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Anisotropic and Heterogeneous Thermal Conductivity in
Programmed Liquid Metal Composites Through Direct Ink
Writing

Ohnyoung Hur, Eric J. Markvicka,* and Michael D. Bartlett*

Thermal management in electric vehicles, electronics, and robotics requires
the systematic ability to dissipate and direct the flow of heat. Thermally
conductive soft composites are promising for thermal management due to
their high thermal conductivity and mechanical flexibility. However,
composites typically have the same microstructure throughout a film, which
limits directional and spatial control of thermal management in emerging
systems that have distributed heat loads. Herein, directional and spatially
tunable thermal properties are programmed into liquid metal (LM) soft
composites through a direct ink writing (DIW) process. Through the local
control of LM droplet aspect ratio and orientation this programmable LM
microstructure has a thermal conductivity in the direction of LM elongation of
9.9 W m−1·K−1, which is ∼40 times higher than the unfilled elastomer (0.24 W
m−1·K−1). The DIW process enables LM droplets to be oriented in specific
directions with tunable aspect ratios at different locations throughout a
continuous film. This introduces anisotropic and heterogeneous thermal
conductivity in compliant films to control the direction and magnitude of heat
transfer. This methodology and resulting materials can provide designed
thermal management solutions for rigid and soft devices.

1. Introduction

Thermal management in electric vehicles, robotics, and soft elec-
tronics is critical, especially with the increasing incorporation
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of artificial intelligence into these
systems.[1–3] To address this challenge,
the need for efficient spatial and directional
thermal management has become increas-
ingly important.[4,5] Thermal interface
materials, which are typically composed
of a compliant polymer matrix with ther-
mally conductive rigid inclusions, play a
critical role in heat transfer.[6,7] However,
the random dispersion of inclusions of-
ten results in isotropic behavior.[8,9] One
approach to achieve directional thermal
control in these soft composites is through
controlled microstructures with unidirec-
tionally aligned inclusions.[10,11] This has
been achieved through mechanical,[12,13]

magnetic,[14,15] and chemical[16] alignment
of solid particles. While these approaches
improve anisotropic thermal conduc-
tivity, incorporating solid particles into
a polymer matrix often reduces flexi-
bility, which is important for thermal
management.[17] Additionally, this method
only provides unidirectional heat control,
limiting its ability to manage heat spatially.

Gallium-based liquid metal (LM) has recently been adopted
as a thermally conductive inclusion due to its high ther-
mal conductivity and mechanical flexibility.[18–23] In addition to
these properties, LM shows multifunctional properties such as
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reconfigurability,[24] low viscosity,[25] and low toxicity.[26] These
unique attributes have led to the integration of LM soft compos-
ites (LMSCs) in various fields, including soft electronics,[27–33]

soft robotics,[34–36] stretchable sensors,[37–42] and thermal man-
agement applications.[43–45] To fabricate LMSCs, high-shear mix-
ing is a common method for dispersing LMs within elas-
tomers, which results in randomly distributed spherical LM par-
ticles and therefore requires additional process steps to pro-
gram microstructure.[43,46,47] LM droplets can be processed into
elongated microstructrues for enhanced thermal conductivity
through techniques such as mechanical deformation,[20,48] mag-
netic alignment,[49–51] or annealing processes.[43,52] However,
these approaches require external forces or pre-/post-treatment
during or after curing the LM composite to achieve stable mi-
crostructures, resulting in uniform (i.e., homogeneous) struc-
tures throughout the film, which limits multidirectional heat dis-
sipation control. Alternatively, material extrusion additive man-
ufacturing techniques can program material properties on de-
mand during the printing process.[53–58] For example, direct ink
writing (DIW) has been used to create LM microstructures with
spherical to elongated inclusions throughout a film without pre-
/post-processing or external forces.[42,59–61] By tuning material
and printing parameters, this fabrication methodology offers the
opportunity for advanced thermal management where properties
like thermal conductivity can be programmed during the print-
ing process.

