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ABSTRACT

Gels consist of a cross-linked network of polymers suspended in a solvent. Under cer-
tain conditions, gels have been observed to undergo reversible changes in volume. These
volume changes may be over 1000-fold and can be triggered by a variety of electrochemical
conditions, including changes in temperature, solvent composition, or pH level. Gels could
in principle be used as actuators in servomechanisms and sensors, which range in size from
microscopic (silicon) mechanisms to mechanisms comparable in size and force density to
biological systems. For example, polymer gels could act as synthetic muscles that provide
direct linear motion with useful force densities. Several properties of polymer gels make
them a potentially powerful engineering material that can be used in a wide variety of elec-
tromechanical devices. This thesis explores techniques for applying polymer gels as active
components in engineering systems.

Chemical techniques and fabrication methods for optimizing the material for engineering
applications are explored. For example, methods for increasing the tensile strength of
polymer gels are discussed. Many polymer gels exhibit discontinuous equilibrium velume-
phase transition curves. This makes them difficnlt to use, for example, as position regulators
in servomechanisms. Fast switching of the gel trigger mechanism can be used to establish
a dynamic equilibrium in cases where a static one is not possible. A prototype switched
polymer gel actuator with pulse-width modulation (PWM) control is presented in this
thesis. A dynamic model suitable for control design is derived and applied for the prototype
system. The modeling and control results are generalized to a variety of switched systems.
Two engineering applications of polymer gels are further addressed. First, a remotely-
triggered magnetically-activated gel regulates the position of a suspended load. Second, a
gel transition point sensor is used to detect the presence of metal ions in a solvent.

Thesis Supervisor: Steven B. Leeb
Thesis Supervisor Title: Associate Professor of Electrical Engineering
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Chapter 1

Introduction and Background

For many electromechanical systems, the available actuator and sensor technology dictates
significant performance limitations. For example, the absence of a conformable, flexible
actuator with reasonable strength has hindered the development of dexterous multi-link
manipulators. A polymer gel actuator may provide the solution for this and other applica-
tions. A gel consists of a tangled network of cross-linked polymers immersed in a solvent.
Depending on how they are fabricated, polymer gels can exhibit abrupt, reversible volume
changes in response to a variety of stimuli. These volume changes can be used as a sen-
sor for a particular stimulus or as an actuator that converts some form of input energy to
mechanical energy. Several properties of polymer gels make them a potentially powerful
engineering material that can be used in a wide variety of electromechanical devices. While
polymer-based materials serve as structural and insulating components in electrical devices,
fabrics, and adhesives, few engineering systems use polymers as active components. This
thesis explores the application of polymer gels as actuators and sensors. In this chapter,
motivation for the thesis goals and background on polymer gels are presented, followed by

an outline for the rest of the document.

1.1 Motivation and Goals

Mathematical modeling of complex mechanical systems, such as multi-degree-of-freedom

robotic manipulators, is relatively well-developed [2]. With the advent of the micropro-
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cessor and the rapid decrease in its price-to-performance ratio, it is possible to implement
increasingly sophisticated control schemes. Performance limitations in servomechanical and
robotic systems are often dictated by available sensor and actuator technologies.

A variety of actuator technologies are commonly used in motion control applications.
Depending on the specific application requirements, different actuators may be more ap-
propriate to use. For instance, the electric motor is very efficient for shaft powers over a
few hundred watts and is therefore often used in high power applications. Electrostatic
actuators generate forces as a result of the difference in electric potential between two con-
ducting objects. Electrostatic forces become more significant when the distance between
these objects is relatively small. Hence, these actuators are popular, for example, for im-
plementing micromotors designed on silicon wafers [12]. Piezoelectric materials exhibit a
change in strain when subjected to an electric field. Maximum strains on the order of
200-300 microstrains are possible!, with research agressively pursuing a composition that
will yield a 1% strain [86]. Frequency responses around 150 KHz have been observed [12].
Piezoelectric actuators are therefore used in high precision or microactuation applications.
Research on novel materials for actuator design has produced magnetostrictive materials,
which deform in response to applied magnetic fields. Strains on the order of 0.2% have
been observed [87]. Other materials, such as shape memory alloys and electrorheological
fluids, have also generated interest for actuator design. More on these materials can be
found in {12],(7], [87], and [86].

Many of these actuators suffer from limitations that may be prohibitive in some appli-
cations. For example, a robotic, flexible multi-link manipulator that is capable of a range of
motion and maneuverability similar to that of the human arm is still essentially unattain-
able. The reason is largely the absence of a soft, flexible actuator material that can be made
into “synthetic muscles” to move the manipulator. Implementation of a manipulator with
electromagnetic motors usually involves a multijoint system with a motor at each of several
revolute joints. As more degrees of freedom are required, the number of joints increases,

and so does the weight of the structure. The motors in the earlier stages of the kinematic

!More commeon strain values are 20-30 microstrains.
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chain need to have high torque ratings to support the various joints and the additional
weight of the motors further down the manipulator. More than any of the conventional
or novel actuators discussed above, polymer gel actuators would be ideal for this applica-
tion. An overview of polymer gels will demonstrate various properties that make them good
candidates for this and other servomechanical applications.

A polymer gel consists of a cross-linked network of polymers suspended in a solvent (See
Figure 1.1). When properly constructed, polymer gels can be made to undergo abrupt,
discontinuous changes in volume in response to a variety of environmental stimuli. These
volume changes can be as large as 1000-fold or more and are caused by the gel network
diffusing into and out of the solvent. Figure 1.2 illustrates this process. This volume
change can either be used to perform mechanical work or observed to sense a change in some
environmental variable. There are several advantages to using polymer gels as actuators

and sensors :

e Polymer gels are flexible and conformable. A gel can be routed conformally with the
underlying mechanical structure of a servomechanism to optimize weight distribution.

The ability of the actuator to bend can also enhance maneuverability.

e The scalability of polymer gels also makes them potentially useful for many applica-
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Figure 1.2: A polymer gel at two equilibrium points

tions. The fact that polymer gels retain their ability to change volume and generate
force at any size or shape makes them attractive for microactuator applications. A
microsized actuator can be constructed by forming the gel in a microscopic mold

constructed by silicon machining, for instance.

e Different gels will undergo a volume change in response to a variety of stimuli or
triggers. Volume phase-transitions in response to temperature, electric field, light,
and solvent pH level have been observed [17]. This thesis will demonstrate the use
of magnetically triggered gels for remoteiy-triggered devices. This property makes
gels good candidates for use as actuators and sensors in a variety of applications and
environments. Moreover, it may be possible to combine the sensor and actuator in a
contro! application into one gel device. For instance, a valve that controls the flow of

a temperature regulating fluid can be made using a thermo-sensitive polymer gel.

e Gels, in principle, have the ability to store large amounts of energy and release them
with a small trigger or stimulus. A very large change in volume can occur in response

to an infinitesimally small change in temperature, for instance.

