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Abstract

Increasing the thermal conductivity of PDMS (polydimethylsiloxane) based microfluidics is
an important issue for the thermal management of hot spots produced by embedding
electronic circuits in such systems. This paper presents a solution for enhancing the thermal
conductivity of such PDMS based microfluidics by introducing thermally conductive alumina
(Al,0O3) nanoparticles, forming PDMS/AL,O; nanocomposites. The materials are fully
characterized for different concentrations of Al,Os; in PDMS for experiments which are
conducted at different flow rates. Our results suggest that incorporation of Al,Os nanoparticles
at 10% w/w in the PDMS based nanocomposite significantly enhances the heat conduction
from hot spots by enhancing the thermal conductivity, while maintaining the flexibility and
decreasing the specific heat capacity of the developed materials. This proof-of-concept study

offers potential for a practical solution for the cooling of future embedded electronic systems.
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Introduction

Thermal management in microfluidics is an important challenge. Polymers such as PDMS
(polydimethylsiloxane) which are commonly used for the development of microfluidics have
small thermal conductivities. As a result, they do not allow the efficient exchange of heat
between the localized hot spots and the flowing liquid or the surrounding environment. For
many applications such an inefficient heat exchange is not favorable, especially for embedded
electronic components (in the form of an integrated circuit (IC)) in microfluidics, which
produce significant hot spots that need to be cooled.

Over the past few decades, the revolution in electronics has resulted in the packing of
an extraordinary number of transistors within IC chips. Hence, the management of heat
generation and large non-uniformities in heat dissipation has emerged as major challenges'™.
Hot spots produce a non-uniform heat flux and increase the chip junction maximum
temperature, which in turn reduce the reliability and performance of the embedded electronic
devices* °. For instance, a temperature increase of 10-15 K above the defined IC chip
operating temperature can cause a two-times fall in their life time®.

Etched silicon or glass has historically been used to fabricate microfluidic devices,
using technology derived from microelectronics/photolithography’”. Silicon has a high
thermal conductivity and can be employed to manage the cooling of hot spots. However,
photolithography and etching technologies are expensive for producing high aspect ratio
structures used in cooling. Difficulties also arise in bonding or embedding any small devices
within their inelastic structures, and their sealing processes require high temperatures'®">.

PDMS is a transparent silicone elastomer which has contributed to technology
advancements in microfluidics™ '* ' ' due to its good stability over a wide range of
temperatures, chemical and electrical resistivity, as well as mechanical flexibility after
curing "> '°. Despite the advantageous properties of PDMS, it has a poor thermal conductivity

of 0.15W m™ K'", which is not an ideal material for cooling microfluidic systems.
3
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The incorporation of thermally conductive materials including carbon nanotubes, graphene
and metal oxides such as alumina (Al,O3) into PDMS have been suggested to enhance the
thermal properties of the resulting composites even at very low concentrations'®***. The
challenges of nanocompositing are relevant to obtaining homogenous distributions of the
particles within the polymer matrix, compatibility between the nanofillers and the polymer,
and assuring that the composite still holds the key properties of PDMS even after
nanocompositing. These properties include flexibility and the possibility of thermal curing.
Despite the fact that such nanocomposite materials have been used for forming conductive
flexible electrodes based on PDMS, they have never been used as the main building blocks of
microfluidics**. When used in microfluidics, a key issue which has not been fully addressed is
to investigate the thermal properties of the nanocomposites. For many applications, it is
desirable to increase the thermal conductivity as much as possible to allow cooling and
heating of the liquid and the other components of the microfluidic system as quickly and
efficiently as possible.

In this work, we introduce a method to enhance the thermal conductivity of the PDMS
matrix for a better heat exchange in microfluidic channels; by mixing it with thermally
conductive nanoparticles of Al,O3 (a multi-walled-carbon nanotube (MWCNT) composite is

also included for comparison). The obtained nanocomposites are fully characterized to reveal

their flexibility, thermal properties and nanoparticle homogeneity within the polymeric matrix.

