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Abstract: Vapor chambers (VCs) are efficient heat spreaders that rely on wicks to realize the
circulation of a phase-changing working liquid and can be used to address heat dissipation
problems in electronic devices, aerospace, and satellite equipment. In this study, we
propose a novel vapor chamber with biomimetic wick structures and composite lattice
supports to enhance the thermal management and load-bearing performance of vapor
chambers. The experiments and COMSOL multiphysics 6.1 simulation results indicate that
the biomimetic design can improve the startup performance, thermal management, and
load-bearing performance of the VC. Compared to conventional VCs, at a filling ratio of
20% the biomimetic VC reduces the time to reach a steady state by 11.7% and improves the
uniformity of temperature by 7.74%. This study provides a novel design concept for VCs
and verifies the operating performance of vapor in high heat flux density cases, providing
a reference for the innovative design and enhanced heat transfer of phase change-based
thermal management equipment.

Keywords: vapor chamber; thermal performance; multiphysics simulation; biomimetic design

1. Introduction
A vapor chamber (VC), which is also known as a flat heat pipe, can effectively improve

the temperature nonuniformity caused by heat concentration through two-phase cycles. It
is a guided thermal protection structure and has the advantages of high thermal conduc-
tivity, good isothermal performance, strong stability, strong heat transfer capacity, reliable
operation, and a high working temperature. A VC is a practical means to eliminate hot
spots under high-temperature nonuniformity and is widely used in high-speed aircraft [1],
nuclear reactor power [2], electric vehicle thermal management systems [3], batteries [4],
solar energy collection [5], waste heat recovery, electronic equipment heat dissipation, and
other fields.

As an efficient heat transfer device, a VC relies mainly on wicks to achieve phase
change circulation of the internal working fluid to evenly distribute heat and eliminate hot
spots. When locally heated, the liquid working fluid in the evaporator inside the VC absorbs
heat and turns into vapor. The vapor moves from the evaporator to the condenser under
the drive of pressure difference. When it reaches the condenser, the vapor condenses into a
liquid and releases heat. The working fluid in the condenser returns to the evaporator under
the action of wicks. During the continuous repetition of the above process, the working
fluid continues to circulate, transporting heat from the evaporator to the condenser and
thus balancing the temperatures of different parts.
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Currently, with improvements in equipment performance, the requirements for VC
thermal management, its lightweight properties, and other functions have increased. There-
fore, optimizing the design of VCs is a key issue that needs to be addressed. The traditional
VC is mainly composed of a shell, wicks, and working fluid. The shell and working fluid
are mainly determined by the actual application conditions. In the case where the main
structure is known, the improvement in heat pipe performance depends on the wicks used
to promote two-phase heat conduction [6]. Therefore, the key to improving VC perfor-
mance lies in designing new wicks. At present, wicks are mainly divided into sintered
powder, wire mesh [7–9], microgrooves [10], and composite wicks formed by combining
the above structures [11,12].

Recently, innovative designs and developments have emerged for wicks [13]. For
example, Li [14] proposed a multi-scale microgrooved wick structure fabricated with
sintered copper powder, which showed a greater capillary pumping amount and wicking
velocity in the capillary rise process compared to the plain sintered powder wicks (PCPWs)
and sintered powder wicks covered by nanograss (NGPWs). Ryu [15] proposed dual-height
superhydrophilic micropost evaporator wicks with improved heat transfer performance
for thermal management applications, which enhances the heat transfer coefficient by
up to 300%, and decreases the sensitivity of heat transfer and capillary performance to
liquid-filled charges by over 60% compared with previous single-height micropost wicks.
Peng [16,17] used micro fin-pin arrays and leaf-vein-like fractal architecture channels to
form porous media as liquid wicks. The results showed that the wick greatly affected
the temperature and pressure drop, improving the heat and mass transfer performance
of the overall structure over that of the conventional structure. Liu [18] proposed a novel
method for optimizing the layout of the grooved evaporator wick structure of a vapor
chamber heat spreader, which was inspired by natural branches and based on growth
simulation, to obtain a topological structure with dichotomous, hierarchical, and branching
characteristics, which improved the capillary pressure and made the temperature gradient
more homogeneous. This method enables the vapor chamber heat spreader to have better
heat dissipation performance. Cui [19] used a thermal oxidation method to treat ultrathin
heat pipe wire mesh wicks so that the water droplets were changed from being pinned
on the wick surface to being completely immersed in the wick. The study revealed that
the proposed ultrathin heat pipe is a reliable candidate for the thermal management of
electronic devices with high heat transfer rates. Koukoravas [20] proposed a design that
replaced the condenser wick and wicking posts with a wettability-patterned plate and
measured the dependence of the vapor chambers on orientation through experiments. The
results showed that incorporating wettability patterns into vapor chamber heat spreaders
has broad potential.

