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Bistable origami thermal switch with high
switching ratios

Bowen Tan1,2,6, Jun Lyu 1,6, Fuwei Yang 3, Ke Xu1, Shuo Qiao1, Bai Song 4,5,
Lin Yang 1,5 & Ke Liu 1

Effective thermal management is critical for power electronics in AI and
robotics, highlighting the need for dynamic, reversible thermal switches.
Achieving a high switching ratio remains challenging. Here, we present a bis-
table origami-inspired thermal switch that switch rapidly between distinct
thermal conduction states without external energy or sensory input. Fabri-
cated from a thin film through precise cut-and-fold, it achieves thermal
switching ratios of 13,984 in vacuum and 1360 in ambient air, significantly
higher than existing approaches. Switching is driven by snap-through
instability, actuated by a combination of shape-memory alloy and elastic
springs. The energy landscape can be tuned through geometric variations to
adjust triggering temperature and switching ratio. We demonstrate stable,
repeatable thermal regulation across multiple scenarios, offering a pathway
toward passive, programmable thermal management.

Modulating heat flow with precision-akin to electronic analogs—has
been a long-standing aspiration in thermodynamic engineering,
which holds the promise of advancing technologies ranging from
phononic logic circuits to functional thermal devices1,2. However,
achieving active and reversible control of thermal conduction (i.e.,
thermal switch) remains a formidable challenge due to the difficulty
of simultaneously meeting essential criteria, including high switch-
ing ratio, robust cyclic reliability, passive operation, and bistable
functionality. Advances in nanotechnology have extended our
understanding of heat carrier transport and enabled innovative
approaches to its manipulation3–6. Over the past decades, significant
efforts have been dedicated to tuning room-temperature thermal
transport in solids through temperature/light triggered phase
transitions7,8, electrochemical scattering motion of ions9,10, or elec-
trical/magnetic field-driven structural modulation11,12. While these
strategies have shown promise, they suffer from critical limitations:
low switching ratios (<13)7–12, severe performance degradation after
limited cycles9,10, and the need for continuous external energy
input11,12, complicating system design and reducing energy
efficiency.

An alternative approach involves thermal switches based on the
opening and closing of amacroscopic interface. This strategy typically
leverages differential thermal expansion between materials to induce
geometric changes, exploiting the strongly non-linear behavior of
thermal conductance as interfacial gaps close13,14. Through developing
a shape memory alloy (SMA) actuation configuration to close an
interfacial gap, a switching ratio of ~40 in air is achieved, which boosts
to ~2000 under vacuum by eliminating natural convection15. However,
the switching ratio is still impractical under ambient environment.
More importantly, thermal switching strategies developed to date
(both nanoscale structural engineering and macroscopic gap closing)
fail to address a critical gap: the lack of bistable operation. Bistable
functionality, essential for binary representation (0 and 1) akin to
digital electronics, ensures clear state differentiation, resistance to
external perturbations, and threshold-based switching for reliable
operation even in noisy environments.

To address the aforementioned challenges, we seek solutions
from origami, the ancient art of paper folding16,17. In recent years, ori-
gami has significantly influenced science and engineering, impacting
various fields including condensed matter physics18, material
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science19–22, mechanical engineering23–29, robotics30–33, biomedical
engineering34,35, and architecture36,37. At its core, origami transforms
flat two-dimensional materials into intricate three-dimensional struc-
tures through precise cuts and folds. In particular, by leveraging
carefully engineered crease patterns38–40, origami leads to bistable
structures that can reliably switch between two geometric configura-
tions with distinct thermal conductance. These bistable systems
exhibit remarkable mechanical properties, enabling them to snap
rapidly fromone state to anotherwithprogrammable energy input41–43.

Leveraging the inherent bistability of origami, we introduce a
novel passive thermal switch with unprecedented switching ratio. For
instance, the passive switch can be applied to a power supply array,
allowing pixelated regulation of the temperature of each individual
battery (Fig. 1a). Specifically, our design utilizes a bistable origami
architecture that enables rapid, reversible switching between two
drastically different thermal conduction states, leading to ultrahigh
switching ratio (Fig. 1b). The origami structure undergoes flat-state
actuation, during which the upper plate remains parallel to the base,
such that intimate contact is maintained with either the device or the
heat sink. The state switching energy is providedby innovative thermal
actuators, which take advantage of the thermal responsiveness of SMA
and the elasticity of tailored springs. The origami metastructure can
then locally control the contact of a device to the heat sink to displace
heat or not by shape transition. As a result, the proposed switch reg-
ulates the device’s temperature between designated temperatures,
turning on and off automatically without the need for external sensory
information and energy input. Our results demonstrate a significant
enhancement in thermal modulation performance, with robust and
energy-efficient operation under ambient conditions, paving the way
for next-generation thermal management systems.

