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Section 1 

Supplementary Table S1 | Status of current cooling techniques.  

Comparisons of thermal management ability of cooling techniques in previous studies. 

Cooling 

technique 
Note 

Size 

(cm2) 

Heat flux 

(W/cm2) 

Experiment/ 

simulation 

Heat source-heat 

sink interface 
Reference 

A
ir

-f
re

e 

co
n

v
ec

ti
o

n
 Ceramic heater 1 5 Experiment Vertical graphene 1 

LED 2.23 4.48 Experiment Thermal pad 2 

Smart phone 1.58 2.98 Experiment Thermal pad 3 

Laser heated Al block 0.35 0.96 Experiment Thermal pad 4 

CPU 14.06 6.75 Experiment Thermal grease / 

Battery / 0.17 Experiment / 5 

A
ir

-f
o

rc
ed

 

co
n

v
ec

ti
o

n
 Chip 1 9 Experiment Thermal gel 6 

Ceramic heater 4 70 Experiment Vertical graphene 7 

LED 3 6.67 Experiment Vertical graphene 8 

Chips in data center 5.96 30 Experiment Direct contact 9 

Chips in data center 5.96 50 Experiment Direct contact 9 

Chips in data center 5.96 51 Experiment Direct contact 9 

S
in

g
le

-p
h
as

e 
m

ic
ro

ch
an

n
el

 c
o
o
li

n
g
 

Water fluid 4 50 Experiment 
Vertical 

graphene/LM 
10 

Water fluid, diamond 

on SiC microchannel 
0.06 3000 Experiment Sn–3.5Ag solder 11 

Water fluid, silicon 

microchannel 
1 790 Experiment Direct contact 12 

Liquid metal fluid, 

copper mini-channel 
4.48 242 Experiment / 13 

Water fluid, copper 

microchannel 
4.70 100 Experiment / 14 

Liquid metal fluid, 

copper mini-channel 
5 300 Experiment / 15 

Water fluid, silicon 

manifold 
0.081 1700 Experiment / 16 

Water fluid, silicon 

microchannel 
/ 1000 Simulation / 17 

Water fluid, silicon-

diamond 

microchannel 

0.04 1600 Simulation / 18 

Liquid metal fluid, 

copper microchannel 
0.5 200 Experiment / 19 

T
w

o
-p

h
as

e 
m

ic
ro

ch
an

n
el

 

co
o

li
n

g
 

Hydrofluoroether 

fluid, silicon 

microchannel 

0.06 700 Experiment 
Direct contact, 

metal sputterers 
20 

/ 0.01 365 Experiment / 21 

Ammonia fluid, 

diamond 

microchannel 

0.10 1000.4 Experiment / 22 

Pentane and R245fa 

fluid, silicon 

microchannel 

0.017 665 Experiment 
Direct contact, 

deposited platinum 
23 
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Water/sodium lauryl 

sulfate fluid, silicon 

microchannel 

20.16 29.4 Experiment / 24 

Water fluid, silicon 

microchannel 
0.2 506 Experiment / 25 

Water fluid, silicon 

microchannel 
0.25 380 Experiment 

Direct contact, 

deposited platinum 
26 

Water fluid, copper 

microchannel 
1 82 Experiment / 27 

Water fluid, silicon 

microchannel 
0.032 859 Experiment 

Direct contact, 

deposited metal 
28 

S
p

ra
y

 c
o

o
li

n
g
 Ammonia fluid 3 350 Experiment Thermal grease 29 

Water fluid 1.69 643.4 Experiment / 30 

Water fluid 1 1200 Experiment / 31 

Water fluid 1.3 830 Experiment / 32 

Ammonia fluid 2 910 Experiment / 33 

Water fluid 2 600 Experiment / 34 

Water fluid 1.44 705 Experiment / 35 

Je
t 

im
p
in

g
em

en
t Water fluid 0.058 284 Experiment / 36 

Fluorinert FC-72 fluid 1.61 400 Experiment / 37 

Water fluid 2.92 300 Experiment / 38 

Ammonia fluid 0.06 1367 Experiment / 39 

Water fluid 5.06 255 Experiment / 40 

Water fluid 2.85 674 Experiment / 41 

Water fluid 1 1110 Experiment / 42 

S
in

g
le

-p
h
as

e 
m

ic
ro

ch
an

n
el

 c
o
o
li

n
g
 

Water fluid, 

Al/diamond 

microchannel 

16 90 Experiment LM/AlN composite 

This work 

16 100 Experiment 
Noctua NT-H2, 

thermal grease 

16 100 Experiment 
SYY 157, thermal 

grease 

16 120 Experiment 

Thermal Grizzly 

Kryonaut, thermal 

grease 

16 120 Experiment 
DOWSIL TC-5026, 

thermal grease 
16 200 Experiment Colloidal LM-1 m 
16 200 Experiment Colloidal LM-5 m 

