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Abstract

Electrostatic adhesion (EA) clutches are widely applied in robots, wearable devices, and virtual reality, due
to their compliance, lightweight, ultrathin profile, and low power consumption. Higher force density has been
constantly perpetuated in the past decades since EA was initially proposed. In this study, by composing
terpolymer poly(vinylidene fluoride–trifluoroethylene–chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)] and two-
dimensional Ti3C2Tx nanosheets (MXene), nanocomposite films with high dielectric constant (e¢

r > 2300) and
low loss tangent are achieved. The force representative index e¢

rE
2
bd (the relative dielectric constant times the

square of breakdown electric field) is enhanced by 5.91 times due to the charge accumulation at matrix–filler
interfaces. Superhigh shear stress (85.61 N cm-2) is generated, 408% higher than the previous maximum value.
One of the EA clutches fabricated in this study is only 160 lm thin and 0.4 g heavy. Owing to the low current
(<1 lA), the power consumption is <60 mW/cm2. It can hold a 2.5 kg weight by only 0.32 cm2 area and support
an adult (45 kg) (Clinical Trial Registration number: 20210090). With this technology, a dexterous robotic hand
is displayed to grasp and release a ball, showing extensive applications of this technique.
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Introduction

Electrostatic adhesion (EA) was an emerging
adhering technique based on the electrostatic field in

recent decades.1 The simplest EA device consists of two
electrodes and a dielectric layer between them. When a
voltage is applied, charges are induced on the electrodes, and
electrostatic attraction is generated (Fig. 1a).

Owing to the advantages of the ultrathin profile, high adapt-
ability, as well as low power consumption compared with other
adhesion mechanisms such as magnetic adhesion and vacuum
suction, this technology has been widely employed in various
fields, including the end effectors,2,3 crawling and climbing ro-
bots,4,5 artificial muscle actuator,6 and virtual reality devices.7,8

In addition, EA technology has been applied in soft robotics and
wearable applications since the electrodes, and the dielectric
layer, can be manufactured by flexible and soft materials.7–9

The dielectric materials are the essential component of
EA devices. Most previous studies employed polyimide (PI),
biaxially oriented polypropylene (BOPP), parylene, and
polyethylene terephthalate (PET) as the dielectric layer. Still,
since the dielectric constant of these materials is comparably
low (<4), high voltage (typically >1 kV) is required in the
application to generate a strong enough force. To enhance
the force density and reduce the magnitude of the voltage,
dielectric materials with a higher dielectric constant have been
introduced into EA recently. For example, Luxprint, composed
of BaTiO3 particles, with a dielectric constant of 35,7 was
applied as the dielectric material of EA clutch on exoskeleton
and obtained 1.25 N/cm2 EA shear stress at only 240 V.10

Nevertheless, with a higher dielectric constant, there is al-
ways a lower breakdown field (Fig. 1b), since the polar mo-
lecular bonds are weakened and tend to breakdown due to the
high local electric field in high-dielectric constant materials.11

For a wide range of metal oxide dielectric materials, the
breakdown field is inversely proportional to the dielectric con-
stant to the power of *0.5 [Ebd ¼ a(e¢

r)
b (MV/cm), in which a

is about 20, b is about -0.5] based on previous literature.11,12

Similar relationship also exists in polymers. Most of
the common polymers, such as BOPP, PI, PET, polypro-
pylene (PP), polycarbonate (PC), polyetherimide (PEI),
poly(vinylidene fluoride–cotetrafluoroethylene) [P(VDF-
TFE)], polyvinylidene fluoride (PVDF), poly(vinylidene
fluoride–cohexafluoropropylene) [P(VDF-HFP)], and poly
(vinylidene fluoride–cochlorotrifluoroethylene) [P(VDF-
CTFE)] have a rather low dielectric constant (2–11) and
ultrahigh breakdown field (200–700 MV/cm).13 According
to this theory, the largest EA shear stress was generated
(21 N/cm2) based on terpolymer poly(vinylidene fluoride–
trifluoroethylene–chlorotrifluoroethylene) [P(VDF-TrFE-
CTFE)].7 For more extensive applications, higher force den-
sity is still desired, and new materials must be developed.

