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Abstract

Despite decades of academic and industry effort, achieving efficient and dynamic move-

ment of robots remains a significant challenge. Many robots, particularly humaniod robots

and wearable robots such as exoskeletons and prostheses, are quite limited in their versa-

tility and usefulness because of the force and speed limitations of actuators. Weight and

power consumption are particularly important factors in determining the operating range

and effectiveness of these devices. Geared electric motors are most commonly used in these

applications, but often result in slow, stiff, and halting operation. Other options include hy-

draulic actuators, pneumatic actuators, electroactive polymer actuators, and shape memory

materials, but none of these are able to achieve the combination of high power output, high

efficiency, and low weight that would enable dynamic movement of untethered robots.

Many proposed solutions to this problem involve using clutches to improve the efficiency

and capability of actuation systems. However, conventional clutches such as electromag-

netic and magnetorheological clutches are themselves too heavy and power-hungry to be

practical. This thesis presents an electroadhesive clutch that has 10× lower weight and

1000× lower power consumption than conventional clutches. To inform a variety of possi-

ble implementations, I extensively characterized the effects of design choices on the holding

force, responsiveness, and power consumption of the electroadhesive clutch. Next, I investi-

gated the use of the clutch in a walking assistance exoskeleton, demonstrating the reliability

and advantages of the electroadhesive clutch in a challenging robotics application. Finally, I

studied the use of electroadhesive clutches to harvest, store, and return mechanical energy

with rubber springs, and used multiple of these units in parallel to create a force control-

lable energy recycling actuator. My aspiration is that the work in this dissertation will

lead to improved robotic hardware that enables exciting new capabilities in next generation

robotics.
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Chapter 1

Introduction

1.1 Motivation

Human-safe mobile robots could have great usefulness in human environments by perform-

ing tasks such as delivery and in-home care. Many challenges stand in the way of the

realization of these robots, including sensing, controls, manipulation, and safe human-robot

interaction [1, 2]. However, the challenge of simply moving the robot safely, dynamically,

and efficiency is still an unsolved problem and central obstacle [3].

The actuators on a robot need to support the weight and inertia of the robot, while also

performing mechanical work on external objects and its surroundings. When the on-board

actuators and power supply make up a large percentage of the robot’s mass, the frame

mass and total robot mass must be sized up, and the robot becomes heavy, weak, and slow.

Because of this problem, one of the central goals of actuator designers becomes achieving

high output force and power relative to actuator mass energy consumption [4].

Creating actuation systems that are lightweight, efficient, and powerful is an important

research goal that I and many other researchers are striving for. In the following sections, I

will discuss previous efforts toward this goal.

1



Chapter 1. Introduction

1.2 Actuators for Robotics

Many kinds of actuators have been implemented in robotic systems. Conventional robot

arms have relied primarily on geared electric motors and hydraulics [5, 6]. Geared motors

have been effective for large industrial robot arms because they can produce high torque and

instantaneous power output with good position control [7]. Because large industrial arms

are fixed in place, they are not limited by factors such as high power consumption, the need

to store energy on-board, or the need to safely interact with humans. This application is

also very advantageous for hydraulic actuators, becuase the on-board mass can be very low

when the compressor is located off-board. However, for lightweight and mobile applications,

the high mass and power consumption of full conventional motor and hydraulic systems

become much more problematic [8]. This has driven substantial research into other actuator

strategies for human-scale mobile robots.

Pneumatic Artificial Muscles (PAMs) have been explored in wearable robots, mobile

robots, and robotic end effectors [9, 10, 11]. The pneumatic muscle can be quite lightweight

and produce large forces [12]. It also has inherent elasticity and backdrivability, which is

advantageous in many cases, particularly during human interaction [13]. However, pneu-

matic muscles are driven by compressed air, requiring a heavy accompanying compressor

and valve system [14]. Additionally, the actuation bandwidth of PAMs is quite low, and

precise control is difficult to achieve [11, 13]. These factors have significantly hindered

designers, and PAMs have been unable to show better performance than motors for most

tasks.

Electroactive Polymer Actuators (EPAs) have similar performance as PAMs, but are ac-

tivated electrically rather than pneumatically. They are composed of stacks of electrodes

and thin polymer films, and operate by applying large voltages to the electrodes, causing

electrostriction of the polymer layers. [15]. These actuators can be lightweight and efficient,

but they have been unable to achieve forces and strokes high enough to use in most high-

performance robotics applications [16, 17]. Hydraulically amplified dielectric elastomer ac-

2



1.3. Clutches for Improved Actuator Efficiency and Versatility

tuators have shown exciting performance improvements, but still rely on large high voltage

power supplies [18].

Shape memory actuators can be activated with a variety of mechanisms, including heat,

water, light, and other chemical stimuli [19]. They can also achieve very high power to

weight ratios [20]. Their main limitations are low activation bandwith and difficulty achiev-

ing precise control. Most of these materials have cycle times in excess of 10s, and can have

very large hysteresis and history-dependent properties [21]. As with the other approaches,

this solution has not achieved performance that satisfies the requirements of most robotic

applications.

1.3 Clutches for Improved Actuator Efficiency and Ver-

satility

Rather than exploring fundamentally different actuation mechanisms, some researchers

have focused on using variable transmissions, parallel springs, and series elastic elements

to improve the performance and efficiency of existing actuators [26].

Clutched springs can offload substantial amounts of work from the actuator, decreas-

ing its required size and power consumption [27, 28]. The simplest implementations have

very limited behavior, but more complex systems can allow energy to be stored and even

transmitted between multiple joints [29, 30]. Variable transmissions can help an actuator

achieve a wider range of torque-displacement profiles [31]. Such implimentations rely on

linkages [32], electroactive polymers [33], conventional clutches, and other solutions that

are highly configuration dependent or come with the same drawbacks (high weight, power,

etc.) that these efforts are trying to mitigate in the actuators.

Benchtop tests and simulations have shown that significant savings are theoretically

possible [34], but existing clutch technologies present their own challenges. Electromagnetic

and magnetorheological clutches have only slightly lower mass and power consumption than

3



Chapter 1. Introduction

Figure 1.1: Types of Clutches. a) Electromagnetic clutch. b) Magneto-rheological clutch. c) Me-
chanical locking clutch. d) Linear Magneto-rheological clutch. Images reproduced from: a) Inertia
Dynamics, [22] b) Lord, [23] c) Nature, [24] d) Sage, [25]

the actuators they are supposed to assist (Fig. 1.1a,b,d) [35, 27]. Pneumatic layer jamming

devices and thermally activated shape change devices can achieve high forces [36, 37], but

are hindered by high energy consumption and slow response. Mechanical locking clutches

can be very light and consume no power, but are not electrically controllable (Fig. 1.1c)

[24]. The lack of efficient, lightweight, and controllable clutches is the main obstacle to

implementing these strategies in real-world use cases.

Given the great potential impact of creating a viable clutch technology for lightweight

robotics, I focused my effort on creating a clutch that operates using electradhesion.

1.4 Previous Electroadhesive Devices

Electoadhesive devices have many of the characteristics desired in a clutch for robotics. Very

little material is needed to produce the effect, and the power consumption of the devices

4



1.5. Electroadhesive Clutch Design and Operating Principle

is extremely low. Electroadhesion has been use primarily in grippers and wall-climbing

robots [38, 39]. These devices typically use comb-shaped electrodes to adhere to a variety

of surfaces and operate using 1000s of volts [40]. However, very high adhesion has been

demonstrated with continuous electrodes at voltages lower than 100 V [41].

A few previous attempts to create clutches using electroadhesion were successful in gen-

erating large forces with low device weight, but had limited success in implementation be-

cause of force hysteresis and slow control response times (∼1 s) [42, 43]. These unwanted

effects arose mainly because of the materials used and overall design of the devices. After

investigating many materials candidates and iterating on my design, I created an elec-

troadhesive clutch that embodies the high force and low power consumption of previous

electroadhesive devices, while also achieving very fast response times and high reliability

[44].

1.5 Electroadhesive Clutch Design and Operating Prin-

ciple

The novel electroadhesive clutch I created is composed of two separate clutch plates (Fig. 1.2a-

c). Each plate is an aluminum-sputtered polymer electrode coated with a high-dielectric

insulator (Luxprint, Dupont). The plates are flexible, so the necessary structure and load

distribution are achieved by attaching them to stiff carbon fiber bars with thin double-sided

acrylic tape. The two clutch plates are oriented such that their dielectric layers are in con-

tact, and small rubber bands serve as tensioners to maintain the correct configuration in

any orientation. Applying a voltage across the electrodes causes opposite electric charges

to accumulate on the electrode surfaces. As the charge increases, an electrostatic attraction

develops at the interface and the plates adhere to one another. When the carbon fiber at-

tachments of each clutch plate are pulled away from one another, the adhesion and friction

at the interface of the clutch plates cause a shear force that resists relative motion. Dis-

5



Chapter 1. Introduction

Figure 1.2: Electroadhesive Clutch. a-b) The clutch in its operating configuration. c) Clutch compo-
nents. The clutch is composed of two clutch plates attached to carbon fiber bars, and held in place
by small tensioners. d) Diagram of clutch parameters. In this study, the width, length, electrode
thickness, dielectric thickness, and voltage are systematically varied.

charging the electrodes eliminates the electrostatic attraction at the interface of the clutch

plates, allowing them to release and slide freely. This design embodies the high performance

of electroadhesion in a reliable clutch architecture.

1.6 Problem Statement

Incorporating clutches and springs into an actuation system can increase the maximum

power and force output while reducing overall energy consumption. However, existing

clutches have relatively high mass and power consumption, which precludes their use in

lightweight robots. As a result, many robots struggle to achieve their high-level perfor-

mance goals because of the limits of their actuators.

My objectives in this thesis are to:

• Create new clutch hardware with sufficiently high force to weight and force to power

6



1.7. Thesis Outline

consumption ratios to enable the use of clutched actuators in lightweight mobile robots.

• Identify and characterize the most important performance metrics of the new clutch

hardware to inform the design choices of potential clutch users.

• Evaluate the use of the new clutch hardware and control strategies to offload actuator

work and recycle energy in robotic systems.

1.7 Thesis Outline

This thesis describes the approach I have taken to improving the performance and capabili-

ties of robots using electroadhesive clutches. In Chapter 2, I present an experimental study

of electroadhesive clutch holding force, responsiveness, and power consumption as a func-

tion of design decisions. I then compile this knowledge into a design guide that informs a

broad range of future implementations. I also perform a fatigue life test that demonstrates

effective long-term use. In Chapter 3, I describe the design and control of an ankle exoskele-

ton that uses an electroadhesive clutched spring to assist walking. In Chapter 4, I present

a design and controls approach for high-efficiency energy recycling using electroadhesive

double-clutched springs. I perform experiments to identify the best design and operating

parameters of the clutch-spring units. Using this knowledge, I design and build an actua-

tor that uses many clutch-spring units to controllably harvest and return energy. Finally,

I show the efficacy of an optimization-based control strategy in simulation and preliminary

experiments.
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Chapter 2

The effects of electroadhesive clutch

design parameters on performance

characteristics

Abstract

Actuators that employ clutches can exhibit mechanical impedance tuning and improved

energy efficiency. However, these integrated designs have been difficult to achieve in prac-

tice because conventional clutches are typically heavy and consume substantial power. In

Chapter 2, I describe a lightweight and low-power clutch that operates with electrostatic

adhesion, and achieves order-of-magnitude improvements in performance compared to con-

ventional clutches. In order to inform appropriate design in a variety of applications, I

experimentally determined the effect of clutch length, width, dielectric thickness, voltage,

and electrode stiffness on the holding force, engage and release times, and power consump-

tion. The highest performance clutch held 190 N, weighed 15 g, and consumed 3.2 mW

This chapter appears as a research article in: S.B. Diller, S.H. Collins, and C. Majidi, "The effects of
electroadhesive clutch design parameters on performance characteristics," Journal of Intelligent Materials
Systems and Structures, vol. 29, no. 19, pp. 3804-3828, 2018
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2.1. Introduction

of power. The best samples released and engaged within 20 ms, as fast as conventional

clutches. I also conducted a fatigue test that showed reliable performance for over 3 million

cycles. I expect electroadhesive clutches like these will enable actuator designs that achieve

dexterous, dynamic movement of lightweight robotic systems.

2.1 Introduction

Roboticists use clutches to reduce the energetic cost of actuation and achieve more versatile

behavior by controlling how force and mechanical energy are transmitted in a system [26].

Many actuator designs improve energy efficiency by selectively engaging springs that use

passive mechanics to exert force (Fig. 2.1a) [24, 45, 46, 27, 28]. Clutches also enable hy-

brid actuation schemes that can operate in multiple torque and speed regimes, for example

by employing motors with dramatically different gearing ratios (Fig. 2.1b) [47, 48]. Al-

ternatively, they allow for a single actuator to actuate many degrees of freedom with a

one-to-many architecture (Fig. 2.1c) [49, 50]. Discrete stiffness tuning has been demon-

strated with clutches to control mechanical interaction with humans in haptics applica-

tions (Fig. 2.1d) [51, 52, 53]. However, designers are challenged by the relatively high mass

and power consumption of traditional active clutches that rely on solenoids, such as electro-

magnetic or magnetorheological clutches [27, 35]. Electrorheological clutches activate with

directly applied voltage instead of a solenoid, but require thousands of volts and struggle to

achieve high forces [54, 53, 55]. Passively locking devices eliminate the need for power input,

but come with kinematic and control limitations and typically need to be customized for each

application [24, 50]. Hydraulic layer-jamming devices achieve high forces with low weight

and low theoretical power consumption, but take seconds to change states and require an

accompanying compressor [36]. Fluidic matrix composites can quickly change stiffness, but

require valves to operate and have relatively high off-state stiffness [56]. While the poten-

tial benefits of actuators that employ clutches are appealing, implementation with available

9



Chapter 2. Effects of electroadhesive clutch design on performance

clutches remains challenging.
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Figure 2.1: Actuator Configurations Using Clutches.

Controllable electrostatic adhesives display promising characteristics for translation into

a clutching device. Compared to other clutching materials, electroadhesive films can be

very lightweight and require very little power in order to form strong bonds with other sur-

faces. [38, 57]. Holding forces over 100 kPa have been reported [41], and reliable adhesion to

various substrates has been demonstrated [40, 58, 39]. However, these devices are designed

to adhere to substrates, as in applications such as robotic wall-climbing, and additional

mechanisms and hardware must be incorporated to achieve a self-contained clutch. Previ-

ous attempts to create clutches that employ electroadhesion had only limited success be-

cause of slow response times and significant force hysteresis [42, 43], which are due mainly

to materials selection and mechanical design.

To improve on this work, I designed and demonstrated a novel electroadhesive clutch

that produced high forces with much lower mass and power consumption than conventional

clutches (Fig. 2.2), while achieving comparable response times and controllability. How-

ever, without also having a broad knowledge of the effects of design choices, generalization

of electroadhesive clutches to many usage cases would be slow and difficult. For instance,

knowing the effect of increasing clutch area or applied voltage on force and clutch respon-

siveness would enable me to make informed design decisions for an application requiring

ten times higher force than what I have previously demonstrated.
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2.1. Introduction

In this chapter, I performed a systematic experimental investigation of electroadhesive

clutch design in order to better inform implementation in future applications. My goal was

to establish a comprehensive set of design principles that can be used to employ electroad-

hesive clutches in a broad range of applications, as well as to direct further improvement of

clutch performance.
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Figure 2.2: Comparison of mass and power consumption based on clutch mechanism. An ’x’ indicates
a linear clutch, and an ’o’ indicates a rotary clutch. The torque of rotary clutches was converted to
force by dividing by the radius of the clutch plate. Active clutches were only included if the force
(or torque), mass, and power could be calculated or estimated from empirical data. The mechanical
latch is shown as a dashed line because it consumes no power, but is not electrically controllable.
The electroadhesive clutch achieves orders-of-magnitude improvements in performance compared to
traditional clutches.

2.1.1 Experimental Design

The aim of this study is to gain answers and insights into the following design questions:

• Can clutch area be effectively scaled up or down for various applications, and what

are the effects of changing its size?

• How much dielectric and electrode material are needed, and will less material neces-

sarily achieve better holding force to weight ratios?
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Chapter 2. Effects of electroadhesive clutch design on performance

• How does operating voltage affect the holding force and power consumption?

• What factors contribute to reliable and fast release and engage?

• How long can electroadhesive clutches last under constant operation?