Results
The ultra-high switching ratio originates from the bistable origami
switch (BOS) from the two distinct stable states: the flat state (ON
state) and the elevated state (OFF state). The two stable states display
huge difference in thermal conductance (Fig. 1b). When the hosted
device is heated up, the heat drives the origami metastructure to

overcome the energy barrier to shift from its elevated state to its flat
state, and turn on the heat exchange with the heat sink (Fig. 1a). When
the device cools down, the elastic force recovers the origami metas-
tructure to the elevated state and turn off the heat exchange. By
continuously repeating these steps, the temperatureof a device is kept
within the proper range passively.

The origami pattern of the BOS is illustrated in Fig. 1c, which is
composed of five axisymmetric arms and a pentagon central panel. A
design paradigm for the geometry is proposed, as illustrated in Fig. S1
(Supplementary Note 1). It is generated from three concentric poly-
gons with different radius and the connection lines between their
corresponding vertices. It is a special origami structure that features
developability and chiral geometry, known as the Rotational Erection
System44. Counting the degrees of freedom of the origami structure
suggests that it is over constrained, leading to inherent bistability.
When the arms stand up from the initial flat configuration, the pen-
tagon panel is rotated and elevated evenly (Supplementary Video 1).
The arms are under compression during the elevation process, which
contributes to the energy barrier between the two stable states. The
origami pattern is designed under four parameters: a, c, α1, and α2, as
shown in Fig. 1c. The parameters a and c are derived from the overall
dimensions of the device and the switch. The parameters α1 and α2

determine the height and the arm width of the structure, as illustrated
in Fig. S2.

The polyimide sheet with a thickness of 0.2mm was selected as
thebasedmaterial to fabricate the structure.Wemeasured theYoung’s
modulus of the polyimide sheet to be 4000MPa, as shown in Fig. S4
(Supplementary Note 3). The origami structure is fabricated in three
steps (Fig. 1d). First, we use a laser cutter to cut the polyimide sheet
following the origami pattern, with all folding creases and cutting
edges trimmed off. Second, we use pre-glued polyimide tape
(0.06mm) to coat the polyimide panels and reconnect the creases and
edges. Finally, the polyimide tape is trimmed again only along the
cutting edges. By this way, the rotational stiffness of the folding
creases is extremely reduced (0.0285N·mm/rad, Fig. S5). Results from
themechanical test of the origami structures show consistent bistable
characteristics, including peak forces and location of the instability
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Fig. 1 | Design and fabrication of the bistable origami switch (BOS).
a Application and schematics of the BOS. Left: the BOS for pixelated thermal reg-
ulation of a battery pack. Right: a passive thermal regulation cycle. Heating the
device over temperature threshold drives the BOS to overcome the energy barrier
and transition from OFF to ON state, activating heat exchange with the heat sink,

while cooling reverses it via elastic force, turning off the heat exchange.bReal-time
temperature profile at the ON and OFF states, respectively. c Origami crease pat-
tern design. The thin black lines refer to folding creases, and the thick white lines
are cutting edges. d Fabrication of the BOS using a laser cutter. e Photograph of a
BOS at the OFF state with zoom-in views of the details.
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point, across different fabrication batches (Fig. S6, Supplementary
Note 3), attesting to the repeatability of the manufacturing process
and the robustness of the design.

After equipped with the thermal actuators and the regulator, we
obtain the functional BOS (Fig. 1e). Figure S3 (Supplementary Note 2)
presents the specific components employed and the detailed com-
positional procedure. Each arm is embedded with a custom thermal
actuator to drive the switching in response to excessive heat over the
temperature threshold.

