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Abstract

®
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Experiments show that high-intensity focused ultrasound (HIFU) is a promising stimulus with
multiple superior and unique capabilities to induce localized heating and achieve temporal and
spatial thermal effects in the polymers, noninvasively. When polymers are subjected to HIFU,
they heat up differently compared to the case they are subjected to heat sources directly;
however, the origins of this difference are still entirely unknown. We hypothesize that the
difference in the macroscale response of polymers subjected to HIFU strongly depends on the
polymer chains, composition, and structure, i.e. being crystalline or amorphous. In this work, this
hypothesis is investigated by molecular dynamics studies at the atomistic level and verified by
experiments at the macroscopic scale. The results show that the viscoelasticity, measured by
stress—strain phase lag, the reptation motion of the chains, and the vibration-induced local
mobility quantified by the root mean square fluctuation contribute to the observed difference in
the HIFU-induced thermal effects. This unravels the unknown mechanisms behind stimulating
the polymers by HIFU, and paves the way in front of using this method in future applications.

Keywords: high-intensity focused ultrasound (HIFU), stimuli-responsive polymers, molecular
dynamics (MD)

(Some figures may appear in colour only in the online journal)

1. Introduction

Stimuli-responsive polymers, i.e. shape memory and shape-
changing polymers, have been intensively investigated for
their applications in controlled drug delivery [1-4], sensing
and biosensing [5, 6], smart coating [7], soft robotics [8, 9]
and flexible electronics [10, 11]. The choice of an environ-
mental trigger for stimulating polymers is one of the critical
factors. Although direct heat is one of the most commonly
used triggers, it is not always practical and safe, especially for
heat-sensitive applications [12-14]. Consequently, other
forms of noninvasive actuating mechanisms such as irradia-
tion (UV, IR, and solar), magnetic field, electric current,
among others, have come to the forefront [15-23]. However,
most of these triggers significantly lower the efficiency of the
responsiveness of the polymers. As an alternative to the
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conventional stimulus type, it has been shown that the poly-
meric materials are ultrasound-stimulus-responsive, with
controlled multifunction [3, 24]. High-intensity focused
ultrasound (HIFU) is an entirely different and promising sti-
mulus due to its superior and unique capability. HIFU could
induce localized heating and achieve temporal and spatial
effects in polymers, by adjusting the geometric and chemical
properties of the polymer, ultrasound frequency, exposure
time, intensity as well as the position of ultrasound focusing,
all while being noninvasive.

HIFU transmits and focuses acoustic energy from a
transducer into a small focal volume. The sound waves are
directed to interact with polymer chains in a selected area,
heating the polymers locally, and causing a significant ther-
mal effect on the focal point, while the surrounding area is not
significantly affected. When the mechanical waves pass

© 2020 IOP Publishing Ltd  Printed in the UK
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through the polymer matrix, damping losses will occur due to
viscous shearing and relaxation. Ultrasonic waves, as a kind
of mechanical wave, can make a polymer behave in a pattern
of forced vibration, and thus exert alternative stress at every
chain of the polymer matrix. For viscoelastic polymeric
materials, change of strain lags behind that of stress, which
induces the internal friction and the energy absorption during
HIFU absorption. The energy absorption pattern has two
types, one part of the energy is dissipated and transformed
into heat, and the remaining part is stored by elastic defor-
mation of polymer chains. The ultrasonic energy converts to
heat through internal friction, which induces the temperature
rise of the polymer. This localized heating eliminates the need
to incorporate individual or responsive particles employed for
use as noninvasive triggers [25]; therefore, ultrasound can be
considered one of the most potent modalities for spatio-
temporal stimulation of polymers in an on-off switch manner.

