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A B S T R A C T   

Polymer composites containing thermally conductive fillers show great promise in solving the overheating issue 
which is critical for electronic devices. Recent successes in developing functional polymer composites rely on the 
excellent filler property and heavy loading. Yet the intensive filler loading leads to challenges in manufacturing 
and composite properties. This study reports an alternative method for functional particle-polymer composite 
design and fabrication: instead of heavy loading, a small amount of filler composes highly concentrated multi
dimensional network functioning as active paths for heat dissipation in the polymer matrix. A novel 3D printing 
technique named acoustic field-assisted projection stereolithography realizes the fabrication of such composites. 
The local filler weight ratio in the network is > 7 times of the feedstock filler loading. With the same feedstock, 
the patterned composite exhibits >10 times higher efficiency in heat dissipation, compared to the uniform 
composite. With the same amount of fillers embedded, the patterned composite accelerates the heat dissipation 
twice than the uniform composite. Moreover, 3D filler network outperforms 2D network, showing that the higher 
network dimension is conducive to multidirectional heat transfer. With a low filler consumption while higher 
design flexibility, this new composite material design and manufacturing approach overcomes restriction caused 
by filler loading.   

1. Introduction 

Heat dissipation speed directly affects electronic device lifetime and 
reliability by proactively preventing degradation and failure caused by 
overheating. A survey from the U.S. Air Force reports that more than 
50% of electronics failures are caused by overheating [1]. 1 �C reduction 
in component operation temperature leads to 4% decrease in its failure 
rate [2]. Therefore, thermal management is a primary concern for the 
current generation of electronic devices and will become increasingly 
critical. In advanced application fields such as 3D chipsets, wearable 
devices, and flexible electronics, now more than ever there are both 
needs and opportunities for novel structures and materials to help 
address thermal challenges. 

Being thermally conductive, mechanically flexible, and electrically 
insulated, polymer composites with synergistic inclusion of thermally 
conductive fillers show promises as an emerging material for thermal 
management applications [3–10]. The conventional method of fabri
cating polymer composites is randomly distributing functional fillers in 
the polymeric matrix through mixing or milling [11]. Although several 

articles have demonstrated significant thermal property improvements 
by introducing a heavy filler loading (30–70 wt%), the heavy filler 
loading usually brings manufacturing challenges, such as clogging, dif
ficulty in mixing, agglomeration, trouble in filler embedding, and limi
tation of manipulating the filler local distributions and orientations in 
the polymer matrix. Additionally, the manufactured composites with 
heavy filler loading usually suffer from insufficient binding, mechanical 
deterioration, and thermal expansion coefficient mismatch [12–15]. The 
disordered distribution of fillers limits thermal performance enhance
ment due to the phonon scattering between isolated fillers [16]. Instead 
of uniformly distributing a massive amount of functional fillers in the 
polymer matrix, here we propose to construct composites by forming 
and embedding interconnected filler networks in the polymer matrix, 
using feedstock of a low filler loading fraction and a multi-material 
Additive Manufacturing (AM) technology. 

With the capability of locally controlling the filler alignment, 
orientation, and concentration, multi-material AM can enable higher 
design flexibility of novel composites [17–20]. Many AM processes have 
been explored to produce such filler-polymer composites, such as 
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stereolithography (SL) [21], fused deposition modeling (FDM) [22], 
direct ink writing [23], selective laser sintering (SLS) [24], ink-jet 
printing [25], and selective laser melting (SLM) [26]. Filler manipula
tion approaches including methods based on shear-flow [27], electrical 
field [28], magnetic field [19,20], and acoustic field [29–31] have been 
explored to integrate with AM for fabricating polymer composites with 
locally controlled filler distributions or orientations. 

Compared to other methods, acoustic-field-based filler manipulation 
technique has many unique advantages including full filler distribution 
control, no enforced manufacturing restriction, and no filler shape and 
property requirements [32–34]. Integration of the acoustic field with 
AM has been reported in a few studies. Llewellyn-Jones et al. utilized an 
acoustic field to align glass fibers in the polymer matrix, but experienced 
difficulties in multiple layer fabrication [29]. Yunus et al. employed the 
acoustic field to form lines of electrically conductive particles for elec
tronic applications [30]. They investigated the impact of functional 
fillers and filler concentrations on part performance. To the best 
knowledge of authors, no study has been reported on the effects of 
acoustic assemblies and filler network geometries on composite per
formance. This study is aimed to explore these effects with a focus on the 
heat dissipation performance of the 3D printed composites. 