In this study, we develop nanocomposite dielectric layers
with superhigh EA shear stresses at relatively low voltage.
By compositing two-dimensional (2D) Ti3C2Tx nanosheets
(MXene, with high conductivity and aspect ratio) and ter-
polymer (high dielectric constant), we achieve a nanocomposite
with a large dielectric constant (>2300) at a very low Ti3C2Tx

loading (only 2 wt%). Operating at 500 V (alternating current
[AC], 10 Hz) and 70�C, the nanocomposite (17 lm thickness)
could maximize the EA shear stress to 85.61 N/cm2, which is
408% higher than the previous maximum value (21 N/cm2).7

With such a high force density, the EA clutch is capable
of holding a barbell piece of 2.5 kg with an ultrasmall area
(0.32 cm2) as well as an adult of *45 kg. It has also been
designed as a transmission mechanism to actuate a gripper.
Moreover, an EA clutch pair (2 · 9 cm) is as thin as 160 lm,
weighs only 0.4 g, and its maximum power consumption is
only 59.97 mW/cm2. Even if the power of heater per area
(503.58 mW/cm2) is added, the total power consumption is
only 563.55 mW/cm2.

Materials and Methods

Modeling and principle

Under the AC condition, the relative permittivity is
given by

e�r ¼ e¢
r � ie¢¢

r , (1)

where e¢
r is the real part and is also called dielectric con-

stant, which reflects the dielectric property of the insulator,
including dielectric relaxation and space charge polarization.
e¢¢

r is the imaginary part and represents the energy loss during
the charge and discharge process of the capacitor, which is
resulted from the movement of free electrons.14 The loss
tangent is a ratio between dispersed energy and the charge
stored by the clutch, which is defined as:

tan d¼ e¢¢
r

e¢
r

: (2)

In the electrostatic adhesive model (Fig. 1a), the force
density perpendicular to the electrode plate is expressed by

f? ¼
1

2
e0e

¢
r

V2

d2
¼ 1

2
e0e

¢
rE

2, (3)

where e0 is the vacuum dielectric constant, V is the voltage
applied on electrodes, d is the thickness of the dielectric layer,
and E is the electrical field. The EA shear stress is the friction
resulting from the electrostatic adhesive force

fs¼ lf? � K e¢
rE

2
bd

� �
, (4)

where l is the coefficient of friction, Ebd is the breakdown
field or breakdown strength of the dielectric layer, and K is a
constant (K¼ 1

2
le0). Accordingly, the maximum EA shear

stress is only determined by the two material properties,
that is, the relative dielectric constant and the breakdown
strength. Thus, we can improve the force density by trading
off the two properties.

Material selection

Compared with ceramics, the polymer is our priority
choice for the dielectric layer because it is soft, lightweight,
and easy to be manufactured to film with variable thick-
nesses. Relaxor ferroelectric P(VDF-TrFE-CTFE) with a
large dielectric constant (*40) is chosen.7 This polymer has
slim electric displacement–electric field (D-E) loops and
small hysteresis due to the formation of nanodomains by
incorporating large termonomers CTFE into P(VDF-TrFE)
and is expected to have very high energy densities.15 Two-
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FIG. 1. The principle and fabrication of the EA clutch. (a) Sketch map of an EA clutch at two different states (power
on and power off). (b) The upper limit of e¢

rE
2
bd for different dielectric materials. This figure is revised from G in Ref.7 and

the detailed data are shown in Supplementary Table S1. Reproduced with permission from John Wiley and Sons. (c) The
fabrication process of nanocomposite and EA clutch. Al, aluminum; BOPP, biaxially oriented polypropylene; BST, (Ba, Sr)
TiO3; BTO, BaTiO3; DMF, N,N-dimethylformamide; EA, electrostatic adhesion; Ebd, breakdown field or breakdown
strength; Kapton, PI film produced by DuPont; Luxprint, nanocomposite containing BTO particles produced by DuPont;
Mylar, polyethylene terephthalate film produced by DuPont; PI, polyimide; PTO, PbTiO3; PVDF, poly(vinylidene fluo-
ride); PZT, PbZrTiO3; STO, SrTiO3; P(VDF-TrFE-CTFE), poly(vinylidene fluoride–trifluoroethylene–chlorotrifluoroethylene);
0.5/1/1.5/2 wt%, composite with 0.5/1/1.5/2 wt% Ti3C2Tx; e¢

