model to be an excel-
lent predictor of performance for clutches with geometric parame-
ters, such as electrode thickness and aspect ratio, within the range 
required for most robotic applications where flexibility is desired. 
Although we have focused on FC, contact area, and operating 
voltage as critical metrics for electroadhesive clutches, it is impor-
tant to note that response time, electrode separation, and fatigue life 
are also key metrics to be considered in clutch design. In addition, 
delamination between Parylene-C and the aluminum electrode 
surface was the primary cause of electroadhesive failure. Future 
work should also consider the influence of the dielectric adhesion 
on clutch durability.  

MATERIALS AND METHODS 
Electroadhesive clutch fabrication 
An automated blade cutter (Curio, Silhouette Inc.) was used to cut 
each electrode with a 0.2-mm-thick blade. The electrodes were com-
posed of a 127-μm-thick bi-axially oriented polyethylene tere-
phthalate (BOPET) sheet coated with a thin aluminum film on 
one side (7538T12, McMaster-Carr Inc.). A chemical vapor depo-
sition system (Specialty Coating Systems, PDS2010) conformally 
coated the Parylene-C dielectric [poly(chloro-p-xylylene)] on the 
aluminum side of one BOPET electrode. Parylene-C dimer (1.9 g) 
was vaporized at 175°C, then cleaved into monomers in a pyrolysis 
furnace at 690°C. The vapor-phase monomer was then polymerized 
in a deposition chamber at ~25°C, where the clutch electrodes were 
placed. Kapton tape masked the clutch electrodes to coat only the 
desired area with dielectric. An Anatech SCE 106 system cleaned all 
clutch electrodes with oxygen plasma at 30 W for 1 min before 
coating. To measure the thickness of the dielectric film, we placed 
2-cm2 glass slides (also precleaned with oxygen plasma at 30 W for 1 
min) in the coating chamber with the clutch electrodes. A KLA- 
Tencor P7 stylus profilometer was used to measure the average di-
electric thickness to be 14 ± 0.4 μm for all n = 75 electroadhesive 
specimens. 

Tensile testing for electroadhesive FC experiments 
To prepare each sample for a tensile test, we used an adhesive 
(Loctite 409) to attach each electroadhesive specimen to laser-cut 
acrylic grips to ensure no slipping. A signal generator (Agilent 
33220A) applied an AC voltage square wave signal with a frequency 
of 10 Hz (for a 200-mV amplitude, the voltage fluctuated between 
+200 and −200 mV), and a high-voltage amplifier (Trek Model 10/ 
10B-HS) amplified the signal by 1000× to its final value. An AC 

Fig. 5. Using an electroadhesive clutch to resist the bending of an elbow 
wearable and a soft robotic actuator. (A) An elbow wearable with an attached 
high-GSP clutch activated at 125 V prevented a mannequin forearm from rotating 
under its own weight (bottom). When 125 V was not applied, the clutch electrodes 
(red and blue) slid past one another, and the elbow joint freely rotated under the 
weight of the mannequin arm (top). (B) A soft robotic finger with an attached high- 
GSP clutch bent substantially when inflated to 30 kPa, and the clutch electrodes 
(red and blue) slid past one another until they were no longer in contact (left). 
When the clutch was activated at 125 V, it resisted the finger ’s rotation upon 
inflation to 30 kPa, whose bending stiffness had increased. 
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signal was used to mitigate the effect of space charge buildup in the 
dielectric. Electrical leads connected the amplifier to the clutch 
using copper and alligator clips to obtain good electrical contact 
to the aluminum surface on the polyethylene terephthalate (PET). 
To characterize the FC of each electroadhesive clutch, we performed 
uniaxial tensile tests using an MTS Criterion model 43 with a 1-kN 
load cell with customized tensile grips. The tests were run at a speed 
of 1 mm min−1. After the voltage was turned on, we manually 
applied pressure to the overlap region with a 0.8-mm-thick 

elastomer sheet (Ecoflex 00-30, Smooth-On Inc.) to ensure good 
contact between the electrode and dielectric surfaces. The tensile 
setup is pictured in fig. S3. 

