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Phase Boundary Propagation in Mass Spring Chains and Long Molecules

Abstract

Martensitic phase transitions in crystalline solids have been studied and utilized for many technological
applications, including biomedical devices. These transitions typically proceed by the nucleation and
propagation of interfaces, or phase boundaries. Over the last few decades, a continuum theory of phase
transitions has emerged under the framework of thermoelasticity to study the propagation of these phase
boundaries. It is now well-established that classical mechanical and thermodynamic principles are not
sufficient to describe their motion within a continuum theory, and a kinetic relation must be supplied to
complete the constitutive description. A few theoretical techniques that have been used to infer kinetic
relations are phase-field models and viscosity-capillarity based methods, within both of which a phase
boundary is sharp, but smeared over a short length. Here we use a different technique to infer a kinetic
relation. We discrete a one-dimensional continuum into a chain of masses and springs with multi-well energy
landscapes and numerically solve impact and Riemann problems in such systems. In our simulations we see
propagating phase boundaries that satisfy all the jump conditions of continuum theories. By changing the
boundary and initial conditions on the chains we can explore all possible phase boundary velocities and infer
kinetic relations that when fed to the continuum theory give excellent agreement with our discrete mass-
spring simulations. A physical system that shares many features with the mass-spring systems analyzed in this
thesis is DNA in single molecule extension-rotation experiments. DNA is typically modeled as a one-
dimensional continuum immersed in a heat bath. It is also known from fluorescence experiments that some of
these transitions proceed by the motion of phase boundaries, just as in crystalline solids. Hence, we use a
continuum theory to study these phase boundaries in DNA across which both the stretch and twist can jump.
We show that experimental observations from many different labs on various DNA structural transitions can
be quantitatively explained within our model.
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ABSTRACT
PHASE BOUNDARY PROPAGATION IN MASS SPRING CHAINS AND LONG

MOLECULES

Qingze Zhao

Prashant K. Purohit

Martensitic phase transitions in crystalline solids have been studied and utilized for
many technological applications, including biomedical devices. These transitions typically
proceed by the nucleation and propagation of interfaces, or phase boundaries. Over the last
few decades, a continuum theory of phase transitions has emerged under the framework
of thermoelasticity to study the propagation of these phase boundaries. It is now well-
established that classical mechanical and thermodynamic principles are not sufficient to
describe their motion within a continuum theory, and a kinetic relation must be supplied to
complete the constitutive description. A few theoretical techniques that have been used to
infer kinetic relations are phase-field models and viscosity-capillarity based methods, within
both of which a phase boundary is sharp, but smeared over a short length. Here we use
a different technique to infer a kinetic relation. We discrete a one-dimensional continuum
into a chain of masses and springs with multi-well energy landscapes and numerically solve
impact and Riemann problems in such systems. In our simulations we see propagating
phase boundaries that satisfy all the jump conditions of continuum theories. By changing
the boundary and initial conditions on the chains we can explore all possible phase boundary
velocities and infer kinetic relations that when fed to the continuum theory give excellent

agreement with our discrete mass-spring simulations. A physical system that shares many
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features with the mass-spring systems analyzed in this thesis is DNA in single molecule
extension-rotation experiments. DNA is typically modeled as a one-dimensional continuum
immersed in a heat bath. It is also known from fluorescence experiments that some of
these transitions proceed by the motion of phase boundaries, just as in crystalline solids.
Hence, we use a continuum theory to study these phase boundaries in DNA across which
both the stretch and twist can jump. We show that experimental observations from many
different labs on various DNA structural transitions can be quantitatively explained within

our model.
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Chapter 1

Introduction

1.1 Background

The work in this thesis is partially inspired by phase transitions in crystalline materials
and the shape memory effect. Crystalline materials can exist in different solid phases with
various crystal structure. Under certain physical conditions, one phase is usually preferred
over the other phases. This property lays the foundation of phase transition theory in
crystalline materials. Shape memory alloys, like NiTi and CuAINi [15, 38, 84] are typical
examples of such crystalline materials, as are martensitic steels [19, 20], which are by far the
most significant technologically. However, in the last two decades NiTi has been increasingly
in medical devices, such as, stents. More recently, NiTi wires have been used in medical
robots due to their super-elastic behavior [92]. The book by Bhattacharya [19] gives a very
good summary and explanations of shape memory alloys, their detailed lattice structure,
phase transitions between these micro-structures, and so on. Figure 1.1 shows illustrations
of optical micro-structures of an NiTi sample subjected to the deformation.

At a stress free state, if such a multi-phase crystalline material is slowly cooled from a
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Figure 1.1: Illustration of micro-structures of the NiTi sample subjected to the deforma-
tion. (a), (b) and (c) Transmission electron microscopy bright field images showing the
martensite-like plates formed in two directions; (d) SAEDP(Selected Area Electron Diffrac-
tion Pattern) of (b) showing B2 austenite. This figure is from [97].

very high temperature, then the material begins a phase transition from a ‘high temperature
phase’ to a ‘low temperature phase’. This process does not happen instantly, rather it’s
a relatively slow process where part of the material goes to the ‘low temperature phase’
first, and there is an interface separating different phases of material. Figure 1.2 gives a
graphic illustration of this process. As the temperature keeps decreasing, this interface,
or phase boundary, propagates into the ‘high temperature phase’ region. Eventually, the
whole region becomes ‘low temperature phase’. The propagation of such phase boundaries
is our main interest in this thesis.

Over the last several decades a continuum theory of phase transitions under the frame-
work of thermoelasticity has emerged from the study of crystalline solids [7]. It has been

recognized that continuum mechanical principles of the balance of mass, momentum and
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Figure 1.2: Schematic depiction of a stress-free single crystal of a two-phase material at a
sequence of progressively decreasing temperatures. This figure is from [19].

energy are not sufficient to determine the evolution of phase boundaries in continua and
additional constitutive relations have to be provided [1, 2, 6]. This additional information
comes in the form of a kinetic relation and it relates thermodynamic driving force and
phase boundary velocity. The notion of thermodynamic driving force was first introduced
by Eshelby (1956) as ‘force on a defect’ and was later adapted for phase transitions by Abe-
yaratne and Knowles (1990). One of the main objectives of this work is to obtain kinetic
relations for phase boundaries in 1-D continua with the help of numerical simulation.

A kinetic relation that comes up quite often is the Arrhenius law which is based on
thermal activation. This law assumes that jumps from a given state to another are limited
by the free energy barrier that the system has to overcome. A common expression for

kinetics based on the Arrhenius law is

. )
V = Blexp(—3) — exp(~ ) (11)

where V is the phase boundary velocity, @ is temperature, b+ and b~ are the two energy
barriers, k£ is the Boltzmann constant and r is a scaling factor. The Arrhenius law is

applicable when inertial effects are not significant and thermal activation is dominant in a



phase transition. It was employed in early studies of phase boundary motion in crystalline
solids. For example, in [37] the Arrhenius law used to describe dislocation glide motion was
utilized to predict the mobility of martensitic phase boundaries in S-CuAlINi alloy. Thus,
this in this case phase boundary motion is driven by a thermally activated process. In [60],
the Arrhenius law is employed to understand phase transformations in other metals and
alloys, as well. In [67], it has been shown that Arrhenius kinetics describes the motion
of phase boundaries in DNA. This is consistent with the idea that the mechanics of the
DNA molecule in tension, torsion and bending is characterized by the absence of inertia
and dominance of thermal fluctuations.

The discussion above is also why an interesting application of the continuum theory of
phase transitions in 1-D continua that we explore in this thesis is not in crystalline solids,
but in long one-dimensional molecules, such as DNA. DNA can store bending, twisting and
stretching energy and is known to behave as an elastic rod at small length scales [51, 53, 87].
It is also known that it can undergo several structural transitions in response to changes in
temperature and loads just as many crystalline solids do [22, 50]. For this reason a second

objective of this thesis is to apply the 1-D continuum theory of phase transitions to DNA.

1.2 Mass-spring chains

Our main tools for numerical analysis are mass-spring chains as shown in figure 1.3. Chains
of masses and springs have been used as models to understand the mechanical and thermal
behaviour of crystalline solids for a long time [36, 41]. For instance, the dispersion relation
for phonons (normal modes) in a one-dimensional chain with linear springs is a calculation

that appears in all standard text books in solid state physics [36]. The specific heat of a



solid can be computed starting from the density of these normal modes in frequency space
as was done by Debye (and Einstein) in the early 1900s. In this thesis, we are interested in
non-linear chains in which the potential of the springs has multiple wells and the constitutive
relations are piecewise linear. This kind of calculation can be traced back to Krumhansl and
Schreiffer in the 1970s [42]. When the potentials characterizing the springs have multiple
wells then the dynamics of mass-spring chains has been shown to be similar to that of one-
dimensional bars capable of phase transitions [7, 8, 13, 18, 27, 29, 30, 42, 54, 73, 82, 85, 89].
This insight has been utilized to extract kinetic relations for moving phase boundaries by
comparing solutions of impact and Riemann problems in continuum bars to those in the
mass-spring chains [65, 85]. The extracted kinetic relation has a simple analytical form that
has been recently shown to have a universal near sonic limit [89]. More recently, mass-spring
chains have also provided insights into the mechanics of biological macromolecules [17, 18],
and this work is, at least partly, motivated by them. We give a short account of the recent
work in mass-spring chains in the following.

Puglisi and Truskinovsky [62] are among the first to consider a model where a material
has several crystallographic phases with non (quasi)-convex energy. They studied a 1-D
chain with a finite number of bi-stable elastic elements and their springs have two convex
wells separated by a spinodal region. They obtained a quantitative description of the
possible quasi-static evolution paths. Balk, Cherkaev and Slepyan [13, 14] have considered
dynamical processes in materials with non-monotonic constitutive relation. They introduced
a model of a chain of masses joined by springs with a non-monotone strain-stress relation
and conducted numerical experiments to find the dynamics of that chain under different

excitations. They concluded that the dynamics leads either to a vibrating steady state or



to a hysteresis instead of a unique stress-strain dependence. They observed ‘waves of phase
transition’ in their numerical calculations. These waves were associated with oscillations
that did not die off even long after the passage of the wave-front. Later authors working
with mass-spring chains with non-convex energies have made similar observations [57, 58].
We will show in this thesis that these oscillations contain information about dissipation due
to phase boundary propagation which has its origin in the kinetic law that is central to the
continuum theory.

The kinetics and dissipation at propagating phase boundaries in mass-spring chains has
also been studied by Agrawal and Dayal using very different techniques[10]. These authors
use a phase-field model that does not require explicit numerical tracking of the interface (or
phase boundary) and allows for better study of interface kinetics and nucleation by studying
the hysteresis. Benichou, Cohen and Givli [18] reexamined the bi-stable chain by introducing
the concept of an ideal bistable element. They showed that any bi-stable material can be
conceptually modeled as series of ideal bistable elements connected with elastic springs.
They have studied the consequences of the discrete nature of these structures, especially on
finite size effects, non-trivial stability, and so on. They have also studied biological systems
(like the muscle protein titin) with their bistable mass-spring model. Recently, Nadkarni,
Dairio and Kochmann [54] have investigated the dynamics of a bistable chain in which
there is a dashpot at every lattice site in addition to the mass and non-linear springs. They
have shown that this produces three different regimes of wave propagation in which one is
very much like the propagation of a solitary wave [93]. In particular, they reveal that the
velocity of this wave is determined by balancing the energy dissipated in each dash pot with

the energy released due to each spring jumping from one phase to the other. Their results



highlighted opportunities in the design of mechanical meta-materials with negative-stiffness
elements and shed light on the study of the dynamics of nonlinear small scale instabilities
in solids and structures.

Notably, none of the studies mentioned above goes beyond extensional degrees of freedom
at the masses in the chains. Only a few study Langevin dynamics of these chains to model
the effects of heat baths [31]. These are the novel elements that we bring into the study of

mass-spring chains through this thesis.
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Figure 1.3: Mass spring chain. The energy landscape of the springs is assumed to have
multiple wells corresponding to lattice spacings a and b. X, is the displacement of nt"
mass.

1.3 Overview of this Thesis

This thesis is organized as follows.

Chapter 2 studies kinetic relations for phase boundaries in a bistable chain of masses and
springs. We pay special attention to the effect of thermal fluctuation on the dynamics of the
system. We integrate Langevin’s equations of motion for the chain of masses and springs to
account for the presence of a heat bath at a fixed temperature. We find that the xt-plane
looks similar to the purely mechanical numerical experiments at low temperatures, but at
high temperatures there is an increased incidence of random nucleation events. Using results

from both impact and Riemann problems, we show that the kinetic relation is a function



of the bath temperature.

Chapter 3 studies kinetic relations for phase boundaries in a bistable chain with twist
stretch coupling. We set up a numerical model in which each mass has a translational and
rotational degree of freedom and study the dynamics of phase boundaries across which both
the twist and stretch can jump. We find a kinetic relation from simulations of impact prob-
lems and use it to solve Riemann problems analytically. However, for some combinations
of parameters characterizing the energy landscape of our springs we find propagating phase
boundaries for which the rate of dissipation, as calculated using isothermal expressions for
the driving force, is negative. This suggests that we cannot neglect the energy stored in
the oscillations of the masses in the interpretation of the dynamics of mass-spring chains.
We also find a range of driving forces for which the phase boundaries remain static. At the
end of the chapter we use our chain to shed some light on experiments involving yarns that
couple twist and stretch to perform useful work in response to various stimuli.

Chapter 4 studies the dynamics of phase boundary motion in a mass and spring chain
with twist-stretch coupling and thermal effects. In this setting, we have a chain where each
mass has a translational and rotational degree of freedom and the chain is immersed in
a thermal bath. The governing equation for both translational and rotational degrees of
freedom is Langevin’s equation. We have found that when bath temperature is high enough,
the unphysical negative dissipation of chapter 3 goes away. Also just like chapter 2, we find
that the kinetic relation depends on the temperature of the heat bath.

Chapter 5 studies 1D continua with twist-stretch coupling and its application in DNA
mechanics. Our goal in this chapter is to model experiments of the type shown in figure

1.4. In this set up it is possible to apply both tensile forces and twisting moments on the



DNA while tracking its end-to-end distance and the number of turns of the bead. Large
forces and moments cause phase transitions in DNA that have been extensively documented
[11, 76]; some of these phase transitions have been shown to proceed by the motion of one
or two phase boundaries in the DNA [12, 22]. We describe a continuum framework to study
the propagation of phase boundaries across which the stretch and twisting curvature are
discontinuous. We derive an expression for the driving force and assume a kinetic relation
for the mobility of these phase boundaries as a function of this driving force. We also develop
a finite difference method to integrate the equations of motion for our DNA including the
phase boundary. We use it to study the B-DNA to L-DNA transition and the B-DNA to

Z-DNA transition at equilibrium and away from it.
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Figure 1.4: DNA held in an optical trap. It is possible to apply forces and torques on the
DNA and track the number of turns of the bead as well as the extension of the DNA. DNA
undergoes several structural transitions in response to tensile and torsional stresses. Figure
from ”On the topology of chromatin fibres”.
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Chapter 2

Extracting a kinetic relation from the dynamics of a bistable chain

The use of mass-spring chains as simple lattice models for solids has been prevalent for a long
time. For instance, the dispersion relation for phonons (normal modes) in a one-dimensional
chain with linear springs is a calculation that appears in all standard text books in solid-
state physics [36]. The specific heat of a solid can be computed starting from the density of
these normal modes in frequency space as was done by Debye (and Einstein) in the early
1900s. If the masses in the chain are not all identical but are of two different types then the
dispersion relation has two branches — the acoustic and the optical branches. The concept
of a ‘band-gap’ arises from these ideas and has been extensively used in semi-conductor
physics for many decades [36].

An early effort to use a non-linear chain to study phase transitions in solids was that
of Krumhansl and Schreiffer in the 1970s [43]. In a beautiful paper they showed that
thermal oscillations (just like phonons) and moving domain walls or phase boundaries can
result from a non-convex potential. Balk et al. [13, 14] performed numerical experiments
on a chain with piecewise linear elements and found analytical solutions describing the
frequency, kinetic energy and speed of the waves of phase transition. They found that a

part of the energy stays in the form of high frequency oscillations that become ‘invisible’ in
11



the continuum limit. This results in an energy cascade toward smaller scales and can lead
to significant dissipation. The loss of information in the continuum limit also causes initial-
boundary value problems with propagating phase boundaries to be ill-posed unless a kinetic
relation describing the motion of the phase boundary is supplied. Accounting for the energy
fluxes carried by the lattice waves in the discrete model Truskinovsky and Vainchtein [85]
obtained kinetic relations for chains with a special type of springs characterized by double-
well potentials with no ‘spinodal’ region. Kinetic relations were also derived for other non-
linear chains by Ngan and Truskinovski [58]. These authors numerically solved Riemann
problems for discrete lattices with one and two phase boundaries and compared their results
with analytical solutions based on the kinetic relations extracted from the traveling wave
solutions [57, 88]. An explicit kinetic relation was obtained by Purohit [63] in a chain with
double-well springs with a spinodal region and second nearest neighbor interactions. This
type of kinetic relation was recovered in an elegant analytical calculation by Vainchtein [88]
in a recent paper and has also been shown as a universal near sonic limit [86]. Tan and
co-workers [82, 83] have explored the hysteresis of 1-D mass-spring chains with double
well potentials by applying a cyclic load to the chains. They perform molecular dynamic
calculations with thermostat. The hysteresis they observe contains some information about
the kinetic relation for the moving phase boundaries, but an explicit kinetic relation is not
recovered because there can be multiple phase boundaries and nucleation events in these
calculations. Our goal in this paper is not only to extract an explicit kinetic relation by
solving impact problems on mass-spring chains but also to show that this kinetic relation
can be used to solve a continuum Riemann problem whose solution closely matches its

discrete analogue.
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None of the studies described thus far tried to understand the motion of a single phase
boundary in a chain of masses and springs immersed in a thermal bath where there is con-
stant bombardment of each mass by surrounding water molecules. The studies of Tan and
co-workers address this issue but they do not comment on the effect of the bath temperature
on the kinetic relation. Efendiev and Truskinovsky studied the thermalization of a chain
with bi-stable springs (with no spinodal region) and showed that the numerical calculations
recover the equilibrium stress-strain relations obtained by computation of the partition
function [85]. Thermalized mass spring chains with non-linear energies have been studied
before by Fermi, Pasta and Ulam [61], but the goal in this classic work was to determine if
the masses thermalized due to the exchange of energy between various normal modes of the
system which would be coupled if the springs connecting the masses were non-linear. They
did not account for the presence of the heat bath. Our goal in this paper is to determine
the effect of bath temperature on the kinetic relation of a single phase boundary. Our work
is motivated in part by experiments on single molecules capable of displacive phase transi-
tions, such as, coiled-coil proteins and DNA, that have been extensively studied using single
molecule techniques for the last two decades [68, 72, 77, 90]. It has long been known that
the phase transitions in these molecules as well as regular crystalline solids are dependent
on temperature and stress (or force) [7, 36, 47, 71, 94, 95].

The paper is laid out as follows: First, we confine ourselves to a purely mechanical
chain for which we integrate Newton’s second law. We recover the kinetic relation obtained
by Purohit [63] by solving impact problems and we solve Riemann problems analytically
with this kinetic relation. The results correspond very well with our numerical simulation of

Riemann problems, indicating that the kinetic relation which relates driving force and phase
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boundary motion is an inherent property of the nonlinear chain. Finally, we also explore
the dynamics of the chain with thermal fluctuations and try to understand the effect of the

bath temperature on the movement of the phase boundary.