Unlike conventional heating, it has been observed that
different polymers possess different HIFU-induced thermal
effects [26]. However, the research related to the fundamental
mechanisms behind this phenomenon, particularly at the
atomistic scale, is still limited. Liu ef al reported heating rates
and equilibrium temperatures about HIFU heated poly-
ethylene (PE), poly(methyl methacrylate) (PMMA), poly-
carbonate (PC), polystyrene (PS), Nylon-6 (PA-6) and
polypropylene (PP) [27]. They hypothesized that the variation
in thermal effects for various polymers could be attributed to
the different internal frictions between their macromolecular
chains. Bruinewoud also investigated the ultrasound-induced
thermal effects of a set of polymers, including PMMA,
polyurethane (PUR) and poly (ethylene-vinyl acetate)
(PEVA) [28]. Coralie and co-workers reported the correlation
between the particle velocity distribution and PMMA heating
rate by HIFU [29], and they concluded the particle velocity
distribution and the sample thickness determine the heating
response of the polymer. Although these experimental results
indicate that the ultrasound-induced thermal effects in poly-
mers are affected by many factors, to understand the
mechanisms completely only by experiments is extremely
challenging. This is because tracking the interaction between
the polymer and ultrasonic waves at the atomistic scale by the
experiments is very difficult. As an alternative, here, we uti-
lize computational models to explore how the HIFU triggers
thermal actuation of polymers, and how the atomistic struc-
ture of the polymer interacts with the representative mech-
anism. Molecular dynamics (MD) simulations have been used
as a unique tool for studying the mechanical and thermal
properties of polymeric materials [30-36]. The trajectory
history of every atom in the polymeric system during the
ultrasonic actuation, as well as the evolution of the chain
orientation can be recorded.

In this study, we investigate the ultrasound-induced
thermal effect at the atomistic scale by MD simulation (using
the LAMMPS package [37]). Related experiments were per-
formed to support the findings of the computational model.
We particularly focus on exploring the role of chain
arrangement and structure on the thermal effects. Low-density
polyethylene (LDPE) and high-density polyethylene (HDPE)

Heating gu

Figure 1. (a) Experimental setup of the polymer filament with a
fixed-free boundary condition exposed to harmonic acoustic pressure
at 0.5 MHz; the geometric center of the filament is located in the
focal area. (b) Heating gun setup.

Table 1. Geometric details of the modified H-104—4 A SONIC
Concepts HIFU transducer.

Outer Focal Focal
diameter Intensity focus watts width (dia.) length
64 mm 3267.56 W cm™2 3.02 mm 50 mm

are studied as a counterpart. To our best knowledge, this is the
first study on the ultrasound-induced thermal effects of
polymeric materials at the atomistic scale, which can explain
the observed thermal responses at the macroscale.

2. Methods

2.1. Experimental scenarios

Before delivering the results from MD simulations, two
experimental scenarios about actuating the polymers with
HIFU and direct heat are shown here. Firstly, in figure 1(a), a
PE filament with a dimension of 125 x 25 x 2.38 mm was
suspended at the surface of deionized water. Next, the fila-
ment was exposed to a harmonic acoustic pressure field at
0.5 MHz generated by a modified H-104—4 A SONIC Con-
cepts HIFU transducer. The transducer, actuated with 30 V
voltage at 6 W input power, was turned on in continuous
mode for 30s. The geometric details of the modified HIFU
transducer are listed in table 1. The distance between the
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Figure 2. Schematics of (a) typical ultrasound-induced heating setup, and MD simulation setup for (b) LDPE and (c) HDPE system.

transducer and the filament is 50 mm, which was adjusted by
a positioning system, to make the geometric center of the
filament located at the focal area of the transducer. The water
level in the tank was maintained, such that the bottom part of
the filament was submerged in water and the focal point of the
HIFU transducer located at the central portion of the filament.
The power of the transducer was maintained below a
threshold level (10 W) to prevent degradation of the sam-
ple [3].

A FLIR C2 thermal imaging camera was fixed to capture
thermal images focusing on the exposure area of the HIFU.
The camera has an imaging rate of around 0.25 Hz. The
duration of ultrasonic actuation is 30 continuous seconds,
with most thermal measurements reaching 40 s to make sure
the entire thermal history is captured. Data is processed with
FLIR Tools software. For the direct heat method, the sample
was suspended 80 mm above a heating gun in figure 1(b). The
exhaust temperature of the hot air was set at 180 °C, to make
the temperature rises by hot air and ultrasound comparable.

2.2. Simulation methods

In the following sections, we regard amorphous polyethylene
as LDPE and crystalline polyethylene as HDPE, shown in
figure 2. In the MD simulation, the polymeric systems were
built by a self-avoiding random-walk algorithm initially, then
equilibrated under different conditions to create an amor-
phous structure (LDPE) and a crystalline structure (HDPE)
separately. The details of the equilibration conditions are
discussed as follows.

