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Abstract

Mammalian skeletal muscle is an amazing actuation technology that can controllably
modify its force and position outputs as well as its material properties such as stiffness.
Unlike muscle, current engineering materials are limited by their intrinsic properties,
dictated at the molecular level.

This work is focused on developing an integrated device, called a programmable
material, which mirrors the capabilities of natural co-fabricated controlled actuation
systems such as muscle. While such a device may have the external appearance of a
homogeneous material, it can possess unique properties not existing in any currently
manufactured material. When actuation, sensing, and control capabilities are inte-
grated within a closed-loop system, the mechanical properties of the system such as
stiffness, viscosity, and inertia will arise from the dynamics of the feedback loop rather
than from any inherent mechanical properties of the materials from which the device
was fabricated. Moreover, these properties may be ‘tuned’ by altering the feedback
parameters embedded in the material system. With this approach properties such as
negative stiffness may be generated which do not exist in bulk materials.

The most promising of the existing artificial muscle technologies is actuation with
conducting polymer. Additionally, conducting polymer has been used to fabricate
the position sensor and control electronics. Creating these components from a single
type of material has made it possible to co-fabricate the system into an integrated
device. This is the first research to attempt to create a co-fabricated, fully integrated
conducting polymer feedback device. This work establishes the feasibility of building
the device and answers many of the questions of fabrication and design.

Thesis Supervisor: Ian W. Hunter
Title: Hatsopoulos Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Motivation

At rest, a human being’s ankle has a stiffness of approximately 20 —’Zﬁ-. When fully
flexed, the ankle can have a stiffness up 1000 %‘ﬁ, an increase by a factor of 50. This
is a remarkable achievement, one that has taken nature billions of years of evolution
to accomplish.

The ankle system is just one of many reflex loops in the human body. Through the
microscopic integration of muscle fibers (actin and myosin filaments), energy delivery
and waste removal systems (blood vessels), sensory mechanisms (muscle spindles and
Golgi tendon organs), and control capability (nervous system), these reflex loops
enable finely controllable motion (see Figure 1-1). By the time we learn to walk as
toddlers, we are using a wide variety of these systems without ever being conscious
of their use.

No passive material could hope to match the performance of this system. Passive
engineering materials are limited by their intrinsic properties, dictated at the atomic
and molecular level. Characteristics like inertia, stiffness, and damping which deter-
mine the material’s response to a mechanical input can only be changed by processing
the material (for example, alloying, annealing, drawing, or cross-linking).

To replicate the controllable properties of muscle, an active material is required.

Such a material would in fact be an integrated device. It must include an actuator

19



Thick (myosin) mmm

2 @
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Figure 1-1: Human skeletal muscle is an incredibly intricate co-fabricated system.
Through integration of actuation (muscle filaments), sensory (spindles), and control
(nervous system) capabilities, a reflex loop is created which can execute extremely
fine controlled motions. From [1].

component, along with sensing capability and a control system to read the sensor
and drive the actuator to some desired force or position. In engineering these devices
are called servomechanisms, and they are widely used in situations where a quantity
such as position, force, or velocity must be maintained with little or no error. Un-
fortunately, these systems must traditionally be assembled from distinct individual
components (actuator, sensor, control) as shown in Figure 1-2.

Skeletal muscle has the further advantage of being co-fabricated. That is, the var-
ious capabilities are fully integrated at the microscopic level to the extent that muscle
appears to be a single homogeneous material. If traditional engineering materials and
devices are used, the controllable motion performance of muscle can be matched and
even exceeded, but the device will never be mistaken for a material unto itself.

This work has been focused on developing an integrated device which mirrors the
capabilities of natural co-fabricated controlled actuation systems such as skeletal mus-

cle. While this device may have the external appearance of a homogeneous material,
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Figure 1-2: To replicate the controllable motion of skeletal muscle, a servomechanism
must be fabricated. Accomplishing this with traditional engineering materials and
devices requires an actuation system such as an electric motor (right [2]), a sensing
device such as a strain gage (lower left [3]), and a control system using silicon-based
electronics such as IC operational amplifiers (upper left [4]). No servo system con-
structed from these devices could be mistaken for muscle.

it will possess unique properties not existing in any currently available engineering
material. Since they are controlled through an embedded servo system, the mechani-
cal properties of the device such as stiffness, viscosity, and inertia will arise from the
dynamics of the feedback loop rather than from any inherent mechanical properties
of the materials from which it was fabricated. Moreover, these properties may be
‘tuned’ by altering the servo-control parameters embedded in the material system.
With this approach properties such as negative stiffness may be generated which do
not exist in bulk materials.

Such a device is called a programmable material. As mentioned above, traditional
actuation technologies such as hydraulics and electromechanical motors are not easily
embedded in a material. The actuator needed is one without moving parts - in fact,

one that comprises the material itself.

a1



Matching the capabilities of skeletal muscle is the subject of a great deal of ongoing
research (see Table 1.1) [5]. The most promising of the existing artificial muscle
technologies is actuation with conducting polymer [6-13].

Of the artificial muscle technologies reviewed, conducting polymers exhibited the
combination of total strain, strain rate, and low power which best matched skeletal
muscle. Of the others, liquid crystal elastomers are either too slow or require high
electrical fields to actuate. Dielectric elastomers, while fast with good total strains,
require very high voltages and fields for useful motion. Ionic polymer metal com-
posites have good bending actuation, but can’t be used for linear motion. Carbon
nanotube actuators are expensive and have relatively low strains, and shape memory
alloys are difficult to control at intermediate actuation states.

Conducting polymers have achieved good strains at low power inputs. The strain
rate is still lower than desired, but has improved over recent years and continues to
increase. Finally, conducting polymers have no real moving parts. The entire material
swells and contracts under the proper electrochemical conditions, so this technology
was ideal for the programmable material device application.

Since the goal is to create a device that externally appears to be a homogeneous
material, it is necessary to build the device components from materials that are
similar in material properties such as density, stiffness, and toughness. Having chosen
a conducting polymer from which to make the actuator, it is therefore logical to
fabricate the sensing and control capabilities from other polymeric materials.

Such an integrated feedback device has never been fabricated in any previous
research. Many researchers have fabricated various components of such a system, and
have achieved significant advances in the capabilities of these individual components.
As shown in Table 1.1 and discussed in Chapter 2, actuation using conducting polymer
is approaching the performance level of natural muscle. As we shall see in Chapters
4 and 5, electronics fabricated from conducing polymers have also begun to compete
with some traditional components.

However, these actuation and electronics components have been realized inde-

pendently of other requirements. Creation of a programmable material will force
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Table 1.1: Artificial Muscle Technologies. Assembled in [14] from [5].

Active | Active | Work Strain |
Actuator Strain | Qtress | Density | Rate Efficiency Advantages Disadvantages
(%) | (MPa) | (I/m?) | (%/s) | ()
Requires
Has systems for specialized
Mammalian heat and waste chemical and
Skeletal 20 0.35 8 >50 40 removal, energy thermal
Muscle delivery and environment, not
regeneration synthetically
produced
. . . . High voltages (>1
Dielectric Up to Up to _ Very high strains )
Elastomers 380 1 3400 4500 30- 90 and strain rates kV) and helds.(150
MV/m) required
Large strain for Thermal versions
Liquid Crystal 0.01 - 30 - thermal materials, are SIPW; electr'lcal
2-45 20 75 . versions require
Elastomers 0.5 1000 fast strains for . .
. high fields (1-25
electrical
MV/m)
Pol 1 39 re-
olypyrrole ported Up to Low voltage (2 V); | Slow (often run at
(conducting 5 ! 30 100 12 20 high stress and several Hz to
polymer) reliably strain achieve full strain)
Low voltage (<10
Ionic Polymer V), mechanical Only useful for
Metal 05-3 3 Upto 5 3 15-3 amplification gives bending (not
Composites large linear) motion
displacements
Carbon Up t Large operating Mattirials are
Nanotube <1 gO 0 2 20 0.1 temperature range; expensive, active
Actuators low voltage strains are very
low
Thermally Very high power l()rlufzi‘cgl:; to corfnle-;)l
. g etween fully
Activated 5 Upto | 1000 | 300 <5 (>100 kW /kg); contracted and
Shape Memory 200 low operating
Alloys voltage extended but not

between)
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compromises in the performance levels of each of the individual components of the
device. None of these components can currently perform as well as their standalone
conducting polymer counterparts (let alone traditional devices such as electromechan-
ical motors and silicon-based electronics), but without these compromises the device
will not work at all.

Some researchers have implemented feedback systems using some conducting poly-
mer components [15,16], but none have before attempted to create a co-fabricated,
fully integrated conducting polymer feedback device. This work establishes the fea-
sibility of building the device and answers many of the questions of fabrication and

design.

1.2 Conducting Polymers

Conducting polymers were first characterized by Heeger, MacDiarmid, and Shirakawa
in 1977 [17], work for which they won the Nobel Prize in Chemistry in 2000 [18].
They created conductive polyacetylene by oxidizing it with a halogen vapor (chorine,
bromine, or iodine), resulting in a film that was 10° times more conductive than
before treatment [17].

There are two requirements for a polymer to be conductive. First, the molecular
structure must have a conjugated backbone, which consists of alternating single and
double bonds. This structure enables delocalization of the m-electrons associated with
the double bonds, increasing the mobility of these electrons [18].

Second, a dopant is required. A dopant provides charge carriers in the form of
extra electrons or “holes” (a position where an electron is missing). Conducting
polymer dopants consist of anions incorporated in the polymer bulk during oxidative
deposition (see Chapter 2). These two factors give conducting polymers a remarkable
range of realizable conductivities (see Figure 1-3).

Since the discovery of conductive polyacetylene, many other conducting polymers
have been used for a wide selection of applications, including actuation, sensing, and

electronics [6,12,19 21]. Some of the most common of these polymers are shown in
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Conducting Polymers

semi-conductors

| | |
106 1012 108 104 100 10 108

| | 1 1 I | |
& & o ¢ W

& Conductivity (S/m)

Figure 1-3: Conductivity of conductive polymers compared to those of other materi-
als, from quartz (insulator) to copper (conductor). Polymers may also have conduc-
tivities corresponding to those of semiconductors. From [18].

Figure 1-4.

1.3 Thesis Overview

Each of the vital capabilities necessary to the creation of a programmable material
will be covered individually, but always with the understanding that each component
must be integrated with the others. Therefore, each capability will be discussed in
turn before overall integration is examined.

Since the actuation technology was the starting point of the design of a pro-
grammable material, the theory and implementation of conducting polymer actua-
tors will be discussed first in Chapter 2. The most promising conducting polymer
actuators have been fabricated from polypyrrole, which was chosen as the actuator
material for the programmable material.

In order to achieve apparent material homogeneity, the sensor layer will also be
fabricated from polypyrrole. Given the proper geometry a film of polypyrrole can
serve as a strain gage, converting mechanical deformation into an electrical signal.
This is examined in Chapter 3.

Creating control electronics was significantly more difficult. Creating a pro-

grammable material with integrated capabilities posed some unique requirements for
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(d) (e)

Figure 1-4: Common Conducting Polymers: a) Polyacetylene (PA). b) Polyaniline
(PAN). ¢) Polypyrrole (PPy). d) Polythiophene (PT). e) Poly(3-hexylthiophene
(P3HT). ) Poly(3,4-ethyelendioxythiophene) (PEDOT).

the fabrication process. Chapter 4 looks at the various deposition and patterning
techniques available for fabricating conducing polymer components and their relative
merits for building the programmable material. Finally, this chapter discusses the
final selection of the oxidative chemical vapor deposition process and the work done
to fabricate conducting polymer electronics using this technique.

Chapter 5 discusses the various electronic components required and how these were
fabricated. Once the design and deposition process was refined enough to produce
functional components, these devices were tested for their performance characteristics.
Finally, individual electronic components were integrated to create functional polymer
circuitry and their capabilities were tested.

Bringing all of these pieces together, Chapter 6 examines the work done to in-
tegrate the conducting polymer components (actuator, sensor, electronics) into an
operational programmable material. The system performance (given the current
capabilities of the components) is predicted, along with projections for necar-term
component improvements and their effects on the overall system.

As a programmable material is fundamentally an integrated controllable actuator,
this device is a first step to a practical artificial muscle application. It is therefore of
significant interest to examine the biostability and biocompatibility characteristics of

such a device. Chapter 7 looks at these possibilities.
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Finally, Chapter 8 discusses the results of this work. Directions for future work

are examined, along with a possible application.
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Chapter 2

Polypyrrole Electrochemistry and

Actuation

In this work, the conducting polymer polypyrrole has been used extensively. In this
chapter the actuation capability of polypyrrole as part of the larger programmable
material system will be addressed (see Figure 2-1), while the sensing capability will
be addressed in Chapter 3. The third major component, the control electronics, was
implemented with a different conducting polymer and will be addressed in Chapters

4 and 5.

In order to understand how polypyrrole actuates, it is necessary to first understand
how the films are fabricated. Both the fabrication and actuation are accomplished
using similar electrochemical processes, though it is not necessary that they be iden-

tical.

MECHANICAL
RESPONSE =

O —

DA «+— SENSOR

CONTROL
INPUT

Figure 2-1: System block diagram.
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Working Electrode:
Glassy Carbon Cylinder

Growing
Polypyrrole Film

Counter Electrode:
Copper Foil

Deposition
Solution —>

Glass Beaker —>

Figure 2-2: The glassy carbon working electrode is positioned concentrically with
the copper foil counter electrode in the electrolyte bath. Oxidation of the pyrrole
monomer in solution (in contact with the working electrode) leads to polymerization
and deposition. From [14].

2.1 Electrochemistry

The polypyrrole films used in this study were fabricated electrochemically. This
process produces a free-standing film that is mechanically robust and electrically
conductive. The electrochemical deposition process was developed originally by Ya-
maura [22] and refined in the MIT Biolnstrumentation Lab by John Madden, Peter
Madden, and Patrick Anquetil [15,16,23].

2.1.1 Polypyrrole Fabrication

Electrochemical deposition of polypyrrole is accomplished via the construction of an
electrochemical cell (see Fig. 2-2). A solution is mixed consisting of 0.05 M pyrrole
monomer (distilled and maintained at -20°C under nitrogen atmosphere protected
from light), 0.05 M tetrabutylammonium hexafluorophosphate (TBAP), and 1% dis-

tilled water in propylene carbonate.
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This solution serves as the electrolyte for the cell, which is constructed with con-
centric electrodes. The working electrode and deposition target consists of a glassy
carbon crucible (75 mm in diameter and 100 mm in height) with Kapton® tape used
to define the film’s horizontal edges. The counter electrode used is a polished copper
sheet, ideally with four times the surface area of the working electrode.

The deposition is completed at -40°C to control the rate of polymerization. The
working and counter electrodes are connected to a potentiostat (Princeton VMPZ2)
with the reference electrode contact connected to the counter electrode. After allowing
the temperature to equalize, the film is deposited galvanostatically using a current
density of 1.5 —n% for 8-15 hours. The deposition is controlled using EC-Lab® software
version 9.45 from Bio-Logic® Science Instruments.

This galvanostatic condition causes the working electrode to be positively charged
relative to the counter electrode. This allows monomer in solution in contact with the
working electrode to oxidize, losing an electron. As shown in Figure 2-3, this enables
the formation of a dimer. This dimer then oxidizes again at the working electrode,
and the process is repeated to create a long polymer chain.

The positively charged working electrode serves a second, vital purpose in the
deposition of this conducting polymer. Negatively charged ions from the salt in the
electrolyte solution (the hexafluorophosphate ions, in this case) are attracted to the
working clectrode and are incorporated into the oxidized film as it is deposited. This
intercalation of anions (the film is doped with these ions) enables the polymer to
achieve as-deposited conductivities on the order of 10° £ [24).

Depositions using this technique result in films with thicknesses from 10 to 30 ym.
These films have been optimized for mechanical robustness and the ability to reliably
actuate for long periods of time. Depositions with different variables (dopant ions,

solvent, deposition temperature) will be discussed in Chapter 7.

2.1.2 Polypyrrole Actuation

Functional actuation of polypyrrole is achieved in an electrochemical environment

very similar to that used for deposition. An electrolyte solution (using propylene
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Synthesis of Polypyrrole

H

2@ e 2@@.‘_’2@.

The last step is in fact a repetition of the first steps beginning with oxidation, followed by coupling
to either end of the polymer, and finally elimination of H*. The electrons are either removed via an
electrode (electrochemical deposition) or chemically, e.g.

Fer++ ——— Fet+

Note that the polymerization does not generally result in a neutral polymer shown above, but rather
the backbone is charged, as below, such that the total number of electrons transferred per monomer
is 2+a where a is generally between 0.2 and 0.5:

where A~ is an anion or dopant. Here @ = 1/3. During the initial phases of electrodeposition the
oligomers remain in solution, eventually precipitating to form a solid with intercalated anions.

Figure 2-3: The electrochemical deposition process for polypyrrole results in an oxi-
dized film with intercalated anions. These films typically have conductivities on the
order of 10° £. From [15].
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carbonate, water, or some other solvent) containing a salt is needed to provide dopant
ions and the medium through which the ions move. The actuation environment may
be the same as the deposition environment (minus the monomer), thoough in many
cases it is beneficial to use different ions to optimize actuation behavior.

As a voltage is applied between the polypyrrole and a counter electrode, an elec-
trostatic field is established which creates a capacitive double layer at the surface of
the polypyrrole. If the potential between the actuator and the counter electrode is
negative, the polypyrrole undergoes reduction. This generally causes the intercalation
of cations in solution and the de-intercalation of anions within the polymer (actual
ion movement is governed by several factors, including the potential difference, ion
size and the diffusion coefficient). Due to the loss of anions, the reduced state is the
low conductivity state of conducting polymers.

Similarly, if the actuator-counter electrode potential is positive the polymer un-
dergoes an oxidation reaction. This causes an influx of anions and an outflux of
cations (increasing the polymer conductivity) [14,15,25].

The incorporation of ions into the polymer bulk (intercalation) causes expansion
of the polypyrrole, while loss of ions into the solution causes contraction. Systems are
commonly designed to take advantage of a cation-anion pair of significantly differing
sizes [7,26]. Smaller ions move more easily, but if the ion is too small it will not result
in useful actuation. Ideally, one of the ions is very large in order to greatly reduce
its rate of diffusion and thus effectively render it immobile. The other ion is small
enough to move easily but large enough to produce useful expansion and contraction.

