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Thermal management using a vapor-liquid two-phase circulation system is
challenging in compact and complex-shaped electronic devices. In this study,
we design and fabricate a heat pipe that can adapt to various shapes, regard-
less of space constraints. The heat pipe is capable of bending or twisting in
three dimensions, making it suitable for electronic devices of arbitrary shapes.
It effectively transfers heat from in-plane chips to out-of-plane spaces through
flexible circulation pathways. This two-phase heat cycle system achieves an
ultra-high thermal conductivity of up to 11,363 W/m-K. The flexible and adap-
tive design strategy enables efficient heat transfer in complex and compact

environments.

The tech industry has consistently evolved towards miniaturization,
with chip circuit fabrication becoming more refined and electronic
device designs increasingly compact'™. Conversely, the heat flux
density of electronic components is rapidly increasing®, which sig-
nificantly impacting device performance®. Research shows that the
lifespan of an electronic device is directly linked to its operating
temperature, with every 10 °C increase potentially doubling the failure
rate”®. Therefore, thermal management is a crucial aspect of electronic
design®'°. To address this issue, various technologies, such as forced
air cooling and microchannel cooling, have been developed as effec-
tive heat dissipation methods.

Unfortunately, the compact size, high integration, and non-
standard shapes of most emerging electronic devices" significantly
limit direct application of many thermal management components
due to space constraints. Passive thermal management technologies
utilize the inherent high thermal conductivity of materials to spread
heat concentrated at high heat flux density points over a larger surface
area. With their small spatial requirements, high thermal conductivity,
and low application costs, they have become a general solution for
dissipating hot spots in compact electronic devices””. Flexible ther-
mal film is a technological approach with high design freedom'". It
can adapt flexibly to the complex surfaces of electronic devices'*"” and

offers a wide range of conformable curvatures and adjustable cooling
areas’™", demonstrating high level of design freedom. However, single-
phase solid-state conductive materials, such as graphene films or
graphene paper, exhibit significant attenuation over long-distance
heat transfer, limiting their effective transmission range in high heat
flux density applications.

Phase-change heat transfer systems, such as micro heat pipes and
vapor chambers, utilize the phase change of the working fluid to
transfer heat, achieving extremely high thermal conductivity?**. This
is another major approach in passive thermal management. To ensure
the stable operation of the phase change cycle within the heat pipe, it is
necessary to maintain a high vacuum inside the system. This imposes
stringent requirements on the sealing properties of the micro heat
pipe. Traditional heat pipe fabrication processes typically employ
welding or flattening techniques for shaping, but these methods make
it difficult to construct complex three-dimensional phase-change
pathways, thus limiting the design freedom of heat pipe configura-
tions. This results in the majority of two-phase circulation systems
maintaining simple 1D or 2D configuration’>?. Although these systems
are widely applied in devices with standard shapes such as smart-
phones and laptops***, thermal management in electronics with more
complex shapes, like Augmented Reality (AR) and Virtual Reality (VR)
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headsets or cameras, is still largely confined to the plane of the chips®
(Fig. 1a), leaving a vast untapped space available for heat distribution.

Flexible heat pipes provide a solution for transferring heat out-of-
plane. Some studies use corrugated tubes as the heat pipe casing,
allowing for normal and radial bending, while demonstrating good
thermal conductivity”’. However, the tubular design limits integration
into most electronic devices, imposing constraints on design freedom.
Alternatively, flexible composite films can be used as casings to
enhance the flexibility of flat heat pipes®™®”, providing another
approach for extending two-phase heat cycle pathways out-of-plane.
However, this flexibility often comes at the expense of some heat
transfer efficiency in structural design, and flexible deformation may
cause distortion of the internal two-phase flow channels. As a result,
most flexible flat heat pipes experience a reduction in heat transfer
performance in three-dimensional configurations***'. The deformation
of most flexible flat heat pipes is typically limited to simple normal
bending, significantly constraining design flexibility for more complex
forms of electronic devices. Phase-change flexible filaments are
another emerging technology®. For example, squid-inspired pulsating
heat pipes® can achieve a thermal conductivity of up to 6750 W/m-K
while offering high deformation flexibility, making them effective for
spatial thermal management. However, to maximize the heat dissipa-
tion area within limited assembly spaces in electronic devices, devel-
oping phase-change cycle technologies with greater design freedom is
necessary.

This work integrates customized reverse engineering with data-
driven three-dimensional thermal bonding technology to design and
fabricate a three-dimensional two-phase thermal circulation system
that can adopt arbitrary shapes, free from assembly space constraints.
This thermal circulation system is termed the adaptative heat pipe
(AHP). In the AHP system, the working fluid absorbs heat under
vacuum conditions, evaporating into vapor at the evaporator, which
then travels along a three-dimensional vapor path, conforming to the
electronic device to the condenser. At the condenser, the vapor con-
denses which then returns to the evaporator through the three-
dimensional capillary path of the wick, establishing a continuous, two-
phase, three-dimensional thermal circulation. (Fig. 1c).

The AHP possesses four degrees of design freedom: normal
bending, radial bending, twisting, and lateral adjustment (Fig. 1d). It
can establish stable three-dimensional phase-change pathways for
electronic devices with any curved surfaces and complex configura-
tions (as Supplementary Movie 1), achieving a maximum thermal
conductivity of 11363 W/m-K. The AHP technology was compared with
various passive thermal management technologies in terms of thermal
conductivity and design freedom. The AHP maintains the ultra-high
thermal conductivity advantage of the gas-liquid phase-change cycle
while offering design freedom in any shape (Fig. 1e). Therefore, in
practical applications, the AHP thermal circulation system can be
considered a material with ultra-high thermal conductivity, featuring
integrated structure-function characteristics. In this work, the AHP
serves not only as a thermal management component integrated into
the electronic device but also as internal support, or even as part of the
device’s shell or other structural components. The special three-
dimensional shape alters the characteristics of the vapor-liquid two-
phase cycle, endowing the phase change cycling system with multi-
functional and intelligent features, providing application patterns for
the next generation of phase change heat transfer systems.