r, real part of permittivity or dielectric constant.
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dimensional conductive material Ti3C2Tx is one kind of
exciting nanomaterial created by Naguib et al. with atomic-
scale thickness and a high aspect ratio.16 By the hydrofluoric
acid (HF) etching method, Ti3C2Tx nanosheet is exfoliated
and delaminated from its precursor Ti3AlC2.

The large flakes up to 4.5 lm, and high conductivity
’*5500 S/m of Ti3C2Tx resulted in a superhigh relative dielectric
constant up to 100,000 of Ti3C2Tx–polymer nanocomposite.17

The Maxwell–Wagner–Sillars effect in the multicomponent
systems causes charge accumulation on the interfaces of polymer
matrix and conductive filler, which has been proved to contribute
largely to the giant dielectric permittivity.18

Fabrication process of dielectrical film and EA clutch

For terpolymer film, P(VDF-TrFE-CTFE) powder (Piezotech
S.A., France) and N,N-dimethylformamide (DMF) were
mixed in a ratio of 14 g:100 mL and dissolved.7 For the
nanocomposite, the fabrication (Fig. 1c) consists of three
basic processes: mixing, coating, and curing. The Ti3C2Tx

was dispersed in DMF in advance to form a 3 mg/mL so-
lution (Beike 2D materials Co., Ltd., China). In the mixing
process, P(VDF-TrFE-CTFE) powder was added to
Ti3C2Tx–DMF colloid and dissolved gradually. After ul-
trasonic treatment for 2 h with an ice bath, the Ti3C2Tx

nanosheets were dispersed in polymer solution.
Then, the Ti3C2Tx–polymer solution was coated on the

aluminum (Al) side of the aluminized BOPP substrate (70 nm
Al layer with 25 lm BOPP layer) to form a 40 lm wet
composite layer. The film was compliant due to its super
thin thickness. The Al layer was connected to the positive
terminal of the power supply in the application.

During the heating process (100�C, 1 h), solvent DMF’s
evaporation made the film shrink in horizontal and thickness
directions. Since the volume of solvent in each sample was
same, a constant thickness (17 lm) could always be obtained
by the stable scraping technology. The film was curling due
to the strain during the material shrinkage. The uneven plane
was likely to result in an air gap, greatly weaken the EA
force,19 and aggravate electrical breakdown.20 PI tape with
45 lm thickness was attached to the BOPP layer to ensure
the flatness of the dielectric layer and the tensile resistance
of the positive electrode of the clutch. The negative elec-
trode was processed similarly, with Al as the conductive layer
and BOPP and PI as substrates (Fig. 1c).

All the experiments involving subjects in this article were
approved by the Southern University of Science and Tech-
nology, Human Participants Ethics Committee (20210090),
and consent was obtained from all participants.

Results and Discussion

Dielectric properties

Temperature scan broadband dielectric spectroscopy (Agi-
lent LCR meter 4980A) was carried out to analyze the dielectric
properties of P(VDF-TrFE-CTFE) and composite films. As
shown in Figure 2a and b, the real part of permittivity of P(VDF-
TrFE-CTFE) increases from 43.38 to 144.38 by 3-fold when the
insulator is heated from 30�C to 100�C, along with the rising of
the imaginary part from 5.68 to 355.85 by 63-fold. These up-
turns of e¢

r and e¢¢
r at a high temperature can be attributed to the

gradually larger movement of the polymer chains as the tem-

perature rises21 and the migration of impurity ions, which are
inherited from the suspension terpolymerization.22

