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The advancement of powered prostheses and orthoses is restricted by the shortcomings
of available actuator technologies such as electric motors, hydraulics, and pneumatics.
Dielectric elastomer transducers (DETs) are a kind of artificial muscle that promises to
overcome the shortcomings of the actuators commonly used in powered prostheses and
orthoses. However, while much research has investigated how to design DETs themselves
for optimal performance, little guidance is available for designing the devices that use
DETSs in their actuation systems. This work addresses this lack of guidance by reexamin-
ing the fundamental principles of DET operation, and then explains four design principles
based on those fundamentals. The usefulness of these principles is demonstrated in two
example designs that are proofs-of-concept for solutions to actuation challenges. The
first design is a variable-stiffness actuator that uses dielectric elastomers to create vari-
able stiffness without the mechanical complexity that plagues state-of-the-art variable-
stifftness actuator designs. The second design is an ankle-foot orthosis that uses a dielec-
tric elastomer transducer to provide toe lift assistance for foot drop patients without the
drawbacks of current foot drop solutions.
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CHAPTER1

INTRODUCTION

The advancement of powered prosthesis and orthosis technology is hindered by the short-
comings of state-of-the-art actuators. When used in powered prostheses and orthoses,
these actuators, including electric motors, pneumatics, and hydraulics, tend to result
in designs that are heavy, bulky, and energy inefficient. One way to overcome these
shortcomings is to use a new actuator technology called dielectric elastomer transducers
(DETs). However, there is little information available that is usable for designing actuation
systems that use DETs. This work begins to fill that gap by contributing design principles
for incorporating DETSs into actuation systems, and contributing two applications of those
principles that solve problems in the field of powered prostheses and orthoses.

1.1 Actuation of powered prostheses and orthoses

The development of powered lower-limb prostheses and orthoses is a great advance for
the field of prosthetics and orthotics. Though state-of-the-art unpowered prostheses and
orthoses have certainly enriched the lives of many people with disabilities, these passive
prostheses and orthoses can never fully restore natural limb functions. These devices can
only support their users; they cannot supply power to replace missing or weak muscles.
In contrast, powered prostheses and orthoses can restore natural limb motor function
because they have motors or other actuators.

Electric motors in various forms are common prosthesis and orthosis actuators.!?
These motors are typically paired with high-reduction transmissions to amplify their
torque to the levels required for human joints. These transmissions have backlash and
friction that complicate force control. These devices also lack the compliance that human
muscles and tendons have, and research shows that this compliance is key to achieving
natural and efficient gait.>* Some powered prostheses and orthoses use series elastic ac-
tuators to obtain the benefits of compliance.®>>¢ This approach allows them to store and
return energy efficiently and respond compliantly to impacts enhancing user safety and
actuator durability.”® Some powered prostheses and orthoses take this approach further
by using variable-stiffness actuators (VSAs) that can adapt their compliance to changes in
gait parameters.’ To circumvent the issues of backlash and friction and add compliance,

some recent designs use high-torque motors with low reduction transmissions.!**?



Though convenient and easily controlled, electric motors have shortcomings for use
in powered prostheses and orthoses. Electric motors with high power-to-weight ratios
typically deliver that performance at high speeds, so they need high-reduction transmis-
sions to drive human joints. These transmissions add considerable weight and bulk to a
prosthesis or orthosis reducing the benefit of the high power-to-weight ratio. Motors and
transmissions spinning at high speeds produce considerable amounts of noise, which
is obtrusive for daily use prostheses and orthoses. Compliant elements add additional
weight, volume, and complexity to motors, especially for variable stiffness mechanisms.
High-torque-density motors can mitigate the noise and compliance issues by using low-
reduction transmissions or directly driving joints, but their energy consumption may be
high because they draw high currents to create their high torques and they consume
power during standing (their ability to regenerate energy from negative work during gait
offsets this drawback).!%!? Finally, electric motors are typically used with rigid frames that
add weight and bulk to orthoses making them more obtrusive to their users.

For use in prostheses and orthoses, pneumatics and hydraulics have some advan-
tages over electric motors, but they have significant shortcomings also. Pneumatics and
hydraulics can provide muscle-like force and stroke, and they can have high power-to-
weight ratios,? so they usually directly drive joints without the need for a gearbox.!*'6
Further, the compressibility of gases gives pneumatic mechanisms an inherent com-
pliance. However, hydraulics require bulky, noisy pumps, and fluid friction hurts their
efficiency.” Pneumatics also rely on pumps or bulky compressed gas cylinders, and their
valve actions make noise. They also have hysteresis that makes them difficult to control.”

Artificial muscles'®' are a promising option for powering prostheses and orthoses
because they can avoid the shortcomings of electric motors.?® Artificial muscles are ac-
tuators that produce a stable displacement change in response to an input such as light,
heat, or electricity.”! In many applications, they do not need reduction transmissions be-
cause their force, stroke, and velocity characteristics are suitable for direct drive oper-
ation. They are typically inherently compliant, so they do not need additional mecha-
nisms to introduce compliance. Because of their inherent compliance and direct drive
ability, they may be able to operate without the rigid frames that electric motors require.
The elimination of reduction transmissions, additional compliant mechanisms, and rigid
frames combine to reduce the weight, bulk, and complexity of devices powered by arti-
ficial muscles. Further, artificial muscles (except for those that use pneumatics or elec-
tric motors) operate silently so they can be less obtrusive than electric motors. Finally,

19,20

some types of artificial muscles have efficient energy transduction mechanisms,”*° so



they may be able to achieve equal or greater energy efficiency than electric motors in
powered prostheses and orthoses.

1.2 Dielectric elastomer transducers

Among the many types of artificial muscles, DETs stand out as a good choice for powering
prostheses and orthoses.?»* Powered prostheses and orthoses require energy efficient ac-
tuators in order to achieve acceptable battery life. Most types of artificial muscle have en-
ergy conversion efficiencies of less than 50 %, including thermally actuated artificial mus-
cles (such as shape memory alloys, shape memory polymers, and coiled semicrystalline
polymers), ionic artificial muscles (such as ionic polymer metal composites, conducting
polymers, and carbon nanotube actuators), and pneumatic artificial muscled (such as
soft fluidic actuators, McKibben artificial muscles, and pleated pneumatic artificial mus-
cles).’®¥ Artificial muscles for powered prostheses and orthoses should have actuation
strain of at least 10 % so that they can be used without mechanical amplification. This
requirement rules out piezoelectric and electrostrictive artificial muscles.’®?® Artificial
muscles for powered prostheses and orthoses should also be silent, which rules out the
use of twisted string actuators,’® which are essentially a type of transmission for elec-
tric motors, and not a true artificial muscle. DETs meet all three of these requirements
(efficiency, strain, silence), so they are a viable choice for powering prostheses and or-
thoses. Further, DETs have strain rate and stress performance similar to artificial muscle,
they are simple to control with a voltage input, and they can be fabricated from inexpen-
sive, readily available materials. They have two shortcomings however. DETs typically
require input voltages on the order of kilovolts, and they have short cycle life (thousands
to millions of cycles). One other type of artificial muscle is viable for powered prostheses
and orthoses: HASEL (Hydraulically-Amplified Self-Healing ELectrostatic) actuators.*%
These actuators also meet the requirements for powering prostheses and orthoses, and
share the strengths of DETs mentioned here, and their need for kilovolt driving voltages.
They are less prone to failure by dielectric breakdown than DETs, so they may be a better
choice for powering prostheses and orthoses. However, they were not reported until 2018,
when this work was already well underway.

Though DETs have been used for many robotic designs,?® only a few works have ad-
dressed aspects of using DETs in prostheses and orthoses. The only DET-powered orthosis
reported to date was designed for finger rehabilitation.?’ It featured folded, contracting-
stack DETs that modulated the force applied to resist finger motion. The first prototype



demonstrated the feasibility of DETs for this role, and a later work investigated the use
of a stack of planar-elongating DETs for improved performance.?® Contractile DETs were
also used to actuate a mock-up of a human forearm as part of the development of an arm
exoskeleton.?’ A control method was developed to use DETs for forearm tremor suppres-
sion, though no prototype was reported.*® The safety of using DETs close to the human
body was analyzed, and safety criteria were developed.!

Despite the extensive research on design, modeling,* and control® of DETs, there is
little generalizable design guidance for designing devices that incorporate DETs. Prior
DET design research has been almost entirely focused on the design of the DETs them-

3435 and electrodes,®® and the

selves, covering the selection of materials for the elastomer
design of a variety of DET configurations.*” Only one work specifically presents design
implications that pertain to incorporating DETSs into actuation systems.*® This work sug-
gests that DETs are best suited for three application types: low extensions, alternating
motion, or binary actuation. This recommendation is based on an analysis of DET perfor-
mance metrics as functions of strain and strain rate. A few other principles for devices
that incorporate DETs can be gleaned from works that primarily address the design of
DETs themselves. These principles include minimizing bias stiffness to maximize DET
displacement,*-*! the use of antagonistic pairs of DETSs to actuate a robot joint,** and the

importance of matching the impedance of a DET with that of its load.*®

1.3 Overview

This work gives principles and examples for designing an actuation system that uses
DETs. The design principles are derived from the fundamental nature of DETs in Chap-
ter 2. Then, two examples are given in Chapters 3 and 4 that apply the design principles
to solve challenges related to powered prostheses and orthoses. Chapter 3 describes a
design for a VSA, a type of actuator that is being studied for use in powered prostheses
and orthoses.”** Chapter 4 describes the design of an ankle-foot orthosis (AF0) for foot
drop.



CHAPTER 2

DESIGN PRINCIPLES

One of the challenges of using dielectric elastomer transducers (DETs) in powered pros-
theses and orthoses is the lack of guidance for designing DET-powered devices. Though
there is extensive knowledge on the design, modeling, and control of DETs themselves,
there is little guidance available for designing an actuation system that incorporates
DETs. This chapter explains four principles about DETs that can guide the design of
DET-powered devices. To do so, it will first review the fundamentals of DET operation
that lead to the intuitive understanding of DETs as variable-stiffness springs (§ 2.1). Then,
it will use this understanding to derive and explain the design principles (§ 2.2).

2.1 How dielectric elastomer transducers work

Many prior works have explained how DETs work, but their explanations do not ade-
quately explain the connection between a DET’s voltage-induced stiffness change and its
voltage-induced displacement. This connection and the understanding of how these two
effects result from the fundamental DET transduction mechanism are crucial for incor-
porating DETSs into practical actuation systems. Accordingly, this section reviews the fun-
damentals of DET operation highlighting these crucial concepts that lead to the intuitive
understanding of DETs as variable-stiffness springs. An overview of the key concepts is
given first (§ 2.1.1), and the derivation of these concepts with mathematics follows (§ 2.1.2).
The DET model used in this section is essentially the same as in other works,*>*®* but its
explanation here highlights the transduction between electrical and mechanical energy
and the connection between a DET’s voltage-induced stiffness change and voltage-induced

displacement.

2.1.1 Overview

Briefly, a DET behaves like a variable-stiffness spring, as this section explains. A variable-
stiffness spring exerts force F that is the product of the spring’s stiffness k and the dif-
ference between its current length [ and its equilibrium point I (also called its relaxed
length):

F=k(l-leq). (2.1)
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Figure 2.1: The fundamental element of a DET is an elastomer film sandwiched between
a pair of stretchable electrodes. When charged, it actuates (converts electrical energy to
mechanical energy) as it expands and generates (converts mechanical energy to electrical
energy) as it contracts.

When a DET is charged, it experiences electrostatic forces that transduce between elec-
trical and mechanical energy as it deforms. These electrostatic forces change the DET’s
stiffness and equilibrium position, and these changes can be used to create forces and
displacements.

A DET transduces between electrical and mechanical energy as its area and thickness
change.® The fundamental DET element is an elastomer film sandwiched between a pair
of stretchable electrodes, which forms a stretchable capacitor (Figure 2.1). In order for the
DET element to transduce electrical and mechanical energy, its electrodes must be oppo-
sitely charged. The charges exert electrostatic forces on the elastomer film that tend to
compress its thickness and expand its area. The volume of an elastomer is approximately
constant, so as the area increases, the thickness decreases and vice versa. When the DET
element increases in area, it actuates, because the electrostatic forces convert the stored
electrical energy into mechanical work (which may be stored in the stretched elastomer
film) as the opposite charges move closer together, and the like charges on each electrode
spread apart. When the DET element decreases in area, it generates, because mechanical
work against the electrostatic forces is converted into stored electrical energy as the op-
posite charges are separated, and the like charges are pressed closer together. Thus, DETs
can be used for both actuation and generation because they are bidirectional transducers.

A DET can be thought of as a pair of energy storage systems linked by transduction
work W, (Figure 2.2). The DET stores electrical potential energy U, in the charges on its
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Figure 2.2: A DET has two energy storage systems (U, and Uy,) that are connected through
the transduction work (W;) done by electrostatic forces on its electrodes.

electrodes and mechanical potential energy U, in the polymer chains in its elastomer
film. External electrical work W, and mechanical work W, are done on the electrical and
mechanical subsystems respectively. Transduction work W; transfers energy between the
electrical and mechanical subsystems when the area and thickness of the DET element
change while there is charge stored on its electrodes. When the DET is used for actua-
tion, the electrical work is considered the input, and it is used to decrease the amount
of mechanical work needed to deform the DET or even cause the DET to output mechani-
cal energy. When the DET is used for generation, the mechanical work is considered the
input, and it is used to cause the DET to output electrical energy. This work focuses on
actuation systems, so it will discuss the effect of electrical input on a DET’s mechanical
output.

The width-constrained DET configuration (Figure 2.3) provides the connection be-
tween force and displacement that will be used to explain how charging a DET affects its
output force and displacement. A DET configuration is a set of force and displacement
boundary conditions that represents how a DET functional element interacts with its
surroundings. In the width-constrained configuration, the DET element is loaded with
force F along its length [, its width [, is held constant, its thickness I3 is constrained
by the elastomer film’s constant volume, and charge Q is stored on the electrodes corre-
sponding to voltage V across the electrodes. When no force or voltage are applied to the
DET, its length returns to its rest length [,. The width-constrained configuration models
the loading conditions experienced by the DETs used in the variable-stiffness actuator
(vsA) of Chapter 3 and in the ankle-foot orthosis (AFO) of Chapter 4. I have not proven
the applicability of the following concepts to other DET configurations, but I expect that
the concepts will be applicable because all DETs share the same fundamental element
regardless of their configuration.
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Figure 2.3: In the width-constrained configuration, a DET element is loaded with force
F along its length [, its width [, is held constant, its thickness I; is constrained by the
elastomer film’s constant volume, and charge Q is stored on the electrodes corresponding
to voltage V across the electrodes.
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Figure 2.4: The spring curve for a width-constrained DET shifts down and to the right
when the DET is charged. It stiffens (steeper slope) when the DET has a constant charge,
but it softens (shallower slope) when the DET has a constant voltage. These curves are
based on a width-constrained DET with linear elasticity.

A width-constrained DET behaves like a variable stiffness spring. When subjected to
an external force, it lengthens from its rest length [, until its internal elastic force balances
the external force. A plot of this behavior is called a spring curve in this work. Applying
a charge to the width-constrained DET alters its spring curve, shifting it down and right
(Figure 2.4). The shape of the altered curve varies depending on whether the electrical
input to the DET is a constant charge, constant voltage, or other condition.

The width-constrained DET’s spring curve change is the net result of the width-
constrained DET’s stiffness and equilibrium position changes. The equilibrium position
leq is the position that the width-constrained DET rests at when no external force is
applied. When the DET is discharged (at 0 V), the equilibrium position is equal to the rest
length [,. When the DET is charged, the electrostatic forces on the electrodes deform
the elastomer film until they are balanced by its elastic forces. This effect causes the
zero-force point of the DET’s spring curve (lq) to shift to the right (Figure 2.4). Charging
the DET also changes its stiffness because the electrostatic forces that tend to lengthen
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Figure 2.5: If a DET is loaded with a constant force F,, then applying a voltage will cause
the length change [}, - [,. If the DET is held at a constant displacement 1,, then applying a
voltage will cause the force change F, - F.

the DET change as the DET deforms (except in special cases). If the charge on the DET
is constant, then the DET will be stiffer*® because the charges spread out as the DET
lengthens, which weakens the electrostatic force making deformation more difficult.
If instead, the voltage on the DET is constant, then the DET will be softer*®* because
more charge flows onto the DET as it lengthens, which strengthens the electrostatic force
assisting the deformation. The change of stiffness causes the slope of the spring curve to
change: a constant charge increases the slope, and a constant voltage decreases the slope
(Figure 2.4). The constant voltage condition is more commonly used to control DETS,
likely because it is easier to implement, and because it is better suited to producing large
amounts of work,* so this discussion will focus on the constant voltage condition. Note
that the DET’s stiffness change is solely due to energy transduction and is not a change in
a material property of the elastomer film.

Under quasi-static conditions, charging induces force and displacement change for a
DET in the following manner. If the DET is loaded with a constant force Fa, then it deforms
from its equilibrium position until its force balances the load at length I, (Figure 2.5).
Then, if the DET is charged, it will lengthen further until its force again balances the load
at length [,,. Removing the charge from the DET will cause it to contract to the previous
balance point (l,). Thus, the voltage-induced displacement for these conditions is [}, - L.
If the DET is held at a constant length [,, then it will exert a force F,. Then, if the DET is
charged, the force it exerts will drop to Fz. Removing the charge from the DET will cause
it to exert the previous force (F,) again. Thus, the voltage-induced force change (which is
also known as the blocked force®) is Fy - F,.

The schematic symbol for a DET introduced in this work (Figure 2.6) summarizes the
behavior of a DET. This symbol consists of a spring coil that is placed in between the
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Figure 2.6: These schematic symbols, consisting of a spring that is compressed by capac-
itor plates, represent DETs with voltage-induced displacements of interest in the plane of
the elastomer (spring axis parallel to plates) and through the thickness of the elastomer
(spring axis perpendicular to plates).

plates of a capacitor. The capacitor plates show that the DET behaves like capacitor elec-
trically; it stores charge, and its voltage is proportional to its capacitance and the charge
it stores. The spring coil shows that the DET behaves like a spring mechanically; it de-
forms elastically when subjected to an external force. When the spring coil is oriented
parallel to the capacitor plates, the DET schematic symbol represents a DET configura-
tion that has voltage-induced displacement of interest in the plane of the elastomer mem-
brane because when the capacitor plates squeeze the sides of the spring coil, the spring
stretches out parallel to the capacitor plates. When the spring coil is oriented perpen-
dicular to the capacitor plates, the DET schematic symbol represents a DET configuration
that has voltage-induced displacement of interest in the direction of the elastomer mem-
brane’s thickness because when the capacitor plates squeeze the ends of the spring coil,
the spring compresses perpendicular to the capacitor plates.