Results

The freeform construction method of AHP

To address the challenges of producing complex-shaped adaptative
heat pipes, we present a rapid and cost-effective solution for custo-
mized fabrication. Instead of directly printing heat pipes using selec-
tive laser melting (SLM) technology, this work utilizes digital light
processing (DLP) 3D printing technology for the indirect fabrication of

complex-shaped AHP. The designed AHP structure, shown in Fig. 1c
consists of two components: the heat pipe casing and the self-
supporting wick. The casing is composed of two layers of aluminum-
plastic film, with the composition detailed in Supplementary Fig. 2.
Due to the thermoplastic properties of the inner polypropylene layer,
applying pressure at a specific temperature allows for thermal bonding
of the aluminum-plastic film casing. The internal structure includes a
self-supporting wick, created from three-dimensionally structured
multi-layer copper mesh. The capillary force of the wick is enhanced by
chemically deposited hydrophilic nanosheets (as detailed in Supple-
mentary Fig. 3). The self-supporting wick and the aluminum-plastic
film casing collaborate to form a vapor-liquid co-planar two-phase
circulation structure. The wick functions as the liquid pathway, while
an independent vapor pathway is created between the wick and the
casing. By using the cross-section as the design unit for AHP enables
the topology of two-phase circulation along any path of the three-
dimensional coordinate system, which forms the foundation for the
freeform design of AHP.

During the design process, a customized 3D configuration of the
AHP must be determined based on the complex shape of the target
electronic device. Inspired by reverse engineering techniques in
architecture, we have developed a reverse design strategy for custo-
mized AHP, as shown in Fig. 1f. Taking Mixed Reality (MR) headset as an
example, the design process starts by converting the target model into
spatial point cloud data (Fig. 1fl). Trajectories are planned along the
edges and areas of abrupt curvature of the target, and critical point
coordinates on these trajectories are extracted (Fig. 1fll-Ill). As the
aluminum-plastic film shell needs to be transformed from an initial 2D
plane into a 3D curved surface, the 2D shape of the aluminum-plastic
film must be defined according to the 3D surface to prevent sealing
defects. Triangular meshes are generated between points on adjacent
trajectories to form the 3D surface (Fig. 1fVI). Then, using a topological
equivalence mapping algorithm, the corresponding 2D plane shape of
the 3D surface is generated (Fig. 1fV). The detailed description of the
algorithm can be found in the method section.

In the fabrication process, a major challenge is the thermal
bonding of the Al/plastic film casing with a 3D curved surface, which
directly impacts the sealing capability of the two-phase circulation
system. Two key factors are identified in the thermal bonding process:
temperature and pressure. In this work, the fastening force of bolts
provides three-dimensional normal pressure, while Joule heat gener-
ated by flexible carbon fabric as an internal heat source. Customized
resin molds are created based on the extracted trajectory points by
DLP photopolymerization 3D printing technology (Supplementary
Fig. 4a). Carbon fabric is used as a flexible heater and is assembled with
the heat pipe components in a customized 3D-printed resin mold. The
thermal edge sealing of the complex-shaped casing is achieved by the
combined effects of three-dimensional pressure and internal heat
(Supplementary Fig. 4c). The detailed description of the fabrication
method is provided in the method section and Supplementary
Movie 2. The AHP customized for MR headset efficiently performs two-
phase thermal cycling under complex three-dimensional configura-
tions (Fig. 1fVI). Its spatial thermal management performance under
the effect of a point heat source is illustrated by thermal imaging, as
shown in Fig. 1fVIL. Due to the characteristics of two-phase cycling heat
transfer, a relatively uniform temperature distribution is maintained
over the entire annular curved surface.

We selected typical 3D complex electronic devices such as cam-
eras, unmanned aerial vehicles, and lamps as design targets. The tra-
jectory point clouds of their casings were extracted, and AHPs with
customized shapes were fabricated. The customized AHP conforms to
the freeform surface of target electronic devices, establishing a three-
dimensional vapor-liquid two-phase circulation path and performing
out-plane 3D thermal management in these devices, as shown
in Fig. 1g.
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Fig. 1| Conceptual illustration and customized design strategy for the adap-
tative heat pipe (AHP) in complex 3D electronic devices. a In-plane thermal
management of traditional phase change system in electronic device. b Out-
plane thermal management of 3D two-phase circulation by AHP. ¢ Working
mechanism and the structure of AHP, consisting of a self-supporting wick
and aluminum-plastic film casing to form a vapor-liquid co-planar two-phase

circulation structure. d Design freedom of two-phase heat cycle pathways
inside the AHP. e Comparison of design freedom and thermal conductivity
among AHP, single-phase heat conduction, and flexible two-phase heat cycle
technologies. f Reverse design of AHP (Illustrated with the mixed reality
headset example). g Custom conformal AHP for typical complex 3D elec-
tronic devices.
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Fig. 2 | Mitigation effects of 3D segment on two-phase counterflow entrain-
ment. a Theoretical operating limits of adaptative heat pipe (AHP). b Entrainment
effects in 2D two-phase counterflow. ¢ Schematic of mitigated two-phase coun-
terflow entrainment in 3D AHP. d Operating performance of AHP without 3D seg-
ment. e Operating performance of AHP with 90° local 3D segment. f Operating
performance of AHP with 180° local 3D segment. Thermal response time and

testing illustration for normal bending angles of (g, h) 0°, (i, j) 45°, (k, 1) 90°, (m, n)
135°, and (o, p) 180° local 3D segments. q Theoretical prediction of entrainment
limit for AHP without 3D sections. r Modified theoretical prediction of the
entrainment limit for AHP with a 90° local 3D segment. s Modified theoretical
prediction of the entrainment limit for AHP with a 180° local 3D segment.

The influence of 3D shape on the entrainment effect in two-
phase counterflow

The operating limit of a heat pipe is the maximum heat capacity it can
transfer. When the heat source exceeds this limit, it disrupts the two-
phase cycle within the heat pipe, leading to operating failure. Based on
heat pipe theory, there are five critical limits for heat pipes*. To inves-
tigate the impact of the 3D segment on heat pipe performance, we
initially conducted theoretical calculations on the two-phase thermal
cycle limit under the basic structural parameters of AHP, as shown in
Fig. 2a (The theoretical derivation process can be found in Supple-
mentary Note 1). Calculations show that within the typical operating
temperature range of micro heat pipes using water as the working fluid,
the AHP is primarily limited by the capillary limit and the entrainment
limit. The capillary limit occurs when the pressure drop during the two-
phase cycle exceeds the capillary force provided by the wick®, failing to
satisfy Eq. (1). As a result, the working fluid cannot circulate back quickly
enough, causing the evaporator to dry out. The entrainment limit occurs
at the vapor-liquid interface, where excessively high relative speeds of
vapor and liquid counterflow, lead to the vapor entraining the working
liquid back towards the condenser®*?, as illustrated in Fig. 2b.