These increasing tendencies occur in the composite mixed
with Ti3C2Tx even more evidently. A higher weight ratio of
Ti3C2Tx results in a higher dielectric constant (Fig. 2a). The
composite with 2 wt% Ti3C2Tx reaches a 46.49-fold higher
dielectric constant at 100�C (2349.14) than that at 30�C
(50.53), which is much more significant than the dielectric
constant increase of P(VDF-TrFE-CTFE). Despite the micro-
scopic dipoles distributed on the interfaces between matrix
and filler dramatically enhance the dielectric constant,17

charges at the electrode–dielectric and filler–dielectric
interface are activated simultaneously by thermally increas-
ing and injecting into dielectric at high temperature, which
consequently causes conduction loss.23

Luckily, compared with the real part of the permittivity
of composites, the imaginary part increases relatively slowly
as the temperature rises (Fig. 2b). Figure 2c illustrates that
without Ti3C2Tx, the loss tangent of the terpolymer rises
monotonically from 30�C to 100�C, and the maximum is 2.46
at 100�C. As Ti3C2Tx is added in, the maximum loss tangent
takes place at a lower temperature, and when the tempera-
ture surpasses this value, the loss tangent decreases.

These tendencies are also true for different frequencies
(20, 30, 40, 50, and 100 Hz), as shown in Supplementary
Figures S1–S3, although the magnitudes are slightly differ-
ent. When the frequency increases, both the real part and the
imaginary part of the permittivity drop since the charge trans-
portation is a time-dependent process. The optimal tempera-
ture of the loss tangent reduces when the frequency decreases.

The real part of permittivity increases by 54 times, which
might result in a stronger output force according to Equations
(3) and (4), as well as decreases the expense or weight of the
high voltage generator since very high voltage is no longer
needed, although a higher leakage current could also be
caused. Moreover, operating at a specific high temperature
(e.g., > 70�C), the loss tangent of the clutch with nanocompo-
site as dielectric layer falls down to a lower value (Fig. 2c).

Force density

The direct current (DC) breakdown strength and capaci-
tance–voltage (C-V) curve of the samples were measured using
a modified Sawyer–Tower circuit with artificial intelligence
control (Polyk Technologies) and Trek Model 20/20C – 20 kV
high voltage amplifier system. The temperature was controlled
utilizing an oil bath heating device equipped with a thermal
couple. For each kind of film under each temperature, five
samples were evaluated (Supplementary Table S2) and the
maximum was used for the following analysis. For P(VDF-
TrFE-CTFE), the maximum breakdown field declines consis-
tently as the temperature rises from 30�C to 100�C (Fig. 2d).

That is because the interaction of electrical, thermal, and
mechanical factors at high temperatures decreases the energy
barrier and causes the polymer to easily break down.24 After
adding Ti3C2Tx, the breakdown field falls more slowly as
temperature rises. That is probably because the Ti3C2Tx

nanosheets near the surface of composite are oxidized to
TiO2, which generates a higher charge trap density and
prevents charge transportation in films by trapping charges
injected from electrodes.25 The different weight ratios of
Ti3C2Tx result in a little discrepancy in the breakdown field,

4 WEI ET AL.
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FIG. 2. Dielectric properties of terpolymer and nanocomposite. (a) The real part of permittivity, (b) the imaginary part of
permittivity, and (c) the loss tangent at 20 Hz, 0.5 V bias. (d) Breakdown field. (e) Limit of e¢

rE
2
bd. (f) The real part of

permittivity at 10 Hz, 100–800 V bias.
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and finally, the composites possess a comparable breakdown
electrical field with P(VDF-TrFE-CTFE) at 70–100�C.

Based on the experimental data already mentioned, we
calculate e¢

rE
2
bd of each material, and the results are shown in

Figure 2e. Despite that e¢
r could be influenced by field

strength, it is a common method to compare the value at the
same low voltage to facilitate the comparison between dif-
ferent materials.4,7,8 For P(VDF-TrFE-CTFE), the value of
e¢

rE
2
bd declines monotonically as the temperature increases,

whereas for composites, it generally increases.
For example, in the composite with 0.5 wt% Ti3C2Tx,

e¢
rE

2
bd increases by 6.57-fold from 30�C to 100�C. With more

Ti3C2Tx (1–2 wt%), it increases more drastically, particularly
in the range of 50�C to 70�C. The maximum e¢