In this work, the acoustic field assisted projection stereolithography 
(A-PSL) process is developed to fabricate polymer composites with two- 
dimensional (2D) and three-dimensional (3D) filler assembly networks. 
Impacts of the acoustic assembly and the filler network on heat dissi
pation are investigated. The rest of the paper is organized as follows: A- 
PSL process and filler patterning by A-PSL are introduced in section 2. 
Section 3 presents the design, material, and fabrication of composite 
samples. Details about the heat dissipation experiment and modeling are 
given in section 4.1. Sections 4.2 to 4.4 demonstrate experimental re
sults and discuss the thermal performances of composites with varied 
filler network geometries. Conclusions and future work are summarized 
in the end. 

2. Acoustic field assisted projection stereolithography for 
composites production 

2.1. Manufacturing process overview 

In the Acoustic Field Assisted Projection Stereolithography (A-PSL) 
process, the acoustic field assisted filler self-assembly mechanism is in
tegrated into the bottom-up projection SL setup, as illustrated in Fig. 1a. 

Key components are an imaging unit, a resin vat, several piezo elements, 
and a platform driven by the Z stage. The resin vat holds the premixed 
resin-filler suspension. The printing process starts with slicing the 3D 
Computer Aided Design (CAD) model of the object to 2D layers. Then the 
sliced layers are converted into digital mask images. Next, the piezo 
elements are actuated, as highlighted in Fig. 1b by blue color, to 
generate the acoustic field in the suspension, resulting in the formation 
of filler patterns within a few seconds (~5 s). Once the filler assembly is 
formed, the Z stage drives the platform down until forming a one-layer 
thickness gap with the bottom surface of the resin vat. The imaging unit 
exposes a digital mask to solidify the suspension selectively. The expo
sure time is determined according to the loading fraction of the fillers. 
Curing time for suspensions with varied filler loading fractions has been 
modeled and characterized in our previous study [35]. Given a certain 
layer thickness, longer curing time is used for the suspension with a 
higher filler loading fraction. The cured part grows on the platform, in a 
layer-by-layer fashion. After curing of a layer, the piezo actuation is 
turned off, and the platform moves up for the resin to refill. Then, the 
suspension is mechanically stirred to achieve random distribution. By 
repeating these steps, a 3D composite object with desired filler distri
bution patterns can be fabricated. The projection SL provides geometric 
flexibility with fast build speed. The external acoustic field controls filler 
dispersion patterns and local material compositions. 

To redistribute and assemble fillers, the acoustic field generation 
module composes of electro-piezo elements, a function generator, and 
an amplifier. The bottom surface of the resin vat is transparent. Four 
piezo plates are horizontally placed on each corner of the bottom. As the 
base of the resin vat, a transparent polyethylene terephthalate (PET) 
film is attached on the top of piezo plates. A function generator provides 
the sinusoidal signal with adjustable frequency and voltage. This signal 
is applied to the electro-piezo element after amplified. The piezo 
element actuation leads to structural deformation of the PET film, which 
subsequently induces an acoustic field in the filler-resin suspension. The 
acoustic radiation force drives fillers to the pressure nodes of the 
acoustic field to form a pattern. 

2.2. Acoustic assembly of functional fillers in A-PSL process 

In this study, one piezo plate was actuated to induce the formation of 
a parallel filler line pattern composed of the aluminum powder as 
demonstrated in Fig. 2a. The applied signal was set at a frequency of 
44 kHz with a peak-to-peak voltage of 5 V. The line width is around 
0.6 mm, and the space between lines is approximately 0.7 mm. After 
photo-curing, filler microstructures in line-pattern were locked inside 
the polymer matrix. Using 2.75 wt% suspension as feedstock, patterned 
samples with filler line embedded were prepared by A-PSL. For com
parison, uniform composites were also fabricated using the same 2.75 wt 
% feedstock. Scanning electron microscope (SEM) images were taken 
from the side view of printed samples to observe the filler distribution in 
the uniform composite and the patterned composites. Due to the low 
filler loading fraction (2.75 wt%), the uniform composite contains only a 
few randomly distributed fillers and small filler clusters, as shown in 
Fig. 2b. In contrast, the patterned composite comprises dense and 
continuous filler network within each layer, as shown in Fig. 2c and d. 