For example, in the deposition and actuation electrochemical system discussed
above, tetrabutylammonium hexafluorophosphate is dissolved in propylene carbonate
at a concentration of 0.05 M (a system normally designated TBAP/PC). The cation
of this system, tetrabutylammonium, has nearly twice the radius (0.415 nm) of the
anion, hexafluorophosphate (0.254 nm) [27]. Actuation in a TBAP/PC environment is
the result of motion of the hexafluorophosphate anion, since the tetrabutylammonium

cation is significantly less mobile.

The ion movement involved in polypyrrole actuation as a function of time is shown
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(a) The polymer at rest. There is a volt-
age difference at the interface between the
polymer and the electrolyte and at the
interface between the electrolyte and the
counter electrode.

g

N\

(c) The concentration of ions at the poly-
mer surface drives the diffusion of ions
into the polymer. Inside the polymer, the
ions are paired with holes or electrons to
form neutral species.

(b) When a potential is applied, a current
begins to flow through the electrolyte and
ionic charge builds up in the double lay-
ers.

(d) The polymer if fully charged when
the concentration of ions in the polymer
is equal to the concentration of ions in the
double layer at the polymer electrolyte in-
terface.

Figure 2-4: Charging of the conducting polymer drives ion motion, resulting in con-
ductivity changes and actuation. The upper two plots of each figure show the ion
concentration and the voltage in the polymer (polypyrrole, red), in the electrolyte
(blue), and the in the counter electrode (gray). The figure depicts charging for single
ion (anion) movement into and out of the polymer. From [16].
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in Figure 2-4. The application of a potential between the polymer and the counter
electrode first results in the creation of the capacitive double layer. As the polymer
is oxidized, anions in solution are attracted and begin to diffuse into the bulk of
the polymer. This results in expansion of the polymer (assuming mobile ar{ions and
immobile cations). As the ion concentration within the polymer reaches that in the

double layer, diffusion ceases [16].

2.2 Polypyrrole Actuation Model

The relationship between the voltage input and the strain output of the actuator
is necessary in order to model the overall system behavior (see Figure 2-1). The
voltage output from the control electronics is an amplification of the error between
the desired strain of the actuator (given by the overall system input as a voltage) and
the actual strain (transduced to a voltage by the sensor). This voltage is then used

as the driving input of the actuator.

John Madden [15] derived an admittance model of a polypyrrole actuator, called
the Diffusive-Elastic-Metal (DEM) model. The DEM model was based on the fact
that the polypyrrole actuator acts as a distributed capacitance, and uses a transmis-

sion line model to represent this. The actuator admittance is then stated as,

' L%—l_)-tanh (%\/%) + /s
Ri_é+s3/2+@-s-tanh(g\/%)’

Y(s):R=s (2.1)
where D is the diffusion coefficient, ¢ is the thickness of the capacitive double layer
formed at the surface of the polymer, C is the double layer capacitance, R is the
polymer resistance, a is the polymer thickness, and s is the Laplace variable. This

can be expressed more usefully in terms of time constants:

L .tanh (\/57p) + /3
Y(s)-R=s-f‘/T_c (V57D) + /5 ’
NE oy 3/2 4 % - 8- tanh (\/STD)

TRC

(2.2)
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A (measured)

anions

Figure 2-5: By maintaining a constant stress through force feedback, an isotonic
linear actuation test is completed. From [14].

where

2

S

1= 4D

TRC = RC, and (23)
52

T = 5

These time constants determine the dominant rate limiting process at a given fre-
quency or time. The first, 7p, represents the diffusion time in the polymer, the
second, Tgc is the charging time for the capacitive double layer, and the third, 7¢, is

the double layer diffusion discharge time [15].

2.3 Functional Polypyrrole Actuators

Many researchers have created actuators using polypyrrole [7-9,11,14,15,25,28-42].
By manipulating deposition and actuation system variables, they have been able to
increase the total strain achievable, while improving strain rate and total force. Novel

actuator geometries have been developed to amplify strain and force.
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2.3.1 Actuator Capabilities

The simplest polypyrrole actuator is a linear actuator. Figure 2-5 shows the test
setup for measuring total linear strain under isotonic (constant force) conditions.
Films deposited using the conditions described above normally actuate with 2-4%
linear strain [14].

Modifications to the deposition electrochemistry and the actuation environment
can produce significantly higher strains. By depositing polypyrrole from a methyl
benzoate solution of 1,2-dimethyl-3-propylimidazolium tris (trifluoromethylsulfonyl)
methide (DMPIMe) and actuating in a propylene carbonate/water solution of lithium
bis (nonafluorobutylsulfonyl) imide, Li(C4F¢SO3);N (LiNFSI), Kaneto has demon-
strated strains as high as 36.7% [42)], albeit for a single actuation cycle. Among the
highest strains achieved and sustained over many cycles was 14%, accomplished by
Patrick Anquetil et al. in the MIT Biolnstrumentation Lab using films deposited

using the PC/TBAP environment described above and actuated in ionic liquid (1-

Butyl-3-methyl-imidazolium tetrafluoroborate, or BMIMBF4) [39].

2.3.2 Actuator Geometries

In order to amplify the strain provided by a polypyrrole actuator, many researchers
have used a bimorph geometry [26,33,43-49]. A bimorph, or bilayer, geometry consists
of one layer of conducting polymer bonded to a second layer of passive (non-actuating)
material. The passive layer serves as something for the CP to ‘push off’ against - that
is, when the CP expands due to ion influx, the bilayer bends towards the passive layer.
When the CP contracts, the bilayer bends towards the polymer layer (see Figure 2-6).

However, the bilayer geometry requires a counter electrode placed néa,r the actu-
ator in order to complete the electrochemical circuit. This type of actuator also must
be immersed in electrolyte solution, precluding use in air.

As a result, the most common method for amplifying polypyrrole actuator strain
is the trilayer. The simplest trilayer consists of two conducting polymer films sep-

arated by a passive thin electronic insulator. This trilayer must be immersed in an
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polymer

_< %
inactive layer
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Figure 2-6: Bilayer (left) and Trilayer (right) Geometries. Arrows indicate polymer
expansion and contraction. From [16].

electrolyte solution with a counter electrode as the two actuating films do not ioni-
cally communicate directly. When opposing potentials are applied to the polypyrrole

layers, the trilayer bends towards the contracting polypyrrole layer (see Figure 2-6).

For a trilayer to operate in air, an ionic transport layer must replace the passive
insulator between the actuating layers. Since the middle layer serves as both an ionic
reservoir and diffusion pathway, this actuator geometry can be taken out of the lig-
uid electrolyte bath [16,41]. One example of an ionic transport layer material is the
electrolyte gel used by Angela Chen [41] in the MIT Biolnstrumentation Lab, which
consisted of a liquid salt (BMIMBF4) in a gel polymer (methacrylate). Another ef-
fective technique that tends to last longer is that employed by Spinks et al. [50],
which uses a polyvinylidene fluoride (PVDF) polymer membrane as the ionic trans-
port medium. By sputter coating gold on both sides of the membrane, polypyrrole

can be deposited directly onto the membrane surface.

Chen’s trilayers were successfully used to construct a prototype biomimetic robotic
fish fin (see Figure 2-7). It was important to generate a cupping motion in the fin [51],
and this was accomplished by incorporating the fin rays directly into a specially
shaped trilayer actuator. Rather than incorporating the actuator into the fin webbing,

the trilayer serves as the webbing itself.

Instead of amplifying strain through actuator geometry, it is also possible to am-
plify the force output through parallel actuation. Tim Fofonoff has pioneered a tech-
nique in the MIT Biolnstrumentation Lab for producing long (>10 m) gold-backed

polypyrrole ribbons. Using a serpentine arrangement, he was able to achieve much
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Figure 2-7: An all polymer fin with light ribs affixed to the back to increase fin
stiffness in the spanwise direction. This fin was able to cup the dorsal and ventral
edges, and to create a sweep motion [51].

higher forces than is possible using a single linear actuator (see Figure 2-8) [51].

2.4 Actuation in the Programmable Material

In the current work, a uniaxial actuation geometry is visualized as the basic mode
of the programmable material. In this configuration, the device consists of a single
actuation layer with one surface open to an electrolyte and counter electrode. The
opposite surface of the actuator is coated with a barrier material before the sensor
and control electronics layers are deposited, as discussed in Chapter 6.

As discussed above, the Madden DEM admittance model relates the input voltage
to the current into the actuator. By integrating this we get the charge injected into
the actuator, which we can then relate to the linear strain. By defining a strain to
charge ratio, @, and further assuming that o is independent of load [52], Madden
found that the relationship

€ = po (2.4)
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Figure 2-8: To increase the actuation force from a polypyrrole film, multiple actuators
are placed in parallel. In this case, a single gold backed film is snaked around Teflon
bearings to create the equivalent of 8 films acting in parallel. This device generated
forces in excess of 2 N. From [51].

gives a typical value of a for polypyrrole of 500 x 1072 %3 Since p = £, where ¢
is charge and V is the polymer volume, the overall strain resulting from actuation

under loaded conditions is
_ o9 .o
 LWh E’

€

(2.5)

where L, W, and h are the length, width, and thickness of the polymer actuator,
respectively, o is the applied stress, and E is the polymer Young’s modulus. This
equation is used to represent the actuator performance under uniaxial stress condi-
tions.

The linear configuration is useful for controlling the apparent stiffness of the pro-
grammable material. However, the system can also be used as a position-controlled
device. To get useful displacements, the small strains of the actuator must be am-
plified through a different configuration. As mentioned previously, an excellent and
simple configuration for accomplishing this is the trilayer (see Figure 2-9).

As discussed in Chapter 6 (and similarly to the linear configuration), one of the two
actuator layers in the trilayer will have the sensor and control electronics deposited
on its outside surface. To determine the mathematical representation of the trilayer

deflection for the overall system model, it is necessary to account for these extra
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CONTROL ELECTRONICS l

INSULATOR

Figure 2-9: This design for a programmable material is based on a trilayer actuator
device. The control electronics and insulator layers are two orders of magnitude
thinner than the actuator and sensor layers, and can be neglected in the elastic beam
analysis of the device. Diagram based on [16].

layers. For the purposes of this analysis, the insulation and control electronics layers
are neglected as they are two orders of magnitude thinner than the actuator and
sensor layers.

Based on Peter Madden'’s trilayer deflection analysis [16], the starting point is a
beam of uniform cross-section. It is assumed that the ion flux is uniform along the
length of the actuation layers. That is, there are no significant ohmic losses along
the length of the actuator which would lead to potential differences. Further, it is
assumed that the charge density in the top actuator layer is equal and opposite to
the charge density in the bottom layer, and that the charge density in each actuator
layer is uniform through the actuator thickness.

The device has length L and width W (into the page). Measuring distance y from
the centerline of the separator layer, thicknesses are as shown in Figure 2-9. The gel
separator layer has a Young’s modulus of E,, while the polymer layers (both actuator
layers and the sensor layer) have a Young’s modulus of E, as they are all implemented
with polypyrrole. The device’s total thickness is thus 2hg + 2k, + hs.

Assuming that the beam bends with uniform curvature [26], the strain is given by

€(y) = Ky, (2.6)

where ¢ is the strain, « is the curvature, and vy is the distance from the centerline of
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the separator layer (the line of zero strain).

Since all torques resulting from external forces or internal stresses must sum to

zero for equilibrium,
> m=0. (2.7)

For a force F applied at the end of the device and small curvatures,
Zri=W/a(y)-W-y-dy+F-L=0, 2.8)

where o is the internal stress resulting from elastic deformation. The material con-

stitutive equations give

Og (y) = Eyeq ),
0p (y) = Epep (y) + Epap, and (2.9)
s (y) = Epes (y)

where ¢4, €,, and ¢, are the local strain of the separator, actuator, and sensor layers,
respectively. Recall that the Young’s modulus of the sensor layer is the same as that
of the actuator layers. These can be substituted along with geometric dimensions,

and the torque balance equation is then rewritten as

—hg hg
0= / [Epky? — Eyopy] dy + E,ky’dy

—hp—hyg —hg
hg+hp+hs F-L

hgt+hp
+ / [Epsy® + Epopy] dy + / Epky’dy — ——. (2.10)
hg hg+hyp w

Integrating Equation 2.10 and solving for the force gives

F= Cspring K+ Ccharge P, (211)

42



Figure 2-10: As the trilayer device actuates from a rest position (shown in gray) to a
curved position (black), it covers an arc of length L on a circle of circumference 27"
The angle 6 is the fraction of the total circumference covered by the device length.

where
C ol agl 1+h”+hs 3+ 1+h” 3 2+2Eg (2.12)
e hy  hg hg E, |’ ‘
and

WE
Ccharge == 7 s h:

g T (2.13)
(+2) -

Assuming free deflection (no external force is applied at the end of the beam),

rearranging gives the curvature to charge density ratio:

E112
Ceharge _ _3a (1+ha) =l

K
o Coprin h h 213 hy )3 E,
P pring g (1+H§+h9) +<1+5§) +2(E§—1)

(2.14)

Multiplying this by the charge and actuator volume gives the resultant device curva-

ture.

The device tip deflection, dyip, is a function of the curvature and length. As
shown in Figure 2-10, the actuated device covers an arc of length L on a circle of

circumference 27r (or 2?") The angle 6 then is equivalent to this arc length as a
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fraction of the total circumference:
6= QWé = Lk. (2.15)

The total tip deflection is thus
Yy = — — —coS (LK) . 2.16
ytzp

Equations 2.5 and 2.16 will be used in Chapter 6 to relate the current (charge)
input to the actuators to the linear extension of the sensor, and the resultant tip

deflection of a trilayer device.
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Chapter 3

Sensing

The second important component of the programmable material’s feedback system
is the position sensor (shown in Figure 3-1). In order to control the actuator, it is
essential that we are able to sense the actuator’s resultant strain. This is accomplished
by means of a strain gage, which converts the mechanical displacement of the actuator

into an electrical signal usable by the control electronics to drive the actuator.

As in any simple feedback control system, comparison of the desired value (strain
in this case, represented by the input voltage) to the actual value (generated by the
position sensor by converting strain to voltage) results in the position error which is
amplified by the control electronics to drive the actuator. The ultimate goal is to

minimize the error, or equivalently, to position the actuator to the desired strain.

O —

RESPONSE -

MECHANICAL +(? ' &

ACTUATOR [+ DA

|

CONTROL
INPUT

Figure 3-1: System block diagram.
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Figure 3-2: Spinks et al. were able to sense the flexure of each finger using the
variable resistance of the CP/fabric strain gage mounted on the back of each glove
finger (from [37]).

3.1 Previous Work

Other researchers have previously created strain gage-type position sensors using con-
ducting polymers, though all have used these polymers deposited onto an elastic fabric
substrate. For example, De Rossi [53] was the first to create a glove with conducting
polymer/fabric strain gages attached to the fingers for position sensing. Spinks was
able to create a similar device using sensors with a gage factor of approximately 2

(see Figure 3-2) [37], where the gage factor GF is defined as

_ AR/Rg

€

GF (3.1)

where Rg is the resistance of the undeformed strain gage, A R is the change in
resistance resulting from the strain, and ¢ is the applied strain.

Peter Madden fabricated a strain gage from polypyrrole deposited on Lycra® fab-
ric, which he used to build a feedback control system (see Figure 3-3). In his system, a
polypyrrole trilayer (or ‘trimorph’) served as the actuator, and the polypyrrole/fabric

strain gage served as the position sensor. These sensors displayed gage factors between

6 and 10 [16].

Since the current work is focused on creating co-fabricated, integrated devices
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actuator at bottom of figure.

Figure 3-3: Peter Madden’s functional feedback system utilizing polypyrrole as actu-
ator and polypyrrole-coated fabric as sensor [16] is shown. Electronic components to
implement feedback control were external and not fabricated from conducting poly-
mer.

realized completely from conducting polymers, a fabric-based strain gage was in-
appropriate. Thus, the focus was entirely on strain gages fabricated strictly from
polypyrrole films. Prior to this work, John Madden was the only researcher to exam-

ine polypyrrole film strain sensors [15].

3.2 Viscoelastic Behavior

In order to accurately control the device, the viscoelastic properties of the polypyrrole
strain gage must be understood. Therefore, a study was undertaken to model the
creep behavior of the sensor that will then be incorporated into the integrated system
model to account for these effects.

John Madden et al. [54] examined the creep behavior of polypyrrole without de-
riving a mathematical model to account for the creep behavior. Based on their
experiments they found that a wet polypyrrole film (one submerged in solvent, in this

case propylene carbonate) has an elastic modulus of 800 MPa at small strains and a
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Figure 3-4: These stress-strain results are for a polypyrrole wet film drawn at 5
MPa/min. From [54].

tensile strength of 120 MPa (sec Figure 3-4). Dry films may have tensile strengths as
high as 150 MPa.

The creep behavior of polypyrrole on timescales up to 1000 seconds has been
shown to be linear and viscoelastic [33,55]. On time scales over 12,000 scconds, creep
behavior was shown to be non-linear and history dependent [54]. The current work

will be limited to the linear viscoclastic case.

3.2.1 Theoretical Modeling of Viscoelasticity

A common and effective model for the viscoelastic behavior of polymers is the stan-
dard linear solid model (SLS). As shown in Figure 3-5, the SLS model consists of a
spring in parallel with a spring and damper in series. Each of these elements is, as the
model name suggests, linear. The springs have stiffnesses represented by E, and Ej,
while the damper has a coefficient of 7,. Springs a and b account for the immediate
strain response upon application of a step stress input. Over time the strain from
the extension of spring b is transferred to damper ¢, which accounts for the creep

behavior of the polymer.
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Figure 3-5: Standard Linear Solid Model.

The strain response of a polymer modeled with an SLS to a step stress input is

my{%—{%—&i&}wmkﬁm, (3.2)

then

where o, represents the magnitude of the step stress input, h(t) is the unit step

function, and 74 is defined as the retardation time:

— ’I}(Ea + Eb)

Td = EaEb (33)

Unfortunately, the SLS model was found experimentally to be inadequate to model
the creep behavior of polypyrrole. There was a second time constant apparent, which
prompted the cvaluation of a generalized Maxwell model with two SLS units (as
shown in Figure 3-5) in parallel. The undamped springs (e in Figure 3-5), sum in
the Maxwell model to a single parallel undamped spring. This produces the model

shown in Figure 3-6.