The force to mass ratios and efficiency of polymer gels promise to be comparable to those of

biological muscles, making them potentially practical actuators with significant advantages
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over other actuation technologies for a variety of applications [8].

As a result, there has been an increasing interest in the use of polyiner gels as sensor and
actuators. Several innovative attempts at designing and building mechanical gel devices
have been made. For example, a gel “looper” (an inchworm-like device that moves by
repeatedly curling and straightening itself) was developed and demonstrated by Osada [82).
An artificial finger and an artificial flower constructed from thermo-sensitive polymer gels
are presented in [47]. Similar examples are discussed in [94] and [93]. Other work has
studied mechanical properties of certain polymer gels. Most research to date has been
directed towards understanding static or equilibrium mechanical properties, such as tensile
strength and force density [111] [90] [33] [34] [21]. The effect of mechanical load or tension
on the equilibrium behavior of polymer gels has also been examined [44] [92].

Dynamic models for polymer gel actuators are also being researched. Most models, for
example those developed in {88] and [23], are too complicated and not suitable for control
design. A model for a pH-level activated polymer gel actuator is presented in [8] [52] [51].
The sixth-order model describes the dynamics of the irrigation system used to spray the gel
with acid and base, the chemical reaction that produces the changz in pH, and the dynamics
of the volume transition of the gel. Ignoring the faster chemical processes, this model was
reduced to a first-order approximation. Most gel research has observed two distinct rates of
response for volume phase transitions 98], [17]. A single exponential governs the dominant
behavior of the gel, but not the complete response. Moreover, the model in [52] and [51)
only applies to gels that exhibit continuous equilibrium volume profiles.

The process of building a servomechanical system with polymer gel sensors and actuators
involves several levels of design. The gel material itself needs to be designed. Gel design will
be used to refer to the process of altering the chemical composition and shape of a polymer
gel used in an application to best meet the application’s requirements. Actuator design
refers to higher level issues such as packaging, power delivery, and mechanical couplings.
System design involves control, actuator and sensor locations, and the integrated design of
polymer gel devices and underlying mechanical structure. Most of the focus of this thesis

will be on exploring techniques for gel design and modeling. First, an understanding of how
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to alter the material properties of a gel using its chemical composition and physical shape
and size is developed. A simple yet predictive mathematical model of the gel dynamics
is then derived. This model applies to a large class of gels, and is independent of the
environmental trigger mechanism. Based on this model, control algorithms and techniques
for effectively operating a polymer gel device are presented. Actuator design and system

design are addressed in an application context in Chapters 8, 9, and Appendix A.

1.2 Background

The study of polymer network systems can be traced back to experiments on rubber by
Gouth in 1805 [17]. His demonstration that rubber shrinks upon heating, unlike other
materials, led to the understanding of the entropic nature of rubber elasticity. In the
1930’s and 40’s, Kuhn, Flory, and others provided quantitative treatments of the rubber
retwork [17], [20], [59]. Much of this work became the basis of theories explaining polymer
gel networks. Volume-phase transitions were theoretically predicted in 1967 and the first
experimental observations were made ten years later. A good overview of the history and
theory of these transitions is given in [17] and [59]. A brief introduction to the theory is

presented here as background for work on modeling the gels for mechanical applications.

1.2.1 Physics of Volume-Phase Transition

Forces such as intermolecular interactions, electrical charges, and the pressure of moving
particles contribute to the osmotic pressure of a polymer gel. At equilibrium, this osmotic
pressure is zero as a balance of the various forces is maintained. At certain points of
equilibrium, the balance of forces in the gel may be sufficiently altered by small (even
infinitesimal) changes in the environmental variables that a volume-phase transition occurs,
resulting in a large change in volume. A positive osmotic pressure tends to increase the
volume occupied by the polymer network, and a negative one reduces the volume. The
Flory-Huggins model [20] is an equation of state widely used to qualitatively model the
balance of pressures on a polymer network. Further studies of the equilibrium behavior

were carried out by Flory [20] [17], Dusek [25] [17], and Tanaka [97] [69]. Research on
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the kinetics of polymer gels has lagged equilibrium modeling but has received increasing
attention (Tanaka [98], Tanaka-Fillmore [99] [100], Li-Tanaka [59] [58], Candau [11]). The
following sections discuss the different forces that contribute to osmotic pressure and briefly

introduce equilibrium and kinetic gel models.

Osmotic Pressure and Forces Inducing Volume Changes

At least three different forces that resist or aid the volume change of a polymer gel have
been identified [97]:

e Rubber elasticity is a mechanical property of the gel not unlike that of a rubber
band. It arises from the elasticity of individual polymer strands. Rubber elasticity is a
bidirectional force that opposes changes in the volume away from an equilibrium state.
The freely jointed monomer units are in motion due to thermal energy. When the
network is stretched, the motion of the monomer units tends to pull the boundary of
the network inward. When compressed, the same motion resists the compression and
pushes outward. The magnitude of the rubber elasticity increases with temperature,
as thermal energy increases the motion of the monomer units. The sign of this force

depends only on the volume with respect to the equilibrium volume of the gel.

¢ Polymer-polymer affinity results from the interactions between polymer strands
with solvent molecules or with other polymer strands. This force can be negative
(tending to shrink the gel) or positive (tending to expand the gel) depending on
the electromechanical properties of the molecules in the solvent and the network.
Four molecular interactions which account for the forces between network and solvent
molecules are shown in Figure 1.3 (reproduced from [17]). A van der Waals force is
the result of interactions between neighboring molecules in a nen-polar solvent. Water
molecules near a hydrophobic polymer chain form fixed structures as strong hydrogen
bonding causes them to become highly ordered. The result is a reduction in the
enthalpy and entropy of the system known as a hydrophobic interaction. Hydrogen

bonding takes place when a hydrogen atom is located between two closely separated
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Figure 1.3: Four fundamental molecular interactions. Figure reproduced from {17]

atoms with a net negative charge. Electrostatic interactions are created by including
positive or negative charges on the polymer chains. If one polarity is introduced and
fixed on the network (a “polyelectrolyte”), counter ions position themselves near the
chains to maintain electrical neutrality. The relative concentration of the counter
ions inside and outside of the gel results in an osmotic pressure?. Another interest-
ing electrostatic interaction is observed when both kinds of charges are bound onto
the network (a “polyampholyte”). For more on the four molecular interactions refer

to [17].

e Hydrogen ion pressure is a particular case of a polyelectrolyte interaction. The
electrical charge of the hydrogen ions is screened by the background of negative charges
in the polymer network. Nevertheless, as long as these ions move freely within the

volume of the gel, they behave like a gas in a closed container, the gel network. The

2A positive osmotic pressure tends to increase the volume of a gel.
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osmotic pressure due to the motion of these hydrogen ions is positive, tending to

expand the gel.