Experimental measurements and numerical simulations are presented to fully understand the
thermal performance of microfluidic systems made from the developed nanocomposite. This
study provides a proof-of-concept, which can offer a practical solution for the cooling of

future microelectronics technologies using polymer based microfluidics.
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Experimental section

Microfluidic device

To investigate the impact of the increased thermal conductivity of the PDMS/AIO3
nanocomposite on the thermal performance of a microchip, we use a simple microfluidic
platform, as shown in Fig. 1. The microfluidic platform consists of a PDMS or PDMS/A1,04
nanocomposite which accommodates a rectangular microchannel with dimensions of
1000 pm x 260 pm (width x height) and 45 mm length that is assembled on a 100 pum thick
glass substrate. This substrate thickness is chosen to allow minimal dispersion of heat within
the glass base, so the infrared measurements become an accurate depiction of the temperature
in the microfluidic channel. A small cylindrical heater with dimensions of 5 mm x 1 mm
(diameter x height) is integrated into the PDMS or PDMS/Al,03 nanocomposites to generate

heat during the thermal measurements.

Fabrication process

The microchannel is fabricated from PDMS, and PDMS/Al,O; (and for comparison
PDMS/MWCNT) nanocomposites using soft photolithography techniques®. An SU8-3050
(Microchem, USA) layer is spin coated three times at 1000 rpm on a 3-inch diameter silicon
wafer to produce a 260 um thickness layer. The sample is then exposed to UV light source
using an MA6 mask aligner for 3 min with an interval of 1 min between each exposure, and
developed in SU-8 developer for 40 min to realize the desired patterns on the master.

The MWCNT (thermal conductivity: ~3,000 W m™ K™ #°, dimensions: 13-18 nm outer
diameter and 3-30 pum length) and Al,O; nanoparticles (thermal conductivity:
~40 Wm™ K%, average dimension < 50 nm) are purchased from Sigma-Aldrich, Australia.

In order to fabricate the PDMS/Al,O3; nanocomposite, the nanoparticles should be
thoroughly mixed with PDMS to achieve a homogeneous and uniformly distributed polymer

matrix. The procedure begins by adding the desired weight percentage of Al,O3; nanoparticles
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into the PDMS matrix and manually stirring for 10 min, followed by sonication in an
ultrasonic bath (Unisonics, Australia) for a further 20 min. The PDMS curing/crosslinking
agent (Sylgard 184, Dow Corning) is added to the mixture to form a 10:1 ratio. The sample is
stirred manually for 10 min, and then degassed for 30 min in order to remove the trapped air
bubbles using a vacuum oven. The PDMS/A1,0O3; nanocomposite is poured onto the master to
reach a height of ~2 mm and cured on a hot plate with a temperature of 70 °C for 7 min.

Next, a small heater made by winding a Eurika wire (2.2 Q/foot) around a 5 mm
diameter ceramic ring is integrated into the PDMS or PDMS nanocomposite block. The heater
is inserted 1 mm away from the side wall of the microchannel. The rest of the PDMS or
PDMS nanocomposite mixture is poured into the device to cover the heater and reach the
overall height of the PDMS or PDMS nanocomposite block to 6 mm. The device is cured for
20 min on the 70°C hot plate. The substrate is allowed to cool down for 5 min. Then, the
PDMS/AIL,0;3 block of 60 x 20 x 6 mm (length x width % height) is carefully peeled from the
master. The mixes are all thermally curable for all Al,O; nanoparticles concentrations
presented in this paper. The fabrication process is conducted in a class 1000 cleanroom.