2.1.2 Derivation

The concepts discussed in the previous section arise mathematically from consideration
of the work and energy relationship for a DET element. To show this, this section first
explains the work and energy relationship for a DET element. Then, it will show that this
relationship causes the DET to transduce between electrical and mechanical energy as it
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Figure 2.7: In the reference state, the DET element is undeformed and discharged. In a
current state, it is deformed and may have charge stored on its electrodes.

deforms, and explain why a DET can be thought of as a pair of energy storage systems
linked by transduction work. Finally, it will derive the force and displacement relation-
ship for a width-constrained DET and use it to explain how charging a DET affects its output
force and displacement.

The change of potential energy stored in a DET element is equal to the work done by
the forces and voltage acting on that element, assuming either equilibrium conditions or
an ideal DET with no dissipative elements (such as viscoelasticity or electrical resistance).
When the DET element has no charge on its electrodes, and no external forces applied,
it is in the reference state (Figure 2.7). In the reference state, it has dimensions L;, L,
and L3, with L (the film’s thickness) being much smaller than L, and L, (the film’s length
and width). In a current state, the DET element’s dimensions are [;, [,, and I3, forces Fj,
F,, and F; are applied on the element’s faces, and charge Q is stored on the electrodes
corresponding to voltage V across the electrodes. The DET element’s capacitance C is
approximately that of a pair of parallel flat plates,
_ehl
=

where e is the permittivity of the elastomer (assumed constant here), and the charge is

C (2.2)

related to the voltage by
Q=CV. (2.3)

Mechanical work is the product of force and displacement, and electrical work is the prod-
uct of voltage and change of charge. The change in the DET element’s stored potential
energy U is the sum of the work done on it by the forces and the voltage,*

dU = Fl dll + F2 dlz + F3 dlg + VdQ, (24)

11



where a positive dU means an increase in stored energy.
The potential energy U can be splitinto mechanical and electrical components as seen
by integrating its total differential dU. Holding 1;, I, and [; constant and integrating dU

yields:
[ av= [vao
- [ 24

1 2
= 5% + Un(ly, I, 13)

U(Q} ll) ZZ) 13) = Ue(Q) ll) lZ} l3) + Um(ll) 12; 13)) (2'5)

where U, and the constant of integration Uy, are the electrical and mechanical potential
energy stored in the DET element respectively.

A DET transduces between electrical and mechanical energy as its area and thickness
change as seen from the form of transduction work. The transduction work W; is the
quantity of energy converted from electrical to mechanical form, and its form can be
obtained by expanding dU.,, the total differential of U,, and simplifying:

1Q?
aw.-a(22)

Q@ I
d( 2 €lllz

U,
Q al1 al2 ol ;. dis
Q -Q*L; -Q*L; Q@
==dQ+ d, + di, + dl
¢ 2¢l,  2eL2 2ehly
- 94 _lQ_2 di  dl, _db
C 11 l, I3
= dW, - dW;. (2.6)
2
c AW, = lQ_ dh % _ % (2.7)
LI I3

Equation (2.7) indicates that when the DET element’s area increases (dl; > 0, dl, > 0,
dl3 < 0), energy is converted from electrical to mechanical form, which is actuation. Also,
when the DET element’s area decreases (dl; < 0, dl, < 0, dl; > 0), energy is converted
from mechanical to electrical form, which is generation. These effects are summarized
in Figure 2.1.

12



The connection between mechanical work W,, done on the DET element and trans-
duction work can be obtained as follows. First, the partial derivatives of U, are obtained

from the partial derivatives of U:

U  -Q%; U, AU, Qs
renie + = Fj, =F+ 2.8
oL 2eP1, oL oL 1 2el%l, (28)
U  -Ql;  dUn OUn Q1
- = + = F s “‘ = F + — 2.9
ol, 2eh2 A, oL, ° 2el, 2 29)
ou @ OUn _ C0Un Q?
3, 2ell, ol ¥ ol T gel, (2.10
Then dUy,,, the total differential of Uy, is written out and simplified:
oUn 0Unm 0Un
dUy, = o, dl; + o, dl, + oL dl;
2 2 2
= (Fl + Q 53 ) dll + (Fz + Q 132) dlz + (F3 - —) dlg
2€ll lg 261112 2€1112
1Q*/dl, dl, dl
:Fldll+F2dZZ+F3dl3+§%<l_ll+l_22 - 1_33>
= dWy, + dW;. (2.11)

Equation (2.12) means that during actuation, when dW, is positive, the transduction work
reduces the work necessary to deform the DET element.

A DET can be thought of as a pair of energy storage systems linked by transduction
work. The potential energy stored in the DET can be split into electrical and mechanical
components as seen from Equation (2.5). Both the electrical and mechanical components
are affected by the transduction work as seen from Equations (2.6) and (2.11). Adding
Equations (2.6) and (2.11) confirms that the transduction work is internal to the DET system
and does not affect the total energy it stores:

dU, + dUy, = dW, - dW; + dW,,, + dW,; (2.13)
dU = dW, + dWy, . (2.14)

These observations verify the model depicted in Figure 2.2.
The force and displacement relationship for a width-constrained DET can be obtained

as follows. First, the elastomer film is assumed to be isotropic and have constant vol-
ume. These assumptions allow the film to be modeled with hyperelasticity, which is

13



an approach to modeling the behavior of elastomers for large stretches®*™* often used
for modeling DETs.?? The hyperelastic energy density function 1V}, expresses the energy
stored in the elastomer chains per unit volume as a function of the elastomer’s stretches,
which are defined as:

MN=—, A== A= - (2.15)

Expanding Equation (2.12) yields:

dw,, = dU,, - dW, (2.16)
2
Fydl, + F,dly + F3dls = LiLyLy dy, - < (dlll % - %) (2.17)
1 2 3
. O 0w . O
= L1L2L3( ol dl; + oL dl, + 813 dlg)
@, dh_d

T (2.18)

In the width-constrained configuration (Figure 2.3), the DET’s width [, is constrained to
be a constant value, resulting in dl, = 0, and F; is zero, so the force and displacement of
interest are those in the length direction: F; and [;. Simplifying then yields:

2
F1 dll = L1L2L3 all)h dll all)h dlg - Q— % - % (219)
611 613 ll 13

The constant volume assumption allows further simplification. This assumption can be
expressed as

lllz 13 = L1L2L3
)\17\27\3 =1
)\3 = ()\1}\2)_1. (220)

This means that 1, can be expressed as a function of only A; and A, so a”’h = 0. Further,
the constant volume assumption means that

d(lllzlg) =0
lzlg dll + 1113 dlz + lllg dlg =0

dh  dly d_
L L I
% + % = _%. (2.21)
L L ls
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And because dl, = 0 for the width-constrained configuration,
L=, (2.22)

Accordingly, Equation (2.19) can be further simplified to yield the relationship between
force and displacement for a width-constrained DET.

Fdl = Lleng—l'l’lh dl, - % 2 211
F, = LleLaaa—’Jl)lh - %zzll
= Lngaa—;Iﬁl - %2111
-ow)- %1 (2.29

where g(l;) is used to express the dependence of that term on [; (because , is a function
of A1, which is a function of ;). In general, g(l;) is nonlinear, monotonic, and differen-
tiable.

Charging a width-constrained DET always changes its equilibrium position, but the
effect of charging on the DET’s stiffness depends on how the charge is supplied to the DET.
If the charge on the DET stays constant as [; changes, Equation (2.23) becomes

oy 1
Fl g(ll) elllz 311
_ Q@ LiLLy1
RAC ey W
= (l)—Q—2 where a= elg is constant (2.24)
s LiLoL, ' ’
2
Then, dfy _ dg(h) , 3Q (2.25)

dn, - dy el

If instead, the voltage on the DET stays constant as [; changes, Equation (2.23) becomes

_ (CV)?1
Fi=g)- A

3 L, _,1

= g(h) - elllZL1L2L3V 1_1
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= g(ly) - aV?l,. (2.26)

Then, dfy _ dgly

172
. dl. ave. (2.27)

Equations (2.24) and (2.26) show that when the DET is charged, the force needed to hold
it at a specific length reduces. This effect lowers the entire spring curve so that its equi-
librium point (I;) moves to the right. Equations (2.25) and (2.27) show that the charge on
the DET affects its stiffness. A constant charge increases stiffness,* and a constant voltage
decreases stiffness*®* as explained in § 2.1.1.

Using a linear expression for g(l;) simplifies the presentation of the concepts ex-
pressed here. In reality, g is a nonlinear function of [;. However, it is difficult to visually
compare the slope of nonlinear functions in order to see the stiffness change caused by

charging a DET. Accordingly, this work uses
g=k(lL-1L) (2.28)

so that the change of stiffness can be distinguished visually in plots like that in Figure 2.4.
The spring curves plotted in Figure 2.4 are Equations (2.24) and (2.26) using g from Equa-

tion (2.28). This choice also greatly simplifies the derivation of design principle 1.

2.2 Derivation and statement of design principles

Having established the basics of how DETs work, we will now derive and discuss princi-
ples for how we can best design based on their fundamental nature. These principles
do not address the design of a DET. Rather, they address the design of the actuation sys-
tem and mechanism that surround and interact with the DET. These principles are not a
complete design process, but rather a set of useful observations hitherto not expounded
clearly in the literature.

These principles are applicable to DETs used in actuation systems, which are combina-
tions of actuators and the components that connect them to the load, including transmis-
sion and compliant elements. These systems are used for force or motion control. This
analysis is limited to quasi-static conditions, so it does not account for dynamic effects,

but it is an instructive analysis nevertheless.
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Figure 2.8: A DET is biased when it is loaded in the direction of its voltage-induced dis-
placement (to the right in this illustration).

2.2.1 Biasing

It is often desirable for an actuation system to maximize the voltage-induced displace-
ment of a DET. Design principle 1 describes a means to enhance the voltage-induced dis-
placement of a DET that is commonly applied in the DET field, but not always understood

properly.
Design Principle 1. Biasing a DET can increase its voltage-induced displacement.

Biasing is loading a DET in the direction of its voltage-induced displacement. The top
DET in Figure 2.8 is biased because voltage on the DET would cause it to displace to the
right, and the force also acts to the right. The middle DET is not biased because the force
is opposing the voltage-induced displacement. The bottom DET is also not biased because
no external forces are acting on it.

Biasing a DET increases its voltage-induced displacement because biasing couples the
DET’s stiffness change and voltage-induced displacement. When a DET is charged, the
electrostatic force causes it to displace as described in § 2.1.1. If the DET is unloaded, the
displacement will be equal to the equilibrium position shift, l., - I, (Figure 2.9). If the DET
is biased, for example with constant force F,, then the displacement, [}, - [,, will be the
sum of the equilibrium position shift and an additional contribution due to the stiffness
change of the DET. If the DET is charged with a constant voltage, then charging will soften
it, and the contribution of the stiffness change to the voltage-induced displacement will

increase the displacement, and may even be larger than the equilibrium shift.
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Figure 2.9: Biasing uses a DET’s stiffness change to enhance its voltage-induced displace-
ment. The biased displacement is equal to the unloaded displacement (left of the gap)
plus a contribution due to stiffness change (right of the gap)

The effect of biasing on a DET’s voltage-induced displacement can be derived mathe-
matically. Substituting Equation (2.28) into Equation (2.24) gives a first-order approxima-
tion of a width-constrained DET’s spring curve:

F=k(l, - 1) - aV?l,. (2.29)
Solving for [; yields:
- F+kl, (2.30)
' k-av? )

Then, the voltage-induced displacement Ay, is

Ayl = (V) - L(V = 0) = “]X]f—;le)) (2.31)

When there is no force on the DET, its length is its equilibrium position, and Equa-
tion (2.31) represents the DET’s equilibrium position shift, ., - [.. When force is greater
than zero, the voltage-induced displacement increases according to Equation (2.31). This
increase occurs because the constant-voltage input to the DET softens it, allowing the
force to deform the DET more than it did before the DET was charged.

Though biasing has been used extensively to enhance the voltage-induced displace-
ment of DETS, this is the first time that its enhancement has been clearly explained as
the result of stiffness change. A similar principle has been suggested previously,* but it
was not explained in detail. This understanding of why biasing enhances a DET’s voltage-
induced displacement is valuable because it leads to two limitations on when biasing can
be used that have not been explained previously. Though most DET designs probably will
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Figure 2.10: A DET can have an elastic bias with stiffness k;,. In this diagram, both the DET
and the elastic bias are in tension.

not be restricted by these limitations, it is valuable to establish the limits of biasing’s ef-
fectiveness.

To see these limitations, assume that the DET is loaded with an elastic bias (Figure 2.10)
that has stiffness kj, and is at rest when the DET’s length [; is equal to [, so its force Fj, is

Fy = kp(l - L), (2.32)

where [;, > [.. Assume further that [,;, is chosen according to

by = (L= 1)+ 1, (2.33)
ky

so that the DET and the elastic bias equilibrate when [; = [, for any non-zero value of
ky. Then, the voltage-induced displacement of the DET with an elastic bias can be seen
visually by plotting -F, along with F for 0V and V; (Figure 2.10).

The first limitation of biasing is: biasing only enhances a DET’s voltage-induced dis-
placement if the bias force stiffness is neither too greatly positive or too greatly negative
(Figure 2.11). If the bias force stiffness is too greatly positive, then it can cause the voltage-
induced displacement to be equal to or less than the equilibrium shift. If the bias force
stiffness is too greatly negative, it will overwhelm the elastic force of the DET and cause it
to overextend and break. To see these limitations mathematically, obtain an expression
for the voltage-induced displacement by first setting

~F,=F (2.34)
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Figure 2.11: One limitation of biasing is that in order to achieve a bounded enhancement
of voltage-induced displacement, the bias stiffness must not be either too greatly positive
or too greatly negative.

and using Equations (2.32) and (2.33) to get

_ k+ky ]
k+ky-aV? v

and then using Equation (2.35) to calculate the voltage-induced displacement yielding

av?
ll(V) - ll(V = 0) = mla. (236)
Comparing Equation (2.36) with the DET’s equilibrium point shift (obtained from Equa-
tion (2.31) with F = 0) yields the upper limit on bias stiffness:
< (k B aV2)<la - lr)
Ly )

To avoid an unbounded voltage-induced displacement, the denominator of Equa-

L (2.35)

ky (2.37)

tion (2.36) must be greater than zero, so the lower limit on bias stiffness is
kp > aV? - k. (2.38)

The second limitation of biasing is: biasing with positive stiffness or constant force en-
hances a DET’s voltage-induced displacement only if the DET is controlled with a constant
voltage, or another softening control method (Figure 2.12). Positive stiffness and constant
force biases rely on the softening of a DET to enhance its stiffness. If a DET is controlled
with a constant charge, then it will be stiffer compared to its uncharged stiffness. In this
case, the stiffness change will detract from the voltage-induced induced stiffness because
stiffening while loaded causes the DET to be less sensitive to the load. However, it is still
possible for a finely-tuned negative stiffness bias to enhance the voltage-induced displace-
ment in this case.
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Figure 2.12: Another limitation of biasing is that positive stiffness and constant force bi-
ases will not enhance voltage-induced displacement if a stiffening control method such

as constant charge is used.
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Figure 2.13: DETs are often built with bias mechanisms, such as the spring depicted here.
The spring is compressed and then connected to the DET, so it holds the DET in tension
providing a bias to enhance its voltage-induced displacement. This arrangement is imple-
mented in spring roll actuators.*®

2.2.2 Load biasing

Because of design principle 1, DETs are often built with bias mechanisms, which are ded-
icated loading mechanisms built into a DET (Figure 2.13). A bias mechanism ensures that
a DET is always biased and its voltage-induced displacement is always greater than its
equilibrium position shift. Bias mechanisms are often simple positive-stiffness springs
or hanging masses. Negative stiffness mechanisms are also used because they can pro-
duce greater motions than positive stiffness springs.*® It is also possible to bias a DET with

another DET, resulting in an antagonistic configuration.

Design Principle 2. Bias mechanisms may be unnecessary and detrimental when a DET

is biased by its load.

21



pressure weight
—
L

elastic
N
g
e

Figure 2.14: Pressure, weight, and elastic loads can bias a DET if they are oriented cor-
rectly.

A DETis biased by its load when the load tends to deform the DET in the direction of the
DET’s voltage-induced displacement (Figure 2.14). Such loads could be weights, pressures,
or elastic loads (springs) as long as they act in the correct direction.

When a DET is biased by its load, additional biasing with a bias mechanism may be un-
necessary and detrimental. It may be unnecessary because the load provides the biasing
function that a bias mechanism normally provides. It may be detrimental because a bias
mechanism adds unnecessary weight and mass to the system (Figure 2.15). This weight
and mass includes that of the bias mechanism itself, and that of the extra DET material
needed to counteract the force exerted by the bias mechanism. Therefore, in applica-
tions where the mass and volume of the actuation system are constrained, configuring
the actuation system so that the load biases the DET can be beneficial.

Though this principle may seem obvious, it has not been clearly stated before (though
ithas been briefly mentioned*), and some works in the literature do use bias mechanisms
in configurations where the load already provides a bias for the DET.*>*” However, it may
be possible that the applications described in these works are not suitable for load biasing
due to one or more of the caveats described below.

