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Rapid and Controllable Digital Microfluidic Heating by

Surface Acoustic Waves

Richie J. Shilton,* Virgilio Mattoli, Marco Travagliati, Matteo Agostini, Andrea Desii,

Fabio Beltram, and Marco Cecchini*

Fast and controllable surface acoustic wave (SAW) driven digital microfluidic
temperature changes are demonstrated. Within typical operating conditions,
the direct acoustic heating effect is shown to lead to a maximum temperature
increase of about 10 °C in microliter water droplets. The importance of decou-
pling droplets from other on-chip heating sources is demonstrated. Acoustic-
heating-driven temperature changes reach a highly stable steady-state value
in =3 s, which is an order of magnitude faster than previously published. This
rise time can even be reduced to =150 ms by suitably tailoring the applied
SAW-power excitation profile. Moreover, this fast heating mechanism can
lead to significantly higher temperature changes (over 40 °C) with higher
viscosity fluids and can be of much interest for on-chip control of biological

substrate, owing to the sound-velocity
mismatch between substrate and fluid,
SAWs will radiate acoustic energy into the
fluid. This will induce a pressure wave and
drive a steady-state flow known as acoustic
streaming, the basis for the gamut of pos-
sible SAW microfluidic operations. At the
same time, however, the viscous dissipa-
tion of the acoustic energy into the fluid
can generate a heating effect.3!

This heating effect is a much-discussed
issue in SAW-driven microfluidics and
questions surrounding the problem of
fluid heating are continually arising. How

and/or chemical reactions.

1. Introduction

Surface acoustic waves (SAWs) represent a very useful platform
to successfully address a number of fluidic processes other-
wise difficult to control when fluid volumes are reduced to the
microscale.!l Examples of complex microfluidic operations that
SAWs excel at are mixing, >~ particle manipulation,%#l atomi-
zation,> droplet actuation,®'?13 fluid pumping,"*?? and
centrifugal microfluidics.?*?4 Within the wider context of dig-
ital microfluidics,*>2°) SAWs can be successfully used for fluid
manipulations in both droplet emulsions in channels,?-*I as
well as free droplets.'>1% SAWs can provide a variety of micro-
fluidic functions—often significantly more rapidly than other
methods—ultimately owing to the large momentum transfer
upon fluid-SAW interaction.*”) When SAWs propagating on a
substrate surface meet a fluid droplet or stream on the same
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much will the dissipation of the acoustic

wave into a droplet raise its temperature?

Will any temperature rise be enough to

negatively affect biological samples or
even evaporation rates? This is especially of concern in the case
of free-droplets where a systematic study of fluid-heating effects
would be desirable over the typical SAW-microfluidic opera-
tional frequency and power ranges. At the same time, it is inter-
esting to understand to which extent any microfluidic heating
effects can actually be positively exploited to enhance biological
or chemical reactions in lab-on-a-chip devices when desired.

To date, only few studies investigated SAW thermal effect
in microfluidics. The first reported characterization of SAW-
driven liquid heating effects was carried out by Kondoh et al.
in 2005 and further expanded upon in 2009.B133 In these
experiments, the authors demonstrated that the primary
source of fluid heating is, in fact, the radiated acoustic wave,
with temperature changes being strongly dependent on input
power and fluid viscosity. It was not clear, however, if droplet
heating was isolated from heating effects occurring at the
interdigital transducer (IDT). The latter can significantly heat
up the substrate—and through it the droplet on its surface—if
not properly controlled. In 2006, Beyssen et al. reported sim-
ilar results using comparable experimental conditions, further
quantifying the effect of fluid viscosity on temperature changes
and uniformity.?¥ In 2009, Kulkarni et al. showed the possi-
bility to use this heating mechanism as an energy source for
synthetic chemistry in digital microfluidic systems.**! More
recently, Roux-Marchand et al. further investigated the tem-
perature uniformity within viscous glycerol droplets and found
decreased uniformity at high SAW powers but did not dis-
cuss absolute temperature changes.*®! As a recent application
of acoustic microdroplet heating, Reboud et al. demonstrated
polymerase chain reactions (PCRs) in an oil-covered droplet.?”]
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These authors extended Hodgson et al.’s idea
of coupling a SAW substrate to a disposable
superstrate in which a lamb wave was gener-
ated®® that in turn interacted with the fluid on
the superstrate. While these studies demon-
strate the interest and potential of SAW-driven
microfluidic heating, none of them addressed
the effect of direct SAW-driven heating—
decoupled from other heating sources—over
the full range of frequencies and powers typi-
cally used for SAW microfluidics.