The Maxwell model is governed by the differential equation:

(1+&)6+Ecé +—E—ae+Ece = 1(7+icr (3.4)
Ey Ev° ma  ma’ By ma '

It is first important to eliminate the terms dependent upon ¢.. Given a step stress
input:

o) =ooh(t) &=0.0(t), (3.5)

where 4 (t) is the Dirac delta function, the terms involving ¢, are then:

€c = €oh (t) ée = €,0 (t) €™ + €,h (t) Tie™, (3.6)
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Figure 3-6: Generalized Maxwell model with two damper units.

where 1 = —%. Making the small strain rate assumption as ¢ — oo, any terms

containing 6 (¢) in Equation 3.6 go to zero. Substituting and rearranging, we get

(keeping in mind that for t = 0%, 6 (t) =0 and o () = 0,):

E.E, > ( Ey ) (EbEc + n4Eem 1) ¢
+t|————<)e=|—F—)0,— | —————— ) ¢,e™¢. 3.7
(T)d (Eq + Ep) ni(Ea+ Ep)) ° ni(Ea+Ey) ) ° (3.7)
Solving this differential equation, we arrive at:
€(t) = Cre™™ + Coe™ ™ + Cy, (3-8)

where

(vl — EC(Ebnf B Ecnd)
nans (Ea + Ep)

c - Ec
C, = [ 1 Ey ] - [E (Eyny ﬂd)] .

— a
Ea + Eb + Ec Nd (Ea + Eb) Ndns (Eu + Eb)
Ey )

Ci=|—r——]o0,, 3.9

: (Ud (Ea + Eb) (39)
= EE, and

nr

___ BB

2 M4 (Ea + Eb) '

3.2.2 Viscoelasticity Experimental Work

In order to verify the models delineated above, the creep behavior of polypyrrole
was examined experimentally. This was done using the dynamic mechanical analyzer

(DMA) designed and built in the lab by Nathan Vandesteeg [25] as shown in Figure
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Figure 3-7: Large figure shows dynamic mechanical analyzer (DMA) custom built in
the BioInstrumentation Lab by Nate Vandesteeg [25]. Inset shows gold clamp system
with force sensor () to hold and make electrical contact with the polypyrrole sample.
Also shown are (b) stage, (c) stage controller, (d) signal conditioning amplifier (for
force sensor), (e) computer screen with DMA software, (f) data acquisition board,
and (g) potentiostat (for electrochemical experiments).

3-7.

Using software written in the Microsoft® Visual Basic environment, the DMA
utilizes a force sensor to implement force feedback and maintain a constant stress.
The Aerotech® ALS130-050 stage and controller enable position control to within 500
nm. The inset of Figure 3-7 shows a close-up image of the clamping system designed
and built for this work. These clamps allow stiff mechanical clamping of the sensor
sample while providing electrical contact for a four-point measurement of the sample

resistance, which was important for measuring the strain-resistance relationship.

Using the DMA, measurements of polypyrrole creep response were taken on film
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Figure 3-8: As can be seen from this plot of the creep behavior of polypyrrole, the
Maxwell model is a significantly better representation of the polymer creep behavior
than the SLS model. Inset shows close-up of transient behavior (first hour), empha-
sizing model differences.

samples deposited under the conditions given in Chapter 2. These films were allowed
to air dry for 24 hours before removal from the deposition electrode and subsequent
testing. Figure 3-8 shows the experimental creep response of a polypyrrole sample

under a 1 MPa load (sample length 10.5 mm between inner contacts, width 1.5 mm,

thickness 28 ym).

As can be seen, the generalized Maxwell model more accurately reflects the creep

behavior of the material than the SLS model.
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3.3 Strain-Resistance Relationship

3.3.1 Theoretical Modeling of Strain-Resistance

To model the relationship between strain and polymer resistance, the sensor was
assumed to be an elastic beam. Direction coordinates are assigned based upon the
expected aspect ratio of the sensor film (the sensor will consist of a film with length
measured in centimeters, width in millimeters, and thickness in micrometers). The
strain on the sensor will be applied along the length, which is assigned to be the

x-direction. The width is thus the y-direction, and the thickness is the z-direction.

Under elastic beam theory, when an object is subjected uniaxial stress it expe-
riences strains both in the direction of application as well as the lateral directions.
The magnitude of these lateral strains is governed by the Poisson’s ratio (v) of the

material, which in the case of polypyrrole is 0.426 [33].

Starting with the fundamental linear stress-strain relationships:

1

“=F [020 — v (04 + 022)]
E _

=5 [0 — ¥ (0ea+022)], and (3.10)
1

<=z [022 — V(02 + 0yy)],

we then apply the assumption of uniaxial stress, where 0,, = o and oy, = 7,, = 0,

to get:
€ 10
T = E ’
~v
& = 50 = ~Ves, and (3.11)
€& = —0 =
2= 0 = Ve

The cross-sectional area of the sensor is simply A = yz = (y, + d,) (2, + ,), where

d, and 4, represent the deformation in the y- and z-directions. Since ¢; = %, we can

_.’L‘i’
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substitute this into the definition of the area and we arrive at:

A=A,(1-ve), (3.12)

where A, is the cross-sectional area of the initial, unstrained sensor. It is now nec-
essary to make a further assumption, this regarding the conductivity of the polymer.
While significant work has been done into the affects of large strains on the con-
ductivity of polypyrrole films [14], this work is restricted to a small strains and it
can thus be assumed that the conductivity remains constant. Using o, to represent

conductivity and a subscript of ‘o’ to represent initial values, the conductivity is

1oTo %
7T VA, T RA (313

where i is current, x is length, V' is voltage, and R is resistance. Solving for resistance,

R=-"2 = ZoF 0 . (3.14)

oA () Ao (1 - ver)’

Rearranging finally gives

Ry=R—Sotl% _p 1te (3.15)

T (1 — Vé1)2 0(1 — I/Ex)2
o Zo

This is the relationship (referred to as the Poisson model) which will be incorporated

into the system model (see Figure 3-1).

3.3.2 Strain-Resistance Experimental Work

Using the Vandesteeg DMA in Figure 3-7, measurements were taken to find the rela-
tionship between the applied strain and the resulting change in resistance of the sensor
sample. To accomplish this, it was important that accurate resistance measurements
were taken simultaneously with the deformation application.

As mentioned above, the clamps designed for this work (see inset in Figure 3-7)
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Figure 3-9: Contact configuration for four-wire measurement for a sample of width
W, thickness T, and contact spacing S. From [25].

incorporated a four-point resistance measurement configuration using gold contacts.
While measuring resistance with two contact points is simplest, this method unfor-
tunately does not account for the contact resistance within the contact probes and
between the probes and the sample. Using the four-wire measurement method shown
in Figure 3-9 reduces the effect of contact resistance to a negligible level by applying a
known current between the outer contact points and measuring the resulting voltage
across the inner contacts. The voltage measurement draws a very small current, thus
minimizing the effects of the contact resistance.

The film used in this testing was approximately two months old, having been
stored in a sealed container since deposition. Samples were cut to be approximately
1.5 mm in width and 30 mm in length. The film was 25 pm thick and had a conduc-
tivity of 12.5x10° 2.

The applied strain was sinusoidal with frequency of 0.05 Hz and a magnitude of
2%. Figure 3-10 shows the strain-resistance relationship for 150 cycles of a‘typical
sample. The model prediction is also shown (0.38 /%, in the case of this sample),
displaying agreement with experimental results.

To generate an output that is usable by the control electronics, this small change
in resistance must be amplified and converted into a voltage. This is done through
the utilization of a full Wheatstone bridge, as shown in Figure 3-11. The sensor layer
of the programmable material serves as one leg of the bridge. Three resistors of equal
and constant values (equal to the resistance of the sensor at rest) form the remainder

of the bridge. A constant input voltage is applied and the output voltage varies as a
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Figure 3-10: Experimental test results for polypyrrole film strain gage response show
that the Poisson model is a good predictor of the strain-resistance relationship. Sam-
ple was 1.5 mm wide with 25.5 mm between inner contact points. Input was 2%
strain sinusoid at 0.05 Hz; three subsequent tests of 50 cycles each are shown.
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Figure 3-11: The full Wheatstone bridge was used to convert the variable resistance
of the sensor into a voltage to be used by the control electronics. The sensor (R;)
forms one leg of the bridge, and the remaining are formed by constant and equal
resistors (R,). A constant voltage, V;, is applied, and the variable output V} provides
an input to the control electronics.

function of the sensor resistance:

R, 1
w—vs(RﬁHc-ﬁ), (3.16)

where R; is the sensor variable resistance, R, is the constant resistance value, V is
the sensor input voltage, and V}, is the bridge output voltage.
For an R, value of 25 €2 and a V; value of 20 V, the bridge output is linear between

+2% strain, as shown in Figure 3-12. The gain for these bridge parameters is 0.93

Vv
% strain”

Chapter 6.

This is the set of values used in the programmable material system model in
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bridge, the output voltage is a linear function of the sensor strain over the range of
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Chapter 4

Deposition and Patterning of

Control Electronics

The key component of a programmable material is the feedback loop embedded within
it. This loop requires the fabrication of electronic components from polymeric ma-
terials that can be co-fabricated with the sensor and actuator elements. This co-
fabrication requirement severely restricts the choice of fabrication techniques. This
chapter reviews techniques available and discusses the final choice of the oxidative
chemical vapor deposition process for device deposition used to fabricate the differ-
ential amplifier (as shown in Figure 4-1). Issues with deposition and measures taken

to overcome those issues are also discussed.

o MECHANICAL | 47 g
RESPONSE :
ACTUATOR ﬂo- SENSOR
CONTROL
INPUT

Figure 4-1: System block diagram.
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4.1 Deposition and Patterning Techniques

There are a limited number of methods by which a conducting polymer can be de-
posited. The techniques for patterning the conducting polymer control electronics are
closely related to the deposition method, so these will be examined simultaneously.
There were several requirements that a method had to satisfy in order to be deemed

appropriate for this work.

e First, the fabrication of the control electronics could not damage the actuator or
sensor components. As discussed in Chapter 6, co-fabrication of the integrated
programmable material requires patterned conducting polymer deposition onto
a flexible and somewhat fragile conducting polymer-based substrate. If either
the deposition process or the patterning technique (to include pattern removal)

damages the underlying conducting polymer, the method will not work.

e Second, it is important to keep the overall size of the device small. Since
the speed of actuation in polypyrrole is diffusion-limited (see Chapter 2), it is
important to keep the dimension normal to the electrolyte interface (usually
the thickness) very small while maintaining mechanical robustness. To prevent
significant ohmic losses within the actuator, which results in thermal loading of
the actuator and uneven actuation [25,56], it is important to keep the width
and length of the device small. This limits the available footprint upon which
the electronics may be fabricated, and therefore limits the complexity of the

control implementation.

e Third, the technique or techniques chosen must allow deposition of both con-
ducting and non-conducing polymer layers, or there must be a complementary
method for non-conducting polymer deposition. The non-conducting layers will
serve as electronic and ionic insulators between the actuator, sensor, and elec-

tronics layers.

e Fourth, the deposition process should be as simple and robust as possible. Since

the goal is to create a programmable material consisting completely of con-
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Table 4.1: Processing Hazards for Polypyrrole. Reprinted from [57].

Damaging Use care, test first | Harmless

Cr etchant Acids Au etchant

High temperatures Hot plate at 100°C
Developer (KOH), Bases | Solvents Photoresist

Resist Stripper/Remover UV light in mask aligner

ducting and non-conducting polymers, silicon or metal substrates are to be
avoided. Further, a deposition method and accompanying patterning technique

with fewer variables allows for easier optimization.

o Finally, the deposition technique must be capable of depositing conducting poly-
mer onto a non-conductive substrate. This is important to allow adequate elec-

tronic isolation between the functional layers of the device.

As mentioned in the first bullet, it would be self-defeating to use a fabrication
process to create the control electronics which damaged the underlying conduct-
ing polymer components (i.e. sensor and actuator). Smela [57] examined the risks
to polypyrrole resulting from various processing techniques, chemicals, and condi-
tions. As shown in Table 4.1, the use of one of the primary methods for patterning
micrometer-sized components (photolithography) is severely limited by the sensitivity
of polypyrrole to photoresist developers. The other hazards shown were considered
in evaluation of the various methods.

There are six basic methods for depositing patterned conducting polymers [58,59).
Each of these were evaluated for their effectiveness and the ease with which the control

electronics could be created.

4.1.1 Electroless Deposition

Among the simplest deposition methods is the electroless technique, so called due to
the lack of an electrical potential driving force in the depositon. This method can

deposit onto nearly any surface (conductive or non-conductive) simply by immersing
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(a) Electroless  so- (b) Fabric Target after electroless deposition.
lution with target
material.

Figure 4-2: After several hours of electroless deposition in a water solution at 4°C,
the submerged portions of the target have a uniform coating of polypyrrole.

the target into a prepared solution. For example, to deposit polypyrrole using this
method, the solution contains 0.02 M of pyrrole monomer (previously distilled), 0.046
M of an oxidizing agent (for example, iron (III) chloride, FeCls, which also provides
the Cl~ anions for doping), and 0.006 M of an initiator (such as 1,5-naphthalene
disulfonic acid tetrahydrate) (see Figure 4-2).

In order to pattern an electroless deposition, a removable conformal pattern must
be applied to the target prior to deposition. The difficulty arises in the need to remove
the mask following deposition. Photoresist was considered as one possible masking
material, but the removal process would have damaged the underlying polypyrrole
substrate. Early experiments on fabric targets using various adhesive masking mate-
rials proved inadequate (see Figure 4-3).

As no appropriate patterning technique was found, the electroless d‘eposition pro-

cess was rejected as inappropriate.

4.1.2 Electrochemical Deposition

The process of electrochemically depositing polypyrrole (and similarly, other con-
ducting polymers) is discussed in depth in Chapter 2. This section deals only with
this methods applicability to deposition and patterning of a programmable material’s
control electronics.

Electrochemical deposition (ECD) requires a conductive target to serve as the
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(a) Adhesive mask results on fab- (b) Wax mask results on fabric target.
ric target.

Figure 4-3: In order to pattern an electroless deposition, different adhesive masks
were tested. In subfigure a, the masking materials used were (left to right) Kapton®
tape, urethane, and epoxy. In subfigure b, the masking materials used were varying
types of wax. The urethane and epoxy were permanently adhered to the substrate
and did a reasonable job of blocking the deposition. The tape was easy to remove,
but did not effectively block deposition. The waxes blocked deposition and could be
removed, but the removal was slow, difficult, and imperfect.

working electrode. If the conductive target is selectively coated with conducting
polymer by applying a pattern prior to ECD [60-63], the conducting polymer traces
will not be electrically isolated unless the continuous substrate is then etched away.
This can be damaging to the original deposition. A more realistic option is to pattern
the conductive substrate itself prior to ECD, removing areas where we do not wish
conducting polymer to be deposited.

Establishing this pattern can be done several ways, including masked crosslinking,
patterned target electrodes, photoresist-patterned electrodeposition, reactive ion etch-
ing, selective destruction, and selective doping. Based on the criteria listed above, the
only method that might meet the requirements of this work is patterned target elec-
trodes (the other methods require significant processing or post-deposition treatment
with harmful chemicals). Of course, this requires patterning of the target electrodes
in the first place, which must be done photolithographically.

Jager et al. [64] were able to use photolithographic methods to fabricate arrays
of bilayer (see Chapter 2) microactuators (see Figure 4-4), based on earlier work
by Smela and others [44,65]. These devices were deposited on a silicon substrate
and required gold, titanium, and chromium layers, which violate the criteria above.

Ultimately, it was decided that photolithographic patterning was incompatible with
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Figure 4-4: Smela et al. created bilayer microactuators through photolithographic
atterning. Figure on the left shows the microactuators stretched flat, with a 30 pm

fiber for comparison. Figure on the right shows microactuators curled up, grabbing
the fiber. From [64].

the requirements for this work. The risks posed by the photoresist developer and the
complexity of the deposition process led to rejection of this method. The results that

could be achieved using photolithography could be realized using simpler techniques.
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Figure 4-5: Takashima et al. patterned a bi-ionic actuator using insulating tape.
Left figure shows deposition sequence, and right figure shows actuation of completed
device. From [66].

Another patterning technique for ECD that was considered was that used by
Takashima et al. [66]. By selectively and sequentially emplacing insulating adhesive
tape, they were able to create a ‘bi-ionic’ actuator (see Figure 4-5). This actuator is
bi-ionic in the sense that due to the two different polypyrrole chemistries deposited,

different parts of the actuator contract and expand simultaneously under the same
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Figure 4-6: A bath was fabricated which allowed passivation of polypyrrole. When
an alkaline solution is flushed over the film contained within the bath, the resulting
change in conductivity is measured at the contact points on the sides. Subsequent
immersion of the sample in an acid solution restored some of the conductivity.

electrochemical conditions. This patterning technique was ultimately rejected due to
the difficulty of ensuring complete adhesive removal and the fragility of the polymer

substrate.

4.1.3 Selective Passivation

Conducting polymers can undergo a large reduction in conductivity (passivation)
when the conductive mechanism is interrupted through chemical treatment. Pei and
Qian demonstrated a reduction in the conductivity of polypyrrole by four orders of
magnitude after deprotonation of the molecular chain resulting from exposure to a
basic solution [24].

To examine the potential for using selective passivation as a patterning technique
for polypyrrole, a small bath was fabricated (see Figure 4-6) that enabled the succes-
sive immersion of a polypyrrole sample in basic, acidic, and neutral solutions while
measuring the sample resistance.