To experimentally measure the thermal conductance of the two
states of the BOS, we employed the widely recognized reference bar
method45. A high-vacuum steady-state thermal conduction platform
was constructed in compliance with the ASTM-5470 standard, and a
schematic of the experimental setup is illustrated in Fig. 2a. The BOS

was positioned between two stainless steel reference bars—serving as
heat source and sink—each embedded with three equidistant high-
precision thermocouples along their lengths to ensure a one-
dimensional heat flow. Photographs of the experimental setup along
with a corresponding close-up image are illustrated in Fig. S9 (Sup-
plementary Note 4). Figure 2b, c show photographic images of the test
apparatus in its ON and OFF states, as well as the corresponding
temperature-time profiles recorded by the thermocouples. Figure 2d
presents the steady-state temperature distributions along the refer-
ence bars in both switching states.

The thermal conductance values (Gon=of f ) were calculated using
Fourier’s law, Gon=of f =q=ΔTon=of f , where the interfacial temperature
drop ΔTon=of f was determined by linear extrapolation of bar tem-
perature profiles, and theheatflux qwas derived from the temperature
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(ΔTon=of f ) are determined via linear extrapolation of bar temperatures.
e Temperature distributions of the BOS by finite element simulations.
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switching design space, showing the dependence of the switching ratio on arm
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gradient in the lower bar. The thermal switching ratio (ρ=Gon=Gof f )
serves as a key performance metric. In the OFF state, a substantial
temperature discontinuity of ΔT = 41.87 °C was observed across the
BOS, corresponding to an ultralow thermal conductance of
Gof f = 2.0W/m2·K. Upon switching to the ON state, the origami-
enabled mechanical contact significantly reduced the interfacial
resistance, resulting in ΔT =0.189 °C and an exceptionally high con-
ductance of Gon = 27,968W/m2·K. These values yield an unprece-
dented switching ratio of ρ = 13,984 under vacuum conditions—the
highest reported to date for a passive thermal switch. Finite element
simulations (Fig. 2e) further corroborate the experimental findings,
showing distinct and consistent temperature distributions for the ON
and OFF states within the reference bar assembly. To assess real-world
applicability, the same measurements were conducted under atmo-
spheric conditions. Despite the presence of parasitic heat transfer
through air conduction and convection, which leads to the OFF state
conductance to Gon = 51,685W/m2·K and Gof f = 38W/m2·K (Fig. S10,
Supplementary Note 5), respectively, the BOS achieved a switching
ratio of 1360—still several orders of magnitude greater than existing
passive thermal switching solutions.

To elucidate the physical origins of the exceptionally high
switching ratio of the BOS, we developed a theoretical thermal con-
ductance model based on the reference bar experimental setup
(Supplementary Note 6). Under vacuum conditions, heat transfer
between the upper and lower bars occurs through two primary path-
ways: radiative heat exchange and solid conduction via the BOS
(Fig. S11, Table S1). The model predicted an OFF state thermal con-
ductance of Gof f = 1.75W/m2·K and a switching ratio ρ = 15982, closely
aligning with the experimental value of 13,984. The remaining dis-
crepancy is primarily attributed to uncertainties in estimating surface
emissivity. Decomposition of Gof f reveals that solid conduction con-
tributes only 0.37W/m2·K—approximately 18.5% of the total—sig-
nificantly lower than that of state-of-the-art contact-based thermal
switches. For comparison, a typical SMA-spring thermal regulator
exhibits Gof f = 3.98W/m2·K, with solid conduction accounting for
83.9%of the total15; a representativemagnetic thermal transistor shows
Gof f = 8.0W/m2·K, with 84.0% attributed to solid conduction46 (Fig. 2f,
Table S2). We further evaluated multiple candidate base materials for
the BOS with different thermal conductivities (e.g., PC, PVC, PET, PS,
and silica aerogel, summarized in Fig. S11). Each of these materials
shows a high switching ratio, ranging from 1.6 × 104 to 2.0 × 104 in
vacuum, which confirms the broad material compatibility of the BOS
design.

Unlike prior designs with immediate connection between the
thermal reservoirs via thermally conductive solid elements (e.g., SMA
or polymer pins), the BOS employs a bistable origamimetastructure in
which the SMA hinges are isolated at the folding creases and do not
bridge the hot and cold surfaces. Thus, the thermalpath in the off-state
is dominated by the thin polyimide film (with ultralow thermal con-
ductivity, k = 0.2W/m·K) and a large spatial gap (16mm), effectively
suppressing both heat conduction and convection. Moreover, the BOS
design features geometrically tunable parameters—such as arm width,
length, and height—that allow for programming of the switching ratio
across a broad range (ρ = 15,425 to 16,771, Figs. 2g, S12). Combinedwith
its relatively fast response time, the BOS not only outperforms existing
passive thermal switches but also exceeds the performance of many
active ones (Fig. 2h and Table S2), demonstrating its transformative
potential for next-generation thermal management applications.