Here, we investigate SAW-driven heating in
digital microfluidic systems. Droplet heating
by acoustic dissipation into the fluid was care-
fully decoupled from spurious temperature
effects produced at the IDT by directing the (D)
heat flow from the IDT toward a temperature-
controlled heat sink. Droplet temperature
changes were measured over the range of
operating frequencies (O(10-1000 MHz)) and
powers typically used for SAW-driven micro-
fluidic functions,?% for full characterization.
This study demonstrates that acoustic heating
produces relatively low-temperature changes
(on the order of 10 °C or less) when working
with water in standard configurations. We
shall show fast timescales on the order of a
few seconds to reach thermal equilibrium
that are further reducible to =150 ms by suit-
able choice of the applied SAW power profile.
Finally, we shall demonstrate that by changing
the viscosity of the working fluid it is possible
to generate larger temperature changes when desired, e.g., to
drive biological or chemical reactions.

2. Materials and Methods

The SAW devices used in these experiments were fabricated
on 128° Y-cut, X-propagating lithium niobate (LN) substrates.
100 nm thick straight-finger gold IDTs were patterned onto
the LN with a 10 nm titanium adhesion layer, via optical
(50-400 MHz devices) or electron-beam (600-900 MHz devices)
lithography. The aperture of each IDT was set to 700 pm{'® and
finger thicknesses, t, (where t = A;/4 and A is the SAW wave-
length) were designed so that device nominal frequencies were
50, 100, 200, 400, 600, and 900 MHz. Two devices were fabri-
cated for each nominal frequency. Reflection coefficients were
measured for each device and the actual frequencies, f, were
found to be slightly lower than the nominal frequencies (meas-
ured frequencies were 47.9, 47.9, 97, 96.5, 188.2, 190.8, 369.1,
380.6, 554, 554, 819, and 817.4 MHz). SAW amplitudes, &, were
measured for each device against SAW power using a laser
Doppler vibrometer (UHF-120 Ultra High Frequency Vibro-
meter, Polytec, Germany); a 25-point line average was used in
front of the unloaded droplet position to account for any varia-
tion in the SAW amplitude. Other device properties were con-
stant between devices. For consistent drop positioning, and for
repressing droplet translation at high power, surface silanes

Peltier
controller

Figure 1. a) Experimental schematics, with the thermal camera mounted from above (not
shown). The setup consists of four parts: the gold-patterned LN SAW chip with hydrophilic
wells; an aluminum chip mount (with thermistor temperature sensor for Peltier controller
feedback); a Peltier cooler; and a large heat sink (aluminum breadboard). Thermal gel-gap pad
(RS components #7074764) was placed in between each layer to assist in heat transfer (not
shown). b) Operational pseudo-block-diagram. Schematics are not to scale.
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(octadecyltrichlorosilane) were patterned onto the chips at the
final stage to form 1.5 mm diameter hydrophilic wells. A sche-
matic of the SAW chip can be seen in Figure 1, and fabrication
details for similar devices can be found in ref.[*.