Using this test apparatus, a change of well over one order of magnitude was
achieved in the sample conductivity (see Figure 4-7). Unfortunately, these solution
treatments resulted in a significant change in the sample geometry, causing samples

to contract (enough to break, in some cases) when immersed in the alkaline solution.
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Figure 4-7: Using the bath shown in Figure 4-6, a polypyrrole sample was exposed to
successive solutions. Annotations reflect the timing of these different solutions. The
sample conductivity was reduced by a factor of 12 when immersed in a basic solution.
This conductivity was recoverable when submerged in an acidic solution.
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Figure 4-8: Photolithographic techniques can be used to selectively passivate under-
lying conducting polymer. Developing the photoresist deprotonates the unprotected
conducting polymer, creating a conductive pattern within a non-conductive matrix.
From [67].

This resulted from the deintercalation of anions [24], essentially actuating the mate-
rial. This was unacceptable for the current application and work was discontinued in
this area.

Makela et al. applied this deprotonation technique using photolithographic pat-
terning methods [67]. After spin casting the conducting polymer polyaniline and a
coating of ultraviolet photoresist, the resist was exposed to ultraviolet light through
a mask (see Figure 4-8). The subsequent development of the photoresist in a strongly
alkaline solution rendered the exposed regions of polyaniline ten orders of magnitude
less conductive.

The selective passivation patterning technique is simple in that it patterns an
existing continuous deposition of conducting polymer. However, the residual stresses
left by the treatment with a basic solution prevent the use of this technique in the

current work.

4.1.4 Contact or Screen Printing

Holdcroft [58] wrote an excellent review of the various techniques available for pat-

terning conducting polymers. He goes into some detail on several printing techniques.
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Figure 4-9: Using microcontact printing, a thin layer of conducting polymer can be

transferred to a substrate. This requires patterning of the mask from an elastomer
such as PDMS. From [58].

The first of these, microcontact printing (or xCP), is shown schematically in Figure
4-9. By patterning a stamp from an elastomer such as polydimethylsiloxane (PDMS),
a precise pattern of an organothiol can be transferred to a surface. If, for example, the
surface is gold, the exposed gold can be etched away, leaving a pattern of conducting
electrodes for ECD. Alternatively, a thin layer (on the order of a few nanometers) of

conducting polymer can be directly transferred to a substrate surface.

pCP has the drawback of requiring the photolithographic patterning of either the
stamp itself or the pattern to be transferred, necessitating clean room conditions
for fabrication. Additionally, the dynamic physical contact and mechanical pressure
applied between stamp and substrate mitigate against using this technique for the

current application.

Similarly, screen printing also requires dynamic mechanical pressure between pat-
tern and substrate, as well as a squeegee device to transfer the pattern. Further,
screen printing requires a soluble material for deposition [58,59]. While the conduct-
ing polymer poly (3,4-ethylenedioxythiophene) (PEDOT) is soluble (when combined
with polystyrene sulfonic acid) and can be patterned this way, the conductivities

achieved are lower than with other deposition methods [68].
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Figure 4-10: Using photolithographic techniques, Sirringhaus et al. were able to
achieve high resolution with an inkjet printing process. Figure A is a schematic of
how the droplet of PEDOT/PSS is limited by the hydrophobic patterned PI. Figure
B was created using atomic force microscopy and shows the profile of the PI-limited
deposition. From [69].

4.1.5 Inkjet Printing

Some soluble conducting polymers have been patterned using modified inkjet printing
equipment [58,69-74]. By patterning the target substrate with selective hydrophilic
and hydrophobic regions, Sirringhaus et al. were able to achieve resolutions of 5
pm (see Figure 4-10) [69]. The conducting polymer in this case was PEDOT doped
with polystyrene sulfonic acid (PSS), which makes the PEDOT soluble in organic
solvents such as chloroform, and the hydrophobic boundaries were fabricated via
photolithographic patterning of polyimide.

This method was rejected due to the need to construct a system for inkjet print-
ing an appropriate conducting polymer onto the desired polymeric substrate. The
polymer to be used had to be soluble, and while the PEDOT-PSS system is soluble,

as mentioned above it has lower conductivities than other methods.

4.1.6 Vapor Phase Deposition

There has been considerable work using films of pentacene (an organic semiconductor)

deposited using a process called organic vapor phase deposition (OVPD) [75-78]. This
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Figure 4-11: Schematic shows cross-section of a hot-walled organic vapor phase depo-
sition (OVPD) reactor. An inert gas, saturated with the vapor of the organic source
material, carries them downstream to the cooled target substrate. The hydrodynamic
boundary layer of thickness ¢ is shown, which depending upon reactor conditions can
be varied to control deposition speed and thickness. V is the gas volumetric flow
velocity, Ty is the organic source cell temperature, P4 is the partial pressure of the
organic material vapor, and X is the position relative to substrate axis. From [76].

is primarily utilized in fabricating organic thin film transistors (OTFT). A schematic

of the OVPD process is shown in Figure 4-11.

The OVPD process is useful for some organic materials, but it is not generally suit-
able to deposit conducting polymers. However, a variation of this process known as
organic chemical vapor deposition (0CVD) can do so [79,80]. During the oCVD pro-
cess, the conducting polymer is polymerized and deposited onto the target substrate
in one straightforward step (see Figure 4-12). The oCVD process allows line-of-sight
deposition without significant lateral migration, so the polymer can be patterned us-
ing a simple shadow mask. Additionally, oCVD is the most gentle process for the
target substrate of all those examined. For these reasons, oCVD was the best methods

to deposit the control electronics in the current work.
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Figure 4-12: In oxidative chemical vapor deposition (0CVD), the EDOT monomer
flows in from the left, making contact with the sublimated oxidizing agent. Poly-
merization occurs, and the PEDOT deposits onto the target substrate. The target is
held on the underside of a temperature-controlled platform at the top of the chamber.
From [80].

4.2 Oxidative Chemical Vapor Deposition

As discussed in the previous section, oCVD was the deposition process most suited for
the current application. The process can be used to deposit many different conduct-
ing and non-conducting polymers, and is extremely gentle to the target substrate.
Patterning can be accomplished with simple shadow masks, with resolution limited

only by the mask fabrication process.

4.2.1 Experimental Setup

The oCVD process was pioneered in the Chemical Engineering Department at MIT
in the lab of Professor Karen Gleason. Thanks to a collaboration via MIT’s Institute
for Soldier Nanotechnologies, Professor Gleason graciously allowed this work to be
done using her facilities. The depositions were conducted in the vacuum chamber
system shown in Figure 4-13.

The equipment consists of a vacuum chamber (drawn schematically in Figure 4-
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Figure 4-13: The oCVD experimental setup shown is centered around the vacuum
chamber (large circular window). Monomer flow is controlled at the upper left, and
the oxidant temperature is controlled at the bottom center. Photo taken in the
Gleason Lab at MIT.

12) with a heated crucible into which an oxidant (usually Fe(III)Cls) is placed. Upon
achievement of pressures below 150 mTorr, the oxidant is heated to approximately
240 °C at which point it sublimates to vapor form. The heated conducting polymer
monomer (normally ethylenedioxythiophene, or EDOT) is introduced in vapor form.
The target substrate - normally polyethelyne terephthalate (PET) film - is maintained
at a constant temperature (normally 85 °C), as this is used to control the conductivity
of the deposited film [80]. At this temperature, conductivities of 103 % were regularly
achieved. ‘

When the monomer and oxidant make contact in the deposition chamber, PEDOT
is formed and deposits directly onto the target substrate (see Figure 4-14). Following
deposition, the system is allowed to cool before venting. After removal from the
chamber, residual monomer and oxidant are washed off the target substrate with

methanol.
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Figure 4-14: The mechanism of PEDOT polymerization in the oCVD process actu-
ally favors longer polymer chains. The EDOT dimers oxidize more readily than the
monomer, driving the process to longer chains. From [68].

As discussed in Chapter 6, co-fabrication of the programmable material required
insulative polymer layers that provided both ionic and electronic barriers between
the actuator, sensor, and electronics layers. This was accomplished by patterned
deposition of polystyrene using a plasma-polymerization process in the Gleason lab.

The reason polystyrene was used as the barrier material was not only for its barrier
characteristics but also for the ability to ‘graft’ subsequent cCVD layers of PEDOT
onto the polystyrene surface. Grafting was first used in oCVD by Im et al. [80],
allowing strong attachment of the deposited film onto a substrate with a molecular
structure containing aromatic rings. As part of the oxidative deposition process, these

aromatic rings form attachment sites for the PEDOT (see Figure 4-15).

4.2.2 Patterning

One of the advantages of the oCVD process was that patterning the conducting
polymer could be accomplished with shadow masks. This was done using both metal

and adhesive masks. The metal masks were used initially to achieve good resolution
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Figure 4-15: Starting with polystyrene (lower left), the oxidative chemical vapor
deposition process activates sites on the aromatic rings for PEDOT attachment and
polymerization. The attachment (grafting) that results is excellent. From [68].

(see Figure 4-16), but the external manufacturer was slow to provide completed masks.
For this reason, many depositions were completed using adhesive paper masks, which
were much simpler, cheaper, and faster to fabricate, though they did not provide the
resolution of metal. An internal fabrication method for metal masks was devised, and
later depositions were again completed with metal masks.

The pattern designs were dictated by the requirements of the control electronics
needed to implement the feedback loop. Each design was completed using SolidEdge®
19.

The masks had to meet certain criteria:

Withstand temperatures of 85 °C.

Did not damage fragile substrate.

Thin enough to prevent significant shadowing of PEDOT deposition.

Either adhesive (and thus conformal) or else rigid (and thus statically clamped

tightly to substrate).

Reusable masks are preferable to one-time use.

Inert (with respect to oCVD conditions).
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Figure 4-16: Metal masks in subfigures a and c were for oCVD of PEDOT, while
mask in b was for plasma-polymerization of polystyrene. These masks were produced
by outside manufacturer Stencils Unlimited, and are each 50 mm square.

Adhesive Masks

In order to accelerate the prototyping cycle, adhesive masks were used for many early
depositions. It was important to find a masking material that could be accurately
cut with a pattern and still be able to withstand the conditions of the oCVD process.
Several adhesive tapes were tested, and many of them reacted poorly to the elevated
temperature of the oCVD chamber.

The final adhesive mask design used 3M® 9415 repositionable tape and heavy
paper. The tape was double-sided, with one high tack surface which was adhered to
the paper. The distal surface of the tape was coated with a low tack adhesive to allow
repositioning of the mask if necessary.

The adhesive masks were fabricated using a Trotec® laser engraver. While the
resolution of the cut patterns did not match that of the externally fabricated metal
masks, as shown in Figure 4-17, the 100 um spot size of the laser was adequate for
most patterning tasks.

An unforeseen advantage of the 3M® 9415 tape was that these masks lifted off
the substrate very easily when washed in methanol following deposition. If handled
carefully, the paper/adhesive masks could be reused several times. Unfortunately,
it was discovered that a significant amount of adhesive remained on the substrate
following mask removal. This did not hinder early tests, but was a factor in the

discontinuance of adhesive mask usage.
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Figure 4-17: Comparing adhesive masks fabricated on the laser engraver with the
metal masks shown in Figure 4-16 shows that adequate resolution is achievable with
adhesive masks for initial design iteration.. The leftmost pair of photos show close-
ups of components of the metal masks. The small bridges are 200 um in width. The
center pair of photos shows an adhesive mask after a single pass of the laser engraver,
while the rightmost pair of photos shows an adhesive mask after two passes using the
final cutting settings.

Metal Masks

Once the designs for the electronic components had been refined, it was necessary
to achieve greater accuracy and repeatability than could be accomplished with adhe-
sive/paper masks. Parallel to the several depositions conducted using the adhesive
masks, a metal mask fabrication method was devised that could be completed in-
house. While these rigid masks were clamped to the substrate (and were thus in
physical contact with the deposition target), this contact was static. This made the
impact on and risk to the fragile substrate much less than techniques such as contact

printing or screen printing, which required dynamic contact with the substrate.

Using wire electrical discharge machining (wire EDM), metal masks were fab-
ricated from 120 pum thick stainless steel (see Figure 4-18). Since the wire EDM
equipment needed access paths to the patterned cutouts, Kapton® tape was used to
block unwanted gaps in the mask (this tape was used due to its chemical inertness)

and improve the mask stiffness. All mask designs were created using SolidEdge®

v

software and programmed for the wire EDM in G-code.
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Figure 4-18: This set of metal masks was fabricated on the wire EDM equipment in
the Biolnstrumentation Lab at MIT. The left pair are for deposition of electrochemical
differential amplifiers (mask for PEDOT at far left, mask for ionic barrier polystyrene
second from left). The right pair are for deposition of electrochemical transistors
(mask for PEDOT second from right, mask for polystyrene at far right). Each mask
is 8 cm in height.

4.2.3 Results

An example of an oCVD fabrication is shown in Figure 4-19. Using the patterning
techniques discussed above, it was found that features 200 xm in width were achiev-
able, while attempts 100 pm features had poor results due to the mask thickness.
Future work should leverage the ability of the wire EDM to produce angled cuts.
The v-shaped openings in the mask which would result should reduce the shadowing
which prevented implementation of smaller features.

Examination of the components fabricated using oCVD shows that the metal
masking techniques used as previously described were effective. Scanning electron
microscopy reveals the good definition of both the PEDOT and polystyrene layers

(see Figure 4-20). The device shown, while somewhat dirty, performed well on testing.
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Figure 4-19: This figure shows a 100 mm square substrate of PET with depositions
of PEDOT and polystyrene. The large areas of PEDOT are contact pads for testing
purposes. The polystyrene can be faintly seen masking portions of the PEDOT
deposition.

X308 SBBum

(a)

Figure 4-20: Subfigure (a) shows an overview of a component deposited using oCVD.
The PEDOT pattern is readily apparent, as is the polystyrene barrier layer over
the outer portions of the device. Subfigure (b) shows a close-up of a gap of the same
component, demonstrating the excellent definition of the PEDOT deposition achieved
using wire EDM-fabricated masks.
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Chapter 5

Feedback Electronic Components

5.1 Feedback System Requirements

In order to close the control loop in the device, a component is needed which will
drive the error between the desired actuator strain and the actual strain of the device
to zero. As shown in Figure 5-1, the desired strain is provided as an input to the
system. A signal corresponding to the actuator strain is output by the sensor. These
two signals must be compared and the difference between them amplified to provide
an input to the actuator itself.

The simplest component for accomplishing this task is a differential amplifier
(DA) [81]. This can be implemented with two transistors as shown in Figure 5-2.
The theory of the DA is examined in a later section, but it is enough to know at this
point that it is necessary to fabricate transistors in order to implement the feedback

loop.

o MECHANICAL E .
RESPONSE =

ACTUATOR SENSOR

CONTROL
INPUT

Figure 5-1: System block diagram.
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Figure 5-2: A “long-tailed pair” is a simple way of implementing a differential am-
plifier. This circuit uses only two transistors to amplify the difference between two
input voltages [81].

Future work may examine implementation of PID (proportional - integral - deriva-
tive) control elements using operational amplifiers and other, passive, components

such as capacitors and inductors, but the scope of this work was limited to the DA.

5.2 Previous Work

Many researchers have done work in the area of creating functional electronic com-
ponents and devices using conducting polymers [51,76,82-88]. The first transistors
incorporating conducting polymers were fabricated by Ebisawa et al. [89] in 1983
using polyacetylene as a semiconductor material in an organic field effect transistor
(OFET), as shown in Figure 5-3. Continued research has led to the use of other
conducting polymers as channel materials [90-94] within silicon-based devices as well
as progress towards fully organic components [95-97].

Other work in organic electronics has shown that small organic molecules such as
pentacene are more effective as OFET semiconductors than the current state of the art
in conducting polymers [83,97]. The important measure of material performance in
this case is the charge carrier mobility, designated u and measured in —"’,% The best and
most commonly used conducting polymer for this application is regioregular poly-(3-
hexylthiophene) (rr-P3HT), with a charge carrier mobility on the order of 2x107° [98].
Mobilities of up to 1.1x10~* have been demonstrated with pentacene [98]. Figure 5-4
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Figure 5-3: The first organic transistor utilized conducting polymer (labeled (CH),
in the figure) only for the semiconductor channel. All other components were non-
organic. From [89].

gives an idea of the mobility ranges achievable with these materials relative to that

currently available with silicon-based components.

As can be seen, even the best organic components are only beginning to compete
with silicon-based electronics. As a result, most of the current research is directed
to areas where silicon components have traditionally been unsuited such as low-cost,

flexible, and large-area applications [97].

One of the most prominent of these organic electronics applications is the OLED,
or organic light emitting diode. Since the early 1990’s [99] such progress has been
made in OLED design and fabrication [93] that OLED devices have begun to reach

the commercial market (see Figure 5-5) [100].

Unfortunately, OFET’s are currently impractical for a programmable material.
The deposition methods and patterning techniques required to successfully fabricate

an OFET (see Chapter 4) are too harsh to successfully deposit these components

2
Charge carrier mobility p I:m—}
Vs
a-Si:H poly-Si Si
crystal
small
polmers | motete
I I I l

107 10° b{/ o 10 103 107 107

Figure 5-4: Conducting polymers are currently incapable of achieving charge car-
rier mobilities that are competitive with silicon-based components. The dark box
represents organic small molecules such as pentacene. From [97].
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Figure 5-5: . These OLED high definition televisions from Sony® have a contrast
ratio of 108 : 1 and were first displayed at the 2007 Consumer Electronics Show.

onto a polypyrrole actuator backing. Simpler components are called for, such as
electrochemical transistors.

Rather than depending on a very sensitive and difficult to deposit organic semi-
conductor layer as the channel material (as in an OFET), electrochemical transistors
(ECT) are simply appropriately patterned traces of conducting polymer within an
electrolyte [30,95,101,102]. The electrolyte allows the establishment of electrochem-
ical cells within the transistor, and the conductivity drain-source path can then be
switched on and off electrochemically.

Wrighton et al. [103] were the first to create an ECT, using polypyrrole as the
active material (see Figure 5-6(a)). These devices are not self-contained, however, as
they require an external counter electrode. This research was refined by Schuhmann
et al. [104], who miniaturized the device by writing polypyrrole lines across 100 ym
gaps between source, gap, and drain using a scanning electrochemical microscope (see
Figure 5-6(b)). Again, these devices required an external counter electrode.

As the ultimate goal is to create a programmable material that does not need to
be immersed in electrolyte with a separate counter electrode nearby, ECT designs by

Chen et al. were of great interest [71,105]. These devices, discussed further below,
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(a) Wrighton et al. (from [103]). (b) Schuhmann et al. (from [104]).