16 200 Experiment 
Colloidal LM-30 

m 

16 200 Experiment 
Colloidal LM-80 

m 

16 400 Simulation 
Colloidal LM-30 

m 

 



Page 4 of 26 

Section 2 

Supplementary Table 2 | Power density of the current semiconductor power 

electronic devices. Power density of the current semiconductor power electronic devices, 

including CPU, FPGA, GPU, SiC transistor, and GaN transistor. 

Type Model 
Power 

(W) 

Area 

(cm2) 

Heat flux 

(W/cm2) 
Reference 

C
P

U
 

i5-1260U 9 2.17 4.15 / 

i5-1260P 28 2.17 12.90 / 

Platinum 8470/2023 350 19.08 18.34 / 

EPYC 7601/2017 180 4.20 42.86 / 

Threadripper 

1950X/2017 
180 4.26 42.25 / 

Threadripper 

2990WX/2018 
250 8.52 29.34 / 

EPYC 7H12/2019 280 6.66 42.04 / 

Threadripper 

3995WX/2020 
280 5.92 47.29 / 

EPYC 7763/2021 280 6.48 43.21 / 

EPYC 9654/2022 360 8.64 41.67 / 

EPYC 9684X/2023 400 8.64 46.30 / 

F
P

G
A

 Xlinx Spartan 6 / 0.64 63 43 

Intel Stratix 10 / 25 12 43 

G
P

U
 

Nvidia GP102/2017 250 4.71 53.08 / 

Nvidia TU102/2018 250 7.54 33.16 / 

Nvidia GA102/2020 350 6.28 56.00 / 

Nvidia AD102/2022 450 6.09 73.89 / 

Nvidia GA100/2020 400 8.26 48.42 / 

Nvidia GH100/2022 700 8.14 85.99 / 

S
iC

 t
ra

n
si

st
o
r 

STM SCTH35N65G2V-

7 
/ 1.19 175 43 

SLSIC1MO120E0080 / 3.12 181 43 

STM 

SCTW100N120G2AG 
/ 2.46 73 43 

NTBG040N120SC1 / 9.10 195 43 

NVH4L020N120SC1 / 2.11 121 43 

G
aN

 t
ra

n
si

st
o
r GS0650041L 7.2 0.30 24 43 

GS0650111L 18 0.30 60 43 

GS61004B 22.8 0.20 114 43 

GS61008P 56.1 0.34 165 43 

GS0651501D 223.3 0.70 319 43 

GS0650801D 115.4 0.37 312 43 
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Section 3 

Theoretical calculation of the thermal conductivity and effective thermal interface resistance of 

polymer composites 

The differential effective medium model of Bruggeman is used to predict the thermal 

conductivity of polymer composites.44,45 It derives the expression for the effective 

thermal conductivity of a two-phase material with nonzero interfacial thermal 

resistance. This formula describes the dependence of the thermal conductivity on the 

filler particle radius, and the boundary conductivity that is the reciprocal of interfacial 

thermal resistance. The equation is provided as follows: 

1 − 𝑉𝑑 =
𝑘𝑐 − 𝑘𝑑

𝑒𝑓𝑓

𝑘𝑚 − 𝑘𝑑
𝑒𝑓𝑓

(
𝑘𝑚
𝑘𝑐
)1/𝑛 

𝑘𝑑
𝑒𝑓𝑓

=
𝑘𝑑
𝑖𝑛

1 + 𝑘𝑑
𝑖𝑛/(𝑎 × ℎ𝑐)

 

where 𝑘𝑐 is effective thermal conductivity of the composite; 𝑘𝑚 is thermal conductivity 

of the polymer matrix; 𝑘𝑑
𝑖𝑛 is thermal conductivity of the particle; 𝑎 is particle radius; ℎ𝑐 

is the reciprocal of interfacial thermal resistance; 𝑉𝑑 is particle volume fraction; 𝑛 is the 

shape factor. Noted that 𝑛=3 is for the spherical particles. 

 

Herein, polydimethylsiloxane (PDMS) composites filled with AlN particles were taken 

as an example of the TIM.  To predict the thermal conductivity as a function of the 

particle radius (0.5, 2.5, 15 and 40 µm), the thermal conductivity of PDMS is 0.15 W m-

1 K-1, the thermal conductivity of AlN is 220 W m-1 K-1 because of taking the oxygen 

impurities into consideration,46,47 and good interfacial thermal resistance between filler 

and matrix is assumed (1×10-8 m2 K/W). The calculated results are plotted in Extended 

Data Fig. 1a. 