To answer these questions, I conducted an extensive characterization of clutch perfor-

mance as a function of the design parameters. Using these results, I endeavor to provide

practical guidelines and confidence to designers considering using electroadhesive clutches

in their actuation schemes. Each experimental results section will lead the reader through

the definition of a performance outcome, interpretation of the data, and how the results in-

form future designs. Next, I present an empirical model of clutch holding force derived from

my experimental data and compare it to predictions from theory. Finally, I provide a design

example and discuss the suitability of electroadhesive clutches for applications in robotics

and beyond.

The design parameters varied in this study are illustrated in Figure 1.2d. Clutches

have various widths, with one clutch plate slightly wider in order to prevent shorts across

the edges of the electrodes. ‘Clutch length’ refers to the overlapping length between the two

clutch plates, and is adjustable by changing the distance between the bolt attachment points

before activation. The dielectric thickness and electrode thickness are varied independently,

in order to separately investigate the effect of the separation distance between electrodes

and the overall thickness and stiffness of the clutch plates. Finally, I vary the magnitude of

the voltage applied across the electrodes of the two clutch plates.

2.1.2 Theoretical Model

A common theoretical model for predicting the maximum shear force in electroadhesive

devices is given by the equation

Fx = µ ·ε ·ε0 · A ·V 2

2 ·d2 (2.1)
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2.2. Fabrication

where µ is the coefficient of friction, ε is the relative permittivity of the dielectric, ε0 is the

electric constant, A is the interface area, V is the voltage, and d is the thickness of the

dielectric [41]. I chose the design parameters to encompass most of the variables in this

equation in order to facilitate a meaningful evaluation of the applicability of this theory to

the performance of the device.

In the following section, I report measurements of the maximum holding force, release

time, engage time, and power consumption of electroadhesive clutches as a function of clutch

length, width, dielectric thickness, electrode thickness, and applied voltage. The maximum

holding force is determined in a materials testing machine by increasing tension in the

clutch until slipping occurs. I measure release and engage time by observing the changes

in force and stiffness as the clutch is activated and deactivated under load. I determine

the power consumption by measuring the capacitance and leakage current of the clutches

at high voltage. Finally, I show the results of a fatigue life test conducted by repeatedly

activating and loading the clutches.

2.2 Fabrication

The clutch plates were created by coating layers of an insulating ceramic-polymer com-

posite (Luxprint 8153, Dupont Microcircuit Materials, Research Triangle Park, NC) onto

aluminum-sputtered BOPET (Bi-axially Oriented Polyethylene Terephthalate) film, which

served as the electrode. The 25 µm and 100 µm thickness films were sourced from Nielsen

Enterprises (Kent, WA), and the 50 µm and 125 µm thickness films were sourced from

McMaster-Carr (Aurora, OH). The McMaster-Carr films were generally higher quality, but

were only available in 50 µm and 125 µm thicknesses. The aluminum coating of the BOPET

served as the conducting surface for the electrode, while the polymer portion of the BOPET

served as a backing to the aluminum and transmitted force from the interface of the two

clutch plates to the carbon fiber bars. Changing the thickness of the BOPET was accom-
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Chapter 2. Effects of electroadhesive clutch design on performance

plished by changing the polymer backing thickness, and had no effect on the ability of the

aluminum layer to provide an electrically conductive electrode surface. Instead, the thicker

electrodes provided a stiffer connection between the clutch interface and the carbon fiber,

and made the overall clutch plate thicker and stiffer. While only the surface aluminum layer

conducts electricity, I refer to the entire aluminized BOPET film as the electrode in this pa-

per. To coat the uncured Luxprint onto the conductive aluminum BOPET surface, one edge

of a 15" square BOPET film was taped onto an 18" square first surface flatness mirror (First

Surface Mirror LLC, Toledo OH), such that the entire BOPET film rested on the mirror.

Uncured Luxprint was deposited along a line near the taped edge, and a 13 µm, 20 µm, or

27µm profile rod (Zehntner GmbH Testing Instruments, Sissach, Switzerland), depending

on the desired coating thickness, was pulled across the surface away from the taped edge.

The coated film was immediately baked in a 1.9 cubic foot ventilated oven (Across Interna-

tional, Livingston, NJ) at 130◦ C under vacuum for 2 hours. The film was then removed

and cooled at room temperature. After waiting at least 5 hours, the film was put back into

the oven to bake for two more hours under the same conditions. The resulting thickness

of the dielectric layer was approximately 10 µm, 18 µm or 25 µm, depending on the profile

rod used and the speed and pressure applied during spreading of the uncured Luxprint. To

create dielectric layers thicker than 25 µm, the coating process was repeated on top of the

previously baked dielectric layers, until the desired thickness was achieved.

The coated electrodes were cut to size using a rotary cutter (Fiskars, Helsinki, Finland).

If the sample did not have any uncoated surface of the BOPET for electrical contact, acetone

was used to remove Luxprint from a small area. The electrodes were then attached to carbon

fiber shims using a polyacrylate adhesive (VHB, 3M, Maplewood, MN). Silver particle-based

conductive epoxy (MG Chemicals, Burlington, Canada) was used to make electrical contact

between ring terminals and the conductive BOPET surface. The epoxy was cured by placing

the entire clutch in the oven at 65◦ C for 1 hour under atmospheric pressure. Tensioning

rubber bands (Pale Crepe Gold, Alliance, Hot Springs, Arkansas) were fitted into slots cut

14



2.3. Experimental Characterization

in the carbon fiber and glued in place on the electrode side using cyanoacrylate glue. For

every clutch, both BOPET electrodes were coated with Luxprint, so that the total dielectric

thickness was the sum of the thicknesses of the coatings on each electrode. The alignment

springs were attached via slots to the other clutch plate, such that the dielectric coatings

contacted one another. One coated electrode was cut to be 1 cm wider than the other, to

prevent shorting between the edges of the electrodes. An overview of the fabrication process

can be viewed in the ‘Electroadhesive Clutch Fabrication’ video.

2.3 Experimental Characterization

2.3.1 Holding Force

Holding Force Methods:

The maximum clutch force before slip as a function of clutch width, length, dielectric thick-

ness, electrode thickness, and voltage was determined using a materials testing machine

(Instron 5969, Instron, Norwood MA). For each test, the clutch was loaded into the testing

machine and voltage was applied using a high-voltage power supply (Model PS375, Stan-

ford Research Systems, Sunnyvale, CA) to initiate adhesion. After waiting for one second

to ensure full engagement, the testing machine strained the clutch at 10 mm·min−1 until

at least two slips occurred (Fig. 2.3). The highest force value observed was recorded as the

maximum holding force. In the vast majority of cases, the maximum holding force was ob-

served just before the first slip. In the remaining cases the first slip occurred at a lower

force because of a short through the dielectric layer. Pilot testing showed that the maximum

holding force reached a steady state value after about 3 consecutive tests. Based on this re-

sult, I conducted 6 consecutive tests on each clutch at each condition, with about 10 seconds

between tests. The maximum holding forces from only the last 3 tests were included in the

dataset. With the exception of the multi-parameter dielectric thickness and voltage sweep,
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Chapter 2. Effects of electroadhesive clutch design on performance

three separate clutches were tested at each condition. Because the final dielectric thickness

was difficult to precisely control during fabrication, I decided to test many clutches with

many distinct dielectric thicknesses for the 2D dielectric thickness and voltage sweep, as

opposed to making 3 identical clutches at each of a few dielectric thicknesses. The thickness

of the dielectric coating of each clutch plate was measured four times at each corner using

a micrometer (Mitutoyo IP65, Mitutoyo, Kawasaki, Japan) that has a resolution of 1 µm.

The reported dielectric thickness of each clutch was calculated by adding the thicknesses of

the dielectric coatings on the two electrodes to find the total thickness of dielectric material

separating the electrode surfaces. The clutches tested in the sweep of area had 50 µm thick

electrodes, dielectric thickness of 36 ± 2.9 µm, and were activated with 250 V. The clutches

tested in the sweep of dielectric thickness and voltage had 50 µm thick electrodes, 10 cm

overlap length, and 8 cm width. The clutches tested in the sweep of electrode thickness and

length had dielectric thickness of 36.6 ± 3.9 µm, 8 cm width, and were activated with 250 V.

Test order for all conditions on each clutch was randomized. Clutches were rested for at

least 3 hours between measurements.
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Figure 2.3: A representative maximum holding force test. After slipping, the clutch immediately
reattaches at a lower force because the voltage is still being applied. The slipping force slowly de-
creases as more slips occur, because the clutch overlap length decreases by a small amount after each
slip.

The maximum holding force was also tested as a function of time. For each test, the

clutch was loaded into a materials testing machine (Instron 4469, Instron, Norwood MA,
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Figure 2.4: Maximum Holding Force Results. a) Maximum force as a function of area, with lines of
constant width and applied voltage of 250 V. b) Maximum force as a function of dielectric thickness,
with lines of constant voltage and 50 µm electrode thickness. c) Maximum force as a function of
electrode thickness, with lines of constant length and applied voltage of 250 V.

MTS ReNew Upgrade, MTS, Eden Prairie, MN), and a voltage of 250 V was applied with

the high voltage power supply. The clutch was left activated for a predetermined amount

of time that was varied between tests. Then the clutch was displaced at 240 mm·min−1,

causing the clutch to slip within 200 ms. The highest force value observed was recorded as

the maximum holding force for that amount of activated time. I tested 6 clutches at 1 s, 3 s,

10 s, and 30 s activated time conditions. Each clutch was tested 6 times at each condition,

and the last 3 tests were included in the dataset. The order of activation time conditions was

randomized for each clutch. The clutches tested encompassed a range of clutch parameter

values, including 25 µm and 50 µm electrodes, dielectric thicknesses between 22 µm and

92 µm, and overlap lengths of 8 cm and 14 cm. The maximum holding forces from all tests
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Figure 2.5: Normalized clutch holding force at 250 V as a function of the time between clutch activa-
tion and loading the clutch to slip. The clutch force is normalized to the slip force at the 30 second
condition.

of each clutch were divided by the average maximum holding force of the 30 s activated

time condition for that clutch. These normalized values were averaged, and the error bars

indicate the standard deviation of the combined set of normalized values from all 6 clutches.

Holding Force Results:

Maximum clutch holding force increases approximately linearly with area for a large range

of areas and aspect ratios (Fig. 2.4a). Dielectric thickness has a non-monotonic influence on

maximum holding force (Fig. 2.4b). Holding force peaks in the 50 µm - 80 µm region, with

large drop-offs as the thickness becomes larger or smaller. Across all dielectric thicknesses,

holding force rises dramatically as applied voltage is increased. The maximum holding

force rises moderately as electrode thickness decreases (Fig. 2.4c). Increasing length causes

a linear increase in force independent of electrode thickness. The maximum clutch holding

force increases as the amount of time the clutch is activated increases (Fig. 2.5).

Holding Force Design Insights:

These results indicate that clutch force is maximized by clutch plates with 25 µm thick

electrodes and dielectric thicknesses in the 50 µm - 80 µm range. Further decreasing the
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2.3. Experimental Characterization

Figure 2.6: Environmental Scanning Electron Microscope images. a-b) Agglomerations of ceramic
particles on the order of 10 µm are visible on the dielectric surface. Energy-Dispersive Spectroscopy
analysis confirmed that the agglomerations are made up of barium titanate and titanium dioxide.
c) Cross-section of the dielectric layer. The individual ceramic particles are visible in the polymer
matrix. All images were taken at 25 kV using a Quanta 200 (Thermo Fisher Scientific, Hillsboro,
Oregon, USA).

electrode stiffness could increase maximum holding force. However, the yield strength of

the BOPET material may begin to restrict the operating force of the clutch. For example, an

8 cm wide clutch with 25 µm electrodes is expected to begin to yield at approximately 200 N

given a yield strength of 100 MPa [59] at room temperature, which is only slightly larger

than the measured slipping force of some clutches with 10 cm overlap length. Force can be

expected to scale up or down linearly with the clutch overlap area, although clutch area has

a strong effect on other performance outcomes, as is discussed in the Release Time section.

For all of the clutch designs tested in this paper, the clutch slipped at the electroadhesive

interface rather than experiencing a yielding failure in the materials or structure. Because

the stress in the BOPET film and at the VHB interface scales inversely with clutch width for

a given film thickness and overlap area, the clutch aspect ratio should be controlled during

the design process by increasing width and decreasing length until the expected stress in

the BOPET film is below the yield stress. Increasing voltage also increases clutch force,

but has a strong affect on force hysteresis and power consumption, as discussed in the next

subsection on Space Charge and a later section on Power Consumption.

The holding force of clutches activated for 1 second is approximately 70% of the holding

force after being activated for 30 seconds. The holding force does not appear to plateau
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Chapter 2. Effects of electroadhesive clutch design on performance

after 30 seconds of activation time, implying that even higher forces may be reached with

longer activation time. This result also shows that the electroadhesive clutch is capable

of transmitting large holding forces within 1 second of activation. This time-dependent

effect likely added some bias into the greater holding force parameter sweep experiment.

Because the tests in the main holding force study were meant to be quasi-static, I tested at

a low displacement rate. This meant that tests of parameter values that held large forces

took up to 15 seconds longer than parameter values with low force capability, potentially

causing a further relative difference in force transmitting capability. Additional tests of

the interaction of displacement rate, activated time, and other clutch parameters such as

voltage could give additional insight on the fundamental mechanisms underlying this effect.

Space Charge:

I also note several factors that affect performance but that I have not systematically investi-

gated in this work. One such factor is that increasing voltage to 320 V and beyond begins to

have detrimental effects on clutch performance. Specifically, I observe unwanted adhesion

due to space charge, or electric charge that is forced into the insulating layer and remains

even after the voltage is removed [60, 61]. Unwanted adhesion can be problematic when

the clutch is in the off state, because the clutch plates buckle under very small compressive

loads and consequently do not slide relative to one another. Quantifying the presence of

space charge has proven to be a challenge. A remaining voltage is only observable with a

voltmeter when the electrodes are slid relative to one another, and the transient nature and

strong history dependence of space charge make it difficult to systematically investigate

its interaction with the performance outcomes. I have seen cases where suspected space

charge induced by large voltages seems to temporarily slow release time and decrease max-

imum holding force. Further investigation into techniques of measuring space charge in the

system and counteracting its effects are warranted.
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Materials:

Our selection of materials is vital to achieving good performance. Using aluminum-sputtered

polymer film as the electrode provides the right combination of out-of-plane flexibility and

high in-plane stiffness. The dielectric material choice is critical, and I use Luxprint, which

is a flouropolymer embedded with barium titanate and titanium dioxide, because it displays

high breakdown strength and a high dielectric constant of approximately 20-30. Addition-

ally, this dielectric is not tacky and does not have inherent adhesion, meaning that the

clutch can automatically release and reliably slide in the off state. The diameter of the ce-

ramic particles is reported by the supplier to be less than 5 µm, but I believe the drop-off

in performance at thicknesses less than 50 µm may be due to agglomerations of the parti-

cles on the order of ∼10 µm (Fig. 2.6). The presence of these agglomerations would lead to

localized electric charge accumulation that could cause shorting and a lower bulk dielectric

constant. Using a composite with smaller particles or chemical modification to prevent ag-

glomeration could dramatically improve the performance of thinner layers and allow much

lower applied voltage and higher force transmission.

2.3.2 Release Time

Release Time Methods:

The release time testing was also conducted using the Instron materials tester, but the force

was measured using a load cell (LC201-100, Omega, Norwalk, CT) placed in series with the

clutch and recorded at 5000 Hz by a separate control hardware system (DS1103, dSPACE,

Wixom, MI). A microcontroller (Arduino Uno, Somerville, MA) was used to control the clutch

state and simultaneously send control state signals to the control hardware system. I chose

not to use the Instron measurements because of embedded filtering, which prevents mea-

surements on the millisecond scale, and because of software delays on the order of 10 ms.

During each test, the clutch was activated, loaded to 80% of the measured or estimated
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maximum force, and released (Fig. 2.7). At each condition, clutches were tested six times,

with about 10 seconds between tests. Pilot testing did not show any change in performance

over consecutive tests, so all 6 tests contributed to the dataset. The force signal was zero-

phase 250 Hz low-pass filtered to eliminate background noise. I defined the release time as

the time needed for the force to drop by 90% relative to the steady state force after release.

All clutches used in the force testing were also tested for release time under the same con-

ditions, with the exception of the set of samples in which electrode thickness was varied.

Rather than testing the interaction of electrode thickness and length as in the maximum

holding force study, these samples were tested for the interaction of electrode thickness and

voltage. The electrode thickness sweep samples were tested at an overlap length of 10 cm.