Support columns can be set up in a VC on the basis of the requirements of the applica-
tion scenario to ensure the strength and stability of the overall structure [11,21]. However,
common support columns mainly use solid structures [22,23], causing a sudden increase
in VC mass, which is not desirable in fields such as aerospace and portable devices that
require highly lightweight materials. Lattice structures, as lightweight and high-strength
support structures, are excellent alternatives to solid structures and, as porous structures,
have more advantages than solid supports in terms of vapor flow and liquid transport
inside the vapor chamber. Therefore, referring to the lattice bearing structure for VCs
has great potential. Overall, as an efficient heat dissipation structure, current VC designs
have considerable optimization potential on the basis of surface modifications, biomimetic
designs, and other applications.
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However, current research on vapor chambers mainly focuses on optimizing indi-
vidual components such as wick structures and support columns without systematically
optimizing the overall structure. This local optimization strategy only addresses a sin-
gle performance index, resulting in improvements confined to the specific performance,
which thus demonstrates limited effectiveness in comprehensively elevating the holistic
performance of the vapor chamber, particularly regarding critical parameters like startup
performance, temperature uniformity, and load-bearing capacity. Therefore, we propose an
integrated biomimetic optimization strategy based on our previous study. On the basis of
bionic similarity principles, and inspired by the optimized features of biological structures,
various components of the vapor chamber are optimized multi-dimensionally to enhance
the comprehensive performance of the vapor chamber.

In this study, biomimetic designs were created for wicks of a vapor chamber. Inspired
by the superhydrophobic and superhydrophilic properties of lotus leaves and mosses in
nature, we designed wicks with a superhydrophilic evaporation section and a superhy-
drophobic condensation section to increase the transport efficiency of the working fluid
in phase-changing circulation. In addition, biomimetic grooves were machined on wicks
inspired by the capillary transport characteristics of leaf veins to help the liquid working
fluid flow back to the heat source and thus shorten the period of phase-changing circulation.
From the perspective of being both lightweight and high strength, a lattice support struc-
ture was designed and prepared through 3D printing additive manufacturing. The lattice
support was wrapped with a vertical wick, which was the so-called composite support
column, to increase the flow path of the liquid working fluid. In terms of the simulation
analysis method, the COMSOL multiphysics 6.1 simulation method was adopted to ana-
lyze the temperature distribution of the saturated vapor chamber, and the contribution of
each component to heat transfer was obtained by calculating the heat transfer rate. The
important role of lattices in bearing loads was analyzed by applying pressure on the upper
surface of the VC. Finally, on the basis of the above optimized designs, a novel vapor
chamber was prepared, and a thermal testing platform was built. The thermal management
function of the biomimetic wicks was analyzed experimentally. The results indicate that
the biomimetic design improved the VC by shortening the steady-state time and enhancing
the heat dissipation performance.

2. Materials and Methods
2.1. Prototype of the Vapor Chamber with Biomimetic Wicks

In this work, the thermal performance of a VC was enhanced by the biomimetic
designs of the condenser and the evaporator wicks (Figure 1a). Inspired by the hydropho-
bicity of lotus leaf surfaces, which allows quick movement of water droplets, and the
hydrophilicity of moss, which keeps it moist, superhydrophobic and superhydrophilic
surfaces are implemented onto the condenser and the evaporator wicks, respectively. As the
superhydrophobic surface can promote the formation of dropwise condensation, droplets
quickly form and fall off the condensation surface, continuously exposing the surface to the
vapor and maintaining efficient heat transfer. In contrast, during the evaporation process of
the working fluid, the superhydrophilic property of the evaporator wick surface makes it
easier for the working liquid to spread and infiltrate the surface, increasing the contact area
between the working fluid and the evaporation surface, which helps form a uniform liquid
film and promotes the generation and detachment of bubbles during nucleate boiling,
thereby improving the evaporation efficiency and thermal performance.
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Figure 1. (a) Schematic of the biomimetic VC structure. (b) Inspirations for the biomimetic VC.
(c) Schematic illustration of the VC operation principle.

In addition to the surface modification treatments, biomimetic grooves were also
introduced on the condenser and the evaporator wicks, the design of which was based
on our previous work [24]. Bioinspired by the leaf vein structures with efficient capillary
transport in plants, the grooves were designed on the basis of typical leaf vein features
such as wedge-shaped structures and asymmetric branches. Compared with those of
conventional porous copper foam, the capillary force and permeability of a wick with
grooves are more balanced. This composite wick structure can effectively separate the
gas–liquid flow path and enhance capillary transport. As Figure 1c shows, the design of
the grooves allows the droplets to gather above the heat source, thereby shortening the
time for the liquid to reflux to the heat source.

Considering the lightweight and load-bearing requirements of aircraft, satellites, and
other devices, a composite column that comprises a honeycomb-shaped 3D-printed lattice
structure and a porous copper foam (which is wrapped on the lattice) is proposed. The
lattice structure was designed to bear loads within the VC, and the vertical wick was
conducive to the upward and downward transport of the working fluid.

Figure 2 shows a biomimetic designed vapor chamber which comprises a metal shell,
four lattice support columns, and wick structures. The shell, assembled through fasteners
and sealed with a silicone gasket, was manufactured via a series of processes, including laser
cutting, bending, welding, and was welded with two G1/4 connection joints. Copper foam
was used to fabricate the wick structures, which were full of the internal surfaces of the shell.
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The upper superhydrophobic wick was the condenser, and the lower superhydrophilic wick
was the evaporator, with biomimetic grooves milled on both surfaces. The tight fit between
the wicks and the shell was enabled by the accurate dimensions and soldering process. The
3D-printed lattices of the composite support columns were made of 316 stainless steels,
and the working fluid was deionized water. Table 1 summarizes the specifications of the
VC sample.
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Table 1. Geometric parameters of the vapor chamber.