To switchbetween the two stable states, an energybarriermustbe
overcome by the thermal actuators. We developed an analyticalmodel
to study the energy evolution of the origami structure during defor-
mation (Supplementary Notes 7 and 8). The model accounts for the
folding energy localized at the hinges and the bending energy along
the arms. The analysis began by examining the kinematics of the hin-
ges and the upper plate. The results confirm that the folding at the

bottom hinges, along with the resulting displacement and rotation of
the upper plate, undergoes rigid-body motion, as shown in Fig. S13. In
contrast, the folding at the upper hinges is affected by the bending of
the arms. To investigate the bending energy, the arm of the origami
structure is simplified as a beam element and analyzed using
Timoshenko beam theory. The beammodel, employed to simulate the
arm under shear or compression, yields result that closely match the
finite element simulations (Figs. S14–S16). The stress distribution
results from the finite element simulations are presented in Fig. S17,
revealing significant localized stress intensity in the arm and crease
regions. The stress concentrationsmainly occur at the bottom creases,
reaching a maximum Von Mises stress of 129MPa. Furthermore, five
origami samples with different geometrical parameters were fabri-
cated to validate the analytical model experimentally (Fig. S18).

Through quantitative analysis by the analytical model, we inves-
tigate the bistable energy landscape and the design scope of the ori-
gami structure (Supplementary Note 9). The geometric parameter α2,
which governs the folding direction of the arms, directly determines
whether the structure exhibits bistability. As α2 increases, the energy
barrier of bistability emerges, increases, then decreases, and finally
disappears (Fig. S19). Along with the geometric parameter α1, the
energy barrier varies from0mJ to 1mJ. To achieve a higher barrier, the
radius of the middle pentagon (Fig. S1) can be increased, raising the
energy barrier to 4 mJ. Fig. S20 further illustrates the bistable origami
structure within the (α1 and α2) parameter space: arm width is boun-
ded between 15–21.5mm, while standing height ranges from 16
to 26.3mm.

Meanwhile, the analytical model verifies that the origami struc-
ture exhibits a deformation pattern with approximately one degree of
freedom. Actuating any hinge can drive the entire structure for state
toggling. We select the folding creases between the arms and the
pentagon panel to install the thermal actuators (Fig. 3a) so that they
are close to the hosted device (i.e., heat source) for efficient heating.
The actuation force by the thermal actuators varies as the temperature
and the elevated height (δ) changes, demonstrating a vertical driving
force of 1.2N at 80 °C and −0.5N at 25 °C (Fig. 3b). The experimental
setup for measuring the actuation force is provided in Fig. S8 (Sup-
plementary Note 3). In this procedure, the BOS is clamped in a fixed
position. The actuators are then heated by a heater, and the vertical
load is measured concurrently.

The thermal actuator composes of a nickel titanium (NiTi) SMA
wire and an elastic torsional spring (Fig. 3c), which provides bidirec-
tional driving torque at low and high temperature thresholds. The
driving torque is from the difference of the torques of the SMA wire
and the torsional spring. The SMA wire has an initial Z-shape at low
temperature and twists 90 ° towards a U-shape upon heating above its
phase transition temperature. The maximum actuation torque of the
SMA wire is measured to be 5N·mm at 70 °C (Fig. 3d). When the
temperature of SMA wire decreases below 25 °C, the active driving
torque vanishes, and the SMAwire is left with a nearly constant passive
resistance of 0.86N·mm. On the other hand, the torsional spring has
an elastic torque of 1.9 N·mm/rad with a rest angle at the elevated OFF
state. Its elastic torque is capableof untwisting the SMAwireback to its
Z-shape. However, as γ decreases towards the elevated state, the
elastic torque of the torsional spring decreases linearly, and reaches an
equilibrium with the resistance of the SMA wire at 147 ° (Fig. 3d).