Clutches were rested for at least 3 hours between measurements. Real-time and high-speed

video of release time testing can be viewed in the ‘Electroadhesive Clutch Release and En-

gage Time Testing’ video.
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Figure 2.7: A representative force profile during release. After the voltage is removed from a clutch
under load, the force rapidly drops to a steady state value dependent on the force in the tensioning
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Figure 2.8: Release Time Results. a) Release time as a function of area, with lines of constant width.
b) Release time as a function of dielectric thickness with lines of constant voltage. c) Release time as
a function of electrode thickness, with lines of constant voltage.

Release Time Results:

Release time slows as area increases, and increasing clutch width increases the release

time more sharply than increasing clutch length (Fig. 2.8a). For dielectric thicknesses

≥80 µm, release time becomes faster as dielectric thickness increases and applied voltage

decreases (Fig. 2.8b). The samples used in the sweep of electrode thickness have dielectric

thickness of 36.6 ± 3.9 µm. With this in mind, considering Fig. 2.8b and c, the opposite

trend appears to occur for thin samples with dielectric thickness ≤40 µm. For this region,

release time becomes faster as dielectric thickness decreases and applied voltage increases.

For intermediate dielectric thicknesses, there is no clear relationship between release time
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and dielectric thickness or voltage. The outlying data in this region that show very fast re-

lease time occur because of my definition of release time, and for practical purposes release

at similar speeds to the other data at those dielectric thicknesses. The outliers occur be-

cause the small inflection at approximately 25 N in Fig. 2.7 is much taller, and actually dips

below the 90% force drop value before rising and following the typical force profile. Future

work is warranted to investigate the mechanics behind this feature of the force drop curve.

Electrode thickness does not seem to have an effect on release time (Fig. 2.8c), although the

fastest release in this subset of clutches occurred for the 25 µm thick electrode at 320 V.

Release Time Design Insights:
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Figure 2.9: Release Time and Holding Force. Scaling force by increasing area dramatically slows
release time. Increasing voltage and using multiple smaller clutches in parallel scales force without
sacrificing responsiveness, and cutting parallel slits in the clutches dramatically decreases release
time.

Based on the findings in Fig. 2.8, the clutch area is the dominant design parameter in

determining the release time. These findings imply that clutches with large continuous area

or width cause slow release and should be avoided. This result leads me to consider other

ways of scaling force while maintaining fast release time.

Increasing the continuous area of the clutch to increase force causes a corresponding

increase in the time needed to release (Fig. 2.9). The finding that width has a particularly
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strong effect on release time inspired an experiment in which I placed multiple clutches

in parallel. When 3 clutches are loaded to 220 N and released, the release time is approxi-

mately the same as their individual release times when released at 70 N. This result implies

that the continuous area of each clutch dominates release time, and additional clutch area

and holding force can be added without penalty as long as it is not continuous area on a

single clutch. To further explore this strategy, I cut slits along the length of one of the two

clutch plates to decrease the continuous width to 1.3 cm, and find that this dramatically

reduces the release time of individual clutches as well as multiple clutches in parallel. This

result leads to the important design insight that continuous area in the clutch plates should

be minimized in order to achieve fast release in clutches that can hold large forces.

2.3.3 Engage Time

Engage Time Methods:

The engage time was calculated by comparing a linearized baseline force-displacement curve

to ‘dynamic engage’ tests. During the dynamic engage test, the clutch was activated while

being displaced at a constant rate (Fig. 2.10). The amount of extension after the voltage was

applied and before the clutch was fully engaged was determined by shifting the reference

force-displacement curve until the force profile coincided with the dynamic engage curve.

This extension shift correlated to a time value, because the dynamic test was conducted at

a constant velocity. This time, which I called the engage time, is essentially the time needed

for the stiffness of the engaging clutch to match its baseline stiffness.

Engage time measurements were also made with the Omega load cell and dSPACE sys-

tem. In addition, the displacement was measured by dSPACE using the analog output of the

Instron, which I separately verified did not have filtering or software delays. To determine

the baseline force-displacement curve, the clutch was activated and loaded to 20 N at a rate

of 100 mm·min−1. This test was repeated three times for each condition, and the final two

tests were fit with a linear curve. The dynamic engage tests were performed by initiating
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an extension velocity of 100 mm·min−1 while the clutch was deactivated. Once constant ve-

locity was reached, the microcontroller simultaneously engaged the clutch and signaled the

measurement system, indicating the time and displacement at clutch activation. Voltage

was provided by the high voltage power supply, and a 4.7µF capacitor was placed in paral-

lel with the power supply to provide a responsive current source. The force and extension

signals were both zero-phase low-pass filtered at 20 Hz. This filtering did not adversely

affect my ability to measure fast engage times because I was not measuring an impulse-like

behavior that would be masked by a low-pass filter. Instead, I measured the stiffness at a

time well past the initial engage, and this part of the curve is very smooth. Additionally,

because I used a two-way filter, the curve was not delayed relative to the activation time.

The dynamic engage test was performed four times per clutch at each condition, and all four

tests contributed to the dataset. Parameter sweeps of length, width, electrode thickness,

and voltage were conducted for engage time, with 3 clutches tested at each condition. The

clutches in the sweep of width had a mean dielectric thickness of 36 ± 2.7 µm, length of

13 cm, electrode thickness of 50 µm, and applied voltage of 280 V. The clutches in the sweep

of length had a mean dielectric thickness of 37 ± 2.6 µm, width of 8 cm, electrode thickness

of 50 µm, and applied voltage of 280 V. The clutches in the voltage sweep had a mean dielec-

tric thickness of 31 ± 0.9 µm, overlap length of 13 cm, width of 8 cm, and electrode thickness

of 50 µm. The clutches in the electrode thickness sweep had a mean dielectric thickness of

36 ± 3.9 µm, overlap length of 13 cm, width of 8 cm, and applied voltage of 280 V. The or-

der of conditions was randomized for each clutch. Real-time and high-speed video of engage

time testing can be viewed in the ‘Electroadhesive Clutch Release and Engage Time Testing’

video.

Engage Time Results:

Engage time decreases moderately as clutch width increases (Fig. 2.11a). I believe that

clutches with more area engage faster because there is a higher likelihood that some portion
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Figure 2.10: A representative force profile during engage. The voltage is applied at time zero, and
the static reference line shows the expected force-displacement profile of a fully engaged clutch. By
shifting the reference curve to the right until the curve coincides with the dynamic test, we determine
the amount of displacement lost before the clutch is engaged. Because the velocity is constant, this
displacement corresponds to a time value, which we call the ‘engage time.’

of the clutch plates will be in contact before activation to serve as an initiation point for

zipping on. The engage time is quite dependent on the overlap length (Fig. 2.11a), with

the 10 cm and 16 cm conditions engaging most quickly. I believe this effect is due more to

the clutch configuration and tensioners than to the absolute overlap length. The clutches

used to test various lengths were created in two sizes, with maximum designed overlap

lengths of 10 cm and 16 cm, and these clutches were activated in lengthened configurations

to produce the 4 cm, 7 cm, and 13 cm conditions. However, these configurations have higher

tensioner force than the 10 cm and 16 cm conditions, which I believe decreases the likelihood

of initial contact and hinders the zipping on effect, leading to slower engage times. Clutches

engage much faster as the applied voltage increases (Fig. 2.11b), which is likely due to

higher attractive forces at higher electric field strengths. Engage time occurs faster as the

electrode thickness decreases, with the exception of the 100 µm clutches (Fig. 2.11c). This

outlier is most likely due to noticeable curvature in these samples resulting from residual

stresses in the electrodes.
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Figure 2.11: Engage time results. These box-and-whisker plots show the median in red, the 25th and
75th percentiles with the blue box, and the most extreme data points with the whiskers. a) Engage
time as a function of width. b) Engage time as a function of length. c) Engage time as a function of
voltage. d) Engage time as a function of electrode thickness.

Engage Time Design Insights:

Clutch engage occurs faster for clutches with more area, potentially placing this perfor-

mance measure at odds with the release time, which becomes slower as continuous area in-

creases. However, engage time tests of clutches with slits show that they can engage within

30 ms, meaning that both fast engage and release can be achieved by employing slits. Using

higher voltage and thinner electrodes benefits engage time, a result that meshes well with

the force and release time results for these parameters.

The electrode thickness and length outliers in the engage time data illustrate the depen-

dence of engage time on the curvature of the electrodes and the force from the tensioning

rubber bands. The residual curvature in the clutches develops during fabrication and re-

sults from the thermal mismatch between the electrodes and insulating material, as well

as uneven cooling rates after baking. Residual curvature induces elastic restoring forces

28



2.3. Experimental Characterization

in the films that cause the centers of the electrodes to be pushed away from one another.

This can prevent the clutch plates from having any initial contact area, which is necessary

for the electrodes to initiate adhesion. These effects were particularly pronounced in the

100 µm electrodes, perhaps due to the methods and processing performed by the BOPET

manufacturers. This negative effect is exacerbated when vertical slits are cut for all elec-

trode thicknesses, because the length-to-width ratio of the continuous patches dramatically

changes, and the carbon fiber backing cannot as effectively constrain the electrode to be flat.

I find that sliding the electrodes over a sharp edge before attaching them to the carbon fiber

backing is an effective method to remove curvature. In fact, using this method to bias the

curvature to the other direction is actually beneficial in guaranteeing some initial contact

area for engagement, allowing the electrodes to quickly zip on and conform to one another.

The force in the alignment tensioners also plays a role in determining the initial contact

area of the clutches. If the force is too low, the electrodes can go slack and buckle away from

one another. Alternatively, if the force is too high, the electrodes can be too taut and not

contact one another at all. One way to ensure relatively constant tensioner force over the

whole operating range is to use springs with fairly low stiffness and a significant pretension.

Both the curvature and tensioners should be carefully designed in each implementation of

the clutch. Fast engage time is also aided by supplying a good current source, which I

achieve by placing a high-voltage capacitor into the circuit. The capacitor slowly charges

from the low-power voltage transformer, and is capable of providing very high instanta-

neous current to the clutch, allowing full charging in milliseconds. Because the capacitor

has orders-of-magnitude higher capacitance than the clutch, the overall voltage decrease

resulting from charging the clutch is very low. These tension, curvature, and charging ef-

fects all significantly influence the speed and reliability of clutch activation and need to be

carefully considered in each implementation.
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2.3.4 Power Consumption

Power Consumption Methods:

I determined capacitance and power consumption of the clutches by charging and discharg-

ing clutches while measuring electrical current. Current was calculated by measuring the

voltage drop across a 100 kΩ shunt resistor placed in series with the clutch, using two

high impedance voltage dividers (see Control Circuits in the Appendix). The electrical

charge in the clutch was determined by numerically integrating the current during dis-

charging (Fig. 2.12). The clutch was considered to be discharging until the voltage across

the capacitor had dropped by 99% of the applied voltage. The capacitance was then calcu-

lated as

C = Q
V

(2.2)

where Q is the total charge and V is the applied voltage. The leakage current during the

charged state was also observed using this circuit. The power consumption was calculated

using the measured capacitance and leakage current as

P = Ileak ·V ·D+ 1
2
·C ·V 2 · f (2.3)

where Ileak is the leakage current, D is the fraction of time the clutch is activated, C is

the capacitance of the clutch, and f is the frequency of activation. For my calculations, I

assumed an activation frequency of 1 Hz and an activation time fraction of 0.5.

Power Consumption Results:

While varying clutch width, dielectric thickness, and electrode thickness, power consump-

tion scales approximately linearly with maximum holding force (Fig. 2.13a). This result

makes intuitive sense for varying width, as both force and capacitance scale linearly with

clutch width. This is a surprising result, however, for varying dielectric thickness, as these
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Figure 2.12: A representative clutch discharge curve. The voltage drops to 1% of its initial voltage
within 12 ms. The current during discharge is integrated to determine the charge contained in the
activated clutch.

results imply a linear relationship between capacitance and holding force that is not pre-

dicted by the friction-controlled electrostatic model, as described in the Comparison to Clas-

sic Electrostatic Theory section. For these clutches, leakage current accounts for 22% of

total power consumption on average, making it a relatively small cost compared to charging

the clutches during activation.

The power consumption of a small subset of clutches was measured as a function of

voltage (Fig. 2.13b). Power consumption increases dramatically with increasing voltage,

scaling as V 4.2, which is much higher than the prediction of V 2 from Eq 2.3. This result can

be explained by the dependence of clutch capacitance on clutch voltage (Fig. 2.13c). Because

the electrostatic pressure is higher at larger applied voltages, more of the air gap at the

interface of the clutch plates is eliminated, effectively increasing the dielectric constant

and decreasing the dielectric thickness. Additionally, the high electric field strength may

cause a nonlinear relationship between applied field and dielectric polarization that could

contribute to this effect.

Power Consumption Design Insights:

Because of the relatively flat and linear data in (Fig. 2.13a), power consumption does not

require strong consideration when selecting the width, dielectric thickness, and electrode
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Figure 2.13: a) Power consumption and maximum holding force. The ’Vary Width’ dataset includes
clutches of various widths that have constant dielectric thickness and electrode thickness. The other
two conditions follow the same pattern. b) Power consumption as a function of applied voltage for
three similar clutches. c) Capacitance as a function of applied voltage for the same three clutches
from (b).

thickness of a design. Although using higher voltages quickly increases power consumption,

the power consumption is not a hindrance to the implementation or practicality of the clutch.

The estimated power consumption of the 65 µm clutch at 320 V is 3.2 mW, which is still very

low compared to traditional clutches.
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2.3.5 Fatigue Life

Fatigue Life Methods:

Fatigue tests were conducted by repeatedly loading and unloading the clutch. Each cycle

was composed of a phase in which the clutch was activated, loaded, and then unloaded,

followed by a ‘free-sliding’ phase during which the clutch was displaced while the voltage

was off, in order to ensure full disengagement of the clutch. The clutch was attached to a

fixture with the Omega load cell in series, and a Kollmorgen (KM-180 E61960) servomotor

displaced the free end. The dSPACE control system controlled the clutch activation circuit,

and the high voltage power supply provided voltage, with a parallel capacitor acting as a

current supply. The direction of applied voltage was alternated on each cycle. A controller

was implemented to keep peak on-state force constant on each loading cycle (see Fatigue

Testing Control in the Appendix). The maximum force during the off-state free-sliding cycle

was also recorded, in order to investigate the unwanted residual adhesion as a function

of cycle number. The off-state force was filtered to remove background noise, because a

maximum value rather than an averaged value was recorded. Video of fatigue life testing

can be viewed in the ‘Electroadhesive Clutch Fatigue Testing’ video.

Fatigue Life Results:

The fatigue testing results for one clutch are shown in Fig. 2.14. The clutch performs more

than 3.3 million loading cycles, with the clutch temporarily losing functionality 34 times,

corresponding to approximately one loss in functionality per 100,000 cycles. The unwanted

remaining adhesion of the clutch observed during the free-sliding phase starts at 0.5 N, but

rises slowly during the course of the fatigue test, to a maximum value of 7 N. The clutch is

able to restart within 5 seconds of a loss in functionality. Short rests of less than 5 minutes

do not seem to affect the unwanted off-state residual force upon restarting the test. How-

ever, a two week rest corresponded to a notable drop in residual adhesion of 4 N. The clutch
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Figure 2.14: Fatigue testing. The maximum holding force and residual off-state force are plotted as
a function of fatigue cycle number. The slip events are also indicated, overlaid on the off-cycle force
of the cycle preceding the slip event. A two-week break in testing is indicated with the arrow.

shows very reliable operation for an extended usage time comparable to the requirements of

many possible applications, and demonstrates that there is no fundamental mechanism lim-

iting the lifetime of electroadhesive clutches. However, further investigation is warranted to

understand the failure mechanisms, the rise in residual adhesion, and how clutch life is re-

lated to fabrication methods. Additionally, other performance outcomes including response

time and power consumption should also be measured during fatigue testing.

Fatigue Life Design Insights:

To address residual adhesion in the off state for applications sensitive to this issue, the

designer should consider replacing clutches after a few hundred thousand cycles, depending

on their specific requirements. Further investigation could also inform techniques to delay

or eliminate the rise in residual adhesion. Designers should include redundancy in the form

of multiple parallel clutches to mitigate the loss in functionality when one clutch experiences

a slipping failure. Including two clutches in parallel decreases the likelihood of a complete

loss of force transmission to one in ten billion.
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2.4 Data Analysis

2.4.1 ANOVA and Linear Regression Fitting

Model Derivation Methods

To extract key parameters and trends, I conduct an ANOVA analysis (Table 2.1). I find that

clutch length, width, voltage, dielectric thickness, electrode thickness, and age have signif-

icant effects, while temperature, humidity, and test order do not. Clutch age is defined as

the time between the last baking of the dielectric and the beginning of force testing. Tem-

perature and humidity were not systematically varied during testing, and typically stayed

within 20◦C-22◦C and 20%-50% humidity. Test order was randomized. I used linear regres-

sion to determine exponent coefficients for a model including the statistically significant

parameters described by the equation

Fx = exp(c1) · lc2 ·wc3 · td
c4 · te

c5 ·V c6 ·agec7 (2.4)

where l is the length of the clutch overlap area in meters, w is the width of the clutch

overlap area in meters, td is the total dielectric thickness in meters, te is the thickness of

each BOPET electrode in meters, V is the applied voltage in Volts, and age is the clutch age

in days (Table 2.2).