Certain types of loads do not provide (enough) force in the direction of the voltage-
induced displacement to bias a DET effectively (Figure 2.16). Damping and friction loads
oppose motion, so they will always be directed opposite to a DET’s motion and hinder that
motion instead of enhancing it. Inertial loads do not exert any force except when being
accelerated, and in that case, they exert a force opposing the desired acceleration, so they
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Figure 2.15: For a given load and displacement range, a DET with a bias load can be smaller
than a DET with a bias mechanism because the former does not include the mass and
volume of the bias mechanism or that of the extra DET material needed to counteract the
bias mechanism’s force.
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Figure 2.16: Loads like these cannot bias a DET. Damping opposes DET motion, and in-
ertial loads do not load the DET. Load types that could bias a DET (such as the weights
shown here) do not do so if they are oriented opposed to DET motion or are too small.

are also not suitable for biasing DETs. In some cases, loads of types that could bias a DET
(weights, pressures, springs) are not suitable for biasing because they are either oriented
opposite to the voltage-induced displacement or too small to produce the desired range
of motion. Note that load biasing is still effective in the presence of non-biasing loads as
long as the bias load is the dominant load.

Applications that require their range of motion to be independent of the load are not
suited for using load biasing. Load biasing makes the voltage-induced displacement of a

DET dependent on the load. If the load becomes zero, such as when a payload is unloaded,
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Figure 2.17: A DET can bear more force (F) than voltage can induce on it (AF), and can
displace farther (I, - I;) than its voltage-induced displacement (Al).

then only the DET’s equilibrium shift will generate motion, and the generated amount may
be very small.

2.2.3 DETs with large forces and displacements

For some applications, it may be desirable to use DETs in high-force and large-displacement
actuation systems to benefit from their mechanically-simple variable compliance. How-
ever, voltage can only induce a limited amount of force and displacement change on a
DET. Scaling up the size of DETs will increase their voltage-induced force and displace-
ment, but it is important to understand another principle that can also help with this
need.

Design Principle 3. A DET can bear more force and displacement than voltage can induce

on it.

As explained in § 2.1.1, the force and displacement that a voltage induces on a DET can
be seen from the differences between the DET’s charged and uncharged spring curves. A
DET’s voltage-induced force change is the difference between its charged and uncharged
spring curves at a given displacement. A DET’s voltage-induced displacement change
is the horizontal coordinate change between the charged and uncharged spring curves
along a given load path.

These induced values are only a small portion of the underlying elastomer’s maximum
force and displacement capability (Figure 2.17). A DET can bear the force difference be-
tween its spring curve and the horizontal axis (F), which is larger than the voltage-induced
force change (AF). A DET can displace from its unstretched length to its maximum elon-
gation (I), which is larger than the voltage-induced displacement (Al).
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Figure 2.18: Because of design principle 3, a DET could be used as a variable-stiffness
element that transmits large forces from a motor to a load.

This behavior is significantly different from that of electric motors, hydraulic actua-
tors, and pneumatic actuators. These actuators have to be able to generate a force in order
to transmit it to a load (unless they are positioned at an end stop or are not backdrivable).

Because of this principle, the stiffness modulation and compliance of DETs can be
used in actuation systems with larger forces and displacements than a voltage can induce
for the DETs. These large forces could be generated by another actuator, such as an elec-
tric motor (Figure 2.18). Then, the DET could serve as a compliant element with variable
compliance. In such a configuration, the electric motor could also generate large strokes
which would move the DET, so the DET would not have to generate the large strokes itself.

2.2.4 Antagonistic configurations

Many DET configurations can only bear tension or compression loads. In particular, a
width-constrained DET can only bear a tension load. If it is compressed, it will buckle.

Because of the fundamental operation of a DET explained in § 2.1.1, a voltage that
changes the DET’s stiffness will also alter the DET’s equilibrium position. This behavior
may be undesirable in applications that use DETs primarily as variable stiffness elements
because it complicates the control of the overall actuation system. When the DET is stiff-
ened or softened, the prime mover must also change position in order to maintain a con-
stant output position. This control difficulty could be eliminated if the DET changed only
stiffness and not equilibrium position when charged.

Design Principle 4. Antagonistic DET configurations have no equilibrium position shift
and can bear tension and compression loads.

An antagonistic configuration is one where the voltage-induced displacements of two
(or more) DETs oppose each other (Figure 2.19). An antagonistic configuration can be
formed by connecting two discrete DETs together. One can also be formed through “in-
ternal antagonism,” where the voltage-induced displacements of internal DET elements
oppose each other, as in the cone diaphragm®® and multi-phase framed in-plane® config-
urations.
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Figure 2.19: Antagonistic configurations have no equilibrium position shift because the
voltage-induced displacements of their constituent DETs cancel, and they can bear ten-
sion and compression loads if the DETs have pre-stretch or out-of-plane displacement.

An antagonistic configuration has no equilibrium position shift because the equilib-
rium position shifts of its constituent DETs cancel each other out. When equal voltages
are applied to both DETs, their equilibrium position shifts are equal in magnitude and op-
posite in direction, so they cancel.*” In DETs with internal antagonism, the equilibrium
position shifts of their internal elements cancel, so the equilibrium position of the DET as
a whole does not change when voltage is applied.

There are two methods an antagonistic configuration can use to bear tension and com-
pression loads: pre-stretch and out-of-plane displacement (Figure 2.19). If an antagonistic
configuration holds its constituent DETs in a pre-stretched state that tensions them, then
as long as the displacement is small enough that it does not cancel out the pre-stretch, the
DETs will remain in tension during in-plane displacement for both tension and compres-
sionloads. Alternatively, if the load of the antagonistic configuration acts perpendicularly
to the resting plane of its constituent DETs, then motion in either the tension or compres-
sion direction will tension the DETs. A configuration with internal antagonism can also
use pre-stretch and out-of-plane displacement to achieve the same results.

There are also two ways to bear tension and compression loads without using an an-
tagonistic configuration. First, if the individual layers of a DET through-plane stack are
adhered together, then it can bear tension and compression loads.® Second, a bias mech-

anism pre-stretches its DET, so it can maintain tension on a film for tension and com-
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pression loads as long as the compression loads are not large enough to cancel out the
pre-stretch.
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CHAPTER 3

VARIABLE-STIFFNESS ACTUATOR

Legged and gait-assistance robots can walk more efficiently if their actuators are compli-
ant. The adjustable compliance of variable-stiffness actuators (VSAs) can enhance this
benefit. However, this functionality requires additional mechanical components making
VSAs impractical for some uses due to increased weight, volume, and cost. VSAs would
be more practical if they could modulate the stiffness of their springs without additional
components, which usually include moving parts and an additional motor. Therefore,
we designed a VSA that uses dielectric elastomer transducers (DETs) for springs. It does
not need mechanical stiffness-adjusting components because DETs soften due to electro-
static forces. This paper presents details and performance of our design. Our DET VSA
demonstrated independent modulation of its equilibrium position and stiffness. Our de-
sign approach could make it practical to obtain the benefits of variable-stiffness actuation
with less weight, volume, and cost than normally accompanies them, once weaknesses
of DET technology are addressed.

3.1 Introduction

Compliant actuation can benefit many robots, especially if the compliance is adjustable.
In particular, legged and gait-assistance robots can walk more efficiently with compliant
actuators.>®5%2 Adjusting their actuator compliance® could help them adapt to variations
in gait speed and type.®* However, the additional mechanical components that a variable-
stiffness mechanism adds to an actuator makes VSAs impractical for some uses.® These
components increase the vSA’s weight, volume, and cost compared to rigid actuators and
fixed-stiffness series elastic actuators.? In this work, we show how to accomplish vsA func-
tionality without the mechanical complexity that vSAs normally entail by using DETs as
the core of a VSA’s variable-stiffness mechanism.

Two recent VSAs are examples of the mechanical complexity of state-of-the-art vsA
design. First, the ARES-XL* is designed for use in a gait-assistance exoskeleton for reha-

bilitation. Its variable-stiffness mechanism has four major component motions when it

The material in this chapter is adapted from a previous publication:
Allen, D.P.,; Bolivar, E.; Farmer, S.; Voit, W.; Gregg, R.D. Mechanical Simplification of Variable-Stiffness
Actuators Using Dielectric Elastomer Transducers. Actuators 2019, 8, 44.
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is deflected: two rotations and two sliding contacts. Second, a recent version of the MAC-
CEPA has been used in a gait rehabilitation exoskeleton.® This actuator also has four ma-
jor component motions in its variable-stiffness mechanism: two rotations, a chain bend-
ing, and a sliding contact. The stiffness-adjusting motors and other moving components
of these two VSAs add considerably to their size and weight. Though other VSAs use a vari-
ety of variable-stiffness mechanisms,®®¢’ similar observations could be made about their
mechanical complexity.

Low power stiffness modulation was achieved without the complexity of vSAs by a
positive-negative-stiffness actuator®® and an electroadhesive clutch and spring mecha-
nism,® but they did not have all the functionality of a VSA. The positive-negative-stiffness
actuator needed only one motor to control its position and inherent stiffness, making it
simpler than state-of-the-art VSAs. In experiments, it consumed 3 W while modulating
its stiffness under load. However, this actuator relied on the bifurcation of its mecha-
nism’s behavior to switch between stiffness and position control, so it could not control its
equilibrium position and stiffness independently. The electroadhesive clutch and spring
mechanism® increased its stiffness by a factor of 36 and consumed an average of 0.6 mW
during operation in an ankle exoskeleton. However, the nature of this device limits it to
a set of discrete stiffness values rather than the continuous range of values exhibited by
state-of-the-art VSAs, and it cannot modulate its equilibrium position without an exter-
nal load. Both devices could be useful in robotic applications, but they cannot substitute
generally for a full-featured VSA.

DETSs are softening polymer devices that have been used to make compliant actuators,
but not a fully functioning VSA before this work. Prior DET compliant actuators can con-
trol their equilibrium position (the output position when no load is applied) and inher-
ent stiffness, but not independently and simultaneously. DET diaphragm modules, devel-
oped for variable-stiffness suspensions, can vary their stiffness but not their equilibrium
position.*®”%! Coupling one or more diaphragm modules with a biasing mechanism™* re-
sults in a dielectric elastomer actuator that has one degree of freedom. Such an actuator
changes both its stiffness and equilibrium position, but these two changes are coupled.
Using a second DET diaphragm module as the biasing mechanism’>” adds a second de-
gree of freedom, but only partially decouples the control of stiffness and equilibrium posi-
tion. A DET orthosis?® can vary its stiffness and equilibrium independently, but it does so
by using closed-loop control rather than modulating its inherent stiffness. A prior DET VSA
design by some of the authors* sought independent control of stiffness and equilibrium
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position, but it never achieved stiffness modulation because its DETs were impractical to
manufacture reliably.

Our new DET VSA can control its equilibrium position and inherent stiffness indepen-
dently and simultaneously without the mechanical complexity of state-of-the-art vsas.
As explained in § 3.2, our use of cone-diaphragm DETs in a VSA addresses two design
challenges: 1) the shift of VSA equilibrium position when the DETs change stiffness, and
2) the need to maintain tension in the DETSs’ elastomer films. Our design approach also
presents a means to use DETs with greater forces and displacements than they can gen-
erate themselves. The mechanical model reviewed in § 3.3 is used to derive analytical
formulas that can be used to determine how the dimensions of a DET module affect its
uncharged stiffness, voltage-induced stiffness change, and maximum displacement. The
electrical model also reviewed in that section explains the sources of electrical energy
losses in DETs. Experimental results discussed in § 3.4 confirm the feasibility of our de-
sign approach, which uses DETs with larger forces than typically present in prior works.
Specifically, the results cover our actuator’s stiffness change magnitude and speed, vis-
coelasticity at varying speeds, and electrical power requirements for stiffness change.
The experimental methods used to investigate our DET VSA’s functionality are given in
appendix 3.A.

3.2 Design

The design of our DET VSA achieves variable-stiffness actuation without the mechanical
complexity of state-of-the-art VSAs because it does not need auxiliary mechanical compo-
nents to modulate the inherent stiffness of its elastic components. As this section explains,
such stiffness modulation is possible because DETs soften due to electrostatic forces. To
implement DET stiffness modulation, the design must account for the equilibrium point
shift of DETs and the inability of elastomer films to support tension. It does so by using
cone-diaphragm DET modules, which do not change equilibrium point, and which keep
their elastomer films tensioned regardless of the load direction. The design achieves inde-
pendent control of stiffness and equilibrium position because it uses an electric motor to
control the vsA’s equilibrium position and DETs to control the vsA’s stiffness. This arrange-
ment results in a variable-stiffness mechanism that has only one component motion, no
rolling or sliding components, and no stiffness-adjusting motor.

DETSs soften due to electrostatic forces. Essentially, a DET is a thin film of dielectric
elastomer coated on its top and bottom faces with stretchable electrodes*®” (Figure 3.1).
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Figure 3.1: Working principle of a dielectric elastomer transducer (DET). A DET, consist-
ing of a thin film of dielectric elastomer coated with stretchable electrodes, softens when
a constant voltage V is applied across its electrodes due to electrostatic forces that tend to
expand it in area and compress it in thickness.

A constant voltage V applied across the electrodes decreases the stiffness of the DET in
proportion to the square of the voltage.*®* This softening occurs because the voltage
causes the DET to store charges like a parallel-plate capacitor, and these charges exert
electrostatic forces on the elastomer film that tend to expand it in area and compress it in
thickness. As the DET expands and thins, its capacitance increases. If it is also subject to a
constant voltage during expansion, more charge flows onto its electrodes strengthening
the electrostatic forces. Thus, the constant-voltage electrostatic forces act as a negative-
stiffness mechanism that counteracts the elastomer’s elastic restoring forces, making the
DET softer. When no voltage is applied, the DET defaults to a (relatively) stiff state.

The nature of DETs poses two challenges for the design of a DET variable-stiffness
mechanism. First, the electrostatic forces that soften DETs cause some types of DETS to
expand when charged. This expansion could cause the equilibrium position of a variable-
stiffness mechanism to change when its stiffness changes, which is typically undesirable.
Second, an elastomer film typically cannot support compression in its planar directions.
This characteristic complicates the design of variable-stiffness mechanisms that must
support compression and tension.

The cone-diaphragm DET configuration used in our VSA design (and some previous
variable-stiffness devices*®’%"!) addresses these challenges. In this configuration, a pre-
stretched, adhesive elastomer (VHB 4910) connects center disks to an outer frame (Fig-
ure 3.2). The elastomer is coated on its top and bottom faces with conductive graphite
powder, which forms the electrodes of the DET. Polyimide film reinforces the elastomer
against the electric field and mechanical stress concentrations that occur at the edges of
the electrodes. During operation, the center disks displace out of plane, like the motion
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Figure 3.2: Cone diaphragm DET configuration. The DETs used in this work were cone di-
aphragm modules as depicted in photograph on the right. When a module’s center disk is
displaced, the elastomer film deforms into the curved cone shape depicted by the dashed
lines in the left diagram. For modeling purposes, the deformed shape is approximated as
a straight sided cone depicted by the solid outline in the left diagram.

of the center of a speaker cone, stretching the elastomer. The out-of-plane motion decou-
ples the DET’s equilibrium position from its stiffness. Additionally, it enables the DET to
support bidirectional loads because a displacement in either direction tensions the elas-
tomer film. Pairing other DET configurations together in an antagonistic pair as in our
previous work* and other works™ is another solution to these challenges. However, this
solution requires additional design work to ensure that the antagonistic DETs remain in
tension throughout the mechanism’s range of motion.

Our DET VSA (Figure 3.3) achieves independent and simultaneous control of stiffness
and equilibrium position, like other VSAs, and is a linear actuator to fit the linear motion
of DETs. A direct drive ball screw converts the rotation of the motor (Maxon EC45 flat,
70 W) into linear motion and connects the motor to the variable-stiffness mechanism. In
this arrangement, the motor sets the equilibrium position of the VSA and supplies the
force to maintain that position. The variable-stiffness mechanism controls the actuator’s
stiffness and transmits the force to the load. The variable-stiffness mechanism consists
of a stack of 30 cone-diaphragm DET modules, capped on the ends by two insulating cone-
diaphragm modules. The modules’ center disks are connected to the VSA’s ball screw, and
the module frames are connected to the actuator’s output as shown in Figure 3.3. Thus,
the DET modules add their force together when stretched, so the force and stiffness of the
VSA are linearly proportional to the number of modules installed in the variable-stiffness
mechanism. Electrically, the DET modules are connected in parallel, so they all charge
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Figure 3.3: Our DET variable-stiffness actuator (vVSA). This actuator has only one compo-
nent motion in its variable-stiffness mechanism: the relative translation of the DET mod-
ules’ center disks and outer frames. The modules’ center disks are connected to the input
components (blue), which are driven by the vSA’s motor and ball screw (yellow). The mod-
ules’ outer frames are connected to the actuator’s load by the output components (orange).
Both the input and output components are constrained to linear motion by the linear-
bearing guide-rod system. The variable-stiffness mechanism consists of thirty-two DET
modules (thirty active, and two insulating) though the diagram shows only ten for clar-
ity. The variable-stiffness mechanism softens when the DET modules are charged with
constant voltage.
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Table 3.1: Dimensions of our DET VSA and its DET modules

VSA

Max. length 450 mm
Output position travel 90 mm
Eq. position travel 42 mm
Width 134 mm
Height 108 mm
Mass 880g

DET module

To 41.3mm
Ti 12.7mm
Vymax S€e§3.4.6
20 63 um

and discharge together. A linear-bearing guide-rod system serves as the backbone of the
actuator maintaining its components in alignment. The dimensions of our DET VSA are
given in Table 3.1.

The use of DETs makes the variable-stiffness mechanism mechanically simpler than
those of other vsAs. The DET variable-stiffness mechanism has merely one major com-
ponent motion: linear displacement of the center disks that stretches the DET modules.
In contrast, the VSA variable-stiffness mechanisms mentioned in § 3.1**% have four com-
ponent motions. Rather than the variety of components in prior variable-stiffness mech-
anisms, our design has only one type of component: the DET modules, the number of
which can be selected to fit the force and stiffness needs of the application. Because the
variable-stiffness mechanism has no rolling or sliding components, it does not need any
bearings or bushings, simplifying maintenance. Finally, the VSA does not need an addi-
tional motor to control its stiffness, as many others do, because its stiffness is controlled
by a voltage input.

The hybrid combination of an electric motor and a DET variable-stiffness mechanism
simplifies our VSA’s control scheme and benefits from the strengths of each transducer.
Because this approach restricts each transducer to one task: the motor to equilibrium po-

sition modulation and the DETs to stiffness modulation, it fundamentally decouples the
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two functions simplifying the VSA’s control scheme. In this arrangement, the two trans-
ducers complement each other. The motor readily generates large forces and motions
and can be operated with simple position control methods. The DETs provide elasticity
and stiffness modulation with a simple voltage input, while operating with higher forces
and strokes than they could produce as prime movers themselves.