Furthermore, taking into account the bistable energy barrier of the
origami structure, it is clear that the driving force of the thermal
actuator at low temperature is not enough to push the BOS from ON
state to OFF state. To address this problem, an elastic regulator (i.e. a
TPU cord) is adopted to adjust the energy barrier of the origami
metastructure. The regulator is connected between the ends of the
upper plate and the base (Fig. 3a). When the BOS switches from the
elevated to the flat state, the upper plate rotates relative to the base,
stretching the regulator and increasing its tensile strain from 0 to 0.19
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(Fig. S21, Supplementary Note 10). Thus, at low temperature and theON
state, the regulator adds extra force to pull the BOS up, and equiva-
lently, reduces the critical force required to overcome the energy bar-
rier to elevate (i.e., turning OFF). As shown in Fig. 3e, by increasing the
prestrain of the regulator at the elevated state of the BOS, the critical
structural force of the BOS is effectively reduced for switching OFF
(Supplementary Video 1). The experimental setup for measuring the
structural force and the preloading strain of the regulator is depicted in
Fig. S7 (Supplementary Note 3). The influence of the regulator on the
energy barriers of the BOS is illustrated in Figs. S21 and S22. The results
demonstrate that the regulator not only reduces the first energy barrier
but also strengthens the second one, thereby enabling an extension of
the bistable energy landscape by up to 40%.

To realize full cycles of the BOS, the driving force of the thermal
actuators and the resistance of the origami metastructure must be
carefully calibrated (Fig. 3f). We must ensure that the actuation forces
at both the high and low switching temperatures are larger in magni-
tude than the critical structural forces to overcome bistable energy

barrier. In other words, the structural force curve must be clamped by
the two actuation force curves, as shown in Fig. 3f. When the actuation
force exceeds the negative peak force (M’), the thermal actuators push
the BOS to snap down and turnON. Conversely, when the temperature
becomes lower than 25 °C, the reverse actuation force exceeds the
positive peak force, and the BOS is elevated and turned OFF.

Tuning the prestrain of the regulator changes the structural force
profile of the BOS (Fig. 3e), and thus adjusts the switching tempera-
tures. To elaborate, as the prestrain of the regulator increases, the
critical peak force linearly increases (Fig. S23), and the required
actuation force increases accordingly, leading to higher switching
temperature (Fig. 3g). In addition to the prestrain of the regulator,
customizable switching temperatures can also be achieved by chan-
ging the phase transition temperature of the SMA. For example, if we
change the phase transition temperature of the SMA from 60 °C to
47 °C, the high switching temperature decreases from 73 °C to 63 °C
(Fig. S26 and Supplementary Video 2).
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successful state switching. g Tunable range of the high switching temperature by
adjusting the prestrain of the regulator.
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In our experimental demonstration (Fig. 4, Supplementary
Video 2), the low and high switching temperatures are set as 25 °C
(ON→OFF) and 72 °C (OFF→ON), respectively (Figs. 3e, S24, Supple-
mentaryNote 11). The setup is inambient air and composedof theBOS,
a heater, and a heat sink (Fig. 4a). The heat sink is a 2 cm × 2 cmwater-
cooled copper platewith a constant temperature controlled at 4 °C. An
1mm-thick, aluminum nitride-filled thermal conductive silicone sheet
is applied on the copper plate to enhance thermal contact with the
hosted device atON state. To test the cyclic performance of the BOS, a
standard ceramic Joule heater is first used, under 5 V-applied voltage.
The BOS automatically toggles ON andOFF according to the switching
temperatures (Fig. 4b). Figure 4c illustrates the heat transfer from the
heater to the thermal actuator via the copper panel. This design results
in a temperature difference of 7 °C between the heater and the
actuator when the heater is heated to 70 °C.

The relationship between the driving angle of the thermal actua-
tor and the vertical displacement of the upper plate is plotted in
Fig. 4d. During operation, the actuator undergoes a total driving angle
of approximately 40 degrees at each stroke. It first folds by 20 degrees
to build up actuation force, then drives the BOS upward or downward
through the subsequent 20 degrees. This behavior confirms that the

BOS effectively locks into position at both the ON and OFF states,
without getting stuck in some intermediate states. Figure 4e displays
the real-time temperature and displacement curves of the BOS. The
data show that the BOS remains stable in either the ON or OFF state
until the temperature reaches the switching threshold. The sub-
sequent state transition exhibits a response time of ~10 s and a vertical
speed of 0.66mm/s (Fig. S25). The temperature regulation function is
uncompromised after 100 cycles of continuous test, demonstrating
outstanding reliability of the BOS (Fig. 4f). During the repeated cycles,
the high and low switching temperatures remain very stable,measured
as 71.7 ± 1.7 °C and 28.2 ± 3.4 °C, respectively. The repeatability of the
fabrication process is highlighted by the batch-to-batch consistency
observed in the switching temperatureandoperational characteristics,
as shown in Fig. S27.