Table 2.1: Recorded Parameter Statistical Significance.

Parameter P-value

Length 4 x 10−8

Width 2 x 10−4

Dielectric Thickness 3 x 10−11

Electrode Thickness 1 x 10−4

Voltage 5 x 10−30

Age 1 x 10−8

Temperature 0.3

Humidity 0.4

Test Order 0.7
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Figure 2.15: Maximum holding force model prediction vs. measured data. a) The model based on
Eq. (2.4). b) The model based on Eq. (2.8), with data divided by dielectric thickness. Partitioning
dielectric thickness substantially improves the model prediction.

The coefficients were determined using a linear regression with x = A−1b where

A = [
1 ln(l) ln(w) ln(td) ln(tm) ln(V ) ln(age)

]
(2.5)

b = [ln(F)] (2.6)

x = [c1 c2 c3 c4 c5 c6 c7]T (2.7)

From inspection, and consistent with findings from other electroadhesive force studies [41],

I identify two regions of behavior in dielectric thickness (Fig. 2.4b). I divide the data into

thick dielectric and thin dielectric groups and alter Eq. (2.4) to include a distinct dielectric

thickness term and constant multiplier for each group, where the cutoff thickness is se-

lected to minimize the combined residual error of the model. The cutoff thickness is 53 µm.

The new equation, which also includes distinct constant multipliers for the two groups of

dielectric thickness, is
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Fx =

 exp(c1
′
)

exp(c1
∗)

 · lc2 ·wc3 ·


(td

′
)c

′
4

(td
∗)c4

∗

 · te
c5 ·V c6 ·agec7 (2.8)

where c1
′
and c4

′
are the constant multiplier and dielectric thickness coefficient for the thin

subset (td
′
), and c1

∗ and c4
∗ are the constant multiplier and dielectric thickness coefficient

for the thick subset (td
∗). The linear regression is performed in the same fashion as in

Eqs. (2.5)-(2.7), with an additional two columns in the A matrix and two additional coeffi-

cients in the x matrix. In the new A matrix, the values in the columns corresponding to c1
′

and c4
′

are set to 0 for the thick subset data, and the values in the columns corresponding

to c1
∗ and c4

∗ are set to zero for the thin subset data. This formulation separates the effects

of dielectric thickness for the two groups and provides a necessary additional degree of free-

dom for each subset in the form of the constant multiplier, while still considering the effects

of all other parameters for both subsets as a single group. A prediction of holding force (in

Newtons) for a particular set of design variables can be found by plugging the set of values

into Eq. (2.8), ensuring that the units of l, w, td, and te are all meters, the unit of V is Volts,

the unit of age is days, and that the appropriate c1 and c4 are selected, given the selected

dielectric thickness relative to the cutoff thickness of 53 µm.

Experimentally-Derived Model of Holding Force

Table 2.2: Fitted model coefficients for Eq. 2.8. The center column gives coefficients derived from the
full dataset. The thin and thick subset columns give coefficients derived from the respective subsets
of data.

Coe�cient Thin Subset Full Dataset Thick Subset

c1
′
, c1

∗ -14.79 -23.18

c2 0.9055

c3 1.103

c4
′
, c4

∗ -0.3829 -1.495

c5 -0.3642

c6 2.612

c7 0.2901
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Figure 2.16: Maximum holding force normalized to each model parameter. In each plot, the y-axis
value at the origin is zero. a) Force normalized to length. b) Force normalized to width. c) Force
normalized to dielectric thickness. d) Force normalized to electrode thickness. e) Force normalized to
voltage. f) Force normalized to age.

Providing the linear regression with additional degrees of freedom around dielectric

thickness substantially improves the model prediction of holding force, increasing the R-

squared from 0.48 to 0.81 (Fig. 2.15). The original model underpredicts the highest mea-

sured force data (Fig. 2.15a), an issue that is largely resolved in the modified model (Fig. 2.15b).

By normalizing maximum holding force by the model prediction for all variables but one,

that variable’s fit can visualized while accounting for all other effects (Fig. 2.16). The model

finds nearly linear increases in holding force as clutch length (Fig. 2.16a) and width (Fig. 2.16b)

increase, with model coefficients of 0.91 and 1.1 respectively. Holding force scales as (td
−1.5)

for the thick dielectric subset, while the thin dielectric subset is much flatter with respect to

force, and is best fitted with (td
−0.38) (Fig. 2.16c). Increasing electrode thickness decreases

force as (te
−0.36) (Fig. 2.16d). Clutch voltage has the most dramatic effect on holding force,

scaling force as (V 2.61) (Fig. 2.16e). Finally, increasing clutch age causes a moderate in-

crease in holding force, scaling as (age0.29) (Fig. 2.16f). While additional unknown effects
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likely contribute to the remaining error, this model does provide useful trends to inform

design using the parameters investigated in this study.

2.5 Discussion

2.5.1 Optimal Design Values

Based on the results of the design study, I draw a few main design insights. Maximum hold-

ing force scales linearly with area, but increasing area, and width in particular, increases

release time. Cutting slits to decrease continuous width greatly alleviates the release time

penalty, and area can be increased without increasing release time by stacking smaller area

clutches in parallel with one another. This is a critical design insight for applications requir-

ing fast response, and I recommend keeping continuous area low by using slits and multiple

clutches. Fast engage times are dependent on good alignment of the clutch plates, which is

achieved by controlling clutch plate curvature during fabrication and selecting proper ten-

sioners. Clutches perform best when the total dielectric thickness is between 50 µm and

80 µm. I recommend using the 25 µm electrode because it holds more force than the other

thicknesses, while having the lowest mass and volume. Finally, applying larger voltages

greatly increases force, but dielectric breakdown and space charge impose practical limits

on the voltage. Voltages near 300 V provide a good combination of high force, reliability, and

responsiveness.

2.5.2 Comparison of the Empirical Model to Classic Electrostatic

Theory

One interesting comparison to my experimentally-derived model is the electrostatic force

theory for a parallel plate capacitor, given by Eq. (2.1). While this theory can describe some

of the behavior I observed, it does not agree with many of my findings. The experimentally-
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derived length and width scaling coefficients of 0.91 and 1.1 compare fairly well with the

linear prediction of the electroadhesive clutch theory. A linear fit of the holding force vs.

clutch area in Fig. 2.4a results in an R2 value of 0.94. The slight deviation of these coeffi-

cients from a value of 1 may be due to geometric variations between clutches that become

more detrimental as the clutch gets wider or longer, such as the position of attachment

points. Such variations could impact load distribution, causing sub-optimal loading of re-

gions near the edges of the clutch. The dielectric thickness coefficient of −0.38 for the thin

subset deviates substantially from the theory prediction of −2, indicating that the expected

relationship between force and thickness is disrupted by other phenomena, such as break-

down, space charge, or non-uniformity on the micrometer scale. The scaling of dielectric

thickness of −1.5 for the thick subset agrees better with theory, but is still lower than ex-

pected, potentially due to some of the same phenomena. The model finds a coefficient of

2.6 for voltage, which is somewhat higher than the theory prediction of 2. This deviation is

likely caused by improved adhesion and elimination of the air gap between the clutch plates

at higher voltages, which would decrease the effective dielectric thickness and increase the

charge in the electrodes. This larger value may also be due to the longer activated time of

tests with large holding force, as discussed in the Holding Force Design Insights subsection.

In a more pronounced disagreement with the model and data, the electrostatic theory

underpredicts the overall magnitude of force produced in the clutch by a factor of ten. Fitting

the thick dielectric data to electrostatic force theory with the coefficient ε as the free variable

and the measured µ = 0.63 (see Coefficient of Friction Testing in the Appendix) produces an

unrealistic dielectric constant of about 270, compared to my measured dielectric constant

values of 15-20. Additionally, the electrostatic force theory cannot account for the effects

of electrode thickness and age. These disagreements between my experimental results and

electrostatic force theory imply that this theory is not adequate for either qualitative or

quantitative predictions of clutch performance, underscoring the importance of this and

future experimental work.
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The electrostatic force model relies on the assumption of dry Coulombic friction, which

is inadequate for describing the adhesion interactions of thin polymer films. Other physi-

cal phenomena that may alter the critical shear force include van der Waals interactions,

stiction effects, and geometric confinement [62, 63]. The impact of these other effects has

been shown in previous work, including for electrostatic adhesion. [41] observe increasing

critical shear force in their soft electroadhesives as the ratio of width to thickness increases,

which agrees with my finding that force increases as electrode thickness decreases for a con-

stant width. [41] also measure critical shear forces up to 3 times higher than predicted by

electrostatic force theory for the thinnest geometries. The authors do find that for certain

width-to-thickness ratios, the measurements agree with electrostatic force theory. However,

these correspond to aspect ratios that are 100 to 1000 times smaller than the range tested

in this paper. I am not able to make quantitative comparisons to this work because of differ-

ences in the materials, geometry, and methods, but this previous work finds similar trends

to my findings. Given this set of previous work, it is not unreasonable and perhaps not even

surprising that the clutch outperformed the electrostatic force theory.

Clutch Age:

The maximum holding force of the clutches increases as the clutches age. This may have

to do with changes in the dielectric layer over time. One contributor may be continual

evaporation of solvent that was not fully baked out of the dielectric during fabrication. It is

possible the solvent decreases the overall dielectric constant of the insulating material, and

makes the clutch more susceptible to space charge, which I have observed can also decrease

the maximum holding force. Further investigation of this phenomenon could inform changes

to the fabrication process to compensate for this effect and achieve better performance of the

clutches immediately after fabrication.
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Figure 2.17: Design flowchart for electroadhesive clutch implementation.
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Figure 2.18: Clutch length diagram.

2.5.3 Design Example

Appropriate clutch parameters can be selected based on the required holding force, total

clutch travel, and the available space (Fig. 2.17). First, the designers must determine the

highest force that will be exerted by the clutch during operation. For example, in a lower-

limb exoskeleton or legged robot application, the designers might place the clutch in series

with a spring and stretch it to a maximum force of 1000 N. Using a factor of safety of 2, and

the measured value of 23 kPa of shear pressure for a clutch with 65 µm dielectric thickness

at 320 V, I calculate that 870 cm2 of clutch area would be required. While this value may

seem high, it can be accomplished in a compact device by stacking clutches in parallel with

one another, as described later in this example. The next consideration is the required

off-state travel distance of the clutch. In the hypothetical application, the designers might
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require 3 cm of travel in each direction from the neutral configuration during the off state.

Next, geometric constraints must be taken into account. For the hypothetical device, the

total length between the clutch attachments in the neutral configuration might be 14 cm.

This would mean the clutch must shorten to a length of 11 cm, and lengthen to a length of

17 cm. Factoring in 1 cm for the carbon fiber bars, this means the individual clutch plates

could not be longer than 10 cm, or they would begin to buckle when the clutch is at its

shortest length. Here I define the clutch plate length as the distance from the attachment

point to the edge of the clutch, as shown in Fig. 2.18. In the hypothetical application, the

designers may determine that they would typically want the spring to engage at a clutch

length of 13 cm. The corresponding overlap length x can be determined using the equation

x = 2lcp −L t (2.9)

where lcp is the clutch plate length, and Lt is the total clutch length. Using clutch plates

with individual lengths of 10 cm yields an overlap length of 7 cm. For the hypothetical

application, the designers might assign an 8 cm wide space for the clutches. To allow space

for tensioner spring attachments, the designers could then choose a clutch overlap width

of 7 cm. This would correspond to an overlap area of 49 cm2 per clutch, meaning that 18

clutches of this size would be necessary to transmit the required force.

To inform the sizing of electrical components, the designers could now estimate the

steady-state power consumption of the clutches. If I assume the clutch is activated once

per second with a duty factor of 50%, and the clutch has a dielectric thickness of 65 µm

and an applied voltage of 320 V, the power consumption is about 17 µW per 1 N of force.

Based on this scaling, the designers would estimate 34 mW of continuous power consump-

tion. This means the designers would need to select a high-voltage transformer capable of

outputting at least 34 mW continuously (for example the XPPower AG04N-5 DC-DC con-

verter, which has a capacity of 1 W). Additionally, the designers should place a capacitor in
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parallel with the transformer to reduce the peak current draw from the transformer and

provide a good source for rapidly charging the clutches. The parallel capacitor should be

relatively large compared to the total capacitance of the clutches (for example the Ruby-

con 400PX4.7MEFCTA8X11.5, which has a capacitance of 4.7 µF). All of the clutches could

be controlled by a single control circuit requiring two high voltage relays (for example the

Toshiba TLP222G-2, which can switch at up to 350 V). Together with low voltage transistors,

these electronic components would weigh less than 10 grams and occupy less than 5 cm3.

Finally, the mechanical interface of the clutches with the robot structure would need to

be considered. In the example, two clutch plates could be placed on each carbon fiber bar,

for a total of 9 bars per side. The bars could be 0.8 mm thick. Allowing for a 1 mm space

between bars, the total thickness of the assembly would be 1.6 cm. It is important that the

mounting allow for small rotations of the clutches during loading, as well as rotation about

the mounting bolt to allow the clutches to self-align into a state of pure tension. The carbon

fiber bars should not be compressed together, and each bar should be able to move through

a small range freely and independently.

The designers could approximate the expected mass of the clutches with the measured

ratio for this dielectric thickness and voltage, which is 0.052 grams per 1 N, resulting in an

expected mass of 0.104 kg. The final assembly would have dimensions of 14 cm × 8 cm ×
1.6 cm, corresponding to a volume of 179 cm3.

By comparison, a conventional clutch with comparable functionality for an exoskeleton

or walking robot would have much higher weight and power consumption. An electromag-

netic rotating tooth clutch capable of transmitting 108 N·m would weigh about 1.5 kg, occupy

a volume of 250 cm3, and consume 30 W of power when active [64]. While the volume and

responsiveness of this clutch would be comparable, it would weigh about ten times more

and consume about five hundred times more energy than the electroadhesive clutch. Using

a smaller clutch and a gearbox could also be problematic, because backdriving the gearbox

would lead to undesirable torques due to the reflected inertia of the clutch and gearbox.
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For example, using a 100:1 gearbox would require the deactivated clutch to accelerate 100

times faster than the robot joint, leading to a reflected inertia of 10,000 times the origi-

nal clutch inertia. In addition, any damping in the clutch during the off-state would be

greatly magnified. Finally, planetary gearboxes capable of outputting 100 N·m of torque

commonly weigh on the order of 1 kg, and lighter alternatives such as lead screws are typi-

cally non-backdrivable. Achieving comparable functionality with a conventional electrically

controllable clutch is simply not practical for most robotics applications, in terms of weight

or energy consumption.

2.5.4 Applications

Electroadhesive clutches can provide many benefits while requiring only minimal added

mass and power consumption. In their simplest implementation, clutches can lock degrees

of freedom to reduce energy cost, enhance safety, or adjust passive dynamics. Many ad-

ditional functionalities can be achieved by employing multiple clutches in various config-

urations [65]. By placing a clutch in series with a spring, a passive force element can be

engaged when desired, with a controllable set point [29]. Adding more clutched springs in

parallel provides adjustable stiffness [66]. An actuator can operate with adjustable gear

ratios or series stiffness when placed in series with clutched gearboxes and springs [67].

Attaching multiple clutches to a single spring can enable strain energy storage, or provide

a means to route energy between multiple degrees of freedom [30]. Even more complex sys-

tems of clutches, springs, and motors can provide many operation modes and functionalities

[68, 69, 65]. These and other creative implementations could be applied to a broad range of

applications, some examples of which I describe below.