Figure 1b shows the experimental process employed to
characterize SAW-driven droplet heating. Water droplets of
1 pL volume were placed in the hydrophilic wells, =5 mm from
the IDT along the center of the SAW path. In order to change
droplet temperature, we applied high-frequency sine waves to
the IDTs at varying power levels using an RF generator (MXG
Analog Signal Generator N5181A, Agilent Technologies) con-
nected to an amplifier (ZHL-5W-1, MiniCircuits). The RF was
applied for 10 s, long enough for the temperature to rise and
stabilize. We measured droplet temperature changes over time
with an infrared camera (FLIR A655sc with macroscopic lens).
Each video captured temperature rise and fall, as well as a few
seconds of prebuffer data. For each frequency, we measured the
temperature change in five different droplets at five different
power levels for two different chips. For each of these videos,
we exported the time series of the average droplet tempera-
tures. The time series in each case were fit with an exponential
curve of the form T(t) = Tss(1 — et/1), where T{(#) is the tempera-
ture change over time, Tss gives the steady-state temperature
reached, and 7 is the characteristic time constant. These con-
stants were used to compare SAW-driven temperature changes
and time scales across experimental conditions. As an alterna-
tive to varying SAW power, we also varied the duty cycle using
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pulse-width modulation of SAW excitation with a 1 ms period.
In order to investigate the effect of increasing viscosity, water
droplets were replaced by glycerol-water mixtures with no
changes in the experimental procedures. Droplets were tested
with glycerol in water percentages by volume of 0%, 50%, 80%,
and 100%, giving initial dynamic viscosities (at 16 °C) of =1.1,
10, 121, and 2067 cP, respectively.*!l For mixing experiments,
mixing data were obtained by adding 10% dye in 1 pL water
microdroplets and generating mixing via SAW devices over
the frequency and power ranges considered in all experiments.
Mixing efficiency was determined by computing a normalized
mixing index over time from microscopy videos of the process,
using the equations described in ref 1.

In all experiments, SAW devices were placed atop a tempera-
ture-controlled aluminum chip carrier in order to facilitate heat
removal from the IDTs, away from the droplet (the thermal con-
ductance of aluminum is much higher than that of LN). The alu-
minum chip carrier (and therefore the SAW device) was held at
a constant temperature (16 °C) with a Peltier cooler and Peltier
control unit (Thorlabs TED350), with feedback from an attached
thermistor. When no droplets were placed on the SAW device,
the region where the droplet was to be placed was found to
remain at a constant temperature when the SAW was generated,
thus confirming the absence of spurious heating sources at this
location (Figure S1, Supporting Information). With this setup, in
contrast to previous studies, any measured droplet temperature
changes are a direct result of the SAW-fluid interaction alone.

In order to decrease the time required to bring the droplet to
its equilibrium temperature, we also explored a different SAW
power excitation profile and added a short high-power pulse
before the steady-state excitation. Glycerol droplet (1 pL) tem-
perature changes were monitored as a result of a SAW power
of 20 dBm when this was preceded by an initial power pulse of
30, 26, 24, and 22 dBm for 130 ms, 400 ms, 720 ms, and 1.4 s,
respectively. These power—time combinations were chosen in
order to reach the required steady-state temperature. The total
heating time was set to 10 s in all cases and compared with the
standard case with no initial additional power burst.

3. Results and Discussion

Figure 2 shows thermal images taken from representative SAW-
driven heating experiments with a 1 puL water droplet. In this
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case, SAW-driven heating is shown for two excitation power
values: 20 dBm and 23 dBm, both at 100 MHz resonant fre-
quency (the images are qualitatively similar to other SAW power
and frequency values; see Video in the Supporting Informa-
tion). Owing to the ultrafast mixing process that occurs when
SAWs impinge on fluid droplets,* the fluid temperature can be
seen to remain highly homogenous in the whole droplet image.
The standard deviation of the temperature over the droplet area
was measured in each case to be below 0.2 °C, significantly less
than previously seen for high-viscosity fluids and thin films.!
These images show qualitatively that for SAW-driven water-
droplet heating, steady-state temperature is reached after =3 s
and remains highly stable for longer times. Figure 3a quantita-
tively shows the time-series plots of the change in temperature
for each droplet driven by the 100 MHz SAW device at the dif-
ferent power levels studied (the highest two power time series
being represented in Figure 2). Here, we also see quantitatively
that the temperature change in each case does reach its max-
imum and steady-state temperature after =3 s, with an average
characteristic time constant, 7= 0.65 £ 0.06 s. This is signifi-
cantly faster than reported in previous studies where temper-
atures were observed to rise for up to 60 s.31733 We attribute
those longer heating times to the IDT itself, since it behaves
as an additional source of heat that can propagate through the
substrate to the droplet via conduction with a much longer time
scale than direct acoustic heating of the droplet via the SAW
itself. This effect could be observed in our experiments also, by
removing the temperature-controlled heat sink. We registered
a slower poorly controlled droplet temperature rise to a higher
value (Figure S2, Supporting Information). On the contrary,
when SAW-driven droplet heating was decoupled from spu-
rious substrate-mediated heating with the aluminum heat sink,
we found droplet temperature changes to be lower, fast, stable,
and highly reproducible. This demonstrates the often-ignored
need to manage the heat produced by the RF excitation at the
IDTs and isolate from it the microfluidic samples. In terms of
chip design, this means that the working droplet can be placed
at an arbitrary distance from the IDT itself (with considera-
tion only for the SAW decay along the substrate), since SAWs
interact with (and heat) the droplet directly.