The switching speed of the BOS is influenced by a number of
factors, including travel distance between the ON and OFF states, the
number of thermal actuators, heat sink temperature, the heating rate,
and the bearing mass on the upper plate. It was found that the travel
distance plays a primary role affecting the switching speed of the BOS.
Using a high-speed camera (X190, Revealer, China) to capture the pure
structural snap-through transition of the origami structure (Fig. 5a), we
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observe that traveling from the instability point to any stable state
requires less than 90ms. To exploit this property, we equipped the
BOS with a limiter that constrains the upper plate to become 3mm
closer to its instability point than before (Fig. 5b). With the limiter and
two thermal actuators, the BOS achieves two-way operation with a
switching time of 200ms (Fig. 5c), with switching temperature
at 83.6 °C.

The influence of the number of thermal actuators on the
switching speed is presented in Fig. 5d. The results indicate that a
greater number of actuators leads to an increase in the switching
time, owing to the increased resistance force of the system. A slow-
motion video of the BOS equipped with five actuators is provided in
Supplementary Video 3. For the BOS equipped with only one ther-
mal actuator, the generated actuation force was insufficient to drive
the bistable switching. Influences of the heat sink temperature, the
heating rate, and the bearing mass on the upper plate are shown in
Fig. 5e-g. While changing the heat sink temperature and the heating
rate exhibit no significant trend, we find that larger bearing mass on
the upper plate leads to slower transition, likely due to larger
inertia.

To investigate the influence of bearing mass, we conducted a
series of experiments by adding calibrated weights onto the upper
plate of the BOS. As the load increased, the transition from the ON to
OFF state became more challenging due to the increased weight and
inertia. To address this, we can raise the pre-strain in the regulator,
thereby boosting the restoring force at theON state to support heavier
loads. As a result, evenunder a totalmassof 20 g, theBOSmaintained a
functional snap-through transition, with a switching time of 470ms, as
presented in Fig. 5g and the Supplementary Video 4.

To showcase the versatility of the BOS in real world applications,
we experiment the BOS for temperature regulation of some commonly
used electric devices, including battery, power amplifier, Bluetooth
chip, LED, and DC-DC converter (Fig. 6a, Supplementary Video 5). The
BOS displays its passive, automatic switching function to these devi-
ces, and successfully regulates the temperature of the devices in a
certain range (Fig. 6b–e). The designated temperature range of the
power amplifier, LED, and DC-DC converter are tuned to be around
24–77 °C. Since the heating effectof theBluetooth chip ismuchhigher,
the maximum switching temperature is increased to 114.5 °C. In con-
trast, the lithium-ion battery has stringent temperature requirements
to avoid permanent damage. As a result, the thermal actuator is built
with low temperature SMA of 47 °C, such that the corresponding BOS
maintains a steady temperature regulation around 27–67 °C (Fig. 6f).
The BOS design also shows quite consistent thermal switching per-
formance with different numbers of arms, as shown in Fig. 6g-h and
Supplementary Video 6. The switching time of the four-arm and six-
arm BOS are 7.2 s and 90ms, respectively, demonstrating a notable
decrease as the number of arms increases in the range that we have
tested. During the snap-through transition, the top plate remained flat
relative to the ground given different number of arms.

Discussion
In this work, we leverage bistable origami metastructures to create a
thermal switch that demonstrates unprecedented switching ratio
(1360 in air, 13,984 in vacuum), passive operation (response time
~200ms), and exceptional cyclic reliability. The novelty of this work is
two-fold: (1) This work reports a mechanical thermal switch using
bistable origami structure that produces record-high switching ratio
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among all types of thermal switches (Fig. 2, Supplementary Table S2);
The ultra-high switching ratio arises from mechanically driven tran-
sitions between two thermally distinct stable states, enabled by
instability-induced deformation. (2) The repeatable passive thermal
regulation cycles highlight that the complete BOS is no longer
mechanically bistable in the conventional sense; rather, its bistability
emerges at the system level under thermal loading (Fig. 3). The
switching mechanism is entirely passive, facilitated by a novel
temperature-sensitive actuator system comprising SMA and elastic
springs. As a result, the proposed bistable origami switch (BOS) can
autonomously regulate the local temperature of power electronics
across repeated cycles, offering precise control over operational
temperature ranges without external power input. Compared to
conventional thermal switches that suffer from low switching ratios
and lack of bistable behavior, the BOS combines high contrast in
thermal conductance with threshold-defined operation, ensuring
robust performance under environmental noise and fluctuations.
Furthermore, as the bistable behavior mainly comes from geometry,
our solution is inherently scale-independent, which can be poten-
tially scaled up and down from meters to micrometers36,47.

