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Abstract—Building upon recent advancements in linear elec-
troadhesive clutch materials and performance, this paper exam-
ines the feasibility of a self-reinforcing electroadhesive rotational
clutch using a simple model. The design aims to deliver improve-
ments in applications where performance is limited by the torque-
to-power and torque-to-mass ratios offered by conventional elec-
tromagnetic or magnetorheological clutches. The performance of
the self-reinforcing design is related to the device’s geometric
parameters and hence the robustness of clutch configurations is
examined by modeling the system parameters as having stochastic
properties. A design example based on the clutch requirements of
a gyroscopic balance assistance device is analyzed. The analysis
predicts that substantial improvements in torque-to-power and
torque-to-mass ratios are possible with the presented design
compared to industry-leading rotational clutches.

Index Terms—clutch, electroadhesion, self-reinforcing, wear-
able robotics

I. INTRODUCTION

Clutches are essential elements in a variety of mechatronic
systems, for example in robotics [22]. The majority of current
high-performance, electrically powered clutches rely on com-
ponents such as solenoids or electromagnets that have high
mass and power consumption [[10].

A promising new development in the field of lightweight,
high-performance clutches is the concept of electroadhesive
clutches [2]], [9], [23]]. This type of clutch utilizes two opposing
electroadhesive films, each consisting of an electrode covered
in a thin layer of dielectric material with a high coefficient of
friction. The dielectric material enables the electrodes to store
a variable amount of electric charge, which can be used to
generate a friction force between the two electrode surfaces to
impede relative movement between the electrode surfaces.

Indicative tests of linear electroadhesive clutch prototypes
show a strong reduction in power consumption and overall
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mass [1O], [L3]], [25], [28]. This technology also holds promise
for lightweight, high-performance rotational clutches for a
variety of applications where power consumption and mass
are still limiting factors, such as wearable robotics [1L1]], [17].

However, simply extending the electrostatic adhesion to an
axially symmetric shape would not result in improved holding
torque per unit volume compared to current compact rotational
clutches, as is shown in the

To obtain electroadhesive rotational clutches with improved
torque-to-mass and torque-to-volume ratios, and a holding
torque similar to traditional clutches, we propose a design that
amplifies the electroadhesive torque via self-reinforcement.
The proposed principle utilizes the locking behavior of drum
brakes previously explored in [3], [4], [20] and draws inspi-
ration from the analysis presented in [L16].

In Section[[ll we study the feasibility of the self-reinforcing
design via a model that predicts the holding torque. Self-
reinforcing designs are known to be sensitive to small per-
turbations [16]. Therefore, we optimize the geometry to find
the least sensitive configuration. We also present a design
example based on the theoretical requirements for a gyroscopic
balance assistance device [14], [15], [18]]. In Section
the estimated performance of an electroadhesive clutch based
on the proposed design is compared to SEPAC RFTC-320
electromagnetic clutches, which currently deliver industry-
leading torque-to-mass and torque-to-power ratios [10]], [24]].

II. METHODS

A. Proposed design

Similar to a drum brake, the design of Fig. [I(a)] consists of
two main parts. First, the input drum, a hollow cylinder con-
strained to rotate about its axis of symmetry, is considered the
input of the clutch. A torque 7' is applied to this component.
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Fig. 1. (a) A schematic representation of the proposed design consisting of the input drum, visible as a circle, and the clutch pad, visible as a solid shape
within the input drum. The variables and the Cartesian xyz coordinate system defined for analysis are also indicated. (b) A free-body diagram of the clutch
pad. The coordinate system used is the same as in Fig. (c) A CAD model of a possible design of the clutch concept: i) outgoing shaft, ii) clutch pad,

iii) input drum, iv) incoming shaft, v) return spring, vi) hinge.

The inner surface of the drum is lined with an electroadhesive
film. Second, the clutch pad resembles a brake pad of a drum
brake. This component has a surface with the same radius of
curvature as the input drum (57 to S2). The side of the clutch
pad facing the input drum is also lined with electroadhesive
film, creating an interface similar to a linear electroadhesive
clutch. The clutch pad is also attached to the output shaft of
the clutch (not visible) via a hinge at point H. The design
allows for multiple clutch pads inside the input drum.

The basic principle of this design mimics that of linear
electroadhesive clutches. In the locked state, an opposing
voltage is applied between (i) the electroadhesive film on
the input drum and (ii) the electroadhesive film(s) on the
clutch pad(s). This creates frictional forces at the drum-pad
interface, which transmit a torque to the output shaft. In the
unlocked state, no voltage is applied, allowing relative motion
with minimal torque transfer. A restoring mechanism, e.g.
spring or compliant mechanism, may be introduced to ensure
the electroadhesive film surfaces are close enough to engage
properly from the unlocked state and to physically disengage
the electroadhesive films in the unlocked state.