Equilibrium Models

in order to understand the origins of the Flory-Huggins model, we review the pressure-
volume relationship for an ideal gas and a van der Waals fluid [14]. For an ideal gas, the

constitutive relation is

PV = mRT (1.1)

where m is the mass of the gas, P, V, and T are the pressure, volume, and temperature,
and R is the gas constant (which is a material property). For a van der Waals material, the

constitutive relationship or equation of state becomes

RT a
P=V—_—b—-‘7§ (1.2)

where b is the volume excluded by the dimensions of the molecules themselves and e accounts
for an attractive force between molecules. While the ideal gas model describes a single
phase system and does not predict a phase transition, the van der Waals equation can be

interpreted as doing so. If it is rewritten as

PV3 — (bP + RT)V? +aV —ab=0 (1.3)

the result is a third order polynomial in volume. For a constant temperature below some crit-
ical value, the relationship between pressure and volume is a curve similar to the “isotherm”
in Figure 1.4. The middle section of the plot is known as a Maxwell loop. The van der Waals
equation does not clearly predict a phase-transition. However, the Maxwell loop is a region
of negative compressibility or instability that is commonly interpreted as a phase-transition
by applying an “equal area” criterion. A line can be drawn across as shown in the figure

to divide the regions near the local minimum and maximum to contain equal areas. This
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line represents a discontinuity in volume at a particular pressure level. This discontinuous
behavior is due to a change in the phase of the system. For more on this see [17] and [14].

Although the van der Waals equation does not represent the properties of any given
substance with precision, it is presented here to iliustrate the basis for the more complicated
Flory-Huggins model. The gel equations of state are based on a pressure balance model
similar to that in Equation 1.2. The classical theory for gels based on the Flory-Huggins
model and developed further by Tanaka in [17] describes a system that exhibits a phase
transition similar to a van der Waals system. The osmotic pressure of the gel IT arises from

at least three components:

I = Mps + Mgy + Mg (1.4)

The pressure Ily is the product of the free energy of mixing (polymer-polymer affinity).
Elastic forces in the polymer network are represented by Il,;, and II;,, is a result of ionic
forces that may exist among polymer constituents that carry electric charges. The mathe-
matical assembly of the Flory-Huggins model is presented in [17]. Sample plots of pressure
versus volume based on the Flory-Huggins model are shown in Figure 1.5. (The variable x
is the Flory interaction parameter; its interpretation depends on the particular gel.) The
pressure-volume plots produced with the Flory-Huggins equation predict behavior that can
be interpreted as a phase-transition in gels, just as the van der Waals equation predicts for

a van der Waals fluid.

Kinetic Models

In 1979, it was demonstrated that the volume change of a polymer gel is determined by
the collective diffusion of the polymer network in the solvent [98]. This process is the basis
of recent kinetic modeling of gels. The collective diffusion coefficient D, describes the rate
at which the gel network moves relative to the solvent. The variable D, can be defined as
a function of the elastic modulus of the polymer network k and the frictional coefficient f

between the network and the solvent (98], [68]:



1.2. Background 33

Dashed line drawn so that A1
= A2. This line represents
the discontinuity in the curve.

Pressure

Volume

Figure 1.4: Discontinuous phase transition derived from Maxwell loop.

D.==. (1.5)

These parameters and the diffusion coefficient have been shown to vary with the tempera-
ture, ionic content, and the volume of a gel (69}, (98], [59]. In general, the kinetics of polymer
gel volume-phase transitions are dominated by a single exponential that is a function of D,
and the size and shape of the polymer gel.

For certain symmetric shapes of gels, the kinetics of the volume change are only a
function of a critical dimension of the gel. The critical dimension of a gel is generally
its smallest dimension [59]. Since the volume phase transition is a diffusion process, it
is fastest along this dimension. With a finite diffusion time and zero or negligible shear
time [59], as soon as the gel changes in one dimension due to diffusion, the shearing due

to the interconnection of the network causes the rest of the polymer gel to follow that
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Figure 1.5: Plots of pressure versus volume based on the Flory-Huggins model

change. The result is an isotropic swelling or shrinking of the gel when unloaded and
uniformly cross-linked. This is illustrated in Figure 1.6. The diffusion process in which the
network undergoes a relative motion with respect to the solvent occurs mostly in the critical
dimension. (This approximation is valid when there is a significant discrepancy between
the shortest length scale and the rest of the dimensions of the gel.) In a sphere, this occurs
in all three dimensions. It takes place in two and one dimensions in a cylinder and a disc,
respectively. For the same material, with the same critical or “shortest” length from the
center to the surface, a sphere will change its volume faster than a cylinder, and a cylinder
faster than a disc. If the diffusion coefficient for a sphere, a cylinder, and a disk with the
same critical length are defined as D,, D,, and Dy, respectively, the following approximate

relationships hold [17):

1 1
Da=3D.=3

Reference [98] discusses a nonlinear model for the dynamics of polymer gels. A set of partial

D,. (1.6)
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Figure 1.6: Isotropic volume changes due to short shear time constants

differential equations are used to describe the kinetics of a volume-phase transition. Based
on these equations, an approximation for the dominant time constant of volume-phase

transitions in polymer gels is presented in [17] and [98]:

r=L%/D (1.7)

Minimization of the critical dimension L can help achieve faster rates of response. When
the volume change is small, the solution can be approximated by an infinite sum of expo-

nentials [69]. This formulation is discussed further in Chapter 6.
1.2.2 NIPA

One gel formula that has been the subject of many experiments at MIT and in the polymer
gel literature in general uses N-isopropylacrylamide (hereafter abbreviated as NIPA) as a
base monomer [31]. Throughout this thesis, NIPA gel is used for analysis and experiments.
NIPA is a thermo-sensitive gel that exhibits a phase-transition in response to a temperature
change. This is especially convenient since a temperature change is readily and accurately
achieved with a temperature-controlled fluid circulator. NIPA gels are also relatively easy
to prepare, and their equilibirum physics and chemistry are well understood. In addition,
with appropriate chemical modifications, they have been shown to respond to other stimuli

such as light [95]. The results of the analysis and experiments in this thesis are general



36 Chapter 1. Introduction and Background

and applicable to other polymer gels. Requirements on force density, tensile strength, and
trigger mechanism, among other characteristics, would ultimately be used to choose the
appropriate gel formula required for a particular application.

In a pure NIPA gel in an aqueous soivent, a balance between hydrophobic and hy-
drophillic interactions controls the gel state. Below the phase transition temperature, the
polymer chains are relatively hydrophyllic, and the gel swells. Water forms a relatively
ordered structure around the swollen chains. At higher temperatures, the ordered struc-
ture of the water is destroyed (above the transition temperature). The polymer chains are
relatively hydrophobic, and the gel shrinks.