Considering the fabrication and assembly of thermal actuators, in the
micro-scale, the torsion springs may be replaced by the inherent
elasticity of the origami hinges, and the SMAwires can be replaced by
other printable or depositable stimuli-responsive materials47,48.
Future work is still needed to unleash the high suitability of the BOS
for integration in advanced chip architectures. These findings
demonstrate how the integration of smart structural mechanics and
responsive materials can enable physically intelligent thermal man-
agement devices, paving the way for scalable, pixelated, and self-
powered thermal control systems.

As the power density of advanced electronics continues to rise—
driven by high demands of robotics, AI computing clusters, the
Internet of Things, and electric vehicles—thermal management has
emerged as a critical bottleneck for maintaining reliable perfor-
mance. This underscores the urgent need for dynamic and reversible
thermal switches capable of localized, on-demand heat control. The
BOS developed in this work offers a compelling solution. Moreover,
its bi-stability not only enables passive switching between distinct
thermal states but also mirrors binary logic (0 and 1), making it
particularly suited for thermal logic circuits, where non-volatile state
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retention is a foundational requirement. The scalable, passive, self-
regulating operation of the BOS holds strong potential for enabling
self-sustained and self-adaptive thermal bits, laying the groundwork
for future thermal computing architectures. By integrating principles
from materials science, heat transfer, and mechanical design, these
origami-enabled thermal switches represent a frontier in physically
intelligent systems for advanced thermal management and
computing.

Methods
Sample fabrication
A 0.2-mm-thick polyimide film (Guangzhou Shibei Dragon Electronics
Co., Ltd., China) is selected as the base material. The film is laser-cut
along the origami pattern (Fig. 1d) using a 16W laser cutter. The design
parameters of the origami pattern are set as a = 20mm, b = 25mm,
c = 40mm, α1 = 59.2 °, and α2 = 55 °. Cut pieces are bonded using
polyimide tape (3M™ 7418 F Heat-Resistant Polyimide Process Tape).
Fifteen 1-mm-diameter holes are drilled into the inner pentagon panel
(three holes at each edge).

The thermal actuator (Fig. 3c) comprises a U-shape SMA wire
(Beijing GEE SMA Technology Co., Ltd., China) and a stainless-steel
torsional spring (WenzhouHeli SpringManufacturingCo., Ltd., China).
The U-shape SMAwire has a length of 7.5mm,width of 5mm, andwire
diameter of 0.5mm. It is twisted 180 ° about itsmajor axis and installed
concentrically within the torsional spring. The torsional spring has a
wire diameter of 0.4mm, outer diameter of 3mm, 9 coils, and an initial
angle of 180 °.

To mount the thermal actuator and facilitate heat transfer, a
copper base is fabricated using a 0.1-mm-thick copper plate (Xinghua
Fangling Metal Products Co., Ltd., China) and copper sleeves (Taizhou
Xuehua Stainless Steel Products Co., Ltd., China). The copper plate is
cut to size matching the dimensions and arrangement of the inner
pentagon pane. Copper sleeves (height: 3mm, inner diameter: 1mm,
outer diameter: 2.2mm) are welded over these holes. The sleeve bores
are thenfilledwith siliconegrease (Shin-EtsuChemical 7921), and a0.8-
mm-diameter TPU elastic cord (MIYUKI H3198E, length: 50mm) is
fastened to a corner sleeve. This integrated assembly of copper plate,
sleeves, and TPU cord constitutes the regulator.

Finally, the regulator’s sleeves and TPU cord are secured to the
polyimide film. The thermal actuators are installed by inserting their
wire ends into the copper sleeves, while the opposite ends engage
mounting tubes. These mounting tubes are sections of Teflon tubing
(inner diameter: 1.8mm, outer diameter: 2.6mm) cut to length of
5mm. The Teflon tubes are permanently affixed to the origami arms
via riveted connections.