Lightweight Mobile Robots:

A particularly advantageous use case for electroadhesive clutches is the actuation of bipedal

walking and running robots. Many of these robots seek to achieve spring-like leg behavior,
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with small amounts of energy injection or minor force profile variations for controlling bal-

ance [70, 71]. Because leg forces are high during stance, large motors or hydraulic pistons

are commonly used [72], even though the energy requirements for steady walking on level

ground can be quite low [73, 45]. Additionally, fast low-force movement during the swing

phase is desirable, leading to low gear ratios and larger actuators [74] or reductions in peak

speed when actuator limits are encountered [75]. One solution is to place a spring in par-

allel with the actuator [76], but this limits versatility and increases the difficulty of some

movements [77]. Using clutches to engage parallel springs only during desired periods, such

as the stance phase of walking or running, would offload active elements, reducing their size

or improving overall performance. Traditional clutches are too heavy and power-hungry to

be practical for this purpose. By contrast, electroadhesive clutches and springs weighing

just hundreds of grams and consuming less than one Watt of electricity can produce thou-

sands of Newtons force while storing and returning hundreds of Joules of mechanical work

(extrapolating from [66]). In addition, many robots could potentially incorporate clutches

with relatively modest design changes. This actuation strategy could dramatically reduce

the power consumption of existing robots and minimize the size and weight of actuators in

future designs.

Implementing effective control strategies is a significant challenge for mobile robots,

and limitations in possible actuator behavior contribute significantly to this problem [78].

Actuators with stiff transmissions can achieve high precision movement, but are typically

non-backdrivable and can be dangerous to humans [8]. Series elastic actuators, on the other

hand, can execute torque control and interact with humans more safely, but sacrifice preci-

sion [79]. A variable stiffness transmission based on electroadhesive clutches could enable

mode-switching between a stiff connection for precise position control and a selectable se-

ries elasticity for enhanced torque control [31, 80]. For example, a humanoid robot’s arm

could perform precision manufacturing tasks with high repeatability using a stiff connec-

tion and position control, and change modes to perform tasks in conjunction with humans
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more safely and naturally under torque control. This transmission would be lightweight,

and could change modes under load or in any configuration. Using a variable gearbox

based on electroadhesive clutches could further enhance capability by expanding the pos-

sible torque/speed regime of the actuator, which can improve performance [48]. Lightweight

and responsive clutch-based transmissions could thereby improve the efficiency and capa-

bilities of many mobile robots.

Exoskeletons, Prostheses, and Wearable Devices:

For exoskeletons and prostheses, low weight is a critical factor in achieving good perfor-

mance. Adding mass to distal locations on the body causes a substantial increase in metabolic

energy cost [81]. Many existing devices have incorporated clutches or similar mechanisms

in an attempt to reduce motor and battery size. For example, passive exoskeletons em-

ploying clutches and springs have assisted humans with walking [24, 82] and weight-lifting

tasks [83]. Active exoskeletons and prosthetic limbs have incorporated variable stiffness

joints and variable transmission ratios to adapt to user behavior [84, 85, 86]. Clutch-like

adjustments in prosthetic foot stiffness have been used to make step-by-step adjustments in

ankle torque to enhance balance [87], and in exoskeleton damping to aid rehabilitation [88].

Assistive devices have used springs and multiple clutches to harvest energy from one joint

to return it later or transfer it to another joint [89, 90, 30, 91].

Energy-harvesting knee exoskeletons have used clutches to avoid interference during

non-harvesting movements [92]. Clutches have been used as mechanical fuses, slipping

when forces exceed a predetermined value to prevent a device from injuring the user [93].

In each case, electroadhesive clutches could help overcome limitations imposed by the mass

and energy consumption of traditional clutches or the constraints on versatility and control-

lability of mechanism-based approaches.

As the field of robotics continues to expand into non-industrial settings, electroadhesive

clutches could help shape the development of assistive robots worn by people. Devices us-
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ing online optimization [94, 95, 96] might particularly benefit from the versatility of smart

transmissions and actuators enabled by electroadhesive clutches.

Industrial Robotics:

Robots in manufacturing or other factory settings could also benefit from lightweight, low-

power electroadhesive clutches. Many industrial robot arms require large actuators and

high energy expenditure, in part to support their own weight. Attaching electroadhesive

clutches and springs to joints could reduce the loads on actuators by providing gravity can-

cellation [97, 98]. More energy savings could be achieved by actively adjusting the grav-

ity cancellation set point [99, 100]. Incorporating many clutched springs in parallel with

another would provide adjustable stiffness, allowing the gravity cancellation to adapt to

changing weight at the end effector as parts are picked up and placed. Offloading actua-

tors in this way could significantly reduce energy consumption or motor size and cost [101].

Clutched springs could also store and return strain energy to quickly accelerate or deceler-

ate a robot arm without requiring active actuator work [102, ?]. Electroadhesive clutches

could be beneficial in gripping or manipulation tasks, where they would lock an end effector

after grasping an object to hold it at very low energy cost [103, 42]. Introducing lightweight,

low-power clutches to industrial settings could enable energy and cost savings with rela-

tively minimal changes in hardware and manufacturing methods.

Applications Summary:

Incorporating electroadhesive clutches into actuator schemes would improve actuator per-

formance and versatility while decreasing weight and power requirements. Electroadhesive

clutches and springs can perform the energy-neutral portion of an actuation task, support

body weight, or efficiently route force and energy across many degrees of freedom. Elec-

troadhesive clutches can also expand actuator functionality through variable stiffness or

variable mechanical advantage transmissions. By providing high force transmission and
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responsiveness at a fraction of the weight and power requirements of traditional clutches,

electroadhesive clutches dramatically expand the possibilities for implementing responsive

and adaptive hardware in robotic actuators.

Limitations:

Our electroadhesive clutch design does have some drawbacks. The travel distance is con-

strained by the overall length and overlap length of the clutches, as well as the force in

the tensioners in different configurations. Additionally, the clutch could short in wet en-

vironments, necessitating a water-resistant casing for some applications. The clutch also

has a limited temperature range of operation determined by the materials, and likely has

performance dependent on temperature and humidity, although I did not investigate such a

dependence in this study. While these factors hinder use in some implementations, I expect

electroadhesive clutches will be an excellent option for a wide range of robotic applications.

2.5.5 Future Work

Future investigation of clutch performance should include different loading rates, such as

impulse loading on one extreme and creep detection on the other. Surface characterization

could contribute to understanding the friction characteristics and true surface contact area

achieved. Additional experiments should be conducted to understand the different mecha-

nisms of force development at the interface, for example by systematically varying the sur-

face roughness of the dielectric layers. Further performance improvements could also come

from investigation of the mechanism behind the clutch width’s effect on force and release

time. Finally, more systematic investigation of the effect of tensioner force and clutch cur-

vature on clutch holding force and engage time should be conducted to produce quantitative

design guidelines.
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2.6 Conclusions

Electroadhesive clutches achieve orders-of-magnitude improvements in mass and power

consumption compared to conventional clutches. In this work, I report a systematic in-

vestigation of electroadhesive clutch performance. The results of the study inform the de-

sign of clutches for a wide variety of usage cases according to their force, responsiveness,

and power consumption requirements. Electroadhesive clutches have the potential to make

hybrid actuation and passive actuation more feasible for robots in terms of weight, power

consumption, and bandwidth.
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Chapter 3

A lightweight, low-power

electroadhesive clutch and spring for

exoskeleton actuation

Abstract

In this Chapter, my goal was to demonstrate the versatility and reliability of the electroad-

hesive clutch in a challenging robotic application. I placed the clutched spring onto an ankle

exoskeleton and controlled the clutch to provide assistive torques during stance and to dis-

engage during swing. As a further demonstration, I showed the ability to electronically

choose between many stiffnesses by placing clutched springs in parallel. The electroadhe-

sive clutched spring showed significant improvements in force density and force per unit

energy consumption compared to conventional clutches.

This work appears in: S. Diller, C. Majidi, and S. Collins, "A lightweight, low-power electroadhesive clutch
and spring for exoskeleton actuation," in Proceedings of the IEEE International Conference on Robotics and
Automation (ICRA), 2016, pp. 682-689
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3.1 Motivation

Exoskeletons worn on the ankle have been widely explored for tasks such as rehabilita-

tion, locomotion assistance, and human load-bearing augmentation [104]. These devices

can generally be divided into two groups: tethered and unthethered exoskeletons. Tethered

exoskeletons can keep actuators, controllers, and energy sources separate from the body,

which dramatically reduces the weight and complexity of the end effector worn by the hu-

man [105, 106]. This allows researchers to focus on discovering appropriate control strate-

gies, independent of the specific design of a real-world device [107]. These tethered systems

have achieved dramatic reductions in the human metabolic cost of walking, and have served

as important testbeds for control strategies and biomechanics experiments [108, 95, 109].

However, these systems are restricted to use in the lab. While they can inform the design of

mobile devices, they cannot themselves be used in everyday life.

Translating these exciting results to untethered designs has proved challenging. Metabolic

reductions have been shown in positive-work mobile exoskeletons [110, 111], but these de-

vices are heavy and have limited range. As opposed to using positive-work actuators such

as motors, incorporating a mechanical locking clutch and spring into an ankle exoskeleton

gave a metabolic reduction and resulted in a device that is much lighter and uses no energy

[24]. The behavior of this device was extremely limited, however, because the mechanical

clutch and spring were optimal only for level-ground walking at a particular spring, and

could not actively change their characteristics.

My goal was to replicate the functionality of this unpowered exoskeleton with a control-

lable electroadhesive clutch and spring that maintain the lightweight and low-power nature

of the device. I also wanted to show that putting many electroadhesive clutched springs in

parallel could allow a controller to choose between discrete stiffnesses on each loading cy-

cle. An exoskeleton with many electroadhesive clutched springs in parallel could actively

change its characteristics to optimally assist a variety of activities such as running and

stair-climbing.

52



3.2. Methods

A. Clutched Spring Architecture B. Exoskeleton

Electrode

Carbon Fiber Bar

Tensioners

Rubber Spring
Conductive

Fabric Lead
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Lever-Arms

Strain Gauges

C. Instron Test

Figure 3.1: Clutched spring components and construction. a) The clutch develops force when a
voltage is applied across the electrodes, which are separated by a dielectric insulator. b) The clutch
is mounted in series with a rubber spring on the ankle exoskeleton. c) The properties of the clutched
spring are measured using a materials testing machine.

3.2 Methods

The clutched spring was connected to the lever arms of the exoskeleton using eye hooks

(Fig. 3.1). The exoskeleton was controlled by a dSpace control system (DS1103, dSPACE,

Wixom, MI). A high-voltage power supply (Model PS375, Stanford Research Systems, Sun-

nyvale, CA) provided 240 V DC. At maximum plantarflexion during early stance, the con-

troller recorded the ankle angle and activated the clutch. The clutch then transmitted force

as the spring stretched and recoiled during the stance phase. Once the recorded ankle an-

gle was reached during late stance, indicating that the slack length of the spring had been

reached, the clutch was deactivated to allow free rotation of the ankle during swing. Walk-

ing tests were conducted on a treadmill at 1.25 m·s−1 with one subject. 150 consecutive

strides were taken during which the clutch performed as desired. Data was divided into

individual strides, beginning with exoskeleton-side heel strike. Performance characteris-

tics, including torque, power, efficiency, work, and stiffness were calculated for each step,
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Figure 3.2: a) Placing five clutched springs in parallel allows the overall device stiffness to be selected
each cycle. The maximum device stiffness is 36 times higher than the minimum device stiffness. b)
The exoskeleton torque-angle curve during walking displays two distinct slopes, corresponding to
the exoskeleton stiffnesses during the activated and unactivated clutch states. More energy loss was
observed during walking than in benchtop tests, likely owing to acceleration of the ankle lever arm
of the exoskeleton during plantarflexion.

then averaged. The stiffness selection demonstration was performed on a materials testing

machine (Instron 5969, Instron, Norwood, MA). During each condition, voltage was applied

to a fixed number of clutches throughout loading and unloading. The number of clutches

activated was varied between conditions.

3.3 Results

The maximum torque exerted by the clutched spring on the exoskeleton during walking

was 7.37 ± 0.04 N·m. The linearized exoskeleton stiffness was 14.7 ± 0.9 N·m·rad−1. The

efficiency of the clutched spring on the exoskeleton during walking was 81.9 ± 3.6%. The

maximum instantaneous power was 25.6 ± 2.4 W during push-off. The clutched spring

performed 2.61 ± 0.33 J of negative work and 2.14 ± 0.29 J of positive work on each step.

The fraction of time the clutch was activated during walking was D = 0.524, and the stride

frequency was 0.873 Hz. This resulted in a power loss from leakage current of 0.05 mW,

and an average total electrical power consumption of 0.59 ± 0.14 mW. Five clutched springs
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Figure 3.3: Ankle angle, measured torque, and exoskeleton power during the gait cycle. The “clutch
on” data is from walking with the clutch activated during stance, between the vertical lines. The
“clutch off” data is from walking when the clutch was deactivated throughout the gait cycle. Positive
torque in this data is produced only by the tensioning springs and motion artifact from the inertia of
the lever arm. The “no clutched spring” data is from walking in the exoskeleton without any clutch
attached to the spurs.

placed in parallel produced a peak force of 501 N with all clutches engaged and a peak force

of 14 N with no clutches engaged, or a factor of 36 change in stiffness. The efficiency of the

clutch-spring devices in the materials testing machine was 94.7 ± 0.1 %.

3.4 Discussion

Characterization of the clutch and spring demonstrated predictable and reliable behavior.

The efficiency of the rubber spring was almost 95%, comparable to metal coil springs. The

clutch displayed no distinguishable slipping, evident in force-displacement curves and in the

match between clutched spring efficiency and the efficiency of the spring measured without

the clutch. Stiffness was controllably changed by selectively engaging a subset of clutched
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springs acting in parallel (Fig. 3.2). A stiffness ratio of 36 was demonstrated in a range use-

ful for assisting walking, with very low power consumption of less than 1 mW. Improved res-

olution could be achieved using springs of differing stiffness, increasing exponentially with

the number of clutched springs. For example, five springs with power-of-two ratios in stiff-

ness would yield 32 evenly distributed stiffnesses. Using this approach with electroadhesive

clutches could enhance performance and add functionality in applications using rigidity tun-

ing devices [37, 112] or variable stiffness actuators [65, 113, 114, 115]. The clutched-spring

exoskeleton performed well during walking. The clutch consistently engaged the spring

during the stance phase, and disengaged during swing to allow free rotation of the ankle

(Fig. 3.3). No slipping was observed during 150 continuous steps of walking. The observed

variations in the torque vs stride curve are typical of natural step-to-step variations during

walking. This result demonstrates that the electroadhesive clutch can operate reliably in a

dynamic and challenging application.

The electroadhesive clutch achieved significant improvements in mass and power con-

sumption compared to other types of clutches. Such comparisons are imperfect, because

electromagnetic and magnetorheological clutches are usually rotary, so I have based com-

parisons on estimates of the mass and power required to provide similar functionality. High-

performance electromagnetic clutches provide one point of comparison. The best reported

performance for a similar application is found in [27], which describes a clutch in series with

a spring in a lower-limb prosthesis. During the stance phase of walking the clutch held one

end of the spring stationary, allowing it to passively produce torque. Comparable perfor-

mance would be achieved by stacking electroadhesive clutched springs in parallel, adding

a pair of electrodes to each spring, and doubling the spring thickness. The electroadhesive

clutch system would produce the same torque with a third of the mass of the electromagnetic

clutch system, and the power consumption would be 750 times lower. The electroadhesive

clutch-spring system would also have the added benefit of discretely variable series stiffness.

Another point of comparison are high-performance magnetorheological clutch systems. The
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best reported performance is provided by [35]. The same torque would be produced with 32 g

of clutches and 162 g total mass, corresponding to 30 times less mass. Power consumption

would be 2.95 mW, a factor of 340 reduction. The magnetorheological clutch has the added

benefit of controlled damping, which has not yet been demonstrated with this electroadhe-

sive clutch. The electroadhesive clutch even achieves a weight savings compared to passive

clutches. Similar functionality is described by [24], which presents a passive ratchet and

pawl clutch connected to a metal coil spring on an exoskeleton. Comparable performance

would be achieved with a three-fold mass reduction, and would come with the advantage

of electrically controlled engagement and selectable stiffness. These comparisons illustrate

the potential for the electroadhesive clutch to achieve significant weight and power savings

while offering the ability to quickly and controllably change stiffness without interrupting

operation.