Reference [17] derives a relationship between gel volume and temperature from the
Flory-Huggins equation for a NIPA gel. Figure 1.7 shows plots of curves generated with
this model. The same Maxwell loop construction used for the van der Waals pressure plots
can be used to predict the discontinuity point for these curves as well. Different curves are
plotted for different concentrations of ionic groups in the gel. By incorporating ionic groups
in the gel network, the equilibrium behavior can be altered as shown. A larger degree of
ionization f results in a larger discontinuity in volume. Details regarding the fabrication of

NIPA gels are discussed in the next chapter.

1.3 Thesis Organization

This chapter has presented the motivation for using polymer gels as sensors and mechanical
actuators and provided relevant. background. The following list outlines the purpose of the

remaining chapters. Other details and supporting derivations are in the appendices.

Chapter 2 In order to effectively use polymer gels in engineering applications, the “best”
gel given performance requirements should be fabricated or sclected. The process of gel
preparation is discussed in this chapter, with emphasis on the effect of each fabrication step
or gel constituent on various gel properties. Manufacturing methods for different shapes
and sizes of the gel are explained. Different gel form factors will be useful for different

applications. The efficiency of a polymer gel actuator will vary depending on how it is used
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in a system. This is also discussed in Chapter 2.

Chapter 3 A gel with desirable properties may exhibit a discontinuous volume phase
transition. One manner in which to obtain a continuum of force or position outputs from a
discontinuous actuator is to employ switched control. Switched drives may be useful with
other mechanical systems as well. In this chapter, different examples of switched systems are
reviewed and the us:: of switching drives for a variety of actuators is motivated. A general
model is suggested as a tool to explore the possibility of switching control end averaged
model derivation for a large class of systems.

Chapter 4 Variations of the general model of Chapter 3 are examined in this chapter.
The viability of switching drives for systems with different time-scale properties is addressed.
Techniques that are primarily used in the modeling of switched power electronic ciruits are
adapted to develop averaged models for a large class of switched actuators. Depending on

the equilibrium properties and the underlying dynamics of the input, switch, and transducer
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components of an actuator, different models are developed.

Chapter 5 An experimental setup was constructed to apply switching control to a poly-
mer gel. By continuously switching the temperature of a NIPA gel, its volume was made
to oscillate around an average point between its fully swollen and fully collapsed states. By
using a switch period that is much shorter than the time constants associated with the gel
volume-change, the volume ripple around the average point was minimized. Modulating
the average temperature that the gel experiences during a switch cycle allowed the volume
to be regulated to a dynamic equilibrium anywhere between its fully collapsed and fully

swollen states.

Chapter 6 Using on the results of Chapter 4, an averaged model is developed for the
prototype switched polymer gel actuator in Chapter 5. The structure of the model is
based on the diffusion process that induces a volume phase transition and also the passive

mechanical properties of the gel.

Chapter 7 Using temperature and gel length data recorded using the experimental setup
described in Chapter 5, parameters for the model in Chapter 6 are identified. This chapter
describes the identification algorithms and verifies the model under small-signal operation.
In addition, the derived model is used for closed-loop control design to regulate the length
of the gel and therefore the position of a suspended load.

Chapter 8 In this chapter, the application of polymer gels as actuators in remotely trig-
gered devices is explored (for example, drug-delivery devices implanted under the skin).
The development of magnetically activated gels for this purpose is discussed. Besides en-
abling remote activation, magnetic transfer of power is faster than the process used in the
prototype in Chapter 5. This both improves the rate of response of the system and, as
is shown in Chapter 4, makes the derivation of averaged models for switched systems eas-

ier. Experimental results of closed loop control on mechanically loaded magnetic gels will
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demonstrate the effective optimization of performance through material design and the use

the small-signal model for closed-loop control of different gels.

Chapter 9 Because of their ability to respond to a variety of environmental triggers,
polymer gels can be used as sensors. Indeed, as mentioned earlier, sensing and actuating
functions may be combined in a gel if it is fabricated appropriately. In Chapter 9, a gel
sensor for metal ions is designed and implemented. The gel employed in this sensor has
a transition temperature which is a function of metal ions in the gel solvent. A switching
scheme is used to cycle the gel around this transition temperature which is then meesured

as an indicator for metal ions.

Chapter 10 The research work is summarized and the results of this thesis are reviewed.
Future work based on these results is recommended and the potential of using polymer gels

as sensors and actuators is evaluated.
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Chapter 2

Fabrication and Properties of
Polymer Gels

The chemical composition and physical shape of a gel influence its mechanical properties
and dynamic response. For example, the chemical composition of the gel determines how it
responds to different trigger mechanisms. By varying the quantities of different components,
properties such as tensile strength and swelling ratio can be modified. Different shapes and
sizes of polymer gels can be produced. Techniques have been developed to make cylindrical
and spherical gels with the small dimensions required for short response times. Below, the
basic formula for making a NIPA gel is introduced. The different components of NIPA
gel and their influence are discussed. Methods of fabrication using variations of the basic
formula to produce certain desirable shapes, sizes, and other gel properties are described.
The tradeoffs involved in designing a polymer gel using these techniques for an enineering
application are also discussed. Another important property of an actuator is its efficiency.
By examining the thermodynamics of a gel work cycle eome bounds can be placed on
the efficiency of a polymer gel engine. These bounds and definitions of efficiency are also
examined. Even though the discussion is in the context of NIPA gels, many of the chemical

and physical priniciples apply to other gel compositions.
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2.1 Chemistry

A polymer gel is a cross-linked network of long chains immersed in a solvent. In free-
radical polymerization, the method by which a NIPA gel is commonly produced, an initiator
compound is used to start the chemical reaction that causes monomers to combine into
chains. This reaction ~an be aided by an accelerator compound or by heating the mixture,
for instance. A cross-linker entangles or connects the chains together into a network. The
network can then diffuse into and out of a solvent depending on different environmental
parametersl.

Other details of the chemical processes can vary depending on the particular gel. For
instance, gel copolymers are made of more than one type of monomer. Including ionic com-
pounds in the polymer network can result in different equilibrium and dynamic behavior [98]
[17] [39]. To illustrate the effect of the main components of a polymer gel on various mechan-
ical and dynamic properties, a standard NIPA gel formula is described below. Variations on
the formula ar.d fabrication technique are used to make gels with different characteristics

and shapes.