Thermal switching ratio measurements
The thermal characterization of the bistable origami switch (BOS) is
conducted using a custom-built testing platform (Fig. 2a and Fig. S9),
designed in accordancewithASTM-5470 standards.Measurements are
conducted inside a sealed aluminum vacuum chamber under high-
vacuum conditions of ~10-3Pa. The setup consists of two vertically
aligned stainless steel referencebars (20× 20 × 50mm)with precision-
ground surfaces (Ra ≤ 0.025) to minimize radiation losses. The lower
bar is fixed to the chamber base, while both bars are instrumentedwith
three T-type thermocouples (±10mK accuracy, 254μm diameter)
spaced 15mm apart to record temperature gradient. Temperature
data is recorded by two YET-640X four-channel thermometers. The
BOS sample is tightly aligned between the reference bars using press-
fit assembly, ensuring flush contact with the bar ends for efficient
thermal coupling. An alumina-based ceramic heater is mounted on the
top surface of the upper reference bar to provide a controlled heat
input. For OFF-state measurements, the upper bar is suspended using
nylon threads to eliminate contact (Fig. S9A). For ON-state measure-
ments, it is lowered into direct contactwith the lower bar (Fig. S9B). To

enhance interfacial thermal conductance, a thin (~100μm) layer of
Apiezon H high-vacuum grease is applied at the contact interface.

The thermal conductance of the BOS in ambient air is measured
using the same experimental platform and protocol as in vacuum
conditions, with two key procedural modifications. First, the vacuum
chamber is vented to atmospheric pressure (1 atm)whilemaintaining a
hermetically sealed environment. Second, the thermal interface
material (TIM) is changed. For vacuum measurements, a low-vapor-
pressure TIM (Apiezon H) with a relatively low thermal conductivity of
0.216W/m·K is used to avoid outgassing. In contrast, air-based mea-
surements allow the use of high-performance TIMs, such as Shin-Etsu
X-23-7921-5, a commercially available thermal grease with a sig-
nificantly higher thermal conductivity (>6W/m·K), therebyminimizing
interfacial thermal resistance.

It is noteworthy that thermal radiation losses along the reference
bars are proportional to the fourth power of local temperature,
resulting in slight non-uniformities in vertical heat flux. Due to its
closer proximity in temperature to the ambient environment, the
lower reference bar experiences reduced radiative loss and more clo-
sely satisfies the assumption of a linear temperature distribution.
Therefore, the temperature gradient used to compute thermal con-
ductance via Fourier’s law G=Q=ΔT is obtained from a linear fit of the
temperature distribution along the lower bar. Detailed temperature
distributions, extracted thermal conductance values, and corre-
sponding switching ratios under vacuumconditions are presented and
discussed in the main text.

Structural force measurements
To measure axial force while accommodating twist coupling in the
BOS, we fabricated a low-friction rotational coupling between the BOS
and testing machine clamp (Fig. S6). The coupling consists of a pen-
tagonal copper plate mounted at the terminus of a slender bolt, con-
strained by locking nuts and washers. During testing, the BOS is
initialized in its flat state, and then being vertically deployed at 10mm/
min via the clamp. Throughout deployment, axial displacement and
force are recorded.

The same experimental setup is used tomeasure structural forces
on the BOS with regulator. One end of the regulator is secured to a
corner of the BOS pentagon panel, while the opposite end passes
through a base plate mounting hole. A steel caliper is fixed to the base
plate serves as the measurement reference. During testing, pre-
determined prestrain is applied by stretching the regulator to align
with the caliper’s target scale. Final positioning of the regulator is
maintained using two mechanical clamps.

Actuation force measurements
To measure thermal actuation forces across temperatures, the BOS is
equipped with a heater, five thermal actuators, and a thermocouple.
The testing machine operates in position-holding mode, lowering the
BOS to a predetermined height δ and taring the force sensor. A con-
stant 5 V voltage is applied to the heater while force-time and
temperature-time profiles are synchronously recorded. Force-
temperature curves are generated by cross-referencing the time-
synchronized datasets. This procedure is repeated for multiple dis-
placement setpoints δ to characterize the temperature-dependent
force response.

To obtain the actuation force-displacement curve of the BOS at
25 °C, we first measure the force-displacement curve of the BOS with
thermal actuators at 25 °C, then subtract the baseline structural
response without thermal actuators.

Data availability
The data that support the findings of this study are provided in the
main text and the Supplementary Information. Source data are pro-
vided with this paper.
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