Because the DET modules soften when charged with a constant voltage, the DET VSA
is stiffest by default, which could be advantageous for robotic prostheses and orthoses.
Robotic prostheses and orthoses for legs should default to stiff settings when they lose
power to maintain support for their wearer. They may also need to maintain stiff settings
for long periods when their wearer is standing still, which could be energetically costly
for a VSA that requires energy to remain stiff. VSAs that do not require power to maintain
stiffness”™’® could also be efficient in this application.

3.3 Modeling of variable-stiffness module

This section first reviews a DET electrical model and a cone-diaphragm mechanical model
from other works.*>””78 It uses the electrical model to give insight into the causes of elec-
trical energy storage and losses in DETs that will be used to interpret the results in § 3.4.
It then uses the mechanical model to derive the effects of module dimensions on a mod-
ule’s uncharged stiffness, voltage-induced stiffness change, and maximum displacement.
Knowledge of these effects will be useful for adapting our DET VSA’s performance to spe-
cific applications.

3.3.1 Electrical

An electrical circuit consisting of a capacitance C with a series resistance R and parallel
resistance R,*>”” (Figure 3.4) is a model for the electrical energy stored and dissipated in a
DET. Because a DET consists of a pair of electrodes separated by a dielectric, it capacitively
stores electrical energy U, according to

1
U= §CV§ET; (3.1)

where Vyi; is the voltage on the DET capacitance. The series resistance represents the
electrical resistance of the DET’s electrodes, which dissipates energy through Joule heat-
ing. The energy dissipated during charging or discharging is proportional to the charge
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Figure 3.4: Electrical model of a DET. The electrical behavior of a DET is modeled in this
work by a capacitance C that represents the charge storage of the DET that changes as
the DET deforms, with a series resistance R that represents the resistance in the DET’s
electrodes, and a parallel resistance R, that represents the current leakage path through
the dielectric elastomer. Schematic redrawn and modified from reference [33].

rate and series resistance value.” The parallel resistance represents the pathway for leak-
age current through the dielectric membrane. This current dissipates power P through
Joule heating in the dielectric according to

V]%ET

P=
R,

(3.2)
As the DET is displaced, its electrode area and membrane thickness change causing its
capacitance and parallel resistance to change. The series resistance also changes as the
DET deforms, but this change is typically negligible being much smaller than the changes
in capacitance and parallel resistance.®

3.3.2 Mechanical

Displacement of the variable-stiffness mechanism deforms the membrane of an individ-
ual DET module into a curved-cone shape that is reasonably approximated as a straight-
sided truncated cone (Figure 3.2).”%’® In this model, when the variable-stiffness mech-
anism is displaced by y, the membrane takes the shape of a truncated cone with slant
height [ and thickness z. When undeformed, the membrane is shaped like an annulus
with outer and inner radii r, and r; and thickness z,, and the slant height [ reduces to
ly = 1o - r;. The radial-direction stretch A,, obtained using the Pythagorean theorem, is

l 2
M= App = Aoy 14 <%> , (3.3)

where A, is the prestretch of the membrane.*>’® The truncated-cone model implies that
the circumferential-direction stretch A. is equal to the constant prestretch A, and that the
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membrane’s radial stretch and thickness are homogeneous. In reality, the membrane’s
stretches and thickness are inhomogeneous as shown by more accurate analyses using
numerical solutions of coupled nonlinear differential and algebraic equations®® and finite
element analysis.”®”! However, we chose to use the truncated-cone model because it sim-
plifies the derivation of the effects of module dimensions given in § 3.3.3 and predicts
module behavior with a useful level of accuracy’® without the computational burden of
the more accurate methods.

The net force exerted by a DET module Fyg; is caused by the radial-direction stress o, in
the module’s membrane. With the assumption that the membrane has constant volume,
the relation between DET force and material stress is

Fper = 0x1i(ly + 211) 1920 (34)

Io+ y?

as seen from references.?®’8 The material stress is the sum of hyperelastic, electrical, and
viscoelastic stresses. For a DET with constant volume, constant permittivity, and a single
mechanical degree of freedom oriented perpendicular to the electric field, material stress
in the actuation direction is given by

0n
Oy = )\rﬁ - €0€ E2 + Z k -1- E, +nn+1}\r; (35)
H/—r/ electrlcal N _
hyperelastic RS

viscoelastic

where 1y, is a hyperelastic energy density function, €, is the permittivity of free space,
€, is the dielectric elastomer’s relative permittivity, E is the electric field applied across
the dielectric elastomer, 1; are damping coefficients, k; are spring stiffnesses, and &; are
damper strains, with &,,; = A, - 1.3* Though a cone diaphragm displaces out of plane, this
model is applicable because the cone diaphragm’s material stretch is perpendicular to the
electric field applied across its membrane.

3.3.3 Effect of module dimensions

This subsection discusses the effect of module dimensions (r, and r;) on a cone-
diaphragm module’s uncharged stiffness, voltage-induced stiffness change, and max-
imum displacement.

This work defines the stiffness of a DET module to be F/y rather than the standard
definition 9Fws/o y because this definition captures the change in force at a given displace-
ment caused by the adjustment of a variable-stiffness mechanism. Accordingly, in this
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work, stiffness means

AFpgr _ FDET(y) - FDET(J/ =0) _ Foer

Ay y-0 y
This metric can be understood as a linear approximation of the net effect of nonlinear

(3.6)

behavior over a finite region.
The effect of module dimensions on a cone-diaphragm’s stiffness can be calculated by
combining Equations (3.4) and (3.5) to get

Foer 1 all)h 2 Y
= = (A2t - eoe B |l + 27) o Zo=— |,
y yK oA, )ﬂ(o Wz

where the effects of viscoelasticity have been neglected. Proceeding further requires

(3.7)

a choice for the strain-energy density function 1. Let 1y be the Neo-Hookean strain-
energy density function for simplicity. Simplified for a constant volume cone-diaphragm
DET, this function is
u i
Py = 5 (AZHAZ+ (AAp) 2 - 3). (3.8)

Substituting Equation (3.8) into Equation (3.7) and simplifying yields the DET module’s
stiffness:

Fpgr _ (Lo + 211) 20 wl A2+ lg - €o€rVipr . (3.9)

y lo P A3 (l§ + y2>2 Zj
A similar expression can be derived using the standard definition of stiffness 2Foer/ay. Ac-
cordingly, the module’s uncharged stiffness (when Vg = 0) varies with its dimensions as
shown in Table 3.2.
The effect of module dimensions on a cone-diaphragm’s voltage-induced stiffness

change can be determined from Equation (3.9) as

N = - —+1 3.10
oV Yy 20 ( lo )) ( )

where electrical dynamics are neglected by assuming Vyzr = V and viscoelasticity is ne-
glected by setting k; = 0 and n,; = 0. According to this equation, the voltage-induced
stiffness change varies with r, and r; as reported in Table 3.2.

The effect of module dimensions on a cone diaphragm’s maximum displacement can
be calculated by substituting the maximum stretch for the membrane material A yax into
Equation (3.3) and solving for y:

7\r, Max ?
YMax — lo }\— - 1. (3.11)
p
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Table 3.2: How module dimensions affect the performance of cone diaphragm modules

Uncharged Voltage-Induced Maximum
Constant Increasing Stiffness Stiffness Change Displacement
Case 1 lo r; increases increases is constant
Case 2 r; o undetermined decreases increases
Case 3 o r; undetermined increases decreases

According to this equation, the maximum displacement of a cone-diaphragm module
varies with r, and r; as reported in Table 3.2.

3.4 Results and discussion

This section reports the functionality of our DET VSA: its independent and simultaneous
modulation of stiffness and equilibrium position, and the magnitude and speed of its stiff-
ness change. Then, it reports on characteristics of the variable-stiffness mechanism rele-
vant to determining its efficiency: its viscoelasticity and the electrical energy and power
required to change its stiffness. Finally, the section discusses the maximum displacement
achievable by the variable-stiffness mechanism, and potential solutions for weaknesses
of DET technology. Details of the test procedures are given in appendix 3.A.

3.4.1 Modulation of stiffness and equilibrium position

A force-displacement plot of a VSA’s behavior can show the coupling between a VSA’s stift-
ness and equilibrium position. A suitable plot is generated by fixing a VSA’s equilibrium
position, perturbing the VSA’s output point with a range of stiffness settings, and repeat-
ing these steps for additional equilibrium positions. The stiffnesses of the VSA appear in
this plot as the slopes of the curves generated with the equilibrium position fixed, and
the equilibrium positions appear as displacement values where force is zero. If the vSA’s
stiffness and equilibrium position are coupled, then the VSA cannot display a full range
of stiffnesses at all equilibrium positions.

Our DET VSA can modulate its stiffness and equilibrium position independently. A
force-displacement plot generated by our DET VSA (Figure 3.5) has a pair of stiffer and
softer curves that originate from equilibrium position 1 at 0 mm. The stiffer curve was
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Figure 3.5: Our DET VSA can independently modulate its stiffness and equilibrium posi-
tion as seen in this plot of the load applied to the DET VSA and its output point displace-
ment. It has the same range of stiffnesses after the actuation motor shifted the equilib-
rium position from equilibrium position 1 to equilibrium position 2.

generated with our VSA’s variable-stiffness mechanism discharged, and the softer curve
with the mechanism charged to 5.0 kV. These curves show that the VSA can modulate its
stiffness. The VSA can also have intermediate stiffness values, as discussed in § 3.4.2. Our
VSA’s force-displacement plot has a range of zero-force points between equilibrium posi-
tions 1 and 2 that was generated by using the actuation motor to shift the vsA’s equilibrium
position. This feature shows that the VSA can control its equilibrium position. Finally, the
signature has another pair of stiff and soft force-displacement trajectories that originate
from equilibrium position 2. These curves are identical to those originating from equilib-
rium position 1, so the plot shows that the VSA can reach its full range of stiffnesses across
its range of equilibrium positions.

3.4.2 Stiffness change magnitude

We calculated the stiffness change from force-displacement data from tensile tests (Fig-
ure 3.6). In these tests, a testbed displaced the VSA’s output point while the VSA’s actuation
motor maintained a constant equilibrium position for three compression-tension cycles.
In keeping with our definition of stiffness in § 3.3.3, stiffness was calculated as F/y for [5,
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Figure 3.6: The vsA’s variable-stiffness mechanism softens when charged with a constant
voltage, as seen in these tensile test results with a displacement rate of 1 mmy/s. The loops
progress in a clockwise direction. The light gray curves are data from the other voltage
levels given for context.
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Figure 3.7: Our DET VSA softened approximately quadratically with the applied voltage
up to 53%. These values were calculated from the rising tension portion of the third
cycles of the trajectories shown in Figure 3.6 by dividing the force at [5, 15, 25] mm by
the corresponding displacement. Because the DET stiffness is quadratically dependent
on voltage, quadratic fits using only a quadratic term and a constant term equal to the
initial point are plotted for comparison with the experimental data.
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15, 25] mm. The corresponding stiffness changes in Figure 3.7 were determined from the
rising tension portion of the third cycle.

As the voltage on the DET modules increased, our DET VSA softened approximately
quadratically up to 53 % (Figure 3.7). Quadratic fits (using only a quadratic term and a
constant term equal to the initial point) are plotted for comparison with the experimen-
tal data because the DET stiffness is quadratically dependent on voltage (Equation (3.9)).
Though we only report data at discrete voltage levels, the VSA can have a continuous range
of stiffness levels because the stiffness change is controlled by voltage input, which can
have a continuous range of values.

The 53 % stiffness reduction of our DET is not a fundamental limit of the design, and
greater stiffness changes are possible. Because the stiffness change increases dramati-
cally with the DET voltage, even a slightly higher voltage can noticeably increase the stiff-
ness change. While the elastomer in our DET modules (VHB 4910 with a 400 % biaxial
prestretch) can sustain 15KkV when the energized region is small,®! under more relevant
test conditions its breakdown voltage is about 6 kV.%? In the development of our DET VSA,
we tested many prototype DET modules at 6 kV, and these tests yielded greater stiffness re-
ductions than those at 5kV. DET diaphragm modules with different proportions and 385 %
biaxial prestretch have displayed zero stiffness (100 % reduction) for small displacements
when charged with 6.25kV.%®

3.4.3 Stiffness change speed

To measure how fast the VSA could change stiffness, the variable-stiffness mechanism
was charged to 5kV with displacements of [5, 15, 25] mm. The DET modules used in
the variable-stiffness mechanism can charge rapidly because they are capacitors, but the
high-voltage power supply used in this work could not supply enough current to charge
all of them simultaneously at their maximum rate. Accordingly, when testing to see how
rapidly the VSA could soften, only three DET modules were installed on the VSA. Stiffness
was calculated as force divided by displacement consistent with the definition in § 3.3.3.
This method is also consistent with that used to measure the speed of stiffness change in
reference.®®

The vsA’s stiffness change can be rapid (within 50 ms), because it is limited primar-
ily by charge rate, but it is also limited by a slow-decay mechanism. During testing, the
VsA’s stiffness dropped rapidly and then decayed slowly (Figure 3.8). The rapid drop corre-
sponds to the period when the DETs were charging (0 ms to 40 ms), so the power supply’s
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Figure 3.8: The DET VSA changed stiffness rapidly while charging to 5kV with only three
DET modules installed and the variable-stiffness mechanism’s displacement fixed at [5, 15,
25] mm.

performance limits the stiffness change during this period. The slow decay was short
for 5mm displacement, so that the stiffness changed within 50 ms. In another work,>®
a smaller cone-diaphragm module softened in 12 ms when charged with a power supply
with a faster voltage change rate than that of our power supply (DCH3320P1, High Voltage
Power Solutions).

The slow decay that follows the rapid drop does not appear to be caused directly by
electrostatic forces because the voltage is steady during the slow decay period. We sug-
gest that the slow decay may be caused by viscoelastic relaxation within the membrane.
The application of voltage to a module’s electrodes may cause its elastomer membrane’s
deformed shape to become more curved and reduce the force exerted by the module. The
deviation between the actual curved-cone shape of a displaced cone-diaphragm module
and the straight-sided cone approximation increases with displacement y, so this effect
should be more prominent for larger displacements. Furthermore, this voltage-induced
curvature would likely be damped by the viscoelasticity of the elastomer membranes, re-
sulting in the slow decay of stiffness seen in the stiffness-change speed tests (Figure 3.8).

3.4.4 Viscoelasticity

The viscoelastic behavior of the DET modules had a significant influence on the DET VSA’s
force and stiffness (Figure 3.9). Tensile tests with greater displacement rates yielded
greater forces and more hysteresis. The viscoelasticity of the dielectric elastomer used in
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Figure 3.9: The viscoelasticity of the DET modules caused them to exert more force and
have more hysteresis when the variable-stiffness mechanism was displaced more rapidly.
The force-displacement trajectories settled towards a steady-state response producing
peak forces of less magnitude on each subsequent cycle. The loops progress in a clock-
wise direction, so the hysteresis is dissipative.
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Figure 3.10: Our DET VSA absorbed more and returned less mechanical energy at faster dis-
placement rates. Thus, it dissipated more mechanical energy at faster displacement rates.
These values were calculated by integrating the third tension cycle of the 0kV curves in
Figure 3.9.
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Figure 3.11: Much of the electrical energy used to charge the DET modules was stored
in the modules and could be recovered to increase the efficiency of stiffness changing.
These values are the energy used to change stiffness during relaxation tests. The stored
energy values calculated from Equation (3.1) are marked with hollow markers connected
by dashed lines, and experimental values are shown with circular markers connected by
solid lines.

the DET modules explains these two effects because viscosity damps motion.® Viscoelas-
ticity also caused forces to be highest on the first cycle and to be lower on subsequent
cycles as the DETs settled into a steady-state response. This effect is most obvious for the
100 mm/s trials, but it occurred for all measured data. The viscoelastic hysteresis was
quantified by integrating the third tension cycle of the 0kV curves in Figure 3.9, yielding
the mechanical energy absorbed and returned by the variable-stiffness mechanism
(Figure 3.10). The difference between the energy absorbed and returned is the energy

dissipated by viscoelasticity.

3.4.5 Electrical power requirements for stiffness change

Most of the electrical energy used to change stiffness is stored in the DET modules, and
much of this stored energy could be recovered with appropriate circuitry. We measured
the energy used to change stiffness by integrating the electrical power supplied to the
variable-stiffness mechanism during relaxation tests, wherein the VSA was held at a
constant displacement while its variable-stiffness mechanism was charged. The energy
stored in the DET modules during the relaxation tests according to Equation (3.1) isonly a
little less than the experimentally measured energy used to change stiffness (Figure 3.11)

and could potentially be recovered.
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Figure 3.12: Current leakage through the dielectric causes our DET VSA to draw continuous
electrical power while holding reduced stiffness as determined from measurements of
the leakage current through five DET modules connected in parallel. The leakage power
we measured was not consistent with the power dissipated through a constant resistance
value (shown by the gray curves). The leakage power decreased over time while the DETs
were held at constant voltage.

Our DET VSA requires continuous electrical power to hold a reduced stiffness due to
current leakage through the dielectric. To determine the amount of power required, we
measured the leakage current through five DET modules connected in parallel for 6 min
and multiplied the measurement by the supply voltage (Figure 3.12). The current de-
creased with time, and the leakage power at 3 min was [0.06, 1.33, 5.15] mW for [2, 4, 5] kV.
Using these power and voltage values in Equation (3.2) to calculate the leakage resistance
yields [67, 12, 5] GQ. The theoretical power consumption by constant resistances of these
values according to Equation (3.2) are plotted in Figure 3.12 to make it clear that the leak-
age power of the DETs is not well represented by a constant resistance. This behavior can
be explained by the decrease of VHB 4910’s volume resistivity under high electric fields.?*
The change in leakage current over time can be explained by the process of dielectric
absorption.®

3.4.6 Maximum displacement of variable-stiffness mechanism

In the experiments in this work, displacements of the variable-stiffness mechanism were
limited to 25 mm to avoid failure, but previous work and our experience indicate that
greater displacement is possible. The state of stress in a cone-diaphragm DET is similar
to that in a “pure shear” DET.”® Such a DET made with VHB 4905 has been actuated to
a state of 700 % x 400 % stretch.® In a uniaxial tensile test, a strip of VHB 4910 endured
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over 1200 % stretch before breaking, but in relaxation tests, strips of VHB 4910 broke while
being held at 700 % stretch.®” Therefore, it is reasonable to assume a failure stretch of
700 % for VHB 4910. Substituting A; max = 700 % into Equation (3.11) yields a maximum
displacement for the variable-stiffness mechanism y,;,, = 4lmm. This calculation fits
with our observations that 42.3 mm to 61.6 mm was the range of failure displacements for
prototype cone-diaphragm modules with the same dimensions as those used in this work.