VG= -200 mV

Figure 5-6: Wrighton and Schuhmann created early electrochemical transistors using
polypyrrole as the channel material. As can be seen, both devices must be submerged
in electrolyte and require an external counter electrode.

obviate the need for an external counter electrode through the use of two separate
electrochemical cells.

Chen’s ECT were fabricated by first spin-coating a surface with a solution of
PEDOT:PSS. The patterns were made by scoring the surface with a plotter, removing
the conducting polymer from unwanted areas. This technique is unsuited to the
current application, but patterning these devices can be accomplished in an oCVD

deposition using shadow masking (see Chapter 4).

5.3 Diodes

5.3.1 Device Design

As a step to creating functional electrochemical transistors, electrochemical diodes
were first designed and tested. Based on Chen’s work [71], these diodes contain
a single electrochemical cell. As shown in Figure 5-7, a positive potential applied
between points a and b (V, > V;) causes a redox reaction to occur in the cell at ¢ and
d. As cis at a higher potential than d, c oxidizes and d is reduced. The conductive
path a — ¢ — b is enhanced and current flows.

Conversely, reversing the potential between a and b reverses the redox reaction at

c and d. In this case, ¢ is reduced, and the conductive path is interrupted. These
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Figure 5-7: Chen’s electrochemical diode design was implemented using spin-coated
PEDOT which was subsequently patterned using a plotter. The electrolyte between
c and d forms an electrochemical cell.

diodes were found to have rectification ratios on the order of 100 for 3V input.

5.3.2 Component Testing

For ease of testing, diodes were designed to be submerged in an electrolyte solution.
Figure 5-8 shows a successful diode based upon Chen’s design. The overlay shown
represents the deposition of ionic barrier material (polystyrene, in this case) which
established the electrochemical cell in the exposed regions of PEDOT. The diode was
submerged with the two lead traces (on the left of the figure) oriented upwards. The
electrolyte solution level was not allowed to go higher than the polystyrene barrier
deposition.

Using this diode design, a sinusoidal voltage input was applied and the response
measured. The input was generated by an Agilent® 33220A signal generator, and
the output was measured using a National Instruments® PCI 6289 Data Acquisition
Board (18-bit analog input resolution) with BNC 2110 Connector Block. A computer
running Microsoft® Windows XP was used to collect the data using software written
in Microsoft® Visual Basic.

The diode was submerged in a solution of tetrabutylammonium hexafluorophos-
phate in propylene carbonate to determine the diode’s rectification capabilities. The
input consisted of a 0.1 Hz +3V sine wave. Output data is shown in F igure 5-9 for

a diode with 500 pm features.
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Figure 5-8: This electrochemical diode was fabricated using the oCVD process. Com-
ponent with 200 um feature sizes shown. Shaded region designates area covered by
polystyrene deposition.

As shown in the figure, the solid line represents the actual time response of the
diode. The dashed line is the integral of the time response. The upward trend of this
integral plot indicates that rectification is occurring.

The fact that current reduction is evident for a foward bias (positive voltage
values) indicated that the polystyrene deposition was either poorly patterned or was
_ insufficiently ionically insulative to prevent reduction of the conductive path under a
forward bias (in other words, area d in Figure 5-7 extended across the path between
c and b). In addition to these difficulties, it was later discovered that the propylene
carbonate solvent in the electrochemical test environment was gradualing degrading
the polystyrene layer, exposing the PEDOT and de-localizing the electrochemical cell.

Figure 5-10 shows the current-voltage relationship for the 200 pm diode (the 500
pm sample was damaged prior to this test). As can be seen, a rectification ratio of
2.5 was achieved. While this does not match Chen’s ratio of 100, this is the first time
a functional diode-like device has been manufactured using the oCVD process.

Several design iterations were undertaken to improve the performance and re-
peatability of the diode performance. By using a plasma-polymerization process to
deposit the polystyrene, forward-bias cutoff due to current path reduction was elim-
inated (see Figure 5-11). Later experiments utilized different electrolyte in an effort
to improve the biocompatibility of the system (see Chapter 7), so the diode response
shown in Figure 5-11 is from a test performed in an aqueous solution of sodium do-
decylbenzensulfonate (NaDBS). As can be seen, an improved rectification ratio in

excess of 4 has been achieved.
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Figure 5-9: A 500 ym EC Diode was tested with a sinusoidal voltage input. The
integral of the diode response is also shown, verifying that rectification is occuring.
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Figure 5-10: The performance of this EC diode is not strictly linear for positive volt-
ages due to the unwanted current path reduction on forward biasing. A rectification
ratio of 2.5 is achieved.
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Figure 5-11: Improvement in fabrication and testing techniques resulted in an elec-
trochemical diode with a rectification ratio in excess of 4.
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5.4 Transistors

The key element in the implementation of the feedback loop, transistors were a sig-
nificant research focus in this work. Considerable effort went into deciding what type

of transistor to use and what design would best satisfy the device requirements.

Most silicon-based transistors in use today are one of two types: bipolar junction
transistors and field effect transistors. Significant work has been done in the area of
organic field effect transistors [83], as discussed above. For the purposes of this work,
OFET’s require deposition and patterning methods that are too harsh. Further,
OFET performance is highly dependent upon the surface morphology of the organic
semiconductor material used [75]. In order to achieve repeatably usable components,
extremely precise deposition conditions are required.

Electrochemical transistors (ECT), on the other hand, can be deposited and pat-
terned using the oCVD technique with a shadow mask. Several alternating layers
of conducting and non-conducting polymer patterned the right way are all that is

required, avoiding the deposition difficulty of an organic semiconductor material.

5.4.1 Device Design

As mentioned previously, Chen et al. [71,105] have created a simple, easily patterned
ECT design. As shown in Figure 5-12, these devices modulate the drain-source con-

ductivity through two separate electrochemical cells @ — b and ¢ — d.

The bias voltage, Vp is maintained at a constant value (3.5 V in this case). For a
zero gate voltage Vi and the source lead connected to ground, the a —b cell undergoes
a redox reaction. Region a is oxidized while b is reduced, cutting off the drain-source
conductive channel. This transistor is thus normally off. Increasing the gate voltage
causes a similar redox reaction to occur in the ¢ — d cell. However, in order for ¢ to
reduce, it must draw electrons from region b as there is no conductive path beyond b.
This effectively oxidizes b, opening the conductive channel between drain and source.

In this way the channel can be switched on by changing the gate voltage.

89



Vi < 06 : .
£ (@) v, =31V
=
z 04} 28V
4 :
\V/ 3 24V
D 'Y 3 02 .
L g 20V
5 2
g 0.0 . — 0V
: 8 o0 1 2 3
Vg Drain source voltage V (V)
(a) ECT Design. (b) Current - Voltage characteristic.

Figure 5-12: Chen’s design for a fully contained electrochemical transistor uses two
electrolyte gel bridges at a — b and ¢ — d to create two separate electrochemical cells.
Modifying the gate voltage switches the conductivity of the drain-source path on and
off [105].

5.4.2 Component Testing

Transistor testing was completed using instrumentation similar to that for the diode
component testing. Potentials were applied by two Agilent® E3631A triple-DC power
supplies and the tests were controlled using Visual Basic software (shown in Appendix
A). Tests were initially conducted with ECT submerged in TBAP/PC electrolyte,

while later tests used aqueous solutions of NaDBS or NaCl.

These initial tests did not exhibit channel conductivity modulation. It was later
discovered that the PEDOT leads were actuating (swelling and contracting) with
potential changes at places where they were submerged in the electrolyte and not
protected by the polystyrene barrier layer. When these leads passed out of the elec-
trolyte into air, where the test sample was clamped to the test instrumentation, breaks
would develop at the liquid free surface and destroy the sample (see Figure 5-13).

For example, one test conducted in the NaDBS electrolyte actually broke down
mid-test, as shown in Figure 5-14. As the drain-source voltage was cycled from low
to high for each successive increase in gate voltage, a lead clearly breaks near the end
of the third gate voltage run and no further useful information is gained.

This testing difficulty was overcome by changing the electrolyte system to one

containing a smaller anion (C1~) to minimize actuation changes and fully submerging
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Figure 5-13: Poor ionic barrier layer deposition and the resulting differential actuation
of the underlying PEDOT resulted in path breakage at the electrolyte free surface.

the test sample in the electrolyte to remove the free surface. This required perma-
nently attaching lead wires to the sample and then sealing them to prevent parasitic
electrochemical activity. This process was slower and more difficult than the previous

clamping protocol.

Some successful tests were run in the NaDBS system, as shown in Figure 5-15,
demonstrating that electrolyte systems suitable for actuation could be used for chan-
nel modulation in the ECT component as well. This result was the first demonstration

of an electrochemical transistor fabricated using the oCVD method.

Based on these results, an empirical model of the drain-source channel resistance
was derived for use in predicting the performance of integrated circuits containing
these ECT’s. For a constant drain-source voltage in the saturation region, the drain-
source channel resistance Ry is an exponential function of the gate-source voltage
Voo

Ry =050 TP, (5.1)
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Figure 5-14: As a result of the breakage shown in Figure 5-13, many samples failed
before modulation was apparent. The sample test result shown here demonstrates
channel modulation (darker lines) until a lead breaks during the test of the third gate
voltage value (dashed line). At this point no response is measured for any further
gate voltage value (lighter lines).
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Figure 5-15: Once improvements were made to the barrier material deposition process,
the electrolyte free surface was removed, and the solvent was changed, excellent drain-
source channel conductivity modulation was achieved. This transistor behavior is

empirically modeled using Equation 5.1.
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Figure 5-16: The transistor from Figure 5-15 showed a threshold voltage of 1.7 V and
a transconductance of 0.046 mS.

The transconductance of a transistor is defined as

d0lps )
o= | ——— . 5.2
g ( Vs ) v, (5.2)

Transconductances of 1 mS were achieved with these components, though most were
on the order of 0.1 mS. As shown in Figure 5-16, the ECT from Figure 5-15 has a
transconductance of 0.046 mS and a threshold voltage of 1.7 V. These results are

compared with other electrochemical transistors in Figure 5-17.
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Figure 5-17: Several previous researchers’ electrochemical transistors are shown (with
silicon-based component values as a reference comparison). The current work can be
feasibly extended to obtain transconductances of 1 mS.
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Figure 5-18: A differential amplifier can be implemented using electrochemical tran-
sistors as shown here. The bias voltage V4, serves both as the high input voltage and
the bias input for the ECT’s.

5.5 Differential Amplifiers

5.5.1 Circuit Design

In order to effectively utilize an electrochemical differential amplifier (ECDA) in the
programmable material (Figure 5-18), the theoretical behavior of the circuit must

first be understood. By incorporating the empirical transistor model (Equation 5.1),

the ECDA model can be derived.

As shown in Figure 5-18, calling the node between the paired resistors x gives

Vi=Vee  Vin=Vs Vin = Vs
= , 5.3
R,  Ri+t Ry  Rowt Bat Rp (5:3)
which when solved for V, gives
Ve =0a1Vee + a2‘/in7 (54)
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Figure 5-19: To implement an ECDA using the oCVD process, the pattern shown is
used. Narrow regions implementing resistors are labeled. There are two Vy, inputs to
allow ease of manufacture on the wire EDM.

where

(Ry + Rp1) (Rout + R2 + Rpa)

a; = )
ad
g = Re (Row + R +af2 s Rp2), and (5.5)

aq = R, (R1 + Rpl) + (Re + R+ Rpl) (Rmu + Ry + sz) :

This is then used to solve for Vou:

Vo — Vs
Vour = Vi = Hou - . : 5.6

Using these equations and the known values of internal resistances of the ECDA
circuit, testable predictions can be made regarding the behavior of a fabricated ECDA.
Physical implementation of the ECDA using oCVD is shown in Figure 5-19. Nar-
row conductive regions were used to implement the needed resistors. Polystyrene
barrier material was deposited on all areas other than the test access pads and the

two ECT, so that they might be open to the electrolyte.

5.5.2 Circuit Testing

ECDA circuits were tested using an application written in Visual Basic code (shown

in Appendix B). Early samples were wired for testing using conductive epoxy to
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(a) Individually wired. (b) Test clamps.

Figure 5-20: Early ECDA designs were tested using individual wires attached to the
sample, as shown in (a). Later, more effective designs were tested in a custom-built
clamping system as shown in (b).

Table 5.1: ECDA Internal Resistances.

R, | 1.04 M
Row | 144 kQ
Ry | 144 kO
R, | 40 kQ

make electrical contact and inert epoxy to seal the contacts and prevent unwanted
electrochemical activity as shown in Figure 5-20(a). Later samples were testod using
a custom-designed clamping system (see Figure 5-20(b)) which greatly sped up the

testing cycle.

The given sample’s internal resistors were measured (see Table 5.1). Using V,
as the control input and holding it constant while varying V5 (treated as the sensor
output signal), tests were conducted of the circuit behavior. These results are shown
in Figure 5-21 along with the theoretical predictions. The theoretical predictions
differed by a constant DC value from the experimental results, and this has been

removed.

As can be seen, the theoretical predictions match the experimental results. An
attenuation of 4.7 dB of the difference between Vi and V; is expected and seen. This is
the first operational electrochemical differential amplifier fabricated using the oCVD

process.

Improvement of the ECDA performance can be accomplished through several

means. First, and easiest to implement, better control of the resistor values resulting
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Figure 5-21: The experimental and theoretical ECDA performances are shown side by
side. With a constant DC offset removed from the theoretical results, the experimental
data matches well.
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Table 5.2: ECDA Internal Resistances for Improved Amplification.

R. | 500 k(2
Rou | 1 MQ
R, | 100 kQ
R,z | 100 kQ

from deposition and patterning of the ECDA can result in significant increases in
amplification. For example, a careful deposition resulting in resistor values shown
in Table 5.2 (and an appropriate choice of voltages to ensure the operating point is
at the origin) results in amplification of 7.5 dB. By increasing R,,; to 10 MQ and
increasing the value of V;, to 12.6 V, the amplification can be increased further to 21

dB.

The second possibility for improvement of ECDA amplification is through im-
provement of the electrochemical transistors themselves. Increasing the value of the
exponent, k, in the transistor relationship, R4s = Rie *os, can improve the amplifi-
cation more significantly than refinement of resistor values. Using the resistor valucs
in Table 5.2, an increase of k from 2.3 to 5 increases the amplification from 7.5 dB
to 14 dB. A further increase to 10 results in a gain of 18 dB. Combining this value
of k with the improved settings above (Vi, = 12.6 V and R,,; = 10 MQ) gives an
amplification of 34 dB.

In order to achieve this improvement in k&, the ECT deposition must be further
refined. More precise control of the polystyrene ionic barrier layer will improve the
electrochemical cells, better defining the areas of the PEDOT cell components exposed
to the electrolyte. Reduction in the size of the cell gap width will increase the cell
electrical ficld, speeding diffusion and increasing the response speed. This will of
course require smaller mask features, which can be accomplished through reduction

of the cutting wire size in the wire EDM.

These improvements in ECT performance are summarized in Table 5.3. Other
ECT internal resistances remain constant as given in Table 5.2, V; has be set to zero

to maintain the operating point, and —V,. has been set to -10 V. The actual voltage
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Table 5.3: ECDA Parameter Sets for Improved Amplification.

Parameter Set | k | Ry (MQ) | Vi, (V) | Gain (dB)
1 2.3 1 1.4 7.5
2 5% 1 14 14
3 10 1 1.4 18
4 2.3 10 12.6 21
5} 5 10 12.6 28
6 10 10 12.6 34

output for these various parameter sets is shown in Figure 5-22.
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Figure 5-22: By modifying the transistor exponential response, the output resistor
value, and the input supply voltage, much higher gains can be achieved with the

electrochemical differential amplifier. Parameter sets in the legend match those in
Table 5.3.
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Chapter 6

System Integration

The key to creating a programmable material is the co-fabrication of all the pieces in
one seamless, integrated device. In this chapter the design integration, experimental
work, and mathematical system integration will be examined.

In the 30 years since the discovery of conducting polymers [17] and 25 years since
the first organic transistor [89], few devices incorporating organic electronics have
seen commercial success. This is due in large part to the manufacturing challenges

and integration difficulties faced. As Stephen Forrest wrote in 2004,

“...the ultimate test of this technology lies less in the reliability and per-
formance of the organic components, which in some cases has already
approached or even exceeded the requirements of a particular applica-
tion, but rather in the ability to manufacture products at very low-cost.

Although the cost of the organic materials used in most thin-film de-
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Figure 6-1: System block diagram.
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vices is low, in electronics the materials cost rarely determines that of the
end product, where fabrication and packaging costs typically dominate.
Hence, the successful application of this interesting materials platform
will depend on capturing its low-cost potential through the innovative

fabrication of devices on inexpensive, large-area substrates.” [76]

The fabrication of a programmable material in this work is an attempt to deal with

some of these challenges by simplification of the manufacturing and integration pro-

cesses.

6.1 Previous Work

Over the past decade, significant work has been done in the area of organic integrated
devices [97,106]. De Leeuw et al. created all-polymer logic circuitry based on PAN
[82,84], including inverters, NAND gates, and ring oscillators. Crone et al. built shift

registers based on polythiophene and pentacene [85].

Sirringhaus, et al. [93] used regio-regular poly(3-hexylthiophene) (rr-P3HT) to
create organic light-emitting diodes (OLEDs), as shown in Figure 6-2. Other OLED
work includes that by Rogers and Bao (paperlike displays based on OFET design [86]),
and Forrest [76]. The OLED display shown in Figure 5-5 is the most successful
application of an organic device, though it is of course not entirely organic in its

components.

None of the previous research examined the possibility of creating an integrated
controlled organic actuation device. This research is the first to attempt to bring
together the actuation, sensing, and electronics capabilities of conducting and non-
conducting polymers. Additionally, no previous research has explicitly examined the

questions of co-fabrication that arise from this study of programmable materials.
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(a) A (b)

Figure 6-2: Sirringhaus et al. [93] were able to fabricate an organic light emitting
diode using some conducting polymer components. This design utilizes a FET with
rr-P3HT as the semiconductor material. Note the many components not fabricated
with polymeric materials.