The PDMS or PDMS nanocomposite block is integrated onto a glass slide (Menzel-
Glaser, USA) of 60 x 20 x 0.1 mm (length x width x height). The glass thickness of 100 pm
is chosen to reduce the temperature drop through the thickness of the glass such that the
temperatures measured by the infrared camera can be as close as possible to the temperature
of liquid inside the microchannel. Tygon® microtubes with an internal diameter of 400 um
are placed into the holes punched in the PDMS block to interface with the sample bottle and
the syringe pump. The fabrication process is repeated with different concentrations of
PDMS/AIl,03; nanocomposites. The process of fabricating PDMS/MWCNT nanocomposites is

very similar.
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Apparatus

Fig. 1 shows the experimental setup of the microfluidic system. A syringe pump (Harvard
PHD 2000) is used for providing the flow through the microchannel. The syringe pump is
operated in refill mode to supply a suction within the microchannel in order to prevent
leakage and generation of bubbles within the microchannel. The heater is energized via a DC
power supply (Gw Instek, GPS-X303 series, Taiwan). An infrared camera (FLIR
Systems, ThermoVision A320, Sweden) is used for measuring the temperature across the

external surface of the glass substrate, which forms the bottom surface of the microchannel.
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Fig. 1 Experimental setup for thermal measurements of a microfluidic platform with a flow of dionized water.
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Results

Homogeneity and roughness of PDMS/Al,O3; nanocomposites

Scanning electron microscope (SEM) imaging of 2 and 10% w/w PDMS/ALO;
nanocomposites (Fig. 2(a)) reveal the existence of Al,O3 nanoparticles randomly distributed
within the PDMS matrix. The roughness of the composites is investigated by atomic force
microcopy (AFM) probing. This reveals that the roughness of the nanocomposites increases to
+50 and +400 nm region values, respectively, for the 2% and 10 % w/w PDMS/ALO;
nanocomposites (Fig. 2(b)). It appears that at 10% w/w concentration, large islands of Al,O;
are formed as a result of some agglomeration of the nanoparticles, while they are much better
dispersed at 2% w/w. The homogeneity and roughness of PDMS/Al,O3; nanocomposites can
be further improved by using a shaker to mix the Al,O3 nanoparticles with PDMS matrix, as

explained in Supporting Information 1.
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Fig. 2 (a) SEM images of various concentrations of PDMS/AL,O; nanocomposites at: (i) 0, (ii) 2 and
(iii) 10% w/w. (b) AFM images taken at: (i) 0, (ii) 2 and (iii) 10% w/w PDMS/AIl,0; nanocomposites.
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Thermal conductivity and specific heat capacity of PDMS/Al,O3 nanocomposites

Fig. 3(a) shows the thermal conductivity and specific heat capacity of PDMS/Al,O3
nanocomposites in various concentrations of 0 to 10% w/w. As previously presented, the
thermal conductivity of pure PDMS is ~0.15 W m™ K while it is ~40 W m™ K™ for Al,Os.
Intuitively, by increasing the concentration of the Al,O; nanoparticles the thermal
conductivity of the nanocomposite should also increase. The thermal conductivities of pure
PDMS and PDMS/AI,O3; nanocomposites are obtained by measuring the temperature drop
along cylindrical-shaped structures insulated within in a blue plastic tube (PUN tubing,
FESTO), as detailed in Supporting Information 2. Our experiments indicate that the thermal
conductivity of PDMS/AL,O; nanocomposite increases from 0.152 W m™ K™ for that of pure
PDMS to 0.294 W m™ K for the 2% w/w nanocomposite. Mixing Al,O; nanoparticles
exceeding 5% w/w, the thermal conductivity of the nanocomposites become saturated at a
value of ~0.35 W m™" K, and can be expressed by an exponential equation presented in
Fig. 3(a). The existence of discrete islands of highly thermally conductive nanoparticles
isolated by low conductive PDMS regions that was seen by the AFM profiles (Fig 2(b))
explains the saturation of the composites’ thermal conductivity at high concentrations of
nanoparticles. Our measurements indicate that the thermal conductivity of the nanocomposite
is also affected by the size of Al,O; nanoparticles. For example, using larger AlO;
nanoparticles (with an average dimension of < 400 nm) the thermal conductive of the
nanocomposite is reduced by ~10%, as presented in Supporting Information 3.