3.4.7 Discussion of solutions for DET weaknesses

Other research discussed in this section has reported potential solutions for the weak-
nesses of DET technology: poor reliability, viscosity, and the need for high voltages.

The biggest challenge in this work was achieving reliable operation of the DET mod-
ules. Several modules initially worked well, but later failed with less than a thousand mo-
tion cycles after being stored for about two months. Reliability can be improved through
proper choice of electrode formulation, operating in a dry environment (<5 % relative
humidity), or operating at low electric fields.®® Some DETs have operated for millions of
cycles.®® Cone diaphragms in particular have achieved tens of thousands of cycles before
failure.®

Some applications may benefit from the viscous damping of the DET modules,?** but
it hampers their ability to return stored energy, and it makes precise force control more
challenging. The viscoelastic behavior in our DETs could be greatly reduced by using sili-
cone for their dielectric elastomer®>®! because silicones typically have much less viscosity
than the acrylic elastomer used in this work. Because of their reduced viscosity, silicones

have a greater response bandwidth than acrylics,’®*!

so they could yield faster stiffness
changes than demonstrated here, especially for larger elongations. Silicones typically
have a smaller stretch capacity than VHB 4910, but the actuation stretch (*+,) of cone di-
aphragms (33 % in this work) is achievable for silicones because they need less prestretch
than VHB 4910 (merely 20 % prestretch was used in reference’).

Our DET VSA’s stiffness change is smaller than that of state-of-the-art VSaAs,” but it
could be increased by changing the elastomer used in its DET modules. An elastomer
with greater relative permittivity could generate a larger stiffness reduction as seen from
Equation (3.9). This possibility and others have been extensively researched.?*

The high voltages that DET modules require can be difficult to supply in mobile appli-

cations. However, small (<2 cm®) DC-DC power converters are commercially available,®?
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and researchers are developing power supplies optimized for DETs.”>?? The stiffness vari-
ation of a DET is governed by the electric field across it, so DETs with thinner dielectric
elastomers can operate at lower voltages. The acrylic material used in this work is also
available in half of the thickness that we used (VHB 4905 from 3M), so these devices could
be easily redesigned to operate at half of the voltage they use now, though twice as many
of them would be required for a given stiffness. Other work has demonstrated DET oper-
ation at as low as 300 V with a thinner elastomer.’* These advancements are paving the
way to practical and higher-performance DET devices.

3.5 Conclusions

The DET VSA achieved VSA functionality by using a hybrid actuation architecture: an elec-
tric motor modulates the actuator’s equilibrium position, and the DET variable-stiffness
mechanism modulates the actuator’s stiffness. Such decoupled modulation is common in
state-of-the-art vSAs but has not been demonstrated with DETs before. This resulting ac-
tuator has merely a single component motion in its variable-stiffness mechanism, giving
it a mechanical complexity similar to that of series elastic actuators. This simplicity could
make it practical to obtain the benefits of variable-stiffness actuation without the weight,
volume, and cost that normally accompany them, once weaknesses of DET technology are
addressed.

3.A Materials and Methods

3.A.1 DET materials

Because the purpose of this project was to demonstrate an application of DET technology
rather than improve it, we used DET materials that simplified manufacturing rather than
those that might provide maximum performance. The dielectric elastomer was VHB 4910,
an acrylic elastomer that is sold commercially by 3M as a double-sided adhesive tape.
VHB 4910 is 1 mm thick, but we stretch it by hand to 400 % biaxial stretch during con-
struction, which thins it to about 63 um making it more responsive to lower voltages. The
electrode material was graphite nanopowder (US Research Nanomaterials # US1058), and
it was applied by hand with a sponge applicator. Strips of conductive fabric (Less EMF
Stretch Conductive Fabric, # A321) were used to make electrical contact with the graphite
electrodes. The module frames and center disks were 3D printed from Stratasys ABS-M30
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Figure 3.13: The custom universal testing machine (UTM) used for testing is depicted here
with the DET VSA connected and the 200 N load cell installed.

on a Stratasys Fortus 400mc 3D printer. The reinforcement material was 76.2 ym (3 mil)
thick polyimide adhesive tape, cut to shape with a laser cutter, and applied to the frames
and center disks by hand. It extended 2.54 mm (0.1 in.) from the frame into the electrode
region. The materials used to make a single module cost less than $5.

3.A.2 Testbed

We used a custom-built universal testing machine (UTM) (depicted in Figure 3.13) to
demonstrate and quantify our VSA’s capabilities. Its frame is made from aluminum T-slot
tubing. This test bed has a linear actuator (Thomson PC32LX powered by Magmotor
BF34-200) which we refer to as the load actuator, that is connected to the output point
of our VsA through a load cell (Interface Force SM2000). During experiments, the load
actuator displaced the VSA’s output point, and the load cell measured the force output of
the vsa.

The testbed’s microcomputer (National Instruments myRIO 1900) controls the UTM
and the DET VsA, and records sensor data. The myRIO communicates with two motor
controllers (Maxon EPOS2 70/10) with the CAN protocol and these motor controllers con-
trol the UTM motor and the VSA motor. Using analog signals, the myRIO controls the
high-voltage power supply (DCH3320P1, Dean Technology) that powers the VSA’s variable-
stiffness mechanism. Since the UTM was rigidly connected to the VSA’s output point, the
position of this point was measured with the encoder on the UTM motor. The load cell
signal passed through a signal conditioner (DMA2, Interface) and was then read by the
myRIO through an analog input. The myRIO recorded the analog signal for the output
voltage and current of the high-voltage power supply. During the tensile and VSA signa-
ture tests, the sample frequency for all measurements was 50 Hz. During the relaxation
and stiffness changing speed tests, the analog signals were sampled at 2 kHz. During post
processing, all signal data was filtered with a low-pass filter with a 40 Hz cutoff. All testing
was performed at ambient temperature and humidity.
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3.A.3 Test procedures

The tensile tests resembled cyclic tensile tests, which are used to determine stress-strain
behavior of material samples. In these tests, the UTM cyclically compressed the DET VSA
25 mm, stretched it 25 mm, and returned it to its equilibrium length three times, while the
DET VSA’s motor fixed the VSA’s equilibrium position at zero. The motion was performed
at constant speeds of [1, 10, 100] mm/s and paused at the extreme points for [20, 2, 0.2] s
for the speeds, respectively.

Our DET VSA’s ability to independently modulate its stiffness and equilibrium position
was tested with a modified tensile test. In this test, the motion cycles traversed 15mm
of compression and tension instead of 25 mm to keep the overall motion within the vsA’s
travel limits. The cycles were conducted at 10 mm/s with 1.2 s of dwell time at each ex-
treme position. The first cycle was performed with the DET modules discharged, then the
motion paused while the modules were charged to 5.0kV, and then a second cycle was
performed. The modules were discharged and the VSA’s motor shifted the vSA’s equilib-
rium 30 mm from equilibrium position 1 to equilibrium position 2 while the UTM kept the
variable-stiffness mechanism unstretched. Finally, another pair of motion cycles like the
first were performed.

We used the relaxation tests, so called because they resemble relaxation studies for vis-
coelastic materials,” to determine the amount of energy required to soften the variable-
stiffness mechanism. In these tests, the VSA’s motor was commanded to maintain the
equilibrium position at zero, and the UTM held the output at a fixed position. Then, the
high-voltage power supply charged the DET modules causing the variable-stiffness mech-
anism to soften, while the output current and voltage of the high-voltage power supply
were recorded. The power supply maintained the charge for 10s, which allowed the DET
modules to charge fully. The input power for the variable-stiffness mechanism was calcu-
lated as the product of the high-voltage power supply’s output voltage and current. The
energy required to soften the variable-stiffness mechanism was the integral of its input
power from the start of the experiment until the input power dropped to its steady-state
level. Trials were performed with combinations of [5, 15, 25] mm of stretch, and [2, 4,
5] kV of voltage. To keep the output current of the high-voltage power supply to less than
5mA and not exceed its capabilities, the voltage on the DET modules was ramped for a
period of 0.25s for the [2 and 4] kV trials and 0.5 s for the 5.0 kV trials before being held
steady.
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Because the high-voltage power supply’s current capability limited the charging speed
during the relaxation tests, an additional set of relaxation tests were performed to demon-
strate how fast our DET VSA could soften. In these tests, only three DET modules were
installed in the variable-stiffness mechanism, without the insulating modules that would
dilute the stiffness change. The 2 kN load cell was replaced with a 200 N load cell (SM200,
Interface) to increase measurement sensitivity. The variable-stiffness mechanism was
charged to 5.0 kV with displacements of [5, 15, 25] mm.

The power to maintain a stiffness reduction was investigated by measurements of the
leakage current through a set of five DET modules connected in parallel. The leakage cur-
rent through the five DET modules was measured by connecting them to a high-voltage
power supply (Matsusada EQ-30P1), with a multimeter (ANENG AN8008) in ammeter mode
in series between the DET modules and ground because the current measurements from
the DCH3320P1 high-voltage power supply’s current monitor were not precise enough.
The voltage was ramped manually to 5kV, and then current readings from the multime-
ter were recorded every 30 s for 6 min. The voltage was then ramped to 0kV, and after a

waiting period of a few minutes, the process was repeated with [4 and 2] kV.
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CHAPTER 4

ANKLE-FOOT ORTHOSIS

4.1 Background on foot drop remedies

Foot drop is the condition of not being able to dorsiflex the ankle (raise the toes) properly
due to a neuromuscular impairment.*® People with foot drop are prone to trip and fall
because their toes catch on obstacles, and their affected foot slaps onto the ground after
heel contact. Foot drop can be caused by stroke or injuries that affect the peroneal nerve,
so people with foot drop are often otherwise healthy and have the ability to plantarflex
their affected ankles (lowering the toes).

Current treatments for chronic foot drop improve mobility, but they have drawbacks.
Passive ankle-foot orthoses (AFOs) are essentially springs that lift a patient’s foot so that
it has sufficient toe clearance while the leg is swinging. These devices are effective,
lightweight, simple, cheap, and common. However, the dorsiflexion assistance they
provide comes at the cost of making plantarflexion more difficult. Functional electrical
stimulation devices do not have this drawback. They provide dorsiflexion by applying
neural stimulation to the patient’s peroneal nerve causing the ankle dorsiflexors to con-
tract and lift the toes.”® They deactivate during push-off allowing the ankle to plantarflex
freely. However, they only work for a limited patient population because they rely on
functional muscles and nerves, and not all patients tolerate the stimulation sensation.

Powered AFOs can relieve foot drop symptoms without the drawbacks of passive AFOs
and functional electrical stimulation, but the drawbacks of state-of-the-art prosthesis and
orthosis actuators described in § 1.1 are quite evident in attempts to develop powered
AFOs. A powered AFO driven by a series elastic actuator provided dorsiflexion assistance
during swing and minimized plantar flexion impedance during push-off.”” Study partici-
pants who used the device preferred it over passive AFOs, and one participant “remarked
that the [powered AFO] made walking ‘almost subconscious, like normal walking’ ”.%’
However, this AFO had a mass of 2.6 kg, required a tethered power supply, and was too
bulky for everyday use. Another powered AFO weighed less (1.75kg) and provided dorsi-
and plantarflexion assistance,”® but it also used a tethered power supply and was imprac-
tically bulky. A pneumatic AFO operated from a portable carbon dioxide tank worn on the
user’s belt and demonstrated untethered operation.” Still, it was bulky and heavy (1.9 kg
AFO + 1.2 kg on belt), and its carbon dioxide supply was only sufficient for 1914 steps. An
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AFO powered by pneumatic muscles had less bulk, a soft construction, and a mass of 950 g
without its air source.'® It powered foot inversion and eversion in addition to plantarflex-
ion and dorsiflexion. It could operate with a portable carbon dioxide cylinder but only for
“more than 320 full actuation cycles”.!® Though none of these works address the sound of
these devices, they were all likely too noisy for practical everyday use.

A question thus arises: how can we obtain the benefits of powered AFOs without the
noise, bulk, and inefficiency that normally accompany them? Doing so would improve
the quality of life for people with foot drop, and it could also lead to improvements in
other prosthesis and orthosis designs.

Clutched-spring and semi-active AFOs could be quieter, lighter, and less energy-
hungry than powered AFOs, but none of the designs reported to date provide dorsiflexion
assistance during swing without impeding push off. A clutched-spring AFO reduced the
metabolic cost of walking without using actuators or doing net positive work.” This
remarkable achievement inspired two other clutched-spring AFOs with mechanical im-
provements to the design. One of these had a slimmer form factor that could be worn
under clothing.!® The other was able to vary its stiffness by changing the number of
springs engaged by its electrostatic clutches.® However, these AFOs only provide plan-
tarflexion assistance, not dorsiflexion assistance. Two semi-active AFOs used variable
dampers to prevent foot drop,'*%? but these designs impede push off like passive AFOs.

Dielectric elastomer transducers (DETs) may be able to power an AFO that provides
dorsiflexion assistance without impeding plantarflexion, and have been suggested for this
very application.?»?? The research question that this work seeks to answer is: how can we
design a DET-powered AFO that will relieve foot drop symptoms with less mass, volume,
noise, and energy consumption than electric and pneumatic powered AFOs? To answer
this question, we analyzed the application requirements for a DET AFO that provides foot
drop assistance and started building a proof of concept device. This chapter reports the
results of our analysis (§ 4.2), describes the device (§ 4.3), and reports the methods (§ 4.4)
and results (§ 4.5) of our benchtop tests.

4.2 Analysis of application requirements

Our analysis of application requirements guides the design of our DET AFO. It starts by
examining how the effects of foot drop on walking gait can be counteracted. This analysis
leads to the overall structure of our DET AFO. Then, the geometry of the DET AFO is an-
alyzed to determine how to minimize the force and actuation stretch required from the
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DET. Finally, the function of a charge recovery system is analyzed to help increase the
AFO’s battery life.

4.2.1 Counteracting foot drop

During normal-speed walking on level ground, the ankle flexes cyclically over a period of
approximately 1s'® (Figure 4.1, Ankle angle'®*). The walking gait cycle starts at heel strike,
the moment when the foot touches the ground, in a phase called loading response. During
loading response, the ankle plantarflexes, lowering the toes until they also contact the
ground at the moment of toe contact, which begins the foot flat phase. During foot flat,
the shank pivots forward over the ankle. The moment of heel off, when the heel leaves
the ground, starts the push off phase. During push off, the ankle plantarflexes rapidly.
Push off ends and the swing phase begins at the moment of toe off, when the toes leave
the ground. At the start of swing, the ankle dorsiflexes, raising the toes so that the foot is
clear of the ground as it swings forward for the next gait cycle that begins at heel strike.

An AFO can counteract foot drop without impeding plantarflexion by mimicking the
function of the ankle dorsiflexor muscles. Foot drop is an impairment of the ankle dor-
siflexor muscles that allows the ankle to plantarflex too quickly during loading response,
which can cause an audible foot slap, and reduces toe clearance during swing, which can
cause trips and falls.!® Passive AFOs counteract foot drop by exerting dorsiflexion torque
throughout the gait cycle, which not only counteracts foot drop, but also impedes plan-
tarflexion. Impeding plantarflexion is undesirable because it increases the effort that
the ankle plantarflexor muscles exert during push off to achieve normal ankle motion.
Accordingly, to counteract foot drop without impeding plantarflexion, an AFO should pro-
vide dorsiflexion torque during loading response, relax during push off, and provide dorsi-
flexion torque again during swing, which is nearly the same pattern as normal dorsiflexor
muscle activity.!*®

The core of our DET AFO design is a DET strap that connects the foot near the toes to
the shank near the knee (Figure 4.2). The DET passively holds the foot up (dorsiflexed)
to the maximum angle experienced during normal walking. This arrangement leads to
three benefits. First, passive dorsiflexion support means that the AFO can provide toe-lift
support even when powered off, so it can still relieve foot drop like a passive AFO even
if it runs out of battery power. Second, attaching the DET to the foot in front of (anterior
to) the ankle makes the DET support the weight of the foot with a tensile force, so there
is no concern about it buckling under load like there would be if it was loaded with a
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Figure 4.1: The DET AFO provides dorsiflexion support to relieve foot drop symptoms by
stiffening during swing and loading response, and it avoids impeding push off by soft-
ening during push off. To increase battery life, the DET AFO’s charge recovery system
recovers charge from the DET at the start of swing and returns it at the start of foot flat.

55



DET

ankle

Figure 4.2: The core of our DET AFO design is a DET strap that lifts the toes. To determine
actuation stretch required from the DET, the geometry of the DET AFO is modeled by a
triangle with sides a and b representing the distances from the strap’s attachment points
tothe ankle and side c representing the length of the DET. To determine the force required
from the DET, the DET’s loading is modeled as foot weight W and DET tension T acting on
the lever arm b.

compressive force. Third, a DET that is loaded in tension and actively lengthens has a
biasing load, so it does not need a bias mechanism.

Our DET AFO is controlled with merely a single sensor for detecting gait timing: a toe
contact sensor. The AFO should be stiff during loading response to prevent foot slap, soft
during push off to allow push off, and stiff during swing to prevent toe dragging (Figure 4.1,
DET stiffness). Accordingly, the voltage on the DET should be low during loading response,
high during push off, and low during swing. The stiffness during foot flat is not very im-
portant, so we use this phase to ramp up the voltage on the DET, which wastes less energy
than stepping up the voltage.” The moments for changing voltage correspond to the mo-
ments of toe contact and toe off, and these can be detected with a toe contact sensor such

as a pressure switch or force-sensing resistor.