As characterized by SEM, the local filler weight ratio of the filler 
microstructure was measured to be ~20.5%, although the loading 
fraction in the feedstock is only 2.75 wt%. The height of the filler as
sembly is about 90 μm as marked in Fig. 2d. Therefore, to achieve suf
ficient interlayer filler contact, the printing layer thickness should be set 
to no larger than 90 μm. 

3. Manufacturing of composites with varied filler distribution 
patterns 

Heat diffuses slowly in the polymer matrix through Brownian mo
tions [36], while in thermally conductive fillers it diffuses quickly as a 

Fig. 1. The A-PSL setup: a. Schematics of A-PSL system; b. Schematics of the 
acoustic field assisted filler assembly. 
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wave [37]. Compared to the uniform composite in which particles are 
discretely distributed, the assembled filler line in the patterned com
posite has a significantly reduced inter-particle distance. A smaller 
inter-particle distance requires less time for phonon to diffuse [36]. 

Hence, we hypothesized that the patterned composite exhibits a higher 
heat dissipation efficiency, compared to uniform composites fabricated 
from the same feedstock, and even uniform composites which comprised 
the same amount of functional fillers, as well as patterned composites 

Figure 2. a. Photograph of parallel filler line pattern in liquid resin; SEM images of b. The uniform composite, c. The patterned composite, d. Acoustically assembled 
filler microstructure in cross-sectional view. (Filler: aluminum powder). 

Fig. 3. a. Schematics of unit layers. b. Photograph of a printed sample P-1 and its microscopic images. c. Schematics of different filler distribution patterns and the 
microscopic images of fabricated samples in side views. 
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with a lower dimension of filler network constructed by the same 
amount of functional fillers. 

To verify this hypothesis, a typical heat dissipation device, the heat 
sink with a fin width of 0.6 mm, was designed and printed using a layer 
thickness of 90 μm. The aluminum powder (Alpha Chemicals, MO, USA) 
was selected as the thermal functional filler. It is uncoated and produced 
through atomization. The particle size (D50) is 30 μm. For easy obser
vation purpose, a translucent color photopolymer resin, Spot-E Elastic 
(Sonnaya Ulitka S.L., Barcelona, Spain), was used as the base resin. 
Suspensions of the base resin and aluminum particles were prepared 
using a conditioning mixer (AR-100, Thinky, CA, USA), and were used as 
the feedstock for fabricating samples using the A-PSL setup. 

The fabrication of patterned composites using A-PSL technique 
started with filler self-assembly in an appropriate acoustic field. Next, by 
selectively aligning the projection light with the acoustically formed 
filler lines, assembled filler microstructures were embedded into desired 
areas of the heat sink. All patterned composites were printed from the 
same feedstock with a filler loading fraction of 2.75 wt%. In this study, 
five different patterned composites were designed and fabricated. Three 
types of unit layers, the layer containing continuous filler assembly, the 
layer comprised of segmented filler assembly and the layer filled with 
randomly dispersed fillers are the basic building blocks for constructing 
different patterns. The schematic drawings in Fig. 3a demonstrate these 
unit layer types. 

Sample P-1 comprises of continuous dense filler assembly in each 
layer of the fins. In Fig. 3b, the printed sample P-1 appears in gray owing 
to the inclusion of aluminum micro-particles. Moreover, a dark metallic 
color can be observed from microscopic images taken from the top view 
and side view. Sample P-2, P-3, and P-4 are composed of different filler 
distribution patterns along the printing direction achieved by combining 
two types of unit layers in various sequences as illustrated by the 
schematics and shown in the corresponding micro images of printed 
samples in Fig. 3c. For sample P-2, three layers of continuous filler as
sembly and three layers of segmented filler assembly appear in turn. 
Two layers of segmented assembly lines follow every two layers of 
continuous filler assembly in sample P-3. The layer of segmented filler 
assembly and the layer of continuous filler assembly were printed 
alternately in sample P-4. Each part was built with 15 layers of contin
uous filler assembly and 15 layers of segmented filler assembly. Sample 
P-5 was built by accumulating continues filler assembly layer and uni
form composite layer alternately. The layer thickness of the uniform 
composite was set to be 45 μm to achieve the same as-fabricated filler 
loading fraction, 15.4 wt%, as samples P-2, P-3, and P-4. 