Here, LMSC films with local control of LM microstructure in-
cluding droplet aspect ratio, orientation, and direction are created
through a DIW process for spatially tunable and directional ther-
mal conductivity. This approach creates LM microstructures in-
cluding spherical and elongated LM droplets throughout a film
(Figure 1a). By utilizing elongated LM droplets, LMSCs with
a high anisotropic thermal conductivity of 9.9 W m−1·K−1 are
achieved, approximately 40× higher than the unfilled elastomer
(Figure 1b), while maintaining mechanical flexibility (Figure 1c).
By tuning the DIW print path, anisotropic and heterogeneous LM
microstructures are programmed at different locations within
a film to tune thermal conductivity as a function of position
(Figure 1d,e), which enables control of the direction and mag-
nitude of heat transfer across a plane. This control over heat
transfer can be observed through infrared (IR) imaging of a high
power LED on a film, where the heat dissipation is directional,
preferentially transferring the heat generated to a prescribed lo-
cation (left side) of the film (Figure 1f; Video S1, Supporting In-
formation). This method, which enables tunable and selective
heat dissipation by controlling LM microstructures, offers a ver-
satile thermal management solution for applications in thermal
diodes, soft electronics, and soft robotics.

2. Results and Discussion

2.1. Isotropic Thermal Conductivity

The thermal conductivity of LM composites is highly depen-
dent on the volume fraction of LM (ϕ, where ϕ = volume of
LM/volume of LM and elastomer), the microstructure of the LM
(spherical or elongated), and the orientation of the LM (random
or aligned). Here, LMSC with different ϕ (0 to 80% with an in-
crease of 10%) were fabricated by casting. The effect of ϕ on the

isotropic thermal conductivity (kisotropy) of LMSC with a randomly
distributed spherical LM microstructure was measured with a
modified transient plane source (MTPS, Figure 2a). The unfilled
elastomer (ϕ = 0%, pristine ExSil) shows a thermal conductivity
of 0.24 W m−1·K−1, whereas the LMSC with ϕ = 80% shows 5.23
W m−1·K−1, a 22× increase over the unfilled elastomer. The mea-
sured thermal conductivity as a function of ϕ agrees well with the
Bruggeman effective medium theory (EMT) theory (red dashed
line in Figure 2a).[62]

To investigate the effect of droplet size on thermal conduc-
tivity, high volume fraction LMSC (ϕ = 60, 70, 80%) were se-
lected. Particle size is then modified by utilizing hexane during
the high-shear mixing process to reduce the viscosity of the emul-
sion during the initial LM droplet formation as the emulsion’s
viscosity affects droplet size.[46,60,63] The hexane is removed be-
fore casting the samples by placing the uncured emulsion into a
vacuum chamber for 1.5 h before casting. Hereafter, we define W/
Hx as LMSC modified with hexane, and W/O Hx as unmodified
LMSC. The change of LM droplet size (D) was observed through
optical microscopy (Figure 2b) and was quantitatively measured
through particle image analysis. The distribution of D for W/O
Hx LMSC and W/ Hx LMSC are then fitted by a Gaussian distri-
bution and the results are presented in Figure 2c and Figure S1
(Supporting Information). Adding hexane shifts the histogram
to the right (increasing D) owing to the temporary decrease of
viscosity during mixing. The mean D with a standard deviation,
obtained from Gaussian fitting, increased from 84.1 to 228 μm
for LMSC (ϕ = 60%) and 46 to 109 μm for LMSC (ϕ = 80%), re-
spectively (Figure 2d). This enables the ability to tune droplet size
for a given volume loading.

The kisotropy of W/O Hx and W/ Hx LMSC were measured trough
MTPS method (Figure 2e). As shown in Figure 2f, LMSC with
a larger D (W/ Hx) showed a slightly higher kisotropy (less than
8%). From this result, controlling droplet size for a given ϕ has
a minimal impact on thermal conductivity, so other approaches
are needed to enhance thermal conductivity.