If the applied torque is in the direction indicated by T in
Fig. particular geometries of the proposed design require
a normal force greater than the electrostatic force generated by
the electroadhesive films to maintain a moment balance around
hinge point H. Thus, the design is capable of amplifying the
maximum holding torque.

B. Model parameterization and assumptions

Self-reinforcing and self-energizing clutches exhibit differ-
ent properties [16]]. In the former type, the amplification of the
holding torque results in a finite maximum holding torque,
whereas in the latter type, if the coefficient of friction is
assumed constant, the holding torque is theoretically infinite,
even for (infinitesimally) small input forces. To ensure that no

torque is transmitted when the clutch is in its unlocked state,
we consider only self-reinforcing designs.
A particular clutch configuration is characterized by five
parameters (Fig. [[(2)):
o 7, the radius of the input drum.
e 7, the radius of the hinge point H with respect to the
center of the input drum.
e @1, the starting angle of the electroadhesive film on the
clutch pad relative to the hinge H, defining point .S;.
e (9, the end angle of the electroadhesive film on the clutch
pad with respect to H, defining point S5.
e d, the depth of the device along the z-axis.

To determine the maximum holding torque, the forces on the
clutch pad are examined via a free-body diagram (Fig. [[(b)).
Throughout the analysis, gravitational and centrifugal effects,
and forces of mechanisms used to ensure proper engagement
of the electroadhesive films will be neglected. In addition, the
following assumptions regarding the distribution and points of
force application (Fig. [I(b)) are made:

The electrostatic force, Fp, resulting from the opposing
charge stored in the electroadhesive films, is assumed to have
a uniform distribution along the drum-pad interface. Hence,
the resultant force acts at the middle of the electroadhesive
lining at angle o = 1 (¢1 + ¢2) relative to hinge point H. S,
denotes the point of application of this force.

The resultant normal force Fy, which the input drum exerts
on the clutch pad in radial direction, is modeled as in brake
pads of drum brakes. It is assumed the brake lining is the only
body being deformed, which leads to a sinusoidal distribution
of the normal force along the brake pad [4], [21]]. Therefore,
the resultant normal force acts at Sg, at a relative angle to
point H approximated by

sin(¢z) — sin(¢1) + ¢1 cos(¢1) — ¢2 cos(¢p2)

7= cos(¢1) — cos(¢a)

)



The friction force, F}, resists relative movement between
the input drum and clutch pad, and is assumed to act perpen-
dicularly to the resultant normal force Fy. An upper bound
on its magnitude follows from Coulomb’s law of friction [6],
[LO], [13]]. The coefficient of friction is denoted by .

The constraining force from the hinge of the clutch pad
is decomposed into components H, and H, acting in the
direction of the z and y-axis, respectively. It is assumed that
the hinge does not exert any moment on the clutch pad.

C. Relation between parameters and amplification factor

To characterize the amplification of the nominal friction
force produced, we define the amplification factor £ as the
ratio between Fy and Fjy. In static equilibrium, the moments
of the three forces Fy, Fp, and Iy must be in moment balance
with respect to point H:

> My = anFx —aoFo — agFy = 0, 2)
with the scalar moment arms ay, ag, and a¢. So, & is
Ix e
{=—=—,"""F" 3)
FO 1— ﬁ . Fi]il

We define the parameters ¢; and ¢y as the ratios ¢ = 22

a
and go = Z—;, respectively. The condition for self-reinforcinl;g>
behavior is then found by examining the denominator of
Equation (@) for the limiting case: |ueqa| < 1. If |urqa| > 1,

the clutch design is self-energizing, which is undesired.

D. Calculation of the required amplification factor

Given a target holding torque, electroadhesive film material
properties and constraints on the allowable physical dimen-
sions, the required amplification factor can be determined.

The magnitude of the holding torque 7T results from:

T = ‘Ff‘ T S ,uf§|F0|7". (4)

Next, given the coefficient of friction, uf, the maximum
shear pressure, 7, that the electroadhesive film is capable
of producing without amplification and the area lined with
electroadhesive film A, the norm of the achievable electrostatic
force |Fp| can be estimated via

TA
[Fol = —, 4)
124
and the required amplification factor results from (@) and (3):
T
= —. 6
¢ TAr ©

If the assumption is made that the design utilizes multiple
clutch pads covering a fraction ¢ of the inner surface area of
the drum, then A may be set to equal 2w(rd and hence
B T

- onlrr2d’

The remainder of the inner surface area of the drum, 1 — (, is
reserved to ensure the design can be physically realized.