AP, 2AP,+ AP+ AP, )

To characterize the 3D shape of AHP parametrically, the normal
bending state of the heat pipe is used as the fundamental 3D config-
uration, as illustrated in Fig. 2c. When the AHP is straight, i.e., with a
bending angle of 0°, its operating performance is as shown in Fig. 2d.
Thermocouples are placed at both the hot and cold ends of the AHP,
and two additional thermocouples are positioned equidistantly at the
middle section. The straight AHP shows the smallest temperature
difference between the cold and hot ends (AT1 —4=T1—-T4) at 1W.
As the heating power increases, AT1 — 4 gradually increases, indicating
that the straight AHP operates more efficient two-phase circulation at
low power input. When the heating power reaches 9.3 W, the tem-
perature at the hot end (7;) rises rapidly, whereas the other tempera-
ture points (75, T3, T) fail to follow. This indicates that the evaporator
of the AHP cannot absorb the increased power, thus reaching its
operating limit. By introducing a 3D segment with a 90° bending angle
in the AHP (Fig. 2e), the minimum AT1 — 4 is observed at 4 W, and the
heat transfer limit extends to 11.5W, an increase of 23.7%. When the
normal bending angle is increased to 180° (Fig. 2f), the minimum
AT1 — 4 occurs at 10 W, and the operating limit is further increased to
13W (an increase of 44.4%). Supplementary Fig. 6a-c further illu-
strated the heat transfer performance of AHP with normal bending
angles of 45° and 135°. The results indicate that the operating limit of
the AHP occurs within the power range of the entrainment limit.
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Increasing the normal bending angle improves the AHP’s operating
limit. This suggests that the 3D configuration of the heat pipe poten-
tially mitigates the occurrence of the entrainment limit.

By combining theoretical formulas, we further investigated the
mechanism of the mitigation effect of 3D configurations on the
entrainment limitation. The entrainment limit for the vapor-liquid
interface can be theoretically calculated using flooding correlations in
a counterflow vapor-liquid system. The criteria for entrainment
instabilities can be determined using Eq. (2)”.

(k, ) + (k) =+/3.2 tanh(0.5B0%) = C, @

The Bond number (Bo) is a dimensionless parameter character-
izing the interface fluid properties (Eq. (3)), primarily determined by
the surface tension o of working fluid and characteristics parameter D
for the interface. k, and k; respectively represent the dimensionless
momentum fluxes of the vapor and liquid phase (Detailed calculation
formulas are provided in Supplementary Note 2).

Bo=Dig(p,+p,) /0T €)

We theoretically calculated the entrainment limit at different
input powers, as shown in Fig. 2q. The results reveal that as power
increases, the most noticeably changing variable is the dimensionless
momentum flux of the vapor k,, suggesting that the drastic variation
in vapor velocity as power changes is crucial in influencing the
entrainment effect. Due to the high sealing requirement, directly
measuring vapor flow velocity inside the heat pipes at micro-scales is
challenging. Therefore, we indirectly assessed vapor velocity across
different 3D configurations by measuring the thermal response time
and revising entrainment limit criteria for 3D configurations. The
normal bending angles tested were 0°(Fig. 2g, h), 45°(Fig. 2i, j),
90°(Fig. 2k, 1), 135°(Fig. 2m, n), and 180°(Fig. 20, p), respectively. Four
thermocouples were placed at the same positions on the AHP for
different 3D configurations, and the thermal response time intervals
between T1 and the other three points were measured upon contact
of the heating plate at the evaporator, with input powers of 1W and
9W. Atl — 2, At2 — 3, and At3 — 4 represents the thermal response
time of the vapor flow before the 3D segment, through the 3D seg-
ment, and from the 3D segment to the cold end, respectively. The
results show that as the bending angle increases, there is negligible
change in 4t1 — 2, while At2 — 3 significantly increases, and 4¢3 — 4
shows a modest increase. The extended thermal response time due
to the 3D sections primarily results from changes in vapor flow, while
liquid flow is more influenced by the wick’s capillary structure. As
illustrated in Supplementary Figs. 7-12, the introduction of curved
sections primarily affects the vapor flow pressure drop, and changes
in liquid pressure drop are negligible. In addition to momentum
exchange, the vapor-liquid interface of the wick undergoes eva-
poration and condensation of the working fluid, resulting in complex
flow conditions®®*, With an increasing bending angle, the flow
behavior at the interface becomes more complex as high-speed
vapor passes through the bending section. Consequently, the ther-
mal response time for vapor to pass through the 3D segment is
greatly extended, while the straight segment after the 3D segment
shows a minor reduction in thermal flow velocity due to reduced
momentum. By modifying the momentum flux based on the incre-
ments of At3 —4 at different bending angles, as illustrated in
Fig. 2r, s, we found that the predictions for the entrainment limit
closely align with the increases in the power limit. Since the con-
densation mainly occurs at the condenser of the heat pipe, leading to
a higher concentration of working fluid at this segment, entrainment
is more likely to occur. Therefore, the construction of the 3D seg-
ment able to mitigate entrainment occurrence in the condenser
segment.

Additionally, we constructed local 3D segments at different
locations along the two-phase cycle path of the AHP and evaluated
heat transfer performance, as shown in Supplementary Fig. 13a. Results
showed that constructing a local 3D segment at the condenser reduces
the maximum power of the AHP by 1W compared to other locations.
This reduction could be attributed to significant interactions at the
vapor-liquid interface within the 3D pathway, which adversely affects
the liquid return at the condenser, where the liquid concentration is
higher. A detailed description can be seen in Supplementary Fig. 13.