Geometrical Parameter Value

Area of bottom surface 100 mm × 100 mm
Size of top surface 120 mm × 120 mm

Vapor chamber height 40 mm
Shell thickness 1.5 mm
Wick thickness 2 mm

Self-clinching nuts M4 SUS304
Bolts M4 × 10 SUS304

Sealing gasket 2 mm silicone gasket

2.2. Vapor Chamber Fabrication
2.2.1. Leaf Vein Inspired Grooves

In this investigation, copper foam with 97% porosity served as the base material for
the wicks, and Table 2 lists the complete details of the copper foam. Copper foam has
the following advantages. First, the copper foam is a porous medium, where the larger
pores are instrumental in vapor escape, and the smaller pores facilitate the liquid capillary
transmission. Thus, the pores of copper foam are conducive to orderly movement and
circulation between vapor and liquid. Second, grooves can be fabricated on copper foam
more easily than mesh wicks and sintered copper wicks.
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Table 2. Parameters of the copper foam wick.

Parameter Value

Porosity 97%
Surface density Approximate 500–600 g/m2

Pore size 100–200 µm

The capillary transport grooves were designed based on the wedge-shaped and asym-
metric branch features of the leaf vein structure, which were summarized in our previous
study [24]. The efficient transmission mechanism of these features was validated through
theoretical derivation and numerical analysis. In this study, the grooves with these leaf vein
inspired features were applied to the VC system. High-speed CNC (computer numerical
control) milling technology was used to process the grooves at a depth of 1 mm on the
surface of the wick to avoid material blockage, which may be caused by laser processing,
mold imprinting, and other methods [25]. In detail, the precise microchannels on the copper
foam substrate were processed in a vertical machining center (Model TL-650D, Kunshan
Taizhicheng Precision Machinery Co., Ltd., Kunshan, China). To ensure the fixation of
the workpiece during the machining process, a self-adhesive polymer film was applied to
the non-machined surface, with the opposing film surface anchored to a vacuum chuck
of the machining center. Then, three processes were employed to machine the channels,
with drills of three different diameters (∅2 mm, ∅1 mm, and ∅0.8 mm) used, respectively.
Finally, the polymer film of the copper foam substrate was removed after the completion of
the whole machining process. Figure 3 shows the processed capillary wick.
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(f) support lattices processed by SLM.

2.2.2. Surface Modification Treatment

A pretreatment process was incorporated to obtain clean copper foam before surface
modification was performed for the condenser and evaporator wicks. The copper foam
was first immersed in a HCl solution to remove the surface residue, then placed in an
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ultrasonic cleaning machine for 30 min to thoroughly remove surface and internal residues,
and finally, it was rinsed with deionized water to remove the residual HCl.

The fabrication process of the superhydrophobic condenser wick is as follows [26].
The copper foam sample was first soaked in 0.03 mol/L ammonia solution for 48 h and
then rinsed with deionized water. After being heated in a 180 ◦C oven for 2 h, the sample
was placed in a 0.5 wt% hexane solution with 1H,1H,2H,2H-perfluorodecyltriethoxysilane
for 1 h. Finally, the copper foam wick was dried in a 110 ◦C oven for 1 h to promote the
reaction between the 1H,1H,2H,2H-perfluorodecyltriethoxysilane and the copper foam
surface, thus increasing the stability and firmness of the hydrophobic coating and helping
to further solidify and stabilize the surface modification layer, making it more uniform
and firmer.

Chemical treatment was performed on the evaporator wick surface to form a super-
hydrophilic coating of CuO. First, a mixed solution of 0.065 mol/L K2S2O8 and 2.5 mol/L
KOH was prepared, which was then placed in a water bath at a constant temperature of
70 ◦C to achieve the same temperature. Second, the copper foam sample was immersed
completely in the mixed solution for 30 min and rinsed with deionized water. The washed
sample was finally dried in a 180 ◦C vacuum drying oven for 30 min [4,27]. After the
reaction, the surfaces of the copper foam became black, and the original metallic luster
disappeared. The chemical equation for this reaction is as follows:

Cu + 2KOH + K2S2O8 → Cu(OH)2 + 2K2SO4

Cu(OH)2 → CuO + H2O

2.2.3. Lightweight Honeycomb Lattice Column

To ensure load-bearing performance, support columns are usually set in the VC,
and common columns include sintered and solid columns [4,28]. The reasonable design
of the support structure can also help with the thermal management of the VC. With
the popularization of 3D printing technology, lightweight lattice structures are gradually
emerging in the context of load-bearing ability.

Owing to the exceptional stability and array properties of the honeycomb structure,
and the excellent lightweight characteristics of the lattice structure, we designed a lattice
structure with a honeycomb for the support ability of the vapor chamber (Figure 3). The
design process is as follows: first, a unit cell structure based on the honeycomb-shaped
junction center form is designed; then, through a Boolean intersection operation, it becomes
a regular unit cell that is easy to array. This type of unit cell forms a lattice bearing structure
for the interior of the vapor chamber through arrays.