The thermal conductivity of PDMS/MWCNT nanocomposite is also shown in Fig. S4
for comparison. A similar trend can be observed for the PDMS/MWCNT nanocomposite.
However, the superior thermal conductivity of MWCNTs (~3,000 W m’ K result in a
thermal conductivity of ~1.25 W m™ K, which is almost 4 times larger than that of
PDMS/AL,O; nanocomposite of the same concentration and still has not saturated at a

concentration of 10% w/w. Despite a better thermal performance, the health hazards posed by
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MWCNT?" ?* prohibited us from further using them in the rest of our work. Another issue
regarding nanocomposites of the MWCNT is that they become highly electrically conductive
at above ~5% w/w, which is not favorable in many microfluidic systems.

The specific heat capacity of PDMS or PDMS/AI,O3 nanocomposites is also obtained
by measuring the transient temperature drop of cubic structures and applying the lumped
capacity method, as detailed in Supporting Information 5. In contrast to the thermal
conductivity, the specific heat capacity of PDMS/Al,O; nanocomposite is seen to
exponentially decrease with an increase of Al,O3; nanoparticles (Fig. 3(a)). The heat capacity
of pure PDMS is 1.38 KJ kg K" which reduces to 1.29 KJ kg”' K™ by the incorporation of

10% w/w Al,O3 nanoparticles.

Elasticity of PDMS/Al,O; nanocomposites

Next, we measure the elasticity (E£) of pure PDMS and PDMS/AI,O; nanocomposites using a
Universal Testing Machine (UTM; WL 2100; Instron, Norwood, MA) according to the KS M
6518 test method »’, as detailed in Supporting Information 6. The average elasticity of the
specimens based on 5 times repetition is 2.47, 2.23 and 1.94 MPa for the pure PDMS, 2% and
10% w/w PDMS/AL,O3; nanocomposites, respectively (Fig. 3(b)). The elasticity of the
nanocomposite drops by increasing the Al,O3 concentration. We hypothesize that this is due
to the disruption of polymeric chains of the PDMS after the incorporation of AlLOs;

nanoparticles. To verify this, Raman spectroscopy is conducted.

Raman spectroscopy of PDMS/Al,O; nanocomposites

Raman spectroscopy is employed to identify the changes in the chemical structures of the
PDMS after the addition of Al,O3 nanoparticles. We focus a monochromatic laser beam with
a wavelength of 785 nm onto the surface of the samples and collect the Raman signals using a

PerkinElmer® RamanStation™ 400F machine, USA. The spectra are all normalized against
10
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the Raman shift peak at 2964 cm™ (CH3 asymmetric stretching), as shown in Fig. 3(c).
Compared to pure PDMS, the major peak at 2904 cm™, which corresponds to CH3 symmetric
stretching, decreases by 12% and 17% for the 2% and 10% w/w Al,O; nanocomposites,
respectively. This means that the addition of Al,O; increases the disorder of the PDMS
polymeric chains. While such an increase in disorder does not affect the asymmetric
stretching of CHs, it dampens the symmetric stretching of CH3 component, which are placed
out of phase from one another. However, Raman shift peaks between 600 to 900 cm™ are

slightly increased by adding Al,Os nanoparticles as Al,O3 has two broad peaks at 710 and
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Fig. 3 Thermal, structural and chemical characterization of pure PDMS and PDMS/ALO;
nanocomposites: (a) Thermal conductivity and specific heat capacity, (b) elasticity, and (¢) Raman spectra of
pure PDMS and PDMS/AL,O; nanocomposites. The number at the vibrational peaks represent (1) Si-O-Si
symmetric stretching (488 cm™), (2) Si-CH; symmetric rocking (688 cm™), (3) Si-C symmetric stretching
(708 cm™), (4) CH; asymmetric rocking + Si-C asymmetric stretching (788 cm™), (5) CH; symmetric rocking
(862 cm™), (6) CH; symmetric bending (1264 cm™), (7) CH; asymmetric bending (1412 cm™), (8) CH;
symmetric stretching (2904 cm™) and (9) CH; asymmetric stretching (2964 cm™). The insets show the close-up

images.
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Thermal characterization of PDMS/AlL,O3; nanocomposites