2.1.1 Basic NIPA Formula

Pure NIFA gels are prepared by a free radical polymerization in water at room temper-
ature. Tetramethyl ethylene diamine, or TEMED (the accelerator), is added to a solu-
tion of bisacrylamide, or BIS (the cross-linker), and the main constituent NIPA monomer.
Ammonium persulfate, or APS (the initiator), starts the polymerization and gelation pro-
cesses. The first step in polymerization is a reaction between APS and TEMED in which
the TEMED molecule is left with an unpaired valence electron. The activated TEMED
molecule can combine with a NIPA or BIS monomer, transferring the unpaired electron
to the monomer unit. Another monomer can then be attached and activated in the same
manner. Through this process, long polymer chains are formed as one monomer connects

to another. The inclusion of BIS molecules turns these long chains into a web of inter-

"The cross-linking can take place simultaneously with the polymerization process; in other cases the
polymerization is completed before the cross-linking begins.
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connected chains. The BIS molecule has two functionalized sites and can be incorporated
into two chains simultaneously. Figure 2.1 illustrates the chemistry of this process further.
It is important to note that exposure to oxygen inhibits the polymerization process. The
monomer solution is degassed before the addition of APS. Unless the container for the pre-
gel solution is well sealed, a nitrogen atmosphere may also be necessary for the reaction to

succeed. References (97], [82], [81], [95], [31] describe the chemical process in more detail.

2.1.2 Effect of Chemistry on Mechanical Properties

The behavior of a polymer gel is a result of its composition. For example, characteristics such
as swelling ratio and tensile strength of the actuator are influenced by the concentration of
cross-linker in the gel. These characteristics are important parameters in a servomechanical
application. Every ingredient in the gel formula affects the gel properties in some manner.

These effects are discussed below.

o The base monomer, in our case NIPA, is the main ingredient in the gel. (There
are other possibilities, including copolymers, block copolymers, and interpenetrating
polymer networks {17].) The monomer units are the links in the chains that form
the gel network. The solubility of this monomer in the gel solvent under different
environmental conditions determines in part what will cause a volume transition and

to what degree.

e The initiator (APS) and the accelerator (TEMED) react to begin the formation of a
polymer chain. By controlling the number of initiator molecules, we can control the
number of polymer chains which begin to form during polymerization. For a fixed
amount of monomer, including less initiator generally leads to the formation of longer
chains. The longer polymer chains result in a less brittle gel, usually a desirable
quality in a gel to be used in a servomechanical application. On the other hand,
too little initiator may result in incomplete polymerization of the monomer. This is
especially likely when it is difficult to control the environment and prevent oxygen

from quenching the initiator, for instance. Increasing the amount of the accelerator
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and/or the initiator will also increase the rate of polymerization (and gelation in this
case). This may also be an important parameter to adjust based on the process of

fabricating the gel.

e The cross-linker (e.g. BIS) connects the different polymer chains into a tangled net-
work. The higher the amount of cross-linker in the reaction, the more interconnections
and the more intertwined the network. A denser network is stronger. However, it ex-
hibits a smaller swelling ratio than would a more lightly cross-linked network. The
cross-linker concentration in the gel formula can be adjusted to tradeoff strength and

stroke for a particular application.

e Adding ionic groups to the monomer mix can result in a gel co-polymer with differ-
ent mechanical properties than those of the pure NIPA gel. By adding ionic groups
into the polymer chains, additional osmotic pressure can result in larger swelling ra-
tios, different transition temperatures, and discontinuous equilibrium phase transition
curves [31]. In this thesis, sodium acrylate or acrylic acid will be used to increase the
gel stroke when necessary. A larger amount of these compounds produces larger
swelling ratios. The transition temperature of the gel also increases with the con-
centration. A very high transition temperature may be a problem in some practical

systems.

o Inter-penetrating Polymer Networks (IPN’s) are formed by “interweaving” two poly-
mer gel networks to give the gel different attributes. Preliminary results of our work
show that incorporating poly-(vinyl alcohol) (PVA) polymer with the NIPA formula
strengthens the resulting gel significantly, without considerably modifying the volume-
phase transition characteristics. The PVA network appears to be cross-linked by a

cooperative hydrogen interaction between the PVA molecules.

The polymer gel can be altered in other ways. For instance, the solvent itself can be
changed. In {79], the salt content of the aqueous solvent is shown to have an effect on the

volume-phase transition curve of a polymer gel. Heating the NIPA solution during gelation



46 Chapter 2. Fabrication and Properties of Polymer Gels

can result in a micro-dispersed gel with an inhomogeneous network density. The result is
a weaker gel with a faster rate of response [46]. More advanced techniques for synthesizing
different polymer gels are discussed in (18], [101], [79], (36], [17], [111].

2.2 Form Factor

Different application requirements may dictate different shapes and specifications for the
polymer gel material. Using the basic formula outlined above, different forms of NIPA
polymer gel can be manufactured. As discussed in Section 1.2.1, in order to improve the
response rate of a gel, the critical dimension has to be made very small. For the diffusion
rates of NIPA gels, the dimensions necessary to achieve sub-second performance are on
the order of tens of microns. A single gel at that size is too weak for most applications.
One solution is to group many of the micron-sized gels in a manner that allows mechanical
load-sharing while preserving the speed of response 2.

Depending on the application, different form factors or shapes of the gel units may be
necessary. For a “synthetic muscle”, a cylindrical shape or fiber is appropriate. A cylinder
with a much larger length dimension than its radius will have a quick response time if
the radius is small, and will deliver a significant stroke in the axial direction, ideal for a
linear actuator. The cylindrical shape is also regular enough to simplify the gel modeling
equations. Another useful and interesting shape is that of a sphere. Like a cylinder, a
sphere’s symmetry makes it easier to identify the critical dimension and to analyze the
physics of the volume transition. Gel spheres or beads may be used to construct a “piston”
that will push out when spheres packed inside a chamber are made to swell. Irregular shapes
of gels will exhibit volume-phase transitions as well. Indeed, the ability to manufacture
active gels in any shape or size makes them useful for many actuator or sensor applications.
The fabrication of gel cylinders, fibers, and spheres with short critical lengths is discussed
below. Variations on the NIPA formula from the previous section are used for each process.

The symmetry of these shapes makes it easier to observe and analyze a volume change.

2The load-sharing approach also has the added advantages of any cellular system. For example, failure
of one gel unit does not necessarily result in failure of the actuator.
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Figure 2.2: Making gel cylinders

2.2.1 Gel Cylinders

Thin cylinderical gels can be constructed by allowing the gel to form inside micropipettes.
The gel is extracted from the micropipettes by immersion into warm water (with tempera-
ture above the transition point) and gently breaking the micropipette. The glass is broken
but the more flexible gel is not. The cylinder of NIPA, shrunken due to the temperature of
the surrounding water, is easily released from the micropipette. Figure 2.2 illustrates this

procedure. The steps for fabricating a NIPA/PVA gel cylinder are:

1. Dissolve 115,000 molecular weight PVA (5 g) in 500mL of deionized water at 50°C for

approximately 20 hours.

2. Dissolve APS (.2 g) in 5mL deionized water at room temperature. Degas the solution

in a vacuum chamber.