2.1 Short review of continuum theory

2.1.1 Tri-linear material

Consider a bar in one dimension which occupies the interval (0, L) in the reference config-

uration. The material of the bar is capable of phase transitions. In other words, its energy

has two wells so that the stress-strain relation is of the up-down-up type. We will consider

double well potentials that are constructed from the piecewise quadratic functions so that

the stress-strain relation is tri-linear [65]. If x is the reference coordinate and y(x,t) is the

position of particle x in the deformed configuration at time ¢ then the displacement field is
ou

denoted as u(z,t) = y — x and the strain field is denoted as €(z,t) = §%. The stress strain

relation is given as

Fe e<enm
T(e) = —FEe+1—¢) ey <xz<en (2.1)
E(e —~7) €>€m

Here T is stress and F plays the part of Young’s modulus. 7 is the transformation strain of
the tri-linear material and €, €37 and ¢, are material constants. The corresponding stored
energy function is a double well potential. Figure 2.1(c) gives a representation of the stress
strain relation, while figure 2.1(b) shows a typical energy landscape. Following Abeyaratne
and Knowles [7], we refer to the first rising part of the stress strain curve as the low-strain
phase and the second rising part as the high-strain phase.
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Figure 2.1: 1-D mass spring chains with tri-linear force-stretch relations. We fix the left end
and pull the right end at a constant velocity vg. We call this an impact problem. (a) Moving
interfaces with either side in different phases are possible. Towards the end of the paper we
assume that the chain is immersed in a heat bath that exerts random (or Brownian) forces
on each mass. (b) The energy landscape of a typical spring has two wells separated by a
spinodal region. The height of the wells is not necessarily the same. (c¢) The force-stretch
relation is assumed to be tri-linear with the spring constant in the two stable regions being
the same.

For a bar made of the tri-linear material described above, two kinds of discontinuities
may exist. They are shock waves (or sonic waves) which originate from vibration within one
phase, and phase boundaries which originate from the transition between the two different
phases [7]. For shock waves, the material ahead and behind the discontinuity fall in the
same region of stress strain relations. By applying T'(¢) both in low or high strain phase to

(A.1) and (A.3) we get

E(et — e E
ps* = %, so that $% == =2 (2.2)
et —e p

Here we assume that there exists a discontinuity at reference location x = s(t) and denote
x > s(t) as the + side, x < s(t) as the - side. For any quantity f(z,t) we denote f(x,t) —
f(z_,t) by [|f|] and w by (f). p here represents material density. Eqn. 2.2
means that a discontinuity with both sides in the same phase of the tri-linear material can

only travel with one speed. This speed ¢, is the sonic wave speed of the bar. As the low
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strain phase and high strain phase share the same Young’s modulus and mass density is
constant, we will only have one sonic wave speed. For a phase boundary we assume that
the material ahead and behind the discontinuity are in different phases so the stresses are
Tt = E(e" — ~r) for the material on the right hand side of the discontinuity and T~ = Ee~
for the material on the left. Applying this to (A.1) and (A.3) gives

Il = =72 (2.3)

A phase boundary can have a non-zero driving force accross it (see appendix). Here, by
driving force, we mean the jump in Gibbs free energy per unit reference length across the

phase boundary. For the constitutive law given in eqn. 2.1 driving force is given as
Err _
fdriving = 7(260 - 6+ —€ )v (24)

where € and € are the strains immediately ahead and behind a phase boundary respec-
tively. It has been demonstrated that the driving force across a sonic wave is zero. We will
use the results summarized above when we solve Riemann and Goursat-Riemann problems

as described below.

2.1.2 Riemann problem and Goursat-Reimann problems

In a Riemann problem we focus on the evolution of an infinite bar made of trilinear material

given in the previous section. We place a discontinuity at x = 0 at ¢ = 0, so that the initial
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conditions are:

€(xz,0) =€, wv(z,0)=v; for <0 (2.5)

e(x,0) =€eg, v(z,0)=vg for >0 (2.6)

where vy and vy are constants. There are no boundary conditions since the domain is
—o0 < x < oo. The goal is to watch the motion of the discontinuity as time evolves.

In a Goursat-Riemann problem or impact problem the domain is semi-infinite —oo <
x < 0. The initial conditions are: €(x,0) = er, v(z,0) = v, for z < 0. The boundary
condition at x = 0 is given as

v(0,t) = o, t>0. (2.7)

Once again, the goal is to watch the evolution of the bar in response to this boundary
condition. Various problems of these types have been solved with the discontinuities being
phase boundaries or shocks. It has been demonstrated that when the discontinuity is a
shock then the evolution of the bar can be completely described by the balance laws of
mass, momentum and energy. If the discontinuity is a phase boundary the balance laws
of mass, momentum and energy are not sufficient to determine the evolution of the phase
boundary [65]. For a tri-linear bar with a phase boundary at x = 0 at ¢ = 0 there exists a
one parameter family of solutions for the Riemann problem. We can think of this parameter
as the phase boundary velocity. In order to get a unique solution to the Riemann problem
with a phase boundary we need a kinetic relation which relates the driving force f with the
phase boundary velocity s. Similarly, in the Goursat-Riemann problem we need a kinetic

relation as well as a nucleation criterion in order to get a unique solution. In the next section
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we show how a kinetic relation can be obtained for the corresponding discrete problem by

performing an ‘atomistic’ calculation with a chain of masses and springs.

2.2 Chain of masses and springs

We study the chain of masses as an atomic-level proxy for the 1D bar with each mass
having only one degree of freedom. Thus we have N masses connected by springs as shown
in figure 2.1(a). The potential energy of the springs is a double well (piecewise quadratic)

and the force elongation relation of each spring is tri-linear. We have used:

4(.%‘ — 1) ZT; < 1.25
fxi) =9 —4(z;—15) 1.25<a; <1.75 (2.8)
A(z; — 2) z; > 1.75

\

where z; = u;11 — u; is the stretch of the ith spring. We only consider the interaction of
nearest neighbors. The total potential energy of the system is given as ¢ = Ejlv -1 o' (x;)
where ¢!(z;) is the inter atomic double well potential. In the purely mechanical setting, the
dynamics of the chain is governed by a system of ordinary differential equations (ODEs).
For simplicity we assume m; = m. The system of ODEs becomes:

_9¢
8’11,@‘ '

(2.9)

muz =

These ODEs must be integrated subject to some initial conditions u; = u{ and u; = @Y for

all 4, where u) and @ are given functions. The equations are integrated numerically using
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a Leap-frog algorithm with time step At as:

st + %) (- %) Fai(t)AL, (2.10)
ui(t + At) = 2u;(t) — ui(t — At) + 1;(t) At?, (2.11)
iult) = u'z‘(t—%t)—gui(t—i-%t)' (2.12)

We choose a time step At that is much smaller than a/c to ensure that our numerical
calculation is stable. Recall that a is the ‘interatomic’ spacing and c is the sonic wave

speed.

2.2.1 Impact problem

For the impact problems, ideally the domain is semi-infinite. In our calculations, we approx-
imate the problem as a mass spring system with N masses and N — 1 springs connecting
them. We fix the left end of the chain (i = 1) and prescribe a constant applied velocity at
the right end (¢ = N). Hence, u; = 0 and uy = vot + “9\{ for all t > 0. Initially, all springs
are in the low strain phase at z; = 1 for all i. We integrate (2.9) for the system up to the
point that the sonic wave which originated at ¢ = N hits the left end (: = 1). We find
that below a critical applied velocity there is only a sonic wave passing through the chain
from right to left. The sonic wave travels at a constant speed c. If we pull the chain with
rate higher than the critical value, a phase transition nucleates at ¢ = N and the phase
boundary propagates inwards towards ¢ = 1 as shown in figure 2.2. The phase boundary
moves from the right to the left at a constant speed s that is smaller than the sonic wave
speed. The speed of the phase boundary depends on the applied velocity vg as shown in

figure 2.3. From the figure we see that as applied velocity becomes larger and larger, the
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Figure 2.2: Time snap-shots of the chain for an impact problem with applied velocity, vy,
higher than a critical value. A sonic wave and phase boundary are seen propagating to the
left from the right. The sonic wave speed c is independent of the applied velocity vy but
the speed of the phase boundary is not. If the applied velocity is below the critical value
then we only see the sonic wave and no phase boundary.

ratio $/c tends to 1. This is expected because information cannot travel faster than the
sonic wave speed in a material. For each $, we have also calculated the driving force using
(2.4). The relation of firiving versus § appears in figure 2.3 as an inset.  The data for

fariving @s a function of §/c can be fit with an expression of the form given in [63, 88]. The

result is:

fdrim'ng o §( T )
1—352/c?

By 2 (2.13)
where ~p is the transformation strain, $ is phase boundary velocity and E is Young’s
modulus. Thus, we have arrived at a kinetic relation from our ‘atomistic’ simulations
which relied solely on integrating Newton’s second law for a discrete version of the Goursat-
Riemann problem.

In the next section we show that this kinetic relation can be used to solve Riemann

problems analytically for a continuum bar and that the resulting phase boundary velocities

agree quite well with the discrete version of the same problems. We have also explored the
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Figure 2.3: Phase boundary velocity § increases as a function of applied velocity vg. The
solid line is a fit to the data. The y-axis is $/c¢ and the x-axis is vg. $ asymptotes at the

sonic wave speed ¢, as expected. The inset shows the kinetic relation emerging from these
calculations.

dynamical response of the chain with different potentials for the springs. So far, the force-
stretch relation of the springs corresponds to ¢g = 1.5. We have calculated the evolution of
the system with ¢y = 1.35 and ¢g = 1.85 and few values in between. The result is shown in
figure 2.4. For the same applied velocity vy we generally see that lower ¢y results in higher
$. However, the kinetic relation is quite similar no matter what ¢y we use (see figure 2.5).
The differences are apparent only when applied velocity is low. Lastly, we have performed
compression experiments on our chain starting with all springs at the bottom of the well
corresponding to the high strain phase and ¢y = 1.5. The resulting kinetic relation is the

same as (2.13).

2.2.2 Solving a Riemann problem involving a single phase boundary

Riemann problems in bars with a single phase boundary have been treated earlier 7, 65].
In the analytical solution with the infinite domain —oco < x < oo there are two shock waves

originating from x = 0 and moving outwards towards —oo and co. However, we cannot
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simulate an infinite mass spring system. We have used N + 1 masses and N springs with an
initial phase boundary in the middle of the chain between mass number % and % + 1. The
equation of motion for the masses is (2.9) and the two boundaries are left free (zero force).
The force stretch relation for the springs is unchanged. Since our mass-spring system has a
finite number of masses and has two boundaries there are two additional sonic waves which
originate from the two ends. We integrate the dynamics of the mass spring system up to
the point when the two sonic waves originating at the center of the chain and those coming

from the ends meet each other.
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2 2 3 2 3
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£ 2 g2 g 2
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w15 wv 1 % 1
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Figure 2.6: Time snap-shots of the chain whose initial conditions correspond to a Riemann
problem with a single phase boundary. T'wo sonic waves move from the center towards the
left and right ends. Two other sonic waves move from the left and right ends towards the
center. The phase boundary also moves. We integrate only upto the time when the sonic
waves coming from the ends meet those coming from the center.

The evolution of the system is shown in fig. 2.6. We see that there is a phase boundary
moving from the middle of the chain to the left end in addition to the four sonic waves
described above. If we focus on the middle part of the chain between the two sonic waves

moving outward then the x — ¢ plane looks exactly like that expected from the continuum

theory of bars as shown in fig. 2.7(a). We can determine the phase boundary velocity directly
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from this numerical calculation. Next, we will solve the corresponding analytical problem
for a bar and compare the result for the phase boundary velocity with that obtained from
the discrete calculation.

The strain and velocity fields in the Riemann problem in the continuum theory of bars
are piecewise constant in x and ¢ as shown in fig. 2.7(a). The resulting equations from the

jump conditions (A.1) and (A.3) are summarized below.

@) ; b ¢
A NN
& V- €, Vi
-C c -C C
€,V €, Vi
>x > x

Figure 2.7: x-t plane representation of continuum Riemann problem with one phase bound-
ary (left) and two phase boundaries (right). The strain and velocity fields are piece-wise
constant, separated by propagating discontinuities.

—clep, —e_)+v,—v- = 0, (2.14)

cleg —€x) +vg —vy = 0, (2.15)

pi(os —v) + Bley —r —c) = 0, (2.16)
S(exy —e~)+vy—v- = 0. (2.17)

As er,em,vr,vg are known from the initial conditions, we have five unknowns e_ e, v_ vy

and 3, but only four equations. The fifth equation is the kinetic relation (2.13) obtained in
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€L, €q VL VH Analytical § Numerical § FError

-0.2 1.6 0.05 0.1 -0.3984 -0.352 0.0464
-0.2 1.6 0.25 0.5 -0.4789 -0.425 0.0539
-0.2 1.6 0.06 0.75 -0.6183 -0.59 0.0283
0.1 25 01 1 -0.9211 -0.935 -0.0139
01 25 01 15 -0.9657 -0.985 -0.0193
0.1 25 01 2 -1.0028 -1.025 -0.0222
01 25 01 25 -1.0343 -1.055 -0.0207
0.1 25 01 45 -1.1231 -1.15 -0.0269
01 25 01 6 -1.1665 -1.185 -0.0185
01 25 01 75 -1.1986 -1.215 -0.0164

Table 2.1: Comparison of numerical results with analytical solution of Riemann problems.
The numerical results are from our mass-spring chains with the same potentials as in the
impact problems. The analytical results use the kinetic relation obtained from the impact
problem on the chain. The agreement between the phase boundary velocities obtained from
the numerical integration for the chain and those from the analogous continuum analytic
solution is quite good.

the previous section.

fdg;z:gg 1 1’1T8.2)_—E?YT . (2.18)
3
We can therefore solve for all the unknowns analytically. The result of the analytical
calculation and the numerical simulation of the Riemann problem are given in table 2.1.
We see that the phase boundary velocity calculated by the analytic method is very close
to the result we get by numerical integration of Newton’s law for the chain. The error is
relatively large for the case when phase boundary velocity is small (around 0.4). We believe
that this relatively large error has its origins in the difficulty in obtaining the correct phase

boundary velocity due to its ‘jerky’ motion.

2.2.3 Solving a Riemann problem involving multiple phase boundaries

As shown in earlier work, it is possible to get two phase boundaries in a Riemann problem for

appropriate initial conditions [7]. We demonstrate that our kinetic relation can correctly
25



predict the phase boundary velocities in this type of problems too. In this example the
initial condition is: €¢;, = 1.15,eyg = 0.75,v;, = —2,vyg = 5. The system evolution is shown

in fig. 2.8. The corresponding = — ¢ plane representation is shown in fig. 2.7(b).
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Figure 2.8: Time snap-shots of a chain with initial conditions corresponding to a Riemann
problem where nucleation of two phase boundaries is expected. The two phase boundaries

travel to the left and right at the same speed. This is in agreement with the solution of the
corresponding continuum Riemann problem.

We can write the equations resulting from the jump conditions for the continuum version
of this Riemann problem. There are eight unknowns: €_1, €_9, v_1, v_2, €4, v}, S1, So.

With the kinetic relation we have eight equations in total — two from the two sonic waves
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and six from the two phase boundaries. They are

—c(e, —e_1) + v —v_g (2.19)
—8'1(6_1 — €+) +v_1 — vyt (2.20)
—s1(v—1—vq)+ E(e—1 —yr —€4) (2.21)
So(eq —e_9) + vy —v_g (2.22)
S'2<’U+ — U_Q) + E(6+ — YT — 6_2) (2.23)
c(é_g —€R) +v_o — VR (2.24)
E
f1 = %(260 —€_1 — €+) (2.25)
E
fQ = %(260 — €92 — €+) (2.26)
By solving these equations, we get

T
—€ = ——s, 2.27
€4+ €1 1 8'12/02 ( )

3
€+ +e1 = e — 5(1 +er—eq), (2.28)

T
—€.9 = ———, 2.29
€+ €_2 1— 5.22/02 ( )

3
e +ea = e — 5(1 +er —e_a). (2.30)
Therefore, we have s12 = s32. The analytically calculated result for §; and $, is 1.5303,

compared with numerical result $; = 1.4533, $o = 1.48. The error is around 4%.

2.2.4 Temperature rise behind phase boundary

We have observed high kinetic energies of the masses right behind phase boundaries in our
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numerical calculation for both impact problems and Riemann problems (see section 2.3.2.
If we use the average kinetic energy in the oscillations as a surrogate for the temperature
and compute it as the time averaged value of % (v — (v))? then it is possible to make some
connections with earlier work. Abeyatane and Knowles [7] discuss the jump in tempera-
ture across a phase boundary for Mie-Gruneisen type thermoelastic material. Analytical
expressions are obtained for jump in temperature as a function of applied velocity, phase
boundary velocity, latent heat of transformation and other material properties. As for our
model, we have not used Mie-Gruneisen type material, but we still present our results for
the ‘temperature’ jump here (as interpreted above).

We find that the jump in temperature across the phase boundary in our impact problem
is only a function of phase boundary velocity. This has been shown theoretically for a Mie-
Gruneisen type material [7]. The situation for the Riemann problem is similar. The result
from our calculation for the temperature jump [|]] as a function of phase boundary velocity

is shown in fig. 2.9. We fit the data with an expression of the type

B+ D2
[16]] = A+ IR (2.31)
T2

where A, B and D are constants.

2.3 Langevin dynamics on the mass-spring chain

So far we have summarized our observations from purely mechanical simulations on the
chain. We compared the results from the discrete mass-spring chain with the isothermal
versions of the continuum Riemann and Goursat-Riemann problems. However, if we think

of the kinetic energy stored in the oscillations around the steady state velocity as a surrogate
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Figure 2.9: Temperature jump across the phase boundary. Here, by temperature we mean

the time averaged kinetic energy stored in the oscillations of the masses. We find that the
jump in temperature is a function of the phase boundary velocity only.

for the temperature then we notice a jump in the temperature across the phase boundary.
This motivates us to consider a more rigorous setting where we can set the temperature of
the chain by immersing it in a heat bath which supplies random impulses to the masses.
This can be done by integrating Langevin’s equations of motion for the masses in our chain.
Our goal is to prescribe initial and boundary conditions on the chain just like we did for the
Riemann and Goursat-Riemann problems discussed above and deduce a kinetic relation.
We point out that such an exercise could be a model for pulling a DNA or protein molecule
in an atomic force microscope (AFM). Experiments of this type are usually done with the
AFM pulling the molecule at constant velocity. The long slender molecule can be viewed
as a one-dimensional bar which undergoes a phase transition (abrupt structural change) at
some critical tension. The macro-molecule is in a fluid, typically some buffer, so it is being
constantly bombarded by the fluid molecules.

We discrete the bar into a chain of masses and springs as we did before for our numerical
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calculation and the equation of motion for each mass becomes Langevin’s equation:

dui

= Vi, 2.32
o v (2.32)
dvi . ) ng ]
TS VT gy TR, (2:33)

where u; and v; are displacement and velocity of mass i, v is viscosity, % is the force due
7

to the springs, and F;(t) is the random impulse exerted on the mass from the heat bath.