2.2. High Anisotropic Thermal Conductivity Achieved by
Designing LM Microstructure with DIW Printing

LM droplet shape is a key microstructural component for control-
ling thermal conductivity.[20,43] We utilize DIW to tune the LM
droplet aspect ratio (AR, described in Figure 3a inset) by shap-
ing LM droplets directly at the tip of the print nozzle during ex-
trusion. Here, the relative velocity (V*) between the extrusion
rate (C) and print head speed (V) is defined as V* = V/C and
is tuned to control droplet AR. We used V* = 2 to print spheri-
cal LM microstructures and V* = 12 to print elongated LM mi-
crostructures. This creates homogeneous samples where the LM
microstructure is elongated in one direction, where we define
the thermal conductivity in the direction of printing as ky and
the thermal conductivity perpendicular to this direction in plane
as kx and out plane as kz. We focus on three high LM-loading
LMSC (ϕ = 60%, 70%, and 80%) with different droplet size (W/O
Hx or W/ Hx) with two different printing conditions (V* = 2
and 12).

To evaluate the AR of LMs in LMSC, at least 100 particles were
analyzed and plotted with a box chart (Figure S2, Supporting
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Figure 1. Programmable thermal conductivity by designing LM microstructure through DIW printing. a) Schematic of the DIW printing process to design
anisotropic and heterogeneous LM microstructure. The LM droplet schematic shows a top view image. b) Thermal conductivity of three different samples.
c) IR images show the flexibility and heat dissipation performance of LMSC with elongated LM. d) Left schematic shows that isotropic/anisotropic thermal
conductivity of the LM microstructure. Right schematic shows the anticipated thermal dissipation in the directed path with designed LM microstructures
(the yellow square is an LED). e) Optical micrograph of a DIW printed LMSC that includes three different regions. (i) Horizontally elongated LM
microstructure. (ii) Spherical LM microstructure. (iii) Vertically elongated LM microstructure. f) IR images with a time sequence of the LMSC with
designed microstructures as shown in e. The dashed line shows the boundary of different temperature regimes.

Information). The mean value from the box chart of AR is pre-
sented in Figure 3a–c. AR of LMs in LMSC increased with a
higher V* and a larger D (W/ Hx). Changes (more elongated LM
microstructures) in LM microstructures of LMSC with increased
V* and modification by hexane are presented through optical mi-
croscopy images in Figure 3d. Here, we observe that AR increases
with increasing V* and D (i.e., W/ Hx).

To investigate the anisotropic thermal conductivity (ky or kx = z)
of the LMSC, a transient hot wire (THW) method was adopted

(Figure 3e). kaxial represents the measured thermal conductivity
when the platinum (Pt) wire is placed parallel to the alignment of
the elongated LMs, while ktransverse represents the measured ther-
mal conductivity when Pt wire is placed perpendicular to the ori-
entation of ellipsoidal LMs (Figure 3e). The measured kaxial and
ktransverse for LMSCs are presented in Figure S3 (Supporting In-
formation). These values can be transformed for the calculation
of orthotropic bulk properties represented by (kx, ky, kz).[20,64,65]

With this transformation, the relationship between anisotropic
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Figure 2. Isotropic thermal conductivity (kisotropy) a) kisotropy with different ϕ. (n = 5) The dashed line (red) is Bruggeman effective medium theory.[62] (n
= 100) b) Microscope images of LM droplets unmodified by hexane (W/O Hx, small D) and modified by hexane (W/ Hx, large D) with different ϕ. c)
Histogram of LM droplet size (D) of W/O Hx (solid line) and W/ Hx (dashed line) with different ϕ (60%, 70%, and 80%). d) D of different ϕ for W/O
Hx (green) and W/ Hx (blue). Error bar is standard deviation (n ∼ 100). e) kisotropy with different ϕ (60%, 70%, and 80%) for W/O Hx and W/ Hx LMSC.
(n = 5). f) The kisotropy ratio between W/ Hx and W/O Hx LMSC with different ϕ (60%, 70%, and 80%). Data in a, d, e, and f are plotted as the mean ±
s.d., if error bars are not visible the data symbol is larger than the error bars.

thermal conductivity and the orientation of elongated LMs can
be determined.