Figure 3 also demonstrates two different methods that can
be used to control the steady-state temperature reached within
the droplets. Figure 3a shows increased change in tempera-
ture with increased input power to the SAW-device, whereas

—10°C

AT

0
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Figure 2. Thermal camera video stills of microliter droplet heating at two different input power values at 100 MHz. The color bar shows the change in
temperature with applied SAW. The dashed droplet outline is added to aid visualization, and the scale bar is 500 pm.
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Figure 3. Droplet heating can be controlled by varying the a) input power
to the device, or the b) duty cycle at constant input power (23 dBm here).
In each case, steady-state temperatures are reached after =3 s.

Figure 3b shows an alternative method of controlling the tem-
perature change by reducing the duty cycle at a set power. Both
plots show the same features, with quantitatively similar time
scales (in Figure 3b, the average characteristic time constant
7=10.56 + 0.05 s) and linearly increasing temperature changes,
and can be used interchangeably to control (or reduce) digital
microfluidic temperatures as required. A slightly higher spread
of steady-state temperature changes can be seen at the highest
power shown in Figure 3a. It is likely due to the fact that at
this power the droplet begins to atomize, which may aid in heat
transfer between the droplet and the surrounding air, in addi-
tion to slightly changing the droplet volume over time.

Water droplet temperature changes were next measured
as driven by SAW devices with nominal frequencies from 50
to 900 MHz. The input power range was set from the lower
bound, where there was a temperature change on the scale of
the thermal camera noise (£0.2 °C), to the upper bound where
the droplets began to atomize or translate out of the hydrophilic
wells. These ranges of frequency and power values cover the
typical operating range of SAW devices used in microfluidics.
Figure 4a shows the steady-state temperature change measured
for each of the experimental runs, as a function of the acoustic
intensity, I = E2@’z, (where ® = 2xf) divided by the acoustic
impedance, z = pyc,, which is a function of the substrate prop-
erties (density, p; = 4650 kg m~, and speed, ¢, = 3990 m s7},
for LN) and therefore constant in all devices.*? We see from
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Figure 4. SAW-driven droplet heating in several devices operating from
50 to 900 MHz. Droplet temperature increase is shown to be a) linear
against SAW intensity with a b) linearly decreasing gradient, m(f), with
increasing SAW frequency. For microliter water droplets the temperature
rise measured was at most =12 °C, but generally significantly less.

Figure 4a that for water droplets the temperature increase via
acoustic heating is linear at each frequency with respect to
the acoustic intensity; however, the gradient, m(f), decreases
with an inverse proportionality with frequency, as shown in
Figure 4b. Importantly, we see that in every case the total tem-
perature change for microliter water droplets is below 12 °C,
showing that by SAW-driven acoustic heating alone the tem-
perature increase is quite modest: it is not likely to have a large
effect on evaporation rates of free droplets.