The random impulses on each mass are assumed to be white noise:

(F;(1))e =0, (F(t)F;(t'))e = 2vkpTd(t —t'), for all 4, (2.34)
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Figure 2.10: Joint probability density of velocity and position of a mass attached to a
bistable spring. The velocity distribution is Gaussian, but there are two peaks in position
distribution corresponding to the bottom of two energy wells.

We integrated these equations using a symplectic integrator with time step 7 [52, 91].
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Figure 2.11: Distribution of mass position for one mass one spring system governed by
Langevin’s equation with different viscosity. The lines in the displacement distributions are
from equation (40). (A) v=1 (B) v=0.01 (C) v=0.0001.
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The numerical scheme is as follows:

T

Vg = UH(§§ Uk), (2.35)
T
Uk = Ug -+ 5 VLks (2.36)
Vo = Vg + T (@i — k) + 720, (2.37)
T
Vkp1 = 011(5; V2 k) (2.38)
T
Ugy1 = ULk + 5“2,147 (2.39)

where k=0,1,....M-1, vy;(t,v) = v™"%, 0 = \/2vkgT. Using this scheme we calculated the
joint probability density function for velocity and position of a mass attached to a non-linear
spring. The spring is attached to the wall at one end and its potential energy is a double
well. We exert no external forces on the mass and let it evolve starting from arbitrary initial

conditions. The invariant density for this system is
2 _BH(vu)
p(v,u) = 7€ ) (2.40)

where H is the Hamiltonian of the system given as H(v,u) = $v* + ¢(u), Z is partition
function and 8 = kl%T is inverse temperature. We show in fig. 2.10 and fig. 2.11 that our
Langevin dynamics simulation recovers this distribution for different values of the viscosity.
The time step 7 depends on viscosity and spring constants. It is known that for a system
of one degree of freedom, the numerical error of the calculation decreases linearly with
decreasing time step [44]. We found that a time step 7 that is four orders of magnitude
smaller than the inverse of the natural frequency at the bottom of the energy wells gives

the correct joint probability density. We verified our calculation with smaller time step to

32



ensure that it does not affect the final result.

2.3.1 Goursat-Riemann problems with random impulses

We now simulate the impact problem on the chain of masses and springs with Langevin’s
equation of motion. Just as in the purely mechanical setting we start with all springs in the
low-strain phase at steady state. We prescribe a constant applied pulling rate at the right
end of the chain while keeping the left end fixed and watch the evolution of the system.
Note that we are constantly injecting energy into the system, so this is a non-equilibrium
process. For this reason the temperature at various locations on the chain changes with

time and is not necessarily the same as the bath temperature.
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Figure 2.12: Time snap-shots of the chain for an impact problem at low bath temperature.
The sonic wave is obscured but the phase boundary is clearly visible. The dynamics is
similar to the purely mechanical setting.

When we set bath temperature to be relatively low, the evolution of the system is similar
to our purely mechanical simulations as shown in fig. 2.12. The sonic wave is obscured due
to the thermal fluctuations but the phase boundary is clearly visible and it moves at a

constant speed. We have examined the effects of varying the bath temperature. If we
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Figure 2.13: Time snap-shots of the chain for an impact problem at higher bath temperature.
The dynamics is similar to the purely mechanical setting but random nucleation events are
observed.

set bath temperature to be larger, which means the random kicks are larger, we observe
phase transitions at random locations even before the phase boundary has arrived as shown

in fig. 2.13. Thus, as temperature increases the number of random nucleation events will

increase.

2.3.2 Equipartition

To verify whether our calculation has observed equipartition, we have plotted the kinetic
energy of a specific mass as a function of time as shown in fig. 2.14. Temperature, which is
proportional to the velocity variance from the mean is calculated as %m(v — (v))? where (v)
is numerically determined using window averaging. We have verified that at times when

phase boundary is not nearby, im(v — (v))? = kpT for three masses positioned differently

in the chain and T here represent temperature. This shows that equipartition is realized.
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Figure 2.14: Kinetic energy of 3 different masses calculated as $m(v — (v))? as a function of
time. On the y-axis we normalize this kinetic energy against kgT where kp is the Boltzmann
constant and T is bath temperature. Notice that when a phase boundary is not nearby the
normalized average kinetic energy is 1. The temperature increases suddenly when a phase
boundary passes a mass and comes down gradually to the bath temperature after some
time.

2.3.3 Results from Langevin dynamics calculations on the chain

We have done calculations with different applied velocities at fixed bath temperature. For
each case we calculate driving force and phase boundary velocity as we did in purely me-
chanical simulations. We can only get results when phase boundary velocity is above a
certain value because thermal fluctuations cause jerky motion of the low velocity phase
boundaries. This problem is circumvented by solving Riemann problems. In a Riemann
problem there is no input of energy into the system at the boundaries, so we do not en-
counter the same issues as we did for the impact problem. We also remark that the kinetic
energy of the masses immediately behind the phase boundary is much higher than those
far away from it. This suggests that the local temperature in the bar is higher behind the

phase boundary. This has been observed in experiments and has been used as a way of
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tracking the phase boundary in metallic specimens [66].

After solving many such problems we get kinetic relations for fixed bath temperature.
Results for two different bath temperatures are given in fig. 2.15. Data from the Riemann
and impact problems are plotted together and they agree with each other. This confirms
that the kinetic relation is a material property and it depends on temperature. The effect
of temperature is apparent only for low phase boundary velocities. We observe that for the

same driving force higher temperatures result in faster phase boundary velocities.
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Figure 2.15: Effect of bath temperature on the kinetic relation. The data for the kinetic
relations at the same finite bath temperature with two methods calculated fall on the same
curve, which indicates that the kinetic relation is an inherent property of phase changing
material. The inset shows that the effect of temperature is more apparent at low phase
boundary velocities for different bath temperatures.

2.3.4 Force extension relation

In order to confirm that higher temperatures result in faster phase boundary velocities we
plotted the force at the end (which is being pulled) of the chain as a function of time in
fig. 2.16. The force increases linearly, reaches a plateau and then increases again. The

plateau begins when a phase boundary is nucleated at the end being pulled and it ends
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when the phase boundary has reached the other end of the chain. In order to plot the
curves in fig. 2.16 we have performed an ensemble average of 10 realizations with exactly
the same initial and boundary conditions. As the temperature increases the plateau ends

at an earlier time point, suggesting that the phase boundary travels faster.
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Figure 2.16: Force at the right end of the chain which is being pulled at a constant velocity
vg = 5. Each color corresponds to a different temperature,the plateau ends earlier for higher
temperatures. This confirms that the phase boundary travels faster as the temperature
increases.

2.4 Conclusions

In this chapter we have shown how to obtain kinetic relations for moving phase boundaries
in mass-spring chains. We demonstrated that the kinetic relations can be used to solve con-
tinuum Riemann problems to give results that are consistent with the mass-spring chain.
We demonstrated that the kinetic relation is a function of the bath temperature. A future
effort will focus on how to extend these ideas to two-dimensional lattices of masses and
springs capable of phase change. We will also explore a wider temperature range to under-

stand how the transition changes from a phase-boundary propagation dominated process
37



to a nucleation dominated process.
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Chapter 3

(Adiabatic) phase boundaries in a bistable chain with twist and stretch

Chains of masses and springs (see figure 4.1) have been used as models to understand
the mechanical and thermal behaviours of crystalline solids for a long time [36, 41]. In
most of these studies the potentials characterizing the springs have one well. When the
potentials characterizing the springs have multiple wells then the dynamics of mass-spring
chains has been shown to be similar to that of one-dimensional bars capable of phase
transitions [7, 8, 10, 13, 18, 27, 29, 42, 54, 73, 82, 85, 89]. This insight has been utilized
to extract kinetic relations for moving phase boundaries by comparing solutions of impact
and Riemann problems in continuum bars to those in the bistable chains [65, 85]. The
extracted kinetic relation has a simple analytical form that has been recently shown to be
a universal near sonic limit [89]. More recently, mass-spring chains have also provided
insights into the mechanics of biological macromolecules [17, 18]. The present work is also
motivated by biological examples. However, we will go beyond mass-spring chains in which
each mass has just a translational degree of freedom — each of our masses will translate and
rotate about the line connecting them. The continuum analogue of this mass-spring chain
is a rod that can stretch and twist (but not bend). Our goal is to study the dynamics of

phase boundaries in such a rod.
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Figure 3.1: Mass-spring chain in which each mass has an extensional and rotational degree
of freedom. The masses are labeled j, j+1, etc., and the spring connecting these two masses
is labeled j + % A phase boundary separates regions of the chain in which springs are in
different phases. Springs in the ‘H’ phase correspond to the top right well in the contour
plot in figure 3.2 and the ‘L’ phase correspond to the bottom left well in the contour plot .
We specify extensional velocity vy and rotational velocity wg on the masses at the boundary.
We can also specify force and moment boundary conditions.

We are inspired by three different biological examples in which twist-stretch phase tran-
sitions occur. The first is the dynamics of a primitive motile system regulated by binding of
calcium ions in the horseshoe crab sperm [81]. In these organisms a bundle of actin filaments
that stores both twisting and stretching energy undergoes a phase transition when calcium
binds to the actin filaments. The phase transition is localized and propagates along the
length of the bundle releasing energy and causing large conformational changes that result
in actuation. Similar phase transitions also occur in DNA which is a rod-like helical polymer
capable of stretching, twisting and bending deformations. Bending deformations (caused
by external loads or by thermal bombardment) are beyond the scope of this paper but
they can be neglected when the tensions are large enough that the DNA is mostly straight
and aligned with the direction of the applied tension. Phase transitions can be caused in
straight DNA by changing the temperature, applying large forces and twisting moments, or
by changing the concentration of ions in the solution [96]. Often, phase transitions in DNA
are localized and propagate by the motion of a phase boundary [90]. Our third example
also concerns helical filaments forming the tail sheath of a T4 bacteriophage [32]. These

filaments undergo a phase transition as soon as the tail binds to a host bacterium causing
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the radius of the helix to increase and the pitch to decrease, so that the cylinder formed
by several of these helices arranged side-by-side inflates (radially) and compresses (axially)
to transfer the viral DNA into the host cell. All these examples involve filaments whose
lengths are microns or smaller and they are usually surrounded by a viscous fluid, so that
inertia forces are negligible. We have studied the propagation of phase boundaries in such
rods earlier [67, 100]. Recently, however, macroscopic yarns (called ‘artificial muscles’) have
been fabricated to perform actuation in which inertia forces cannot be neglected [48]. These
filaments are made by twisting and braiding carbon nanotube yarn; they are activated by
heat, binding of small molecules, and even light. They can perform useful extensional and
rotational work over thousands of cycles. The common features in all of these examples are
(a) filaments in which twist and stretch are coupled, and (b) phase transitions driven by
ions, forces or heat. The key constitutive information that is needed to study these phase
transitions (in dynamic or quasi-static problems) is a kinetic relation. Finding a kinetic
relation for twist-stretch phase boundaries is the primary objective of this work.

The paper is laid out as follows. First, we give a short account of the balance laws and
constitutive relations for rods capable of phase transitions in twist and stretch. Second,
we describe an analogous mass-spring chain and integrate its dynamics with a leapfrog
algorithm. We have simulated both impact and Riemann problems to study the motion of
a phase boundary. Third, we extract a kinetic relation from our mass-spring simulations
and show that we can correctly solve continuum problems with it. Even though this kinetic
relation is useful it must be interpreted with care without neglecting the energy stored in
the oscillations of the masses and springs which may represent a local temperature. Lastly,

we apply our ideas to some recently developed artificial muscles mentioned above.
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3.1 Thermomechanics of 1-D chain

3.1.1 Balance Laws

Let us begin by considering phase boundaries propagating in a one-dimensional continuum
in the interval 0 < x < L. Here x is the reference coordinate along the continuum of length
L. The specific realization of the continuum we have in our minds is a rod with circular
cross-section. At each reference point we have two variables — the deformed position z(x, t)
of the rod cross-section located at = at time ¢, and a(z,t) the angle through which that
cross-section has rotated at time ¢. We require that z(x,t) and a(z,t) be continuous at all
x and t so that the rod does not break. We do not allow bending deformations of the rod.
The stretch of the rod is A(z,t) = g—; and the twist is k(z,t) = ?—i‘. These quantities are
allowed to jump at a finite number of points in our continuum. If one such jump is located
at © = s(t) then let us denote x > s(t) as the + side, x < s(t) as the - side. For any quantity
y(x,t) we denote y(x4,t) — y(z_,t) by [|ly|]] and w by (y). From continuity of
the deformed material we have [|z|] = 0 and [|a|] = 0. Differentiating these two equations

with respect to time we get the kinematic jump conditions

SIIA -+ [I12[] = 0, (3.1)

$llwl] + [lal] = 0. (3.2)

The equation for balance of linear momentum for a portion of the rod in the interval (x1, x2)

in the absence of body forces is

d [
p pzdr =TI32, (3.3)

1
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where p(z,t) is the mass per unit length and and T'(z,t) is the tension in the rod[65-67].
If we localize this equation to a discontinuity s(¢) (with z1 < s(t) < z2) then we get the

linear momentum jump condition
T[] + sllpvl] = 0, (3.4)

with v(x,t) = 2. If we localize this away from discontinuity we get

oT

-—. (3.5)

pZ

The equation for the balance of angular momentum for a portion of the rod in the interval

(z1,x2) in the absence of body moments is

T

d [* . i
pn prgada: = M|32, (3.6)
x1

where 74 is the radius of gyration of the cross-section and M (z,t) is the torque in the rod.

If we localize this equation to a discontinuity s(¢) (with z; < s(t) < x2) then we have
[1M]] + $lprgwl] =0, (3.7)

where w(x,t) = &. If we localize this equation away from the discontinuity at z = s(t) then

we get

o OM

Starting from the balance laws given above one can derive an expression for the thermody-

namic driving force across a discontinuity. This exercise has been carried out in detail in
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[64] for the more general case when the 1D continuum can stretch, bend and twist. The

expression for the driving force is
Jariving = [IWI] = (D)Xl = (M){|x]], (3.9)

where W (A, k) is the Helmholtz free energy per unit length of our continuum.

3.1.2 Constitutive law

We will now choose a specific form for W (A, k). We imagine that W (A, k) has two wells
located at different points on the A — k plane. The phase corresponding to low values of A
and k is denoted as j = L and the Helmholtz free energy per unit length in this phase is
Wi (A, k). Similarly, the phase corresponding to large values of A and & is denoted as j = H
with free energy density Wi (A, k). We assume W (A, k) is a quadratic form in both these

phases. Hence,

S; C;
W;(\ k) = ?J(A —AD? + g (A= AN (k= KY) + 73(;@ — k)%, (3.10)

where j denotes a phase, S; is the stretching modulus of phase j, Cj; is the twisting modulus
and g; is the twist-stretch coupling modulus. The constants )\9 and /@9 have to do with the
intrinsic stretch and twist of phase j with respect to some reference state. We choose the
reference state as the bottom of the well in phase L, so that )\OL = 1 and KOL = 0. To
simplify matters we choose S;, = Sy = 5, g1, = gy = g and Cp, = Cyg = C. For the high
strain phase we choose )\(}I =2 and n% = 1. This type of Helmholtz free energy density is

illustrated in figure 3.2. The two phases are separated by a line on the A — k plane. The
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equation of the line is:

AN+ Bk + D =0, (3.11)
where
A = SO =) +g(xl — kD), (3.12)
B = g(\y —A])+Clry — K1), (3.13)
S C
D = 5((/\%)2 - ()% + 5((%%)2 — (k%)?) + g(\L K] — Arky). (3.14)

Here we denote A\ + Bk + D > 0 as the ‘H’ phase and AAN + Bk + D < 0 as the ‘L’

phase.  The force and moment constitutive relations can be immediately computed by

Energy potential

Stretch

2. % .
Stretch 3 Twist

Figure 3.2: Energy landscape of the rod. (a) Helmholtz free energy per unit length plotted
as a function of stretch A and twist curvature . It has two wells. (b) The location of the
two wells shown on a contour plot in the A—« plane. The dashed line which separates the
two phases is described by the equation A\ + Bk + D = 0.
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differentiating the W (A, k). These are

SA=AY) +g(k—£Y%), for the ‘L’ phase,
T\ k) = (3.15)

S\ =A%) +g(k — k%), for the ‘H’ phase,

and

gA =29+ C(k—k}), for the ‘L’ phase,
M\ k) = (3.16)

g A = 2Y) + C(k — £Y), for the ‘H’ phase.
3.1.3 Sonic waves

For this kind of material three kinds of discontinuities are possible — two kinds of ‘sonic
waves’ with both sides of the discontinuity in the same phase, and a phase boundary with
the two sides in different phases. Let us first consider a sonic wave type of discontinuity
whose speed in the reference configuration is denoted by c¢. At such a discontinuity the

jump conditions give

c(Ay —A) +vp —v_ =0,
c(ky — k) +wy —w_ =0,
ep(vg —v-) +S(A —A-) +g(kq —K-) =0,

cprg(uur —w_)+gAy — A )+ C(ky — k) =0.
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We eliminate vy — v_ between the first and third equations, and w4 — w_ between the
second and fourth equations to get

—pAr = A) +S(As = A) +g(ry — k) =0,
(3.17)

—02/)7“3(/14r — ko) + 9 A —A)+ C(ky — k) =0.
This system of equations can have a non-trivial solution for A — A_ and xy — k_ only if

2

S—pe g 224 2 2 2
PR = or, pryc —p(Sry+C)c”+5C —g° =0. (3.18)

This is a quadratic equation for ¢? of which there are two solutions:

pr2S + pC + \/(prgs — pC)? + dp2gr2
C1 = 5
2p2r2
7 (3.19)
pr2S + pC — \/(prgS — pC)? + 4p2gr2
Co = 2,027"3 .

We have chosen ¢; > ¢y. Note that ¢; would be the bar wave speed /S/p and ¢z would be

the torsional wave speed ,/C/ prg if the twist-stretch coupling modulus g = 0.

3.1.4 Continuum impact problem with no phase boundary

We will now use the jump conditions given above to solve an impact problem. Consider a
semi-infinite domain, —oco < < 0. At ¢t = 0, A(z,0) = Ar, k(z,0) = k1, v(z,0) = vz and
w(z,0) = wy, for all x < 0. We apply the boundary conditions v(0,t) = v, and w(0,t) =
w, for all ¢ > 0. This problem has a piece-wise constant solution with two propagating
discontinuities as shown in the x-t plane depicted in figure 4.2. These discontinuities travel

at speeds ¢; and c¢9 if v, and w, are so small that no phase change occurs.
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In the regions of the x-t plane between discontinuities the quantities A(z,t), k(z,t),
v(z,t) and w(x,t) are constant. Hence, they trivially satisfy the field equations (3.5) and
(3.8). At the propagating discontinuities we have to enforce the jump conditions. These

are summarized below.

c1(M —Ap) +v1 —vp =0,
c1(k1 — kL) +w; —wg, =0,
cip(vr —vr) + S\ — AL) + g(k1 — k1) =0,

(3.20)
c2(A2 — A1) + v —v1 =0,

ca(ke — K1) +wo —wy =0,

cap(vo —v1) +S(A2 — A1) + g(k2 — k1) = 0.