Through this analysis method, kx = z is measured and the data
are presented with different ϕ in Figure 3f. We find that kx = z
increases with ϕ, due to the higher concentration of LM. Fur-
thermore, regardless of the use of hexane or through different
printing condition, kx = z was similar for each volume loading as
the heat transfer path perpendicular to the elongation droplets
was not significantly changed. However, the anistoropic thermal
conductivity in the direction of elongation (ky) shows marked
changes with different LM microstructures (Figure 3g). When
LMSC has more elongated and aligned LM microstructure (W/
Hx, V* = 12, green), it shows higher ky than LMSC with spher-
ical microstructure (W/O Hx, V* = 2, black) and LMSC with
slightly elongated microstructures (W/O Hx, V* = 12, blue) even
though the LMSC includes the same ϕ. Furthermore, W/ Hx,
V* = 12, ϕ = 70% shows similar ky as W/ Hx, V* = 12, ϕ =
80%, which we attribute to more elongated LM droplets in the
ϕ = 70% sample compared with the ϕ = 80% sample (Figure S4,
Supporting Information). As shown in Figure 3h, LMSC (ϕ =
70%) showed the highest enhancement in ky (84%) relative to
the same volume loading but with less elongated droplets (W/O
Hx, V* = 12). This is because LMSC (ϕ = 70%, V* = 12) showed
the largest increase (about 88%) in mean AR from 2.32 (W/O
Hx, V* = 12) to 4.37 (W/ Hx, V* = 12). LSMC (ϕ = 70%, W/
Hx, V* = 12 shows elongated LM microstructure throughout

the entire sample (Figure S5, Supporting Information). There-
fore, we choose the W/ Hx, V* = 12, ϕ = 70%, LMSC com-
position and processing conditions for heat dissipation demon-
stration in Figure 4. These experiments demonstrate that DIW
can effectively program LM microstructure to greatly enhance
thermal conductivity. This results in as manufactured LM com-
posites with high thermal conductivities of ky = 9.8 ± 0.88 W
m−1·K−1 with LMSC (ϕ = 70 %) manufactured W/Hx and V* =
12. This is approximately 40 times higher than unfilled elastomer,
and represents an exceptional combination of high compliance
and high thermal conductivity for an as manufactured soft
composite.

2.3. Controllable Heat Dissipation Path with Designed LM
Microstructure Through DIW

Through the DIW process, we can create highly elongated mi-
crostructures throughout soft films by tuning the process condi-
tions. We can orient the LM droplets in different directions on
demand by controlling the print path, while also using materi-
als that enable stretchability and flexibility as shown in Figure S6
(Supporting Information). This provides a unique opportunity to
create soft thermal films that have prescribed anisotropic and
spatially varying properties for heterogeneous structures that
control the direction and magnitude of heat conduction.

Adv. Funct. Mater. 2024, 2417375 2417375 (4 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Anisotropic thermal conductivity of DIW printed LMSC. Aspect ratio (AR) for different ϕ, D (W/O Hx or W/ Hx), and printing conditions (V* = 2
or 12) a) ϕ = 60%, b) ϕ = 70%, and c) ϕ = 80%. Upper error bar is Q3 and lower error bar is Q1 from the box plot (See the details in Figure S2, Supporting
Information). d) Microscope images of LMSC presented in a-c. e) A schematic showing the measurement of anisotropic thermal conductivity (kaxial and
ktransverse) to get kx, ky, and kz. Anisotropic thermal conductivity for f) kx = z and g) for ky with different ϕ (60% to 80%). h) The ratio of anisotropic thermal
conductivity between small D (W/O Hx) and large D (W/ Hx) for different ϕ.