The robustness of AHP to spatial state changes

Wearable and mobile electronic devices frequently change spatial
state based on user demands, which often prevents their cooling
components from operating in the most advantageous state. In two-
phase thermal circulation systems, spatial state changes affect the
gravitational pressure drop, represented by APg in Eq. (1). To ensure
the stable operation of the AHP, it is essential to minimize gravitational
pressure drop changes across various spatial states. We theoretically
calculated the capillary driving force, vapor pressure drop, and liquid
pressure drop of the AHP at different heating powers and identified the
maximum allowable gravitational pressure drop, as shown in Supple-
mentary Fig. 14. The results show that as power increases, the theo-
retically permissible range of gravitational pressure drop gradually
decreases. By discretizing the AHP and defining the spatial state
change parameters a and S, and calculating the weighted average of
the gravitational pressure drops across the discrete segments, we
derived the formula for the 3D gravitational pressure drop of the AHP
in various spatial states, as Eq. (4). The complete derivation is provided
in Supplementary Note 3.

n

Pe=> lTk pg sin(B(a, B)) @

k=1

We selected three different heat pipe configurations: a straight flat
heat pipe (2D), a fully deformed 3D AHP (full 3D), and an AHP with 3D
deformation in the middle section while the remaining section remains
flat (partial 3D). All three heat pipes maintain a complete two-phase
heat cycle pathway, effectively eliminating the impact caused by
structural collapse in flexible heat pipes under deformation. The pri-
mary difference lies in the gravitational pressure drop of the liquid
working fluid across different spatial orientations. Using the gravita-
tional pressure drop formula for AHP, we evaluated the theoretical
changes in gravitational pressure drops for 2D, partial 3D, and full 3D
configurations of AHP across six spatial states, as shown in Fig. 3b. The
results indicate that the maximum change in gravitational pressure
drop for the 2D straight heat pipe across different spatial states is
2560 Pa. For AHP with partial 3D and full 3D configurations, the max-
imum changes are 870 Pa and 960 Pa, respectively, equating to 34%
and 37.5% of that for the straight 2D heat pipe. A smaller change in
gravitational pressure drop indicates that spatial state variations have
less impact on the heat pipe’s operational performance, enhancing the
robustness of electronic devices against spatial changes in practical
applications.

The operating performance of AHP was evaluated across dif-
ferent configurations. After stabilizing at a heating power of 8 W, the
2D heat pipe and the 3D AHP underwent sequential spatial state
changes, with temperatures at the hot and cold ends recorded. The
results indicate that with changes in spatial state, the straight 2D
heat pipe exhibits significant temperature fluctuations between the
hot and cold ends, which increase the temperature gradient,
severely disrupting the vapor-liquid two-phase cycle (Fig. 3c). In
contrast, both the partial 3D (Supplementary Fig. 15) and full 3D
(Fig. 3d) configurations of AHP maintain relatively stable tempera-
tures at the hot and cold ends, resulting in minimal changes in the
temperature difference. Theoretical calculations indicate that the
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Fig. 3 | Spatial robustness and mechanical strength testing of the adaptative
heat pipe (AHP). a Discrete weighted calculation of gravitational pressure drop in
AHP. b Theoretical values of gravitational pressure drop in different spatial states.
¢ Heat transfer performance of the straight 2D heat pipe across different spatial
states. d Heat transfer performance of the AHP with full 3D segment across dif-
ferent spatial states. e Schematic diagram of the AHP tensile test. f An AHP in the
shape of tensile specimens. g A copper heat dissipation sheet in the shape of tensile

specimens. h Heat transfer performance of the tensile-shaped AHP and copper
sheet under 4 W heating power. i Tensile stress-strain curve of the AHP. j Tensile
test of the AHP. k Schematic diagram of the AHP flexural test. 1 An AHP in the shape
of flexural specimens. m A copper heat dissipation sheet in the shape of flexural
specimens. n Heat transfer performance of the flexural-shaped AHP and copper
sheet under 4 W heating power. o Flexural stress-strain curve of the AHP. n Flexural
test of the AHP.

permissible gravitational pressure drop for the straight 2D heat pipe
across six spatial states is 1281 Pa, with a maximum resistance to
gravitational pressure drop of 1203.2 Pa, which is close to the per-
missible limit. This results in considerable variations in capillary
backflow resistance for the straight 2D heat pipe across different
spatial states, indicating weaker robustness to spatial changes. The

3D configured AHP, with smaller variations in gravitational pressure
drop, has maximum gravitational pressure drops of 435.7 Pa and
609.2Pa across different spatial states, significantly below the
allowable limits. This indicates good spatial robustness, making it
suitable for the spatial state changes required by compact electronic
devices.
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Mechanical strength of AHP
With its freeform design characteristics, the AHP can integrate into the
mechanical assembly of electronic devices in various forms, similar to
two-dimensional thermal materials, while maintaining efficient phase-
change heat transfer performance. It exhibits integrated structural and
functional application characteristics. To demonstrate the structural
support properties of the AHP as a casing or support component for
electronic devices, we conducted tensile and flexural tests and compared
the results with those of commercial copper heat dissipation plates.
Given the thin-plate structure of the AHP, we designed a dumbbell-
shaped tensile specimen (tensile section width of 10 mm) and conducted
tensile tests on both the AHP and copper plates (Fig. 3e-g). The tensile
strength of the AHP ranges between 30 and 40 MPa (Fig. 3h), similar to
that of rigid plastics like epoxy resin (20.67-40 MPa)***2, Although the
tensile strength of AHP shows a significant difference compared to
copper (>200 MPa), it is sufficient to meet the mechanical requirements
of most mobile and wearable device enclosures. Moreover, the internal
two-phase cycle enables the AHP to exhibit extremely high thermal
conductivity as a device-level application material, as shown in Fig. 3i.
The AHP, composed of a composite structure with an aluminum-
plastic film casing and a copper wire mesh wick, undergoes multiple
mechanical stages during the tensile test. In the initial tension stage,
the aluminum-plastic film casing and copper wire mesh wick transition
from elastic deformation to plastic deformation (Supplementary
Fig. 16al-1I). When the tensile stress reaches 36.18 MPa, a slight
decrease in tensile stress is observed. The images indicate that at this
point, while the heat pipe casing remains intact, the AHP elongates
slightly, primarily due to the fracture of the internal wick. Subse-
quently, the aluminum-plastic film continues to stretch (Supplemen-
tary Fig. 16alll), and the tensile stress-displacement curve shows
characteristics of plastic deformation, resulting in complete fracture
when the tensile stress reaches 40.01 MPa (Supplementary Fig. 16alV).
Additionally, due to the thin-plate structure of the AHP, a flexural
performance test was conducted (Fig. 3k). The AHP and copper plate
specimens were prepared as rectangles with a length of 150 mm and a
width of 30 mm (Fig. 3I-m). Under a heating power of 4 W, the AHP
displayed a more uniform temperature gradient, while the copper
plate exhibited uneven temperature distribution (Fig. 3n), with sig-
nificant heat accumulation at the hot end. The resulting pressure-
displacement curve is shown in Fig. 30. Compared to the tensile per-
formance, the difference in flexural performance between the two
thin-plate materials is smaller: the maximum pressure for the copper
plate is 54.7 N, while for the AHP it is 37.68 N, approximately 68.9% of
the copper plate’s value.