 

The effective thermal interface resistance of a TIM can be divided into three parts, 

represented by the following formula: 

𝑅𝑒𝑓𝑓 =
𝐵𝐿𝑇

𝑘
+ 𝑅𝑐1 + 𝑅𝑐2 

where Reff is the effective thermal interface resistance in a sandwiched structure; BLT is 

the bond line thickness of a TIM; k is the thermal conductivity; Rc1 and Rc2 are the 

contact thermal resistance with the heat sink and heat source. 

 

To predict the relationship between BLT and Reff when the PDMS/AlN composites serve 

as the TIM, k is firstly predicted according to the differential effective medium model of 

Bruggeman. Herein, to ensure the excellent thixotropy and promising good 

conformability with the heat source and the heat sink, the PDMS/AlN composites 

should keep their grease state. Therefore, the approximately highest filling of 73 vol% is 

selected for AlN particles. Secondly, the Rc between the PDMS/AlN composites and the 

double substrates is predicted according to theoretical polymer-dielectric interfacial 

thermal resistance and experimental results of the commercial greases. Previous studies 

indicate that ideal polymer-dielectric interfacial thermal resistance lies in the range from 

10-7 to 10-6 m2 K/W.48,49 And we directly measured the Rc of some commercial thermal 

greases, whose value is 1.310.23 mm2 K/W for Shin-Etsu 7921, 1.420.26 mm2 K/W 
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for Aigo-PRO, 2.470.19 mm2 K/W for Linkstone, and 0.550.113 mm2 K/W for 

DOWSIL 5026. Therefore, in this prediction, the Rc is set as the lowest value of 0.55 

mm2 K/W. Based on the above assumptions and results, the relationship between BLT 

and Reff are plotted in Extended Data Fig. 1b. 

 

According to the above theoretical calculations, only when the BLT is on the order of 

micrometers, the Reff of PDMS composites filled with highly thermally conductive 

inorganics falls within the narrow range of 0.1-1 mm2 K/W. This implies a high level of 

thixotropy in these polymer composites, exerting compressive forces near the BLT limit, 

adjacent to the particle diameter. However, achieving such a property at a high particle 

content (>70 vol%) poses a significant challenge using current material engineering 

strategies. Moreover, the micron-sized BLT will be constrained in practical thermal 

management applications, particularly for large-area powered electronics, where 

significant thermal expansion mismatch could occur between polymer TIMs and solid 

substrates. 
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Section 4 

Theoretical calculation of the thermal conductivity and effective thermal interface resistance of 

LMs 

To predict the thermal conductivity of LM/AlN colloids as a function of the interfacial 

thermal resistance, herein, the thermal conductivity of LM (Galinstan) is 26.08 W m-1 K-

1 that is measured with ASTM D5470 standard, the thermal conductivity of AlN is 220 

W m-1 K-1, and the interface thermal resistance between AlN and matrix is valued as 1×10-

6 m2 K/W, 1×10-7 m2 K/W, 1×10-8 m2 K/W, 1×10-9 m2 K/W, and 1×10-10 m2 K/W, 

respectively. The results in Extended Data Fig. 1c plot the thermal conductivity of the 

LM/AlN colloids as a function of the AlN content, taking the particle radius of 15 µm as 

an example. 

 

To predict the functional relationship between BLT and Reff when the LM/AlN colloids 

serve as the TIM, firstly, the k is calculated according to the differential effective 

medium model of Bruggeman. Similar to the above paragraph, we assume that the 

interfacial thermal resistance between AlN and LM matrix is 1×10-6, 1×10-7, 1×10-8, 

1×10-9, and 1×10-10 m2 K/W. Therefore, the k could be obtained as a function of the 

filler content and the particle size. Herein, the thermal conductivity of LM is 26.08 W 

m-1 K-1, the thermal conductivity of AlN is 220 W m-1 K-1, the AlN content is about 40 

vol% for promising the thixotropy, and the particle diameter is valued as 1 µm, 5 µm, 

30 µm, and 80 µm, respectively. It was reported that metal-metal interface always 

exhibits much larger interfacial thermal conductance ranging from 0.1-10 GW/m2 K.50 

If colloidal LMs can be perfectly conformable to the rough surface of the substrates, the 

Rc between the colloidal LMs and the double substrates is predicted to be lower than 0.1 

mm2 K/W. Based on the above assumptions and results, the predicted relationship 

between BLT and Reff is plotted in Extended Data Fig. 1d-g. 
 