These are six equations for the six unknowns Ai, k1, v1, wi, A2, k9. Note that there are
three jump conditions at each of the two discontinuities. The fourth jump condition at each
discontinuity does not give us any extra information because we have already used it to get
the speeds ¢; and cy. After solving this set of equations we got the analytical result for Aq,
K1, U1, W1, A2, K2.

In the next section we will see that this type of solution can be recovered by discretizing
the continuum as a mass-spring chain with an extensional and rotational degree of freedom
at each mass and solving the dynamical problem numerically. We will also see propagating

phase boundaries when v, or w, are sufficiently large.
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3.2 Mass-spring chain

3.2.1 Description and time integration algorithm

We have considered the dynamics of a discrete system of masses and springs to obtain the
kinetics of moving phase boundaries in bars earlier [98]. The masses interacted with their
first-nearest neighbors via potentials ¢1(z;) where x; = u;+1 — u; and w; is the displacement
of the i" mass. The function ¢;(z) was a double well potential such that the equilibrium
spacing between the masses at zero force could have two possible values, a and b. The
potential was constructed by using piece-wise quadratic expressions, so that the force-
extension relation for each spring was trilinear (with spinodal region). We now propose
that mass i has a rotational degree of freedom 6;(t) as well. We will call z; = w;y1 — u;
and y; = 0,41 — 0;. Each mass interacts with its first nearest neighbor through a potential
¢1(x4,yi). Just like before, the potential ¢ as a function of the stretch and twist variables
x; and y; has two wells representing two phases (but with no spinodal region). In each well
we will assume that ¢;(x,y) is a quadratic form:
%(m —a1)? + Ba(x —ay)(y — by) + %(y —b1)?, in phase L,
p1(z,y) = (3.21)
%(m —a2)? + Ba(x — a2)(y — ba) + %(y — b2)?, in phase H,

where the well corresponding to phase L is located at (a1,b1) on the z; — y; plane (for all 7)
and the well corresponding to phase H is located at (ag,bs). The constant B; is related to
the stretch modulus S, By to the twist-stretch coupling modulus g, and Bs to the twisting
modulus C' as follows. Assume that the reference length for a unit in mass spring chain is A,
then S = AB;, g = ABy, C' = ABj3 and )\% = a1 /A, )\(}I = ay/A, H% =b /A, /-i%[ = by/A.

This results in linear relations between the force/torque and stretch/twist. The total energy
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of the chain consisting of N masses connected by N — 1 springs can be written as:

N-1
G(ur, g, sy, 01,02, ., O8) = > b1 (@i, 4i). (3.22)

i=1
The dynamics of the chain is governed by the following system of ordinary differential
equations:

00 149

L6, =22  i-1 .N 2
o0, i (3.23)

Here m; is the i*" mass and I; is the moment of inertia of the i mass about the straight
line connecting all the masses. We assume for simplicity that m; = m and I; = I for all i.
The evolution of the variables w;(t) and 6;(t) can be calculated by solving the above system
of differential equations subject to some initial conditions u;(0) = u?,;(0) = v?,6;(0) =
69,6;(0) = w?

10

i =1,...,N and some boundary conditions on wug(t),8y(t) and un(t),On().
Here, u{ is the ith component of a given vector u” with N entries, and similarly for 09,69, w?

i g

The equations of motion of the masses for i = 2, ..., N — 1 can be written as

mi; =T 1 =T, 1,
2 2

(3.24)
I0; = M, 1 — M;_1,

where 7 + % and ¢ — % denote the springs attached to mass i. Here T, 1 is the force in the
2

spring connecting masses i + 1 and 4, etc. Without loss of generality we can take m = 1

and [ =1, then

;= T(wig1 — wi, Oip1 — 0;) — T'(w; — ui—1,0; — 0i—1),
(3.25)

0; = M (uiy1 — ui, 051 — 0;) — M(u; — ui_1,0; — 0;_1).
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We use a leapfrog algorithm to integrate the system. We start from an initial condition
in which we know the position and velocity (both linear and angular) of each mass, then

we carry out our calculation by updating the state of each mass as follows.

z?+% = Bl(x;+% - ak) + BQ(y;+% - bk‘)a
M;Jr% = B2($§+% —ag) + B3(y;+% — bk),
) . . 1 ) )
+1 4 7 2 7 7

2 (3.26)

. . 1 .
057" = 05 + Atw] + S AL (M; ),

- M
i+s -

=

i+1 _ - % G s i+1 il

. | A .
with = wj+ SAUM] M,

. i+l il
; i1 + M Mj_;)'

RS ;

Here the lower index denotes the mass number, the upper index denotes the time step, and
k =1 or 2, depending on whether the spring is in the ‘L’ phase of ‘H’ phase. We choose
a time step At that is much smaller than a;/c; to ensure that our numerical calculation is

stable. Recall that a; is the distance between masses (or the lattice parameter in the ‘L’

phase) when no forces are applied on the chain.

3.2.2 Impact problem

Now, we would like to simulate an impact problem using our mass-spring chain. For impact
problems, ideally the domain is semi-infinite. In our calculations, we approximate the
problem as a mass-spring chain with IV masses and N — 1 springs connecting them. We take
N = 100 and fix the left end of the chain (7 = 1) and apply constant linear and angular
velocity at the right end (j = N). Hence, u} = 0,0 = 0 and u’;, = voilAt + ul;, 05 =
woiAt + 09\[, where 7 is the time-step number. Initially, all springs are in the ‘L’ phase. We
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integrate equations 3.26 for the system up to the point that the faster sonic wave which
originated at j = N hits the left end (7 = 1). We find that below some critical set of values
of applied velocities vy, wg, there are only two sonic waves passing through the chain from
right to left. The sonic waves travel at constant speeds ¢; and co as given in equation 3.19

and shown in figure 4.2. The oscillatory strains and velocities behind these waves decay
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Figure 3.3: An example of an impact problem with only two sonic waves. On the top left is
the z—t plane for the problem. The remaining three panels show the twist as a function of
spring number at three different times. Two discontinuities with a jump in twist are clearly
seen. They move at speeds ¢; and c3. The bottom right panel also shows the stretch as a
function of spring number, again revealing two waves.

to constants as expected from the analytical solution of the impact problem. If we apply
higher extensional and angular velocities, a phase transition nucleates at ;7 = N and the

phase boundary propagates inwards towards j = 1 as shown in figure 3.4 with velocity
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$. We initially use the material parameter set By = 10, By = 7.6 and B3 = 10 for our
numerical calculation. However, we have also used other material parameter combinations
like By = 10, By = 3, Bs = 10 and By = 100, By = 8, B3 = 10 and have confirmed that the

results are similar. We have observed in our numerical simulations that phase boundary

c Time6
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Figure 3.4: An example of an impact problem with a single phase boundary. The top left
panel shows the x—t plane. Three waves are present, two sonic waves at speeds c¢; and ca,
and a phase boundary at speed § with ¢; > § > ¢3. The rest of the panels show snapshots
of the twist in the chain as function of spring number at three different times. The bottom
right panel also shows a snapshot of the stretch, again showing three discontinuities.

speed § is always smaller than ¢;. We find, interestingly, that for most material parameter
sets Bi, By, B3, the phase boundary velocity is larger than the slower sonic wave speed

c2, no matter what boundary condition we apply. For some material parameter sets we

get phase boundary speeds smaller than co, but surprisingly the dissipation rates for these
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cases, as calculated using isothermal expressions for the driving force, are negative. We will
consider this case later.

Now, there are instances in the literature in which subsonic and intersonic phase bound-
aries are discussed. For example, Abeyaratne and Knowles [3] have considered wave prop-
agation in bilinear and trilinear materials. For the trilinear stress strain relation they have
defined subsonic, intersonic and supersonic phase boundaries. By analyzing Riemann and
impact problems they concluded that kinetics must be prescribed for subsonic phase bound-
aries to guarantee uniqueness of solutions, while for intersonic phase boundaries kinetics
may not be imposed. In [7], they have gone beyond one-dimensional bars and considered
solids in which the extensional wave speed can be different in different directions due to
anisotropy. In this setting, a kinetic relation is not needed for supersonic phase boundaries,
but it is needed for subsonic ones. Our situation is slightly different because we do not
see supersonic phase boundaries with § > ¢;. However, we do see subsonic (§ < ¢2) and
intersonic (¢; > § > ¢2) phase boundaries and we need kinetic relations for both.

First, we consider the situation in which ¢; > § > ¢3. As we can see from the x — ¢
plane in figure 3.4 and the dynamics of the chain, there are three moving discontinuities and
piecewise constant strain and velocity profiles between these discontinuities. Note, however,
that the strains and velocities behind the phase boundary do not decay, but oscillate around
constant values. It is these constant strains and velocities behind the phase boundary that

will enter the jump conditions. For the continuum impact problem with a single phase
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boundary we can now write down the jump conditions:

ci(M —Ar) +v1 —vp =0,
c1(k1 — kL) + w1 —wg, =0,
c1(vi —vp) +SA — M) +g(k1 — k) =0,
co( A — A2) +vg — v =0,
ca(kg — K2) +wpg —we =0,
(3.27)
co(vg —v2) + SAg — No) + g(kg — K2) =0,
$(A2 — A1) +v2 — v =0,
$(ky — K1) +we — w1 =0,
$(va —v1) + SN2 — A1) + g(k2 — K1) =0,

$(wa —wi) + g(ha — A1 = Ay + A]) + Clke — k1 — kY + £2) = 0.

We have ten equations for the eleven unknowns A1, k1, v1, w1, Ao, Ko, Vo, wo, Ay, KH,S. These
jump conditions are not sufficient to describe the motion of the phase boundary or the
dynamics of the system. We need a kinetic relation which relates phase boundary velocity
and driving force to close the analysis. We will extract this kinetic relation from the

simulations of our mass-spring system.

3.2.3 Kinetic relation

We have carried out a series of computations for impact problems with different material
sets B1, B, Bs. For each set we have applied several extensional and rotational velocities
(or boundary conditions) and in each case we have obtained quantities like A1, 1, vy, w1,

Ao, Ko, U2, Wa, A\g, K, § by post-processing the numerical result. We then compute the
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driving force as defined in equation 3.9 and normalized phase boundary velocity $/c;. For
each material set we plot the driving force versus phase boundary velocity to find a relation
between them. If we normalize the driving force suitably then all the curves of driving force
versus phase boundary velocity can be described by the equation 4.24 which is the kinetic
relation we wanted. The normalizing factor for the driving force depends on the material

parameter set.

(&) = (= ()" fehreshora = (57)* W[ = (T)IA) — (M) [|s]]

: = fnormalized =
1—(2)? 2/8C +g¢?

(3.28)

In this kinetic relation, %\/ SC + g2 is the normalizing factor for the driving force, finreshold

is the threshold value of driving force when the phase transition just begins to happen and

0 _ 10
lop = 25’ _25. This kinetic relation has the familiar form
H L

Q2
fdriving =q1+ T a2 (329)
where ¢; and g2 are constants that depend on the chosen material parameters. It can be

rearranged in the following manner

L 1- NéiochQ([IWI] — (DA = (M) [x[]) (3.30)
1-— (i)Q (1 + fthreshold)(l - (%)2) . ‘

The RHS of this equation is plotted on the x-axis of figure 3.5 and $/c; is plotted on
the y-axis. We have solved the continuum impact problem analytically by using the kinetic
relation equation 3.30. The result is shown in table 3.1 and figure 3.8 for two material
parameter sets. We see from the table that the analytical result is consistent with the

numerical result. This suggests that the kinetic relation we have extracted can be used to
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Figure 3.5: Kinetic relation using equation 3.30. The data for this plot was obtained from
many simulations with different material sets for the ‘springs’. Phase boundary velocity
5 is normalized against ¢; and plotted on the y-axis. Driving force furiving is normalized
according to equation 3.30 and plotted on the z-axis. Note that for driving forces below a
threshold the phase boundary velocity is zero. The inset of the figure is the original data of
normalized phase boundary velocity vs. the normalized driving force (as in equation 4.24).
Note that some of the blue circles result in 5 fg iping < 0.

solve other types of problems.

3.2.4 Analytical and numerical solutions of Riemann problem

Riemann problems in bars with a single phase boundary have been treated earlier [7, 65].
It is well understood that for the type of constitutive relations we use in this work the

solutions of these problems are piecewise constant in the x-t plane. The domain for a
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o 4.5 8 10 16 20 30 50

wo 1 1 0 0 0 0 0
Analytical s -1.7 -2.205 | -2.505 | -3.0512 | -3.2528 | -3.5361 | -4.1642
Numerical s -1.75 -2.35 -2.55 -3.1 -3.3 -3.55 -4.15

Analytical Ay | 0.1679 | 0.2546 | 0.2639 | 0.3628 | 0.4394 | 0.6643 | 0.8636
Numerical A\; | 0.1537 | 0.1783 | 0.161 0.1785 | 0.1862 | 0.1987 | 0.1974
Analytical Ay | 1.2473 | 1.741 1.818 2.4859 | 2.9469 | 4.1181 | 6.4593
Numerical Ay | 1.1545 1.76 1.86 2.479 2.972 4.048 6.461
Analytical A\ | 2.7247 | 4.754 | 5.0454 | 7.6498 | 9.4018 | 13.8005 | 22.5999
Numerical Ay | 2.685 4.758 5.058 7.652 9.432 13.81 22.65
Analytical k1 | 0.1679 | 0.2546 | 0.2639 | 0.3628 | 0.4394 | 0.6643 | 0.8636
Numerical k1 | 0.1537 | 0.1783 | 0.161 0.1785 | 0.1862 | 0.1987 | 0.1974
Analytical ko | 1.2473 | 1.741 1.818 2.4859 | 2.9469 | 4.1181 | 6.4593
Numerical ko | 1.1545 1.76 1.857 2.479 3.018 4.03 6.461
Analytical kg | -0.195 | -1.295 | -1.4095 | -2.6781 | -3.508 | -5.5643 | -9.6789
Numerical kg | -0.2256 | -1.312 | -1.416 | -2.695 | -3.542 -5.595 -9.691

Table 3.1: Comparison of numerical results with analytical solution of impact problems
for By = 10, By = 7.6, B3 = 10. The analytical results use the kinetic relation 3.30.
The agreement between quantities like phase boundary velocity obtained from numerical
integration and continuum analytic solution is quite good, especially for large vg.

Riemann problem is —oco < x < oco. However, since we cannot simulate an infinite mass-
spring chain we have used N 41 masses and N springs with an initial phase boundary in the
middle of the chain at mass number % where N = 1000. The equations of motion for the
masses is equation 4.10 and the two boundaries are left free (zero force and moment). At
t = 0 we prescribe initial conditions such that all springs on the left half are in the ‘L’ phase,
while those on the right are in the ‘H’ phase. Since our mass-spring system has a finite
number of masses and has two boundaries there could be four additional sonic waves which
originate from the two ends. We integrate the dynamics of the mass spring system up to
the point when the sonic waves originating at the center of the chain and those coming from
the ends meet each other. Again, we start our calculation with the material set B; = 10,
By = 7.6, B3 = 10, but the features we observe are similar even if we use other parameter

sets. When we let this system evolve we notice three different scenarios.
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In the first scenario the phase boundary in the middle propagates along the chain. An
example of the evolution of such a system is shown in figure 3.7. We see that there is a
phase boundary moving from the middle of the chain to the left in addition to the sonic
waves described above. If we focus on the middle part of the chain between the four sonic
waves moving outward, then the x-t plane looks exactly like what is expected from the

continuum theory as shown in figure 3.6.

)\1 ) K 1 7V1’W1
_Cl Cl
)\L,KL,VL)WL )\H>KH’VH’WH
X

Figure 3.6: (a) z—t plane of a Riemann problem with a single phase boundary with ¢; >
$ > ca. (b) x—t plane of a Riemann problem in which § = —ca.

From our simulations we find that the phase boundary speed is smaller than the larger
sonic wave speed cq, as expected. For most material parameter sets the phase boundary
speed is larger than the slower sonic wave co no matter what initial condition we set.
However, for some material parameter sets (for example, B; = 10, By = 3, B3 = 10), the
phase boundary speed can be smaller than cy. In these cases the dissipation rate fgriving$
is negative, which is physically not possible. Cases with $ < ¢y were observed in the impact
problem with the same set of material parameters also. We will explain this later.

By post-processing the data from our numerical calculations we can obtain A;, xi,
V1, Wi, A2, K2, U, W2, A3, K3, U3, W3, A4, K4, U4, W4, A4, K4, U4, W4, § (see figure 3.6).

We compare these numerical results with those of the solution of the continuum Riemann
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Figure 3.7: An example of an Riemann problem with a single phase boundary. Five waves
are present, two sonic waves at speeds c¢; and co propagating in opposite directions from
the middle, and a phase boundary at speed s with ¢; > § > ¢o. There are also two sonic
waves moving towards the left from the right boundary. In general there should also be two
sonic waves moving rightwards from the left end, but we do not see them above because
of the choice of initial conditions. The panels show snapshots of the twist in the chain as
function of spring number at six different times. Two bottom panels also show snapshots
of the stretch.

problem that can be solved analytically using the kinetic relation 3.30. We assume that
the initial conditions are at ¢t = 0, A = A\p,v = vp,k = K, w = wyg, for x < 0 and
A= Ag,v = v,k = kg, w = wy for x > 0. For t > 0 this Riemann problem has
piece-wise constant solution depicted in the x-t plane figure 3.6. There are a total of
seventeen unknowns A1, K1, V1, Wi, A2, K2, V2, W2, A3, K3, U3, W3, A4, K4, V4, W4, Ad, K4, V4, Wy, S.
We enforce the jump conditions at each discontinuity and get sixteen equations as follows.

The kinetic relation equation (3.30) provides the seventeenth equation.
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Figure 3.8: (a) Scatter plot showing comparison of numerical results with analytical solution
of Riemann problems for B; = 10, By = 7.6, B3 = 10. The analytical results use the kinetic
relation obtained from impact problems on the chain to solve the set of equations 3.2.4. The
agreement between the phase boundary velocities and other quantities obtained from the
numerical integration of the equations of motion of the chain and those from the analogous
continuum analytic solution is quite good. (b) Scatter plot showing comparison of numerical
results with analytical solution of impact problems for By = 100, Bo = 8, B3 = 10. The
analytical results use the kinetic relation 3.30.
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co(Ag — A3) +vg —v3 =0,

Across ¢ CQ(FL4 — &3) + wy — wg =0,
ca(vs — v3) + S(Aa — A3) + g(ka — K3) = 0,
\
(Mg — A1) +vg —vg =0,
Across ¢ Cl(l-{H — K&4) +wg —wys =0,

ci(vg —va) + S(Ag — M) + g(kg — Ka) = 0.

\

These equations can be solved analytically using Maple or similar programs. We compare
the results from this exercise with those of the numerical solution in the scatter plot figure
3.11 for several different initial conditions. We plot non-dimensional quantities like Aq,
v1/c1, ete., obtained from the numerical calculations on the y-axis and those from the
analytical solutions of equations 3.2.4 on the x-axis. We see that points in this scatter plot
make a line with slope 1 which indicates good agreement between the mass-spring chain
and the analytical solution. This suggests that the kinetic relation equation (3.30) is indeed
a useful constitutive law.