Owing to the flexibility of additive manufacturing technology, this study used 3D
printing equipment (Model HBD-150, Shanghai Hanbang United Airlines Laser Technology
Co., Ltd., Shanghai, China) with selective laser melting technology to prepare samples, and
Table 3 lists the equipment model and process parameters. During the printing process, the
molten metal powder gradually accumulates on the substrate to form a lattice structure.
To ensure the support function of the lattice structure and its assembly with the shell, thin
planes are set at the upper and lower ends of the lattice structure. After printing, the lattice
structure is removed from the substrate by wire cutting and immersed in ethanol solution
for ultrasonic cleaning to remove residual dirt during the preparation process. Figure 3f
shows the prepared sample. This structure not only has the load-bearing characteristic of
the traditional hexagonal honeycomb structure but also has the advantage of a lightweight
lattice structure. Table 4 shows the specific parameters of the lattice.
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Table 3. Technical parameters of the 3D printing equipment.

Forming Size φ159 mm × 100 mm

Laser power 200 W, 200 W × 2
Layer thickness 10–40 µm

Scanning track width 40–80 µm
Scanning speed <10,000 mm/s
Typical accuracy 0.05–0.1 mm

Table 4. Lattice parameters.

Lattice Porosity Lattice Unit Cell Height (hcell) Array Units

60% 3.5 mm 6 × 12

2.3. Experimental Setup

To analyze the influence of our biomimetic design on the startup characteristics and
thermal performance of the vapor chamber, we construct a traditional VC for comparative
experiments. In the traditional VC, there is no support column, and the wick is fabricated
by the common copper foam without surface modification treatments or milled grooves.

An experimental testing system (Figure 4) is designed to achieve a high vacuum
degree inside the vapor chamber, and then experiments on thermal performance can be
carried out. The pressure transmitter and T-shaped tee are connected to the two welded
pipe joints on the shell through threaded connections (with gaskets included for sealing).
The T-shaped tee is connected to the vacuum pump and the working fluid injector, and
both branches are equipped with vacuum ball valves. The pressure transmitter collects the
pressure data inside the vapor chamber at a frequency of 60 times per second and transmits
it to the computer via RS—485. Before each experiment, the internal pressure of the vapor
chamber was evacuated to the vacuum state.
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2.3.1. Experimental Setup for the Thermal Performance of the VC

As Figure 4 shows, the VC is placed on the insulated boards, which have good
insulation properties to prevent heat loss caused by heat transfer through the workbench.
A copper block with two heating rods inserted into it was designed and processed, and
the thermal power supplied to the heating rods can be set by using a DC regulated power
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supply (Shanghai Aoshituo Electric Co., Ltd., Shanghai, China) with a constant power mode.
The DC power supply was also connected to the computer via RS—485 to monitor the
power value. A multichannel temperature recorder (Model YP5016G, Shenzhen Yongpeng
Instrument Co., Ltd., Shenzhen, China) was used to obtain the surface temperature of the
VC. The thermocouples were attached to the collection point with insulation tape. Except
for the surface where the heat source was located, all other parts of the VC were exposed to
the air, and the above surfaces exchange heat through convection and thermal radiation.

To comprehensively consider the influence of the liquid filling ratio on the results of
the biomimetic design, this study uses three types of liquid filling ratios for analysis, and
the formula for the liquid filling ratio is as follows [29,30]:

φ =
Vl
Vc

(1)

where Vl is the volume of liquid working fluid and Vc is the volume of pores in the VC.
We compare the thermal management performance of the biomimetic designed VC with a
traditional VC through experiments.

2.3.2. Data Processing and Uncertainty Analysis

In this study, isothermal performance [31,32] and thermal resistance Rth are used
to evaluate the thermal performance of the vapor chamber. The temperature uniformity
coefficient (J) is an indicator used to evaluate the uniformity of the temperature distribution
in a thermal system and reflects the extent of the temperature difference between the
evaporator and condenser [6], and J can be calculated by the following equation:

J = 1 −
Tevap − Tcond

Tevap
(2)


Tevap =

4
∑

i=1
Tei

Tcond =
4
∑

i=1
Tci

(3)

where Tevap and Tcond are the average temperatures of the evaporation surface and the
condensation surface, respectively, and can be calculated by the collection points shown
in Figure 4 via Equation (3). Thus, the temperature uniformity coefficient J of the VC is
obtained to evaluate its thermal management performance. The closer J is to 1, the smaller
the temperature difference between the evaporation and condensation sections of the VC
and the more uniform the temperature distribution. In contrast, the closer J is to 0, the
greater the temperature difference and the more uneven the temperature distribution of
the VC system.

The thermal resistance of a vapor chamber is a critical parameter for evaluating its
thermal performance, defined as the ratio of the temperature difference (∆T) generated
across the vapor chamber to the input heat power (Q). Rth is formulated as follows:

Rth =
∆T
Q

=
Tcond − Tevap

Q
(4)

The uncertainty of the experimental system was caused mainly by the heating source
and thermocouples of the temperature recorder. The measurement error of the heating
source was 2%, and the measurement accuracy of the temperature controller of the heating
block was 1 ◦C, while the thermocouples were calibrated with a measurement accuracy of
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0.6 ◦C. The relative measurement error of the thermal resistance can be calculated via the
equation proposed by Kline and McClintock [25,33], which is as follows:

E(y) =

√
∑N

i=1

(
∂y
∂xi

·E(xi)

)2
(5)

where y is a given function of the independent variable xi, E(y) is the measurement error,
and E(xi) is the maximum measurement error of the independent variable xi. According
to Equation (5), the maximum relative measurement uncertainty of the thermal resistance
was 5.7%.