£ (7

E. Determining the most robust clutch configuration

To quantify the robustness of clutch configurations with
respect to (small) perturbations, a sensitivity analysis is per-
formed on the amplification factor, £. In addition to the
inherent sensitivity of self-reinforcing designs to perturbations,
the performance and failure mechanisms of electroadhesive
clutches are not yet fully understood [6], [10]. Therefore, the
expected performance of these devices is subject to a large
degree of uncertainty, motivating the proposed analysis.

The geometric description of clutch configurations is sim-
plified by introducing the dimensionless variable rg,. = &
In addition, the parameter space P C R* is introduced.
Each point p' = [uf, ¢1, ¢, rfrac]T € P uniquely defines a
physically realizable clutch configuration.

Letting p; denote the i-th element of vector p, the parameter
space is formally defined as

P={peR*|p1>0,0<py<p3<m0<ps<1}. (8)

Additional constraints may be introduced, such as setting the
coefficient of friction equal to that of a specific dielectric film,
requiring the clutch geometry to achieve a certain (minimum)
degree of self-reinforcement or selecting only geometries with
a (minimum) difference between ¢; and ¢,. To ensure that
multiple clutch pads maximize the interface area with the input
drum, this difference may be set to equal 27” with £ € Ny .

The perturbations which a clutch configuration experiences
are modeled by assuming the friction coefficient ¢ and the
arms ag, any and ag have stochastic properties. For this reason,
the vector of random variables X = [M, Ao, An, Af]T is
introduced, which represents a perturbed clutch configuration.
These variables are assumed to be independent and identically
distributed random variables (i.i.d.) with a multi-variate Gaus-
sian distribution. The expected value jix corresponds to the
nominal design values,

fix = [p1, ao(p), an(p), as(®)]" - ©

The covariance matrix X x is determined by assuming that
+10% of jix corresponds to a three-sigma interval:

0.1\>
Tx = (3> - diag <H§(,»H§(2»H§(37N§(4>- (10)

Next, the function f: P — R is introduced, which maps
the parameter space to the corresponding amplification factor
space. Defining the vector Y = f (X ), the metric quantifying
the sensitivity of a configuration p is the covariance matrix
Sy of Y. Expressing 3y in terms of the geometric variables
of p’ allows (geometric) constraints to be readily taken into
account in the optimization problem.

Overall, the constrained optimization problem of finding a
minimally sensitive clutch configuration can be stated as:

(1)

p* =argmin Xy.

ix€EP
Due to the nonlinear nature of f, Equation (II) cannot
easily be solved. To determine a minimally sensitive con-
figuration, the nonlinear function f is approximated by a



Taylor expansion. Let 7% and 75 denote the first- and second-
order multivariate Taylor approximations of f. Furthermore,
following the convention in [12], utilize index notation to
reference (i) the i-th expression of the vector-valued function
f as f; and (i) a matrix of which the (¢, j) element is [A;;]
Then, the variance X7, of T} is given by

ij°

Er, = f(ix)Ex f (jix)" (12)
and the variance Xr, of 15 is
1 R o
B, =3+ 5 [tr (EXf{’(ux)EXf]’-’(ux))]ij- (13)

Equation (I3) can be used to approximate Xy. Using
established solvers for constrained optimization problems, an
approximate solution is found by minimizing Xr,.

The accuracy of the approximation is quantified via a Monte
Carlo simulation for a configuration found to be optimal. The
sample variance estimator is then used to determine the value
of ¥y and its deviation from Xr,.

F. Design example: Safety clutch for a wearable gyroscopic
balance assistance device

We investigate a possible application of the proposed clutch
design in a wearable balance assistance device, as previously
described in [[14]], [[15]]. This device contains gyroscopic actu-
ators in a backpack-like construction. The actuation principle
relies on fast-spinning wheels that are gimbaled. When an
actuator rotates the gimbal, the angular momentum of the
wheels changes, exerting a reaction torque on wearers to help
them maintain their balance. One realization of such a wear-
able gyroscope incorporates an additional, passive gimbal [18]],
which can in principle decouple the gyroscopic moment from
the user, mainly for safety reasons. This decoupling requires
a controllable clutch with low mass and volume.

For the envisioned use case, allowable values for r and d are
approximately 0.06 m and 0.05 m, respectively. The clutch is
expected to work in both directions using a mirror-symmetric
configuration of pads. This means each pad uses only half of
the axial dimension d i.e. 0.025 m. For each direction, only the
holding torque produced by clutch pads amplifying the torque
is considered. This is a conservative estimate, as the opposing
clutch pads also contribute to the holding torque. A 35 Nm
holding torque is to be achieved [15], [LL8].