The first scenario described above validates our kinetic relation. But, there are two
more scenarios in which a kinetic relation is not needed for the solution of the Riemann
problem with a single phase boundary. In the second scenario, the phase boundary in the
middle remains static (a contact discontinuity), but four sonic waves with speeds +¢; and
+co propagate towards the left and right. An example of the evolution of the system is

given in figure 3.9. In this case the continuum Riemann problem can be solved analytically
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Figure 3.9: An example of an Riemann problem with a static phase boundary. Four waves
are present, two sonic waves at speeds ¢; and co propagating in opposite directions from the
middle while the phase boundary at the middle remains static. Two sonic waves also move
inwards from the right boundary. The panels show snapshots of the twist in the chain as
function of spring number at three different times. The right panel also shows a snapshot
of the stretch.

using the jump conditions alone. There are sixteen unknowns and sixteen equations to
solve for them. Each sonic wave contributes three equations and the contact discontinuity
contributes four. The equations are similar to equation 3.2.4 except that we don’t need a
kinetic relation since § = 0. Once again, the scatter plot in figure 3.11 compares quantities
from the numerical simulation of the mass-spring chain and the analytical solution. A slope
of 1 indicates excellent agreement.

In the third scenario the phase boundary propagates at the speed co and becomes
indistinguishable from one of the sonic waves. Thus, the impact problem with a phase
boundary in this pathological case has only two discontinuities instead of three, and the
Riemann problem has four discontinuities instead of five. An example of the evolution of
such a system is shown in figure 3.10. Note that we have four waves on the = — t plane
with speeds —ci, —§ = —co, ¢ and c¢;. There are twelve unknowns and twelve equations
(three jump conditions at each discontinuity) to solve for them. We have found, again, that

analytical and numerical solutions for this case agree quite well.
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Figure 3.10: An example of a Riemann problem in which phase boundary merges with a
co sonic wave. Four waves are present, three sonic waves at speeds c¢; and ¢y propagating
in opposite directions from the middle, and a phase boundary traveling at speed co. The
panels show snapshots of the twist in the chain as function of spring number at three
different times. The right panel also shows a snapshot of the stretch.
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Figure 3.11: (a) Comparison of results of Riemann problem with static phase boundary
from numerical integration and analytical solution using jump conditions. We have used
By =10,By = 7.6,B3 = 10 and B; = 10, By = 3, B3 = 10. (b) Comparison of numerical
results with analytical solution of impact problems for B; = 10, Bo = 3, By = 10 when
$ < cg. The analytical results are obtained from the jump conditions using phase boundary
velocity from the numerical calculation.

So far in our analysis we have described cases in which phase boundary velocities § > cs.
However, when we choose a material parameter set By = 10, By = 3, Bg = 10, we find
situations in which phase boundary speed is smaller than ¢s. An example of such dynamics

is given in figure 3.13. Once again, after post-processing we have verified that the piecewise
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constant stretches, velocities, angular velocities and twisting curvatures satisfy all the jump
conditions. Indeed, the driving force fg,;ving computed using the parameters extracted from
our calculations satisfies equation 3.30. However, we find that in these cases with § < c¢o,
the dissipation rate is negative, 5 fariving < 0. Starting from eqn. (4.24) we see that negative

dissipation rates occur whenever

3/61 < \/(1 - fthreshold)(CQ/Cl)Q - fthreshold- (331)

On the $-co plane (see figure 3.12) the region represented by the above inequality overlaps
with the region corresponding to § < co. It seems that it is easier to see negative dissipation
rates when we have another ‘knob to turn’ that is not available in an atomic chain with
only extensional degrees of freedom. That ‘knob’ is the wave speed co. We can pick co and
initial/boundary conditions of a Riemann/impact problem in such a way as we sit in the
region corresponding to negative dissipation rates in the $-co plane. If this idea is correct we
might expect similar phenomena in 2D lattice simulations of phase-transforming materials
in which both P- and S-waves are present. However, such simulations are outside the scope
of this paper.

What are the implications of a negative dissipation rate? Naively, it means that at time
t the chain has more energy than what it had at ¢ = 0 plus what was injected into it at the
boundary. This is unphysical and cannot be true. The reason behind this anomaly is that
in calculating the driving force using data from our numerical calculations we have used
an isothermal expression derived from continuum theory that only uses the average values
of the stretches, velocities, etc., and neglects the oscillations of the masses and springs.

In fact, it has been suggested in the the literature that simulations of phase transitions
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Figure 3.12: Region corresponding to negative dissipation rates in the s-co plane is colored
green. In the legend fr stands for fipresnoid, © stands for ca/c; and y stands for §/cq.

using mass-spring chains need to be done with new variables describing level of fluctuations
around average stretches, velocities, etc., as well as the rate of energy fluxes into various
scales and that into irreversible dissipation by elastic radiation [13, 58, 70, 75]. Dayal and
Bhattacharya [30] have considered oscillations around average stretches and velocities in
a peridynamic setting and found that they are of the same magnitude ahead and behind
a phase boundary, leading to a zero driving force. This is not the case with oscillations
in our calculations so we expect non-zero driving forces, but negative dissipation rates are
still puzzling. To ensure that our results of negative dissipation rates are not spurious
we performed an energy budget on our chain. We calculated the energy input over time
t = JAt as Ejp(t) = 22'121 F]i\H%voAt + 22121 M]i\/+%w0At, and the energy of the chain as
Eenain(t) = Y00y 302(1) + 00, 02(8) + ¢(ua (1), ua(t), - un1 (1), 01(£), 02(1), -.On11(1)).-
We have plotted the difference between input energy and the total energy of the chain

FEin — Echain as a function of t = JAt in figure 3.14 for three different impact problems
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with a single phase boundary. In all these impact problems the initial conditions were
such as the potential energy of the springs and kinetic energy of the masses was zero at
t = 0. For the top two curves (red and blue) the dissipation rate at the phase boundary
is positive, while for the bottom (yellow) curve it is negative. In all cases the difference
Fin — Echain is positive at all times. This is as it should be since our numerical integration
scheme is imperfect and it results in some numerical dissipation. Notice from these curves
that after an initial transient the difference FE;, — E/hqin tends to a constant. In other
words, the rate of energy input is equal to the rate of energy (kinetic + potential) storage
in the chain after an initial transient. These observations suggest that we cannot neglect
the jump in the magnitude of energy stored in the oscillations, or, loosely speaking, the

jump in temperature, across a moving phase boundary.
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Figure 3.13: An example of an Riemann problem in which § < ¢o. Fives waves are present,
four sonic waves at speeds ¢; and ¢o propagating in opposite directions from the middle, and
the phase boundary $ < ¢o. The panels show snapshots of the twist in the chain as function
of spring number at six different times. The bottom two panels also show snapshots of the
stretch.

3.2.5 Impact problem for adiabatic process

To re-examine the negative dissipation rate cases, we introduce a temperature in our analysis

defined locally through
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Figure 3.14: (a)Difference between input energy and PE+KE of the whole chain for three
different impact problems on a chain with By = 10, By = 3, B3 = 10. The red and blue
curves involve a phase boundary in which dissipation rate is positive and the yellow curve
involves a phase boundary in which dissipation rate is negative. (b) Snapshots of the local
temperature ©; in the chain as a function of mass number j for two different boundary
conditions. The top panel shows snapshots at two different times (red and green) for
boundary condition vg = 10, wg = 0, and the bottom panel shows snapshots for boundary
condition vg = 7, wg = 0. Note that the temperature jumps only once (across the phase
boundary) even though there are three propagating discontinuities in the impact problem
on the chain. (¢) The new x-t plane when temperature is considered in an adiabatic impact
problem on a thermoelastic bar of the Mie-Gruneisen type.

con 1 . L con
k@j(t) = KEj(t)+PEj+%(t)ij t— §mju?(t)+§fj9?(t)+¢)1 (l‘j(t),yj(t))*Ej ¢, (3.32)

Here, K E;(t) is the kinetic energy of the j** mass (accounting for both translational and
rotational contributions) at time ¢, PE jIs! (t) is the potential energy of the spring between
mass j and mass j + 1 at time ¢ and EJC-O”t is the sum of kinetic energy at mass j and
potential energy in spring j + % computed using the average values of the velocities and

strains that satisfy the continuum jump conditions,

E;(mt = %mj<icj)2 + %Ij<‘9'j>2 + ¢1(<$j>7 <yj>)v (3'33)
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where (z) is the temporal average of z over a time corresponding to few periods. k is
proportional to a specific heat in the continuum theory and we set it equal to 1 here. So,
our definition of the local temperature captures the ‘thermal’ portion of the energy of the
masses and springs in the chain that is neglected in a purely mechanical continuum theory.
We could also have defined two different temperatures [46] corresponding to rotational
and extensional degrees of freedom, respectively, but we do not do so here because the
temperature defined above has the property that it satisfies jump conditions expected of
a Mie-Gruniesen type thermoelastic material (see the appendix for a short review of these
materials). This is discussed in the following.

Since our numerical method is such as there is no leakage of energy (thermal + mechani-
cal) from our chain we expect that the phase boundary propagation is adiabatic. To confirm
if this is the case we plot the local temperature ©; in our chain for an impact problem as
a function of mass number j in figure 3.14(b). We find that © does not jump across sonic
waves which move at speeds c¢; and co, but it jumps across a phase boundary. Furthermore,
O oscillates around a constant value behind a phase boundary. Thus, if we take a temporal
average value of O, then our x-t plane is very similar to the x-t plane for an adiabatic
impact problem of a trilinear Mie-Gruneisen thermoelastic solid in which the Gruneisen
parameter is zero [7]. To make this analogy more concrete we write the jump conditions
at each discontinuity in an impact problem on a bar in which both stretching and twisting
are allowed and the local temperature can suffer jumps. We assume that the Gruneisen

parameter is zero and that the continuum problem is adiabatic. The jump conditions are:
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The appropriate expression for the driving force across a phase boundary for such a

material (with zero latent heat) is

fdriving = _Elog(l + H@@_H); (334)

where we treat ©_ and E as constants. In the continuum impact problems solved in [7]
O_ is set equal to the transformation temperature and E is related to the specific heat.
We find that our numerical simulations of the mass-spring chain with By = 10, By = 3,
Bz = 10 satisfy these jump conditions if we take pC), &~ 0.07463. We also find that [|©]] < 0
irrespective of whether § < ¢ or 5 > c3. Thus, the dissipation rate fgriving$ computed using

(3.34) is always non-negative for the phase boundaries in our chain. The kinetic relation
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Figure 3.15: The new kinetic relation defined by 3.34 which accounts for the jump in
temperature across a phase boundary. The ”.” data are results from calculation with twist
stretch coupling and the ”*” data are results from calculation with only extensional degree of
freedom. We use a fitting curve f(z) = abz?~! exp(—az®) where a = 1.181,b = 1.139, E = 1.
©_ = 1000 for twist stretch coupling data and ©_ = 622 with only extensional degrees of
freedom.

using this new driving force is plotted in figure 3.15. While we arrived at this kinetic relation
through a bistable chain having both extensional and rotational degrees of freedom, this is
not necessary. This can be seen from the red curve in figure 3.15 which is the kinetic relation
of a bistable chain with only extensional degrees of freedom. Remarkably, the curves are

identical except for the value of the constant ©_.

3.3 Application to artificial muscle yarns

We now want to demonstrate a practical application where methods developed in this paper
could be useful. In [48] carbon nanotube yarns are twisted, braided and then filled with
wax to produce filaments that are capable of actuation. Actuation is realized by heating the
filaments to cause partial melting (a phase transition) of the wax which does not flow out of
the yarn due to favorable adhesive interactions with the nanotubes over very large surface

areas. The mechanism behind the actuation is the change in pitch of the helical yarns due
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to softening of the wax. Thus, twist and stretch are coupled in these yarns and it’s a phase
transition that enables its reversible operation over many cycles. Our goal here is to model
one aspect of the yarn’s behavior that has been deduced in the experiments of [48]. In these
experiments different types of yarn are loaded with a constant tensile force. Then they are
heated by an electrical current for several tens of milliseconds. This causes the yarn to
stretch, so that useful work is done by the applied tension. The tensile actuation strain is
measured in the experiment and plotted as a function of time as the yarn cools in figure 3 of
[48]. The end of the yarn also rotates at high angular velocities due to the coupling of twist
and stretch. Two types of responses are seen for the tensile actuation strain as a function
of time — (a) a monotonically decaying strain, and (b) a decaying oscillatory strain. We
provide a possible explanation of these two behaviors.

Consider first the monotonically decaying strain. At ¢ = 0 the yarn is at temperature
© = O; due to the electrical heating. Here, ©1 > O4;, where O, is the ambient temper-
ature. The change in length of the filament AL is proportional to A® = © — O, where
©(t) is the current temperature of the yarn. Due to convective and radiative heat transfer

to the environment one can write an equation for % at a rudimentary level [80]:

do

- = a(© — Ouy) +b(0* — 01, ), (3.35)

where a is a constant that depends on the convective heat transfer coefficient, density,
specific heat and geometry of the yarn, etc., and b is another constant that depends on a ra-
diative heat transfer coefficient and other yarn parameters. This equation can be integrated
with initial condition O(t = 0) = ©; to get a monotonically decaying ©. This will lead

to a monotonically decaying strain AL as a function of ¢ because AL is assumed propor-
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tional to A© in [48]. If we neglect the radiative terms then the solution of the differential
equation above is simply ©(t) = Ogir + (01 — Ouir) exp(—at). This rudimentary analysis
cannot explain the observed oscillatory decay of the strain in some other yarn samples. A
possible explanation for this phenomenon combines dynamics of the yarn with the above
heat transfer analysis. We model the yarn with our mass-spring chain coupling twist and
stretch. Initially, all the springs are at the bottom of the low strain well and the masses
are stationary. Then at ¢t = 0 we suddenly apply a constant force F' and constant moment
M = 0 on mass N+1 while mass 1 is fixed. We plot the displacement uy1(t) = Le(t) = AL
as a function of time in figure 3.16. Due to the sonic waves and phase boundary going back
and forth in the chain the displacement oscillates. In our simulation we cannot account for
the heat transfer to the environment or the change in L due to changes in temperature, but
from the above analysis we know that L(t) decays as a function of time, so AL will decay

in an oscillatory fashion because €(t) oscillates. We show this in figure 3.16 (b,c).

3.4 Conclusions

In this chapter we have studied the dynamics of a mass-spring chain with extensional
and rotational degrees of freedom at each mass. The energy landscape of the springs has
multiple wells, as would be the case for a rod capable of phase transitions. We have shown
that the solutions of continuum Riemann and impact problems in rods capable of twist-
stretch phase transitions are analogous to the those in the numerical solutions of our chains.
In particular, we have observed discontinuities across which the twist and stretch can jump.
Discontinuities of this type had been used to model impact of elasto-plastic bars and nano

tubes [26, 56, 79], but we are not aware of an attempt to use them in the study of phase
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Figure 3.16: Simulation of the experiment in [48] using our mass-spring chain. We apply a
constant force and moment at the end of the chain as our boundary conditions. We simulate
to the point in time when the phase boundary has hit the left end and bounced back.
We recover the vibration of the tensile actuation strain with our numerical result coupled
with a decaying function described in equation 3.35. We have plotted the following. (a)
Total length of chain from numerical simulation. (b) Experimental data in [48] for tensile
actuation strain fitted using equation 3.35. (c) Oscillatory actuation strain of the chain
from numerical result coupled with a decaying envelope qualitatively captures what is seen
in other experiments in [48].

transitions, except [9]. Our mass-spring chain has furnished a kinetic relation for phase
boundaries across which the twist and stretch can jump. This kinetic relation has a form
that is familiar from earlier studies involving chains with only extensional degrees of freedom.
However, for some combinations of parameters characterizing the energy landscape of the
springs we find propagating phase boundaries for which the rate of dissipation, as calculated
using isothermal expressions for the driving force, is negative. This is a surprising result
which suggests that we cannot neglect the energy stored in the oscillations of the masses in
the interpretation of the dynamics of mass-spring chains. In particular, we must incorporate
temperature into the numerical solutions of these chains. We have made an attempt to do so
by defining a temperature that is proportional to the energy in the vibrations of the masses

and springs that a purely mechanical continuum theory neglects. A temperature defined in
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this way jumps only across a phase boundary and not a sonic wave. This is exactly what
happens in a Mie-Gruneisen type material with the Gruneisen parameter equal to zero.
We have used this insight to extract a new kinetic relation that does not suffer from the
anomaly of giving negative dissipation rates at a moving phase boundary. Does this mean
that our earlier kinetic relation that was based on isothermal expressions of the driving force
is useless? We do not think so for the following reason. In [98] we implemented a Langevin
dynamics algorithm in which it was possible to simulate a mass-spring chain immersed in a
constant temperature bath. We showed that the local temperature near a phase boundary
was high but it soon decayed to the temperature of the bath due to heat transfer. We found
that the kinetic relation derived using isothermal expressions was not affected much by the
bath temperature, especially for large phase boundary velocities. Hence, we expect that
kinetic relation summarized in equation (3.30) will be a good approximation at the near
sonic limit. At the end of the paper we use our chain to shed some light on experiments
involving temperature sensitive yarns that couple twist and stretch to perform useful work.
We have shown that it is important to consider the dynamics of the yarn, especially reflection
of sonic waves and/or phase boundaries at the ends of the yarn, in order to explain the
oscillatory decay of the actuation strain due to cooling of the yarn at fixed tension. However,
we must point out that there are several limitations of our model, including (a) we have not
included a spinodal region in the constitutive law, (b) we have not included a heat bath,
(c) we have not included bending deformations. All three are important and we plan to

include them in future work.

75



Chapter 4

Langevin dynamics of a bistable chain with twist and stretch

Mass-spring chains have provided insights into a wide variety of phenomena in elastic solids
that include wave propagation, defect motion and thermodynamic behaviour among several
other topics [36, 41]. When the potentials characterizing the springs have multiple wells
then the dynamics of mass-spring chains has been shown to be similar to that of one-
dimensional bars capable of phase transitions [7, 8, 10, 13, 18, 27, 29, 42, 54, 73, 82, 85, 89].
This insight has been utilized to extract kinetic relations for moving phase boundaries by
comparing solutions of impact and Riemann problems in continuum bars to those in the
bistable chains [65, 85]. The extracted kinetic relation has a simple analytical form that
has been recently shown to be a universal near sonic limit [89]. More recently, mass-spring
chains have also provided insights into the mechanics of biological macromolecules [17, 18].

We built on these studies recently by adding rotational degrees of freedom to each mass
in a mass-spring system to simulate a continuum rod that can twist and stretch, but not
bend [99]. The potentials characterizing the springs had multiple wells so that our mass-
spring system had propagating phase boundaries across which there were jumps in twist
and stretch. This work was partially motivated by biological examples like [32, 81, 90, 96].

In each of these examples there is an isothermal environment because the processes occur
76



while the systems are immersed in a fluid which is at constant temperature. However, in
[99] there was no heat bath in the simulations. This resulted in an interesting anomaly.
When we calculated the driving force across the propagating phase boundaries in the mass-
spring chains using isothermal expressions we found that dissipation rate was negative. We
traced this unphysical result down to our assumption of isothermal conditions in the purely
mechanical simulations based on integrating Newton’s second law for each mass in the chain.
In other words, the simulations in [99] were adiabatic rather than isothermal. Our goal in
this paper is to enforce isothermal conditions by accounting for the presence of heat bath
around our chain by using Langevin dynamics.
6) (b)

Phase bpundary 1
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Figure 4.1: (a) Mass-spring chain in which each mass has an extensional and rotational
degree of freedom. The masses are labeled j, j + 1, etc., and the springs connecting these
two masses is labeled j + % A phase boundary separates regions of the chain in which
springs are in different phases. Springs in the ‘H’ phase correspond to the top right well
in the contour plot in (b) and the ‘L’ phase correspond to the bottom left well in the
contour plot . We specify extensional velocity vy and rotational velocity wg on the masses
at the boundary. We can also specify force and moment boundary conditions. (b) Energy
landscape for the twist stretch coupling material with two wells.