2.4. Multiphysics Simulation Analysis

The vapor chamber transfers heat in an orderly manner through evaporation, mass
transfer, and condensation of the working fluid, and the two-phase heat and mass transfer
inside it is a complex multiphysics coupling process. Because phase change cycles cannot
be observed inside the vapor chamber, numerical simulation can better analyze the heat
transfer performance of the vapor chamber. This method can be used to evaluate the
engineering applicability of the structural design of a vapor chamber and is an essential
part of its structural design.

2.4.1. Geometric Model and Boundary Conditions

The simulation analysis in this study is conducted using COMSOL multiphysics 6.1
software. Specifically, the “Laminar Flow Interface” and “Brinkman Equations Interface”
from the CFD Module, as well as the “Heat Transfer Interface” from the Heat Transfer
Module, are employed. In addition, the following assumptions are applied to simplify the
numerical analysis:

(1) The vapor chamber is in a steady-state condition.
(2) The vapor is incompressible and the flow is laminar.
(3) The wick is a saturated, homogeneous porous medium, with fluid flow described by

the Brinkman equation.

For the vapor region, the conservations of mass, momentum, and energy are con-
sidered. The corresponding equations include the continuity equation, Navier–Stokes
equation, and energy equation, as can be seen in the following:

∇·→u = 0

ρv

(→
u ·∇

)→
u = −∇p + µ∇2→u +

→
F

ρvcv

(→
u ·∇

)
T = kv∇2T + Q

(6)

where
→
u is the velocity, ρv is the density of the vapor, p is the pressure, µ is the dynamic

viscosity,
→
F is the external force term, cv is the specific heat capacity of the vapor, kv is the

thermal conductivity of the vapor, T is the temperature, and Q is the heat source term.
For the wick, which is a porous material, the porosity is set to 97% according to the

parameters of the copper foam wick used in the experiment. The solid phase of the wick
material is copper, and the fluid phase within the pores is water. For the flow of the liquid
working fluid in the wick’s porous medium, the Brinkman equation is used for analysis.
The Brinkman equation is a modified form of the Navier–Stokes equation that accounts for
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fluid flow in porous media by incorporating a Darcy resistance term ( µ
K
→
u ). Therefore, the

governing equation for the fluid phase within the wick domain is as follows:
∇→

u = 0

ρl

(→
u ·∇

)→
u = −∇p + µ∇2→u − µ

K
→
u +

→
F

ρlcl

(→
u ·∇

)
T = kl∇2T + Q

(7)

where K is the permeability, ρl , cl , and kl are the density, specific heat capacity, and thermal
conductivity of the liquid working fluid, respectively.

For the solid phase (copper) of the wick, the governing equation is as follows:

ρscs∇2T = 0 (8)

where ρs and cs are the density and specific heat capacity of the solid, respectively.
For the lattice support columns, which are involved in solid heat transfer, the govern-

ing equation is also as follows:
ρscs∇2T = 0 (9)

For the shell region, the governing equation is as follows:

∇·(ks∇T) + qconv + qrad = 0 (10)

where ks is the thermal conductivity of the solid, qconv is the convective heat flux, and qrad

is the radiative heat flux.
Regarding the boundary conditions, as shown in Figure 5, the heat source has dimen-

sions of 10 mm × 10 mm and a heat input of qin. The surface where the heat source is
located is thermally insulated, while the remaining surfaces of the shell are heat dissipation
surfaces, and heat transfer between the shell and the surrounding environment is through
convection and radiation. Table 5 shows the specific parameters.
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Table 5. Parameters in the finite element model.

Model Parameter Value

Heat input, qin 20 W
Convective heat transfer coefficient, hconv 10 W/(m2·K)

Emissivity, δ 0.95
Ambient temperature, Tamb 25 ◦C

For the surface of the shell, which is in contact with the heat source, a constant heat
flux is applied as follows:

−ks

(
∂Ts

∂n

)
= qin (11)

For the thermally insulated surface of the VC it is as follows:

−ks

(
∂Ts

∂n

)
= 0 (12)

For the heat dissipation surfaces, convection and radiation boundary conditions are
applied as follows:

−ks

(
∂Ts

∂n

)
= hconv(T − T∞)︸ ︷︷ ︸

qconv

+ σδ
(

T4 − T4
amb

)
︸ ︷︷ ︸

qrad

(13)

where hconv is the convective heat transfer coefficient, T∞ is the temperature of surround-
ing fluid, is the σ is Stefan–Boltzmann constant, δ is the emissivity, and Tamb is the
ambient temperature.

For the boundary condition at the wick–vapor interface, the mass and energy balance
are as follows:

ρlul = ρvuv

T = Tv = Tsat
(14)

where Tv and Tsat are the vapor temperature and saturated wick temperature, respectively.
For the interface between vapor and the solid components (shell and lattice support

columns), the boundary condition is as follows:

kv

(
∂Tv

∂n

)
= ks

(
∂Ts

∂n

)
(15)

For the interface between wick and the solid components (shell and lattice support
columns), the boundary condition is as follows:

ke f f

(
∂Tw

∂n

)
= ks

(
∂Ts

∂n

)
(16)

where ke f f is the effective thermal conductivity of the wick.
Table 6 shows the physical property parameters of the solid materials. The properties

of the liquid working fluid material in the wicks adopt a liquid-phase system based on the
IAPWS model (International Association for the Properties of Water and Steam Model).
The gaseous material in the chamber adopts the ideal gas law for the vapor system.

Table 6. Physical properties of the materials.