To avoid the influence of molecular weights (chain
lengths), both systems contain 576 chains with chain length
N = 400, in a total of 230400 atoms. For LDPE, the initial

geometry is first melted by increasing the temperature from
300 to 500 K. The system is further annealed back to 300 K,
followed by an equilibration through NPT ensemble until the
density reaches the targeted value (~0.9 gcm ). To form the
HDPE structure, the system is melted at 500 K, then pre-
stretched along the z-direction. After that, the oriented melt is
suddenly quenched down to 330 K, then an NPT ensemble
runs for 60 ns at 330 K to guarantee the crystallization grows
sufficiently. Finally, the system is cooled down to 300 K and
equilibrated again.

The simulation domains (shown in figure 2), which are
periodic in x and y directions, contain HDPE and LDPE on the
substrate. Polymeric chains are rendered in different colors to
show the structure variation. We use the potential force field
that is introduced in [38, 39] for polyethylene-like materials. A
cutoff distance of 10.0 A for the Lennard-Jones interactions
and 1 fs for time step are applied for all simulations.

As mentioned early, the temperature rises for HDPE and
LDPE are similar manner by direct heat. Therefore, it is
interesting to use MD simulations to explore the reasons why
the heating rate varies when they are subjected to HIFU. In
the simulation, the substrate is vertically oscillated at multiple
frequencies to imitate the mechanical vibration caused by
ultrasonic waves. The substrate is maintained at 300 K to
physically represent the heat sink at room temperature, while
no temperature restriction is placed on the polymer system
(NVE ensemble). The velocity of the substrate in the
z-direction is vy = Aw cos(wt), where A is the amplitude and
w is the frequency. A summary of all parameters applied in
the MD simulations is listed in table 2. With regard to HIFU
specification, the amplitude and frequency here are propor-
tional to the ultrasound input power and frequency.
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Table 2. Parameters applied in the MD simulations.

Frequency (GHz) Amplitude (nm)  Duration (ns)

Case 1 8.33 0.5 1
Case 2 11.1 0.5 1
Case 3 12.5 0.5 1
Case 4 8.33 2 20

3. Results and discussion

3.1. Experimental results

The samples were exposed to the ultrasonic waves or hot air
for ~30 s. The profile of the highest temperatures at the focal
point on HDPE and LDPE samples is shown in figure 3(a).
For all cases, the initial temperatures are around room
temperature (25 °C-27 °C). Heated by hot air, the tempera-
tures for HDPE and LDPE are ramped almost linearly, with
R* = 0.9988 and 0.9997 separately. However, when the
samples are stimulated by HIFU, the temperature rises are
nonlinear and saturated after ~15 s. In the initial 5 s, the rate
of temperature increase for LDPE and HDPE are 2.2 °C - s~
and 0.88 °C - s~ ! separately, so the observed temperature rate
for LDPE is larger than HDPE by an amount of 150%. The
equilibrium temperature for LDPE, after 30s exposure to
HIFU, is ~48 °C, which is ~10 °C higher than that of HDPE.
Figures 3(b) and (c) show the induced thermal field of the
HDPE and LDPE filaments when ¢ = 25 s. In the image, the
spot in the center has the maximum temperature. This indi-
cates the thermal effect of focused ultrasound on PE materials
is highly concentrated and localized.

3.2. MD simulation

We systematically study the thermal effect of HIFU on HDPE
and LDPE across a wide range of oscillation times, amplitudes
(A) and frequencies (f). The temperature evolution with a time
duration of 1 ns for A = 0.5 nm, as well as f = 8.33, 11.1 and
12.5 GHz are shown in figures 4(a)—(c). In figure 4(d), the
substrate is oscillating for 20 ns at A = 2 nm and f = 8.33 GHz.
Upon figures 4(a)—(c), we found the frequency increase raises
the polymer temperature in general. In addition, in comparison
of figures 4(b) and (c), the heating rate for LDPE is higher than
that of HDPE, which is consistent with the experimental results.
It is also interesting to note that although the temperature rise in
figure 4(a) is almost negligible due to the relatively low fre-
quency, the accumulated thermal effect becomes considerable
when the amplitude and time scale enlarge at the same fre-
quency, which results in a prominent temperature rise as shown
in figure 4(d). The applicable HIFU frequency (~MHz) is
orders of magnitude smaller than that in the MD simulation
(~GHz), but we believe that the MD simulation here is able to
replicate the heating mechanism in a manner which is consistent
with the actual experiment. Firstly, although acoustic energy
with higher frequencies is lost more along the beam path before
reaching the target, the mechanism of the vibration-induced