As the comparison group, the second set of samples are parts filled 
with non-structured fillers. They were printed without utilizing the 
acoustic field. Uniform composites composed of 0 wt%, 2.75 wt%, 
15.4 wt%, and 20.5 wt% fillers were printed using pure resin feedstock, 
and filler-resin suspensions with 2.75 wt%, 15.4 wt% and 20.5 wt% filler 
loading fractions, respectively. In these uniform composite samples, the 
content of fillers in the polymer matrix was determined by the filler 
loading fraction of the feedstock. 

In this study, composites are named by Type(φfeed; φfab), where Type 
is the composite material composition, which could be uniform com
posite U, type 1 patterned composite P-1, type 2 patterned composite P- 
2, type 3 patterned composite P-3, type 4 patterned composite P-4, and 
type 5 patterned composite P-5. φfeed is defined as the filler loading 
fraction of the feedstock in weight ratio, and the as-fabricated filler 
loading fraction φfab is the weight of the filler content over the weight of 
the printed part. Details of all samples were summarized in Table 1. For 
the patterned composite sample set, φfab is much higher than φfeed 

because fillers are redistributed and assembled into highly concentrated 
networks by the acoustic radiation force. By designing different patterns 
along the printing direction or selectively employing the acoustic field 
for specific layers, varied φfab can be achieved with a fixed φfeed. On the 
contrary, φfab of uniform composite samples is strictly limited by φfeed. 

φfab of the uniform composite always equals to φfeed: Hence, different 
from patterned composites, the adjustment of φfab for uniform composite 
parts can only be realized by changing φfeed in the feedstock. 

Samples are sorted according to the dimension of the filler network 
in Table 1. In uniform composites, fillers randomly dispersed in the 
polymer matrix. Therefore, the dimension of the filler network in uni
form composites is defined as 1D, which represents no intimate 
connection between fillers. All patterned composite samples contain in- 
plane filler lines. In sample P-5(2.75, 15.4), uniform composite layer 
separates continuous filler assembly, resulting in disconnection of the 
filler network along the printing direction. This condition is defined as 
the 2D filler network. Through connecting 2D filler lines along the 
printing direction Z, substantial interlayer filler contacts are realized in 
samples P-1(2.75, 20.5), P-2(2.75, 15.4), P-3(2.75, 15.4) and P-4(2.75, 
15.4), thus forming 3D filler networks. To fully understand the effects of 
acoustic assembly and filler networks on the heat dissipation efficiency, 
these fabricated composite samples were characterized and analyzed in 
the following sections. 

4. Experiments and results 

4.1. Cooling experiment and modeling 

The cooling experiment was designed and conducted on the printed 
heat sinks to characterize the thermal performance, as illustrated in 
Fig. 4. A heat bed was set at 130 �C and used for heating heat sinks. Each 
heat sink was heated to 90 �C, and then was moved to a thermally iso
lated substrate at room temperature (25 �C). The dynamic heat transfer 
process of the heat sink was recorded and measured using a thermal 
imaging camera (FLIR Systems, Inc, OR, USA). The highest temperature 
detected on the heat sink was read from each frame. 

To determinate the flow condition, we need to estimate the Rayleigh 
number (Ra), which is defined in terms of Prandtl number (Pr) and 
Grashof number (Gr), expressed by 

Ra ¼ Pr�Gr (1)  

where, 

Gr¼ g� L3
C � βΔT

�
η2 (2)  

with g is acceleration of gravity, LC is the characteristic length (~4 mm 
for fin in our experiment), β is the air thermal expansion coefficient (1/ 
298, in K� 1), ΔT is the temperature difference between fin and the 
environment, η is the air kinetic viscosity (� 1:5� 10� 5 m2=s); 

and, 

Pr ¼ μCp
�

ka (3)  

with μ is the air dynamic viscosity (� 1:8 � 10� 5 kg=m⋅s), Cp is the 
specific heat of dry air (~1005 J/kg⋅K), ka is air thermal conductivity 
(~0.026 W. m� 1. K� 1). With Gr ¼ 562 and Pr ¼ 0:7, we get Ra ¼

Table 1 
Filler loading and distribution in printed samples.  