Material Density (kg/m3) Specific Heat Capacity (J/kg·K) Thermal Conductivity W/(m·K)

Copper 8960 385 400
304 Stainless steel 7867 467 14.6
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2.4.2. Grid Independence

To ensure the accuracy of the simulation results, this study assessed the impact of grid
refinement on temperature. Stability is achieved with approximately 2.26 × 106 grids, and
the temperature results obtained from the calculation tend to be stable, with the change in
results from further grid refinement being less than 2%. As the further refinement of the
grid increases the calculation cost, this study adopts a model with a grid range of 2.26 × 106

for finite element simulation.

3. Results and Discussion
3.1. Surface Modification Treatment of Evaporator and Condenser Wicks

Figure 6 shows the pretreated copper foam. When the deionized water drops on
its surface, the liquid drop does not immediately penetrate the copper foam due to the
solid–liquid contact angle between the droplet and the copper foam. After approximately
50 s, most of the liquid infiltrates the copper foam, with a thin liquid film remaining on
the surface. In addition, as shown in the SEM image (Figure 6a), the pores of the copper
foam, which are mainly interconnected, have different sizes and shapes, and have an open
three-dimensional mesh structure.
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Figure 6. Wettability phenomenon and SEM images of deionized water on different copper foam
surfaces: (a) untreated copper foam, (b) copper foam used for the evaporator wick, and (c) copper
foam used for the condenser wick.

The superhydrophobic modified copper foam has a relatively low surface energy, and
the contact angle of deionized water on its surface is relatively large. When the surface is
slightly inclined, the liquid drop rolls, which is consistent with the rolling phenomenon
of water drops on lotus leaves. Its SEM image is similar to that of the untreated sample,
with no obvious microstructure or other phenomena. In addition, energy dispersive
X-ray spectroscopy (EDS) in Figure 7a reveals that its main components are Cu, F, Si,
and C.

When deionized water was dropped on the surface of the copper foam, which was
treated via the superhydrophilic method, the liquid drop spread rapidly on the surface.
Owing to its porosity, the copper foam is quickly penetrated by the liquid drop. Even in the
unabsorbed stage, the contact angle between the liquid and the surface is extremely small.
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The SEM image (Figure 6b) shows that the surface formed a nanoflower microstructure,
and the EDS (Figure 7b) analysis shows that the nanoflower comprises Cu and O.
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drophilic wicks.

Unlike the smooth surface of the untreated copper foam, the copper foam is full
of nanoflower microstructures after superhydrophilic modification which increases the
contact area and capillarity between the liquid and copper foam. According to the EDS
analysis results, CuO was generated after the reaction. The hydroxyl group (-OH) on the
surface of copper oxide can form strongly noncovalent and strongly hydrophilic hydrogen
bonds with water molecules. Additionally, copper oxide has a high surface energy and
a polar surface, which can exhibit strong superhydrophilic properties. According to the
Young–Laplace equation, the contact angle of the liquid on the superhydrophilic wick is
relatively small, thus providing a greater capillary force.

The superhydrophobic modified copper foam has a relatively low surface energy, and
the contact angle of deionized water on its surface is relatively large. The adhesion between
the liquid and the copper foam surface is too low for the liquid to spread. The reason is
that perfluorodecyltriethylhydrosilane is a fluorinated compound that can combine with
the copper surface via covalent or other chemical bonds. This surface modification process
forms a highly hydrophobic fluorinated layer, considerably reducing the surface energy
of copper foam to exclude water molecules. Hence, water drops do not easily attach to its
surface, resulting in boiling and falling.

3.2. Thermal Performance of the VC by Experiments
3.2.1. Startup Performance of the VC

This study experimentally measured the time that is required for VCs to reach the
steady state (the temperature change at each measuring point is less than 0.5 ◦C [19]) to
evaluate the startup performance [34,35] of a traditional VC and the biomimetic designed
VC under different filling ratios. As Figure 8 shows, when the filling ratios of the VC with
traditional wicks are 10%, 20%, and 30%, the startup times are 3552 s, 4149 s, and 4276 s,
respectively. The biomimetic optimized design (evaporator and condenser wicks with leaf
vein grooves were conducted separately using superhydrophilic and superhydrophobic
methods) considerably shortens the time required for the VC to reach the steady state.
When the filling ratios are 10%, 20%, and 30%, the startup times for the VC using biomimetic
designed wicks are 3284 s, 3663 s, and 3928 s, respectively. Compared with the traditional
design, the biomimetic design significantly shortens the startup time by 7.5%, 11.7%, and
8.1%, respectively, and thus demonstrates a better startup characteristic.
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3.2.2. Isothermal Performance

As Figure 9 shows, compared with those of the biomimetic designed VC, the tempera-
tures in the evaporation and condensation sections of the traditional VC are higher and
lower, respectively. Specifically, for the three cases in which the liquid filling ratios are 10%,
20%, and 30%, under the same input temperature, the thermal uniformity performance of
the VC is improved, with the temperature uniformity coefficient increasing from 75.36%
to 79.64%, from 79.67% to 87.41%, and from 75.67% to 77.34%, respectively, in which the
maximum increase is 7.74%, when the liquid filling ratio is 20%.
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3.2.3. Thermal Resistance

As Figure 9c shows, the thermal resistance performance of the biomimetic vapor
chamber is compared with that of the traditional vapor chamber under various liquid
filling ratios. The thermal resistances of both VCs exhibit a non-monotonic relationship
with increasing filling ratios, with them initially decreasing and then rising. The traditional
VC achieves its minimum thermal resistance (approximately 0.54 ◦C/W) at the 20% fill-
ing ratio, while the biomimetic VC further reduces the thermal resistance to 0.32 ◦C/W
under the same condition. In addition, the biomimetic VC demonstrates superior thermal
performance across all filling ratios, particularly achieving a 40.74% reduction in thermal
resistance compared to the traditional VC at 20% filling ratio.