6.2 Device Design

Creating the programmable material as an integrated device required the ability to
deposit multiple functional layers in a mechanically an electronically robust fashion.
As alluded to in Chapter 2, the first iteration of the device will be a linear configura-
tion (see Figure 6-3). Later work should include the construction of a trilayer device

to amplify the actuator strain through bending tip displacement.

The starting point for co-fabrication of this device is a free-standing polypyrrole
film. This film will serve as the actuator layer shown in Figure 6-3. This film is first
coated with a barrier layer of polystyrene, which serves to electronically and ionically
isolate the actuator from the sensor. Patterning of this layer is necessary to allow
electrical communication between the actuator and the control electronics on the far
side of the sensor. The only direct energetic coupling between the sensor and actuator

is mechanical, as shown in the bond graph in Figure 6-4.

In order to deposit the sensor layer electrochemically, a conductive surface must be
emplaced to serve as the working electrode. This is done through oCVD of PEDOT
on top of the polystyrene insulator layer. Both the polystyrene and PEDOT layers
are approximately 200 nm thick. Once a sensor layer (approximately 25 pm thick)
is deposited, another insulating layer of polystyrene is deposited to isolate the sensor

from the electronics. This is again patterned to allow electrical contact between the
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Figure 6-3: This is a side view along the length of a proposed design of a programmable
material. Gray regions represent polypyrrole layers, while layers deposited using
oCVD and plasma polymerization are labeled. Fabrication begins with the actuator
layer, building upwards by depositing insulator, sensor, and electronics.

sensor and electronics.

The control electronics layer is the outermost layer of the programmable material.
Consisting of up to two layers of PEDOT and two layers of polystyrene, the entire
layer is less than 1 um thick. As previously mentioned, electrical connectivity must
be maintained between the control electronics and the sensor (to receive and utilize
the position sense signal) and actuator (to provide a driving input) layers.

As mentioned in previously in Chapter 2, to produce a programmable material
to serve as a position-controlled feedback device with usable deformations, a trilayer
geometry is envisioned. A linear programmable material fabricated using the pro-
cess discussed above will be used for one of the actuators in the trilayer, with a gel
electrolyte separating it from a second actuator layer comprised of a single layer of
polypyrrole. Initially, the difficulty of making electrical contact with the opposing
actuator layer may lead to using a stiff, non-polymer conducting material such as
platinum or gold in place of the far actuator to form a bilayer device. This would

simplify early design and allow refinement prior to creation of a full trilayer device.

6.3 Co-fabrication

An important part of the fabrication process is the deposition of the polystyrene
barrier layers. These had to be shown first to be sufficiently ionically and electronically
insulative to prevent system shortouts. To test this, samples were made with PEDOT

on a substrate of polyethylene terephthalate (PET). One sample was left with bare
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Figure 6-4: The system bond graph shows the energy flow between components. The
system desired position is an input, V;. The differential amplifier provides a control
input V,, to the actuator. The system deformation is mechanically transmitted from
the actuator to the sensor, which then returns a position feedback V; via resistance
modulation.

PEDOT, while another was then coated with polystyrene.

These samples were then tested via cyclic voltammetry (CV) in an aqueous so-
lution of NaDBS to examine the ionic activity of the depositions. As can be seen
from Figure 6-5 the sample coated with polystyrene showed significantly less activity
than the bare PEDOT, exhibiting lower current densities and preventing the redox
reaction at £0.25 V.

To examine the ability to deposit polypyrrole electrochemically using vapor de-
posited PEDOT as a working electrode, samples were fabricated with PEDOT de-
posited via oCVD onto PET and polypyrrole (see Figure 6-7(a)). To determine the
appropriate voltage for the ECD, CV tests were conducted with and without pyrrole
monomer in solution. As shown in Figure 6-6, an oxidation peak is clearly visible at
3 V when the monomer is present in solution.

ECD was carried out under the TBAP/PC conditions described in Chapter 2
(modified to be potentiostatic at the desired deposition voltage) and polypyrrole was
successfully deposited (see Figures 6-7(b) and 6-7(c)). Unfortunately, the propylene
carbonate-based electrolyte damaged the polystyrene layer, causing separation of the
polypyrrole substrate and the newly deposited polypyrrole layer.

This was remedied in a later co-fabrication test using an aqueous solution, as

shown in Figure 6-8. Even though the deposition had to take place at a higher
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Figure 6-5: By comparing the system response to cyclic voltammetry testing, the
effectiveness of the polystyrene ionic barrier is demonstrated. The large curve shows
the much higher current density (indicating significant electrochemical activity) of
the bare PEDOT film when compared to the polystyrene-coated PEDOT.

108



O\
................ — -
....... e
=
>
Ay
=
: e
.ﬁ
)
..................... :E =
7 ®
< =
e
>
=
2
-
=
2
% g B
00-
n
$ 8
3
5=
E°
e E
g o
g 2 g
=
e »
ZT
i | i i i i
-] - (o] (=] (o] -+ \D\?

(yw) jud.aan))

Figure 6-6: Cyclic voltammetry of the PEDOT target in an electrolyte solution con-
taining pyrrole monomer shows an oxidation deposition peak at 3 V' that is not
apparent in the absense of monomer.

109



(b) ()

Figure 6-7: Polypyrrole was successfully deposited on a PEDOT target (b) and
polypyrrole-polystyrene-PEDOT target (c). Unfortunately, the propylene carbon-
ate electrolyte damaged the polystyrene ionic barrier layer, causing separation of the
polypyrrole layers in (c).
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Figure 6-8: Polypyrrole deposited on PEDOT (a), polystyrene-PEDOT (b), and
polypyrrole-polystyrene-PEDOT (c). By changing the electrolyte solvent from propy-
lene carbonate to water, layer separation was avoided. This was also a significant
improvement in the biocompatibility of the device (see Chapter 7).

temperature (4°C rather than the -40°C used with PC electrolyte), the deposition

was successful enough for further work.

6.4 System Model

Having demonstrated that the fabrication methodology for constructing the pro-
grammable material is feasible, it is now necessary to synthesize the previous math-

ematical component models into an overall system theoretical construct. This model
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Figure 6-9: In this lumped parameter model, the actuator has been modeled as a resis-
tance (representing the electrolyte/contact resistance) in series with a capacitor (rep-
resenting the double layer capacitance) in parallel with the diffusion impedance [15].
The electrochemical differential amplifier is shown to the left, and the Wheatstone
bridge containing the sensor variable resistor is shown to the lower right. A pair of
transistors is used between the amplifier and the actuator to provide the nccessary
driving current.

will incorporate the experimentally verified representations of the actuator, sensor,
and control clectronics.

The integrated system can be represented as a lumped parameter model as shown
in Figure 6-9. The actuator consists of a resistance in series with a capacitance
and diffusion impedance in parallel [15]. The sensor resistor is shown as one leg of
a Wheatstone bridge configuration. The electrochemical transistors are embedded
within the differential amplifier, which receives the desired input signal, V;, and the
sensor output, V;, and outputs a control voltage. This output voltage directs the flow
of current from a bipolar source through two transistors, which provides the current
to drive the actuator.

To review, the mechanical response of the device (which consists primarily of

polypyrrole) is modeled by

€ (t) = Cle‘m + Cge_mt + Cs, (6.1)
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The actuator is represented using Madden’s diffusive elastic metal (DEM) model

(see Chapter 2 for a more detailed discussion):

Y(s)-R=s-— “T_C” - : (6.3)
%-i-s/ +E-s-tanh(,/srp)
where
a2
™D = E,
Tre = RC, and (6.4)
52
TC = -b—

For the purposes of this simulation, a pole-zero-gain approximation is used to
represent the DEM transfer function (shown in Equation 6.5). This approximation
was derived by matching the frequency response of the DEM model over a useful range
of frequencies (1072 to 103 Hz) for the actuator parameter values given in Table 6.1.
Of course, the precise value of the transfer function is dependent upon the parameters

of the actuator used.

0.028 (s + 1 x 1075) (s + 1.3) (s + 22)
(s +0.2) (s + 2.5) (s + 30)

Y(s)= (6.5)
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Table 6.1: Actuator Parameters.

Symbol | Represents Value
L Actuator length 50 mm
74 Actuator width 3 mm
T Actuator thickness 25 um
o Strain-to-charge ratio 500x 10712 %3—
D Ion diffusion coefficient in polypyrrole | 10~ 1"8—2
R Actuator internal resistance 25 Q2
C Actuator internal capacitance 0.25 %
] Capacitive double layer thickness 2 nm

This is an impedance relationship which, when integrated, gives the charge injected

into the actuator based on the voltage applied.

Once the charge is known, the overall strain resulting from actuation under loaded

conditions is
aq o

where L, W, and T are the length, width, and thickness of the polymer, respectively,
o is the applied stress, and E is the polymer Young’s modulus. This equation is used

to represent the actuator performance under uniaxial stress conditions.

Knowing the actuator strain then gives the strain experienced by the sensor layer.
The change in resistance resulting from this strain (see Chapter 3 for greater detail)
is given by

1+4+e¢,

R,=R——° 6.7
(1 —veg) 6.7)

To utilize this sensor output, the variable resistor of the sensor forms one leg of a
Wheatstone bridge. Assuming the resistors in the remaining three legs have constant

and equal values (R,.), the voltage output from the sensor is

R, 1
Vo= (m - 5) Ve (©68)

where V; is the bridge input voltage and V}, is the bridge output voltage.

The control electronics consist of an electrochemical differential amplifier. The
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performance of this circuit (see Chapter 5 for greater detail) is given by

where
Ve = 01Vee + a2Vin, (6.10)
and
o = (R + Ry1) (Rows + Ry + R,,z),
Qa
gy = RelBou t B iadR”R”‘ ) an (6.11)

ag = R. (R + Rp1) + (Re + R1 + Rp1) (Rout + Ra + Rp2) .

These component equations were synthesized into a single system model using the
MATLAB® code shown in Appendix C. Table 6.2 lists the component values used
for the device system simulation. The transistor characteristics are what has been
currrently achieved, while the resistor values given are for easily achievable values.

All simulation results use these component values unless otherwise stated.

The overall system response time is limited primarily by the actuator. The 19
second settling time of the actuator is lengthened slightly by the electrochemical
activation times of the transistors, but the actuator response is still by far the slowest

component of the system response.

Using the values given in Table 6.2, a 1 MPa step stress input results in a me-
chanical strain response (e,) of 1.61% before creep effects set in. This mechanical
response is what the programmable material would experience in the absense of any
feedback behavior. The charge-driven strain (e,) reaches 0.26% after the actuator
settling time. This gives a resultant strain (e,) of approximately 1.35% (see Figure
6-10). This resultant strain causes the apparent stiffness of the programmable ma-
terial to increase over the unactuated stiffness of the polypyrrole layers comprising

the bulk of the device. The ratio of the apparent stiffness to the unactuated stiffess,
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Table 6.2: System Component Values for Simulation.

Symbol | Represents Value
Vi System operating point voltage | 0 V
Vin System input voltage 1.39 V
Vs Sensor bridge input voltage 20V
R, Sensor bridge constant resistors | 100 2
R; Sensor resistor initial value 100 ©
R. ECDA long tail resistor 500 k2
Rout ECDA output resistor 1 MQ
R, ECDA pair resistor 1 100 £
Ry ECDA pair resistor 2 100 k2
L Device length 50 mm
w Device width 3 mm
T Sensor thickness 25 pm
E Actuator and Sensor modulus | 800 MPa
k ECT on/off exponent 23V
R, ECT rest resistance 6 MQ

termed K, is 1.18 in this case (as shown in Figure 6-10 inset).

In Chapter 5, projections were made for improvements to the performance of the
ECDA. By implementing the parameter values that provide the best ECDA perfor-
mance, the apparent stiffness of the programmable material can be increased by a
factor greater than 7. As shown in Figure 6-11, the mechanical response does not
change for the given 1 MPa stress step input, but the improved ECDA performance
significantly increases the charge-driven strain response.

Finally, it is important to note that the apparent stiffness change is dependent
primarily upon the parameters of the programmable material rather than the me-
chanical input. As shown in Figure 6-12, progressively increasing the stress input by
1 MPa steps only slightly changes the apparent stiffness (allowing for system settling
time following each step). The original system parameters shown in Table 6.2 are

used.
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Figure 6-10: This plot shows the system response for a 1 MPa stress step input.
The mechanical strain, €,,, is offset by the charge-driven strain, ¢,, to give a resultant
strain of ¢,. For the system parameters given in Table 6.2, the programmable material
increases the apparent stiffness by 18% (inset).

LLE



100

— &

—
| —

90

|
|
|
80 9% uioi_
60 70

50
Time (s)

40

50
Time (s)

10

10

0.02-
0.015}
0.01
0.005
-0.005§%
-0.01

-0.015
0.01 0

3

Figure 6-11: Using the projected best-case parameters for the programmable material
ECDA, an increase in apparent stiffness of a factor greater than 7 is achievable (inset).

118



_—
100

_—
—

| =—
|

90

1&
-
: : e
: o
: e
: : ”
/ ) e’
_%g
é\ : : o |
3 ~
|
! 1o
| -+
2
|
R
s; A
T
£
3
)
8 o
= =)
| ? =
"')l, “
L 1 ] ] | 1 | =
@ - (o] = * @ & o -
- = = 8 2 2 S <2
(—] (] ] (—) — @I °|
3

Figure 6-12: As shown in the inset, the programmable material’s apparent stiffness
increases only slightly when the mechanical input magnitude is increased by a factor
of four. The margin of increase drops as the input magnitude rises.
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Chapter 7

Biostability

The biological realm is a field which has received significant attention for conducting
polymer applications [36,107,108]. The potential to create sensors, probes, actuators,
and electronics from conducting polymers requires an understanding of the interaction
between these polymers and the biological environment. This work utilizes polypyr-
role due to the significant work done both within the MIT Biolnstrumentation Lab
and in the literature using this polymer.

This portion of the current research is focused on finding the optimal deposition
conditions for creating biologically compatible polypyrrole that will retain actuation
functionality and conductivity after significant periods of time in a biological environ-
ment. Once potentially biostable samples have been fabricated, they are then tested

in instrumentation custom built for this work.

7.1 Previous Work

Many researchers have examined the prospects for using polypyrrole-based devices as
biological sensors, actuators and drug delivery mechanisms. This requires understand-
ing the biocompatibility of polypyrrole (defined as the ability of the biological system
to function in the presence of the polymer) as well as the biostability of polypyr-
role (defined the ability of polypyrrole to retain its relevant material properties while

exposed to a biological environment).
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Figure 7-1: Immerstrand et al. used a polypyrrole bilayer actuator to repair a severed
blood vessel. The bilayer is reduced (and thus contracted) prior to insertion. After
placement, the polypyrrole returns to its oxidized state and the bilayer expands to
hold the blood vessel together. A second insert is shown for comparison. From [107].

In order to use polypyrrole (and other conducting polymers) in biological environ-
ments, they must first be fabricated in biologically friendly ways. Since polypyrrole
incorporates anions and solvent from the electrolyte solution during deposition, those
ions and that solvent must not be harmful to the subsequent biological environment.
While solvent choices are limited (nearly all work has been done in aqueous solutions,
as biological systems are aqueous by nature), the choice of dopant ions is nearly

endless [108-121].

Much of the work done examining biodopant anions was performed with a focus
on either the biocompatibility [108-119] of the resulting material or the ability to
functionalize the polypyrrole surface for drug delivery [113,121-123].

Polypyrrole has also been used for cell matrix substrate formation [120,124,125],
miniature biosensors [126], and neural regeneration [112,127]. Immerstrand et al.
[36,107] used a gold/polypyrrole bilayer shaped into a tube to repair a severed blood
vessel (see Figure 7-1). The bilayer only has to actuate once, does not biodegrade,

and is eventually incorporated into the vessel wall.
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7.2 Experimental work

For the initial set of biostability tests, a vial array was constructed containing 25
vials. This allowed for five sets of five test vials, each set with the same biological
fluid in each of the five vials. Acrylic inserts were fabricated that held the film within
the fluid. These inserts had gold contacts and integrated lead wires which enabled a
four point resistance measurement to be taken each hour over several weeks. Figure

7-2 shows the completed vial array.

The polypyrrole samples used were all cut from the same film, which was deposited
electrochemically using the process described in Chapter 2. After the film deposition
was completed, the film was allowed to dry in a fume hood for several days, then
removed from the crucible and cut to individual sample sizes. These were manually
attached to the vial inserts, using plastic clamps to ensure good contact between the

sample and electrodes.

Once the samples were mounted and the vials filled, the array was placed in an
incubator and the entire apparatus was maintained at 37°C and 95% humidity for
the duration of the test. The lead wires for each vial were connected to two channels
within an Agilent® 34970A Data Acquisition / Switch Unit (two channels of two
wires each were required for the four-wire resistance measurement). Measurements
were taken once per hour and recorded on a PC running the Agilent BenchLink Data.
Logger software.

The biological solutions used were corn oil, Ringer’s lactate, fetal bovine serum
(FBS), and pig’s blood treated with ethylenediaminetetraacetic acid (EDTA) to pre-
vent clotting. The FBS was used in both active and heat inactivated forms.

Initial results for films deposited using the standard deposition conditions showed
poor biostability in blood and serum (see Figure 7-3). The delayed start of the pig’s
blood samples was moved to the origin for comparison. Since these results showed less
biostability than was desired, current work focuses on modifying the films to improve

this.

To verify that the change in resistance shown in the first set of testing was not
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Figure 7-2: Each vial in this array contained a polypyrrole sample clamped to electri-
cal contacts. The sample was sumberged in a small amount of biological fluid while
keeping the contact points above the surface.
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Figure 7-3: Significant changes in resistance were observed for polypyrrole samples
submerged in fetal bovine serum (FBS) and pigs blood.
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Figure 7-4: This assay verified that the polypyrrole samples themselves were being
degraded rather than the test equipment. The parylene-coated samples showed no
evidence of instrumentation fouling.

due to fouling of the custom-built instrumentation, a second assay was run with some
samples coated in parylene. As can be seen in Figure 7-4, the parylene-coated samples
maintained constant resistances, demonstrating that it was in fact the polymer being

affected in earlier tests rather than the instrumentation.