SAMPLE: Type(ϕfeed;

ϕfab)  
ϕfeed (WT 
%)  

ϕfab(WT 
%)  

Filler network 
dimension 

U(0, 0) 0 0 – 
U(2.75, 2.75) 2.75 2.75 1D 
U(15.4, 15.4) 15.4 15.4 1D 
U(17.5, 17.5) 17.5 17.5 1D 
U(20.5, 20.5) 20.5 20.5 1D 
P-5(2.75, 15.4) 2.75 15.4 2D 
P-4(2.75, 15.4) 2.75 15.4 3D 
P-3(2.75, 15.4) 2.75 15.4 3D 
P-2(2.75, 15.4) 2.75 15.4 3D 
P-1(2.75, 20.5) 2.75 20.5 3D  
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392≪109, so the flow is laminar. 
Under the assumption that the sample has a spatially uniform tem

perature distribution, the unsteady heat transfer can be described by the 
lumped system analysis when Biot number (Bi) is much smaller than 0.1 
[38]. Biot number Bi ¼ hLC

k is the ratio between conduction resistance 
within the fin and the convection resistance at the surface of the fin. For 
the heatsink geometry, the characteristic length LC is 0.226 mm. Biot 
number for aluminum is Bi� 2� 10� 5≪0:1, with k1 ¼ 200 (W. m� 1. 
K� 1). For polymer, Bi � 0:045 < 0:1 with k0 ~ 0.1 (W. m� 1. K� 1) is not 
much smaller than 0.1. Thus, the thermal resistance inside the fin plays a 
more important role in polymer than in aluminum. 

It can be seen from the Biot number analysis, the internal heat con
duction resistance needs to be considered, which is comparable to 
convective thermal resistance. According to the Clausius-Mossotti 
Approximation (CMA), for a two-component macroscopically isotropic 
composite medium, with one phase being small spheres (aluminum filler 
as seen in Fig. 2b as a dilute composites) of conductivity k1 ¼ 200 (W. 
m� 1. K� 1), dispersed into a host medium (polymer) of conductivity 
k0 ¼ 0.1 (W. m� 1. K� 1), the effective conductivity bk can be, bk ¼
ð1þ2ωνÞk0

1� ων . Here, ω ¼ k1 � k0
k1þ2k0

� 1, ν is the concentration of the spheres. That 
means when adding small amount of filler into polymer randomly, the 
effective thermal conductivity is very close to the thermal conductivity 
of the polymer, bk � 0:1(W. m� 1. K� 1). However, for the case in Fig. 2a, 
according to the effective medium theory (EMT) [39], considering a 2D 
two-phase material, with each phase of taking the same area, the 
effective conductivity can be estimated by geometric mean, 
bk¼

ffiffiffiffiffiffiffiffiffiffi
k0k1
p

� 4:47 (W. m� 1. K� 1). The redistributed assemble fillers can 
reach the geometric mean at low addition of filler and saved materials. 

The transient heat transfer behavior can be estimated by using the 
lumped system analysis, given by 

hAs½TðtÞ � T∞�dt¼ � ρCpVdT (4)  

where h is the heat transfer coefficient for convection from the entire 
surface, As is the surface area, T∞ is the ambient temperature, ρ is the 
density. TðtÞ denotes that temperature T is a function of time t. Let T0 be 
the initial temperature. After applying the initial condition Tð0Þ ¼ T0, 
the solution of the differential equation in Equation (4) is: 

T ¼T∞ þ ðT0 � T∞Þe
�

hAs
ρCp V t (5) 

Put θ ¼ T� T∞
T0 � T∞

, τ ¼ ρcpV
hAs

, the solution can be simplified as follows: 

θ ¼ e� t
τ (6)  

Here, τ is defined as the thermal time constant [40]. A smaller value of τ 
indicates that the part will approach the surrounding temperature in a 
shorter time. 