rE
2
bd finally

reaches 23.63 · 106 MV2/m2 at 100�C. Compared with
P(VDF-TrFE-CTFE), composite possesses a considerably
higher e¢

rE
2
bd, and thus we can generate a stronger EA force by

increasing the temperature.
In many other literature regarding polymer-based con-

ductive sheet-filled composite, despite authors declaring
that their samples, such as V2C/ZnS/P(VDF-TrFE)26 and
Ti3C2Tx/PVDF27 exhibit balanced dielectric constant and
breakdown field, the values of e¢

rE
2
bd are only 2.12 · 106

and 3.30 · 106 MV2/m2, which are quite lower than
23.63 · 106 MV2/m2. Considering most of the electro-
adhesive devices are made of polymers and polymer com-
posites, our result will certainly motivate the development
of higher performance composite. It is worth mentioning that
by improving the interfacial polarization28 and fabricating
better dispersed nanomaterial with fewer defects,29,30 the
dielectric constant and breakdown field can be improved,
respectively, and thus increases e¢

rE
2
bd furthermore.

We measured the EA shear stress by the setup shown in
Figure 3a. The positive electrode with a dielectric layer was
attached to one side of an Al board anchored to the ground. On
the other side of the Al board, a heat plate made of PI basement
and copper wires was bonded. A temperature control box
(Mijiang Technology WK7016C1, China) tuned the temper-
ature to the target with the feedback from a temperature sensor.

The negative electrode was connected to the moving stage
of a tensile tester (ZHIQU-990B, China) through a 50 N load
cell (Zwjnsensor JLBS-M2, China). During the test, the
moving stage pulled the negative electrode up at a constant
speed of 10 mm/min, after voltage (Trek Model 615-3 DC/
AC generator) was provided to the EA clutch. To eliminate
the accumulation of surface charges, we applied a bipolar
rectangular AC voltage signal (10 Hz).7

According to the results shown in Figure 2e, we take
several special conditions (terpolymer at 30�C, the composite
with 0.5 wt% Ti3C2Tx at 100�C, the composite with 1 wt%
Ti3C2Tx at 80�C, the composite with 1.5 wt% Ti3C2Tx at
70�C, and the composite with 2 wt% Ti3C2Tx at 100�C) for
further comparison of EA force density, and the thickness of
all samples is 17 lm. As shown in Figure 3b, the composite
obtained the largest stress (85.61 N/cm2) with 1.5 wt%
Ti3C2Tx at 500 V and 70�C, *4 times higher than the max-
imum value (21 N/cm2, obtained at 12.5 lm thickness)
achieved in the past (Supplementary Fig. S4).7,8,10,31–34

Derived from the C–V curve, the relative dielectric constant
could be affected by voltage (Fig. 2f). Compared with the
terpolymer, the composite (2 wt% Ti3C2Tx) has a much ap-
parent increasing trend. The dielectric constant of composite

finally reaches 149.47 at 300 V (10 Hz) and 100�C, 5.44-fold
higher than the terpolymer (27.47) at the same voltage and
30�C. This result is roughly coincident with the result of EA
shear stress shown in Figure 3b, in which these two samples
exist a 3.10 · relationship, 71.87 N/cm2 for composite at 300 V
and 100�C, and 23.22 N/cm2 for terpolymer at 300 V and 30�C.

Note that in Figure 3b, the slope of most curves declines
once the breakdown voltage approaches. That is perhaps
because tiny discharge occurs before the breakdown voltage,
and the clutch pair can still adsorb together. Moreover, for
unfilled terpolymer, high temperature worsens the EA shear
stress (Fig. 3c). It suggests that our composites are effective
to elevate the EA shear stress. The average off-state friction
of the composite clutch at 70�C (Fig. 3d) is only 0.0039 N/
cm2, indicating the viscous force between the clutch pair can
be neglected. The engage and release times of the composite
clutch at 200 V AC and 70�C (Fig. 3e, f) were also measured.
The clutch takes <50 ms to engage and *37 ms to release,
which is comparable with the previous literature.10

Electrical properties

As already mentioned, the composite can strengthen the EA
force density but might sacrifice the electrical properties, for
example, the leakage current and power consumption, simply
because some of the interfaces of Ti3C2Tx inevitably overlap
with each other and form conductive paths.35 Here we eval-
uate the leakage current and resistivity of film materials using
a Keysight megger (B2985A) with a PolyK high-voltage
testing system (PK-SPIV17T-158A). As shown in Figure 4a,
the leakage current of the composite keeps stably at <0.1 lA
for different electrical fields, which is still acceptable.