According to the above calculations based on the differential effective medium model of 

Bruggeman, a significant increase in the k of AlN-modified LMs is observed only when 

the interfacial thermal resistance between AlN and LM reaches values on the order of 

10-9 m2 K/W (Extended Data Fig. 1c). This places stringent demands on manipulating 

the metal-dielectric interface within the two-phase mixtures. 

 

As depicted in Extended Data Fig. 1d-g, AlN particles with diameters ranging from 1 to 

30 µm are likely to enable LMs to achieve an effective Reff on the order of 0.1 mm2 

K/W. This achievement necessitates not only particular regulation of the LM-AlN 

interface but also exceptional thixotropy and adaptability to rough surfaces. The latter 

considerations are crucial for modified LMs to attain a low BLT and Rc in a sandwiched 

structure, respectively. 
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Section 5 

Predicting material combinations for future fabrication of colloidal LMs 

The colloidal LMs in this study were synthesized via a mechanochemical approach, in 

which substantial force propelled the LM to infiltrate the crystal lattice of the ceramic 

particle, establishing efficient LM-solid interactions by coordinating the unoccupied 

orbit of metal atoms in the LM with the lone pair electrons of nitrogen atoms in the 

AlN. It is possible that this mechanochemical effect is also applicable to versatile 

material combinations between general liquid metals and universal ceramics containing 

abundant characteristic atoms with lone pair electrons. For example, some room-

temperature liquid metals like Ga, GaIn21.4, GaSn13.4, GaAl0.9 and Galinstan can be the 

choice of the LM host. For the solid particles, general ceramics containing abundant 

nitrogen, oxygen, fluorine, sulfur, or chlorine atoms could be the candidates, for 

example, Al2O3, SiO2, WO3, ZnO, BN, Si3N4, or MoS2. These particles allow the 

formation of robust coordination with the LMs at the liquid-solid interface. However, 

the interplanar spacing of crystal lattice is necessarily large enough for the efficient 

infiltration of metal atoms. Based on the above material combinations, multifunctional 

colloidal LMs for various applications could be expected in future studies. 
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Section 6 

 

Supplementary Fig. 1 | Statistics of particle diameter. Four types of AlN, including 1 

µm, 5 µm, 30 µm and 80 µm, and the other four different thermally conductive particles for 

comparisons are characterized to determine the average diameter. 
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Section 7 

Supplementary Table 3 | Comparative analysis of thermal interface performance 

between colloidal LMs and TIMs from previous studies. Most TIMs are dry-contact 

type except for some special nanowire arrays. Note that Shin-Etsu X-23, Thermalright TF-X, 

Thermalright TF-8 and DOWSIL TC-5026 are four different commercial thermal greases. Laird 

720 and Bergquist 5000S35 are two different commercial thermal pads. Their thermal 

properties are also tested in the lab for comparative studies.  

Type Material 
BLT 

(µm) 

Rc 

(mm2 K/W) 

Reff, bonded contact 

(mm2 K/W) 

Reff, dry contact 

(mm2 K/W) 
Ref. 