To demonstrate this capability, we designed an LMSC (W/ Hx,
ϕ = 70%) with three distinct LM-microstructures regions. We
define these as region (i), horizontally elongated LM droplets,
region (ii), vertically elongated LM droplets, and region (iii),
spherical LM droplets (Figure 4a). Microscope images show each
region with programmed LM microstructures in Figure 4b. The
LMSC with a designed structure still demonstrates mechanical
flexibility, as shown in Figure 4c. To evaluate the microstucture
control of heat dissipation, two different samples (unfilled elas-
tomer and LMSC with the designed structure) were tested with a

high power LED at room temperature (Figure 4d and Figure S7;
Video S1, Supporting Information). The LED was placed in the
same location for all samples on the right edge of region (i), as
shown in Figure 4a and d. The same power (3.7V and 0.35A) was
applied to the LED in all cases to turn on the LED at the begin-
ning. As shown in Figure 4d and e, the heat dissipation from the
LED is different between each sample (unfilled elastomer and
LMSC (designed)). For example, the unfilled elastomer showed
heat accumulation around the LED as it has a low thermal
conductivity (0.24 W m−1·K−1) which resulted in poor heat

Adv. Funct. Mater. 2024, 2417375 2417375 (5 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Controllable heat dissipation with designed LM microstructure. a) Schematic for a designed LM microstructure with three different microstruc-
tures, region (i), region (ii), and region (iii). The color map shows the anticipated heat dissipation with the designed microstructures. b) Microscope
images for three different regions in the designed LM structure. c) Images show mechanical flexibility of LMSC (designed). d) Optical images (left) and
IR images (right) of heat dissipation test of two different samples, unfilled elastomer and LMSC with designed LM microstructures. e) The temperature
(°C) changes with time (s) of each samples at LED. Inset images showed LEDs after 600 s operation (top: unfilled elastomer, bottom: LMSC (designed)).
Scale bars are 3 mm. Temperature (°C) changes with a distance (mm) from LED: after f) 60 s and g) 600 s with the LED on. h) After 120 s with the LED
off. The solid lines represent the temperature measurement at the left region of the LED, while the dashed lines represent the temperature measurement
at the right region of the LED. g and h follow legend in f.

conduction and dissipation that resulted a damage in the LED (a
top inset in Figure 4e). However, the LMSC with designed inclu-
sions showed better heat conduction and dissipation properties
without any damage on LED (a bottom inset in Figure 4e) as
they have high thermal conductivity. In addition, the LMSC with
a designed structure exhibited directed heat conduction along
a desired pathway. Here the LM inclusions in region (i) are ori-
ented in y axis, which results in enhanced y-directional thermal
conductivity relative to region (ii) where the LM inclusions are
aligned to x axis. This creates an ellipsoidal thermal distribution
in region (i), where heat is preferentially transferred along the
y-axis due to the programmed elongated microstructures. How-
ever, a radial-like thermal distribution occurs within an unfilled
elastomer and a LMSC with random (spherical LM microstruc-
ture) in regions (ii) and (iii) (see 60 s (s), 600 s IR images in
Figure 4d; Figure S8, Supporting Information). When the LED

was turned off, the cooling property was also improved in the
LMSC sample compared with the unfilled sample (Figure 4e).

To quantitatively evaluate the anisotropic heat dissipation per-
formance, temperature changes at a different location in each
sample are plotted in Figure 4f–h. As shown in Figure 4f, the
LMSC with a designed structure showed a higher temperature
than unfilled elastomer at almost regions (at distance >≈ 10 mm)
due to its greater thermal conductivity. Furthermore, compared
with the unfilled elastomer which has isotropic heat dissipation
properties, LMSC with a designed structure showed higher tem-
peratures in the left region than in the right, as it possesses
anisotropic heat dissipation properties. This is attributed to the
designed heat transfer path toward the left, facilitated by the elon-
gated LM microstructure in that direction. For 600 s after turning
on the LED, the LMSC with a designed structure exhibited higher
anisotropic heat dissipation performance (a larger temperature

Adv. Funct. Mater. 2024, 2417375 2417375 (6 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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gap between the left and right regions), while the unfilled elas-
tomer showed continuous isotropic heat dissipation properties
(Figure 4g). Additionally, the LMSC with a designed structure ex-
hibited better cooling properties at all locations compared with
the unfilled elastomer after turning off the LED, due to its high
thermal conductivity (Figure 4h). These results demonstrate that
by designing the LM microstructure, effective anistoropic heat
dissipation can be achieved.