3. Dissolve NIPA monomer (.78 g), and BIS (.013 g) in 5 ml of deionized water at room
temperature. Mix this solution with 5 mL of the PVA solution from step 1, then degas
the resulting 10 mL solution in a vacuum chamber. In this step, some of the NIPA
monomer can be replaced with an equal amount of sodium acrylate. The result is a

co-polymer with different. volume transition properties. In our experiments, replacing
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.016g of NIPA with sodium acrylate raised the transition temperature to around 38°C,
compared to approximately 38°C for pure NIPA.

4. Mix TEMED (24 pL) and 40 uL of the APS solution from step 2 with the solution
from step 3. Shake the mixture to insure good mixing. Polymerization and gelation

begin with this step.

5. Place the cylindrical micropipettes of different diameters in the resulting solution

immediately after step 4. Typical diameters range from 0.5 mm to 1 mm.

This formula is similar to the one used in [31]. The addition of the PVA to form an IPN
and the lower level of APS to produce longer polymer chains were used to increase the
tensile strength of the gel. This process of fabricating gel cylinders for eventual bundling
to form an actuator is time-consuming. Also, the response times for the resulting gels are
generally relatively long. The smallest gel that can be easily pulled out of its micropipette
by hand is approximately 750um in diameter (50uL micropipette), and its transition time
is on the order of tens of seconds. However, these gels can be a good source of information
about tensile strength and stroke length, as they are easy to construct and their properties
are easily made homogeneous during fabrication. In particular, the degree of cross-linking
and its spatial distribution, the size, and the shape of the final gel are all well controlled.
The symmetric, homogeneous, long cylinders are useful in experiments where the quality
and reproducibility of the data is important. They are used in this thesis to identify
a inathematical model for the dynamics of gel under tension. Figure 2.3 illustrates the

collapsed and expanded states of a gel cylinder with 0.16 g of sodium acrylate.

2.2.2 Gel Spheres

The same basic formula used in producing NIPA gel cylinders was used for making mi-
croscopic gel beads 3. Initially, gel beads were made by filling tiny dimples machined into
teflon blocks with pre-gel solutions. As the gel formed, it was to take the shape of the

hole in which it lay. The gel beads formed using this method were not spherical and were

3I would like to thank Graham Fernandez for his help in starting this work.
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Figure 2.3: Volume transition of a gel cylinder as seen under the microscope
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often damaged while being extracted from their mold. 'is procedure also makes mass
production difficult.

Another method that is more commonly used in gel bead preparation is inverse suspen-
sion polymerization [69]. The gel constituents are dissolved in deionized water as they were
previously. This solution is then injected into paraffin oil that is stirred with a magnetic
stirrer or some other mechanism. Care is taken to saturate the paraffin cil and the pre-gel
solution with nitrogen to ensure the absence of oxygen, which quenches the free-radicals
generated by the initiator (APS). Figure 2.4 illustrates the method of inverse suspension
polymerization. As the paraffin oil is stirred, the water is broken up into droplets that form
into gel spheres. After the formation of the sphere, the mixture is removed and poured into
a beaker containing deionized water. As the paraffin is agitated, the gel beads fall into the
water layer (which is separated from the oil layer). In this manner, the beads are extracted
from the paraffin. For a detailed description of this procedure, see [19]. Spherical gels
with diameters in the hundreds of microns range were fabricated using the bead formation

procedure outlined below.

Motor / Pregel Solution

Nitrogen = /
'('\{Flubber Stoppers
[© 9

™ Air Outlet

@

Figure 2.4: Ge! bead formation by inverse suspension polymerization
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1. Dissolve APS (.2 g) in 5SmL deionized water at room temperature. Degas the solution

in a vacuum chamber.

2. Dissolve NIPA monomer (.78 g), and BIS (.013 g) in 10 mL of deionized water at
room temperature, then degas the resulting solution in a vacuum chamber. As with
the cylinderical gels, some of the NIPA monomer can be replaced with an equal amount

of sodium acrylate.
3. Pour parrafin oil into the container to immerse the paddle as shown in the figure.

4. Pump nitrogen iuto the oil as shown in the figure at 10 psi for approximately 30
minutes. At the same time, stir the oil to insure that the nitrogen flows into the

paraffin oil and replaces the oxygen, which flows out of the open air outlet.

5. Turn off the nitrogen supply and seal the air flow outlet. A slightly positive nitrogen
flow can also be maintained if a perfect seal of the jar is not possible to insure that

the oil mixture remains oxygen free.

6. Mix TEMED (24 uL) and 100 pL of the APS solution from step 1 with the solu-
tion from step 2. Shake the mixture to insure good mixing and load into a syringe.

Polymerization and gelation begin with this step.

7. With the paddle continuing to stir, inject the polymer solution into the oil. Allow
to stir for 2 hours. The shaft velocity can be used to control the size of the formed
gel beads. In our experiments, shaft speeds close to 300 rpm produced beads with
diameters between 100 pm and 300 um.

8. Stop the stirring and allow the water and formed gel beads to settle to the bottom of

the container. The oil is then drained and the beads rinsed of any excess oil.

The protocol presented above can also be used with the addition of PVA as for the gel
cylinders. However, the advantage of added tensile strength may not be significant enough

to offset reduced swelling ratio in this case. Tensile strength is more significant in cylinders
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and fibers. Note also that the amount of APS used is larger than before. The additional
initiator speeds up the gelation process. The longer this process takes, the greater the
possibility of oxygen permeating into the apparatus. Moreover, if the gelation is slow, some
of the constituents may settle out of the pregel solution. Figure 2.5 shows a bead formed
by this method ia both its swollen and collapsed state. The bead shown is a gel co-polymer
with 0.16 g of sodium acrylate substituted for an equal amount of NIPA in the formula

above.

2.2.3 Gel Fibers

In order to achieve the fast performance necessary for many applications, gels that are
only a few microns thick might need to be constructed. One way to create these fibers is by
“pulling” or “spinning” a pre-gel polymer solution until it is the right thickness. In addition
to providing very small volume gels, this method could potentially help to microscopically
align the polymer chains in a network, which might yield higher performance in terms of
stroke length and strength in an actuator.

A thick, viscous fluid can be spun or pulled to make thin fibers. A cross-linked gel
cannot be spun. It has a specific equilibrium shape that is determined by its permanent
cross-links. To make fibers, a solution of polymer chains that are not cross-linked is used.
A formula similar to that of the gel cylinders or spheres can be used without the cross-
linker to produce a NIPA polymer solution. The initiator and accelerator facilitate the
polymerization process and produce polymer chains that are not cross-linked. The viscosity
of this solution is a result of polymer chain length. We can therefore adjust the viscosity
level by controlling the amount of APS in the pregel solution. After a polymer solution
with an appropriate viscosity is prepared, diazido-stilbene (DAS) is dissolved in this pre-gel
solution. DAS is an optical cross-linker which is activated through exposure to ultra-violet
(UV) light. It is used to cross-link the polymer chains into a gel network after they have
been spun into fibers.