N
an

o
w

ir
e 

ar
ra

y
 

Si-CNTs/P3HT-Ag 10 / 4.90 ± 0.30 / 51 

Si-CNTs/PyprPA- 

Cu-Ag 
15 / 4.60 ± 0.50 40 ± 20 52 

Ti-CNTs-Au 30 / 10 ± 0.50 / 53 

Ti-CNT-Au 130 / 10 ± 0.50 / 53 

Si-CNTs/APS-glass / 0.60 3.50±0.50 / 54 

Si-CuNW/Sn-Si 14 / 0.51 ± 0.09 / 55 

Cu-CuNW/ 

Graphene/Sn-Cu 
≤40 / 0.26± 0.02 / 56 

Si-CNTs/In-Au 10 / 1 / 57 

CNTs 300 / / 77 58 

CNTs 25 / / 7 ± 0.50 59 

CNTs 50 / / 8 ± 1 60 

CNTs 15 / / 20 ± 6 51 

V
er

ti
ca

l 
g
ra

p
h
en

e 

Graphene array 19 11.42 / 11.77 1 

Graphene 

nanowalls 
100 23.70 / 28.57 61 

Graphene monolith 810 20.20 / 26.90 7 

Graphene monolith 630 5.80 / 11.80 7 

Graphene/SiC 250 47 / 61 62 

Graphene/PU 750 66 / 70.50 63 

Graphene/PU/Au 1656 41 / 47 63 

Graphene monolith 2300 10.20 / 30.50 64 

S
o
ld

er
 Solder A 257 1.80 / 5.70 65 

Solder B 295 2.90 / 8.10 65 

Solder C 274 1.70 / 7.20 65 

T
h

er
m

al
 g

re
as

e 

PDMS/Al2O3/GO 65 10.65 / 25.50 66 

PDMS/Al2O3/LM 100 14 / 36 67 

PDMS/CNTs 130 / / 30.60 68 

PDMS/CNTs 200 / / 46.90 68 

PDMS/Al2O3/ZnO/Ag 85 / / 28.50 69 

PDMS/AlN/LM 80 / / 16 70 

Shin-Etsu X-23 100 14 / 40 / 

Thermalright TF-X 37 1.83 / 4.39 / 

Thermalright TF-8 24 3.34 / 5.10 / 



Page 11 of 26 

DOWSIL TC-5026 6 1.11 / 3.20 / 

T
h

er
m

al
 p

ad
 

PDMS/graphite 130 22.40 / 94.70 71 

PU/Al2O3/LM 250 18.28 / 81.16 72 

PDMS/graphene 800 27.70 / 43 73 

Epoxy/Cu/CNTs 6 2 / 11.50 74 

PDMS/InSn / / / 15 75 

Epoxy/BN/CNF 18 8.79 / 33.60 76 

Epoxy/BN 18 7.51 / 22.80 76 

Laird 720 100 117 / 137 / 

Bergquist 5000S35 100 43 / 63 / 

L
M

 a
n

d
 i

ts
 

co
m

p
o
si

te
s 

Ga/GaO 33 / / 2.60 77 

O-GaInSn 110 / / 13.73 78 

O-GaInSn/5% Cu 262 4.07 / 14.83 78 

O-GaInSn/10% Cu 247 3.37 / 11.88 78 

LM/In/LM 158 / / 3.60 79 

GaInSn 92 / / 2.50 80 

P
o
ly

m
er

 

Polythiophene 2.5 12.23 / 12.80+1.30 81 

Polyethylene  

film 
2.7 44.70 / 33.66 82 

T
h
is

 w
o
rk

 

LM/AlN-80 µm 197 / / 2.71 

This 

work 

LM/AlN-80 µm 143 / / 2.18 

LM/AlN-80 µm 114 / / 1.83 

LM/AlN-30 µm 50 0.12 / 0.86 

LM/AlN-30 µm 38 0.076 / 0.67 

LM/AlN-5 µm 22 / / 0.62 

LM/AlN-5 µm 13.5 / / 0.43 

LM/AlN-1 µm 10.5 / / 0.42 

 

Abbreviations: CNTs - carbon nanotubes; P3HT - poly-3-hexylthiophene; PyprPA - 

pyrenylpropyl phosphonic acid; APS - aminopropyl-trialkoxy-silane; CuNW – copper 

nanowire; PDMS - polydimethylsiloxane; GO - graphene oxide; CNF – carbon 

nanofiber; O-GaInSn – oxidized GaInSn 
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Section 8 

Comparison with commercial LM-based thermal pastes 

 

Supplementary Fig. 2 | Comparison with commercial LM-based thermal pastes. 
Effective interface thermal resistance of the different LM-based thermal pastes. Sample 1 is 

CoolLaboratory Liquid Pro, Sample 2 is Thermal Grizzly Conductonaut, Sample 3 is 

Thermalright Silver King, Sample 4 is LM/1 m AlN, Sample 5 is LM/5 m AlN, and Sample 6 

is LM/30 m AlN. The data points and error bars show the mean ± s.d. (sample size 3). 

 

CoolLaboratory Liquid Pro and Thermal Grizzly Conductonaut are fully liquid-state 

commercial LM thermal pastes. Thermalright Silver King is an LM alloy paste with k 

claimed as high as 79 W/m K, obtained from Amazon. For these three commercial LM 

thermal pastes, the interface thermal resistances characterized using the ASTM D5470 

method are as follows: 1.770.11 mm2 K/W for CoolLaboratory Liquid Pro, 1.530.15 

mm2 K/W for Thermal Grizzly Conductonaut, and 2.520.10 mm2 K/W for 

Thermalright Silver King (Supplementary Fig. 2). In comparison, the colloidal LMs 

with varying AlN sizes at their optimal state demonstrated Reff values of 0.420.08 mm2 

K/W (LM/1 m AlN), 0.430.06 mm2 K/W (LM/5 m AlN), and 0.670.09 mm2 K/W 

(LM/30 m AlN), respectively.  
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Section 9 

Large-scale thermal management system and its operations 

The large thermal management system (Fig. 4a) comprises three main components: a 

microchannel cooling module, a housing module, and a heating module. To optimize 

thermal conduction at the interface between the cooling and heating modules, we apply 

the colloidal LMs or other TIMs. 