The paper is laid out as follows. First, we give a short account of the balance laws and
constitutive relations for rods capable of phase transitions in twist and stretch. Second, we
describe an analogous mass-spring chain and simulate its dynamics in impact and Riemann

problems with a quasi-symplectic algorithm applied to Langevin’s equations of motion.

77



Third, we extract kinetic relations from these simulations and show that they have the
same form as has been used earlier for isothermal chains with only extensional degrees of
freedom. Finally, we show that the parameters entering these kinetic relations depend on

bath temperature in a simple way.

4.1 Thermo-mechanics of 1D continuum with twist and stretch

4.1.1 Balance Laws

In this paper, we will consider phase transition phenomena in a one-dimensional continuum
capable of storing energy in both twist and stretch. This continua is immersed in a heat bath
where bath temperature is a constant. We have given a detailed treatment of the mechanics
of this sort of continuum in recent work [99, 100]. For this reason we will give here only a
short summary of the jump conditions that we will need to interpret our Langevin dynamics
simulations of a discrete version of such a continuum. Let us begin by considering phase
boundaries propagating in this continuum in the interval 0 < x < L where x is the reference
coordinate along the continuum of length L. At each reference point we have two variables
— the deformed position z(x,t) of a cross-section of the continuum (imagine a rod) located
at x at time ¢, and a(z,t) the angle through which that cross-section has rotated at time
t. We require that z(z,t) and a(z,t) be continuous at all z and ¢ so that the rod does not
break. We neglect the bending deformations because it’s not important in our analysis.
We denote A(z,t) = % as stretch and x(z,t) = g—g as twist. The variables that are work
conjugate to z(z,t) and a(x,t) are the force T'(x,t) and the torque M (z,t), respectively.

For a discontinuity located in such a continuum at reference position s(t), the following

jump conditions can be derived from the continuity of deformation, balance of linear and
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angular momentum and balance of energy:

S[IA+ [I2[] = 0, (4.1)

$llwl] + [laf] = 0, (4.2)

Sllpzl] + [IT]] = 0, (4.3)

sllprgal] + [[M[] = 0, (4.4)

Jariving = [[W1] = (T)[IA] = (M) [|%]], (4.5)

where W (A, k) is the Helmholtz free energy per unit length of our continuum, p is the mass
per unit length in the reference configuration, r, is the radius of gyration of the cross-
section, s is the speed of the discontinuity in the reference configuration and fgriving is the
driving force across the discontinuity in an isothermal setting which assumes that there
is no jump in temperature across the phase boundary. Note that [|y|] denotes the jump
y(s+(t),t) — y(s—(t),t) at a discontinuity. We will show that these jump conditions are
satisfied at discontinuities in our mass-spring chains, but we are specifically interested in

the dependence of fgjving on 5 and the bath temperature.

4.1.2 Constitutive relation

In order to allow for the existence of phase boundaries imagine that the stored energy
function of our material has two wells located at different points on the A — k plane, same as
shown in chapter 4. The Helmholtz free energy per unit length energy is the same quadratic
form as equation 3.10. The force and moment constitutive relations are thus also the same
as equations 3.15 3.16. The sonic wave speed for this 1-D continua are thus equations 3.19.

Readers can look up chapter 4 for the details of these derivations. While sonic waves travel at
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Figure 4.2: (a) X-t plane for impact problem. There are 3 waves in total, two sonic waves
and one phase boundary. (b) X-t plane for Riemann problem. There are 5 waves in total,
four sonic waves in different directions and one phase boundary.

these two constant speeds, the speed of a phase boundary depends on the boundary /initial
conditions applied on the continuum as well as the temperature of the bath. We will show
this by discretizing the continuum as a mass-spring chain with extensional and rotational
degrees of freedom at each mass and solving the dynamical problem numerically using

Langevin’s equations.

4.2 Mass-spring chain

4.2.1 Description of the interaction potential between the masses

We have studied the dynamics of a mass spring chain with only translational degree of
freedom at finite temperature in [98]. We now consider the case that each mass i has both
translational and rotational degree of freedom. We denote x; = u;4+1 —u; and y; = 0;41 —6;,
where u; is the linear displacement of the i*" mass and 6; is its rotational displacement from
the reference state. This is the same notation as in chapter 4 and we assume again each mass

interacts with its first nearest neighbor only through a potential ¢;(z;, ;). This potential
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is given by equation 3.21 in a quadratic form. And the well corresponding to phase L is
located at (a1, b1) and the well corresponding to phase H is located at (az, b2). The constant
Bi, Bs, Bs are related to the stretch modulus, twist-stretch coupling modulus and twisting
modulus as described in [99]. This results in linear relations between the force/torque and
stretch/twist. The total energy of the chain consisting of N masses connected by N — 1

springs can be written as:

G(ur, g, ooy un, 01,02, On) = D ¢1(xi, i) (4.6)

4.2.2 Langevin dynamics

We now consider a setting where we can set the temperature of the chain by immersing it in
a heat bath which supplies random impulses to the masses. This can be done by integrating
Langevin’s equations of motion for the masses in our chain. If we assume that mass and

moment of inertia of each mass is unity then Langevin’s equations for mass i are:

dCZz‘ - (4.7)
% =~ — gz +mi(t), (4.8)
%9: . (4.9)
d;t}i = —nw;— 32 + na(t), (4.10)

where v; and w; are the linear and angular velocities of mass 1, % and % are mechanical
force and torque acting on mass i, and 1, (), n2(t) are the translation and rotational random

impulses exerted on mass ¢ from the heat bath. The random impulses on each mass are
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assumed to be white noise so that:

Mmt)e =0, (MmE)M{E))e =201kpOs(t —1t'), for all i, (4.11)

<772(t)>e = 0, <172(t)772(t/)>e = 21/216‘36(5(15 — t/), for all i, (4.12)

where (-). denotes an ensemble average, v1, V2 are translational and rotational drag coeffi-
cients, kp is the Boltzmann constant and © is bath temperature.
4.2.3 Numerical scheme

To integrate our equations of motion based on Langevin dynamics, we employ a quasi-

symplectic scheme [52] as follows:

v = 91(%3 Uk, (4.13)
urg = up+ %vuﬁ, (4.14)
Vo = Uikt Ataiik + At 2084, (4.15)
Vg1 = 91(%3 V2.k ), (4.16)
Ukl = Uk + %1&,1@7 (4.17)
Wiy = 91[(%3“%): (4.18)
O = Op+ %M,k, (4.19)
Wwop = Wi+ Ata(ka + At 2058, (4.20)
Wgy1 = 911(%;7112,1&, (4.21)
Opy1 = Oip+ %wzk, (4.22)

82



where k=0,1,...M-1, g7(t,v) = v gr1(t,v) = w2, o1 = V211kpO, 09 = V21kEO.
We choose a time step At that is much smaller than aj/c; to ensure that our numerical
calculation is stable. Recall that a; is the distance between masses (or the lattice parameter

in the ‘L’ phase) when no forces are applied on the chain.

4.2.4 Impact and Riemann problems

Now, we would like to simulate an impact problem using our mass-spring chain. We do
this with a mass-spring chain with N masses and N — 1 springs connecting them. We take
N = 100 and fix the left end of the chain (j = 1) and apply constant linear and angular
velocity at the right end (j = N). Hence, u} = 0,0} = 0 and u’y, = voilAt + ul;, 0y =
wot At + 99\,, where ¢ is the time-step number. We have used the same material parameter
set By = 10, Bo = 7.6 and B3 = 10 and By = 10, By = 3, B3 = 10 as in [99]. Initially, all
springs are in the ‘L’ phase. We integrate equations (4.10) for the system up to the point
that the faster sonic wave which originated at j = N hits the left end (j = 1). We observe
propagating phase boundaries for applied velocities vy, wg larger than some critical values.
We also observe sonic waves passing through the chain from right to left which travel at
constant speeds c¢; and ¢ as given in equation 3.19 and shown in figure 4.3. We have verified
that the jumps in strains (extensional and rotational) and velocities (linear and angular)
satisfy the jump conditions at each discontinuity shown in figure 4.3.

For simulating a Riemann problem we have used N 4+ 1 masses and N springs with
an initial phase boundary in the middle of the chain at mass number % where N = 200.
The equations of motion for the masses is again Langevin’s equation 4.10 and the two
boundaries are left free (zero force and moment). At t = 0 we prescribe initial conditions

such that all springs in the left half are in the ‘I’ phase, while those on the right are
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in the ‘H’ phase. Since our mass-spring system has a finite number of masses and has
two boundaries there could be four additional sonic waves which originate from the two
ends. We integrate the dynamics of the mass spring system up to the point when the
sonic waves originating at the center of the chain and those coming from the ends meet
each other. Again, we use material set By = 10, By = 7.6, B3 = 10 and B; = 10, By = 3,
Bs = 10. An example of the evolution of the system is plotted in figure 4.5. We have verified
again that all jump conditions are satisfied by the average strains and velocities obtained

from the Langevin dynamics calculations. The oscillatory strains and velocities behind

Time 1 Time 5 Time 10
6 6 6
4 4 4
L2 2 L2
L o ot
@2 @ o @2
0 0 0
0 50 100 0 50 100 0 50 100
Spring number Spring number Spring number
Time 15 Time 25 Time 30
6 6 10
Co
4 .
S
< 4 < 45 5 8\4
] [ C1 2 C1 -
[0} ® 2 Co =B =
5 5 bR E
2 0
0
0 -2 -5
0 50 100 0 50 100 0 50 100
Spring number Spring number Spring number

Figure 4.3: An example of an impact problem with phase boundary. The panels show the
evolve of different states of the system. Three discontinuities exist in this system. The sonic
wave with speed ¢; is not visible because of thermal fluctuation.

the propagating discontinuities in these simulations decay to constants (with fluctuations
around the constant value) because of the presence of the heat bath and also because it

is well-known from the continuum theory of phase transitions [7, 65] that the solutions to
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Figure 4.4: Time snapshot of local temperature of the mass spring chain at two different
time instances for impact problem. Phase boundary and sonic wave positions are indicated
on the graph.

these problems give piecewise constant strains and velocities in the x-t plane. This was true
for the sonic waves in [99], but not for phase boundaries behind which the oscillations of
the masses did not decay. In other words, some energy remained in the oscillations long
after the phase boundary had passed, indicating that there was a jump in temperature
across the phase boundary. In the calculations presented here the heat bath maintains
the temperature of the chain at a constant value (with small fluctuations), so there is no
jump in temperature across the phase boundary. We show this explicitly in figure 4.4 where
snapshots of the temperature in an impacted chain are shown at two different time instants.

Here local temperature is defined as the sum of translational and rotational kinetic energy:
m
O~ (E(v — )2+ —(w — %)) (4.23)

where m and I are mass and moment of inertia, v and w are the local average translational
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and rotational velocities and (). means ensemble average. The passage of a phase boundary
can be inferred by a spike in local temperature that quickly decays to the value set by
the heat bath. Hence, the energy that was earlier stored in oscillations behind the phase

boundary is now dissipated into the heat bath. We have verified that the jump conditions
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Figure 4.5: (a) x—t plane of a Riemann problem with a single phase boundary with ¢; >
$ > cg. (b) a—t plane of a Riemann problem in which § = —ca.

are satisfied at each discontinuity in our Langevin dynamics calculations.

4.2.5 Kinetic relation

In order to extract a kinetic relation from this type of simulations, all we need to do is
record the phase boundary velocity s and the average strains ahead and behind the phase
boundary as a function of applied boundary conditions and bath temperature. Then, we
can compute the driving force fyiving using eqn. (4.5). Then, a plot of fgriying versus §

is the kinetic relation we want. We have carried out a series of computations for Impact
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Material set al as as a4
B1=10, B, = 3, B3 =10 0.7 | -0.1 104 ]-0.3
B1=10, B, =7.6,B3 =10 | 0.75 | -0.05 | 1.1 | -0.2

Table 4.1: Table for the parameters of a1, as, ag and a4 in the kinetic relation 4.25.

problem and Riemann problem with different bath temperature and material sets. The
plots can be seen in figure 4.6. In (a) we consider three different temperatures for a material
parameter set in which we did not observe any negative dissipation in [99], while in (b) the
material parameter set led to phase boundaries with negative dissipation in [99]. Note that
no matter what material parameter set we use higher bath temperatures result in faster
phase boundary speeds at the same driving force, in agreement with [98]. To compare
results across different material sets we use a normalized phase boundary velocity $/c¢; and

normalized driving force given by:

(W1} = (DAl = (M) [Ix[]]

fnormalized = (424)

2/8C +¢°
0 _ )0
Here %\/S’C’ + g2 is the normalizing factor for the driving force, Iy = 215:1 _2§
The function used to fit the driving force is [98, 99]
©

fariving = @1(©) + a( 2 : (4.25)

G

The parameters q; and ¢o are functions of bath temperature and material set. From our
fits we have empirically deduced that g2 = a1 + az log © where a; and ao are two constants,
O is bath temperature. Similarly, g1 = a3 + a4log©® where a3 and a4 are two constants.
The form (4.25) works for all material sets and bath temperatures in our simulations. We

list the constants from our fits in table 4.1.
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Figure 4.6: (a) Kinetic relation from Riemann problems. The data for this plot was obtained
for material set By = 10, Bs = 7.6, B3 = 10. The viscosity we use is v; = vo = 0.0002.

We have plotted results with different inverse temperatures. Phase boundary velocity s is
normalized against ¢; and we plot ﬁ on the y-axis. Driving force fiiving is normalized
1

according to equation 4.24 and plotted on the z-axis. By fitting a straight line to the data
we get constants ¢; and go for each bath temperature. (b) The data for this plot was
obtained for material set By = 10, Bo = 3, B3 = 10. Again, v; = v, = 0.0002, and we have
plotted results with different inverse temperatures.

4.3 Conclusions

In this chapter we have studied the dynamics of a mass-spring chain with extensional and
rotational degrees of freedom at each mass at finite temperature. This is accomplished
by simulating the dynamics of a mass-spring chain immersed in a heat bath. The energy
landscape of the springs has multiple wells in the stretch-twist plane, as would be the case for
a rod capable of phase transitions. Similar to [98], we implemented Langevin’s dynamics
calculation both in extensional and rotational degrees of freedom. We have employed a
quasi-sympletic algorithm to integrate our equations as described in [52]. We have shown
that the kinetic relation in this circumstance still has the same form as in [98], but the
constants appearing in it are temperature dependent. When bath temperature is large
enough, we no long observe cases of negative dissipation that we had observed in an adiabatic

environment as in [99].
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Chapter 5

Phase boundaries with discontinuous stretch and twist in DNA

Single molecule mechanics experiments have given us insight into the behavior of DNA for
at least the last two decades [78]. Early experiments applied only tensile forces [76] on
the molecule but in the late 1990s magnetic tweezers were developed that allowed for the
application of both tension and torque on DNA [11]. These experiments revealed that unlike
most polymers DNA is capable of storing twist due to its double stranded nature [53]. Now,
the twist applied on a DNA molecule can be positive or negative — positive, when it is in the
same sense as the right handed double helix, and negative, when it is in the opposite sense.
When twist (positive or negative) is applied on DNA at low tensions it forms plectonemes or
super-coils [34, 40, 65]. These have been studied quite thoroughly using elastic rod theories
coupled with electrostatic and entropic effects [12, 25]. But, if torsion is applied at high
tensions (so that plectonemes are avoided) then DNA exhibits a rich variety of phase change
phenomena [22]. In different regions of the tension-torque plane different phases of DNA are
most stable. The transitions between these phases are first order phase transitions [12, 22].
Our focus in this paper is on three of those phases — B-DNA which is a right-handed helix
that is stable at tensions below 65pN, S-DNA which is almost ladder-like (with little helicity)

and stable at tensions above 65pN, and L-DNA which is a left-handed helix that is stable at
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negative torques. Single molecule equilibrium experiments at constant tension have revealed
that the transition from B-DNA to L-DNA occurs at a constant torque which is a function
of the applied tension and temperature [59, 74]. Similarly, at zero torque the transition from
B-DNA to S-DNA occurs at a constant tension of 65pN at room temperature [77]. If the
DNA is torsionally constrained the B-DNA to S-DNA transition occurs at higher tensions
[69]. It has been demonstrated by fluorescence experiments that there are one or two phase
boundaries propagating through the DNA during the B-DNA to S-DNA transition [90]. It
is possible that other phase transitions in DNA also proceed in a similar way. If we view
a long DNA molecule as one-dimensional continuum capable of storing elastic energy then
we can model the propagation of these phase boundaries using well-established techniques
in mechanics. Indeed, we have shown that such an approach can account for the force-
extension behavior of a wide variety of molecules [67]. Several other authors have also
applied similar theories of phase transitions to biological macromolecules. Fischer et al.
proposed a model similar to [67] to address the time-dependent behaviors of the whelk
egg capsule bio-polymer [33]. Benichou et al. have used a chain of bi-stable springs to gain
some key insights into the mechanical behavior of muscle protein titin [17, 18]. Mechanically
induced folding and unfolding of passive cross-linkers has been modeled by bi-stable units in
Caruela et al. [23, 24] who obtained good agreement with experimentally observed behavior
of skeletal muscles. In all these models only the force-extension behavior is studied. The
same approach has not yet been applied to torque-rotation curves.

In this paper we model DNA as a one-dimensional continuum whose stored energy
function is a function of both extension and twist, or more precisely, the stretch A and

twisting curvature k3. Since we want to allow for the existence of multiple phases of the
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DNA the stored energy function is non-convex. There are wells in the energy landscape in
the A—k3 plane that represent different phases of the DNA. Propagating boundaries between
these phases are discontinuities across which both A and k3 can jump. To the best of our
knowledge, such phase boundaries have not been deeply studied in mechanics. Propagating
discontinuities across which the uni-axial and shear strains can jump have been studied in
the context of elasto-plastic impact of bars [26, 49]. A similar framework can be applied to
our propagating phase boundaries with discontinuities in A and k3, but unlike plasticity our
deformations are fully recoverable. Also unlike impact of bars, inertia forces are negligible
in the DNA single molecule experiments that we aim to study. They are overwhelmed by
the drag forces imposed by the surrounding fluid [67]. As a result our partial differential
equations are parabolic, not hyperbolic as in elasto-plastic impact of bars.