3.5 Conclusions

My goal in this chapter was to demonstrate the use of a lightweight and low-power elec-

troadhesive clutch in selectable stiffness and exoskeleton applications. The electroadhesive

clutch tested here had a total mass of 11 g, transmitted 100 N of force, and consumed only

0.6 mW of electricity during walking. This is a three-fold improvement in weight and a factor

of 340 improvement in power consumption compared to the best conventional clutches used

in similar applications. Placing several clutch-spring elements in parallel allowed stiffness

selection, enabling a 36-fold increase in stiffness. The electroadhesive clutch-spring device

controllably and reliably produced torque on the ankle exoskeleton during walking. This

technology could improve the performance of exoskeletons, prostheses, and walking robots

by allowing the use of many separately-controlled clutches while achieving low mass and

power consumption.
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Chapter 4

Design, control, and characterization

of an energy recycling actuator based

on parallel electroadhesive double

clutched springs

Abstract

Lightweight and high-efficiency energy harvesting actuators could dramatically reduce the

overall power consumption of actuators for high-performance robots. In this chapter, I

present a force-controllable energy recycling actuator based on electroadhesive double clutched

springs. First, I detail the proposed energy harvest and return system and investigate the

energy efficiency of single clutched spring units with a theoretical model and hardware ex-

periments. I then describe the design heuristics and optimization I used to perform the

detailed design of the full energy recycling actuator. Next, I investigate a control strategy

for the actuator in simulation, and use an evolutionary optimization technique to tune the

This chapter is ongoing unpublished work performed in collaboration with Erez Krimsky.
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control gain values. Finally, I characterize the actuator prototype and perform a preliminary

test of force tracking with multiple double clutched spring units.

4.1 Introduction

When most actuators perform negative work movements, the energy is dissipated to heat

and wasted. If this energy could instead be harvested [92], stored and returned to the

actuator during positive work movements, the overall energy consumption of the system

could be significantly reduced. In fact, zero net work tasks could in theory be performed with

no required energy cost. For actuators that regularly perform negative work, incorporating

energy harvesting and return could dramatically reduce the power use and size of actuators,

leading to lower overall robot mass and power consumption.

Electric motors and electroactive polymer actuators are capable of both positive work ac-

tuation and negative work energy harvesting [4, 116]. By storing the energy in their existing

batteries, these actuators can then output the harvested energy with any prescribed force-

displacement profile. However, the full-cycle efficiency in real-world scenarios is generally

below 50% [4, 116].

An alternative method is to use a clutched spring to harvest and return energy [24,

117]. During a negative work movement, the clutch engages the spring, which stretches

and stores the energy in the form of strain energy. The spring can then return the energy

during a positive work movement. The round-trip efficiency of a spring can be very high

(>95%). However, when only one spring is used, the force-displacement profile during work

input or output cannot be actively controlled. This configuration constraint is undesirable

in many applications where precise control is necessary.

My goal in this chapter is to combine the generic energy input-output and controllability

of the motor energy harvesting with the high efficiency, high energy density, and low mon-

etary cost of rubber springs. By using many double clutched springs in parallel with one
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another, energy can be harvested, stored, and returned with discrete force control and ar-

bitrary force-displacement input-output profiles. The electroadhesive clutches are particu-

larly enabling in this application, as all other actively controllable clutches are far too heavy,

large, and power-hungry to create a compact and efficient set of double-clutched springs.

4.2 Double-Clutched Spring Characterization

4.2.1 Introduction

A significant limitation of current robotic actuation is that conventional energy regenera-

tive systems are impractical for small, lightweight implementations. As a result, efforts

to harvest and return energy have relied on custom hardware implementations that have

configuration dependencies and a very limited range of behaviors. I envision an energy

harvesting and return system that is as versatile as an automotive brake energy regenera-

tion system and that is easily implemented in a variety of lightweight robotics applications.

Using my lightweight, low-power electroadhesive clutches, I propose in this chapter a de-

vice that can harvest, store, and return movement energy with precise control and at high

efficiency.

As illustrated in the legend of Figure 4.1, I can attach electroadhesive clutches to a

rigid frame and moveable output, and connect both of these clutches to a single spring.

When the spring is clutched to the output (Fig. 4.1a), changing the output position will

have two effects. First, the force exerted by the spring will change, increasing if the output

extends, and decreasing if the output contracts. Second, the energy stored in the spring

will change. If the output extends, the spring will perform negative work on the output

and store the strain energy. When the output contracts, the the spring performs positive

work and returns the energy to the output. When the spring is clutched instead to the

frame, the stretched spring can retain its energy while the output moves freely. With this

configuration, the spring can be clutched to the frame, the output, both, or neither. During

60



4.2. Double-Clutched Spring Characterization

Energy 

Storage 

Spring

Frame

Frame

Output

Frame

Clutch

Output

Clutch

Spring clutched to frame Hando� transition Spring clutched to output

a)

Loss from 

output clutch 

stretching

Spring

Force

Unlocked

Clutch

Locked

Clutch

Output ContractsOutput ExtendsSpring clutched to output

Energy

Into

Spring

Energy

Out of

Spring

Output

Force

Increases

Output

Force

Decreases

Legend

b)

Figure 4.1: Double-Clutched Spring Operation. A rubber spring is attached on one side to a rigid
frame, and on the other to two clutches, a frame clutch and an output clutch. The frame clutch is
attached on the other side to the rigid frame, and the output clutch is attached on the other side to
the output load. a) When the spring is clutched to the output, the output displacement is coupled
with the spring, which will store and return mechanical energy. b) An illustrated handoff of the
spring from the frame to the output. In the first panel, the spring is clutched to the frame with the
output clutch off. During the handoff transition, the frame clutch remains on while the output clutch
engages. Finally, the frame clutch turns off and the spring is clutched solely to the output.

functional operation, clutching to both or neither of the frame and output for significant

periods of time is not useful, so I am only interested in switching between the spring being

clutched to only the frame or only the output.

The real versatility of this configuration is realized when multiple double-clutched springs

are placed in parallel with one another on the same frame (Fig. 4.2). When all of the springs

have some stretch, the force exerted on the output can be controlled simply by switching the

load path of each spring through the clutches between the frame and output. The possible

force on the output is limited to one of a few discrete values, but the number of possible forces
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High output force

a) b)

Low output force
Figure 4.2: Force Control with Double-Clutched Springs in Parallel. a) When all of the pre-loaded
springs are clutched to the output, the output observes the sum of their forces, which results a high
force value. b) The force on the output can be quickly changed by handing off three of the springs
to the frame, leaving just two springs exerting force on the output. With efficient handoffs, the force
and energy in the springs are preserved while they are attached to the frame, to later be handed off
back to the output.

increases dramatically as more parallel clutched springs at different forces are added, ap-

proaching continuous force control. A system with many clutched springs can theoretically

produce any arbitrary force-displacement profile within its force and displacement limits,

given that the profile is zero-net work on average. This condition encompasses many cyclic

tasks, and a hybrid system including my energy recycling actuator and a positive work ac-

tuator could operate extremely efficiently.

However, operating even one double-clutched spring is a challenging task and merits

experimental study. Specifically, handing a spring off between the frame and output is

difficult when the spring is stretched, as its natural tendency would be to spontaneously

recoil if the total force in the clutches falls below the spring force, even for an instant. This

necessitates that both clutches be on for some time during a spring handoff between the

frame and output in either direction, as illustrated in Figure 4.1b. This gives the activating

clutch a chance to develop its load bearing capacity before the other clutch deactivates. I call

this time the handoff overlap time. Additionally, there is an inefficiency during handoff due

to the need to stretch the new clutch connection when establishing the new load path. My
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Figure 4.3: Handoff Inefficiency Characterization Methods. a) The double-clutched spring in the
custom materials tester mounting. b) During handoff testing, the spring first is clutched to the output
and extended. Then the spring is handed off twice, first to the frame and then back to the output
while the output holds a constant position. The output is then returned to the original position. The
handoff inefficiency due to clutch stretching can be characterized as a loss in spring force, a loss in
spring displacement, or a loss in the spring’s stored strain energy.

goal in this study is to understand the effect of design and operation decisions on the ability

to reliably conduct handoffs and on the magnitude of this handoff inefficiency. During these

tests, I varied the spring stiffness, handoff overlap time, and force magnitude during the

handoff, and observed the resulting inefficiency and prevalence of clutch slipping. I also

compared the results to the predicted behavior based on a theoretical model.

4.2.2 Methods

The clutches were fabricated using the methods described in Section 2.2. The rubber springs

were made separately by laser cutting from a rubber sheet and gluing to carbon fiber shims.

Bolt holes were drilled in the carbon fiber, and a small bolt was used to connect the spring to

the clutches, allowing the stiffness of the clutched spring to be quickly changed by swapping

out the spring.

The handoff efficiency tests were conducted on a materials testing machine (Instron
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5969, Instron, Norwood MA) with custom-made clamps and frame structure (Fig. 4.3a).

Displacement from the analog out of the materials tester and force from a load cell (LC201-

100, Omega, Norwalk, CT) located at the base attachment were measured at 5000 Hz by a

control hardware system (DS1103, dSPACE, Wixom, MI). The displacement and force data

were both passed through a 10 Hz low-pass two-way filter in post-test processing. The high

voltage was supplied by a high voltage power supply (Model PS375, Stanford Research Sys-

tems, Sunnyvale, CA), and the clutch control circuit was activated by the control hardware

system.

To begin the handoff test, the output clutch was engaged, and the materials tester dis-

placed the output connection at a rate of 180 mm/min (Fig. 4.3b). Once a predetermined

displacement was reached, the first handoff was initiated by engaging the frame clutch. The

controller then waited for the prescribed handoff overlap time to elapse before disengaging

the output clutch. After waiting about 5 seconds, the controller then initiated the second

handoff by re-engaging the output clutch. Once the handoff overlap time passed, the frame

clutch was disengaged. After about another second, the materials tester returned the output

to the original position at the same velocity.

The force drop was calculated by subtracting the force just before the output began to re-

turn to the starting position by the force just after the maximum displacement was reached

after the initial travel. The energy loss was calculated by subtracting the integrated area

under the unloading curve from the area under the initial loading curve. The full-cycle

efficiency value was calculated by dividing the integrated area under the unloading curve

by the integrated area under the initial loading curve. The displacement loss was deter-

mined by recording the zero-force crossing of the unloading curve, which corresponds to the

displacement at which the spring went slack.
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Figure 4.4: Inefficiency Model Boundary Conditions Diagram. a) The stretched rubber spring with
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stiffness kcin series with the stretched spring. c) The connection point displaces until a new force
equilibrium is reached. This results in a loss in the stretch of the rubber spring.

4.2.3 Inefficiency Model Derivation

I also derived a model for handoff efficiency as a function of spring and clutch stiffness based

on the following equations. Beginning with a stretched rubber spring with a linear stiffness

of ks and a displacement of xo from its slack length (Fig. 4.4a), I can calculate the stored

strain energy as

Eo = 0.5 ·Fo · xo = 0.5 ·ks · x2
o (4.1)

I assume that the spring is initially connected to perfectly rigid attachments on both

sides. Next, I hand off one of the attachments of this spring to a slack activated clutch

(Fig. 4.4b), which I treat as a spring with a linear stiffness of kc. I assume the clutch is

now attached to the rubber spring on one side, and to a perfectly rigid attachment on the

other. In order to reach a stable equilibrium, the spring must spontaneously recoil through
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a displacement δx until the new force F1 in the spring and clutch are equivalent because the

two are in series (Fig. 4.4c). Because the clutch and spring are attached, the clutch must

experience the same displacement. This is expressed as

F1 = x1 ·ks = δx ·kc (4.2)

x1 = xo −δx (4.3)

where x1 is the new spring displacement. The new spring strain energy is

E1 = 0.5 ·ks · x2
1 (4.4)

Solving for δx and dividing by the displacement xo gives the fraction displacement loss

δx
xo

= ks

kc +ks
(4.5)

Because in my case kc >> ks, I can simplify this to

δx
xo

∼ ks

kc
(4.6)

To find the handoff efficiency as a function of the spring and clutch stiffnesses, I can divide

the spring energy after the handoff by the spring energy before the handoff. After substitut-

ing using Eqs (4.2-4.5) and simplifying, I find

ε= E1

Eo
=

 1
ks
kc

+1

2

(4.7)

For ks / kc < 0.2, this simplifies to

ε≈ 1− ks

kc
(4.8)
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I also create a model prediction of displacement loss using the same method as in the

derivation above, but with a Mooney-Rivlin model of the spring stiffness instead of the as-

sumption of linear elasticity. The model does not have an explicit solution, and is computed

by finding the maximum root of λ in the following equation

(
kc ·Lo

A
+2C1

)
·λ4 +

(
2C2 − kc · (Lo + x1)

A

)
·λ3 −2C1 ·λ−2C2 = 0 (4.9)

where A is the original rubber spring area, Lo is the rubber spring slack length, λ is the

rubber stretch, and 2C1 and 2C2are the Mooney-Rivlin coefficients of the rubber. I use

experimentally determined values of 24 kN/m, 243 kPa, and 224 kPa for the clutch stiffness

and Mooney-Rivlin coefficients respectively. I also add an additional 2% displacement loss

due to the inherent damping of the rubber.

To investigate the effects of handoff force and clutched spring stiffness on efficiency for

handoffs without clutch slip, I first performed quasi-static experiments with one second

handoff overlap time, which is at least one order of magnitude larger than the measured

clutch engage time. The clutched spring stiffness is changed only by changing the spring

stiffness; the same clutches are used for each condition. The handoff overlap time is then

varied for multiple force and stiffness conditions to investigate the interaction of these vari-

ables with the ability of the clutch to execute handoffs without slipping.

4.2.4 Results

The full cycle handoff efficiency increases slightly as the initial handoff force increases (Fig.

4.5a). As the spring becomes stiffer while the clutch stiffness remains constant, the full

cycle efficiency decreases substantially (Fig. 4.5b).

The full cycle efficiency is constant at a low force of 30 N down to 10 ms handoff over-

lap time (Fig. 4.6a). At higher handoff forces of 50 N and 70 N, the efficiency drops off

and the variability increases when the handoff overlap time shortens. This is the result
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Figure 4.5: Quasi-static Full Cycle Efficiency as a Function of Handoff Force and Clutched Spring
Stiffness. a) Efficiency as a function of the force in the spring prior to the first handoff for a constant
clutched spring stiffness of 4 kN/m. b) Efficiency as a function of the clutched spring stiffness for a
constant handoff force of 30 N.
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Figure 4.6: Full Cycle Efficiency as a Function of Handoff Overlap Time. a) Efficiency as a function of
handoff overlap time at various handoff forces for a constant clutched spring stiffness of 4 kN/m. b)
Efficiency as a function of handoff overlap time at various clutched spring stiffnesses for a constant
handoff force of 30 N.

of the clutches slipping during handoff. The spring stiffness, however, has no interaction

with handoff overlap time (Fig. 4.6b). At 30 N handoff force, the full cycle efficiency stays

constant for each spring stiffness as the handoff overlap time decreases.

The fit of the model prediction of displacement loss to measured data has an R2 value

of 0.68 (Fig 4.7). The pictured data includes measurements from all of the quasistatic tests

shown in Figure 4.5.
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Figure 4.7: Model of Handoff Displacement Inefficiency.

4.2.5 Discussion

The results of the quasistatic handoff tests (Fig. 4.5) qualitatively agree with my expecta-

tions based on the simple model given in Eq. (4.8). While handoff force does not explicitly

appear in this equation, a slight increase in handoff efficiency as force increases is expected

because the spring stiffness decreases during the first ∼100% strain of the rubber, which

leads to a lower spring to clutch stiffness ratio. For a constant clutch stiffness and handoff

force, increasing the spring stiffness leads to a dramatic decrease in handoff efficiency as

this stiffness ratio increases.

In the tests of various handoff times, I observed large clutch slips during fast handoffs

at high force (Fig. 4.6a), but saw no change in performance as handoff time decreased for

all spring stiffnesses (Fig. 4.6a). This result was expected based on the results given in

Figure 2.5 that indicate force transmitting capacity increases with time after activation.

Practically, this translates to lower force limits for successful handoffs at very fast speeds. I

believe the efficient handoffs at high forces and 10 ms handoff time in Figure 4.6a are due

to ordering effects, and true operational values for this handoff time would be similar to the
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surrounding data.

The displacement model from Eq. 4.9 has reasonable agreement with the measured

quasi-static values (Fig. 4.7), even using a simple estimate of inherent spring losses. This

result is sufficient for me to implement the inefficiency model in simulation to estimate the

validity of proposed actuator designs and expected operation time.

From this experiment, I discovered multiple practical insights that inform control and

actuator design. First, I learned that there exists an inherent trade-off between the max-

imum handoff force of a double-clutched spring and its best control speed and delay char-

acteristics. This will practically limit the control speed based on the operating force of the

clutched springs. However, the control speed is a characteristic that an energy recycling

actuator could change in real time, for example in response to changes in the required force

given a particular task.

I also learned that the most efficient double-clutched springs will have maximum on-

state clutch stiffness and low spring stiffness. This motivates future efforts to make the

electroadhesive clutches stiffer, or to create designs that apply a pre-stress to clutches prior

to activation. I will also want to select spring materials and geometries that display low

spring stiffness in my expected operating displacement region.