4.2.2 Minimizing force and actuation stretch

The goals for this section are to 1) determine where to place the DET’s foot and leg connec-
tions so as to minimize the force and actuation stretch required from the DET, and 2) to
calculate the force and actuation stretch requirements for the DET. To do so, the geometry
of the AFO is modeled and analyzed to determine the effect of connection placement on
the force and actuation stretch requirements. Then, connection placements are selected
based on the results of the analysis in order to achieve a compromise between the goals
of minimizing actuation stretch and minimizing force. Finally, the model is used with the
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selected connection placements to calculate the force and actuation stretch requirements
for the DET.

We can calculate the required actuation stretch for the DET by modeling the AFO’s
geometry as a triangle (Figure 4.2). In this triangle, a and b are the distances from the
ankle joint to the DET’s shank and foot attachments respectively, and 0 is the ankle angle,
where 0 = 0 means the ankle is perpendicular to the shank. Length c represents the length
of the DET, which includes active stretchable length cpgr and length cyy that represents
the unstretchable portions of the DET such as its mounting connectors, so we have

Cper = C — Cstiff. (4.1)

The DET’s actuation stretch S is the ratio of its maximum length to its minimum length,

which occur at the minimum and maximum values of 0:

g= CpET, max _ Coer(Omin) (4.2)

CDET, min Coer(Omax) .

The length cper can be calculated by using the law of cosines and simplifying with
trigonometry and algebra:

Coer = \/a2 + b’ - 2absin(0) - ceug- (4.3)

We can calculate the force the DET must support from summing the moments about
the ankle due to the DET force and the foot’s weight (Figure 4.2). The foot weight W acts
at angle {3 at the position of the foot’s center of mass, which is distance e away from the
ankle. The DET force T acts at angle ¢ at the DET’s foot connection point, which is distance
b from the ankle. The sum of moments about the ankle is:

>~ Mo = Thsin(¢) - Wesin(p)
= (Tab/c) sin(pB) - Wesin(p)
= (Tab/c - We) sin(B)
= (Tab/c - We) sin(7t/2 - 0)
= (Tab/c - We) cos(0)

= Tab ~We | cos(0) =0 (4.4)

\/a2 +b® - 2absin(0)
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Table 4.1: Parameters used for calculating AFO specifications

Quantity Symbol Value

distance from ankle to

leg attachment point  a lcmto 35cm
foot attachment point b lcmto 16 cm
foot center of mass e 8cm

stiff portion of DET Cstiff 9.2cm

ankle angle 0 -20°to 10°
foot weight w 12N

Because —90° < 0 < 90°, cos(0) is greater than zero, so we must have

\/a2 +b® - 2absin(0)

T =
ab

We. (4.5)

We use 0 = O« for calculating design requirements to determine the force the DET must
exert to hold the foot at its greatest angle.

The connection placements of a = 35cm and b = 5cm achieve a compromise be-
tween minimizing actuation stretch and force requirements. We analyzed the effect of
connection placements on force and actuation stretch numerically using the parameters
in Table 4.1 in Equations (4.2) to (4.4). Actuation stretch can be minimized by either mini-
mizing a and maximizing b, or maximizing a and minimizing b (Figure 4.3). In contrast,
force is minimized by maximizing both a and b. We chose to achieve a compromise be-
tween these goals by first setting a to its maximum value (35 cm) because maximizing
a minimizes both force and actuation stretch. Then we selected b = 5cm because it re-
sulted in the minimum force requirement for an actuation stretch which we expected to
be attainable by our DET design. Plugging a = 35cm and b = 5cm into Equations (4.2)
to (4.4) yields the force and actuation stretch requirements for the AFO’s DET:

S = 1.1 (unitless), and (4.6)
T =19N. (4.7)
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Figure 4.3: The selection of a = 35cm and b = 5cm for the connection placements
achieves a compromise between minimizing actuation stretch and force requirements.

4.2.3 Increasing battery life with charge recovery

One of the application requirements is that the AFO run on a battery. Ideally, the battery
would last long enough for a full day of walking (5000 to 10 000 steps). There are many ways
to help increase the battery life of the AFO with common electrical engineering practices.
Here, we concentrate on a practice that is less known, designing a charge recovery sys-
tem to decrease the amount of energy needed from the high-voltage Dc-DC converter. To
do so, this section will first explain why a charge recovery system helps improve the en-
ergy efficient of a DET actuation system, and then it will analyze how the recovery system
should be designed.

A charge recovery system can increase the AFO’s battery life. If a DET is held at a con-
stant voltage while being stretched to a larger area, half of the electrical energy that flows
into the DET during the stretching (W, Figure 2.2) is converted to mechanical work W,
and the other half is stored as electrical energy U, in the DET.**° Often, the stored elec-
trical energy is subsequently drained through a resistor so that the DET will return to its
uncharged shape, resulting in energy efficiency of no more than 50 %. This 50 % efficiency
limit comes from the fundamental energy conversion process, and does not account for

other loss mechanisms, which reduce energy efficiency further.®® This limit can be re-
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Figure 4.4: The DET AFO’s high-voltage power system features a charge recovery system
to reduce the amount of energy needed from the high-voltage DC-DC converter to charge
the DET. The charge recovery system recovers charge from the DET by closing S.,, and it
returns charge to the DET by closing S4en. The system can also drain the DET by closing
Sdr-

moved by using a charge recovery system to transfer the electrical energy off the DET and
store it elsewhere for later use.

Our charge recovery system (Figure 4.4) uses a high-voltage capacitor bank to recover
charge from the AFO’s DET. It recovers charge from the DET by closing the charge relay
Scn when the capacitor bank Cy, is at a lower voltage than the DET. It returns charge to
the DET by closing the discharge relay S4c, when the capacitor bank is at a higher voltage
than the DET. This charge recovery method avoids losses incurred in converting the DET’s
electrical energy to a low voltage for storage in a battery or low-voltage capacitor.'0>10¢

A capacitive charge recovery system must have inductance to recover more than 25 %
of the energy stored on a DET. If a charged capacitor is connected directly to an uncharged
capacitor, charge will flow from the first capacitor to the second until their voltages equal-
ize. This process will dissipate at least half of the energy originally stored on the first
capacitor,’” and no more than 25 % of the original energy will be stored in the second
capacitor. Therefore, if the inductance L in our charge recovery system was zero, then no
more than 25 % of the energy stored in the DET could be transferred from the DET to the
capacitor bank. The energy loss occurs because the kinetic energy of the moving charges,
which is the difference between the electrical potential energy in the original capacitor
and that in the two-capacitor system, is dissipated (a variety of dissipation processes are
possible!®”) rather than stored. An inductor placed in series between the two capacitors
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will store the kinetic energy of the moving charges and then release it to the second ca-
pacitor, so the second capacitor can receive all of the energy originally stored on the first
capacitor if there is no resistance.'® Because of this principle, we have an inductor bank
Lin series with the capacitor bank. If the inductor bank is chosen so that the recovery cir-
cuit is underdamped, then the inductor bank will keep current flowing once the DET and
capacitor bank have the same voltage, so the capacitor bank will end up with a greater
voltage than the DET. The charge diode D, prevents the charge from flowing back to-
wards the DET. The charge recovery system can later transfer charge from the capacitor
bank to the DET by closing the discharge relay Sqcp.

The charge recovery system needs to recover as much energy as possible from the DET.
Accordingly, we derive energy recovery as a function of the capacitance and inductance
of the capacitor and inductor banks respectively as follows. Applying Kirchoff’s voltage
law to the loop through Cper, Sch, Den, L, and Cy, yields the following equation:

QDET

= LQsto + Rstto + @ (48)
CDET

)
C:StO

where D, is assumed to have negligible voltage drop. If this loop is isolated from the
rest of the circuit (i.e., Sqcn and Sy, open, Vi, = 0, negligible current through the voltage
dividers), then the total charge in the loop Qy is

Qr = Qoer + Qstos (4.9)
and Equation (4.8) simplifies as
%O _ 5, 49y &0
DET sto
e
. . Cso + C
= LQsto + RsQsto + E;O—C])]]:TQHO
Vo = LQso + RyQsto * %t (4.10)
where coc
t
C= ﬁ (4.11)

is the total capacitance of the loop and Vj is the voltage that the DET is charged to at the
moment that the charge switch is closed. Equation (4.10) is a second-order differential
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equation with a constant forcing term. The circuit is designed to be underdamped, so we

must have RC
L> Z . (4.12)

Solving with the method of undetermined coefficients and the initial conditions

Qsto(t =0) = 0, and (4.13)
Qso(t =0) = 0 (4.14)
yields
= _ poat & . +
Qsto VoC[l e <w sin(wt) cos(wt))}, (4.15)
where
R;
=57 .16
= and (4.16)
w = ! Rg (4.17)
“VILc 4L :
Qsto reaches its maximum value when
Qsto = 0, (4.18)
which occurs when
T
t=k—, (4.19)
w

where k is a positive integer. Substituting Equation (4.19) into Equation (4.15) yields:

Qsto(t = kg) - VOC[1+ exp <—ockg>]. (4.20)

The maximum value of Qy, occurs when k =1 so

max (Qsto) = Osto (g) = V,C [1 + exp (-%T)} (4.21)

Then, the energy stored in the capacitor bank Uy, relative to the energy initially stored in
the DET Upyr is

Usto (%) _ %C;tlonto (%)
Uper(0) % CorrQ251(0)

- o (we [t e (-] )

C Q C XTT 2
DET T “sto
- 1+ -— . 4.22
Csto Q251 (0) (Csto + Cpgr [ exp( w ﬂ) ( )
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Letting g be the ratio of the capacitances Cuw/c.. and substituting Cy, = gCper into Equa-
tion (4.22) and simplifying yields:

UstO(%) _ Coer ( Qr &Crer [l_l_exp(_%r)])z

Uper (0) 8CorrQ3::(0) \ gCogr + Cogr
) %ff«» (g ; 1y 1rexp(- )|
o ol er ()]

(g . )2 e (=) ; (4.23)

which is the equation we sought.

Analysis of Equation (4.23) shows that increasing L increases energy recovery, increas-
ing R; decreases energy recovery, and there is a value of g that maximizes energy recovery.
The effects of L and R, on energy recovery are contained in the ratio

o R?
— = S . 4,24
w \/4L(1 + g)g1Cik - R? ( )

Decreasing %/w makes the circuit less damped and increases the energy recovered accord-
ing to Equation (4.23). Increasing L decreases ®/w and increases energy recovery. Increas-
ing R, increases */w and decreases energy recovery. The effect of capacitance ratio g,
which determines Cy, is more complex. Increasing g increases ®/w and decreases en-
ergy recovery. However, the term &/g+1 in Equation (4.23) has a maximum when g = 1.
Numerical analysis using values applicable to our charge recovery circuit indicated that
optimal charge transfer is obtained for g ~ 0.9.

4.3 Implementation

Our DET AFO prototype (Figure 4.5) is designed to counteract foot drop without the draw-
backs of AFOs actuated by electric motors, hydraulics, and pneumatics. The DET strap
connects the foot to the shank and provides passive dorsiflexion support. Its foot con-
nector is a 3D-printed component that is laced into a shoe. Its shank connector is a com-
mercial knee brace (MD4200, Elite Bio-Logix, McDavid). The complete design of the AFO
would have a pressure-sensitive resistive sensor in the shoe and the control and power
electronics worn in a waistpack. The mass of the components currently used is 1.3kg
(Table 4.2).
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knee brace

DET strap

Figure 4.5: Our DET AFO prototype consists of a DET strap that connects a shoe to a knee
brace. The control and power electronics (not shown here) would be worn in a waistpack.

Table 4.2: Mass of DET AFO components

Component Mass (kg) of total

electronics 0.49 38 %
knee brace 0.47 36 %
DET assembly 0.33 26 %
foot connector 0.01 0 %
Total 1.30
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Figure 4.6: A width-constrained DET of the type used in the DET AFO has polyimide fibers
that maintain a 400 % width prestretch of the VHB 4905 elastomer film. The DET is pictured
on a storage frame.

The DET strap is an assembly of 81 individual DETs for ease of manufacturing. The
DETs are configured in three stacks connected in series mechanically (so that their length
changes sum to the total length change), and each stack has 27 DETs connected in parallel
mechanically (so that their forces sum to the total force). The DETs (Figure 4.6) use paral-
lel polyimide fibers to maintain a 400 % width prestretch of the VHB 4905 elastomer film
(made by 3M). Their electrodes are graphite powder (US1058, US Research Nanomaterials),
which connect to the electrical supply through leads made of “graphene sheets” (1334N1,
McMaster-Carr) and copper tape. The DETs were fabricated by hand using a process de-
signed to enhance manufacturing precision without the use of expensive manufacturing
equipment and dedicated floor space.!® The DETs are all connected in parallel electrically
so that their capacitances sum to the total capacitance of the assembly. In between the
DETs are pairs of sliding shields made from polyimide film of 50.8 um (2 mil) thickness.
These shields prevent shorting from one DET around the free edges of the DET below it
to the DET below that and also protect the DETs from breakdown arcing of neighboring
DETs in the event of an electrical breakdown. The DET assembly is wrapped with UHMW
polyethylene film of 102 ym (4 mil) thickness to protect humans against electrical shocks.

The AFO’s electronics (Figures 4.4 and 4.7) are designed to control the voltage on the
DET strap. The electronics are designed to be driven from an 11.1V lithium polymer bat-
tery. A high-voltage DC-DC converter (Vyy: FS60P12, XP Power) converts the 11.1 V input to
a high voltage (up to 6 kV) for powering the DET strap. Three high-voltage normally-open
relays (Scn, Sach, and Sq,: DAT71210F, Cynergy3 Components) route current between the
capacitor bank Cg,, the drain resistor (Rq;), and the DET strap. The capacitor bank con-
sists of two high-voltage capacitors (C4BSYBX3220ZAF]J, Kemet) connected in series to give
a total capacitance of 110 nF. Its purpose is to store the energy that is removed from the
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Figure 4.7: The AFO’s power and control electronics.

DET strap to make the strap contract until the energy is transferred back to the strap in
the next gait cycle. The inductor bank consists of 9 inductors (LHL10TB154], Taiyo Yuden)
connected in series to give a total inductance of 1.35 H. Its purpose is to reduce the energy
lost during transfers to and from the capacitor bank. The drain resistor (SM102032004FE-
ND, Ohmite) has 2 MQ of resistance and is used to drain the energy from the DET strap
and the capacitor bank. A microcontroller (Teensy 3.6, PJRC) processes sensor inputs and
controls the high-voltage DC-DC converter and relays to operate the AFO.

4.4 Experimental methods

As a stepping stone before human subject trials, we conducted benchtop tests for prelim-
inary proof of concept. These tests were used to answer several questions:

1. Could the DET AFO dorsiflex an ankle?

2. Would plantarflexion be easier with the DET strap charged than with it discharged?
3. How long could the AFO run on a battery?

4. Could charge recovery help it run longer on a battery?

For these benchtop tests, the DET strap was mounted on a testbed (Figure 4.8) designed
to implement the geometry analyzed in § 4.2 (Figure 4.2). The testbed’s upright tube is
fixed in place, and its lever arm can rotate about the pin joint that represents the ankle.
A pair of hard stops limits the lever arm’s range of motion to approximately —20° to 10°
(matching the ankle’s range of motion during normal walking). A weight of 7.8 N was
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suspended from the lever arm at a distance of 6 cm from the ankle joint. This loading
represents approximately 49 % of the ankle torque caused by the foot weight of a person
with 800 N body weight, which would be useful assistance to a foot drop patient with par-
tial dorsiflexor function. The DET strap is connected to the testbed with two pin joints.
The joint on the upright tube is 35 cm from the ankle joint, and the joint on the lever arm
is 5cm from the ankle joint, matching the values of a and b given near the end of § 4.2.2.
Once the DET strap was mounted on the testbed, the strap held the lever arm against the
upper hard stop. To reduce the effect of viscoelastic stress relaxation on the repeatability
of the experiments, the strap was left in this position for about 30 min before the sequence
of experiments began. All tests started with the arm resting at the upper hard stop. Dur-
ing the tests, the AFO’s microcontroller recorded the voltages on the DET, capacitor bank,
and power input, and the current from the power input at 50 Hz. A video camera recorded
the motion of the test bed at 30 Hz, and the arm angle was extracted from these record-
ings using Tracker video analysis software (physlets.org/tracker/) and MATLAB. For
the benchtop tests, the AFO’s electronics were powered from a benchtop power supply
providing 11.1V in place of a battery.

To determine whether the AFO could dorsiflex an ankle, the lever arm was displaced
to the bottom hard stop by hand and then released to see whether it would return to the
upper hard stop. In the first test, the arm was released immediately after it reached the
bottom hard stop. This test minimized the effect of viscoelastic relaxation on the DET
strap’s ability to raise the arm because the DET strap was fully stretched for only a short
time. A second test was run to check whether viscoelastic relaxation would affect the DET
strap’s ability to return to the top hard stop. In the second test, the arm was held at the
bottom hard stop for 120 s and then released. The longer delay at the bottom hard stop
gave more time for viscoelastic relaxation. After being released, the arm was allowed to
rise on its own for 90 s, and then it was raised to the upper hard stop by hand and released.
The arm was raised by hand and released to check whether friction was a significant factor
in preventing the arm from rising fully.

The AFO’s ability to ease plantarflexion was tested by charging the DET strap to 2.8 kV
so that it lowered due to the weight of the suspended mass. After the arm reached the
bottom hard stop, the DET was discharged and raised the arm.