The ability to print a range of LM droplet microstructures–
ranging from homogeneous to heterogeneous–using a single ink
and manufacturing system enables the creation of soft elastomer
composites with tailored, anisotropic and heterogeneous thermal
conductivity and heat transfer characteristics. This enables the
control of heat flow within soft composite materials, towards pre-
venting the thermal degradation of sensitive parts or electronic
components to enhance their lifespan.

3. Conclusion

This work demonstrates LMSC with anisotropic and heteroge-
neous LM microstructures for thermal management systems
with spatial and local heat control. These microstructures are
achieved through a DIW process where they are directly man-
ufactured and no pre-/post-processing are required to maintain
or design LM microstructures. Controlling the LM droplet mi-
crostructure is performed directly at the print nozzle tip, which
is attributed to the unique ability of the LM droplets to transform
during the DIW process. By combining the control of LM inclu-
sion elongation and the ability of high volume loading of inclu-
sions, a highly anisotropic thermal conductivity of 9.9 ± 0.46 W
m−1·K−1 is achieved, which is approximately 40× higher than the
unfilled elastomer. By leveraging this material system within the
DIW process, we presented the ability to locally design LM mi-
crostructural features such as aspect ratio and orientation. This
overcomes challenges in previous processing techniques where
LM microstructure is either spherical or show a uniform (i.e.,
homogeneous) microstructure across the sample. This capability
opens new avenues to design thermal management by program-
ming different thermal capabilities within a film through a single
process and a single ink. We anticipate that this will provide in-
sight into soft materials for directional heat transfer that can be
used to control thermal dissipation in emerging device architec-
tures.

4. Experimental Section
Materials and Ink Fabrication: Eutectic gallium indium (EGaIn) was

fabricated by mixing In:Ga in a weight ratio of 1:3, homogenized on a hot
plate at 200 °C overnight. LM inks were prepared through a two-step pro-
cess. Initially, the ink was manually mixed using a glass rod. Subsequently,
to achieve uniform dispersion of LM droplets in ExSil 100 (Gelest Inc.),
a planetary centrifugal mixer (DAC 1200-500 VAC, FlackTek speed mixer)
was employed. The mixing process was conducted at 800 rpm for 1 min in
a vacuum environment to remove air bubbles. For the fabrication of inks
with large D LM droplets, hexane was added to the uncured ExSil in a 1:8
weight ratio and premixed before introducing LM. The LM was then dis-
persed using the FlackTek speed mixer under the same mixing conditions
(800 rpm for 1 min). Finally, the inks were placed in a vacuum chamber for
1.5 h to eliminate any remaining hexane before the DIW printing process.

Casting Process: The mixed inks were poured into a clear acrylic plate
with dimensions of 25 × 25 × 2 mm and covered by a acrylic plate then
gently pressed with clamps to create an even surface. Subsequently, the
ink in the mold was cured in a convection oven at 80 °C overnight.

Fabrication of LMSC by DIW Process: The prepared ink was loaded into
a syringe (BD 10mL syringe) with a tapered nozzle featuring an inner diam-
eter of 0.84 mm. The syringe filled with LM inks was inserted into a material
extrusion system (Hyrel SR 3D printer) equipped with an SDS-10 syringe
head. Multilayer samples were then printed on sandpaper (600 Grit), with
each sample having dimensions of 25× 25× 2 mm. The extrusion rate was
set at 4.1 mm s−1 for both V* = 2 and 12. The print head velocity was 8.1
and 49.2 mm s−1 for V* = 2 and 12, respectively. To achieve the desired ex-
trusion rate and print head velocity, these values were calculated based on
the printed trace length and the syringe and nozzle inner diameters. The
calculated values were then included in the G-code. The print height was
210 μm and 50 μm for V* = 2 and 12, respectively. In the interval between
printing each layer, a convection heating process using a 130 °C heat gun
was applied for 3 min, followed by a cooling period using a cooling fan for
1 min. Upon completing the multilayer printing, the printed samples were
fully cured overnight in a convection oven set at 80 °C.