The microchannel heatsink is fabricated from an Al/diamond composite material, 

possessing an intrinsic thermal conductivity of up to 600 W/m K. This ensures highly 

efficient thermal conduction within the scalable microchannel heatsink, measuring 50 

mm×100 mm (Fig. 4b). In order to accommodate the extreme hardness of the embedded 

diamond particles, a water-assisted laser processing method was employed in its 

fabrication. The microchannels adopt a deep V-shaped configuration due to the 

Gaussian distribution of laser energy, with a duty ratio of 1:3. Each parallel 

microchannel showcases dimensions of 120 μm in width, 600 μm in depth, and an 

overall thickness of 2 mm (Fig. 4c). Within these microchannels, deionized water acts 

as the coolant, flowing along the 50-mm direction. 

The housing module, securely affixed to the microchannel heatsink, comprises a 

stainless-steel cover plate, a rubber adjust ring, two rubber seal rings, a quartz glass 

window, and a stainless-steel shell. Given the large size of this microchannel heatsink, 

the housing module is equipped with two inlets and two outlets, preventing uneven 

distribution of coolant during thermal management operations. Additionally, sensor 

attachment points enable real-time monitoring of coolant parameters and the regulation 

of heat-extraction processes. The coolant pressure drop and fluid flow are typically 

determined through inlet and outlet pressure measuring points using a differential 

pressure transmitter (CYQ-3051DP, 0-600 kPa) and a flow meter (CX-M9-SS-Y, 0.5-5 

L/min). Four coolant thermometers (KX-WZP-131, 0-100 oC) provide fluid temperature 

rise data, facilitating the calculation of heat extraction efficiency. 

The heating module comprises an oxygen-free copper block, a housing shell, and eight 

cartridge heaters (HW-12-500, 10~500 W). The copper block features a temperature 

measurement array of K-type thermocouples (DS18B20, 20-200 oC) drilled into the 

sidewall, with a horizontal interval of 10 mm and a vertical interval of 6 mm between 

holes (Fig. 4d). These thermocouples enable the measurement of local wall temperature 

and effective heat flux during heat-dissipation tests. The housing shell (FR-4 material) 

is filled with thermostable and thermally insulating fibres. It is highly thermally 

insulating, effectively reducing heat dissipation into the environment. Eight cartridge 

heaters, each measuring 12 mm in diameter and 150 mm in length, are fixed to the 

heating module from the bottom of the copper block (Fig. 4d). Each heater is powered 

by an adjustable 220 V DC power supply (DQ-6000S), providing independently 

controllable heating power of up to 500 W. As a result, the copper block effectively 

concentrates and conducts the generated heat from the cartridge heaters to the upper 

surface. In this study, the heat flux mentioned in the context is the typical value adjacent 

to the upper surface of the copper block, which was calibrated according to the 

temperature gradient of the different thermocouple arrays as shown in Fig. 4d. This 

upper surface, measuring a substantial area of 20×80 mm2 (Fig. 4e), is coated with 
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various TIMs to minimize the interface thermal resistance between the heat source of 

the copper block and the microchannel heatsink. 

The above three modules are integrated in a flow loop, with a similar sandwiched 

pressure (about 40 psi) applied between the heat source and microchannel heat sink. 

Typically, 20 litres of deionized water are stored in a liquid storage tank, which is 

equipped with pressure openings to release the air pressure generated by the heated 

evaporation of the cooling fluid. By adjusting the micro gear pump (CS350, 0.5-5 

L/min) and the main valve, different cooling fluid flow rates can be achieved in the flow 

loop. The micro gear pump also provides the necessary pressure for the cooling fluid, 

facilitating its smooth passage through the microchannels to complete heat exchange. 

Prior to the experiment, the cooling working medium is heated to boiling by a 

thermostat (XU-DC-2030) to prevent interference from gases dissolved in the cooling 

working medium. An adjustable high-power DC power supply is connected in parallel 

to the heating tubes to accommodate different heat flow densities during the test. The 

physical quantities recorded by each sensor are uniformly logged by the data logger 

(TP700), with a sampling period of one second.  
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Section 10 

Supplementary Table 4 | Experimental results of the scalable thermal management 

device when employing different TIMs. The data was collected when the device worked 

for 30 minutes. 