To create localized hot spots within the microfluidic system, the heater is energized with a
current of 0.7 A and a voltage of 0.4 V. Deionized water is drawn through the microchannel at
the desired flow rates using a syringe pump. The inlet temperature follows the ambient
temperature and is measured as 298 + 0.3 K during the experiments. We obtain thermal
images from the view of the 100 pum thick glass substrate using an infrared camera, as
described in our previous work™. The measurements are conducted approximately 15-20 min
after the operation of the system to ensure it has reached its steady state conditions.

Fig. 4(a-c) show the top-view of the microfluidic platforms for the cases of (i) pure
PDMS, (ii) PDMS with 2% w/w Al,O3 and (iii) PDMS with 10% w/w Al,O3 nanoparticles.
While the pure PDMS is transparent the addition of Al,O; nanoparticles makes it rather milky,
even at a low concentration of 2% w/w. Despite this, the nanocomposites are still soft and
flexible (see Fig. 2(b)). Fig. 4(d-f) repesent the obtained temperature contours at the glass
substrate for the cases (i-iii) at the flow rate of 40 pl min™.

In case (i), a hot spot with a maximum temperature of 326 K is formed at the surface
of the glass (Fig. 4(d)). The heat propagates through PDMS via conduction, as evidenced by
the symmetric distribution of temperature contours around the hot spot. However, the low
thermal conductivity of the pure PDMS (0.152 W m’ K, Fig. 2(a) leads to sharp temperature
gradients across the surface. Approaching the microchannel, the temperature contours are
stretched to the right due to convection. Similar trends can be observed for cases (ii) and (iii).
However, the increased thermal conductivity of the PDMS/Al,O; nanocomposites
(0.294 W m™ K™ for case (ii) and 0.364 W m™ K™ for case (iii)) facilitates the propagation of
heat thought the matrix, which in turn reduces the temperature of the hot spot to 322 and

318 K, respectively.

12
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To further characterize the impact of the increased thermal conductivity of the matrix,
we plot the variations of temperature along three arbitrary lines parallel to the microchannel
(Fig. 4(g-1)). This includes line 4 which lies along the middle of the hot spot, line B which lies
along the hot side wall of the microchannel and line C which lies along the cold side wall of
the microchannel. The temperature varies along these three lines with a similar trend. The
temperature at the far left of the lines (inlet of the microchannel) is the same as the ambient
temperature, and increases gradually until reaching a peak temperature along the hot spot and
then decreases towards the outlet of the microchannel. The temperature peaks observe along
these three lines can be considered as the characteristic temperatures of the system, as they
show the propagation of heat both within the PDMS matrix and the microchannel, and thus
are referred to as Thor spors Lhot watt A0d Teoiq wan for the lines 4, B and C, respectively.

In case (i), the three characteristic temperatures are measured as Thor spor = 326 K,
Thot wat = 317 K and T¢p1g wanr = 308 K. The addition of 2% w/w Al,O3 nanoparticles into the
PDMS in case (ii) reduces the temperatures along the lines 4, B and C, as evidenced by
dropping the three characteristic temperatures to Thor spor = 322 K, Thor war = 313 K and
Teoid wan = 307 K. Further increase of Al,O; concentration to 10% w/w in case (iii) leads to
further cooling of the system, and reduces the three characteristic temperatures to
Thot spor = 318 K, Thoswan = 307.5 K and Teosq wanr= 305.5 K.