Out-plane 3D thermal management of customized AHP in a VR
headset
The assembly of thermal management components is often a key point
of contention between thermal engineers and structural designers in
electronic device design. The AHP design utilizes the available space
after other components are installed, free from the spatial constraints,
to achieve out-plane 3D thermal management. Moreover, AHP pos-
sesses integrated structural-functional characteristics. Beyond its two-
phase thermal circulation function, it can also serve as a casing or
support component, further enhancing the compactness of electronic
devices. As representative products of compact and complex-shaped
devices, virtual reality (VR) headsets are widely adopted in both
industrial and home settings*>**. Research indicates that the face is the
one of the most heat-sensitive parts of human body**°. VR headset
panels typically feature an enclosed design, leading to significant heat
accumulation during operation*’. However, compact and complex
device configurations hinder the effective integration of thermal
management components*®.

Here, we designed a customized AHP specifically tailored to the
special construction of VR headsets, deviating from the conventional

design of regular-shaped cooling components. The customized AHP
functions not only as a thermal management element but also as part
of the head-mounted component, allowing the heat from the simu-
lated chip to be directly transferred through the AHP for natural
convection with the external air and maximizing the cooling area
within limited assembly space. A schematic of the VR device is shown
in Fig. 4a. To ensure alignment with the VR device’s structural char-
acteristics, the AHP contacts the simulated chip at the center of the
panel, distributing the heat along three separate paths. This heat is
then transferred outside through gaps between the face pad and the
control panel, extending along three head straps to form a closed-loop
structure. The installation of the customized AHP in the VR headset, as
illustrated in Fig. 4b, demonstrates that the AHP configuration con-
forms to the structural characteristics of the VR headset.

In commercial applications, flat microheat pipes are used as
cooling components in VR devices due to their two-phase thermal
cycling characteristics. For instance, the Quest Pro VR headset by Meta
Inc. integrates flat heat pipes within the panel for chip cooling®.
Additionally, graphene thermal films, an emerging electronic cooling
strategy, are used in some electronic products due to their high flex-
ibility and thermal conductivity*’~". To assess the 3D two-phase ther-
mal management efficiency of AHP, it was compared with commercial
flat heat pipes and graphene films in a VR headset (as Supplementary
Movie 3). Detailed structural and assembly information is provided in
Supplementary Figs. 17-20. With a 4 W heating power applied to the
simulated chip, thermal management performance is shown in
Fig. 4c-e. Due to the heat transfer characteristics of two-phase cycling,
2D flat heat pipes exhibit uniform temperature distribution. However,
constrained by the 2D form, they can only manage heat within the
plane of the panel, limiting the cooling area and resulting in the hot
end temperature exceeding 100 °C (Fig. 4c). As a flexible cooling
material, graphene film can manage heat in three dimensions
according to device shape, but it is limited by the properties of single-
phase thermal conduction. The graphene film exhibits a significant
temperature gradient, with hot end reaching 84.7 °C (Fig. 4d). A cus-
tomized AHP combines the phase-change cooling capabilities of 2D
flat heat pipes with the design freedom of graphene film, achieving
comprehensive 3D two-phase circulation cooling for VR devices. As
shown in Fig. 4e, AHP maintains excellent temperature uniformity,
reducing the temperature to 47.8 °C under the same power input.

We compared the chip temperature under different cooling
conditions and input powers, as shown in Fig. 4f. Without cooling
measures, the simulated chip heat diffuses throughout the panel via
direct contact, reaching 100 °C at 2W and exceeding 120 °C at 3 W.
When a 2D micro heat pipe is installed on the panel, the heating power
can be stabilized at 3 W, with the hot end temperature reaching 83 °C.
At 4 W, the temperature at the hot end exceeds 100 °C. Installing
graphene film along the head strap significantly increases the heat
dissipation area and enhances cooling performance compared to the
2D heat pipe, allowing the heating power to increase further to 5W.
With the integration of AHP, a significant reduction in temperature is
observed. At the input power of 3 W, the average temperature of the
simulated chip decreased by 48.59% (from 85°C to 43.7 °C) and 38.62%
(from 71.2°C to 43.7 °C) compared to the 2D heat pipe and graphene
film, respectively. Additionally, combined with the 3D configuration’s
mitigation effects of two-phase counterflow entrainment, the custo-
mized AHP shows a pronounced advantage in the improved heat
transfer limit. Taking 100 °C as the limit, the simulated chip tempera-
ture exceeds 100 °C at 4 W with the 2D heat pipe and at 6 W with
graphene film. With AHP cooling, however, the simulated chip can be
increased to 19 W, an increment of 4.75 and 3.17 times compared to the
2D heat pipe and graphene film, respectively.

The AHP demonstrates structural-functional integration. Speci-
fically designed for head-mounting components, the customized
AHP not only performs two-phase thermal circulation but also
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provides structural support for the user’s head. As shown in Fig. 4g,
user testing was conducted with a simulated chip heating power of
6 W, during which the highest temperature maintained by the cus-
tomized AHP was 43 °C. Under the same power settings, tempera-
tures for commercial cooling strategies exceed 100 °C, posing burn
risks to users. Detailed information on the user testing is provided in
Supplementary Movie 4.

Stretchable two-phase circulation system

In electronic devices, thermal management components like heat pipes
will operate two-phase circulation under extreme environments®.
Intense vibrations experienced during spacecraft launches or while

driving automobiles can significantly impact electronic devices™*. In
addition, potential heat transfer requirements between cross-axis
planes of aerospace robotic arms (Supplementary Fig. 21) pose a
severe challenge to traditional heat pipe technology. Special 3D
structural design can impart exceptional mechanical properties and
advanced functions to the device®. By utilizing the freeform design
characteristics of AHP, we have developed a stretchable AHP with a
spiral three-dimensional shape, targeting the spring components in
shock absorbers (Fig. 5a). This design allows the heat pipe to extend
over a long-range, functioning similarly to a spring. It adapts to
dynamic spatial relationships between heat transfer planes, ensuring
stable heat exchange.
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and intense vibration. g Cycle test of compression and stretching for the
stretchable AHP.