To determine how long the AFO might last on a battery and whether charge recovery
could improve the AFO’s battery life, the AFO was tested with gait cycle tests that simu-
lated walking with and without charge recovery. In these tests, the AFO’s microcontroller
operated the DC-DC converter and the relays according to the pattern that would be used
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Figure 4.8: The DET AFO’s testbed connected to the DET with pin joints [5 and 35] cm from
the ankle joint to use the geometry selected during analysis. The motion of the lever arm
was constrained by hard stops to approximately —20° to 10°. The DET was loaded by a 7.8 N
weight connected to the lever arm 6 cm from the ankle joint.

during normal walking (Figure 4.1: Voltage, Relays closed) and the DET strap cyclically
raised and lowered the lever arm. A cycle with charge recovery starts at heel strike with
the voltage off and none of the relays closed. Then, at toe contact, the discharge relay is
closed to transfer energy from the capacitor bank to the DET. After a delay to allow the
energy to transfer, the voltage is raised to 2.8 kV to charge the DET so that the lever arm
will lower as much as possible. At toe off, the voltage is switched off, the discharge relay
is opened, and the charge relay is closed in order to transfer the energy stored on the DET
to the capacitor bank and raise the lever arm. After a delay to allow the energy to transfer,
the charge relay is opened, and the drain relay is closed to drain the remaining energy
from the DET so that the lever arm raises as much as possible. A cycle without charge re-
covery uses the same voltage commands, but the charge and discharge relays are always
open, and the drain relay is closed at toe off instead of later. A single test consisted of 11
continuous cycles, in order to give the system time to reach steady-state operation. The
cycles were run on timers instead of being triggered by the toe sensor. Each cycle type
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was run with two gait periods: 1s periods to match the pace of normal walking, and 5s
periods to allow more time for charging, discharging, and arm motion.

We used the input power measured by the AFO’s onboard sensors to estimate how long
the AFO would be able to run on a battery. The input power is the product of the input
current and input voltage measurements. The total energy consumed during each cycle
in the gait cycle tests was calculated by integrating the input power measurement over
the gait cycle. To gain more insight into the AFO’s power consumption, we measured the
power consumed by the electronics with the converter off and all relays open to obtain
the power draw of the electronics other than the relays and the converter. This power
was multiplied by the gait period to obtain the amount of energy consumed by “other”
electronics during each cycle. The power consumed by a single relay was obtained by
subtracting the power drawn by other electronics from the power measured when one
relay was closed. The relay power consumption was multiplied by the gait period and
the relay duty cycle (portion of the gait period that a relay was active, 20 % with charge
recovery inactive, 92 % with charge recovery active) to obtain the energy consumed by
relays during each cycle. The energy consumed by the DC-DC converter during each cycle
was calculated by subtracting the energy consumed by relays and other electronics from
the total energy. The battery life was calculated assuming a 10 W h battery capacity. Such
a battery could be an 11.1 V lithium-polymer battery with 900 mA h capacity, which would
not be a great burden due to its mass of about 100 g.

We calculated the energy stored on the DET to assess the performance of the charge
recovery system. The energy stored on the DET U, can be calculated from the DET’s voltage

Vber:
1

Ue = ECDETngT. (4.25)
The total energy stored in the DET during each cycle was calculated from the peak DET
voltage that the converter supplied, and the energy contributed by the charge recovery
system during each cycle was calculated from the voltage that the capacitor bank charged
the DET to. The capacitance of the DET Cygr was calculated by the following procedure.
If a switch completes a circuit containing only two capacitors C; and C,, they will both
change from their initial voltages, Vi and V;, respectively, to final voltage V;. Then the

capacitance of one capacitor can be calculated from the capacitance of the other capacitor
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and the voltage measurements because of the principle of conservation of charge Q:

Q=
CiVor + GV = GV + GV,
CiVor - GiV1 = GV - GV

(4.26)

The capacitance of the DET was calculated from Equation (4.26) using the capacitance of
the capacitor bank (110 nF), and the voltages immediately before and after the DET trans-
ferred energy to the capacitor bank during the gait cycle tests with a 5 s gait period yielding
Coer = 133 nF.

4.5 Results and discussion

The benchtop test results validate the DET AFO concept and point to paths for improve-
ment. The DET AFO can provide dorsiflexion assistance, and charging the DET assembly
reduces the effort that would be required from the plantarflexor muscles to stretch the
DET assembly during push off. However, these capabilities are hampered by the effects of
viscoelasticity and friction. The DET AFO’s overall energy consumption was low enough
that it could run for about 6000 steps on a 10 W h battery. The charge recovery system re-
duced the energy needed from the high-voltage DC-DC converter, but it increased overall
energy consumption due to the power drawn by the relays. Though the overall AFO con-
cept was sound, a future iteration of the AFO could perform much better with hardware

improvements.

4.5.1 Dorsiflexion and plantarflexion

The DET AFO can provide dorsiflexion assistance (Figure 4.9). In the dorsiflexion test, the
DET strap rapidly raised the lever arm and settled at 7.04°. In the delayed dorsiflexion
test, the DET strap raised the lever arm and settled at 4.83°. Then, it was raised to the
upper hard stop by hand and released, and it settled at 10.3°. Though the DET strap did
not return the lever arm to its 10° starting angle on its own, these tests showed that the
AFO can provide dorsiflexion assistance because the DET strap raised the weighted lever

arm more than 25°.
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Figure 4.9: The DET assembly raised the weighted lever arm after it was manually lowered
during the dorsiflexion tests, so the AFO can provide dorsiflexion support. When the DET
assembly was charged to 2.8 kV during the plantarflexion test, it lowered the weighted
lever arm to —22.2° so charging the DET assembly reduces the effort that would be re-
quired from the plantarflexor muscles to stretch the DET assembly. The left panels show
the first 2 s of the tests, and the right panels show the whole tests.

The DET AFO’s dorsiflexion assistance is hampered by the effects of viscoelasticity and
friction (Figure 4.9). The presence of friction explains why the DET strap was unable to
raise the arm to the upper hard stop. Friction resisted the rising motion of the arm until
the DET strap no longer exerted enough tension to overcome weight and friction and the
arm came to rest below the upper hard stop. The lever arm rested at both [4.83 and 10.3]°,
which is consistent with the effect of friction on a spring-mass system. A spring-mass
system like the test setup has only one equilibrium position—a position where the spring
force balances the weight of the mass—if the system is ideal (even with viscous damping).
Friction causes a spring-mass system to have an equilibrium zone: a range of positions
where the system can rest because friction is greater than the difference between the
spring force and the weight of the mass. Viscoelasticity hampered the DET strap’s ability
to raise the lever arm in two ways. First, the motion of the rising lever arm asymptotically
decays because this motion is governed by viscoelastic creep, so viscoelasticity slows the
dorsiflexion assistance. Second, the lever arm did not rise as high after being held down
longer because of viscoelastic stress relaxation, which reduced the tension exerted by the

DET strap on the lever arm and thus its ability to overcome friction.
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Charging the DET strap will make plantarflexion easier than it would be with the DET
strap discharged. If the DET strap were discharged, the plantarflexor muscles would need
to exert effort to stretch it during plantarflexion. In the plantarflexion test, the electric
field pressure and the weight of the mass stretched the DET strap enough to lower the lever
arm to —22.2° when the strap was charged to 2.8 kV (Figure 4.9). Thus, this motion would
require no effort from the plantarflexor muscles if the DET strap were given enough time
to stretch due to weight and field pressure. Even when the DET strap is not given enough
time to stretch due to weight and field pressure, the DET’s transduction work will offset
the external mechanical work necessary for stretching, so the plantarflexor muscles will
need less extra effort to stretch the DET strap than they would if the strap were discharged.

In the gait cycle tests (Figure 4.10), which better represent actual operating conditions
than the dorsiflexion and plantarflexion tests, the lever arm traversed a portion of the
ankle range of motion. In these tests, the lever arm started at the upper hard stop (10°),
lowered when the DET strap was charged, and raised when the strap was discharged. The
arm ended each cycle lower than it started, so it crept downward with successive cycles.
However, after the first few cycles, the change in angle in each cycle stabilized and became
consistent across cycles. In the trials with a 5 s gait period, the charge and discharge times
were much shorter than times allowed for motion in the dorsiflexion and plantarflexion
tests. Consequently, the lever arm traversed only a portion of the ankle’s range of mo-
tion because its speed was limited by viscoelasticity and friction. In the trials with a 1s
gait period, the charge and discharge times were so short that the AFO’s electronics could
not fully charge and discharge the DET strap, which further reduced the range of motion.
The amount that the arm lowered represents the angular range that would require no
effort from the plantarflexor muscle. Motion beyond that range would require some ef-
fort from the plantarflexor muscles, but not as much as would be required with the DET
strap discharged. Though the arm drifted lower with successive cycles, this effect is less
pronounced for faster motion as seen by comparing the dorsiflexion and delayed dorsi-
flexion tests (Figure 4.9). The faster motion of the more realistic 1 s gait period tests indeed
shows less drift, and would probably show even less if the electronics were able to fully
discharge the DET in each cycle.

The sound of the DET assembly was not measured explicitly, but it was not audible to
the ear over the ambient room noise under normal operation such as when trial data
was being collected. During development, it occasionally produced faint crackling or
whistling noises, but these were associated with DET breakdown, either incipient or im-
minent.
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Figure 4.10: In the gait cycle tests, the voltage and ankle angle trajectories followed regu-
lar patterns. The voltages converged to the trajectories depicted here after the first four
cycles. The ankle angle crept downward (lower angle) with subsequent cycles, but the
ankle angle change was fairly consistent across cycles. Results from trials with a 5s gait
period are shown on the left, and results from trials with a 1s gait period are shown on
the right. CR means charge recovery.

4.5.2 Energy consumption

In the gait cycle tests, the DET and capacitor bank voltages followed consistent patterns
even though the mechanical motion had not settled to a steady cycle. After the first four
cycles, the voltages converged on the trajectories depicted in Figure 4.10. When charge re-
covery was off, the converter charged the DET, and then it was drained through the drain
resistor. When charge recovery was on, the capacitor bank partially charged the DET, and
then the converter charged it to its peak voltage. Then, the charge recovery system recov-
ered a portion of the electrical energy stored on the DET, and the rest was drained through
the drain resistor. Because the DET was not completely charged and discharged during the
gait cycle tests with a 1 s gait period, data from these trials will not give an accurate under-
standing of the DET AFO’s energy consumption, so all of our energy consumption results
are based on the gait cycle tests with a 5 s gait period.

The DET AFO should be able to run on a battery for more than 6000 steps (Table 4.3).
The AFO’s electronics consumed 10.3J per cycle without charge recovery in the gait cycle
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Table 4.3: Energy consumed per cycle in the gait cycle tests with 5s gait period, and re-
sulting battery life assuming a 10 W h battery capacity

Energy (J)
Charge &Y Battery
recovery Total Relays Other Converter life (steps)
off 10.30 0.74 6.08 3.48 6991
on 11.78 3.40 6.08 2.29 6114
change 1.48 2.66 0.00 -1.18 -877
Power (W)

Relay Other

0.74 1.22

tests with a 5s gait period. A battery with a 10 W h capacity contains enough energy to
power the AFO for 6991 steps at that energy consumption rate. Actual operating condi-
tions should greatly reduce the energy consumed each cycle. In actual operating condi-
tions, the gait period will be about 1s instead of 5s (once the issues preventing operating
in 1s cycles are resolved), so the energy consumed by the relays and other electronics
should be about a fifth of the values reported in Table 4.3 because these energy values are
linear functions of the gait period. The majority of the energy consumed each cycle was
consumed by the relays and other electronics. Therefore, in actual operating conditions,
a battery may be able to power the AFO for many more than 6000 steps.

The charge recovery system contributed 12 % of the energy required to charge the DET
(Table 4.4) but this benefit was outweighed by the extra energy needed to run the relays. In
the gait cycle tests, the AFO consumed more energy with charge recovery turned on than
with it off (Table 4.3). This increase occurred because when charge recovery is on, there
is a relay closed during more of the gait cycle than there is with charge recovery off (92 %
versus 20 %). This additional relay activity added 2.66 J to the AFO’s energy consumption.
Charge recovery decreased the energy consumed by the converter by 1.18 J, but this ben-

efit was outweighed by the extra energy needed to activate the relays for charge recovery.
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Table 4.4: Energy used to charge the DET in the gait cycle tests with a 5s gait period

Energy
Charge Stored in From capacitor bank
recovery DET (m]) (m]) (%)
Off 487 0 0
on 491 59 12

4.5.3 Improving performance

The viscoelasticity that slowed dorsiflexion and plantarflexion could be mitigated by
applying higher voltages or changing the DETS’ elastomer. The effect of viscoelasticity on
dorsiflexion may not be significant during actual operation because the DET assembly
would be stretched and released quickly (Figure 4.1) like in the dorsiflexion test (Fig-
ure 4.9). The effect of viscoelasticity on plantarflexion could be compensated for by
“overdriving” the DET assembly with a higher voltage for the brief push off period.'”
This approach may be practical because DETs can withstand higher voltages for brief
periods.!!? Alternatively, the effects of viscoelasticity could be dramatically reduced by
redesigning the DETs around a silicone elastomer, which would have much less viscoelas-
ticity than the VHB 4905 currently used.’®®! VHB 4905 has a glass transition range from
-50°C to 60°C."! At room temperature, the operating condition for the experiments in
this work, VHB 4905 has highly dissipative stress-strain behavior with tan§ ~ 1.!! This
dissipation prevents potential energy (either gravitational when the mass was raised
or elastic when the arm was lowered) from being converted into kinetic energy of the
moving mass and thus hinders rapid movement. In contrast, silicone elastomers suited
for DETs typically have glass transitions below —100 °C, so at room temperature, they are
in their rubbery state with viscous effects that are nearly negligible, with tan § ~ 0.01.”
With these properties, the DETs would dissipate almost no potential energy so the kinetic
energy of the mass would be much greater, and the lever arm would raise and lower
much faster.

Using a silicone instead of VHB 4905 would also mitigate two other detrimental effects
of viscoelasticity: temperature-dependent behavior and a “warm-up” time. The stress-
strain behavior of VHB 4905 is highly temperature-dependent? within its glass transi-
tion range: it softens with increasing temperature and stiffens with decreasing temper-
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ature. In contrast, silicones suited for DETs stay in their rubbery state for a wide temper-
ature range around room temperature and have stress-strain behavior that is much less
temperature-dependent. The viscoelastic nature of VHB 4905 means that in real-world
use, if the DET assembly was allowed to relax to its rest length, such as might occur if
the AFO was doffed and set aside over night, then when the AFO was donned, the DET
assembly would exert a stronger dorsiflexion force than normal until it relaxed into its
operating length. This effect would mean the wearer would have to exert additional plan-
tarflexion effort during the relaxation period, which is on the order of a few minutes. This
effect could be mitigated by storing the DET assembly on a frame that held it at the op-
erating length when not in use. Alternatively, using an appropriate silicone for the DET
elastomer would almost entirely eliminate the issue because the silicone’s stress-strain be-
havior would have minimal dependence on strain history due to the material’s low value
of tan d.

The energy consumption of the DET AFO could be reduced by improving the charge
recovery system.” The charge recovery system’s energy consumption could be lowered
by replacing the relays with high-voltage transistors, which would consume much less
power to activate. Additionally, the energy saved by the charge recovery system could
be increased by adding inductance or decreasing DET electrode resistance to make the
charge transfer more effective. Currently, the charge recovery system has only 1.35 H of
inductance. According to Equation (4.12), the charge recovery system should have

R2C  (860kQ)?- 60.2nF
> =
4 4

L = 11.1kH (4.27)

to be underdamped, which would allow it recover more than 25 % of the electrical energy
stored in the DET assembly.” Alternatively, if the DET electrode resistance was made neg-
ligible by using metallic electrodes, and only the parasitic resistance of the inductor bank
(2.7kQ) affected the charge transfer, then

¢ (2.7kQ)? - 60.2 nF
L> RZC _ )4 60.20F _ o 11m (4.28)

would make the system underdamped. Further, substituting Ry = 2.7kQ, L = 1.3H, Cpgr =
133nF, and g = 0.8721 into Equations (4.23) and (4.24) yields an energy recovery of 48 %.

*Of course, the AFO’s energy consumption could also be improved by refining the low-voltage circuitry
that consumes a significant amount of energy itself.

TFor this calculation, R; was determined from the RC time constant obtained from a logarithmic curve
fit of the voltage decay while the DET assembly discharged across Ry;.
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Refining the AFO’s design could reduce the AFO’s mass significantly. The mass of the
DET assembly is merely 26 % of the entire AFO mass (Table 4.2). The majority of the mass
is in the electronics and knee brace, and these components were not optimized. The
electronics would probably have less mass if consolidated into a single circuit board, and
the knee brace’s mass could probably be reduced by replacing the off-the-shelf brace with
a custom design tailored for the needs of the AFO.

Adding additional DETs to the assembly would strengthen it to bear the full weight of
a foot. In these tests, the DET assembly supported approximately 49 % of the ankle torque
caused by foot weight, which would be useful to a foot drop patient with partial dorsi-
flexor function. For the full support required by foot drop patients with no dorsiflexor
function, the DET assembly could be strengthened by adding additional DETs in parallel
mechanically. Doing so would scale the assembly’s strength linearly with the number of
additional parallel DET layers, and would be only a minor design revision. The additional
DETs would increase the assembly’s capacitance and decrease its resistance, so the power
supply and charge recovery components would have to be reselected accordingly.

4.6 Conclusion

Our DET AFO design promises to assist with foot drop with less mass, energy consump-
tion, and noise than electric and pneumatic powered AFOs. It can provide dorsiflexion
support, and reduce the effort required from plantarflexor muscles to stretch the DET as-
sembly. Its energy consumption was low enough that it might be practical to power the
AFO for 6000 steps on a small battery. Its direct drive design eliminates the need for a
bulky transmission, and it could be refined to be lighter and more compact than it cur-
rently is. The design’s architecture uses the foot’s weight as a biasing load for the DET in
keeping with the design principles of § 2.2. This approach helps minimize the mass and
volume of the AFO because it eliminates the need for a biasing mechanism. It also gives
the AFO the ability to provide passive, compliant support for the ankle. Though human
subject testing is needed for full validation, the benchtop tests reported in this paper give
a promising proof of the concept.
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CHAPTER 5

CONCLUSION

Dielectric elastomer transducers (DETS) offer a promising path forward for powered pros-
theses and orthoses. They promise to make powered prostheses and orthoses mechani-
cally simpler, quieter, and possibly lighter and more energy efficient because of the ben-
efits of artificial muscle designs. The challenges of working with viscoelasticity and high
voltages experienced in this work can be overcome with refinements of the device and
DET designs. These refinements are practical now or will be in the next two years. There-
fore, it is important to continue work on the details of designing powered prostheses and
orthoses to use DETs so that powered prostheses and orthoses will be practical devices

soon.