It should be considered that the system operates in a steady state mode, and thus the
heat capacity change does not affect its performance. However, in a dynamic mode, the effect
of the heat capacity decrease (from 1.38 KJ kg™ K™ for pure PDMS to 1.29 KJ kg™ K for

case (iii)) should result in relatively faster temperature changes in the system.

13
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Fig. 4 Analysing the thermal performance of the microfluidic platform following the addition of AL, O;
nanoparticles. (a-c) The top-view of the microfluidic platform with 0%, 2% and 10% w/w Al,O; nanoparticles.
(d-f) Temperature contours across the bottom surface of the glass substrate for the PDMS nanocomposites with
0%, 2% and 10% w/w Al,O; nanoparticles. (g-i) Temperature variations along three arbitrary lines along the
surface of glass substrate for the PDMS nanocomposites with 0%, 2% and 10% w/w Al,O; nanoparticles. Results

are obtained when deionized water flow through the microchannel at a rate of 40 pul min™.

Numerical simulations

In addition, a comprehensive set of computational fluid dynamics (CFD) simulations are
conducted to explore the variations of temperature at different locations of the system,
including its internal cross sections, which cannot be measured using the thermal imaging
camera. The simulations are conducted at a flow rate of 40 pl min'l, and using PDMS/AL,O;
nanocomposites with different Al,O3; concentrations of 0, 2 and 10 % w/w (Fig. 5), as detailed
in Supporting Information 7.

Fig. 5(a-c) illustrate the simulated temperatures across the bottom surface of the glass
substrate, which are in line with the measured temperatures shown in Fig. 4(d-f). The results
clearly show the consistent decrease of temperature across the bottom surface following the
incorporation of Al,Os nanoparticles into the PDMS matrix, and also depict the different

configuration of temperature contours along the two sides of the microchannel due to the
14
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presence of convective heat transfer within the microchannel. Fig. 5(d-f) show the calculated
temperature contours across the external surface of PDMS/Al,O3; nanocomposites exposed to
air. The results clearly show the improved propagation of heat throughout the system by
increasing the concentration of Al,O3 nanoparticles. In Fig. 5(d) the maximum temperature of
the top and side walls is 311.2 K, however the majority of the surface experiences a
temperature of 298 K. In contrast, in Fig. 5(f) while the maximum temperature of the top and
side walls drops to 310 K the majority of the surface has a temperature of more than 300 K
and thus can exchange heat with the surrounding air by means of free convection. Similar

trends can be seen across the different cross sections of the system in Fig. 5(g-1).

a PDMS b PDMS + 2% ALO, c PDMS + 10% AL,O,
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Fig. 5 Temperature contours obtained by CFD simulations for the cases of (i) pure PDMS, (ii)
PDMS/ALO; nanocomposite with 2% w/w of AL,O; nanoparticles and (iii) PDMS/AL,O; nanocomposite
with 10% w/w AlL,O; nanoparticles. (a-¢) Temperature contours across the bottom surface of the glass
substrate, (d-f) Temperature contours across the PDMS/Al,O; nanocomposite surface, (g-i) Temperature
contours across three cross sections of the system. Resuls are obtained by setting the flow rate of deionized water

to 40 pl min™', the ambient temperature to 298 K and the natural convection coefficient to 10 W m™ K.
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Thermal performance of PDMS/Al,O3; nanocomposites under various flow rates

To further understand the thermal performance of the system at different operating conditions,
we conduct thermal measurements at different flow rates of 10, 40 and 120 pl min™ using
various PDMS/Al,0; nanocomposites with 0, 2 and 10% w/w concentrations of Al,Os
nanoparticles, which are referred to as cases (i), (ii) and (iii) (Fig. 6). Thermal images are
taken similar to those described for the case of 40 ul min™.