Figure 5 shows the measured temperature change versus
acoustic power into the droplet. Note that the acoustic damping
length of the SAW on the substrate as it leaks into the droplet
is, for each device, much less than the droplet diameter (x, =
0.45A5 (psCs)/(pscs), where pr and ¢ are the density and speed
of the SAW in the fluid, respectively). It follows that all SAWs
impinging on the droplet will be radiated into the droplet.l3**3!
Therefore, we take the total SAW power into the droplet as
the acoustic intensity multiplied by the area, A, as the wave
propagates along the substrate surface, which is estimated as
the aperture of the SAW, 700 pm, times the depth of the SAW
below the substrate surface. This penetration depth scales
with wavelength and is approximated here as one wavelength,
As. This can explain the inverse frequency relationship shown
in Figure 4b, as the decrease in temperature change with
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Figure 5. Droplet heating across all devices is seen to be linear with SAW
power into the fluid, akin to SAW-driven mixing efficiency, M (inset).

increasing frequency can be attributed to the decreased total
area through which the wave passes. Figure 5 shows the impor-
tant result that, over the range of devices typically used for
SAW microfluidics, the heating effect is linear simply with the
SAW power impinging on the working fluid (with R? = 0.93).
This also shows that there is negligible frequency dependence
on fluid heating up to O(1 GHz); therefore, devices can be
designed to various frequency requirements with similar fluid
heating changes. This result mirrors what is seen for SAW-
driven mixing efficiency (Figure 5 inset), which over the same
range also shows a linear relationship with the SAW power.?%]
These results can be exploited for SAW device design for highly
controlled microfluidic heat and mass transport.

If temperature changes are instead desired in a microflu-
idic system, droplet heating can be significantly increased by
increasing the viscosity of the working fluid,®!l or by embed-
ding the working fluid (typically water) in high-viscosity drop-
lets.l’”] Viscosity can also be an important parameter when
working with biological reactions, as crowding of biomolecules
can lead to a higher viscosity of the working fluid. Figure 6a
shows the temperature change time series for 100% glyc-
erol droplets at varying input power for a 50 MHz device.
Figure 6b shows the measured temperature rise for varying
glycerol-water mixtures (0%, 50%, 80% and 100% glycerol by
volume, with initial dynamic viscosities of 1.1, 10, 121, and
2067 cP, respectively) against SAW power for the 50 MHz
device, and shows increased heating with increased viscosity.
These heating time series exhibited the same qualitative fea-
tures as with the water droplets in Figure 3, that is, fast tem-
perature rises and stable steady-state temperatures, albeit much
higher. In these cases of higher viscosity droplets, steady-state
temperature increases of over 40 °C were attainable, which may
be useful for reliable control of biological or chemical reac-
tions in microreactors. The characteristic time constants in the
time series shown in Figure 6a were found to slightly increase
as the power was reduced, with 7= 0.62, 0.77, 0.91, 0.98, 1.83,
and 1.55 s, ordered from the highest power to the lowest. This
probably stems from the longer mixing times found when the
SAW power is low and fluid viscosity is high,l combined with
the more localized acoustic streaming due again to the high
viscosity. It is of note that for these droplets the temperature
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Figure 6. Droplet heating by 50 MHz SAW devices of a) 100% glycerol
droplets against time at various input power values, and b) various glyc-
erol-water mixtures against SAW power into the droplets. Glycerol per-
centages were 0%, 50%, 80%, and 100% by volume, with initial dynamic
viscosities of =1.1, 10, 121, and 2067 cP, respectively.

rise is nonlinear with input power, possibly owing to the sig-
nificant change in viscosity that occurs as the glycerol mixtures
are heated. High viscosity SAW-driven heating also exhibited
higher spatial variation of temperatures across the droplets,
with temperature standard deviations qualitatively and quanti-
tatively similar to what has been previously reported (as shown
in the Video in the Supporting Information).*l This increased
inhomogeneity can be attributed to both the slower transport of
fluids as the viscosity increases, as well as the greater localiza-
tion of the SAW jet at the droplet front. The upper limiting case
here was set by the power at which droplets began to translate
out of the hydrophilic wells; so, much higher temperatures may
be reached with better-confined droplets or alternate transducer
design and/or arrangement.