The developed stretchable AHP and its dynamic operating state
are shown in Fig. 5b, with its two-phase circulation during dynamic
stretching illustrated in Fig. 5c. The axial length can be compressed
from 2L to L and extended to 3L, achieving a threefold extension
range. Heat transfer performance tests were conducted on the
stretchable heat pipe with a pitch of 2 L under different heating pow-
ers. As shown in Fig. 5d, temperatures were measured at three loca-
tions: the hot end (15 mm from the edge), the cold end (20 mm from
the edge), and the middle section, with temperature changes recorded

as heating power increased from 1W to 4 W. Results indicate that as
heating power increased from 1W to 4 W, the temperature difference
between the hot and cold ends decreased from 11°C to 9 °C, with a
thermal resistance of 2.34 K/W and a thermal conductivity of 5335 W/
m-K. In a helical configuration, the AHP has minimal curvature changes
without smooth transition sections. This results in less effective cur-
vature coordination between the membrane layers on both sides of the
heat pipe during fabrication, causing some compression of the internal
wick and affecting the stretchable AHP’s heat transfer efficiency.
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However, in the constructed 3D helical two-phase heat cycle pathway,
the macroscopic deformation from mechanical stretching has minimal
impact on the stretchable heat pipe. As shown in Fig. 5e, thermal
conductivity of the stretchable heat pipe was measured under various
stretching states. When the pitch of the stretchable heat pipeisL, 2L,
or 3L, its heat transfer performance shows minimal variation, with
thermal resistance fluctuating within +0.15 K/W.

Heat transfer operation between different planes of the AHP was
simulated, as shown in Fig. 5f. After thermal stabilization, the AHP
underwent compression, stretching, mild vibration, and intense
vibration (complete process available in Supplementary Movie 5).
Thermal imaging revealed no severe performance loss in the AHP.
After thermal stabilization, a test of 200 compression and extension
cycles was conducted (Fig. 5g). Fluctuations were observed in the
temperature at the heat pipe’s hot end. These fluctuations may be
attributed to changes in vapor pathways during compression and
extension and to slight compression of the two-phase structure during
stretching. Additionally, the hot end temperature remained relatively
stable within 65.5°C to 68.5°C, while a gradual decrease in cold end
temperature was observed. This suggests that while the stretching
cycles affected the heat pipe performance, they did not cause edge
leakage or significant blockage in the two-phase cycle. Instead, the
fluctuations likely result from deformation of the two-phase structure
due to repeated stretching and compression.

Magnetically-controlled two-phase circulation heat

exchange robot

The fourth industrial revolution, marked by advancements in infor-
mation technology and artificial intelligence, has ushered in the era of
intelligence, making device smartification an inevitable path for future
development®. In thermal management, a key challenge is the cooling
random hot spots, specifically dynamic heat dissipation when point
heat source coordinates change over time. Leveraging the freeform
design property of the adaptative heat pipe, we introduce the concept
of vapor-liquid two-phase circulation heat exchange robots, develop-
ing intelligent application modes for conventional phase change
systems.

The AHP was designed as an enclosed cube (Fig. 6a), with the
entire cube serving as a unified vapor-liquid two-phase circulation path
(Fig. 6b). Its two-dimensional mapping form is shown in Fig. 6¢, with
the two-phase cycling path marked in the diagram. As shown in
Fig. 6d-e, the heat transfer performance of the heat exchange robot
achieves a maximum thermal conductivity of 4699 W/m-K with the
heat source on surface 3. The thermal conductivity between surface 3
and surface 1 is 3720 W/m-K, and between surface 3 and surface 6 is
3524 W/m-K. After fabricating the cubic AHP, magnets with different
polarizations were embedded inside each of the six faces, forming the
AHP heat exchange robot. Leveraging its cubic 3D form, the AHP heat
exchange robot can be maneuvered by flipping through the magnetic
field at the base, allowing it to approach coordinates of randomly
generated hot spots (Fig. 6f). When the AHP heat exchange robot
covers a hot spot, heat is quickly conducted away through the robot’s
two-phase circulation walls, preventing further heat accumulation
(Fig. 6g). To illustrate the design concept of the AHP heat exchange
robot, we simulated its operation under random heat sources, as
shown in Fig. 6h (for a detailed view, see Supplementary Movie 6).
When a random hot spot emerges within the plane (Fig. 6hl), the AHP
robot quickly flips and moves closer to the hot spot (Fig. 6hll-III). By
contacting the hot spot with its bottom wall, the robot uses the fast
startup and efficient heat transfer of its two-phase circulation walls to
rapidly disperse heat throughout the entire shell of the robot,
expanding the originally localized air convection area to all six faces of
the cube (Fig. 6hIV). After the first hot spot dissipates, a second one
forms (Fig. 6hV). The AHP heat exchange robot continues to flip,

contact, and dissipate the hot spot (Fig. 6hVI-VII) and then moves to
the next hot spot (Fig. 6hVIII).

Discussion

In summary, the AHP developed in this work leverages reverse engi-
neering and data-driven three-dimensional thermal bonding technol-
ogy, functioning as a phase-change circulation system with
unprecedented shape design freedom. The three-dimensional two-
phase thermal cycling path is customized to the configuration and
thermal requirements of target electronic devices, facilitating direct
heat exchange between the chip and the external environment,
offering a solution to thermal management challenges in small, com-
pact, and complex-shaped electronic devices.

The three-dimensional pathway improves the heat transfer limit
of the vapor-liquid phase-change system and potentially mitigates
entrainment effects at the vapor-liquid interface in counterflow. The-
oretical calculations based on flooding correlations reveal vapor flow
rate as a key factor under varying input powers. Adjusting the corre-
lation equations with velocity attenuation aligns calculated power
increases closely with experimental measurements. Moreover, com-
pared to 2D phase-change systems, 3D two-phase systems exhibit
enhanced robustness to spatial state changes under high power con-
ditions. Under spatial state changes, the maximum theoretical grav-
itational pressure drop for the 3D-configured AHP reduced to 34% of
that in the 2D configuration. This diminished influence of gravity on
two-phase circulation meets the spatial state change requirements of
wearable and mobile electronic devices.