This paper is organized as follows. First, we develop a continuum mechanical framework
for a one-dimensional continuum which can have propagating discontinuities with jumps in
stretch and twisting curvature. The main goal of this analysis is to identify the driving
force across the discontinuity. Second, we plot phase diagrams for DNA using piece-wise
quadratic energy densities. Such an energy excludes the effects of thermal fluctuations (in
bending and torsion) and is a good approximation to the stored energy function of DNA
at high tensile forces. Third, we give details of the finite difference computational method
in which phase boundaries are represented by moving nodes. Our method builds upon
previously published work [67] in which only one strain variable suffered a jump across the
phase boundary (here two variables jump across the phase boundary). Fourth and fifth, we
use our computational method to interpret equilibrium and non-equilibrium experiments

on DNA.
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Figure 5.1: Schematic of DNA undergoing a phase transition in which stretch and twisting
curvature jump across a phase boundary. Snapshots at two different times are shown.
There is a single interface located in both snapshots at different positions. To the left of
this interface the DNA is a right handed double helix (like B-DNA), while to the right it
is a left handed double helix with a different pitch (like L-DNA or Z-DNA). At the right
end the DNA is pulled at some velocity v, or a tension 77 is applied. It is also rotated at
angular velocity w. The bottom panels show the DNA represented by a 1D continuum, or a
rod. At each reference position z there are two variables — z(z, t) is the linear position and
a(z,t) is the angular deflection in the deformed configuration. If the right end is rotated at
constant angular velocity w then we expect a(L,t2) — (L, t1) = w(ta — t1). The position
of the phase boundary in the reference configuration is s(t).
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5.1 Thermomechanics of 1-D rod

In this paper we consider phase boundaries propagating in a one-dimensional continuum
in the interval 0 < x < L. Here z is the reference coordinate along the continuum (or
the center line of an elastic rod) of reference length L which represents a DNA molecule
subjected to tension and twist (see figure 5.1). We confine ourselves to large tensile forces so
that the bending deformations of the DNA can be neglected in comparison to the stretching
and twisting deformations. Hence, at each reference point we have two variables — the
deformed position z(x,t) of the rod cross-section located at = at time ¢, and a(z,t) the
angle through which that cross-section has rotated at time ¢. We require that z(z,t) and
a(z,t) be continuous at all z and ¢ so that the rod does not break. The stretch of the rod
is Az, t) = % and the twist is k3(x,t) = g—g. These quantities are allowed to jump at a
finite number of points in our continuum. If one such jump is located at x = s(t) then
let us denote x > s(t) as the 4 side, x < s(t) as the - side. For any quantity y(z,t) we
denote y(x4,t)—y(x_,t) by [|y|] and w by (y). From continuity of the deformed

material we have [|z|]] = 0 and [|a|] = 0. Differentiating these two equations with respect

to time we get the kinematic jump conditions

S[IA+ [I2[] = 0, (5.1)

5[|k3|] + [|&|] = 0. (5.2)

The equation for balance of linear momentum for a portion of the rod in the interval (x1, x2)

is
d [*2

T2
D s de =T ¢ / bdz, (5.3)
i |, .
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where p(z,t) is the mass per unit length, b(x,t) is the distributed load and T'(z,t) is the
tension in the bar[65, 67]. If we localize this equation to a discontinuity s(¢) (with x; <

s(t) < xz2) then we get the linear momentum jump condition
(71} + 3{lpv]] = 0. (5:4)

If we assume the rod is immersed in fluid such that the drag coefficient is d,, then we can
take b = —dw(%(s,t) — v) where v is the velocity of the surrounding fluid. If we localize
this away from discontinuity we get pZ = % + b. If we neglect the effect of inertia so that

p = 0, this will lead to
or d 0z

= w(a — ). (5.5)

The equation for the balance of angular momentum for a portion of the rod in the
interval (z1,x2) is

d T2 2
o pladx = / —dydx + M2, (5.6)
1 1

where [ is the polar moment of inertia of the cross-section, d, is an angular drag coefficient
and M (x,t) is the torque in the rod. If we localize this equation to a discontinuity s(t)

(with z1 < s(t) < x2) then we have
[[M]] + 3]|pI&l] = 0. (5.7)

If we localize this equation away from the discontinuity at x = s(t) then we get plad =

94



—dya + %—Ag. Once again, we will neglect inertia and set pI = 0 to get
— =d,a. (5.8)

Note that if inertia is neglected then the linear and angular momentum jump conditions
boil down to

(Tl =0,  [IM]]=0, (5.9)

which shows that there can be no jumps in force and moment at a discontinuity. Let us
multiply (5.5) by z and (5.8) by & and add them to arrive at the balance of mechanical

power for the rod in the domain (z1, z2) as

xro xr2
/ (a—Tz + 8—Moz)dx = / [dw(2 —v)% + d,0?)d. (5.10)

1 1

After accounting for the presence of the jump at x = s(t) this leads to

T2 .
i — (|T2] —/ ngda:Jer w2 (M| / M—dw _ / (o (2 — 0)2 + dy 62 da
1
(5.11)
Remembering that [|T'|] = 0 and [|[M|] = 0 this can be simplified to
T2 . T2
T3 + T3[|A]) — / Thdx + Ma|™ + Ms[|rs|] — / M#sdz =
1 x
T2
/ [dwi? — dyv? + dy|é)?)dz, (5.12)
1

95



From the balance of energy of the rod in the domain (x1,x2) we have

d T2 2 T2
— wdzr = —q|3? + T2 + Mal3? —/ dy(Z —v)Zdx —/ d.&* de, (5.13)

dt x1 1 1

where w(x,t) is the internal energy per unit length and ¢ is heat (heat flux through a

cross-section times area of cross-section). Substituting this into eqn. (5.12) we get

d To x2 To
o7 wdr = —q|7? + TS[|A|] + / TAdx — M3[|ks|] —I—/ MEKsdz. (5.14)
1 T 1

Assuming a discontinuity at x = s(t) leads to

[ =T G - Mkyde = () - TON - M) ~ ). (5.15)

Away from the discontinuity we localize this balance of energy to get

0q

) =TA+ MKz — — 5.16

w + R3 81," ( )
while at a discontinuity x = s(t) we get

$([[wl] = (DI = (M)[r3]]) = [lal]- (5.17)

From the entropy inequality we have

d [*? q

— dx > —=|%2 5.18

dt o 77 xr = (_) ’J?l? ( )

where ©(z,t) is the local temperature and n(z,t) is the entropy per unit length in the
96



reference configuration. Since we are dealing with a molecule immersed in a fluid at constant
temperature © we will assume that ©(x,t) is constant and equal to the fluid (or bath)

temperature. Localizing this equation away from the discontinuity we get
n+—=— >0. (5.19)

Now, let W = w — ©n be the Helmholtz free energy per unit reference length of the rod,

then from equation (5.16), W = TA+ Mrz — 92 — ©n. So, 7j = TA+ §Mrz — W — 190,

Substituting this into eqn. (5.19) we get

1. 1 W
TN+ = MKy — — > 2
o )\—1—@ K3 @_0, (5.20)

which can be localized to a discontinuity to get
S(IWI] = (DI = (M) [|w3]]) = 0. (5.21)

If we define driving force as fariving = [|[W/|] — (T)[|A]] = (M)[|r3|] then the above equation
says that the rate of dissipation fg,jving$ at a moving discontinuity must be non-negative.
Thus, our description of moving discontinuities in a rod with jumps in both stretch and

twist is consistent with numerous other works [1, 2, 4-7, 65, 67, 85].

5.2 Phase diagram

Our focus in this paper is on studying DNA phase transitions under combined tension and

torsion. We will confine ourselves to the high tension regime in which bending fluctuations
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B-DNA S-DNA L-DNA 7Z-DNA
A | 205pNnm? | 28.7pNnm? 36.9pNnm? 820pNnm?
C | 369pNnm? | 41pNnm? 82pNnm? 94.3pNnm?
S 1220 pN 270 pN 610 pN 3030 pN
g -84 pNnm | -122 pNnm -100 pNnm -81 pNnm
)\9- 1 1.706 1.353 1.0898
£ | Onm~' | —0.699nm~" | —0.343Tnm ! | —0.3437nm !

Table 5.1: Properties of different DNA phases from previous works. The B-DNA phase is
stable at room temperature, and zero tension and torque. Unstretched B-DNA along the
z-axis is our reference configuration with 0.34nm per base-pair.

can be safely neglected and the Helmholtz free energy function in each phase of the DNA
can be approximated as [12, 55]

S O
W = 3]0\ —AD? + gi(A = AD) (k3 — KJ) + 73(/13 — r9)?,

: ¢ (5.22)

where j denotes a phase of the DNA molecule, S; is the stretching modulus of phase j,
C; is the twisting modulus and g; is the twist-stretch coupling modulus. The constants
)\? and /1? have to do with the intrinsic stretch and twist of phase j with respect to the
B-DNA phase. Hence, for B-DNA \% =1 and KJOB = 0. Following the treatment by Marko
and Neukirch(2013) and Argudo and Purohit (2014), we can extract the properties of the
phases of DNA we consider in this paper as summarized in table 1.

For each phase of DNA we can now write the constitutive relation using stretch and

twist as the independent variables by differentiating the expression for the stored energy

density given by equation (5.22).

oW

T = 76/\3 = S]()\ — )\9) + gj(/ﬁ]g - H?), (5.23)
oW

M = 8/%3] = Cj(/ﬁ)g — H?) + gj()\ — /\9) (5.24)
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These can be rewritten with 7" and M as independent variables by solving for A and k3 in

each phase. The resulting equations are given below.

g M — C;T 0
A= ——— Y, 5.25
g]2~ — SjCj J ( )

g;T = S;M
Ky = 5——— 4+ K1, 5.26
g]2- — SjCj J ( )

It is clear that for any pair of force and moment values (T, M) the stretch A\ and twist x3
will be different depending on the phase of the DNA. We have implied here that there are
combinations (7, M) in which multiple phases of DNA can co-exist. Since it is well known
that the transitions between the phases of DNA are first order phase transitions [16, 50] we
can compute the co-existence lines on the T'— M plane using the Clapeyron equation [45].
For example, the curve for the co-existence between B-DNA and S-DNA can be computed

by solving the following differential equation.

gpM—-CpT A0 gsM—-CsT 20
8M o )\B - AS o gﬁfsBCB + B gngSCS S (5 27)
OT ~ kag — kap  9sT—=SsM , 0 _ ggT-SpM _ .0’ :
88 TISB g0 TS T g2 5,0 BB

where g5, 95,Cp,Cs,SB, Ss, )\%, )\05, /QOB and H% are the constitutive parameters for B-DNA
and S-DNA. Since this is a first order ordinary differential equation we need one constraint
to uniquely determine the co-existence curve. From experiments it is known that the B-
and S- phase coexist at T'= 54pN, M = —5pNnm [50, 96|, so our co-existence curve must
pass through this point on the 7' — M plane. We can perform a similar exercise to get the
co-existence curves for B-DNA and L-DNA as well as S-DNA and L-DNA. The resulting
phase diagram is plotted in figure 5.2.

We have plotted a second phase diagram in figure 5.2 with L-DNA replaced by Z-DNA.
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Figure 5.2: Phase diagram of DNA. (a) The three phases B-DNA, L-DNA and S-DNA are

stable in different regions of the T'— M plane. These regions are separated by co-existence

lines which are computed using the Clapeyron equation. (b) Phase diagram with Z-DNA
instead of L-DNA. Z-DNA is also a left handed phase of DNA, like L-DNA.

Z-DNA is a left handed phase of DNA that has been known since the 1970s [35]. It has
been suggested in the literature that L-DNA is not a separate phase of DNA, rather it is a
mixture of Z-DNA and another phase, perhaps S-DNA [12, 59]. We will test this possibility
in the following, so it is useful to know the co-existence curves for Z-DNA with the other

phases.

5.3 Propagating interfaces between different phases of DN A

It is now known that the B-DNA to S-DNA transition in DNA can occur in displacement
controlled experiments (with no torsional constraints) by the motion of one or two interfaces
through the length of the DNA [40]. These interfaces, or phase boundaries, are often
nucleated at the boundaries or at defects in the DNA strands and propagate as the two
ends of the DNA are pulled away from each other. For the following analysis we admit the
possibility of propagating interfaces even in DNA stretched with torsional constraints. We

will integrate the equations of motion allowing for the presence of these propagating phase
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Figure 5.3: A schematic representation of the discrezation of our continuum. The big dot
between node u and u + 1 represents a moving phase boundary. The continuum is fixed at
the left end at node j = 1. It is held at constant force 77 and rotated at angular velocity w
at the right end.

boundaries by following the ideas in Raj and Purohit [66, 67] who use a finite difference
method. We first discrete our DNA represented by a 1D continuum into N segments of
length A, so that L = NA where L is the reference length of the DNA sample. At the ;"
node there are two degrees of freedom, the deformed position z; and the deformed angle

aj. These nodes are static in the reference configuration.

Away from discontinuity, the motion of a node is governed by equations %—Agf = d,&

and % = dy 2 as inertia effects are neglected and the surrounding fluid is assumed static.

. . . . . il du (281 =28
We discretize these equations for our numerical calculation as ——2 N L G 5 L and
M;+l_M;7l dr(aft—al) . . .
2= 15— Here the superscript ¢ denotes the time instant and the subscript

j refers to the node. For example, T;+ ; denotes the force in the region between node j and
2
node j + 1 at time instant i. These equations result in the following updating scheme for

the degrees of freedom z; and «; at the nodes:

, . 1 _1 6t
= g ”2d d N (5.28)
w
o)t = ajp LIS (5.29)
T

where 0t is the length of the time-step. We assume that the linear and angular positions z§

and ozé at time instant ¢ are known for j = 1,2, ..., N +1. Then for each node the linear and
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angular positions at time instant ¢ + 1 can be computed using the above updating scheme.
This scheme does not work when a phase boundary is present between two nodes. We deal
with this case next.

To represent propagating phase boundaries we use another kind of node that moves
through the reference configuration. Across these moving nodes the stretch A and twist
k3 can be discontinuous. The motion of these nodes is governed by the kinematic jump
conditions and linear/angular momentum jump conditions. Let us assume that there is at
most one phase boundary in the sample. The node representing this phase boundary is
labeled by s. Suppose this phase boundary is between node v and node u + 1. We need
equations to update the positions of these nodes and an equation to update the position of
the phase boundary. From equation (5.4) and (5.7) we must have [|T'|] = 0 and [|[M]|] =0
across this phase boundary. This gives us two equations. Now, for convenience, let us
assume that on one side of this phase boundary we have B-DNA, and on the other side
we have S-DNA. The reference length of the segment between nodes v and u + 1 in the
B-DNA phase is Ap and that in the S-DNA phase is Ag = A — Ap. Then, continuity of
z and « gives us two more equations. If the phase transition occurs at equilibrium then
a fifth equation can be obtained by observing that the B-DNA and S-DNA phases can
co-exist only on a curve in the 7" — M plane given by (5.27). We linearize this curve at the
force prevailing between node v and u + 1 at time instant ¢ to obtain the fifth equation.
If the phase transition occurs away from equilibrium then the fifth equation comes from a
kinetic relation which shows how the phase boundary velocity § depends on the driving force
fdriving- To sum it up, for an equilibrium calculation in which phase boundary motion can

be described by the coexistence curve, the five conditions we enforce at each time instant
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are

Sp(Ap — Ap) + gp(kap — k) =
Cp(kap — Kp) + gg(Ap — Ap) =
ABAB + AgAg =

k3BAp + K3sAg =

A1ds + Askzs =

Ss(As — M%) + gs(kzs — k%),

Cs(kzs — k%) + gs(As — AY),

Zu+1 — Zu,
Q1 — Oy,
A37

(5.30)
(5.31)
(5.32)
(5.33)

(5.34)

where Ag and k3p are the stretch and twist in the B-DNA side, Ag and x3g those on the

S-DNA side, and A;, As and As are three constants that are obtained by linearizing the

co-existence curve. An example for how this linearization is performed for a transition

from B-DNA to S-DNA is described in the appendix. A similar procedure can be followed

for a B-DNA to L-DNA transition or S-DNA to L-DNA transition. To implement this

numerically, we assume that at time instant ¢ we know the linear and angular positions of

all nodes including the phase boundary. Then we get the new positions at time instant 7+ 1

as follows:

T: —T¢
St i s u—j ot
M! — M
aitl — o N U=y ot ’
" “ dy (A + AY)
Sl i T;Jr% — T ot
u+1 u+1 dyy %(A+Ag)’
Mt 4 — M!
QL iyt st ot
wtl e dy LA+ AY)

(5.35)

(5.36)

(5.37)

(5.38)

Here, M;Jr denotes the moment in the segment between nodes s and v+ 1 at time instant ¢
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and similarly for other quantities. The forces and moments T;;, Mi_ 1, etc., are obtained
2

from the stretches and curvatures at time instant i. Now the stretches and curvatures at

time instant ¢ + 1 are obtained by enforcing (5.30)-(5.34) as follows. We first solve the

matrix equation

S —Ss g —gs | [Ng' SpAY + gpkl — SsA% — ggk
g8 —gs Cp —Cs| | N 982y + CprY — gsA% — CskY
- . (5.39)
Ay AL 0 0 TS Al — i
0 AL 0 A KoL Al

for the unknowns )\gl, )\gﬂ, f@?;g and /-z?gl. Then, we compute Agl and A?l using

i+l NG bl AGHL il i+1
kap A + K5 A =ayly — oy (5.40)

5.3.1 Simulation of equilibrium phase transition

We have employed the method described above to simulate the experiment in Sheinin et al.
[74]. In this experiment a constant force T} is applied to a piece of DNA which is known to
be in the B- phase initially. A constant twist rate %—ﬂ 1, = —w is applied to one end while
the other end is held fixed. This causes the right handed B-DNA to ‘melt’ and form left

handed L-DNA. Hence the boundary conditions applied to the DNA in this experiment are

a(0,t) =0, a(L,t) = —wt, z(0,t) =0, T(L,t) =1T. (5.41)

Sheinin et al. [74] do not give the value of L in their paper, but it is easy to compute it using

the data provided in their paper for w = 0. We fit the force-extension data for T' < 65pN
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and zero twist using the worm-like-chain formula

T
<;> _q_ k8O 5 (5.42)

4Af +
where A is the bending modulus in the B-DNA phase, S is the stretching modulus and
kp® = 4.1pNnm at © = 300K. From the experiment we know (z) as a function of 7', so L
is the only fitting parameter. We find that L ~ 700nm. With the reference length of the
DNA known, we integrated our equations of motion assuming that a single phase boundary
between B-DNA and L-DNA is nucleated at x = L and moves left toward x = 0. The
resulting extension-twist curve is plotted in figure 5.4 for three different values of the force
T1. The corresponding experimental data is also plotted. We clearly capture the general
profile of the force-extension curve using our computational method. The curves for M (L, t)
as a function of «a(L,t) = —wt for each of these forces is also shown in figure 5.5 although
this was not measured in the experiment.