heating is not dependent on that. The frequency-dependent
energy absorption efficiency of the sample is beyond the scope
of this work. Secondly, because of the limit of computational
resources, the time scale of most MD simulation is at the range
of several nanoseconds (10~ s). This is a very common pro-
blem in almost all MD simulations, but researchers show MD
simulations are able to capture the critical mechanism for
ultrasonic actuation problems [32]. Therefore, we believe our
MD results can shed light on the mechanism at the macroscale.

3.2.1. Viscoelasticity for entire polymeric system. Now the
open question is why HDPE and LDPE, with the same
chemical composition and chain length, respond differently to
the same external excitation. By using MD simulations, we are
able to provide a qualitative description of the ultrasonic
actuation mechanism in a top-to-bottom manner, in which the
microscopic picture of the HIFU-induced vibration is described
at different scales from the entire polymer system, single
polymeric chain down to single atoms. For the entire polymer
system, the heat is generated by the viscoelastic damping,
which is highly dependent on the polymer viscoelasticity. Since
viscoelasticity is frequency-dependent, the phase lag between
stress and stress curves is also related to frequency. The
dissipated energy per cycle that transferred into heat can be
given as the following energy density function:

277:1‘
sW = aoeoffo ! sinwt * cos (f — O)dr, (1)

where o is the amplitude of stress, ¢ is the amplitude of strain,
f is the frequency, 6 is the phase lag between the stress and
strain curves. Note that the energy into heat W is in direct
proportion to oy, ), and . The frequencies f are 8.33 GHz and
12.5 GHz as shown in figure 5. Figures 5(a) and (c) show the
results for HDPE while figures 5(b) and (d) represent LDPE.
The temperature difference between HDPE and LDPE at
8.33 GHz is negligible, and results in subtle phase lags
between strain curves and stress curves for both LDEP and
HDPE as seen in figure 5. When the frequency increases to
12.5 GHz, LDPE shows an apparent temperature increase.
Correspondingly, there is a significant lag between the stress
and strain curves in figure 5(d) (shown in the zoom-in plot).
Contrary to LDPE, the phase lag change for HDPE between
8.33 and 12.5 GHz becomes slightly larger (figure 5(c)).
Besides, the oscillating amplitude of stress/strain curves, at
12.5 GHz is prominently larger than that at 8.33 GHz.
Moreover, the stress/strain amplitude for LDPE is larger than
that for HDPE at the specific frequencies. Figure 6 shows the
relationship between the position of the oscillated substrate
and the stress of the polymer at 12.5 GHz, whether the stress
change can follow the substrate movement. We can find there
is a more pronounced phase delay between the substrate
position and the polymer stress curve (labeled as ) for LDPE
in figure 6(b) than that for HDPE in figure 6(a). Hereby, the
LDPE is expected to be more difficult to follow the external
vibration, such as by ultrasonic actuation, which may cause
more viscous internal friction and then generate more heat.
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Figure 3. (a) Temperature versus time for HDPE and LDPE induced by HIFU (solid lines) or heating gun (dot lines). Thermal images of
(b) HDPE and (c) LDPE filaments under ultrasound, (d) HDPE and (e) LDPE filaments under hot air when t = ~30s.
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Figure 4. Temperature versus time curve for 1 ns at frequencies of (a) 8.33 GHz, (b) 11.1 GHz, (c) 12.5 GHz, and (d) for 20 ns at a frequency
of 8.33 GHz.