Optical Microscopy: Surface images of the printed samples were
captured using an optical microscope (Zeiss Axiozoom v16 stereo-
microscope). The morphology analysis of the LM droplets was conducted
on the microscope images through Image J software. The outlines of the
LM droplets were manually traced and converted into a binary image, dis-
tinguishing between elastomer and LM droplet areas. Subsequently, an
ellipse fit was applied to each LM droplet section, for the extraction of ma-
jor (a) and minor (b) axis length (inset images in Figure 3a). The major
axis was considered the LM droplet size (D) for spherical droplets. The
AR of the LM droplet was calculated by determining the ratio of the ma-
jor to the minor axis of the fitted ellipse. To analyze the AR distribution
of LM droplets in the printed structure, box plots were used (Figure S2,
Supporting Information).

Measurement of Thermal Conductivity: A C-Therm Trident model
(MTPS method) was utilized to measure the isotropic thermal conduc-
tivity of the cast samples at room temperature.[66] The sample size was
25 × 25 × 2 mm. The anisotropic thermal conductivity (kaxial and ktransverse)
was determined using the THW method. From these values, ky and kx = z
were calculated as in previous work.[20] The sample size for this measure-
ment was the same as that of the casting sample. This measurement pro-
cess was repeated five times with 1 min intervals to allow the sample to
dissipate any residual heat from the previous test. The presented thermal
conductivity is an average value from five different runs, along with a stan-
dard deviation.

LED Demonstration to Evaluate Designed Heat Dissipation Behaviors:
To investigate the directed heat dissipation based on LM microstructure,
three different samples were tested: unfilled, LMSC with random and de-
signed structures. The unfilled sample and LMSC with random structure
were produced through a casting process. Unfilled ExSil or LM ink (ϕ =
70%) was poured into a mold (dimensions: 100 × 35 × 2.5 mm) and cured
in an oven at 80 °C overnight. To fabricate LMSC with designed structures
(Figure 4a), hexane was temporarily added to modify the LM ink (ϕ= 70%)
viscosity to achieve a large D. All hexane was removed using a vacuum
chamber for 1.5 h before usage. The Hyrel 3D printer was adopted to print
the designed structure, with the same printing conditions as described in
the fabrication of LMSC by DIW process section. For the region (i) and re-
gion (ii), V* was set to 12, and a print height of 50 μm was utilized. For the
region (iii) section, V* was set to 2, and a print height of 210 μm was used.
The region (i) section had dimensions of 50 × 35 mm, while the region (ii)
and region (iii) sections had dimensions of 25 × 35 mm. The structure
thickness was approximately 2.5 mm (50 layers for region (i) and region
(ii), 12 layers for region (iii)). To assess the heat dissipation behavior, an
LED (CreeLED, Inc.) was placed on the right edge of region (i) section for
all samples. LM-Cu paste was utilized as electrodes to connect the LED to
the power supply (RD6018, RIDEN). The LED was powered with a voltage
of 3.7V and a current of 0.35A. An IR camera (E54sc, FLIR) recorded the
heat dissipation properties with emissivity of 0.9 and reflection tempera-
ture = 20 °C. The LED was activated for 10 min, then turned off, and left
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for 5 minutes to evaluate the cooling properties. The limitation of the IR
camera (the measurable maximum temperature is 130 °C) resulted in a
temperature plateau in unfilled sample around 130 °C in Figure 4e.
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Supporting Information is available from the Wiley Online Library or from
the author.
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