The coefficient of friction puy = 0.63 and the maximum,
non-amplified shear pressure 7 = 23kPa are taken from
[10]. Estimating ¢ = 0.9 and evaluating Equation (@) with
these parameters returns £ ~ 2.99, which is incorporated
as an additional constraint in the optimization. Furthermore,
a minimum clutch pad arc of ¢ — @1 = 21—6“ is enforced,
and the maximum value of rg,. is set at 0.925 in order to
ensure the hinge position can be physically realized. Within
the context of this example, we define the parameter space of
clutch configurations meeting all of the above criteria as Pt.

G. Implementation of the sensitivity analysis

The sensitivity analysis is performed to find a minimally
sensitive clutch configuration within the constrained parameter
space PT. The coefficient of friction of the dielectric material
determines p;. In addition, the value of amplification factor
¢ is specified to be 2.99. Therefore, assuming none of the
inequalities within this space are active, the solution space
consists of a two-dimensional manifold.

The constrained optimization problem is solved with the
second-order Taylor approximation X7, using the fmincon
function in MATLAB. The interior-point algorithm, which
is applied to solve linear and nonlinear convex optimisa-
tion problems with inequality constraints [8], was used with
the constraint, step and optimality tolerances set to 10710,
Other options were left at default values. The MATLAB
script used to perform the optimization is available in the
4TU.ResearchData repository [7].

As a validation of the second-order approximation, a Monte
Carlo analysis of N = 10 points is performed on the optimal
clutch configuration.

H. Performance comparison

The expected performance of the optimal clutch config-
uration is compared to that of an industry-leading SEPAC
RFTC-320 electromagnetic clutch [10], [24]. A comparison is
made between the (i) holding torque, (ii) volume, (iii) power
consumption and (iv) mass. The power consumption and mass
are estimated using the data and design example in [10].

ITI. RESULTS
A. Sensitivity analysis

The second-order approximated variance, X,, and optimal
geometry pir,, are 0.1704 and [0.63, 1.2207, 1.8490, 0.925]T,
respectively. The sample variance of the Monte Carlo simu-
lation on pr,, Xmc = 0.1932, differs by approximately 13%
from the approximation of X7,. For the configuration of pr,,
both the inequalities on ¢o — ¢1 and 7, are active.

The value of 37, over PT is shown in Fig. Pl In addition,
the constraints rg,e < 0.925 and ¢o — ¢1 > 37, and the
solution pp, are visualized. The figure illustrates that the
objective function gradient with respect to ¢; and ¢o is
shallow near the optimal solution.

B. Performance comparison

A comparison between the optimal electroadhesive clutch
from the design example and the benchmark SEPAC RFTC-
320 clutch [24] is tabulated in Table [l The estimated mass of
all electroadhesive films and supporting electronics is 0.04 kg.
However, the total clutch mass cannot be accurately estimated
for the current conceptual design.

IV. DISCUSSION

A. Validation of sensitivity analysis

The value of X, differs approximately 13% from the
value obtained from the Monte Carlo simulation, Xyc. The
difference between these two values is sufficiently small and
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Fig. 2. Contour plot of the objective function for the first-order Taylor
approximation over Pt. The red marker indicates the minimally sensitive
configuration pr,.

TABLE I
COMPARISON BETWEEN DESIGN EXAMPLE AND BENCHMARK CLUTCH.

Proposed clutch SEPAC clutch
Holding torque (Nm) | 35* 54
Volume (m®) 5.65 - 107 534101
Power (W) 6.6-10~3 24 - 33
Mass (kg) Specific to design | 0.91

*: Conservative estimate neglecting contribution of opposing clutch pads.

therefore the second-order Taylor expansion is deemed a good
approximation of f for the sensitivity metric Xy .

A Monte Carlo analysis performed on the configuration
pr,, obtained by approximating Xy using 3, , indicated this
geometry was more sensitive to perturbations. This justifies
the second-order approximation of the sensitivity metric.

B. Comparison to SEPAC RFTC-320

Table [l indicates that the estimated clutch performance from
the design example is comparable to the benchmark SEPAC
RFTC-320 clutch and even exceeds it in certain respects. The
performed analysis shows favorable self-reinforcing charac-
teristics are possible while obtaining torque-to-volume ratios
similar to the benchmark clutch. In addition, marked im-
provements in power consumption and mass are expected for
this design, as it does not require heavy, power-consuming
components such as electromagnets and solenoids. Fig.
shows a possible practical design for the clutch concept.