When the filling ratio is 20%, both the traditional and biomimetic VC exhibit the
minimum thermal resistance, suggesting that 20% may represent the optimal performance
range for both structures [36]. Among all the three filling ratios investigated in this study, at
the filling ratio of 10%, the insufficient working fluid fails to maintain a stable phase change
for evaporation, leading to local drying and higher thermal resistance. At a filling ratio
of 30%, the higher thermal resistance is due to excessive capillary flow resistance caused
by the liquid and the reduction in the evaporation interface efficiency. In comparison, at
a filling ratio of 20%, the liquid working fluid in the VC forms a continuous and stable
capillary flow and efficiently vaporizes in the evaporation section, achieving a balance
between capillary flow resistance and evaporation efficiency.

3.2.4. The Effect of Biomimetic Design on VC

The above results indicate that the biomimetic design has indeed enhanced the thermal
performance of the vapor chamber. The superhydrophobic condensation section, inspired
by the lotus leaf, enables the liquid working fluid to easily fall off, which can affect the vapor
chamber in the following aspects. Firstly, it alters the condensation mode of the working
fluid. In conventional condensation processes, the working fluid forms a continuous liquid
film over the surface of the condenser wick, a phenomenon termed filmwise condensation.
This regime inherently results in higher thermal resistance, as heat transfer to the cooling
surface must occur through the insulating liquid film. In contrast, the superhydrophobic
wick promotes dropwise condensation, where condensed droplets rapidly shed from
the condensing section like water droplets on a lotus leaf. This transition significantly
reduces liquid film resistance and enhances the effective contact area between the vaporized
working fluid and the condenser surface. Secondly, it enhances the circulation of the liquid
working fluid. The tiny droplets condensed on the superhydrophobic surface are guided
by the biomimetic leaf vein grooves, which directs them toward the central region, where
they then drip off. This facilitates the more efficient return of the working fluid to the heat
source, enabling its participation in the subsequent phase change cycle. Consequently, the
condensation efficiency and heat transfer performance are markedly improved.

The evaporation section, engineered with a moss-inspired superhydrophilic modifi-
cation, allows liquid to infiltrate and spread more readily compared to traditional wicks,
effectively mitigating local dry out phenomena. This enhances liquid transport efficiency
and improves the operational stability of vapor chamber systems. On the other hand, com-
pared to traditional copper foam wicks, CuO nanoflower structures on superhydrophilic
surfaces provide a higher density of nucleation sites. This enhancement facilitates the
initiation of boiling at a reduced degree of superheat and enhances the evaporation effi-
ciency [37].

Overall, the biomimetic design optimizes liquid distribution and phase-change heat
transfer, thereby enhancing the efficiency of evaporation–condensation cycles and reducing
thermal resistance. In addition, we speculate that the enhancement of the heat transfer
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performance is not only related to the biomimetic wicks but also to the composite lattice
support columns. The wicks of the composite support columns add paths for the liquid
working fluid to flow back to the evaporation section, which increases the instantaneous
flow rate of the working fluid and further plays a role in temperature regulation.

3.3. Numerical Analysis of the VC
3.3.1. Thermal Performance of the VC by Numerical Analysis

In addition to experimental studies, the temperature distributions of the dry VC
(with dry wicks, with no phase change) [38] and the phase-changing VC (with saturated
wicks) in the steady state are also analyzed through numerical simulations. For the dry
VC, the highest and lowest temperatures in the evaporation section are 444.15 K and
314.15 K, respectively, whereas those in the condensation section are 311.45 K and 307.85 K,
respectively. The maximum temperature difference between the evaporation section and
condensation section is 132 K. Thus, the VC without phase changes has a considerable
temperature difference, which would be detrimental.

In contrast, the overall temperature difference in the VC with phase changes is rela-
tively small. The highest and lowest temperatures in the evaporation section are 348.95 K
and 318.05 K, respectively, and those in the condensation section are 318.35 K and 314.55 K,
respectively. In this case, the temperature difference between the evaporation and conden-
sation sections of the VC is considerably reduced. Although the evaporation section itself
still has a certain temperature difference, it has greatly improved compared with that of the
dry VC, and the phase-changing VC structure has achieved good uniformity.

A comparison of the simulation analysis results with the experimental results
(Figure 10c) shows that the overall temperature of each measuring point in the dry VC is in
good agreement, with an average error of 4.43%. When the phase-changing VC reaches a
steady state, the simulation results of the surface temperature of the condensation section
agree well with the experimental results, whereas those of the evaporation section are larger
than the experimental results, and the discrepancy increases as the location approaches
the heat source. This could be due to the simulation assuming an ideal state, while in the
actual experimental measurements, temperature near the heat source is disturbed by the
external environment, leading to larger temperature errors.