Conditions 

(W/cm2) 
Air-50 

Grease-

50 

Grease-

100 

Grease-

150 

Grease-

200 

Colloidal 

LM-50 

Colloidal 

LM-100 

Colloidal 

LM-150 

Colloidal 

LM-200 

Coolant flow 

(L/min) 
2.09 2.09 2.09 2.09 2.10 2.10 2.09 2.10 2.09 

Inlet 

temperature 

(oC) 

20.79 20.49 20.37 20.29 20.41 20.19 20.12 20.13 20.02 

Inlet coolant 

density 

(kg/m3) 

998.84 998.84 998.84 998.84 998.84 998.84 998.84 998.84 998.84 

Outlet 

temperature 

(oC) 

22.01 24.47 27.48 30.89 34.63 25.01 29.76 34.22 39.01 

Average 

coolant 

temperature 

(oC) 

21.40 22.48 23.93 25.59 27.52 22.60 24.94 27.18 29.52 

Average 

coolant 

density 

(kg/m3) 

997.18 996.95 996.62 996.21 995.70 996.92 996.37 995.80 995.14 

Average 

specific heat 

capacity 

(J kg-1 oC-1) 

4182.42 4181.70 4180.80 4179.91 4179.00 4181.62 4180.25 4179.15 4178.23 

Power of 

heat source 

(W) 

820 820 1618 2400 3200 820 1620 2405 3200 

Heat 

extraction 

(W) 

177.53 579.06 1034.24 1541.57 2077.47 704.62 1402.07 2058.55 2760.63 

Heat 

extraction 

efficiency 

(%) 

21.65 70.62 63.92 64.23 64.92 85.93 86.55 85.59 86.27 
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Section 11 

Simulation of high-throughput heat dissipation 

Fluid dynamics and thermal properties were simulated across microchannel models by 

Fluent (2022R1). The heat source was partially modelled to select its top section 

adjacent to the thermal interface, while the microchannel heatsink was modelled to full 

size to ensure simulation accuracy, as shown in Extended Data Fig. 9a. The volume 

inside the flow channels was designated as the fluid domain, while the remaining part is 

the solid domain. In order to avoid turbulent flow of fluid during simulation, additional 

fluid inlet/outlet blocks were defined to ensure stable flow. Constant heat flux was 

defined at the bottom of the heat source. 

 

Numerical method 

In this simulation, the heat transfer and fluid flow models are established based on the 

following assumptions in the numerical simulation: 

(1) The fluid domain is laminar and incompressible. 

(2) The thermophysical properties of fluid are temperature-dependent. 

(3) The processes of flow and heat transfer are in a steady state. 

(4) Radiation heat transfer and gravity are neglected. 

 

Based on these assumptions, the governing equations of numerical simulation can be 

described as follows: 

 

Continuity equation: 

𝛻 ⋅ 𝒖 = 0 

 

Momentum equation: 

(𝒖 ⋅ 𝛻)𝜌𝑙𝒖 = −𝛻𝑃 + 𝜇𝛻2𝒖 

 

Energy equation: 

𝜌𝑙𝑐𝑝,𝑙(𝒖 ⋅ 𝛻𝑇) = 𝑘𝑙𝛻
2𝑇 

 

Energy equation of the solid substrate and fin: 

𝛻 ⋅ (𝑘𝑠𝛻𝑇) = 0 

 

There are some constraints at the solid-liquid interface. The energy equation of fluid and 

solid can be solved jointly: 

𝑇𝑠 = 𝑇𝑙 
 

𝑘𝑙
𝜕𝑇𝑙
𝜕𝑛

= 𝑘𝑠
𝜕𝑇𝑠
𝜕𝑛

 

 

Non-slip boundary condition: 

𝒖𝑠,𝛤 = 𝒖𝑙,𝛤 = 0 

 

Boundary condition 

The boundary conditions for the computational domain were established as follows:  
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(1) The fluid inlet was configured as a mass inlet with a flow rate ranging from 0.02495 

kg/s to 0.04159 kg/s, equivalent to a volumetric flow rate of 3 L/min to 5 L/min, with a 

constant temperature of 293.15 K. 

(2) The outlet of the microchannel was defined as a pressure outlet with a set pressure of 

0 Pa.  

(3) A uniform heat flux ranging from 3×106 to 5×106 W/m² was applied.  

(4) No slippage and continuous temperature were assumed at the solid-liquid interface. 

(5) An inlet block measuring 20 mm in length was established upstream of the 

microchannel to promote fluid development prior to entering the channel, and a similar 

20 mm outlet block was positioned downstream to prevent backflow.  

(6) Given the symmetry of the solid and fluid domains about the central plane, the 

model was simplified to half its original size to enhance computational efficiency while 

symmetric boundary conditions were applied to the central plane of both domains.  