For chemical and biological reactions in microfluidic devices,
it is often important to induce thermal cycling that is both fast
and highly controlled. Figure 7 shows the temperature of a 1 pL
glycerol droplet, which was cycled between typical tempera-
tures required for PCR,*4 by applying 10 s long SAW pulses at
22.7 dBm separated by 10 s intervals. We see that the tempera-
ture changes are again very rapid, as well as reproducible with
each change between the base temperature of 65.0 £ 0.1 °C and
the upper temperature of 95.8 £ 0.1 °C. Temperatures required
for alternative applications can be tailored by changing the
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Figure 7. Temperature response of a 1 pL glycerol droplet heated via
SAWs driven by a pulsed input signal (20 s period with 10 s pulse dura-
tion at 22.7 dBm) with a base substrate temperature of 65 °C.

input power (or duty cycle), as well as adding intermediate
steps. Importantly, steady-state temperatures can be reached
on the order of seconds, rather than minutes as previously
reported,}1=33 which can be critical when rapid temperature
changes are required.

It is possible to further reduce SAW-driven heating times by
applying additional short high-power pulses to the steady-state
excitation as seen in Figure 8. By adding increasingly more
intense and shorter power bursts at the start of each excitation
cycle, the temperature rise time was seen to decrease while
preserving the steady-state temperature change. Figure 8
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Figure 8. By adding an initial short higher-power burst to the steady-
state input signal (20 dBm here), the time to reach equilibrium tempera-
ture can be significantly reduced to =150 ms. The upper panel shows
the droplet temperature changes corresponding to the similarly colored
input signal from the lower panel. The inset shows the characteristic time
constants observed with the different initial input burst power tested,
with the fit shown as a dashed line. The initial burst power intensities and
durations were 30 dBm for 130 ms (+), 26 dBm for 400 ms (), 24 dBm for
720 ms (+), and 22 dBm for 1.4 s (+). (+) labels the no initial burst case.
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(upper panel) shows the temperature response to the input
signals shown in the lower panel. A very fast response time,
as short as =150 ms, to reach steady state can be seen for
the highest and shortest burst power. This corresponds to a
heating rate of up to 70 °C s7! followed by an almost instanta-
neous stabilization at the steady-state temperature. The inset
of Figure 8 shows the characteristic heating time constants
against initial excitation power and demonstrates an inverse
relationship (R? = 0.95) with a minimum of 7 = 113 ms in
the highest power case—an order of magnitude decrease in
heating time. In this case, a temperature fluctuation can be
seen at the initial times. We believe that this is a result of
the ultrafast heating mechanism being faster than the tem-
perature homogenization time throughout the droplet. The
slightly faster cooling rate at increasing burst powers may be
due to the fact that the high power bursts caused the drop-
lets to spread slightly, leading to a greater surface area for heat
transfer when the SAW is switched off. In any case, we wish
to underline that not only the steady-state temperature can
be changed but also even the heating rates can be tuned by
varying the SAW-power profile. This is a valuable additional
control that can be of use for controlling lab-on-a-chip chem-
ical and/or biological reactions.

4, Conclusion

We studied SAW-driven direct microfluidic droplet heating
over the range of frequency (50-900 MHz) and power (up
to 25 dBm) typically used in SAW-microfluidic processes in
lab-on-a-chip devices. These experiments carefully isolated the
acoustic heating effects within the fluid from other heating
effects by setting the SAW devices atop a temperature-con-
trolled heat sink. Temperature changes in microliter water
droplets did not exceed 12 °C, but much higher temperature
changes were accessed by varying fluid viscosities. SAW-driven
droplet temperature changes were found to reach steady state
in =3 s—further reducible by an order of magnitude to 150 ms
by modifying the SAW-excitation profile. This can be exploited
for fast and highly stable control of chemical and biological
reactions, and performed with complementary SAW-driven pro-
cesses such as on-chip mixing, droplet translation, and particle
separation for integrated devices.
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