4.3 Energy Recycling Actuator Design Optimization

4.3.1 Introduction

After establishing design principles from testing individual double-clutched springs, I un-

dertook the task of designing an energy recycling actuator prototype consisting of many

electroadhesive double-clutched springs in parallel. While it’s important to show high raw

performance characteristics in benchtop tests, I also wanted to design a prototype that can

also perform well in a challenging demonstration that approximates real-world use. To

achieve this, I designed a 1 degree of freedom arm shown in Figure 4.8 and actuated by
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Figure 4.8: 1-DOF Robot Arm Schematic.

two energy recycling actuators. Each actuator is responsible for producing torque when the

arm is on the opposite side. The arm can move through 1 full revolution, but is not capa-

ble of multiple continuous revolutions. While the general concept was set, the best specific

design parameter values for the arm and energy recycling actuators were unclear. To ad-

dress this challenge, I created a set of heuristic design requirements and constraints, and

implemented a brute force optimization to identify the best design values for the arm and

actuator designs.

4.3.2 Methods

The actuator design optimization was configured as a brute force optimization in which I

evaluated every possible combination of the design parameters within predefined ranges.

I made several simplifying assumptions. I assume that the rubber has a linear stress-

strain response with an elastic modulus of E = 500kPa. I also assume that the mass of the

clutches will scale linearly with the total maximum force capability of the actuator, at a rate
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Figure 4.9: Parameter Schematic and Heuristic Illustration. a) A double clutched spring with design
optimization parameters labeled. b) A spring force-displacement curve illustrating the relationships
between the heuristics.

of 0.67 kg/kN. In order to reduce the size of the optimization, I assume that all of the energy

storage rubber springs will be the same size, and that for this analysis they can be treated

as a single large spring, neglecting any of the the control needed to distribute the energy

across the springs during operation.

I used three heuristics to constrain the simplified design problem with the physical de-

sign parameters listed in Figure 4.9a. First, the springs must be able to store the potential

energy of the entire active range, meaning the range of motion through which the actuator

is expected to move the arm, as well as some predetermined amount of pre-charged energy.

Second, the arm must be capable of accelerating the arm from rest with an acceleration of

9.98 m/s2 when the arm is in the horizontal position. Third, each actuator is only responsi-

ble for exerting torque on one side of the arm travel, but the output must be able to travel

through the distance required for the one full revolution of the arm.

To implement these heuristics, I first find the gravitational potential of the active range

Wmotion, which is

Wmotion = marm · g ·Larm · (cos(θ1)−cos(π)) (4.10)
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where θ1 is the limit of the active range measured from the arm pointing straight up, and

assuming that the active range extends down to the position of the arm at π, which is

pointing straight down.

I define some pre-charged energy in the springs, so that the total energy Wmax is

Wmax = Wmotion

1−ρ init
(4.11)

where ρ init is the ratio of the pre-charged energy to the maximum energy. I then use the

horizontal acceleration heuristic to determine the required actuator force Fhorizin that sit-

uation

Fhoriz =
2 ·marm · g ·Larm

rcapstan
(4.12)

Next, I find the energy stored in the actuator with the arm at rest in the horizontal

position Whoriz using

Whoriz =Wmax ·ρ init +
(
cos(θ1)−cos

(π
2

))
(4.13)

This fully defines the needed force-displacement curve of the sum of the springs (Fig

4.9b). Because the spring is linear, I can find the max force Fmax in the springs when they

are storing Wmax using

Fmax = Fhoriz ·
√

Wmax

Whoriz
. (4.14)

Now I need to find the spring geometry necessary to satisfy the force and energy con-

ditions. From the definition of linear elasticity, I can determine the necessary spring total

area and slack length with

Ao = Fmax

E · (λmax −1)
(4.15)
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Lo = 2Wmax

Fmax · (λmax −1)
(4.16)

where λmax is the maximum stretch of the rubber, which I treat as an input design variable

and set to 3.

I now define the equations that constrain the valid solution space. First, the active travel

of the actuator must be at least as long as the designed travel of the springs dxmax,spring,

or else it would not be possible to input all of the required energy into the springs during

the course of the arm’s movement. I define ρtravel as the minimum ratio of active travel to

spring travel, and enforce the following condition

rcapstan · (θ1 −π) ·ρtravel > dxmax,spring. (4.17)

Our next constraint ensures that the output clutch plates do not extend beyond the bot-

tom of the actuator. This simply means the output clutch plate length Loc must be shorter

than the length of the actuator frame L f rame

L f rame > Loc (4.18)

Similarly, the output clutch plates should not extend completely out of the actuator dur-

ing operation, meaning that the output clutch plates must be longer than the travel through

the full revolution of the arm.

Loc > 2π · rcapstan (4.19)

I also require the sum of the frame length and total travel must be smaller than the

length of the arm.

Larm > 2π · rcapstan +L f rame (4.20)
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As the designer, I can then set the allowable clutch shear pressure σmax,clutch, the max-

imum actuator length, and the maximum number of clutched springs. The optimizer then

evaluates all combinations of arm mass, arm length, ratio of energy precharge, and capstan

radius, and eliminates the solutions that do not satisfy all of the constraints. The allowable

solutions are evaluated in the following goodness function.

GF = 0.5 · log(marm ·Larm/30)+0.25 · log(
Wmax

mact
/100)+0.25 · log(

Fmax

mact
/1000) (4.21)

The terms the optimizer will maximize are the maximum arm torque, the energy storage

density, and the force density. Each of these values are normalized by estimated minimum

desired values to make the terms non-dimensional, and the log is taken to ensure that a low

value in any particular term will have a large penalty, generally helping to prevent solutions

with extreme combinations of high and low values. The terms are given weights of 0.5, 0.25,

and 0.25 for the arm torque, energy storage density, and force density, respectively.

4.3.3 Results and Discussion

Many combinations of input constraints were evaluated, and this design was selected for its

combination of high performance and practical inputs.

Table 4.1: Output Values of Actuator Design Optimization
.

Input Constraints L f rame ncs σmax,clutch
0.36 m 20 7.8 kPa

Output Values marm Larm rcapstan ρ init Wmax Fmax Loc Lsc Lo Ao
8 kg 0.6 m 0.04 m 0.27 130.6 J 3010 N 0.32 m 0.19 m 0.043 m 3.01 e−3 m2

This optimization was a faster and more systematic alternative to designing this chal-

lenging system by hand. This technique could be expanded into more sophisticated prob-

lems, including multiple actuated degrees of freedom or hybrid actuation systems. The

implementation could also be improved by switching to more sophisticated optimization
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techniques such as gradient descent or stochastic evolutionary methods that could reduce

the computation time.

4.4 Controller Optimization in Simulation using CMAES

4.4.1 Introduction

Using many double-clutched springs to achieve high-performance tracking in a robotic sys-

tem presents a challenging and unconventional control problem. In addition to producing

low force or displacement error, the actuator should stay strictly within its physical con-

straints and operate as efficiently as possible. In order to quickly evaluate many possible

clutched-spring controllers, I created a simulation of the energy recycling actuator on the

1-DOF robot arm in which the controller attempts to produce a desired arm trajectory. I

then implemented an evolutionary optimization algorithm that evaluates many possible

controllers in the simulation and identifies the optimal set of control parameters that gives

the best high-level performance.

This simulation also provided a way to verify the output of the design optimization and

predict the performance of the energy recycling actuator prototype. By using the design

inputs from Table 4.1, the simulation gave estimates of the best tracking accuracy and

maximum operating time of the proposed actuator design for tracking various displacement

profiles. This also provided initial controller parameter values for future use in hardware

testing.

4.4.2 Methods

I created a simulation of the arm and a single actuator with the design described in 4.3.3

using MATLAB Simulink. The simulation was a forward integration using the ode5 solver

and a fixed step of 20 ms. The arm physics were defined by the equation
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θ̈ = (Fact · rcapstan −marm · g ·Larm ·sin(θ))

(marm ·L2
arm)

(4.22)

where Fact is the force exerted by the actuator.

I implemented a high-level PID arm position controller commanding force to a low-level

clutch activation controller. A gravity offset term was also added to the high-level position

controller. The low-level clutch activation controller functioned by evaluating all of the pos-

sible combinations of clutch activations on each control step and choosing the combination

that minimized the cost function

CF = w f · |Fdes,i −Fact,i|+wc ·Σn|−→Si −−−−→Si−1|+wp ·Σn

(−−−−−→xi+1,est − xrmp

xrmp

)2

(4.23)

where w f , wc, and wp are the cost function weights, Fdes,i is the commanded force on

the current timestep, Fact,i is the expected force from the proposed combination of clutch

activations,
−→Si is a vector of ones and zeros representing the proposed combination of clutch

activations and
−−−→Si−1 is the vector of clutch activations from the previous control step, −−−−−→xi+1,est

is the vector of anticipated spring positions on the next control step given the current out-

put velocity and the proposed clutch activations, and xrmp is the midpoint of the defined

acceptable range of spring positions. A control step of 100 ms was used for the low-level

clutch activation controller. Because the number of activation combinations scales with

2nclutchedsprings , I restricted the maximum number of independent clutch controls to 10, mean-

ing that the clutched springs were controlled in 10 groups of two. The handoff inefficiency

model shown in Fig. (4.7) was included on each clutch state change. The force in the springs

was calculated as a function of their stretch using the Mooney-Rivlin model with coefficients

2C1 = 243kPa and 2C2 = 224kPa.

I performed simulations of the actuator moving the arm through a prescribed cyclic tra-

jectory using my controller, and assigned grades to the performance based on the number

of consecutive cycles completed within certain bounds on the acceptable root mean squared
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position error emaxthat I set at 25%, relative to the arm being held stationary at the mean

position. The scores were determined by the following equation

score = ncyc −
(

emean

emax
· ncyc

1.5

)
(4.24)

where ncyc is the number of consecutive cycles successfully within the error bound, and

emean is the mean error during those cycles. The term in parentheses was added to dis-

tinguish between between controllers that completed the same number of cycles, but with

different tracking quality. The constant value in this term was selected by hand by itera-

tively updating them while observing the quality of the optimization output.

The optimization algorithm simultaneously optimized 5 control parameters, specifically

the 3 PID gains and the clutch change wc and position wp terms in the low-level controller

cost function. I set the force error weight wc a value of one, because only the relative val-

ues of the low-level controller weights impact the optimization’s decisions. After randomly

selecting 10 parameter sets from a distribution and scoring them, the algorithm uses a co-

variance matrix adaptation evolution strategy (CMA-ES) [118, 95] to create a new sampling

distribution and randomly select the next 10 parameter sets, or generation, to score. The

goal of the algorithm is to find the set of parameters that maximizes the score, and thus the

performance of the controller. In my testing, the algorithm evaluated 10 generations with

10 sets of parameters each.

4.4.3 Results

Figure 4.10 illustrates the impact of each of the low-level force control optimization terms

on the spring displacements during the test. This figure was created by taking an optimized

controller and documenting the effects of excluding low-level controller optimization terms,

in order to illustrate their effects. The full optimized low-level controller (Fig. 4.10a-c) tracks

torque as requested by the high-level controller and maintains all of the springs above the
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Figure 4.10: The Effects of CMAES Optimized Low-Level Control Terms in Simulation. Arm posi-
tion, applied torque, and spring positions for: a-c) An optimized low-level torque controller with the
modeled displacement inefficiency. d-f) The low-level torque controller excluding the spring deviation
term. g-i) The low-level torque controller excluding the handoff minimization term. j-l) The low-level
torque controller excluding the spring deviation and handoff minimization terms.

slack length with a moderate number of handoffs. When the position conditioning term

weight is set to zero (Fig. 4.10d-f), the controller can initially achieve good torque tracking,

but an increasing number of springs shorten past the slack length. Once a spring goes slack
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Figure 4.11: Improvement of Controller Performance as CMAES Algorithm Progresses. a) Average
controller performance as a function of CMAES Generation Number. b) Simulated arm torque track-
ing for controllers taken from multiple optimization generations. In these plots, an arm position of
0 is defined as the vertical position pointing downward. c) Total spring strain energy as a function
of time. The best controllers have the lowest average energy loss rate from the handoff inefficiency.
d) Normalized error vs score for all generations. The darker data belong to later generations.

the spring force goes to zero, and the controller has no incentive to re-engage the spring

to stretch it again. After a few cycles, too few clutched springs remain to produce enough

torque to satisfy the request of the high-level controller. If the handoff minimization term

is excluded instead (Fig. 4.10g-i), the total number of handoffs doubles, causing the system

to lose energy to the inefficiency much faster. After a couple cycles, the springs no longer

contain enough energy to move the arm to its highest position, and the desired position

can no longer be tracked in high potential energy regions. Finally, when only the force error

minimization term is used ((Fig. 4.10j-l), both the inefficiency losses and slack springs cause
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the actuator to quickly lose its ability to track desired torque. Comparing the spring position

plots for each condition ((Fig. 4.10c,f,i, and l) illustrates how the handoff minimization term

and the position conditioning term balance one another to produce good torque tracking

while keeping spring positions in a reasonable window with a low number of handoffs.

The results of a CMAES optimization of controller performance are shown in Figure

4.11. As the algorithm progress through multiple generations, the average solution quality

increases and the standard deviation of the solutions decreases (Fig 4.11a). This can also

be seen in the tracking profiles of solutions from different generations (Fig 4.11b), as the

solutions from later generations are able to track the desired profile with lower error for

a longer period of time. This longer tracking performance corresponds with a slower rate

of energy loss (Fig 4.11c) due to the handoff inefficiency. The early generation solutions are

unable to track the last cycles because their spring energy bottoms out before the arm is able

to reach its highest potential energy position. The average tracking error does not increase

for later generations (Fig 4.11d), showing that controllers that produce longer operation do

not necessarily sacrifice accuracy.

4.4.4 Discussion

These simulation results show that an optimization-based low-level torque controller can be

effective for the energy recycling actuator. Using this low-level controller with a high-level

PID position controller produced reasonable tracking, but was susceptible to systematic er-

rors such as position overshoot. More reliable position tracking could be achieved by imple-

menting gain scheduling or iterative learning, or instead by switching to a model predictive

control approach. Another notable result is that the discrete force control of the device can

produce smooth motion in this system. This is because the arm is fairly large and massive,

meaning that stepwise changes in applied torque do not produce sudden movements.

This simulation also confirmed that the heuristic design optimization produced a design

capable of the force and energy storage required to manipulate the arm. As a result, I have
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higher confidence that my physical implementation and controller will produce good results

using the optimized controller parameters found in simulation.

This simulation could be an extremely useful tool for exploring the use of an energy re-

cycling actuator in many other applications in much less time than would be required for

physical implementations. This would be particularly advantageous for systems with mul-

tiple actuated degrees of freedom. Additionally, simulation tools such as this one are much

better suited than physical testbeds for quickly evaluating many new controller options that

include features such as energy transfer and control coordination between joints. Once the

simulation results are confirmed by similar experiments using the physical prototype, the

simulation can be used with high confidence to explore these more complex systems.

4.5 Actuator Characterization

4.5.1 Introduction

In the previous sections, I established double clutched spring design principles, optimized

high-level design parameters, and demonstrated good actuator performance in simulation.

However, many challenges still remained before successful prototype performance could be

demonstrated. In this section, I cover the detailed design, assembly, calibration, and force

tracking of the energy recycling actuator.

4.5.2 Methods

The construction of a double-clutched spring is illustrated in Figure 4.12. The series rubber

spring is glued to carbon fiber battens on top and bottom, with one side fixed to the base

using attachment pins. The top of the spring has two clutch plates attached to the carbon

fiber battens, one clutching to the frame and the other to the output. These clutch plates are

each tensioned by fishing wire connected to thin rubber tensioners, that in turn connect to

the bottom carbon fiber batten. These fishing wires slide through grooves cut on the sliding
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Figure 4.12: Diagram of Double Clutched Spring Construction. a) Side view. b) Front view.

tensioner rod. This sliding solution was implemented because the springs can be at different

lengths during operation, meaning that the tensioners for various springs will require rel-

ative movement that could not be achieved with a rotating tensioner rod. The frame clutch

is attached on the top to the frame attachment via another two attachment pins, and has

small rubber tensioners that connect to the bottom carbon fiber batton. The output clutch

is attached to the output attachment via another attachment pin, and is tensioned by thin

strips of rubber that wrap around the rotating tensioner rod and attach to the frame carbon

fiber batten. Because all of the output clutches move simultaneously, a rotating tensioner

rod can be used in this case.