Materials testing 
The modulus of the metallized PET film was determined via uniax-
ial tensile tests in an MTS Criterion model 43 at a rate of 1 mm 
min−1. An automated blade cutter (Curio, Silhouette Inc.) was 
used to cut the PET tensile specimens to type 5 tensile specimens 

Fig. 6. A comparison of state-of-the-art Coulombic electroadhesive clutches.  (A) The maximum FC per unit contact area versus total electrostatic pressure at the 
contact interface. The dashed lines show clutches with a constant FC/Fel. (B-D) The maximum FC divided by the total electrostatic force applied to the contact interface 
plotted against (B) FC per unit area, (C) applied voltage, and (D) FC. The data for the clutches from the literature shown here are from (19–22, 25). 
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(ASTM D638). The mean modulus obtained from six PET speci-
mens was 2.3 GPa. A nanoindenter (Hysitron T950) was used to 
measure the modulus of the Parylene-C film at a variety of inden-
tation depths (200 to 400 nm) with five indents per test. The mean 
measured modulus of the Parylene-C was 3.6 GPa (fig. S5). 

Soft robotic hand fabrication for load capacity tests 
For the robotic hand demo, an stereolithography (SLA) three-di-
mensional printer (Form 3, FormLabs) fabricated molds for 
Pneu-Net actuators (50) and a custom palm, which we designed 
in Fusion 360 (Autodesk). The fingers were then molded using 
Dragonskin 10A FAST (Smooth-On Inc.) and cured for 20 min at 
70°C. Silicone adhesive (Sil-Poxy, Smooth-On Inc) attached an in-
extensible paper layer to each finger, along with a flexible inlet tube 
and one metalized PET clutch electrode, which we cured for 20 min 
at 70°C. 

Load capacity testing of a robotic hand with and without an 
attached electroadhesive 
To test the load capacity of the robotic hand without electroadhe-
sives, we inflated two fingers to 30 kPa and loaded them with a bag 
containing one 0.2-kg apple, which it held without dropping. An 
attached pressure sensor (Sparkfun Qwicc Micropressure Sensor, 
Sparkfun) measured the pressure value. Next, we loaded the same 
fingers with a full 1.8-kg bag of apples, which they could not hold. 
To test the load capacity of a single soft finger with an electroadhe-
sive attached, we attached one electrode to the palm with double- 
sided foam tape (VHB 4910, 3M). After inflating the finger, we ac-
tivated the clutch at 125 V, mechanically anchoring the finger to the 
palm. We loaded the finger with the 1.8-kg bag, which it could suc-
cessfully hold. This demonstration can be found in movie S1. To test 
the FC of a finger with w = 20 mm and L = 80 mm clutch attached, 
we inflated it to 30 kPa and then manually pressed the electrodes 
into contact. At this point, we added weight to the finger until the 
electrodes detached. We repeated the same procedure for a soft 
finger with an electroadhesive with increased GSP (w = 40 mm 
and L = 40 mm). We attached weights to the finger using two zip 
ties and an S hook. The setup is shown in fig. S4, and a video of this 
demonstration is provided in movie S2. 

Elbow wearable demonstration with and without an 
activated electroadhesive 
To test the ability of an electroadhesive clutch to prevent the 
bending of an elbow wearable, we attached the electrodes of an in-
creased GSP clutch (w = 40 mm and L = 40 mm) to a cotton arm 
sleeve with cyanoacrylate glue. We then placed the elbow sleeve on 
the arm of a mannequin. When the clutch was not activated, we 
loaded the mannequin arm under its own weight, causing the 
forearm to deflect substantially, because the elbow was free to 
rotate. When we activated the clutch at 125 V and lightly pressed 
down on the contacting electrodes on the outside of the elbow 
joint, they adhered. When the arm was then loaded under its own 
weight, it deflected by a reduced amount compared with the initial, 
nonactivated deflection (movie S3). 

Soft bending actuator demonstration with and without an 
activated electroadhesive 
To test the ability of an electroadhesive clutch to prevent the 
bending of a soft pneumatic bending actuator, we attached the 

electrodes of an increased GSP clutch (w = 40 mm and L = 40 
mm) to the back of a Pneu-Net finger with silicone adhesive (Sil- 
Poxy). A custom fixture held the finger in place, oriented downward 
with its air inlet tube facing up. When the clutch was not activated, 
we inflated the finger to 30 kPa, causing notable bending because 
the finger was unobstructed. When we activated the clutch at 125 
V and lightly pressed down on the contacting electrodes on the ex-
tensible side of the finger, they adhered. When the finger was once 
again inflated to 30 kPa, its bending angle was notably reduced com-
pared with the initial, nonactivated state (movie S3). 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S5 

Other Supplementary Material for this  
manuscript includes the following: 
Movies S1 to S3 
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