(7) Adiabatic conditions were imposed on the remaining solid surfaces.  

(8) The top face of the fluid domain was subjected to adiabatic and non-slip boundary 

conditions. 

 

In this simulation, diamond/Al served as the substrate for the microchannel, copper 

block served as the heat source, and the thermal interface material between the heat 

source and the microchannel is colloidal liquid metal. The above three materials were 

characterized by consistent material properties, shown in Supplementary Table 5. 

Within the microchannel, deionized water is selected as the working fluid. To enhance 

the fidelity, the physical attributes of deionized water are temperature-dependent.  

 

 

Supplementary Table 5 | Material parameters for the simulation. Definition 
and properties of the materials in the simulation of high-throughput heat dissipation in 
the large-scale thermal management system. 

Materials 
Density 

(kg m-3) 

Specific heat 

capacity 

(J kg-1 K-1) 

Thermal conductivity 

(W m-1 K-1) 

Copper 8978 384 387.6 

Diamond/Al 3215 827 648 

Colloidal LM TIM 5215 801 65 

Water 998.2 4182 0.6 

 

 

Calculation 

The standard SIMPLE algorithm was used for coupling the pressure velocity. The 

standard format was applied to solve the pressure equation, and the second-order 

windward format was used to discretize the momentum and energy equations. The 

solution was convergent when the normalized residuals for the continuity, momentum, 

and energy equations fell below 10-4, 10-6, and 10-9, respectively. The operation 

concluded when the residual fell below the specified value or the maximum iteration 

step was reached. Simulation results are outlined in Supplementary Table 6. 
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Supplementary Table 6 | Simulation results of the scalable thermal management 

device. The heat flux of heat source and coolant volume flow inside the microchannel are 

varied. 

Heat flux 

(W/cm2) 
300 300 300 400 400 400 500 500 500 

Coolant flow 

(L/min) 
3 4 5 3 4 5 3 4 5 

Inlet 

temperature 

(oC) 

20 20 20 20 20 20 20 20 20 

Inlet coolant 

density 

(kg/m3) 

998.84 998.84 998.84 998.84 998.84 998.84 998.84 998.84 998.84 

Outlet 

temperature 

(oC) 

40.69 35.58 32.53 47.16 40.52 36.46 53.11 45.08 40 

Average 

coolant 

density 

(kg/m3) 

994.89 995.62 996.03 993.89 994.92 995.50 992.88 994.22 995.00 

Average 

specific heat 

capacity 

(J kg-1 oC-1) 

4177.96 4178.89 4179.57 4177.16 4177.99 4178.71 4176.78 4177.37 4178.07 

Power of heat 

source 

(W) 

4800 4800 4800 6400 6400 6400 8000 8000 8000 

Heat 

extraction 

(W) 

4317 4335 4359 5666 5708 5725 6906 6976 6955 

Heat 

extraction 

efficiency 

(%) 

89.94 90.32 90.81 88.53 89.20 89.46 86.33 87.21 86.94 

Average 

interface 

temperature 

(oC) 

78.92 74.85 72.12 96.68 91.44 87.82 112.71 106.83 103.13 

Maximum 

node 

temperature 

(oC) 

88.39 83.57 80.45 109.97 102.78 98.63 127.62 120.62 116.35 
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Section 12 

Price of colloidal LMs 

The Galinstan used in this study was purchased from Hunan Santech Materials Co., 

Ltd., China. Its price is $0.7 per gram. AlN is a low-cost ceramic filler. Its price is 

$0.015-0.079 per gram, which can be referred according to the following website: 

https://www.alibaba.com/product-detail/Aln-High-Purity-Aluminum-Nitride- 

Powder_1601044075939.html?spm=a2700.galleryofferlist.p_offer.d_price.1423e54bO

Beh5k&s=p. For the colloidal LM sample with the 42.5-45.0 vol% content of AlN, the 

material cost is about $0.5 per gram.  
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Section 13 

UFF force field parameters used in Molecular Dynamics simulation 

(i) For the force field parameters of Ga, In and Sn 

 

pair coefficient  

Al 0.505000 1.178153 

Ga 0.415000 1.104809 

In 0.599000 1.176081 

 

(ii) For the force field parameters of AlN 

 

pair coefficient  

N 0.072 0.915 

Al 0.505000 1.178153 

 

bond coefficient  

Al-N 224.0 1.9 

 

angle coefficient  

Al-N-Al 188.573070 0.343737 0.374972 0.281246  

N-Al-N 100.320469 0.317506 0.313225 0.272502 
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