4.2. Effects of acoustic redistribution and assembly on composite 
performance 

As a benchmark study, a pure polymer sample U(0,0) is prepared. To 
study the effects of the acoustic redistribution and assembly of func
tional fillers on heat dissipation process, uniform composite U(2.75, 
2.75) and patterned composite P-1(2.75, 20.5) were fabricated using A- 
PSL process from the same feedstock which has a filler loading fraction 
of 2.75 wt%. All manufacturing process parameters were the same for 
the fabrication of samples U(2.75, 2.75) and P-1(2.75, 20.5), except the 
curing time and the piezo plate actuation signal. A curing time of 2 s is 
used for printing the uniform composite layer in sample U(2.75, 2.75). 
To fabricate sample P-1(2.75. 20.5), 6 s of curing time is needed for 
solidifying the particle line area, and a sinusoidal signal at 44 kHz with 
5 V peak-to-peak voltage is applied to actuate piezo plates for acoustic 
assembly. The θ was calculated according to the measured temperature, 
the initial temperature T0 at 85 �C and the ambient temperature T∞ at 
25 �C. In Fig. 5a, dimensionless temperature θ was plotted as a function 
of time t. Three replications were performed for temperature measure
ment of each sample. Three sets of markers represent the average 
measurements of samples U(0,0), U(2.75, 2.75), and P-1(2.75, 20.5), 
respectively. The error bar indicates the minimum and maximum mea
surements in replications. It is evident that the temperature of the part 
approaches to the ambient temperature exponentially, which agrees 
with the lumped thermal capacity model. 

By fitting the experimental data, the thermal time constant can be 
obtained, as listed in Table 2. It indicates that the uniform composites 
took 2.76% less time and the patterned composites took 27.89% less 
time to cool down, compared to the pure polymer. As shown both in 
Fig. 5 and Table 2, it is obvious that although a feedstock with a low 
filler loading fraction (2.75 wt%) is used, the acoustic redistribution and 
assembly process effectively increased the filler concentration in the 
fabricated composites, from the 2.75 wt% in the feedstock to 20.5 wt% 
in the fabricated composite (~8 times increase). Compared to the 
baseline set by the pure polymer sample U(0,0), the uniform composite 
U(2.75, 2.75) enhanced the heat dissipation slightly (2.75% enhance
ment only), due to the low concentration of particles. However, the 
patterned composite P-1(2.75, 20.5) which was fabricated out of the 
same feedstock, remarkably enhanced the heat dissipation (27.89% 
enhancement), due to its highly concentrated particles assembled by the 
acoustic force in the manufacturing process. Compared to pure polymer, 
the enhancement of heat dissipation efficiency in the patterned com
posite is almost 10 times of the enhancement in the uniform composite. 

4.3. Effects of multidimensional filler network on composite performance 

To highlight the impact of multidimensional filler network on com
posite thermal performance, samples U(15.4, 15.4), P-2(2.75, 15.4), P-3 
(2.75, 15.4), P-4(2.75, 15.4), and P-5(2.75, 15.4) were characterized 
and compared. They contain the same amount of fillers but have 
different particle distribution patterns in the polymer matrix. The data 

Fig. 4. Illustration of the cooling experiment.  
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collected from cooling experiments were plotted in Fig. 5b. As summa
rized in Table 2, all patterned composite samples exhibited smaller 
thermal time constants, compared to the uniform composite U(15.4, 
15.4). These differences originate from various designs of the multidi
mensional filler network in the polymer matrix. It reveals that control
ling the filler network construction can adjust the composite heat 

dissipation ability, without changing the material composition. 
Among the four patterned composite samples, the different thermal 

time constants reflect the impacts of filler network pattern on the 
composite thermal performance. In sample P-5(2.75, 15.4), a 2D filler 
network with restricted filler interlayer connection lacks continuous 
vertical heat transfer path. With 3D filler networks, sample P-4(2.75, 

Fig. 5. Heat dissipation of composite samples with: a. Different filler distributions, b. Multidimensional filler networks. Thermal time constants of composite samples 
versus: c. Feedstock filler loading fraction, and d. As-fabricated filler loading fraction. 
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15.4) achieved the smallest thermal time constant, which is ~5% less 
than the one of sample P-5(2.75, 15.4). A possible cause is that the 
acoustically assembled 3D filler networks surround the isolated pure 
polymer regions in the sample and provide active heat transfer paths in 
all dimensions. A smaller isolated region requires less time for heat to 
transfer. Consequently, samples P-2(2.75, 15.4) and P-3(2.75, 15.4) 
showed slightly larger thermal time constants, compared to the sample 
P-4(2.75, 15.4). 