7.3 Ongoing Research

7.3.1 Test Chamber Design

To test these new films’ biostability, impedance measurements will be taken while
they are submerged in the same set of biological fluids as used in the previous testing.
A new test chamber is being fabricated (see Figure 7-5) which significantly reduces
the fluid volume required while adding the capability to circulate the fluid over the
samples. This chamber will hold nine samples with four point lead wires extending

outside the incubator. The sample leads will be multiplexed to an impedance analyzer,
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Figure 7-5: This chamber design allows several testing improvements over earlier se-
tups. Each of the nine samples is held in place by the clamping of the two blocks. The
samples extend through the Teflon® tube, which allows the solution to be circulated
through the test region. (Diagram by Nate Sharpe, MIT Biolnstrumentation Lab.)

which will take measurements every hour for approximately four weeks.

7.3.2 Biodopant Study

In order to function reliably in a biological environment, polypyrrole must retain both
its conductivity and actuation capability. Both of these properties are highly depen-
dent upon the conditions under which the polypyrrole was initially electrochemically
fabricated. The dopant anion used in deposition enables the polymer to be conduc-
tive, and the mobility of that anion (along with the relative mobilities of ions in the
final device environment) dictates the actuation characteristics of the polypyrrole.
Therefore, the dopant ion used in deposition must be such that (1) it is non-toxic to
the biological environment, and (2) it is either immobile within the polymer or is a
functional part of the actuation ion-exchange.

For the second series of biostability tests, various candidate biodopant ions will

be used: Cl~, dodecyl benzene sulfonate (DBS), ClO4, poly styrene sulfonate (PSS),
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Figure 7-6: These figures show SEM photographs of a polypyrrole film deposited
using ClO4 dopant ions. Note the nodule-like surface morphology, which is common
with traditional polypyrrole deposition techniques.

p-toluene sulfonate (PTS), poly vinylsulfonic acid (PVS), and camphorsulfonic acid
(CSA). Polypyrrole films will be deposited using these ions under an array of con-
ditions (temperature, concentration, current density). All of the biodopants have
been previously utilized in biological environments, demonstrating their biocompat-
ibility [110,112,113,119,121, 127]. These films will then be characterized for their
conductivity, mechanical viability, and surface morphology.

Work done with MIT Biolnstrumentation Lab undergraduate researcher Arjun
Naskar showed the feasibility of depositing polypyrrole films using these dopants.
Among the best films were those made with ClO4 (shown in Figure 7-6) and Cl-
(shown in Figure 7-7). These films were mechanically robust and had conductivities
on the order of 10 S/m, but as can be seen from the figures they showed significantly
different surface morphology.

The biodopant work is being continued with MIT Biolnstrumentation Lab under-
graduate researcher Sarah Shieh. The present work if focused on expanding Naskar’s
results to include different deposition temperatures and durations to examine their
effects on film durability and biostability. These films will eventually provide the

samples for testing in the new test chamber shown in Figure 7-5.
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Figure 7-7: These figures show SEM photographs of a polypyrrole film deposited using
Cl~ dopant ions. Note the star-like surface morphology. The increased surface area
of the film resulting from this morphology may improve the actuation capabilities of
this film.
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Chapter 8

Conclusions

This work is the beginning of a quest to create a device which closely replicates the
behavior and performance of mammalian skeletal muscle. This incredible actuation
device has intricately co-fabricated and integrated actuation, sensory, control, and
energy delivery capabilities that has resutled from billions of years of evolution. This
research has conceptualized a device, known as a programmable material, which in-
tegrates many of these same capabilities and co-fabricates them in such a way as to
appear externally to be a single homogeneous material.

By fabricating a feedback loop directly into the device, a programmable material
has the ability to modify its material properties based upon the feedback characteris-
tics. Instead of being wholly dependent upon the molecular structure and mechanical
arrangement of the device components, the stiffness, damping, and inertia of a pro-
grammable material can be ‘tuned’ by changing a low power input signal to the
device.

While a functional device has not yet been realized and a great deal of work
remains to be done to do so, many of the initial design and implementation issues
have been solved here. At the time of this writing, a preliminary design has been
completed for all of the necessary components of the system. Actuators have been
demonstrated, and sensors have been tested and their theoretical models verified.
Control electronics have been designed and fabricated, using a fabrication process

that meets the stringent co-fabrication requirements imposed by the programmable
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material design. These components were tested and their theoretical models verified.
Layered co-fabrication was demonstrated, which will enable construction of the final
device. A full system analysis of the device performance has been completed, utilizing
the demonstrated characteristics from experimental tests of each component.

The work that remains is primarily in optimizing the individual device compo-
nents and integrating them into a fully functional device. Improving the individual
components will increase the bandwidth of the programmable material, enabling it
to realize a wider range of tunable properties. Extending the co-fabrication work
done here will result in the final assembly of the device. Full testing of the completed

device is then needed to verify the predictions made here.

8.1 Actuation

First, an actuator was needed. In the interest of recreating the material properties of
muscle to the extent possible, conducting polymers have been used to make the var-
ious programmable material components. Since it has demonstrated good actuation
characteristics in previous research, the conducting polymer polypyrrole was used for
the actuator layer of the device. This was chosen over various other ‘artificial muscle’
technologies as a result of the good compromise polypyrrole represents between total
strain, strain rate, and power requirements.

In this work, the actuator model was reviewed and integrated into the overall
system model. Several configurations were proposed for a programmable material:
linear and trilayer.

The linear device is simpler to fabricate, consisting of an actuator layer, sensor
layer, and electronics layer. The relationship between the input current and strain
resulting from the actuator was examined closely for this geometry.

A trilayer programmable material serves as a position-controlled device. Using
the trilayer arrangement allows significant amplification of the actuator strain into
large-scale bending motion. The theoretical relationship between charge injected into

the actuator and the resultant device curvature was derived and incorporated into
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the system model.

8.2 Sensing

A polypyrrole layer was used as the sensor for the programmable material. This layer
serves as a strain gage, transducing the total strain experienced by the device into a
voltage usable by the control electronics.

To fully understand the sensor behavior, it was first necessary to model the vis-
coelastic behavior of the polypyrrole. This was important since it was observed that
test samples experienced a creep of nearly 3% over four hours under a 1 MPa load.
Two models were proposed, the standard linear solid model and the generalized
Maxwell model. Experimental work showed that the Maxwell model more closely
represented the actual creep behavior of the sensor.

Having successfully modeled the viscoelasticity, the relationship between the ap-
plied strain and the variable resistance of the polypyrrole sensor had to be deter-
mined. A mechanical model was proposed which utilized the Poisson effect to predict
an increase in resistance under load. A uniaxial stress results in a reduction in the
cross-sectional area which can be calculated using the Poisson’s ratio of the material.
Assuming a constant conductivity of the film (which was reasonable considering the
small strains expected), this reduction in area causes a corresponding increase in the
sensor resistance. By incorporating this sensor into a full Wheatstone bridge (the
othe legs residing in the control electronics), a voltage can be generated which is
directly related to the strain experienced by the sensor.

To test this model, appropriate instrumentation was built (to include modification
of existing equipment) and test code was written. These tools allowed experimental
verification of the Poisson model, which was then incorporated into the system model.

A drawback of the current sensor component is relative the weakness of the sen-
sor. As can be seen in Chapter 3, a typical sensor geometry resulted in a resistance
modulation of only 0.38 ©2/%. In order to turn this into a usable voltage for the

control electronics to interpret, a bridge input voltage of 20 V is needed. This large
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amplification of a small signal is prone to noise contamination which will result in a
reduction in device performance quality.

While a polypyrrole strain gage is a functional sensor for the programmable mate-
rial, more sensitive alternatives should be pursued. Other conducting polymers may
have better strain-resistance relationships without seriously impacting the overall de-

sign and fabrication of the device.

8.3 Feedback Electronics

There have been many methods used to deposit and pattern conducting polymers into
useful devices. Unfortunately, most of these processes were unsuitable for fabrication
of a programmable material. The process used had to allow small feature patterning of
the conducting polymer while minimizing the possibility of damage to the underlying
polymer substrate. Since the deposition target for the control electronics consists
of the actuator and sensor previously co-fabricated, chemicals and processes which
damaged these components were unacceptable.

After reviewing many different depsosition and patterning techniques, the ox-
idative chemical vapor deposition (0CVD) process pioneered by the Gleason lab at
MIT was shown to be appropriate for this work. This process deposits poly(3,4-
ethylenedioxythiophene) (PEDOT) from the vapor phase, polymerizing the EDOT
monomer via an oxidation reaction initated by a sublimated oxidant. This was a gen-
tle and fast procedure which did not require chemical treatment or dynamic contact
with the substrate.

By allowing line-of-sight deposition of PEDOT, the oCVD process enabled the
use of shadow masks to pattern the components. These masks were custon fabricated
first from adhesive material to improve the rapidity of the prototyping process. Once
designs were finalized, wire EDM technology was used to fabricate rigid metal masks.
The static contact between these masks and the substrate caused no damage to the
flexible and somewhat fragile polymer.

Once the deposition and patterning process was refined, electrochemical active
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components (diodes and transistors) were fabricated. Purely electrical components
were considered, but required compromises in deposition technology which would have
rendered the device unusable.

These electrochemical devices were tested, redesigned and refabricated in an it-
erative process. Custom instrumentation was fabricated to conduct the testing, and
various testing algorithms were coded in order to complete the experiments. The
electrochemical diodes fabricated have on/off ratios up to 4. These are the first elec-
trochemical diodes to be fabricated using the oCVD process.

A great deal of work was done to realize an electrochemical transistor, as this was
the key element to constructing the control electronics that implement the feedback
capability of the programmable material. Initial attempts were stymied by insufficient
ionic barrier layers, which were needed to isolate and define the two electrochemical
cells needed for transistor operation. Another obstacle was the test environment,
which consisted of an electrolyte solution with ions to allow electrochemical switching
of the conducting polymer. If the solvent or ions were chosen poorly, degradation of
the ionic barrier layer (in the case of the solvent) or actuation and breakage of the
conducting polymer traces (in the case of the ions) could result.

This work resulted in the first successful fabrication of an electrochemical tran-
sistor using the oCVD process. This device demonstrated a threshold voltage of 1.7
V, with a transconductance of 0.046 mS (though transconductances on the order of
1 mS were seen for noisier, less reliable samples). A comparison of these results with
other electrochemical (and silicon-based) transistor components was made.

These transistors were then successfully integrated into an electrochemical circuit
as part of a fully patterned and deposited differential amplifier. This DA functioned
as was theoretically predicted, though imprecise control of some deposition traces
resulted in poor resolution of several resistive elements. This caused the DA to
attenuate the differential input by 4.7 dB. Nonetheless, the circuit functioned as
desired, based on deposited and measured component values.

Future work on the control electronics must focus on the improvement of the

transistors as well as the definition of the resistive elements. The DA performance
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could easily be improved to provide a 21 dB amplification with reliable resistors.

Improvement of the transistors could conceivably improve the amplification to as

much as 34 dB.

8.4 Biostability

Since the programmable material is a first step towards a fully functional, control-
lable, implantable artificial muscle, it was important to examine the survivability of
the device in a biological environment. As a result, a study of the biostability of

polypyrrole was undertaken as part of this work.

The biocompatibility of polypyrrole has been studied by many researchers prior
to this as part of efforts to create polymeric sensors and drug delivery platforms.
Biocompatibility characterizes the response of the biological system to the material
in question, and was certainly of great interest for the programmable material. In
the current research, however, it is necessary for the polypyrrole to actively perform
multiple tasks while immersed in a biological environment rather than simply survive
implantation. It was therefore of great interest to examine the materials’ biostabil-
ity, which characterizes the ability of the material to survive and retain its useful

properties.

Custom instrumentation was fabricated to complete the biostability testing. Ini-
tial results using several biological solutions were poor, with the measured resistance
of the polypyrrole samples increasing dramatically on submersion in these solutions.
All of these polypyrrole samples were fabricated using the standard deposition recipe

outlined in Chapter 2.

This study is ongoing, examining several routes for improving the biostability
characteristics of polypyrrole. Updated equipment is under construction which will
allow more samples to be tested with less solution, as well as enabling circulation of the
solution over the samples. Different, more biologically frindly deposition conditions

are being examined for their effect on the material performance.
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8.5 System Integration

One of the primary advantages of the programmable material design is the co-fabricated
nature of the device. This enables the embedding of multiple capabilities into a
seemingly homogeneous material with tunable material properties. Thus, the co-
fabrication of the system components was of primary importance.

In order to demonstrate the feasibility co-fabricating the programmable material,
multiple layers of polypyrrole (forming the actuator and sensor layers) had to be
fabricated in such a way as to be electronically and ionically isolated but mechanically
bonded.

This was accomplished by first electrochemically depositing a free-standing film
of polypyrrole to act as the actuator. One surface of this film was then coated with
a barrier material (polystyrene) using a plasma-polymerization process. This barrier
material was then coated with a conducting polymer (PEDOT), which served as the
working electrode for the electrochemical deposition of a second polypyrrole layer (the
sensor). This technique was successfully demonstrated.

Once the co-fabrication process was proven, a full system model was constructed.
Using the mathematical models for each of the device components, this model was
constructed and evaluated for sensitivity to different variables. It was found that slight
improvements to the control electronics (resistor definition, discussed above) would
result in a device with an apparent stiffness 18% higher than that of the polypyr-
role components. With the largest immediately feasible improvements to transistor

performance, an apparent stiffness increase by a factor greater than seven is possible.

8.6 Future Work

The complete fabrication of a programmable material remains to be done. Many of
the preliminary issues confounding this effort have been resolved in this work, but
problems remain to be solved before full implementation.

Design and fabrication of the control electronics needs refinement. The differential
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amplifier behavior is highly dependent upon the internal resistor values, and the masks
and deposition process need to be optimized for control of these values. This would
allow significant gain values to be achieved rather than the attenuation currently
available.

Dual-layer co-fabrication of polypyrrole layers has been demonstrated. It remains
to extend this co-fabrication to the entire device. A simpler first device than the
trilayer device suggested in this thesis would be a linear device with only one actuator
layer. The control electronics and sensor layers would enable the elimination of linear
creep behavior when the sample is placed under constant stress. A second step
would be creation of an electrolyte-based trilayer device before final creation of an
air-functional trilayer.

Finally, the effect of strain on the operation of the control electronics must be
examined. The performance of these components have been demonstrated in an un-
strained state, but it must be shown that their behavior is not hindered by subjected

to strain.

8.7 A Possible Application

Should these questions be answered, and should the integrated capabilities of the
programmable material be optimized to their theoretically possible extent, the device
would constitute a significant addition to the repertoire of system designers. One
possible application that warrants further attention is the concept of adaptable armor.

For soldiers in a combat environment, it is essential that some form of individual
ballistic protection be provided. The helmet, of course, serves to protect the head, and
some form of body armor protects the torso. This body armor has traditionally been,
by necessity, heavy and cumbersome. In order to provide adequate protection against
projectiles, this armor is stiff and uncomfortable. In hot environments, wearing the
body armor can be extremely challenging.

One technique for improving comfort is to improve the flexibility of the armor.

This has been done to some extent through the use of Kevlar® fabrics. Recently,
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however, additional protection was needed and so ceramic plates have been added in
key locations. These plates are very effective, but make the armor significantly less
comfortable.

In order to reduce weight and stiffness, a programmable material could be used
to support an array of smaller ceramic plates, as shown in Figure 8-1. If contained
between Kevlar fabric front and back layers, the adaptable armor would be able to

protect the wearer by activating when needed.

Figure 8-1: To improve comfort and wearability of body armor without sacrificing
protection, a programmable material (shown in black) could be used to support an
array of ceramic plates. Upon detection of an impact, the programmable material
would close the gaps and protect the wearer.

As a projectile strikes the armor, the outer Kevlar layer blunts the impact and
slows it down. The impact is detected by the programmable material in the form
of the sudden strain increase. The material activates, stiffening and closing the gaps
between the ceramic plates. Thus, the stiffness of the armor only appears when
needed.