This study developed a customized AHP tailored for VR headset
structures. Compared to commercial flat 2D heat pipes and graphene
films, the customized AHP reduced the simulated chip temperature by
48.59% (41.3°C) and 38.62% (27.5 °C), respectively, at the same input
power of 3 W. It also increased the power limit by 4.75 times (from 4 W
to 19 W) and 3.17 times (from 6 W to 19 W), respectively. The three-
dimensional configuration endows the AHP with integrated structural-
functional characteristics, enabling it to serve as both a thermal man-
agement component and a head-mounted structure, providing struc-
tural support. The AHP’s spiral and cubic designs impart features such
as stretchability and dynamic heat dissipation, paving the way for
multifunctional and intelligent development of two-phase thermal
circulation systems.

Methods

Fabrication of freeform AHP

In the fabrication process, DLP 3D printing technology is first used to
create molds for shaping the copper wire mesh and pre-encapsulating
the AHP (Supplementary Fig. 4a). The mold for the copper mesh is
designed to serve as the self-supporting structure for the wick, while
the heat pipe sealing mold is designed with space reserved exclusively
for the edges of the AHP, ensuring contact only at the these points.

As shown in Supplementary Fig. 4b, the mold shapes the copper
mesh into a three-dimensional form by assembling multiple layers of
flat copper mesh within it. Thanks to the high flexibility and ductility of
the copper mesh, upon releasing the bolts, the multi-layer copper
mesh retains the customized shape of the AHP at the macro level and
forms a self-supporting structure of the wick at the micro level. The
formed multi-layer copper mesh then undergoes sintering and che-
mical deposition processes to form stable capillary pores and enhance
hydrophilicity.

The aluminum-plastic film, wick, flexible carbon fabric, and mold
are assembled together and secured with bolts to apply pressure. To
generate heat for the thermal bonding process, apply voltage to both
sides of the carbon fabric for Joule heating. This step completes the
thermal bonding of the aluminum-plastic film casing, forming a com-
plex three-dimensional shape (Supplementary Fig. 4c). After releasing
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the bolts, a pre-encapsulated AHP (three sides sealed, one side open) is
obtained.

Next, venting treatment is performed through a charging port on
the pre-encapsulated AHP, followed by vacuuming and filling with
working fluid (deionized water). The final side is then sealed to com-
plete the fabrication of a customized AHP with two-phase thermal
cycling capabilities. Detailed information about the fabrication pro-
cess is provided in Supplementary Fig. 5 and Supplementary Movie 2,
offering a more intuitive understanding of the fabrication method.

Materials
Aluminume-plastic film (D-EL40H(3)) as heat pipe casing was purchased
from Dai Nippon Printing Co., Japan. Copper wire mesh (200 mesh

copper) used as wick was purchased from Anping County Bolin Metal
Wire Mesh Co., China. The carbon fabric (WOS1009, CeTech, USA)
after cutting, was utilized as a flexible heater. Chemicals including
sodium persulfate (Na,S,0g), sodium hydroxide (NaOH), deionized
water, and ethanol were purchased from Shanghai Aladdin Biochem-
ical Technology Co.

3D printing of shaping and pre-encapsulating molds

A customized configuration of the three-dimensional resin mold is
created using Computer-Aided Design (CAD) software and exported in
STL format. This STL file is then imported into Voxeldance Tango sli-
cing software to add support structures and slice the model. The sliced
file is loaded into a Digital Light Processing (DLP) 3D printing machine
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(Reflect2, DONZY, China). The printing parameters are set as follows:
light source intensity at 5mW/cm?2, exposure time at 2.5s, and layer
thickness at 50pum. Begin the printing process. After printing, the mold
is removed and immersed in an ultrasonic cleaner (SK5210LHC,
KUDOS, China) filled with 95% alcohol, with the cleaning parameters
set to 53 kHz and 150 W for 60 s. After ultrasonic cleaning, the mold is
dried in a 60 °C oven (DZF-6020, Shanghai Jinghong, China).

Topological equivalence mapping algorithm

The implementation of the 2D topological mapping algorithm for the
AHP 3D triangular sheet is conducted using commercial software
MATLAB. Trajectory planning of the three-dimensional point cloud is
performed in CloudCompare software to obtain point coordinates
along the trajectory, forming 3D triangular meshes between points on
two closely adjacent trajectories. This forms the basis for mapping the
surface from 3D triangular meshes to a corresponding 2D plane,
guiding the planar shape design of the aluminum-plastic film casing.
The specific process for implementing the topological mapping algo-
rithm is described as follows:

Step 1: Identified the central triangle mesh within the triangulated
surface model to serve as the base triangle for mapping.

Step 2: Map the base triangle onto the plane while preserving its
spatial characteristics unchanged. Mark the corresponding vertices,
edges, and triangle as unmapped.

Step 3: Identified the adjacent 3D triangular mesh, A41;, that cur-
rently processing. Among the triangular meshes that are not yet
marked as unmapped, select one that shares an edge with a triangle
already marked as unmapped to be the current triangle under
processing.

Step 4: Confirm the position of the undetermined vertex of the
currently processed triangle in the 2D plane. Calculate the normal
vector passing through this point in the 3D surface, and determine the
normal plane 77 corresponding to this normal vector 7,,) Select a
vertex adjacent to the vertex currently being processed, and @er-
mine the projection of this adjacent vertex on the normal plane P,, of
the 3D surface. Then, calculate the curvature K1; at the processed
vertex. In the 2D plane, ensure that the curvature K2; of the unde-
termined point is the same as K1;. This approach can allow determine
the direction between the undetermined point and its adjacent point.
To determine the 2D position of the currently processed point, ensure
that the area S2; of the triangle in the 2D plane matches the area S1; of
its counterpart in 3D space.

Step 5: Mark the currently processed point and the triangular
surface as unmapped, record the number of unmapped triangles, and
repeat steps 3 and 4.