5.1 Benefits of artificial muscles

Despite prototyping concessions, the devices in this work display some of the benefits
of artificial muscle design. Specifically, both the DET variable-stiffness actuator (vsa)
and the DET ankle-foot orthosis (AFO) are mechanically simpler than their electric-motor-
powered counterparts due to their direct drive designs and the inherent compliance of
DETs. Further, the DETs of both devices operate quietly. The AFO also has potential to con-
sume less energy and have less mass than electric motor powered AFOs once its design
is refined. These benefits validate the artificial muscle design approach and encourage
further development of DET-powered prostheses and orthoses.

Both devices built during this work are inherently compliant and use DETs in a direct
drive configuration, which reduces their mechanical complexity. In the DET VSA, the DETS
are used to create the compliance of the actuator, and they were connected directly to
the load. Accordingly, the vsA’s variable-stiffness mechanism has only one component
motion in contrast to the four component motions of the state-of-the-art vsaAs discussed
in § 3.1. Because the DETs of the DET AFO are compliant and directly connected to the
load, the AFO is also compliant. Because of its compliance, the AFO allows its wearer to
plantarflex (albeit with additional muscle effort) when the AFO is unpowered while still
providing dorsiflexion support. In contrast, a rigidly actuated AFO would lock the ankle in
place when unpowered. The AFO’s direct drive design eliminates the need for conversion

of rotation to linear motion, and its inherent compliance eliminates the need for sliding
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elastic mechanism components making it mechanically simpler than the electric motor
powered AFOs discussed in § 4.1 so that its mechanical complexity is comparable to the
pneumatic AFOs also discussed in that section.

The fundamental characteristics of DETs quiet both the VSA and AFO, but give mixed
results for energy consumption. The sound produced by the DETs was not formally
measured for either device during testing, but practically, no noise was noted by the
researchers during normal operation such as when trial data were being collected. Dur-
ing development, however, faint crackles or whistles could be heard from DETs when
failure was incipient or imminent. Due to DET leakage current, the VSA consumes en-
ergy to remain in a softened state unlike state-of-the-art vSAs, but this drawback may
be negligible in applications that require the VSA to remain stiff most of the time. The
VSA also consumes energy to soften, but much of this energy could be recovered with a
properly-designed charge recovery system, an interesting area for future work. The total
energy consumption of the AFO is low compared to state-of-the-art devices, and little of
it was directly consumed by the DETs. Once the support electronics are refined, an AFO
following design guidelines laid out in this work should have excellent battery life and
could lead to a successful wearable device.

Neither of the designs in this work have obvious mass or volume reductions compared
to state-of-the-art devices, partially due to their use of rigid frames. The VSA’s mass and
volume are comparable to those of other VSAs that store similar amounts of mechanical
energy in their variable-stiffness mechanisms,” so it has no obvious advantage in this
aspect. The VSA requires a rigid frame because of its electric motor, and the cone di-
aphragm DETs require rigid frames to maintain the prestretch of the underlying dielec-
tric elastomer material, VHB 4910. Even if the cone diaphragm DETs were redesigned
with another elastomer that did not require prestretch, the cone diaphragm design prob-
ably requires a stiff frame to maintain its shape for proper operation. The individual DETs
used in the AFO are flexible and can be used without a rigid frame similarly to other width-
constrained DETSs used for a tactile display.!®* However, for ease of prototyping, the AFO’s
DET assembly has rigid end connectors and electrical insulation that limits it, in its cur-
rent configuration, to uniaxial stretching (like a prismatic joint). Further, more than a
third of the AFO’s mass is in its knee brace, which also had a rigid frame. Again, this com-
ponent was selected to facilitate prototyping, and a refined shank attachment may be able
to greatly reduce the mass of a future AFO based on DETSs.
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5.2 Challenges of using DETS

The implementation of DETs in the devices in this work was challenging, but these chal-
lenges can be overcome with design refinements and improved technology. The viscoelas-
tic nature of VHB 4910" inhibits purely elastic energy return from the vsA (§ 3.4.4 and Fig-
ure 3.10) and actuation stretch of the AFO (§ 4.5.1 and Figure 4.9). These effects can be
partially compensated for by control or mitigated more thoroughly by using a different
elastomer for the DETs. The biggest challenge in this work was DET reliability; electri-
cal breakdowns were common and permanently destroyed DETs that suffered electrical
breakdown. This challenge can be surmounted by using the dielectric-grade elastomers
now being produced for use in DETs. The high voltages (>2 kV) required to create signif-
icant transduction effects in the DETs complicated the design of the power electronics
for the AFO. However, these complications could be resolved or reduced by revising the
power supply design or using DETs that work at lower voltages. The challenges of me-
diating viscoelastic responses and handling high voltages should be accounted for when
designing DET-powered prostheses and orthoses, but they do not prohibit such develop-
ment.

5.2.1 Viscoelasticity

The fundamental cause of viscoelastic behavior in polymers is their molecular structure,
which consists of a network of intertwined polymer chains.® Like springs, these chains
uncurl and lengthen when stress is applied to the polymer and curl and retract when
stress is removed resulting in the elastic component of polymer stress-strain behavior.
These chains are also sterically hindered by the electron clouds of side chains interacting
with other parts of the same chain or other chains leading to time-dependent behavior.
Essentially, the chains catch on and then slide past each other due to the steric entangle-
ment caused by inter- and intramolecular forces creating a viscous stress-strain behavior
like that of a mechanical damper. The combination of these two effects, called viscoelas-
ticity, is a stress-strain behavior that is dependent on both strain and strain history,® yet
allows the material to return to its original shape given enough time if the total stresses
and strains are sufficiently low. This stress-strain behavior can be modeled as the force-
displacement behavior of a network of springs and dashpots such as the Kelvin, Voigt,
Maxwell, Wiechert, or standard linear solid models.

“Both VHB 4910 and VHB 4905 are the same elastomer. The difference is that VHB 4910 is 1 mm thick, and
VHB 4905 is 0.5 mm thick. In this chapter, VHB 4910 will refer to both products.
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Viscoelastic behavior dissipates energy during deformation. The integral of a stress-
strain curve represents the volumetric mechanical energy absorbed or released due to the
change of strain. The stress-strain curve of a viscoelastic material has greater stress when
the material is being deformed from its natural shape and lower stress when the material
returns to its natural shape. This stress difference makes the integral of the deforming
motion larger than that of the returning motion, so a viscoelastic material absorbs more
mechanical energy than it releases during cyclic loading. The difference between the
values of energy absorbed and returned is the energy dissipated as heat. The dissipation
phenomenon of viscoelasticity is modelled by the dashpots in spring-and-dashpot models
of viscoelasticity. This dissipative behavior is evident in the force-displacement trajecto-
ries of the DET VSA (Figures 3.5, 3.6 and 3.9).

A polymer’s viscoelastic dissipation is greatest in the polymer’s glass transition range,
which is the range of temperatures between its glassy zone and its rubbery zone. In the
glassy zone, the polymer’s temperature is low enough that the polymer chains cannot
slide past each other due to steric hinderance, so the polymer is stiff. In the rubbery zone,
the polymer’s temperature is high enough that Brownian motion allows the chains to eas-
ily slide past each other, so the polymer is soft. In both zones, viscoelastic dissipation is
small because the chains either do not slide past each other, or they slide past each other
very easily. In the glass transition range, the chains can slide past each other, but it takes
a significant amount of energy to overcome the steric hinderance of the motion.

A measure of viscoelastic dissipation is tan §, which is the ratio of a material’s loss and
storage moduli.®® This measure peaks for temperatures in a polymer’s glass transition
range when its energy dissipation is at its greatest.

The viscoelastic behavior of VHB 4910 causes undesirable behaviors in the DET vSA and
the DET AFO. VHB 4910 has a glass transition range from —50 °C to 60 °C.!! At room temper-
ature, the operating condition for the experiments in this work, tan & ~ 1 for VHB 4910™!!
so its dissipation was high for this work’s experimental conditions. Accordingly, the VSA’s
DETs dissipated a portion of the energy they absorbed rather than returning it. Also, a
portion of the gravitational potential energy of the mass suspended by the AFO was dis-
sipated in the AFO’s DETs rather than being converted to kinetic energy, and this lack of
kinetic energy slowed the plantarflexion motion. Viscoelastic dissipation also slowed the
AFO’s dorsiflexion by dissipating the elastic energy stored in the DETs rather than allow-
ing it to convert into the kinetic energy of the rising mass. Further, because VHB 4910 is
viscoelastic, its behavior is temperature-dependent,'? so both the vsA and AFo will have
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temperature-dependent stress-strain behavior. At lower temperatures, they will stiffen,
and at higher temperatures they will soften.

Note that in some applications, VHB 4910’s energy dissipation could be desirable.!* En-
ergy dissipation through damping can increase the control bandwidth of robots with com-
pliant joints (such as those powered by VsAs) by reducing the joint oscillations caused by
compliance.® It can also be useful for DET devices intended as brakes or shock absorbers,
such as for helping a flying robot perch!™® or a jumping robot land,® which are intended
to dissipate energy.

Active voltage control can compensate for some performance issues. Once parameter-
fitting is performed, spring and dashpot models predict viscoelastic behavior with suffi-
cient accuracy that they can be used for precise position control. This technique works
well for closed-loop feedback control,** and for open-loop feedforward control.'® Mod-
eling can even account for the temperature-dependent effects of viscoelasticity.!*? Such
approaches could speed up the AFO’s plantarflexion by briefly applying higher voltages
to it to overcome the damping effect of viscoelasticity. However, they would not be able
to speed up the AFO’s dorsiflexion because this behavior is passive. Control could also
reduce the hysteresis of the VSA’s force-displacement curves (Figure 3.9), but this effect
wouldn’t actually change the amount of energy dissipated by the VHB 4910. Rather, it
would mask the dissipation by supplying the dissipated energy through the control input
rather than taking it from the load. However, the effectiveness of compensation by con-
trol is limited by actuator saturation limits based on the power supply capabilities and
the breakdown strength of the elastomer. Further, these models may not work well for
operating conditions outside the range over which parameters were fitted.

The performance issues could be mitigated almost entirely by replacing VHB 4910 with
an elastomer that has a small tan $ value (i.e., little viscoelastic dissipation) over the ap-
plication’s temperature range. Doing so would address the source of the problem and
allow the VsA to efficiently store and return energy and the AFO to move rapidly. To be
well-suited for DET use, an elastomer should have (in addition to a small tan 6 value) a
high failure strain, a low Young’s modulus, a high relative permittivity, and a high dielec-
tric strength. A high failure strain makes it possible for the elastomer to undergo large
strains due to the applied electric field or the load. A low Young’s modulus makes the
elastomer’s restoring forces smaller compared to the electrostatic forces, which gives the
electrical input more control over the load. A high relative permittivity makes electro-
static force larger for a given applied electric field, and a high dielectric strength means
the DET is able to withstand higher electric fields. Many types of elastomers have been
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studied and evaluated for use in DETs including silicones, fluorosilicones, polyurethanes,
and acrylics.33>17

For work focused on DET devices and applications, commercially available silicone
film and laminate marketed for DETs may be the best alternative to DETs based on
VHB 4910. Silicones suitable for DETs®! typically have tan$ < 1, because their glass
transitions occur well below room temperature. They also typically have high failure
strain and low Young’s modulus. However, they are usually held back by low relative
permittivity values. Despite this weakness, comparisons of silicones to VHB 4910 indicate
that silicones are good choices for DETs because they display rapid mechanical response
that is independent of temperature over a wide temperature range.’>!!8 Further, silicone-
based DETs can achieve very high cycle life and reliability. Likely because of these
characteristics, a silicone was used in the formerly available Danfoss Polypower film,"*
which was marketed for DET products and used in research projects.?®118120 Wacker
Chemie AG currently manufactures and markets silicone films for use in DETs under
its ELASTOSIL brand,'?! which has been used in many research projects.?*!??12> These
silicones will also be used in Wacker’s forthcoming (available in 2021) NEXIPAL line of
silicone laminates that adds electrodes to the silicone.!?® The use of prefabricated elas-
tomer films or even films laminated with electrodes would save an enormous amount of
time and effort compared to fabricating them in a research lab. Further, the commercial
films will likely be of much higher quality than those produced in a lab making them

much less susceptible to dielectric breakdown.

5.2.2 DET reliability

The largest challenge in this work was obtaining reliable operation from DETs. It was
common for a freshly-fabricated DET to have a dielectric breakdown when it was first
energized. In fact, this occurred for about 25 % of the DETs made for the VSA and AFO
after fabrication processes and DET designs were optimized. Further, DETs that withstood
operating voltage once did not necessarily withstand it when energized later.

This work did not investigate the causes of these failures in detail, but they are proba-
bly caused by dielectric breakdown due to randomly distributed defects in the VHB 4910
elastomer. VHB 4910 is meant to be an adhesive tape, not a dielectric, so its manufacturer
likely does not manufacture it to dielectric quality. Accordingly, VHB 4910 has defects
such as bubbles or contaminants that have been shown to weaken the dielectric strength
of the material.””’ Another study showed that when electrodes cover only a small area,
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VHB 4910 is capable of withstanding much higher electric fields (>400 V/um)?® than those
at which breakdown normally occurs for realistic DETs.?? This finding reinforces the idea
that random defects decrease the dielectric strength of VHB 4910: large electrode areas
are more likely to cover a defect, so they are associated with lower dielectric strengths.

The likelihood of breakdown for VHB 4910 can be reduced with changes to operating
conditions or DET design. As mentioned in § 3.4.7, long lifetimes for DETs are possible
by tailoring the electrode formulation, operating in an environment with low humidity
(<5 % relative humidity), or operating with low electric fields.®® Encapsulating a DET with
dielectric oil can also greatly improve its dielectric strength.'?® Also, designing the DET
to keep the electrode edges away from interfaces with rigid components separates me-
chanical and electrical stress concentrations and improves dielectric strength.*®’%1?° The
DETs used in the DET VSA included lips of polyimide tape under the electrode edges for
this reason (§ 3.2 and Figure 3.2).

Ultimately, the real solution to these issues is to use an elastomer film that does not
have defects in the first place. The aforementioned ELASTOSIL film is manufactured with
dielectric use in mind, so it is manufactured in a clean room environment, and care is
taken to avoid defect and thickness variations.' 3 This is another reason for work fo-
cused on DET devices and applications to use commercially available silicone films.

5.2.3 High voltages

The DETs used in this work required 2kV to 5kV to produce significant transduction ef-
fects (motion or softening), and these voltage levels complicated the design of the power
electronics for the AFO. One of the oft-cited drawbacks of DETs is the need to work with
high voltages. However, there is now an ample selection of high-voltage components read-
ily available from suppliers including resistors, capacitors, transistors, optoisolators, and
compact DC-DC converters that makes the design of DET power systems tractable. This
section will discuss the challenges experienced in this work regarding controlling and
switching high voltages in the AFO’s power supply to help improve future DET power sys-
tem designs.

A regulated DC-DC converter could reduce development time of a high-voltage power
supply. The AFO’s power supply used a feedback control loop around the high-voltage
DC-DC converter to control its output voltage. This approach required some time to tune
controller gains, and in the end, a PD (proportional-derivative) controller provided good
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tracking results (Figure 4.10, top left). However, the slew rate of DC-DC converter’s out-
put appeared to have been a factor in the system’s inability to track the voltage reference
in the faster operating cycle trials (Figure 4.10, top right). Further, good tracking perfor-
mance required the microcontroller code to be streamlined to run the control loop at a
high frequency, and ultimately, the system ran at about 1kHz. Also, closed loop control
required high-frequency readings of the DC-DC converter’s output voltage, which was ad-
ditional work. All of this effort could have been eliminated by using a regulated DC-DC
converter instead of the proportional model we chose. A regulated converter would run
the control loop internally, so the microcontroller would only need to feed it the refer-
ence voltage signal. However, compact, regulated DC-DC converters were limited to 1W
at the time the power supply was designed, which is much less that the 10 W available
from our proportional model. This year, a new line of regulated, compact, high-voltage
DC-DC converters was released, the XP Power HRL30 series that features 30 W of output,
and may have a greater slew rate from the powered-down state. This development could
greatly simplify the design of mobile power supplies for DETs in the future.

The bigger challenge for the power supply design proved to be the switching of high
voltages. An early iteration attempted to use high-voltage transistors (IXYS IXGF30N400)
for connecting the DET to the charge recovery system. Due to the high-side configuration
of the transistors, gate drivers were needed to operate the transistors. The gate drivers
that were selected (Power Integrations 1SC0450E2B0-45) proved impractical because they
added too much size and complexity to the circuit. So, we chose to use high-voltage re-
lays instead, which proved much easier to operate. However, this choice had the unfor-
tunate effect of making the charge recovery system counterproductive due to the energy
consumed to operate the relays as described in § 4.5.2. A bigger issue was that the re-
lays produced large voltage spikes (hundreds of volts) when they switched high voltages.
These spikes proved impossible to isolate, and they caused smaller voltage spikes (10 V
to 20V) to appear in the low-voltage circuitry. These spikes interfered with the reading
of the voltages from the high-voltage circuit and the reading of the power supply’s emer-
gency shutdown switch. Eventually, work-arounds were implemented, but future designs
would probably be better served to use high-voltage transistors instead of high-voltage re-
lays. It may be possible to avoid the difficulties of high-voltage gate drivers by using the
transistors in a low-side configuration.

Ultimately, the challenges of working with high voltages will diminish as DET and elec-
tronics technology improve. Improved electronics technology will result in high-voltage
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components with better performance and capabilities such as the regulated Dc-DC con-
verters mentioned above. Improved DET technology will results in lower operating volt-
ages as processes are improved for fabricating thinner elastomers. Already, some works

have demonstrated operation of DETs below 1kV.*%1%

5.3 The path forward

DETs offer a promising means to develop powered prostheses and orthoses without the
shortcomings of electric motors. In this work, some of the benefits of artificial muscle
design were observed in the DET VSA and DET AFO. Additional benefits could be obtained
with refinements to the designs. Though working with DETs entails challenges, those ex-
perienced in this work appear to be surmountable within the next two to five years as sili-
cone laminates become commercially available and high-voltage electronics technology
improves. Therefore, future work should continue to solve the challenges of powering
prostheses and orthoses with DETs so that powered prostheses and orthoses can become
practical for real-world use.
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