Fig. 6(a-c) show the temperature contours across the bottom surface of the glass
substrate at a flow rate of 10 ul min™. At such a low flow rate, the heat transfer inside the
microchannel is governed by conduction (Péclet number = 0.0018), as evidenced by the
symmetric propagation of temperature around the hot spot even after reaching the
microchannel. In case (i), a peak temperature of 327 K is measured at the hot spot, which
reduces to 323.5 K and 320 K, respectively for cases (ii) and (iii). Fig. 6(d-f) show the
temperature contours at the surface of glass substrate at a flow rate of 40 pl min™. At this flow
rate, heat transfer inside the microchannel is governed by both conduction and convection
(Péclet number = 0.0074), as evidenced by stretching of temperature contours after reaching
the microchannel. In case (i), a peak temperature of 326 K is measured at the hot spot, which
drops to 322 K and 318 K, respectively for cases (ii) and (iii). Finally, Fig. 6(g-i) show the
temperature contours at the surface of the glass substrate at a flow rate of 120 ul min™. At
such a high flow rate, heat transfer inside the microchannel is governed by convection (Péclet
number = 0.0222), as evidenced by vanishing the green temperature contours after reaching
the microchannel. In case (i) a peak temperature of 324 K is measured at the hot spot, which
reduces to 320 K and 318 K, respectively for cases (ii) and (iii).

For further comparison, Fig. 6(j) depicts the variation of temperature along a line A4
which passes through the middle of the heater. Interestingly, the microfluidic system with

10% w/w Al,O3 nanoparticle operating at a low flow rate of 10 pl min™ is 4 K colder than the

16
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system with pure PDMS at a high flow rate of 120 pl min™'. This is significant as the
incorporation of PDMS/AI1,03 nanocomposite removes the need of high flow rate for cooling
of microplatforms (see Fig. S7 for comparing the variation of temperature along arbitrary

lines B and C at different flow rates).
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Fig. 6 Temperature contours obtained across the bottom surface of the glass substrate for the PDMS

nanocomposites with 0%, 2% and 10% ww AlLO; nanoparticles at different flow rates of:
(a-¢) 10 pl min™, (d-f) 40 pl min"'and (g-i) 120 pl min™ and (j) Variation of temperatures along a line 4 (hot

spot) for all PDMS nanocomposites cases (0, 2 and 10% w/w) and flow rates (10, 40 and 120 pl min™) .
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Conclusion

In summary, we fully investigated the properties of PDMS/Al,03; nanocomposites in terms of
their structural and thermal properties. After mixing the Al,O3 nanoparticles with the PDMS
base and adding the curing agent the mixture was curable even at 10% w/w nanoparticles
concentrations. After thermal curing, the resulting nanocomposite also retained its elasticity.
Consequently, we demonstrated the thermal performance of simple microfluidic platforms,
using the developed PDMS/AI,O; nanocomposites with improved thermal conductivity. Our
measurements indicated that the addition of Al,Os; nanoparticles into the PDMS matrix
enhanced the thermal conductivity of the matrix from 0.152 W m™ K™ for the case of pure
PDMS to 0.294 and 0.364 W m’! K'l, for the cases of PDMS/Al,O3 nanocomposites with 2
and 10% w/w concentrations of nanoparticles, respectively. This improved the heat transfer
within the system and reduced the temperature of the hot spot from 326 K for the case of pure
PDMS to 322 K (4 K reduction) and 318 K (8 K reduction), for the cases of 2% and 10% w/w
Al,O3; nanocomposites, respectively, when dionised water flows through the microcahnnel at a
rate of 40 ul min™. Similar trends were observed at the flow rates of 10 and 120 pl min™. The
experimental techniques reported here should be readily applicable to other nanocomposite
materials for investigating thier thermal performance. This proof-of-concept study reveals that
nanocomposites made of highly thermally condutive nanoparticles, can contribute to
development of advanced materials with superior thermal properties for cooling of future

microelectronics.
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This work introduces a method to enhance the thermal conductivity of PDMS microfluidic
platforms through the use of PDMS/AL,O3; nanocomposites.
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