This magnitude is close to the leakage current of P(VDF-
TrFE-CTFE) and poly(vinylidene fluoride–trifluoroethylene–
chlorofluoroethylene) [P(VDF-TrFE-CFE)], although it is
approximately three orders higher than that of PI, which is
extensively employed as the dielectric layer in EA.8,36 The
corresponding volume resistivity is calculated from the
leakage current by Ohm’s law, and the results are shown in
Figure 4b. The volume resistivity of the composite surpasses
2GO, only three orders lower than that of PI.

The sheet resistivity of six kinds of materials, including
conductors and insulators, is also studied (Fig. 4c). For insu-
lators, a Keysight megger with a probe station (Cindbest CS-4,
China) was employed, whereas for conductors, a probe table
surface resistance tester (four probes) (Model 280SI, Canada)
was used. The sheet resistivity of frequently used dielectric
materials such as PI, Luxprint (DuPont), and P(VDF-TrFE-
CTFE) is *1014 O/sq-1. The sheet resistivity of the composite
with 2 wt% Ti3C2Tx is a little bit lower (*1013 O/sq-1), but still
>12 orders higher than the conductors such as Al and steel.

We also evaluated the average power of EA clutches made
of P(VDF-TrFE-CTFE) and composite (1.5 wt% Ti3C2Tx)
(1.5 cm2) by an electrometer (Keithley 6514). We first measured
the voltage and the current. As shown in Figure 4d, the instan-
taneous current peaks (maximum current) right after the voltage
changes sharply, and then it drops to a considerably lower value
(leakage current). The average power is calculated according to

P¼ 1

T

ZT

0

uidt, (5)

6 WEI ET AL.
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where u and i are the instantaneous voltage and current of the
EA clutch, respectively. T is the total time. As shown in
Figure 4e, the average power consumption per square centi-
meter of the clutch increases exponentially along with
the applied voltage for both P(VDF-TrFE-CTFE) and the

composite, but at the same voltage, the value of P(VDF-
TrFE-CTFE) is about a quarter of the counterpart of com-
posite. On 500 V AC voltage, the clutch made from the
composite consumes 45.15 mW/cm2 power, which is still
acceptably low for most robotics applications.

FIG. 3. Force density and response time measurement. (a) The device for EA shear stress testing. (b) The EA shear stress
of P(VDF-TrFE-CTFE) and composites. (c) The EA shear stress of P(VDF-TrFE-CTFE) at 30�C and high temperatures. (d)
The off-state EA shear stress of the composite (1.5 wt% Ti3C2Tx) clutch at 70�C. (e) The engage time and (f) the release
time of the composite (1.5 wt% Ti3C2Tx) clutch at 70�C and 200 V AC. AC, alternating current; DC, direct current.
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FIG. 4. Electrical properties. (a) The leakage current, (b) the volume resistivity, and (c) the sheet resistivity at room
temperature. (d) Instantaneous voltage and current of EA clutch at room temperature. (e) The average power of EA clutch
with P(VDF-TrFE-CTFE) and composite at different voltage and room temperature. (f) The power consumption of the EA
clutch with composite (1.5 wt% Ti3C2Tx) and heater at different temperatures as well as the total power. P(VDF-TrFE-
CFE), poly (vinylidene fluoride–trifluoroethylene–chlorofluoroethylene).
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FIG. 5. Demonstrations. (a) EA clutch of 0.32 cm2 overlapping area holds 2.5 kg weight. (b) EA clutch holds an adult
female (45 kg) and the diagram of the EA clutch. (c) A robotic hand actuated by the EA clutch grasps a ball and releases it.
(d) Structural diagram of the robotic hand. Fe, iron.
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While the temperature rises, the average power increases
by >10 times (from 4.63 mW/cm2 at 30�C to 59.97 mW/cm2

at 100�C) under 300 V (Fig. 4f). To create a fair comparison
to alternative device solutions, the per area power con-
sumption of heater is also considered and the total power at
100�C is 565.55 mW/cm2 (Fig. 4f).