The tensioner rods are used to enable more constant tensioner forces and a more compact

actuator design. The maximum stretch of the tensioning rubber is very high (approximately

6), but the output clutch travels through most of the total length of the actuator, which

would require much a much larger stretch from a linear tensioner attached to the bottom

carbon fiber batten. By wrapping the tensioner and connecting to a batten on the far side of

the tensioner rod, the initial spring length can be much longer, which dramatically reduces
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Figure 4.13: Energy Recycling Actuator Construction. a) Full actuator. b) Zoomed view of output
and locking frame attachment. c) Zoomed view of base attachment.

the maximum stretch and the change in tensioner force as the clutch travels. This also

results in more constant tension force throughout the range, which helps ensure reliable

handoffs.

The stretchy fabric sensor is placed in parallel with the energy storage spring and at-

tached to the same battens, so that its displacement corresponds to the displacement of the

spring. I can then calibrate the capacitance output of the sensor to measure the displace-

ment of the spring in real time. The sensors are composed of silver-coated conductive fabric

adhered to either side of a thin layer of Ecoflex elastomer [119]. As the sensor is stretched,

the elastomer layer separating the electrodes becomes thinner, causing an increase in ca-

pacitance. The sensors were fabricated according to the process provided in [119], which

also details the relevant sensor properties. Because the maximum stretch of the sensor is

approximately 2, I also connected two thin pieces of ecoflex in series with the sensor using

Silpoxy (Smooth-On, Macungie, PA, USA). The resulting composite structure can stretch to

a value of 4 without breaking the fabric sensor.
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Figure 4.14: Electronics and Control Hardware for Energy Recycling Actuator. Credit - Erez Krimsky

The energy recycling actuator is shown in Figure 4.13, with multiple double-clutched

springs. The base frame attachment provides structure for the attachment to the series

energy springs and the rotating tensioner rods, as well as the four carbon fiber posts that

are loaded in compression when tensioned springs are clutched to the frame. The number of

double clutched springs was reduced to 16 for this prototype, to accommodate manufactura-

bility challenges of the base frame attachment. The carbon fiber posts were adhered to the

base attachment using epoxy (Scotch-Weld DP420-NS, 3M, St. Paul, MN, USA). The base is

also sized to house the required electronics hardware. The locking frame attachment con-

nects to the other end of the carbon fiber posts, and supports the frame clutch attachment

pins and the sliding tensioner rods. Two-sided hub clamps were used to attach the locking

frame to the carbon fiber posts, in order to provide height adjustability during initial test-

ing. The output attachment transmits the load from the springs clutched to the ropes that

will attach to the capstan of the arm.

The electronics hardware design and assembly was performed by my collaborator Erez

Krimsky. Erez also performed most of the microcontroller programming used in the testing.

The electronics were initially attached to an acrylic base (Fig. 4.14 rather than the electron-

ics housing in the base attachment, to allow easy access during initial testing. The Arduino

is programmed to perform the low-level clutch control and relay all of the measurements

to a computer. A Cypress microcontroller measures the capacitance of the stretchy fabric
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Figure 4.15: Stretchy Fabric Sensor Calibration. a) Image of sensor spanning spring length. b-c)
Sensor output as a function of displacement and force. d) Force-displacement curves of the clutched
springs. e-f) Models of displacement and force based on linear calibrations of the data in b-c.

sensors and relays them to the Arduino via an I2C connection. The custom motherboard

receives clutch control signals from the Arduino through a logic level shifter, and controls

the high voltage relays on the daughter boards using shift registers. The motherboard also

transforms low voltage to 300 V DC, and provides this high voltage to the daughter boards,

which connect to the electrical leads of the clutches. The detailed diagrams of the custom

electronics hardware boards are provided in Appendix A.4.

To calibrate the stretchy fabric capacitance sensors, I attached the actuator base to the

base of a materials testing machine (Instron 5969, Instron, Norwood MA) and the output to

the moving head of the materials tester. I connected the analog force and displacement out-

puts of the materials tester to the Arduino, in order to sync the controls and external sensor

readings. Because I have only one load cell in the materials tester, I needed to calibrate the

sensors one at a time. To do this, I activated the output clutch of one clutched spring, and

displaced the output while recording the force and displacement from the materials tester.

After calibrating the sensors, I conducted a force-tracking experiment using the low-level
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controller implemented in the Arduino with three clutched springs using a control step of

300 ms and a handoff overlap time of 150 ms. First, all three springs were clutched to the

output and the output was displaced by the materials tester. Then the control was activated

and the low-level controller tracked a force profile in real time by controlling the clutch

states.

4.5.3 Results

Table 4.2: Mass of Energy Recycling Actuator Components
.

Components Mass (g)

Frames and Posts 567

Attachment Pins and Tensioner Rods 99

Double-Clutched Spring 47

Total with 16 Double-Clutched Springs 1418

The linear calibration of the stretchy fabric sensors (Fig. 4.15e) produced fairly low

error of less than 3 mm, or less than 10% of the maximum displacement value. The linear

calibration to force (Fig. 4.15f), however, produced up to 10 N of root mean squared error.

This is consistent with the non-linear and hysteresis-prone relationship between force and

displacement in rubber, as can be seen in Figure 4.15d.

Despite this error in the sensor calibration to force, the actuator was able to reasonably

track the desired force during the actuator tracking experiment (Fig. 4.16). The summed

force from the engaged spring sensors, or in other words the controller’s estimate of force

on the output, was consistently lower than the true value measured by the materials tester.

The clutches attached to spring 1 fail a handoff, leading to the spring losing most of its force.

However, the sensor was able to detect this, and once the spring was slack the controller

correctly did not continue engaging it to the output. The other two springs are successful

in all of their spring handoffs, and the small drops in force due to the handoff inefficiency

are visible after the clutch state changes occur. After spring 1 goes slack, the force in the
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Figure 4.16: Energy Recycling Actuator Force Tracking. The x axis of all panels is shown at the bot-
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force, and the summed force from the spring sensors. The bottom three panels show the each spring
sensor’s force measurement, with the control state imposed on top. The summed force from spring
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remaining springs is not enough to achieve the highest requested force, but the low-level

controller is able to continue tracking the lower requested force values in spite of this.

4.5.4 Discussion

The force tracking test demonstrates that the integrated sensors, electronics hardware, low-

level clutch controller, and double-clutched springs can successfully track commanded force

in real time. Adding additional clutched springs will improve the accuracy of output force,

and further testing could lead to improvements in the practical control implementation that
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4.5. Actuator Characterization

would reduce lag. This exciting early result proves the efficacy of the basic approach and

double-clutched spring hardware, and justifies continued and expanded characterization.

The capacitance sensors provide a good measurement of displacement (Fig. 4.15e), but

need improvement in their measurement of force (Fig. 4.15f). A simple way to achieve

improved force readings would be to implement a Mooney-Rivlin calibration fit to account

for the non-linear stiffness of the rubber. However, this will not address the error due to

the force hysteresis of the rubber. One way to account for the force hysteresis would be to

perform force-extension experiments with a variety of randomized movement frequencies

and displacement magnitudes. This data could then be used to fit a high order model with

polynomial terms or derivative and integrated terms. Alternatively, a machine learning

model such as a neural network could use the experimental dataset as training data to

produce a non-explicit model. In any case, the effectiveness of these approaches will be

limited by the error in the displacement calibration, so additional design work is warranted

to achieve the best displacement reading possible.

An alternative way to measure force would be to instrument each rubber spring with a

separate force transducer in series. However, adding 10-20 traditional force sensors such as

a strain-gauge based load cells, piezoelectric sensors, or hydraulic sensors would dramat-

ically increase the overall weight and power consumption of the actuator. One potential

solution is to redesign the carbon fiber battons to include a region for attaching a single

strain gauge that is only excited for a small amount of time during each control cycle. A

multiplexer could also be used to perform all of the measurements with a single amplifier

and half-Wheatstone bridge circuit. This could potentially satisfy the requirements for low

mass and power consumption as well as the size constraints of the clutched springs.

The actuator demonstrated force tracking that qualitatively matched the commanded

force (Fig. 4.16). The delay between the commanded force and achieved output force is

equal to the handoff overlap time. This is because it is only after the handoff overlap time

has passed that the load paths are ‘updated’ to the new states and the output observes a
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change. While spring 1 causes poor tracking initially because of a failed handoff, springs

2 and 3 each successfully execute multiple handoffs with high efficiency, as evidenced by

the small drops in force observed after each state change. The commanded force is shown

as a step function. This commanded force profile could actually represent a down-sampled

triangle or sine wave, but has been shown in a square wave form to more clearly show the

actuator’s true tracking ability. Future implementations of this test with more clutched

springs will show tracking of profiles that look much more continuous. Because the test was

conducted with a fixed output, the spring length conditioning and handoff minimization

terms were not required, but they will be included in future moving output tests. While

this test represents a very preliminary result, it demonstrates the ability of the integrated

physical system and electronics to produce the desired force and shows promise for future

tests with more double-clutched springs.

4.5.5 Future Work

The most immediate future work will be to conduct additional fixed output force tracking

tests with additional double clutched springs. Next, I will construct the robotic arm and

demonstrate force tracking using the high-level position and low-level force optimization

controllers. I expect this demonstration will set a benchmark for actuator system weight

and required power consumption. For a direct comparison of required weight and power

consumption, I will also separately implement a geared motor on an otherwise identical

arm performing the same motion tasks. Finally, I will design and create a hybrid system

consisting of the energy recycling actuator and a small motor to enable prolonged continuous

operation and demonstrate it on the robot arm or another hardware system.
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Chapter 5

Conclusions and Future Work

In this thesis, I presented the design, characterization, and implementation of electroadhe-

sive clutches in robotics applications. Compared to conventional clutches, the electroadhe-

sive clutch achieved order of magnitude improvements in weight and power consumption

and demonstrated fast response times. In my first study, I thoroughly characterized the

electroadhesive clutch’s performance and produced a comprehensive design guide detailing

how to size and incorporate the clutches for a wide range of potential applications. I also

demonstrated an exoskeleton that used an electroadhesive clutched spring to assist walk-

ing, showing reliable control for hundreds of steps. Finally, I designed and fabricated a zero

net work actuator using electroadhesive double-clutched springs that was capable of highly

efficient energy recycling and force control.

I envision the impact of this thesis to be much broader than simply higher performance

in wearable exoskeletons, or even the in field of mobile robotics. In this body of work, I pro-

vide the tools for researchers and industry designers to incorporate lightweight, low-power,

reliable clutches in any application where the alternative clutches and actuation systems

simply aren’t adequate. The broader value of our demonstrations of electroadhesive clutches

in several challenging applications is in giving our audience confidence that our solution ac-

tually does enhance performance and is practical enough for real-world implementation.
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Future work should investigate fundamental studies of the force mechanisms at the in-

terface of the clutch. To understand the relative contributions of friction, Van der Waals,

and other force interactions at the interface, the surface roughness and coefficient of friction

of the dielectric could be systematically varied and tested. Replacing or augmenting the

electric field as the source of normal pressure with stacked weights or an air pressure gra-

dient could give further insight. Changing the size of the ceramic particles in the dielectric

could also substantially change the behavior of the clutch. Placing markers on the surface

of the clutch and tracking their displacement during loading would give insight regarding

the uniformity of loading and optimal geometry. These experiments aimed at understand-

ing the fundamental behavior of the clutch could translate into design changes that achieve

substantially higher force or lower clutch weight and voltage.

New future designs using electroadhesive clutches could include variable gear ratio

transmissions, variable stiffness transmissions, and adjustable gravity offset systems in

both industrial and human environments. The energy recycling actuator could also be in-

corporated into exoskeletons, prostheses, and walking robots to investigate its feasibility

and performance in lightweight mobile devices. Future controls work in both simulation

and hardware is warranted to identify and optimize controllers suitable for a variety of

applications.
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Appendix A

A.1 Control Circuits

100 MΩ100 MΩ

1 MΩ 1 MΩ

V V

100 kΩ

10 kΩ

4.7 μF

1 MΩ

Clutch

Photocoupler Relays

10 kΩ

4.7 μF

HV Power

1 MΩ

Clutch

Photocoupler Relays

Photocoupler Relays

a)

b)
HV Power

Figure A.1: Circuit Diagrams a) Control circuit for maximum holding force, release, engage, and
fatigue tests. b) Control circuit for capacitance and power consumption tests.

The control circuits used for experimental testing are shown in Fig. A.1. Both circuits

include a 4.7 µF capacitor (400PX4.7MEFCTA8X11.5, Rubycon), which was slowly charged

up using the high-voltage power supply (Model PS375, Stanford Research Systems) before
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testing began. This capacitor, which has approximately 100 times higher capacitance than

the clutch, provided larger instantaneous currents during clutch activation than the power

supply is capable of, and smoothed the current draw from the power supply. The maxi-

mum holding force, release, engage, and fatigue tests were conducted using the circuit in

Fig. A.1a. For the majority of the fatigue tests, the high voltage was provided by a DC high

voltage transformer (AG-05 Proportional Converter, EMCO). In both circuits, the photocou-

pler relays (TLP222G-2, Toshiba) are individually activated to control the voltage applied to

each clutch plate. Each pair of relays can be controlled to put the clutch plate at high voltage,

ground, or floating states. When a clutch plate changes from high voltage to ground, or vice

versa, a 1 ms delay is observed between deactivating one relay and activating the other, in

order to prevent shorting, which would occur if the clutch plate was connected to both high

voltage and ground simultaneously. The circuit in Fig. A.1b was used to measure clutch

capacitance and power consumption. A 100 kΩ shunt resistor was placed in series with the

clutch, and two high-impedance voltage dividers were placed on either side to measure the

voltage drop. The voltage dividers stepped the voltage down by a factor of approximately

100, to allow voltage measurement using the dSPACE control system. The current loss

through the voltage dividers was on the order of microamps, and was compensated for in

the current calculations.

A.2 Fatigue Testing Control

For control purposes, the control system measured motor position and clutch force at 1000 Hz,

and recorded the averaged force data at peak force for inclusion in the data recording, in or-

der to reduce data file size. The control system also commanded motor velocity to the motor

controller. An iterative learning control law was implemented to compensate for break-in

and changing slack in the system, and maintained a constant maximum clutch force from

cycle to cycle. The commanded motor velocity V was a function of the average of the last

94



five commanded velocities, a proportional error term, and a damping term, according to

Vn =
∑

Vn−5:n−1

5
+kp ∗ (Fdes −Fn−1)+kd ∗ (Vn−1 −Vn−2) (A.1)

where Fdes is the desired peak clutch force, kp is the proportional gain, and kd is the damp-

ing coefficient. In order to prevent position drift, a similar iterative learning controller was

implemented to control the return stroke of the free-sliding phase, with a desired ending

motor position of 0. On each cycle the clutch was allowed 400 ms to engage before loading,

and 300 ms to disengage before the free-sliding phase. This resulted in a full cycle frequency

of approximately 0.55 Hz. As a safety limit, the test stopped if the commanded motor ve-

locity during the loading phase surpassed twice the nominal value, which only occurred in

cases where the clutch repeatedly slipped and was unable to achieve the desired peak force

on multiple consecutive cycles. The clutch was rested for various amounts of time after the

test stop was triggered by multiple slips, in order to understand the effect of rest time on

the ability to recover functionality. The minimum rest time was 5 seconds, and the clutch

was always able to recover functionality after each rest. Cycles where the clutch maximum

force was outside the range of 39-41 N were excluded, in order to prevent counting cycles

during force ramp-up at the beginning of tests and after slip cycles. This strategy resulted

in the exclusion of 0.1% of the total cycles.

A.3 Coefficient of Friction Testing

The coefficient of friction of the Luxprint-on-Luxprint interface was measured by stacking

a known weight onto a pair of electrodes and slowly ramping lateral force by hand until a

slip occurred. One electrode was held stationary on the table, and a load cell attached to the

other electrode measured the force at slip. A thin sheet of rubber was placed between the

stationary electrode and the table, and a separate sheet of rubber was placed between the

other electrode and a flat metal plate, in order to ensure uniform load distribution. Weights
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Figure A.2: Coefficient of friction testing. The coefficient of friction is constant across a range of
applied pressures and electrode thicknesses.

were then stacked onto the metal plate. The coefficient of friction was determined for each

trial using the equation

µ= Fslip/Fnormal (A.2)

where µ is the coefficient of friction, Fslip is the measured force at slip, and Fnormal is

the weight stacked onto the electrodes. Three pairs of electrodes, each with different elec-

trode thickness, were tested at a range of pressures between 3 kPa and 23 kPa. The co-

efficient of friction was 0.63 ± 0.04, and was constant across the whole range of applied

pressures (Fig. A.2).

A.4 Custom Circuit Board Layout
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Figure A.3: Custom High Voltage Control Circuit Schematics. a) Custom Motherboard, containing
the high voltage transformer and communication routing. b) Custom Daughterboard, containing
shift registers, high voltage relays, and buffer capacitors. Figure Credit: Erez Krimsky
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