3.2.2. Reptation of chains. To investigate the differences in

chains, the number of interior ‘kinks’, Z, and the
the thermal effects of the two PE systems in terms of

entanglement length N, are introduced here. Z is

quantities at the polymeric chain level, we first perform the
topological analysis on the systems by using the Z1 method
[40-43]. This method is wused for identification of
entanglement and calculation of the entanglement length.
By performing Z1 analysis, the movement of single polymer

proportional to the number of entanglements per chain, while
N, is defined as the ratio between chain length N and the
number of entanglements. For crystalline PE, Z = 4.052 and
N, = 79.136, while for amorphous PE Z = 4.806 and
N, = 68.870. When polymers react to the vibration induced
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Figure 6. Evolution of substrate movement (in blue) and stress (in
red) for (a) LDPE and (b) HDPE at the frequency of 12.5 GHz.

by ultrasonic waves, the entanglements will continuously be
created and lost due to the contour length fluctuation (CLF) of
the primitive chains. Regarding the reptation mechanism in
the tube model [44], the movements of polymeric chains will
also lead to a constraint release (CF) when polymeric chains
are crawling out of the tube. When CLF and CF happen, the
more entangled chains in amorphous PE tend to generate
more heat than the less entangled chains in crystalline PE.
The evolution of averaged chain end-to-end distance,
(Ree), and radius of gyration, (R,), for all polymeric chains in
both amorphous PE and crystalline PE systems during

actuation are reported in figure 7. From figures 7(a) and (b),
it is found the values of end-to-end distance of amorphous PE
increases while that of crystalline PE decreases. It shows that
the random polymeric coils in amorphous PE tend to extend
while the more aligned chains in crystalline PE are crimped
slightly. The evolution of radius of gyration in figures 7(c)
and (d) provides evidence to this micropicture of polymeric
chains when it is excited by the ultrasonic wave. Grouping
figures 7(a)-(d), the movements and geometric changes of
polymeric chains are more significant at a higher frequency
(12.5 GHz) that at a lower frequency. Comparing between the
amorphous PE and crystalline PE at the same frequency, the
conformational fluctuation of polymeric chains in amorphous
PE is more pronounced than crystalline PE, which is the
reason for the different ultrasound-induced thermal effects at
chain level.

3.2.3. The fluctuation of single atoms. Focusing on the
vibration of single atoms, we believe that the discrepancy in
the ultrasound-induced motion of atoms in HDPE and LDPE
causes the observed difference in their temperature change,
because the temperature is a measurement of the average
kinetic energy of the system. To examine this hypothesis, we
introduce the root mean square fluctuation (RMSF) [45-47],
of every PE monomer in the system to evaluate the vibration-
induced local mobility of HDPE and LDPE. The expression
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of RMSF takes the following format:

RMSF, = \/ LS00 = Fomean)? @)
Ti=1

Figure 8 shows that the overall RMSF value is lower when
the polymer is excited by a lower frequency external
vibration. Compared HDPE with LDPE, the flexibility of
HDPE with the crystalline structure is much less than that of
the amorphous LDPE. The chain movement inside HDPE is

less active, which may cause less friction with surrounding
chains. It means less heat will be generated due to internal
friction. Thus HDPE is less heated by focused ultrasound
compared to LDPE.

4. Conclusions

In this work, the HIFU-induced thermal effect on PE was sys-
tematically studied by experiments and MD simulations. From
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the experiments, we found the heating rate of amorphous LDPE
is remarkably larger than the crystalline HDPE under focused
ultrasound with the same acoustic power. To investigate the
mechanisms behind this phenomenon, MD simulations were
performed. In a top-down manner, the mechanisms were inves-
tigated at different conformational scales. At the entire system
level, we found the frequency-dependent viscoelasticity is the
direct factor. It was shown the amplitude of cyclic stress oy, strain
€9, and the corresponding phase lag 6, determine the ultrasound-
induced thermal effect on PE. When the polymers react to
ultrasonic waves, LDPE has a larger phase lag 6 than HDPE, and
results in a larger heating rate. With the increase of frequency, the
increases of oy and ¢, are the proximate causes of fast heating in
response to the HIFU. Second, at the molecular chain level, we
found the thermal motion of chains in LDPE is larger than HDPE
by analyzing the conformational quantities, the end-to-end dis-
tance and radius of gyration. Last, the parameter RMSF indicates
the atoms inside LDPE are more flexible than HDPE on average.
In conclusion, this study can establish a rigorous link between
molecular constitute and macroscopic mechanical properties, i.e.
between polymer chemistry and viscoelasticity, for optimal pro-
cessing, design, and application of polymers in the HIFU fields.
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