Hydrophilic treatment of wick

The capillary force of the wick significantly influences the perfor-
mance of heat pipes”. To efficiently fabricate wicks with intricate
three-dimensional shapes, flexible copper wire mesh is used. The
capillary pores are created by sintering multi-layered copper wire
mesh, and hydrophilic capillary structures on the copper mesh sur-
face are formed via chemical deposition®*%, with detailed procedures
depicted in Supplementary Fig. 3. The process begins with precise
cutting of copper mesh using a pulsed laser. The layered copper
mesh is then assembled within a mold to achieve complex three-
dimensional forms. To enhance the bonding strength between layers
and stabilize the capillary pores, the shaped multi-layer copper wire
mesh undergoes a sintering process. Subsequently, the samples are
cleaned with ultrasonic cleaning and treated chemically, with the
reaction formula presented in Egs. (5)-(7)°*°°. After hydrophilic
treatment, the surface of wick features CuO micro/nano hydrophilic
structures (Supplementary Figs. 23-24), forming the liquid pathway
for two-phase circulation of AHP. The contrast in hydrophilicity of
the wick before and after the hydrophilic treatment is demonstrated

in Supplementary Fig. 25.

Cu+2NaOH +Na,S,04 — Cu(OH), + Na,S0, (5)

Cu(OH), +20H™ — [Cu(OH), 1> (6)

[Cu(OH), >~ — CuO | +H,0+20H" 7)
Characterization

The morphology of hydrophilic wick in Supplementary Fig. 23 was
captured by Scanning Electron Microscopy (SUPRAS55 SAPPHIRE,
ZEISS, German), as well as the energy dispersive X-ray spectrometer
(EDS) in Supplementary Fig. 24. The structure of wick was observed by
optical microscope (AO-HK830, Aosvi Co. Ltd, China). The thermal
imaging of the AHP during startup and stable operation were recorded
by an infrared thermal imaging camera (FLIR T440, FLIR Systems
Company, USA).

Experimental setup

The testing setup for evaluating the performance of the AHP
includes a DC power supply (WPS3010B, Shenzhen WANPTEK
Electronic Technology Co., China), a data acquisition system
(34901 A, KEYSIGHT, USA), Type K thermocouples (Omega, USA),
and a heating plate (10 cm x 10 cm). The heating plate is mounted
10 mm from the edge on the hot end of the AHP. Thermal con-
ductive silicone grease (6.5 W/m-K) is applied between the heating
plate and AHP to minimize contact thermal resistance. Two ther-
mocouples are positioned at each end of the AHP: one at the hot
end, 10 mm from the heat pipe’s edge, and the other at the cold end,
15 mm from the edge. Additional thermocouples are evenly placed
in the middle, conforming to the customized shape of the AHP, to
assess thermal distribution throughout the device. The tempera-
tures recorded by the thermocouples are captured by the data
acquisition system and transmitted to a computer. The tempera-
tures measured at the hot and cold ends are used to compute the
heat pipe’s thermal resistance®®' and thermal conductivity*®*, with
the calculation formulas detailed in Supplementary Note 4. A
parametric study on the heat transfer performance of the AHP
structure was conducted, with variations in parameters such as
thickness, length, and width. Test results and analysis are provided
in Supplementary Figs. 26-27.

Numerical methodology

To streamline the computational model and focus on the impact of
the heat pipe’s geometry on the two-phase cycle, the simulation
employs a design featuring distinct vapor and liquid fields, encap-
sulated by a metal film layer that serves as the heat pipe’s shell, as
depicted in Supplementary Fig. 28. Cuboids with an area of
10 x 10 mm? and a thickness of 0.3 mm are used as both the heating
plate and condenser. Their centers are located 15 mm from the heat
pipe’s ends, positioned near the wall on the wick side (Supplemen-
tary Fig. 28b, ¢). To maintain a uniform total length for the two-
phase circulation across all models, the central line length of the
various 3D heat pipes is kept consistent with that of a straight
heat pipe.

The operation of the two-phase cycle in the heat pipe is simulated
using COMSOL Multiphysics 6.2. This simulation employs the Laminar
Flow module to analyze vapor flow within the vapor chamber, the
Brinkman Equations module for describing liquid flow within the wick,
and the Porous Media Heat Transfer module for addressing heat
transfer across different sections of the heat pipe. Non-isothermal flow
multiphysics coupling integrates the Laminar Flow and Brinkman
Equations modules.
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The effect of gravity may vary and become complex under dif-
ferent deformation conditions. To eliminate the influence of gravity,
the gravity option is disabled in both the Laminar Flow and Brinkman
Equations modules. The vapor chamber boundary is set to the vapor
pressure of water. To maintain equal water mass flux between the
vapor chamber and wick field, velocity boundary conditions are set at
their interface.

W

u
2 P1

®

Where u represents the fluid velocity vector, and p denotes density.
The subscript 1 refers to the vapor chamber domain, and subscript 2
refers to the wick domain. Heat exchange during the evaporation-
condensation process is simulated by adding a boundary heat source
at the interface between the vapor chamber and the wick.

Qp=u,-hyg-p &)

Where u,, represents the normal vector of velocity u, and hy, is the
latent heat of vaporization of water. Simulations are conducted on
heat pipes of four different shapes: straight, normal bending, radial
bending, and twisting, as shown in Supplementary Fig. 28d-g. In the
results, probes were placed 10 mm from the cold and hot end
boundaries in both the vapor chamber and the wick to calculate the
pressure drop for both the gas and liquid phases. Simulations are
conducted at different angles (Supplementary Figs. 7-9) and different
radius (Supplementary Figs. 10-12).

A validity test for the numerical simulation of the heat pipe is
conducted following methods from reported studies®***. Using the
modeling setting and simulation condition provided in the refer-
enced report®, a numerical simulation is performed on a straight
heat pipe with multiple heat sources at low-temperature operation,
as depicted in Supplementary Fig. 29. Four evaporators are posi-
tioned at specific locations on one end of the straight heat pipe, with
a condenser is placed at a defined coordinate on the other end
(Supplementary Fig. 29a). Different power inputs are applied to each
of the four evaporators, and the temperatures along the heat pipe
wall are measured and compared. Since explicit cooling conditions
for the condenser are not specified in the literature, various para-
meters are adjusted for comparison, as shown in Supplementary
Fig. 29b-e.

Data availability

All data generated in this study are provided in the article, Supple-
mentary Information and Source Data file. Source data are provided
with this paper.
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