C. Practical limitations regarding wear

When engaging the clutch, sliding will inevitably occur
between the dielectric layers of the input drum and clutch pad.
This sliding will result in friction and wear, which is defined
as damage due to the removal of surface material and may
result from abrasive, thermal and fatigue-related factors [26].

The material used in [10] is barium titanate (BaTiO3) [17].
This has a Vickers hardness of 418 HV, which is comparable
to glass and is indicative of good wear resistance [1f], [19].
This is further reinforced by the fact that the stress the normal
force exerts on the dielectric surfaces is far below the failure

(@) (b)

Fig. 3. Impression of a possible wear-resistant clutch pad. (a) side profile
showing curvature, (b) isometric view showing the groove with the dielectric
material (i) and sacrificial material (ii).

stress of BaTiO3. Experiments investigating self-mated sliding
between ceramics similar to BaTiO3 found a volumetric wear
coefficient k of 10715 to 10714 N/m3, which represents mild
wear [15]], [27].

An estimate of the layer height h; that is stripped away
each time the clutch is engaged is made using the Archard
equation [5], h; = kPs;, where k is the volumetric wear
coefficient, P the pressure on the clutch pad and s; the sliding
distance of the clutch pad on the input drum surface per
activation of the clutch. Using the aforementioned value of
10714 N/m? for k, calculating P = T—f = 109kPa for the
clutch configuration pr, of the design example and assuming
a value of 5 x 1073 m for s;, we estimate the clutch can
be engaged in the order of magnitude of 10° times before a
dielectric layer of 60 um is stripped away. This layer thickness
is representative of the design presented in [10].

To vary pf and protect the dielectric material, the electroad-
hesive film could be placed in a groove such that the top
dielectric layer is lower than the surface of the clutch pad.
When the clutch is engaged, this layer of “sacrificial” material
slides and experiences wear first, instead of the dielectric layer.
Fig. Bl shows a design with such a groove.

D. Advice concerning the choice of parameters

Configurations with lower amplification factors exhibit more
stable behavior [16]]. Therefore, within the geometrical con-
straints, 72, d and ¢ should be maximized to minimize the
required amplification factor &.

E. Directions for future research

Further research should be performed to be able to better
predict clutch performance and self-reinforcing behavior. First,
further testing should be performed on the electroadhesive
film to determine uniformity of the force distribution. As the
dielectric material is resistant to deformation, this assumption
is expected to be relatively accurate [[10]. Second, the normal
force distribution should be determined more accurately than
the current sinusoidal approximation, for example, using a
Finite Element Method analysis. Finally, a prototype of the
clutch could be built according to the optimal configuration



presented in this paper. The prototype’s performance should
be analyzed and compared to the presented model predictions.

V. CONCLUSION

This paper shows the conceptual feasibility of a clutch
design combining the principles of self-reinforcing brakes with
electroadhesive film materials. Given the modeling assump-
tions made, the design seems capable of achieving torque-to-
volume ratios comparable to industry-leading, commercially
available clutches [24]]. In addition, substantial improvements
in torque-to-power and torque-to-mass ratios seem possible
due to the utilization of electroadhesive film material.
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APPENDIX

Here, we show that the torque-to-volume ratio of elec-
troadhesive rotational clutches is independent of shape. We
assume that rotational clutches utilizing electroadhesion have
an axially symmetric shape lined with an electroadhesive film.
The x-axis represents this axis of symmetry; the clutch has a
length L along this axis, and a function r(z) denotes the radius
of the clutch shape along the axis of symmetry.

The torque d7" produced by an infinitesimally small element
of this rotationally symmetric shape depends on the increment
dz along the z-axis, the radius r(z) and the shear pressure 7
of the electroadhesive material. Denoting dA(x) = 27r(z) dz
and dV(z) = mr(z)?dz as the area and volume of the
infinitesimal element at x, respectively, the total torque 7" and
volume V of the shape are given by

L L L
T:/ dT:/ 7r(z)dA(x) :2T7r/ r(z)?>dz (14)
0 0 0
and

L L
V= / dv = 77/ r(z)? de.
0 0

The torque-to-volume ratio 7'/V follows from Equations
(I4) and (I3). It is evident that the torque-to-volume ratio
of all axially symmetric, electroadhesive rotational clutches
is constant and equal to 27, irrespective of 7(x). For current
electroadhesive films, the shear pressure 7 is not sufficiently
large to exceed the torque-to-volume ratio of state-of-the-art
compact rotational clutches.
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