4.4. Performance comparison of composites with varied particle filling 
patterns 

To analyze effects of particle concentrations and particle assembly 
patterns together, the thermal time constants of samples U(17.5, 17.5) 
and U(20.5, 20.5) were characterized as listed in Table 2, and compared 
with the previously analyzed samples. Thermal time constants of all 
samples are plotted according to the feedstock filler loading fraction in 
Fig. 5c and the as-fabricated filler loading fraction in Fig. 5d. 

As shown in Fig. 5c, the as-fabricated filler loading fraction in the 
uniform composites increases with a higher feedstock filler loading 
fraction, leading to a drop in the thermal time constant, which means a 
more efficient heat dissipation. With the same feedstock, patterned 
composites are composed of much more particles in the form of 2D or 3D 
network pattern filled in the polymer matrix, resulting in a significant 
thermal time constant reduction. To fill the same amount of functional 
particles in the polymer matrix (15.4 wt%), uniform composite U(15.4, 
15.4) was fabricated from a feedstock with a 15.4 wt% filler loading 
fraction, about 6 times higher than the 2.75 wt% feedstock filler loading 
fraction of patterned composites. However, even with the same amount 
of particles embedded in samples, four patterned composites P-5(2.75, 
15.4), P-2(2.75, 15.4), P-3(2.75, 15.4), and P-4(2.75, 15.4), displayed 
impressively higher heat dissipation efficiencies than the uniform 
composite U (15.4, 15.4). Moreover, compared with the uniform com
posite U(17.5, 17.5) which is filled with 2.1 wt% more particles, the 
patterned composite P-4(2.75, 15.4) still performs better, as illustrated 
in Fig. 5d. These comparisons verified the important effects of functional 
filler assembly on composite heat dissipation efficiency enhancement. 

Furthermore, as demonstrated in Fig. 5c and d, although the four 
patterned composites P-5(2.75, 15.4), P-2(2.75, 15.4), P-3(2.75, 15.4), 
and P-4(2.75, 15.4) were fabricated out of the same feedstock through 
the same manufacturing process, and comprise of the same amount of 
functional fillers, their heat dissipation efficiencies are different, due to 

different filler spatial distribution patterns. It is clear that the three 
patterned composites P-2(2.75, 15.4), P-3(2.75, 15.4), and P-4(2.75, 
15.4) outperform P-5(2.75, 15.4). The reason is that they possess 3D 
particle assembly networks rather than 2D network only as in the sample 
P-5(2.75, 15.4). It proved the effects of filler assembly geometry and 
dimension on the composite functionality. 

As shown in Fig. 5d, the uniform composite U(20.5, 20.5) has a 
thermal time constant closely matching with the one of P-1(2.75, 20.5), 
indicating that suspension with a super-low filler loading fraction can be 
used as feedstock to fabricate composites with the same functionality as 
the one fabricated out from the feedstock with a heavy filler loading. It 
implies that the acoustic assembly of highly concentrated continuous 
filler networks in the polymer matrix can be a promising solution to 
effective and low-cost productions of functional composites. 

5. Conclusions and future work 

This work demonstrates the fabrication and design of a novel poly
mer composite with accelerated heat dissipation. The advanced A-PSL 
manufacturing technique enables the high design flexibility in the 
fabrication of polymer composites with programmable filler spatial 
distribution patterns. The acoustic field directs dispersed fillers to move 
to specific locations and form into highly concentrated continuous filler 
networks on the printing plane. Without increasing the filler content in 
the feedstock, the local filler weight ratio is intensified about 7.5 times 
within the acoustically assembled microstructures. By controlling the 
manufacturing parameters, such as the layer thickness and the projec
tion mask, multidimensional filler networks formed. Multidirectional 
heat transfer paths provided by multidimensional filler networks 
accelerate the cooling process in the isolated polymer matrix. With the 
same feedstock or even the same amount of particles filled in the poly
mer matrix, the patterned composites are superior to the uniform 
composite with significantly higher heat dissipation efficiencies. Future 
work will be to quantify the relationship of composite functionality with 
particle pattern design parameters. 
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