After the polymer solution is prepared, it is loaded into a syringe and extruded through

a needle onto spinning parallel bars as shown in Figure 2.6. The bars catch the viscous
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Figure 2.5: Volume transition of a gel sphere as seen under the microscope
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Figure 2.6: Spinning gel fibers

solution and pull it into a thin fiber. If the syringe is moved laterally (parallel to the bars)
while this process takes place, many fibers will form between the bars. The thickness of
these fibers can be controlled by the angular velocity of the bars and the extrusion rate.
Once the fibers are formed, they are exposed to UV light to cross’ink the polymer chains
into a gel. The entire process is carried out in a nitrogen atmosphere. The steps for making

gel fibers are:

1. Dissolve PVA (5 g) in 500mL of deionized water at 50°C for approximately 20 hours.
The PVA used had molecular weight 115,000.

2. Dissolve APS (.2 g) in 5mL deionized water at room temperature.

3. Dissolve NIPA monomer (.78 g), in 7 mL of deionized water at room temperature.
Mix this solution with 3 mL of the PVA solution from step 1 and 40 uL of the APS
solution in step 2. Place the resulting solution in a vacuum chamber for approximately
1 hour. This will remove the oxygen which may inhibit polymerization. Allow 9 more

hours for polymerization to complete.

4. Add DAS (.015 g) to the viscous polymer solution and vigorously shake on a Vortex
GenieT™. After approximately 4 minutes of continuous shaking, the DAS should be
dissolved. Since DAS reacts in response to light, an opaque container should be used

from this step onward. (Alternately, the glass vial can be wrapped in aluminum foil.)

5. The vigorous shaking of the viscous solution will trap air bubbles in the polymer/DAS
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solution. Any trapped oxygen will hinder the crosslinking process. In addition, the
bubbles will make it difficult to spin smooth fibers. The thick polymer solution should
be degassed in a vacuum chamber again. This will take a longer time because of the
viscosity of the solution. We have witnessed that 10 hours with the given formula was

sufficient for releasing trapped air from the solution.

6. The degassed solution can be loaded into a syringe and spun as shown above. This

should be done in an oxygen-free environment.

7. Place the pelymer fibers under a UV light source for crosslinking. A reflective surface
should be placed around the fibers to produce spatially homogeneous crosslinking. In

4 was applied for 1 hour to complete cross-linking.

our experiment, the UV source
Fibers with diameters greater than 100 um were not successfully crosslinked with this
UV source. A higher power UV source is required for penetrating thicker polymer

fibers.

The cross-linked fibers are then grouped into a bundle by placing their ends in epoxy
on aluminum sheets. The whole process is currently performed by hand, and assembling
bundles with more than 40 or so fibers is very time-consuming. Moreover, for all the fibers
to participate equally in an actuator, they need to be pulled to the same length at the same
temperature, and they need to respond with similar transition rates. This requirement
translates into nearly identical dimensions for all the fibers. To help produce bundles of a
large number of homogeneous fibers, a machine was built to automate this process [78]. A
gel fiber formed using the process described here is shown in Figure 2.7. The tiny spheres

adjacent to the gel fiber are air bubbles in the solvent.

2.3 Thermodynamics and Efficiency

Polymer gel actuators will convert some form of energy to mechanical work. In the case of

NIPA, for instance, the input energy is in the form of heat. An understanding of the energy

4The UV source used was a Spectroline PE-240T EPROM erasing UV lamp manufactured by Spectronics
Corp., Westbury, NY.
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Figure 2.7: Volume transition of a gel fiber as seen under the microscope
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flow in the gel actuator will help identify the input and output energy components of the
system and determine its energy conversion efficiency. Free energy exchange in the network-
solvent system is the basis for most of the theories describing phase transitions in polymer
gels [17]. However, many of these theories, most notably the Flory-Huggins model, describe
free-swelling gel systems and do not explore mechanical energy conversion or efficiency.
Recent interest in polymer gel actuators has stimulated research on the mechanical work
cycle of a volume-phase transition. In [33], it is shown that the efficiency of a gel engine
increases with load. The gel in this study is triggered chemically and the difference in
chemical potentials of the solvent is used to compute the input energy. No account for heat
flow is made, and only the swelling transition is examined (pushing against external inward
pressure). Solari in [90] uses a similar technique to demonstrate a change of efficiency with
load, but provides no quantitative figures. The sections below discuss energy flow during a
gel volume-phase transition and identify energy quantities that can be combined to examine

the energy conversion properties of different polymer gel actuators.

2.3.1 The Ideal Gas Engine

As a starting point for the analysis of the gel thermodynamic cycle, consider the ideal
gas engine. For a given mass of ideal gas, the product of the pressure and volume of the
gas is constant at a constant temperature. We can use the expansion of the gas with its
positive pressure to convert heat to useful work. For comparison and discussion, Figure 2.8
illustrates a mechanical work cycle, the Carnot cycle, for a gas engine. Two graphs are
shown. A T-V (temperature versus volume) plot shows the equilibrium temperature as
a function of the volume of the gas, and a P-V (pressure versus volume) plot shows the
pressure/volume states of the ideal gas in a quasi-static equilibrium. The areas under the
curves in the P-V plot indicate the work done on each part of the cycle [14].

In the following discussion, changes in volume occur slowly enough that the system is
always in equilibrium, thus making the processes reversible by preventing dissipation. On
the first part of the cycle, work is done on the gas engine to reduce the velume of the

gas. This process is adiabatic, with no heat exchange across the boundaries of the system.
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Figure 2.8: Work cycle for a gas engine

As a result, the temperature increases and so does the energy content of the system (by
an amount equal to that of the work input into the system to reduce its volume). The
curves labeled 2 in Figure 2.8 represent an isothermal process in which the temperature
of the system is held constant by allowing it to communicate with a temperature reservoir
at the temperature Ty. The gas expands, doing work on the environment as it moves
the boundary of the system. The work output is equal to the heat that flows into the
system, Wy = Qp. The third component of the work cycle is an adiabatic expansion. The
temperature drops to T, and the energy content of the system is reduced as it does more
work on the environment. On the fourth and final step of the closed cycle, the system is in
communication with a temperature reservoir at T, and contracts isothermally. The work
input here is W, = Q. It turns out that the work done during the positive and negative
adiabatic cycles is equal in magnitude and opposite in sign. If the input into the system
is defined to be Qp, with T, representing the temperature of the atmosphere for instance,

then the efficiency is typically defined as:

Wy + W, T,
=—"_ " _1_2% 2.1
n On T (2.1)

where W, is a negative quantity. For more on this formulation, refer to [14].