Adaptable armor using programmable materials is not an immediately realizable
prospect. However, the path to such a product is clear. A programmable material

will provide the ability to create actuation devices unimagined today.
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Appendix A

Testing Code for Electrochemical

Transistors

Imports Nationallnstruments.DAQmx

Imports Agilent.TMFramework

Imports Agilent.TMFramework.DataAnalysis
Imports Agilent.TMFramework.DataVisualization
Imports Agilent.TMFramework.InstrumentIO
Imports System.ID

Imports System.Math

Public Class Formi

Inherits System.Windows.Forms.Form

Private MeasureThread As New System.Threading.Thread(AddressOf MeasureTime)
’ powersupplyl is the Drain-Source and Bias voltages (Triple Output PS)
Dim powersupplyl As New Agilent.TMFramework.InstrumentIO.
DirectIO("GPIBO::04::INSTR", False, 2000)

’ powersupply2 is the Gate voltage (Triple Output PS)

Dim powersupply2 As New Agilent.TMFramework.InstrumentIO.
DirectIO("GPIBO::05::INSTR", False, 2000)

Private TaskR1 As Task = No?hing

Private reader As AnalogMultiChannelReader

Dim testRunning As Boolean

Dim timeHack As Date()

Dim timeN As Date

Dim startTime As Date

Dim tStart As Double

Dim dStart As Double

Dim hStart As Double

Dim mStart As Double
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Dim sStart As Double
Dim Vg As Double
Dim Vds As Double()
Dim Ids As Double()
Dim Vb As Double
Dim x As Integer
Dim y As Double

Dim z As Double

Dim j As Integer

Dim v As Double

Dim w As Integer = 1
Dim R As Double

Dim data As Double()

#Region " Windows Form Designer generated code "

(omitted)

Private Sub Forml_Load(ByVal sender As System.Dbject, ByVal e
As System.EventArgs) Handles MyBase.Load

testRunning = False
powersupplyl.WriteLine ("OUTP OFF")
powersupply2.WriteLine("QUTP OFF")
powersupplyl.WriteLine("APPL P6V, 0.0, 0.1")
powersupplyl.WriteLine("APPL P25V, 0.0, 0.1")
powersupplyl.WriteLine("APPL N25V, 0.0, 0.1")
powersupply2.WriteLine("APPL P6V, 0.0, 0.1")
powersupply2.WriteLine("APPL P25V, 0.0, 0.1")
powersupply2.WriteLine("APPL N25V, 0.0, 0.1")
MeasureThread.Start ()
MeasureThread.Suspend()

End Sub

Private Sub StartButton_Click(ByVal sender As System.Object, ByVal
e As System.EventArgs) Handles StartButton.Click
testRunning = True
v=20
Vg =0
Vb
R

txtBias.Text

I

[}

txtRes.Text

w=1

TotTime.Text = 0

SecRnd.Text = 0

powersupply2.WriteLine("APPL P6V, " & Vb & ", 0.1")
powersupplyl.WriteLine ("OUTP ON")
powersupply2.WriteLine ("OUTP ON")
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MeasureThread.Resume ()
txtStatus.Text = "RUNNING"

End Sub

Public Sub MeasureTime()
Dim d As Double
Dim h As Double
Dim m As Double
Dim s As Double
Dim StopVds As Double = CDbl(txtVdsMAX.Text) + CDbl(txtStepVds.Text)
Dim StopVg As Double = CDbl(txtVgMAX.Text)
Vds = New Double(100000) {}
Ids = New Double(100000) {}
timeHack = New Date(100000) {}

Try
TaskR1 = New Task
TaskR1.AIChannels.CreateVoltageChannel ("devl/ai0:1", "",
CType(-1, AITerminalConfiguration), -1, 10,
AIVoltageUnits.Volts)
reader = New AnalogMultiChannelReader(TaskR1.Stream)
reader.SynchronizingObject = Me
’Outer loop - Vg is being stepped:
Do Until testRunning = False
txtVg.Text = Vg
If v < StopVds Then
powersupplyl.WriteLine("APPL P6V, " & v & ", 0.1")
powersupplyl.WriteLine("APPL P25V, " & Vg & ", 0.1")
powersupplyl.WriteLine ("OUTP ON")
powersupply2.WriteLine("OUTP ON")
End If
startTime = Now
dStart = Format(startTime, "dd")
hStart = Format(startTime, "hh")
mStart = Format(startTime, "mm")

sStart = Format(startTime, "ss.ffffff")

tStart 86400 * dStart + 3600 * hStart + 60 * mStart + sStart

SecRnd.Text = 0

x=1
y=0
z=0
j=o0

’Inner loop - Vds is being stepped:
Do Until v > StopVds

timeN = Now
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d = Format(timeN, "dd")
h = Format(timeN, "hh")
m = Format(timeN, "mm")
s = Format(timeN, "ss.ffffff")

TotTime.Text = CStr(86400 * d + 3600 * h + 60 * m + s - tStart)
RunTime.Text = Now
If TotTime.Text > x Then
SecRnd.Text = x
x +=1
End If
If TotTime.Text > y Then
powersupplyl.WriteLine("APPL P6V, " & v & ", 0.1")
v += CDbl(txtStepVds.Text)
y += CDbl(txtStep.Text)
End If
If TotTime.Text > z Then
data = reader.ReadSingleSample
Vds(j) = data(1) - data(0)
Ids(j) = data(0) / R
txtVds.Text = Math.Round(data(1l) - data(0), 5)

txtIds.Text = Math.Round(data(0) / R, 5)
timeHack(j) = Now
z += 1 / CDbl(txtRate.Text)
j+=1
End If
Loop

powersupplyl.WriteLine ("OUTP OFF")

powersupply2.WriteLine("OUTP OFF")

Dim i As Integer

Dim DateTime As Date

Dim FileName As String

DateTime = Now

FileName = "TransistorTest" & CStr(Format(DateTime,
"MMddyy")) & txtFileMod.Text & "_" & w & ".m"

FileOpen(1, FileName, OpenMode.Output)

PrintLine(1)

PrintLine(1, "% " & FileName)

PrintLine(1)

PrintLine(1, "% Measure transistor response to
various constant voltages")

PrintLine(1)

PrintLine(1, "Vg = " & Vg & ";")

PrintLine(1)

PrintLine(1, "% Time(s) Vds (V) 1Ids (A)")
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PrintLine(1)

PrintLine(1, "Data = [")

For i =0 To (j - 1)
Print (1, CStr(Format(timeHack(i), "mm")) & " ")
Print (1, CStr(Format(timeHack(i), "ss.ffffff"))

& " ")
Print(1, Vds(i) & " ")
Print(1, Ids(i) & " ")
PrintLine(1)

Next
PrintLine(1, "];")
FileClose(1)
wt=1
Vg += CDbl(txtStepVg.Text)
v=20
If Vg > StopVg Then
testRunning = False
powersupplyl.WriteLine ("OUTP OFF")
powersupply2.WriteLine ("OUTP OFF")
txtStatus.Text = "COMPLETE"
MeasureThread.Suspend()
End If
Loop
Catch ex As Exception
MessageBox.Show(ex.Message)
powersupplyl.WriteLine ("OUTP QFF")
powersupply2.WriteLine("OUTP OFF")
End Try
MeasureThread.Sleep(0)
End Sub

Private Sub StopButton_Click(ByVal sender As System.0Object,
ByVal e As System.EventArgs) Handles StopButton.Click
testRunning = False
powersupplyl.WriteLine ("OUTP OFF")
powersupply2.WriteLine("QUTP OFF")
If Vg < txtVgMAX.Text Then
MeasureThread.Suspend()
txtStatus.Text = "ABORTED"
End If
End Sub
End Class
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Appendix B

Testing Code for Electrochemical

Differential Amplifiers

Imports
Imports
Imports
Imports
Imports
Imports

Imports

Nationallnstruments.DAQmx
Agilent.TMFramework
Agilent.TMFramework.DataAnalysis
Agilent .TMFramework.DataVisualization
Agilent.TMFramework.InstrumentIQ
System.I0

System.Math

Public Class Forml

Inherits System.Windows.Forms.Form

Private MeasureThread As New System.Threading.Thread(Address0f MeasureTime)

’ powersupplyl is the Bias and Input 1 voltages (Triple Output PS)

Dim

powersupplyl As New Agilent.TMFramework.InstrumentIO.

DirectIO("GPIBO::04::INSTR", False, 2000)

? powersupply2 is the Input 2 and Current Source voltages (Triple Output PS)

Dim

powersupply2 As New Agilent.TMFramework.InstrumentIO.DirectIO

("GPIBO::05::INSTR", False, 2000)

Private TaskR1 As Task = Nothing

Private reader As AnalogMultiChannelReader

Dim
Dim
Dim

Dim

testRunning As Boolean
timeHack As Date()
timeN As Date
startTime As Date
tStart As Double
dStart As Double
hStart As Double
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Dim mStart As Double
Dim sStart As Double
Dim V1 As Double

Dim V2 As Double
Dim Vio As Double()
Dim Vo As Double()
Dim Vb As Double

Dim Vee As Double
Dim StopV1l As Double
Dim StopV2 As Double
Dim x As Integer
Dim y As Double

Dim z As Double

Dim j As Integer
Dim w As Integer = 1

Dim data As Double()

#Region " Windows Form Designer generated code "

(omitted)

Private Sub Forml_Load(ByVal sender As System.Object,

ByVal e As System.EventArgs) Handles MyBase.Load
testRunning = False
powersupplyl.WriteLine("OUTP OFF")
powersupply2.WriteLine("OUTP OFF")
powersupplyl.WriteLine("APPL P6V, 0.0, 0.1")
powersupplyl.WriteLine("APPL P26V, 0.0, 0.1")
powersupplyl.WriteLine("APPL N25V, 0.0, 0.1")
powersupply2.WriteLine ("APPL P6V, 0.0, 0.1")
powersupply2.WriteLine("APPL P26V, 0.0, 0.1")
powersupply2.WriteLine("APPL N25V, 0.0, 0.1")
MeasureThread.Start ()
MeasureThread.Suspend ()

End Sub

Private Sub StartButton_Click(ByVal sender As
System.Object, ByVal e As System.EventArgs)
Handles StartButton.Click

testRunning = True
Vi=0

V2 =0

Vb = txtVb.Text
Vee = txtVee.Text
w=1

StopVl = CDbl(txtViMAX.Text) + CDbl(txtStepVi.Text)
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StopV2 = CDbl(txtV2MAX.Text)
0
SecRnd.Text = 0

TotTime.Text =

powersupplyl.WriteLine("APPL
powersupplyl.WriteLine("APPL
powersupplyl.WriteLine("APPL
powersupply2.WriteLine("APPL
powersupply2.WriteLine ("APPL

P6V, " & Vb & ", 0.1")
P25V, 0.0, 0.1")

N25v, 0.0, 0.1")

P6vV, 0.0, 0.1")

P25V, 0.0, 0.1")

N26V, " & -Vee & ", 0.1")
ON"™)
ON")

powersupply2.WriteLine("APPL

powersupplyl.WriteLine ("QUTP

powersupply2.WriteLine("OUTP

MeasureThread.Resume ()

txtStatus.Text = "RUNNING"
End Sub

Public Sub MeasureTime()
Dim 4 As Double
Dim h As Double
Dim m As Double
Dim s As Double
Vo = New Double(100000) {}
Vio = New Double(100000) {}
timeHack = New Date(100000) {}
Try
TaskR1 = New Task
TaskR1.AIChannels.CreateVoltageChannel("devi/ai0:1",
"" CType(-1, AlTerminalConfiguration), -1, 10,
AIVoltageUnits.Volts)
New AnalogMultiChannelReader (TaskR1.Stream)

reader
reader.SynchronizingObject = Me
’Quter loop - V2 is being stepped:
Do Until testRunning = False
txtV2.Text = V2
If V1 < StopVl Then
powersupplyl.WriteLine("APPL P25V, " & Vi & ", 0.1")
powersupply2.WriteLine("APPL P6V, " & V2 & ", 0.1")
powersupplyl.WriteLine("OUTP ON")
powersupply2.WriteLine("QUTP ON")
End If
startTime = Now

dStart = Format(startTime,

- "ddq")
"hh")
"mm*)

"ss.fEEEFE")

hStart = Format(startTime,

Format(startTime,

mStart
sStart = Format(startTime,

tStart = 86400 * dStart + 3600 * hStart + 60 * mStart + sStart
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SecRnd.Text = 0
x =1
y=0
z=0
j=0

’Inner loop - V1 is being stepped:
Do Until V1 > StopVl
timeN = Now

d = Format(timeN, "dd4")

h = Format(timeN, "hh")
m = Format(timeN, "mm")
s = Format(timeN, "ss.ffffff")

TotTime.Text = CStr(86400 * d + 3600 * h + 60 * m + s - tStart)

RunTime.Text = Now

If TotTime.Text > x Then
SecRnd.Text = x
x +=1

End If

If TotTime.Text > y Then

powersupplyl.WriteLine("APPL P25V, " & V1 & ",

txtV1.Text = V1
V1 += CDbl(txtStepV1.Text)
y += CDbl(txtStep.Text)

End If

If TotTime.Text > z Then
data = reader.ReadSingleSample
Vo(j) = data(0)
Vio(j) = CDbl{(txtV1.Text)
txtVo.Text = Math.Round(data(0), S)
timeHack(j) = Now
z += 1 / CDbl(txtRate.Text)
j+=1

End If

Loop

powersupplyl.WriteLine ("QUTP OFF")
powersupply2.WriteLine("OUTP OFF")

’Write Data (each file is for a given V2):
Dim i As Integer

Dim DateTime As Date

Dim FileName As String

DateTime = Now

0.1")

FileName = "DATest" & CStr(Format(DateTime, "MMddyy")) &

txtFileMod.Text & "_" & w & ".m"

FileOpen(1, FileName, OpenMode.Output)
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PrintLine(1)

PrintLine(i, "% " & FileName)

PrintLine(1)

PrintLine(1, "% Measure transistor response to
various constant voltages")

PrintLine(1)

PrintLine(1, "Vb = " & Vb & ";")
PrintLine(1)

PrintLine(1, "Vee = " & Vee & ";")
PrintLine(1)

PrintLine(1l, "V2 =" & V2 & ";")
PrintLine(1)

PrintLine(1, "} Time(s) Vi (V) Vo (V)")
PrintLine(1)

PrintLine(l, "Data = [")

For i =0 To (j - 1)

Print (1, CStr(Format(timeHack(i), "mm")) & " ")
Print(1, CStr(Format(timeHack(i), "ss.ffffff")) & "
Print(1, Vio(i) & " ")
Print(1, Vo(i) & " ")
PrintLine(1)

Next

PrintLine(1, "];")

FileClose(1)

w+=1

V2 += CDbl(txtStepV2.Text)

Vi=20

If V2 > StopV2 Then
testRunning = False
powersupplyl.WriteLine("OUTP OFF")
powersupply2.WriteLine("OUTP OFF")
txtStatus.Text = "COMPLETE"
MeasureThread.Suspend()

End If

Loop

Catch ex As Exception
MessageBox.Show(ex.Message)
powersupplyl.WriteLine ("OUTP OFF")
powersupply2.WriteLine ("OUTP OFF")

End Try

MeasureThread.Sleep(0)

End Sub

Private Sub StopButton_Click(ByVal sender As System.Object,
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ByVal e As System.EventArgs) Handles StopButton.Click

testRunning = False

powersupplyl.WriteLine ("OUTP OFF")

powersupply?2.WriteLine("OUTP OFF")

If V2 < txtV2MAX.Text Then
MeasureThread.Suspend()
txtStatus.Text = "ABORTED"

End If

End Sub
End Class

152



Appendix C

MATLAB Code for System

Simulation

SystemThesis.m

% Overall system model for thesis

clear

clf

%% DEFINE TEST PARAMETERS:

ts=0; % Start Time

tr=100; % End Time

dt=0.1; % Time interval
t=ts:dt:tr;

w=50%2%pi ; % frequency in rad/s

% for j=1:length(t)

% F(j)=0.05%(1+floor(t(j)./25)); Y%#ok<AGROW>
% end

F=0.15%ones(1,length(t));

% F=.15+0.05*sin(w*t) ;

%% DEFINE DEVICE VALUES:

Ep=800e6; V Polymer base modulus
a=500e-12; % Strain-to-charge ratio
nu=0.426; % Poisson’s ratio
Ta=25e-6; % Thickness (single layer)
Wa=3e-3; % Width

La=6e-2; % Length

Vol=Ta*Wax*La;
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%% DEFINE SENSOR VALUES:
Vs=20; % Bridge input voltage

Rc=100; % Constant resistor value (sensor initial value)

%% DEFINE ECDA VALUES:
Vd=0; % Set operating point
Vin=1.3925; % High input

Vee=-10; % Low input

Re=5e5; % long tail resistor
Ro=1e6; % output resistor
Rpi=1e5; % pair resistor (desired input side)

Rp2=1e5; % pair resistor (bridge side)
Rt=6e6; % intial resistance of ECT drain-source path

k=2.3; % exponential coefficient in ECT model

%% DEFINE ACTUATOR:

[A B C Dl=tf2ss([.028 .6524 .8008 8.008e-61,[1 32.7 81.5 15 0]);
Ga=ss(A,B,C,D);

eq=0; % initial value for charge-driven strain

x=zeros(2,4);

%% GENERATE MECHANICAL RESPONSE
s=F./(2%TaxVWa) ;

z.em=MechWork(s,t);

for i=1:length(t)
em=z.em(i);
er=em+eq;
z.er(i)=er;
% SENSOR:
Rs=Rc*(1+er)/((1-nuxer)~2);
Vb=(Rs/(Rs+Rc)-.5)*Vs;
z.Vb(i)=Vb;
% ECDA:
Ri=Rt*exp(-k+Vd);
R2=Rt*exp(~k*Vb);
aden=Rex (R1+Rp1)+(Re+R1+Rp1) * (Ro+R2+Rp2) ;
al=(R1+Rp1)* (Ro+R2+Rp2) /aden;
a2=Re*(Ro+R1+Rp1+R2+Rp2) /aden;
Vx=Vee*al+Vin*a2;
Vout=Vin-Ro* ((Vin-Vx)/(Ro+R2+Rp2));
z.Vout(i)=Vout;
% ACTUATOR:
[q,tt,x]=1sim(Ga, [Vout Voutl, [0 dt], x(2,:));

2.q(i)=q(2);
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eq=q(2)*a/Vol;
z.eq(i)=eq;

end

figure(1)

plot(t,z.em,t,z.eq,t,z.er)
legend(’\epsilon_m’,’\epsilon_q’,’\epsilon_r’)
figure(2)

Ke=z.em./z.er;

plot(t,Ke)
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MechWork.m

function em=MechWork(s,t)

% Returns mechanical response for a given strain over given time range

so=1e6;
C1=-2.012;
t1=1.33/3600;
C2=-.462;
t£2=16.14/3600;
C3=2.841;
e0=C1+C2+C3;

Ea=so*t2/C3;
star=(C3*Ea*t1~2)/(C3*t1%t2-Cl#t2*s0) ;
nf=(1/(star+t1))*(so*Ea/(Ea*(C2-Cl*e0) +t2%30));
Ec=ti*nf;

Eb=star*nf-Ea;

nd=Ea*Eb/ (t2*(Ea+Eb));

en=zeros (length(t));
ep=zeros(length(t));
e=zeros(length(t));

for i=1:length(t)-1 % this sets t1 (start)
so=s(i);
Ci=Ec*(Eb*nf-Ec*nd)/ (nd*nf* (Ea+Eb));
C2=s0*((1/(Ea+Eb+Ec) )} -Eb/ (nd+* (Ea+Eb) ) ) +eo* (Ec* (Eb*nf-Ec*nd) / (nd*nf*(Ea+Eb))) ;
C3=s0+Eb/ (nd* (Ea+Eb) ) ;
t1=Ec/nf;
t2=Ea*Eb/(nd*(Ea+Eb)) ;
ep(i, :)=Cl*exp(-t1¥t)+C2*exp(~t2*t)+C3;

end

en=-ep;

% offset negative strain responses by dt:
for i=1:length(t)
for j=length(t):-1:1
if je=1
en(i,j)=0;
else
en(i,j)=en(i,j-1);
end

end
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end

ef=en+ep;

% offset each
for i=1:length(t)
for j=length(t):-1:1
if j>i
ef(i,j)=ef(i,j-1);
else
ef(i,j)=0;
end
end

end

em=sum(ef)/100;
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