Demonstrations

With superhigh force density, the material proposed here
for electrostatic device is applicable in more extensive ap-
plication fields. For example, our clutch can hold a 2.5 kg disk
by an overlapping area of only 0.32 cm2 (1.6 · 0.2 cm2,
500 V, 70�C) (Fig. 5a and Supplementary Video S1). With
more area, for example, 380 cm2, the electrostatic clutch
stably hangs up an adult lady (45 kg) on a swing (Fig. 5b left
and Supplementary Video S2). To prevent stretching failure,
we utilize a smooth Al plate as the positive electrode and a
dielectric layer with a thicker substrate as the negative
electrode (Fig. 5b right).

Considering the safety in application, the BOPP and PI
substrates can also prevent haptic device users from shock,
since they isolate the skin from the electrodes. Furthermore,
high-voltage devices were already used in haptics devices
and in some medical devices, which require high safety.8,37 In
the future, we will limit the maximum current to <1 mA,
which is a safe threshold for humans.38

The electrostatic clutch can also be applied to robotics. In
this study, we design a robotic hand of three fingers inte-
grating electrostatic clutches, as shown in Figure 5c, d and
Supplementary Video S3. In this device, a grounding rotation
shaft (iron) driven by a gear motor was connected as the
negative electrode. Three pieces of electrode films (electrodes
covered by nanocomposite) were connected to three fingers
by string, respectively. The electrode films were placed on
the curvature of the shaft, and their electrodes were connected
to positive voltage. To avoid the tangling, a conductive slip
ring (MSC-22-0605A, MSLIPRING) was used to connect
the rotating wires (for ground and heater) and fix wires.

The conductive slip ring consisted of a stator that was fixed
and mounted on the base, and a rotor that could rotate with the
rotating shaft. The stator was connected to the rotor. Without
electrical power, electrode films slipped on the rotating shafts
since there was no attraction between them. Only the elec-
trical motor and the shaft rotated, but the fingers kept free.
After an AC voltage was applied to the electrodes, the elec-
trode films adhered to the rotating shaft and pulled the fingers
to bend, and consequently, the three bending fingers closed
the hand and grasped a ball. Once the power on the clutch was
cut off, the fingers were released, and the object dropped. This
demonstration shows the controllability of the electrostatic
clutch and its application in smart mechatronics systems.

Conclusions

In this article, the manufacturing approach related to di-
electric nanocomposite with ultrahigh dielectric constant while
without deteriorated breakdown strength, followed by the fab-
rication of soft clutch has been reported. We propose that the
whole value of e¢

rE
2
bd takes main responsibility for the upper

limitation of electrostatic attraction. By compositing Ti3C2Tx

with terpolymer P(VDF-TrFE-CTFE), we obtain nanocompo-
site films with a dielectric constant of >2300 at 100�C.

Typically, the e¢
rE

2
bd value of the composite at 70–100�C

is reached to about three times the counterpart of P(VDF-TrFE-
CTFE) at 30�C. The clutch using this nanocomposite as a
dielectric layer has EA shear stress of 85.61 N/cm2 at 500 V
and 70�C, despite there being increase in power consumption.

We believe that by deploying a temperature control system
to keep the temperature for the maximum dielectric constant
of the dielectric layer, the clutch could be operated in harsh
environments such as spaces with ultrahigh or low temper-
atures and polar regions including Arctic, Antarctic, snow
mountain, and ice field. EA is an interdisciplinary field with
vast potential to investigate. With physics, chemistry, mate-
rial, mechanics, and electricity integrated into this research,
its future application scenarios should include but not be
limited to grippers, climbing robotics, and haptic device.
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