!
2.3. Thermodynamics and‘ Efficiency 59

2.3.2 NIPA Gel Volume-Phase Transition Cycle

Comparison to Ideal Gas Engine Cycle

The efficiency of the reversible cycle of a gas engine provides an upper bound on any heat
engine operating between two thermal reservoirs [14]. It is therefore a good starting point
to investigate the thermodynamics and efficiency of a thermosensitive polymer gel. For
example, a NIPA gel can be made to go through a volume-phase transition cycle using a
hot and a cold thermal reservoir to shrink and expand the network, respectively. Practical
choices for the two temperatures, as will be seen in Chapter 5, are 44°C and 24°C, for
example. Using the bound of Equation 2.1, the closed cycle efficiency is less than 10%
(using absolute temperature values). For applications requiring high efficiency, therefore,
gels that exhibit volume change in response to some other trigger may be more appropriate.
While the ideal gas engine provides a good start for analyzing the gel cycle, we should note

the following distinctions :

e The gel can do work on the environment on both parts of its cycle of operation,
expansion and contraction. The sign of the gel pressure can follow that of the volume
change, producing positive work flow during both transitions. The gel can push and

pull!

e The adiabatic/isothermal work cycle used in the analysis of the gas engine facilitates
the derivation of the efficiency limit. However, this is with the assumption that useful
work is only done on one part of the cycle and work is negative as the gas volume
decreases. Depending on how the gel is used and its configuration within a system,

different efficiency definitions might be more appropriate.

e In the gas engine, there is no change of phase. Energy flow results in either mechanical
work or a change in temperature. In the gel system, the change of phase involves the

transfer of latent energy quantities that can be stored in the gel.
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Despite these differences, an analysis similar to that of the gas engine can be developed
to detail the work and heat components involved in different parts of a polymer gel volume-
phase transition cycle. These quantities will be useful in computing efficiency bounds and

efficiency-like metrics once specific parameters of the gel actuator are set.

Free-Swelling Gel Transition

NIPA and NIPA/PVA polymer gels are thermally activated. At equilibrium, the internal
pressure of the gel is equal in magnitude and opposite in direction to the external pressure
on the gel. A change in temperature disrupts this balance and the gel moves towards a new
volume that will equate the pressures and restore the system to equilbrium. The cartoon in
Figure 2.9 qualitatively illustrates the static relationships between the pressure and volume
and the temperature and volume for a NIPA gel. Each of the traces in the T-V curve is an
isobar with constant osmotic pressure acting on the gel network. For a free-swelling gel, the
equilibrium volumes will all be at zero pressure, or, equivalently, on the curve Iy (Ilp = 0
in this case). Consider a NIPA gel at equilibrium point 1 on the T-V curve. The gel is
in the expanded phase at temperature T;. The temperature is then raised to temperature
T3, moving the pressure of the gel system onto the curve labelled II_;. The change in
temperature occurs much more rapidly than the change in volume. At point 2, the gel
is at the same volume but is now experiencing a negative pressure due to the increase in
temperature. The part of the cycle in which the gel moves from point 1 to 2 is approximately
isochoric since the temperature change is much faster than a volume change [60]. In order to
restore the balance of forces that produces zero pressure, the gel network begins to collapse.
Keeping the temperature constant, the volume decreases along a horizontal line in the T-V
plot until equilibrium is reached at the IIy curve (Il = O for equilibrium). At the new
equilibrium point 3, the gel is at a smaller volume and a higher temperature T,. If the
temperature is now dropped to T} again, the internal pressure increases to I at point 4

and the volume increases until the total pressure 3 drops back to 0.

5The total pressure in the case of a free-swelling non-ionic gel here is the same as I1,.;. As is shown in the
next section, ionization or mechanical load adds another pressure component to the total osmotic pressure.
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As shown in the figure, the static II-V curve can be obtained from the T-V curve. Each of
the curves in the figure is an isotherm obtained by plotting points along a horizontal line in
the T-V plot. The transition from one equilibrium point to another can be thought of as two
consecutive processes. Initially, the temperature of the gel system jumps along an isochoric
curve (1-2, and later 3 —4). The volume of the gel system is assumed constant during this
transition. An isothermal expansion or contraction follows until the new equilibrium point
is reached (2 — 3 or 4 — 1). By analyzing the energy transfer during these transitions, an
understanding of the work cycle and efficiency of a gel engine can be obtained. Note that the
static plots have no information on the dynamics of the volume transition. Nevertheless, the
area under the IT curves represents the work done in the different cycles of volume change

and can be used to derive bounds on polymer gel efficiency.

Ionized and Loaded Gels

[onic groups in a gel provide an additional source of internal pressure II;,,. The condition

for equilibrium is then:

where Il is the gel pressure in the absence of any ionic forces. Ionic pressure generated by
the inclusion of sodium acrylate in the NIPA gel is positive, favoring the expansion of the gel.
In equilibrium, the total gel pressure I,y is zero by definition. As a result, I e is negative,
pulling the gel inward to offset the positive ionic pressure. The same analysis of a volume
transition will occur around a negative isobar in the T-V curve (such as I1_; or I1_5). To
maintain the same Il and volume in the presence of ionic forces, a higher temperature is
required. On the P-V curve, this translates to an upward shift of the isotherms. Figure 2.10
shows experimentally determined phase transition curves from [31]. The different curves
in the top graph represent equilibrium points for NIPA gels with different concentrations
of sodium acrylate. Although the total pressure Il = O for all equilibrium points, the
different plots can be thought of as isobars at different levels of Mger = ~Ilion, where I;o,

depends on the concentration of sodium acrylate. Figure 2.10 also illustrates the derivation
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of the pressure-volume curves from the phase transition curves similar to Figure 2.9. The
transition cycle shown is for a NIPA gel with a 50 mM concentration of sodium acrylate.
In equilibrium, for this gel, I,y = 0 and 1y = I1_3.

Effects of the ionic forces on the gel behavior are similar to mechanical effects. An
external load that stretches the gel applies a positive pressure similar to Il;,,. In most
cases, the pressure due to mechanical loading will not be uniform in all dimensions, unlike
the pressure due to ionic forces. However, the behavior of a gel system subjected to ionic
forces should approximate its behavior under mechanical load. For example, translation of
isotherms in the P-V curves is consistent with the finding in [90] and [33] that the efficiency

of a polymer gel actuator changes with load.

2.3.3 Energy Exchange in a Thermo-Sensitive Gel

In the ideal gas engine, the efficiency is calculated for a complete cycie. After every cycle,
the piston is reset to its initial position and the heat transfer between temperature reservoirs
is used to generate useful work. The total useful work output is divided by the heat input
to compute the efficiency. Similar analysis can be carried out for gel engines. Specifics of
the implementation of a polymer gel actuator need to be considered before a definition for
the efficiency can be derived. For instance, the gel can do work in both the positive and
negative directions (expanding and contracting), and depending on which part of the cycle is
chosen to do the useful work, a different,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>