By integrating the cross sectional heat flux (W/m2) of the shell, lattices, wicks, and
chamber for the VC, the normal heat transfer rate (W) of the VC cross section can be
calculated, and the contribution of each part of the VC structure to heat transfer can be
analyzed. The comparison of the steady-state heat transfer rate in different sections of the
two VC structures is shown in Table 7. For the dry VC, the heat transfer rates of the shell,
lattices, wicks, and chamber are 2.3707 W, 0.65609 W, 4.2202 W, and 0.14581 W, respectively.
For the phase-changing VC, the normal heat transfer rates of the shell, lattices, wicks,
and vapor inside the chamber are 0.0012139 W, 6.2651 × 10−8 W, 4.6150 × 10−4 W, and
−6.0641 × 10−5 W, respectively. The latent heat power of the working fluid in the chamber
is 12.743 W, indicating that phase-changing heat transfer is the dominant mechanism for
VC heat dissipation.

Table 7. Steady-state heat transfer rate in different sections of the vapor chamber.

Component Dry VC (W) Phase-Changing VC (W)

Shell 2.3707 0.0012139
Lattices 0.65609 6.2651 × 10−8

Wicks 4.2202 4.6150 × 10−4

Chamber 0.14581 6.0641 × 10−5

Latent heat 0.0000 12.743
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The strong agreement between the simulation results of the numerical analysis and
the experimental results indicates the efficiency of this simulation analysis method. A
comparison of the temperature distributions of the VC in the dry state (without working
fluid) and the phase-change steady state (Figure 10) clearly reveals that the VC based on
phase change has better isothermal performance, which is attributed to the effect of the
latent heat of the working fluid.

Furthermore, by comparing the heat transfer rate between each part of the dry VC and
the phase change VC, the contribution of each part to heat transfer during the operation of
the VC can be more accurately determined. For the dry VC, the stainless-steel shell and dry
copper foam wicks provide the main contributions to heat transfer, whereas for the phase
change VC, the latent heat transfer of the working medium is the dominant mechanism.
For the same component, the heat transfer rate in the dry state is higher than that in the
phase change state. According to Fourier’s law, the larger the temperature difference is,
the higher the heat transfer rate. The temperature difference between the evaporation and
condensation sections in the VC without phase change is greater than that in the phase
change state; therefore, there is a difference in the heat transfer rate.

In summary, the method for analyzing phase change structures on the basis of multi-
physics simulation in this study can be used as an effective analytical method, especially
for complex phase change systems. This method can be used to not only predict heat pipe
performance but also provide a reference for structural optimization design.
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3.3.2. Load-Bearing Mechanical Properties

Appropriate support structures not only improve the heat transfer of vapor cham-
bers [23] but also play an important role in load-bearing performance. In this work, four
composite support columns are uniformly set to improve the mechanical properties of the
vapor chamber. Compared with that of the traditional structure without lattices, the weight
of the VC with lattice supports is increased by 4.49%.

When the same force is applied in the vertical direction on the upper surface, the
maximum strain is 0.088497 for the traditional VC shell and 0.045786 for the VC with the
lattice support columns, and the latter is 48.26% lower than the former. The maximum
stress changes from 25,764 MPa for the traditional structure to 16,562 MPa for the VC with
lattice composite support columns, a 35.72% decrease.

The results show that when the same force is applied, the traditional structure is
subjected to greater stress (Figure 11), whereas the structure with lattice support columns
better distributes the load because of the lattice support, resulting in a smaller maximum
stress and a more uniform stress distribution.
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4. Conclusions
This study proposes a novel designed VC. Inspired by wettability phenomena and

leaf vein capillary transport channels in nature, biomimetic wicks were designed, and
the preparation of biomimetic composite wicks was realized through modification and
precision milling processes. A honeycomb lattice support structure was designed and
prepared via additive manufacturing technology, which was combined with a vertical wick
to form a composite support column. This study investigated the thermal management
performance of a VC through multiphysics numerical analysis and thermal performance
experiments. The main conclusions are drawn as follows:

(1) Compared with the traditional VC, the novel VC has better startup characteristics
and reaches the steady state sooner. When the filling ratios of the working fluid are 10%,
20%, and 30%, the startup time of the novel VC is shortened by 7.5%, 11.7%, and 8.1%,
respectively. In particular, when the filling ratio is 20%, the biomimetic design increases the
heat isothermal performance of the vapor chamber by up to 7.74%.

(2) The temperature distributions in the steady state of dry and phase-changing
vapor chambers determined via multiphysics numerical analysis are consistent with the
experimental measurement results, with average errors of 4.43% and 6.76%, respectively.
This simulation method can predict the temperature and heat transfer rate of each part in
the steady state, and thus is a great means to analyze, evaluate, and optimize the design of
phase-changing devices.
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(3) A composite support column based on a lightweight lattice improves the mechani-
cal properties of the VC. When the same load is applied, the maximum strain of the shell is
reduced by 48.26% compared with that of the traditional shell.

In summary, the comprehensive performance of the vapor chamber is enhanced by
biomimetic optimized designs in this study, which provides a reference for phase-changing
thermal management devices. However, existing research reveals that the chemical modi-
fication method adopted in this paper has certain drawbacks in terms of durability [39].
In the future, other modification technologies such as laser-based microstructure fabri-
cation [40,41], plasma surface treatment [42], and chemical vapor deposition [43] can be
considered to improve the stability and durability of the wick surface modification.
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