Even though Sheinin et al. [74] regard the ‘melted’ phase as L-DNA it is possible
that B-DNA transitions into Z-DNA in their experiments. We can use our computational
method to simulate the experiment assuming that the ‘melted’ phase is Z-DNA and not
L-DNA. The corresponding extension-twist curves are plotted in figure 5.4 together with
the experimental data. For each force 77 we can compute an error as the square of the
difference between the experimental and theoretical curves integrated over the full range of
applied twist. We find that the error is three times smaller if we assume that the melted
phase is Z-DNA. This shows that in the experiments of Sheinin et al. [74] Z-DNA could
indeed be present, as has been suggested earlier [12]. Now, because of the constant thermal

bombardment from the surrounding fluid Z-DNA can convert to S-DNA and vice-versa if
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Figure 5.4: Simulation of the DNA-melting experiment of Sheinin et al. [74] with (a) Z-
DNA, and (b) L-DNA. Initially, the DNA is in the B- phase in these experiments. It is held
at a constant tension 77 and rotated at angular velocity —w to cause the phase transition.
Although the general form of experimental curves is captured in both cases the difference
between the experimental data and our computation is smaller if we assume that B-DNA
transitions into Z-DNA.
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Figure 5.5: Prediction of torque vs. twist curves from our simulation of the experiment
in Sheinin et al. [74]. The results are shown for both (a) Z-DNA, and (b) L-DNA. Recall
that initially all the DNA is in the B- phase. The general form of the curves is captured
correctly by our computation and there is quantitative agreement with experiments.
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the free energy difference between these phases is on the order of kT or lower. This will
result in a mixture of Z-DNA and S-DNA behind the phase boundary. We can compute
the free energy per unit length of DNA under tension and torsion using a formula given by

Argudo and Purohit (1998)[12]:

1 ¢.T T2
g; M

_ 2_7
Cs; =35

— 0 .

where C' = C; — %, T is force, M is torque, g;, S; and C; are coupling, stretching and
twisting modulus in phase j and Go; is the free energy per unit length at a reference state
T = 0,M = 0 for phase j. The material properties appearing in the equation above will
be different depending on the phase of the DNA. Some of these properties are summarized
in table 1. Gg, for Z-DNA is 1.5 kg© and Ggs for S-DNA is 5 kg© per base-pair. With
this free energy density we can easily calculate the probability that one base pair (which
is [ = 0.34nm long in the reference configuration) will be in the Z-DNA phase over the

probability that it will be in the S-DNA phase at a given force and torque using[45]

Pz _ (_Z(GZ(T, ﬂi)B;)Gs(T» M))> . (5.44)

We have plotted this probability as a function of force and torque seen in the experiments
in figure 5.6. We see that the probability for Z-DNA is higher than for S-DNA. However,
P(Z)

since the ratio 6] is not much larger than 1, the phase resulting after the phase transition

is indeed a mixture of Z-DNA and S-DNA as has been suggested earlier [12].
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Figure 5.6: Ratio of probabilities that a single base pair of DNA is in the Z-DNA phase vs.
S-DNA phase on phase co-existence line between B-DNA and Z-DNA. At higher tensions

the probability of converting Z-DNA to S-DNA increases, consistent with the phase diagram
in figure 5.2.

5.3.2 Simulation of non-equilibrium phase transition

When the phase transition occurs away from equilibrium we can no longer rely on the
equation for the co-existence line to compute the position of the phase boundary. Recall
that the co-existence line is a result of integrating the Clapeyron equation which was derived
from equilibrium considerations[45]. Instead of the co-existence line, we now use a kinetic
relation to compute the position of the phase boundary. If the transition occurs not far

from equilibrium we can use a linear kinetic law, such as

$ = cfariving = (W] = (DAl = (M)[|r3]]), (5.45)

with ¢ > 0 so that the dissipation inequality is satisfied.
We have used this idea to simulate the B-DNA to Z-DNA transition in another torque
spectroscopy experiment [59]. In this experiment, a constant force is applied to the DNA

chains using a magnetic bead type assay so that it is initially stretched. There is a transducer
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segment which connects between the magnetic bead (bead A) and the ‘sequence of interest’.
At the junction between the transducer segment and the sequence of interest another bead
(bead B) is attached to report the rotations there. The paper [59] mentions that the torque
in the transducer segment is given as M; = krpOap where 0 4p is the difference in rotation
between bead A and bead B and k7 p is estimated from the fluctuations of 645 measured in
the experiments. Bead A is rotated at constant angular velocity w and its angle is denoted
as 04 while the angle of rotation of bead B is 65(L,t) where L is the length of the sequence

of interest. Hence, the boundary conditions are

a(0,8) =0,  2(0,8)=0, T(Lt)=Ti,  6a(t)=uwt. (5.46)

In Florian et al [59] 71 = 4pN. Initially, the sequence of interest is in the B-DNA phase.

From figure 1 of Florian et al [59] we see that in the beginning of the experiment the
torque increases linearly, then an abrupt jump in the torque occurs signaling the start of
the phase transition. Subsequently, the torque is not fluctuating about a constant value
but is increasing in magnitude. This is not expected in an equilibrium phase transition at
constant tension in which the torque should be also constant. Hence, there is the possibility
that the phase transition occurs out of equilibrium.

We start our simulation at a torque just below the maximum torque before the abrupt
jump occurs. A phase boundary is nucleated at x = L when a critical torque is reached.
This phase boundary propagates through the sequence of interest until it reaches x = 0. If

the phase boundary is between nodes v and u + 1 at time instant ¢, then the stretches and
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twisting curvatures at time instant ¢ + 1 near the phase boundary are computed using

Sp =Sz 9B —gz At SeAY + gpr% — SzA — g2k,
g8 —9z Cp —Cz || X/"| | 98Ab+Cprl — 92X} — Csniy
AL AL 0 0 IiéEl 25;11 Ak

0 0 A% AiZ ﬁé}l ozfjfl — afj‘l

Then, we compute AiZH =A— Agrl using

A = Al + 86t

(5.47)

(5.48)

where §' is the phase boundary velocity at time instant 4 which is determined using (5.45).

The value of ¢ is not known to us, so we fit it by trial and error until our plots for the torque

vs. twist matches the experimental data in Florian et al [59]. ¢ = 0.137pN ~tnm~1us~! gives

a good fit to the experimental data as shown in figure 5.7. In performing our numerical

simulations we also ensure that our results are independent of dt. We have plotted the

extension of the DNA molecule from our calculation. This has not been measured in the

experiments of Florian et al [59], but is easily done. From the result we see that due to linear

kinetics the extension is no longer a linear function of the twist. We have also calculated

the energy dissipated by the phase boundary as Wy = [ fariving - $dt and found that it is

56 percent of the external work done on the system. This suggests that in our calculation

the system is indeed away from equilibrium.
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Figure 5.7: (a) Simulation of the experiment in Florian et al. [59]. The experiment is
performed using a magnetic bead assay. Initially, B-DNA is stretched to 4pN and then the
bead is rotated. We have employed a linear kinetic relation (5.45) for our simulation of the
phase transition between B-DNA and Z-DNA. By trial and error we find that ¢ = 0.137
pN~tnm~!s7! gives a good fit to the experimental data. (b) The extension vs twist relation
predicted from our calculation during the phase transition process.

5.4 Conclusions

In this chapter we have studied phase boundaries in one-dimensional continua across which
both the stretch and twisting curvature can suffer jumps. Discontinuities of this type had
been used to model impact of elasto-plastic bars, but we are not aware of an attempt to use
them in the study of phase transitions. The introduction of a second strain variable (the
twisting curvature) means that we have to account for the balance of angular momentum in
our one-dimensional continuum in addition to the balance of linear momentum and energy.
The free energy is now a function of two variables (stretch and twisting curvature) and this
opens up the possibility of an ‘egg carton’ type landscape with multiple wells corresponding
to different phases on the stretch-curvature plane. The expression for the thermodynamic
driving force for phase boundaries between any two phases now has contributions from both

the stretch and twist. The speed of the propagation of the phase boundaries is determined
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as a function of the driving force by a kinetic relation. We use this kinetic relation in
a finite difference computational method for integrating the equations of motion of our
one-dimensional continuum.

We have shown in this paper that experimental results for combined tension and tor-
sion in which DNA undergoes phase transitions from B-DNA to L-DNA can be accurately
explained by the propagation of this type of phase boundaries. We have considered phase
transitions both at equilibrium and out of equilibrium. We have confirmed the plausibil-
ity of the idea that in some of the experiments B-DNA is actually converting to another
left handed phase called Z-DNA, rather than L-DNA. Even though we have confined our
attention only to DNA in this paper our framework is general enough to be extended to
other rod-like macromolecules that are capable of undergoing phase transitions, such as,

coiled-coil proteins.
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Chapter 6

Conclusion

In this thesis we have mainly studied phase transition phenomena in mass-spring chains. In
each of the problems where we integrated Newton’s second law for the mass-spring chains
we have shown analogies with problems in phase transforming continua. We have exploited
these analogies to extract kinetic relations for moving phase boundaries. Recall that in the
continuum theory of phase transitions these kinetic relations would have been supplied as
constitutive information. We have also extended the continuum theory of phase transitions
to study the phase behavior of DNA in single molecule experiments. In the following we
briefly summarize the work in this thesis and provide some pointers to future directions.
In chapter 2 we have shown how to obtain kinetic relations for moving phase bound-
aries in mass-spring chains. We demonstrated that the kinetic relations can be used to
solve continuum Riemann problems to give results that are consistent with the mass-spring
chain. We also integrated Langevin’s equation of motion for the masses to simulate an
isothermal bar immersed in a heat bath. We showed rigorously that our implementation

of the numerical integrator for Langevin’s equation passes important statistical mechanical
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tests. We demonstrated that the kinetic relation is a function of the bath temperature. We
studied a relatively simple problem, but we laid the foundation on which a majority of this
thesis is built.

In chapter 3 we have studied the dynamics of a mass-spring chain with extensional
and rotational degrees of freedom at each mass. The energy landscape of the springs
has multiple wells, as would be the case for a rod capable of phase transitions. We have
shown that the solutions of continuum Riemann and impact problems in rods capable of
twist-stretch phase transitions are analogous to the those in the numerical solutions of our
chains. In particular, we have observed discontinuities across which the twist and stretch
can jump. Discontinuities of this type had been used to model impact of elasto-plastic bars
and nano tubes [26, 56, 79], but we are not aware of an attempt to use them in the study
of phase transitions, except [9]. Our mass-spring chain has furnished a kinetic relation for
phase boundaries across which the twist and stretch can jump. Although, we obtained a
kinetic relation whose form is familiar from earlier work we found that it gave unphysical
negative dissipation for some combinations of parameters. The problem at the root of this
anomaly is that we cannot neglect the energy stored in the oscillations of the masses in the
interpretation of the dynamics of mass-spring chains. In particular, we must incorporate
temperature into the numerical solutions of these chains. We have made an attempt to
do so by defining a temperature that is proportional to the energy in the vibrations of the
masses and springs that a purely mechanical continuum theory neglects. A temperature
defined in this way jumps only across a phase boundary and not a sonic wave. This is
exactly what happens in a Mie-Gruneisen type material when it undergoes adiabatic phase

transitions. We have used this insight to extract a new kinetic relation that does not suffer
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from the problem of giving negative dissipation rates.

In chapter 4 we have studied the dynamics of a mass-spring chain with extensional and
rotational degrees of freedom at each mass at finite temperature. This is accomplished
by simulating the dynamics of a mass-spring chain immersed in a heat bath. The energy
landscape of the springs has multiple wells as in chapter 3. Similar to [98], we implemented
a Langevin dynamics calculation both in extensional and rotational degrees of freedom. We
employed a quasi-sympletic algorithm to integrate our equations as described in [52]. We
have shown that the kinetic relation in this circumstance still has the same form as in [98],
but the constants appearing in it are temperature dependent. When bath temperature is
large enough, we no longer observe cases of negative dissipation that we had observed in an
adiabatic environment as in [99].

In chapter 5 we have studied phase boundaries in one-dimensional continua across which
both the stretch and twisting curvature can suffer jumps. While in chapters 3 and 4 this type
of continuum problems were solved assuming that the inertia forces are large, in chapter
5 inertia forces are assumed negligible. Just as in chapters 3 and 4 the free energy is
now a function of two variables (stretch and twisting curvature) and this opens up the
possibility of an ‘egg carton’ type landscape with multiple wells corresponding to different
phases on the stretch-curvature plane. Hence, the expression for the thermodynamic driving
force for phase boundaries between any two phases now has contributions from both the
stretch and twist. The speed of the propagation of the phase boundaries is determined
as a function of the driving force by a kinetic relation. We use this kinetic relation in
a finite difference computational method for integrating the equations of motion of our

one-dimensional continuum. We have shown in this chapter that experimental results for
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combined tension and torsion in which DNA undergoes structural transitions from B-DNA
to L-DNA can be accurately explained by the propagation of this type of phase boundaries.
We have considered structural transitions both at equilibrium and out of equilibrium. We
have confirmed the plausibility of the idea that in some of the experiments B-DNA is actually
converting to another left handed phase called Z-DNA, rather than L-DNA. Even though
we have confined our attention only to DNA in this chapter our framework is general
enough to be extended to other rod-like macromolecules that are capable of undergoing
phase transitions, such as, coiled-coil proteins [21, 72].

Even though we have extended the Abeyaratne-Knowles theory of phase transitions
in one-dimensional continua by introducing twist as a new variable in this thesis there
are several new directions that could be explored in future work. One new direction is
to bring fluctuation theorems [28, 39] of non-equilibrium statistical mechanics to bear on
continuum problems involving phase transitions. For example, it is known that hysteresis
in loading/unloading experiments performed in a constant temperature bath is connected
to information theoretic ideas of entropy. On the other hand, we know from the continuum
theory of phase transitions that hysteresis is connected to phase boundary kinetics [7]. So,
a possible idea to explore is, “Can kinetic relations for phase boundaries in mass-spring
chains immersed in a heat bath be derived using information theoretic ideas of entropy?”
To answer this question we will have to build on the simulations of chapter 4. Another new
direction is to build on the methods of chapter 5 to study transitions of B- and S-DNA to P-
DNA [22]. P-DNA is right-handed helical form of DNA that has not been as deeply studied
as the left-handed Z- and L-DNA phases. Lastly, an important aspect of the analysis that

was ignored in chapter 5 is to see how our numerical method must be modified to deal with
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a triple point in the DNA phase diagram. Future work should address this lacuna.
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Appendix A

Appendix - Chapter 2

We assume there exists a discontinuity at reference location z = s(t) and denote = > s(t)
as the + side, x < s(t) as the - side. For any quantity f(x,t) we denote f(x4,t) — f(z_,t)
by [|f|] and %ﬂx_t) by (f). From continuity of the deformed material we have [|ul]

= 0. Differentiating this equation with respect to time we get

Sllel] + [[ol] = 0 (A1)

where v(z,t) = u = % is the particle velocity. We refer the reader to Purohit and Bhat-

tacharya (JMPS) [65] for details of the derivations given here. The equation for balance of

linear momentum for a portion of the bar in the interval (x1,x2) is:

o [*?
815/ pudr = T|32, (A.2)
Z1

where p(x,t) is the mass per unit length and T'(z,t) is the tension in the bar. If we localize

this equation to a discontinuity s(t) (with x1 < s(¢) < 22) then we get the linear momentum
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the jump condition

(TN} + sllpv]] = 0. (A.3)

From the balance of mechanical power of the bar in the domain (x1,z2) we have

0 1/” 2 dx = Tv|® /ZQT'd (A.4)
== pvTar = 1|7 — eax .
o2 J,, v

The term on the LHS is the rate of change of kinetic energy, the first term on the RHS is the
rate of work done at the boundaries, the second term on the RHS is the rate of change of
the stored elastic energy. When this is localized to a discontinuity s(t) we get the following

jump condition after using (A.1) and (A.3)
L o
[I5pv7 I+ (D){lel] = 0. (A.5)

If we denote 6(z,t) as the temperature, G(6) as the rate of heat loss per unit length from
the bar to the environment, £(x,t) as the internal energy per unit mass and ¢(z,t) as the

heat flow across cross section at x and time ¢ then the balance of energy can be written as

b To 1 To
Bt/ pe + ipv2 dr = —q|32 +Tv|3;? — / G(0)dx
1 1

By localizing this equation to the discontinuity at s(¢) we get the jump condition

$(pllel] = (T){lell) = llqll- (A.6)
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The entropy inequality (or the second law of thermodynamics) for the portion of the bar

between x; and x9 can be written as:

g [T q.z 2.G(6
(975/ pndmZ—g wf—/ é)dx (A.7)

T 1
where 7(z, t) is the entropy per unit length of the bar. By localizing this to the discontinuity
at © = s(t) we get the jump condition:

psllnl) < 1511 (A8)

If we now introduce ¢ = ¢ — 6n as the Helmholtz free energy density then (A.6) and (A.8)

can be combined to give

$(pllul] = (D)lel] + (on — 2)1161) > 0 (A.9)

This is of the form f$ > 0 where f = p[|[¢|] — (T)[|e]] + (on — $)[|0]]. We call this f as
the driving force [? ]. If we assume perfect heat conduction within the continuum, then
6 is continuous and driving force f is reduced to f = p[|v|] — (T)[|e|]. This expression
for the driving force is used in the purely mechanical version of the theory. More detailed
derivations can be found in reference [66]. Specific expressions for f for a trilinear material

will be given in the following and can also be found in [66].
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Appendix B

Appendix - Chapter 3

In this appendix we show how the coefficient Ay, Ag, A3 in (5.34) for an equilibrium phase
transition can be calculated. We will take the example of the phase transition between
B-DNA and S-DNA. When the phase transition happens in equilibrium, the force and
torque must observe the phase coexistence curve which is given by (5.27). By solving this

differential equation we get a relation between force and torque as follows:

M = 0.4375f + 5.696 — 0.66151/0.0768 f2 + 15.31f + 1047.17, (B.1)

where force f is in units of pN and torque M is in units pNnm. We can take the derivative

of the equation above to get

M . .064
oM 04375 0.0508f + 5.06

of 007682 + 15.31f + 1047.17

(B.2)

At f=65pN, %—]\Jff = (0.2655 nm so the linearized relation becomes M = 0.2655f — 15.26. We

can express force and torque in terms of stretch A and twisting curvature k3 using equation
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(5.23) (5.24) to get

(gs —0.2655S55)As + (Cs —0.2655g5 ) ki35 = Csk% 4+ gsA% —0.266552% — 0.2655g5x% — 15.26.

(B.3)
So, A; is the coefficient of Ag, As is the coefficient of k35 and Ag is the constant on the

right hand side. At f = 65pN, A; = —289.4, A, = 116.6nm and Az = —436.1.
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Appendix C

Appendix - Chapter 4

Here we give a short summary of Mie-Gruneisen type thermoelastic material with only a
translational degree of freedom. A detailed description of phase transitions in this type
of material can be found in [7]. The constitutive relations for the stress and entropy of a

two-phase Mie-Grueisen material in one dimension are given by:

S\ — pcB(0 — Or), for the ‘L’ phase,
T= (C.1)

S(A+ 1) — pcB(0 — Or), for the ‘H’ phase,

BeA + ¢(1 4 log(0/07)), for the ‘I’ phase,
n= (C2)

Be(A+ 1) + (1 +log(0/07)) — Ar /01, for the ‘H’ phase,

where S is the stretching modulus, A is stretch, p is density, 6 is temperature, ¢ is specific
heat, § is Gruneisen parameter and ~p, Ar and Op are constants. For a propagating

discontinuity in a bar made of such a material the following jump conditions must be

123



satisfied under adiabatic conditions:

[lol] + 8[IAl = 0,
(TN} + psllvl] = 0, (C.3)

(pllet]] = (TH{IA])s = 0,

where v is the particle velocity. The driving force at such a discontinuity is given by:

fdriving = —P<9>H77|] (04)

We can specialize this to a phase boundary by substituting the appropriate constitutive

relations for 7. If we assume 8 = 0 we get for a phase boundary

fdri'uing = (AT/HT + Clog(9+/97))- (C5)

If Ap (the latent heat) is also zero (since the bottom of the two wells are at the same height)
then we are left with fgiing = clog (6™ /60~) which is what we have used as the driving force

in the text.
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