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1. Introduction

1.1 Thermal challenges in flexible electronics

Flexible electronics, as an emerging technology, cover  even
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Flexible electronics with the features of soft, ultrathin, and shape adaptable properties, are believed as
next-generation devices for physiological monitoring, digital diagnostics, and human-computer interaction.
With the development of devices towards miniaturization and integration, thermal management has
emerged as an essential challenge, which not only influences device performance and long-term stability
but also affects user comfort. Various thermal management strategies, including passive and active
approaches, have been employed to regulate the operating temperature. Nevertheless, it is still challenging
to develop thermal regulation systems with a large temperature regulation range, good temperature
uniformity, and high mechanical flexibility. Recently, the microfluidics-based thermal regulation method
has emerged as a promising method that integrates active and passive thermoregulation methods. This
review explores the thermal management mechanisms enabled by microfluidic devices, emphasizing an
integrated strategy that combines material selection, structural geometry, and system optimization to
enhance thermal performance. We analyze heat transfer principles in microchannels and highlight
applications in device-level thermal management, personal thermal regulation, and thermal regulation
interface for human-machine interaction and healthcare, addressing their specific demands. Finally, we
outline the challenges and future perspectives for advancing microfluidics-based thermal management
systems, focusing on capability, integration, and applications.

flexible substrates, flexible electronics can overcome the
physical limitations of traditional rigid electronic devices and
maintain stable performance under bending, twisting, or
stretching. In medical diagnostics, flexible

disciplines from materials science, to electrical engineering,
to mechanical engineering, and to biomedical engineering,
which expands the functionality and application scenarios of
electronic devices." Over the past decade, flexible electronics
has emerged as a revolutionary technology, witnessing great
advancements  from the laboratory to  practical
implementations. By integrating functional components with
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bioelectronics are driving transformative advances in medical
monitoring technology toward intelligent, miniaturized, and
comfortable solutions.”> These devices combine biosensors,
data processing units, and wireless transmission modules to
achieve precise acquisition and real-time analysis of
physiological signals, including blood pressure,’ heart rate,”
and skin modulus.® Beyond biomedical applications, flexible
electronics play a crucial role in the human-machine
interface (HMI) and electronic skin (E-skin).® Through the
high density of sensor array design and multifunctional
integration, it significantly enhances the interactive
capabilities of HMIs.” In the field of E-skin, flexible sensor
arrays can simultaneously detect different physical
parameters, including pressure® and temperature,’ achieving
sophisticated motion sensing and interactive functions.
Particularly noteworthy are recent advancements in tactile
feedback systems that integrate mechanical vibration,
electrical stimulation,"* and heating units'®> to simulate
texture, hardness, and temperature perception. These
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developments have substantially improved immersion in
virtual reality interactions and laid the technical foundation
for next-generation AR/VR interfaces."

Nowadays, flexible electronics have evolved into complex,
multi-functional platforms and autonomous closed-loop
systems, yet their increasing system complexity has led to
substantial thermal challenges. With the widespread
adoption of 5G technology, the power density of radio
frequency (RF) modules and memory units in flexible
electronics has risen sharply, making thermal management
in high power-density electronics an increasingly critical
issue. Artificial intelligence (AI) technology has also brought
new challenges to the thermal management of flexible
electronic devices.”" With the significant increase in sensor
density, there is an urgent need for AI and high-performance
computing chips to process massive amounts of data. To
minimize delays during wireless data transmission, the
continuously generated data must be quickly processed and
analyzed near the physical location of the sensors. For
example, wearable medical monitoring sensors can acquire
physiological indicators in real time, and intelligent analysis
of large amounts of data can yield personalized health
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patterns.”> However, with the increasing demand for
computing power, the excessive heat flux density in electronic
products will lead to a sharp rise in temperature.”® For
instance, the peak heat flux density of a blade server central
processing unit (CPU) ranges from 80 to 200 W cm >, with
localized heat flux reaching 1000 W cm™.**

Excessive heat accumulation not only deteriorates long-
term operational stability but also degrades signal quality. As
wearable devices require direct skin contact, their operating
temperature must be constrained within the human comfort
range of 31.1-35.4 °C, imposing extremely demanding
requirements on thermal management systems.>® There are
various factors limiting heat dissipation in flexible
electronics. Among them, the intrinsic low thermal
conductivity of polymer materials is a critical bottleneck. On
the one hand, commonly used flexible substrates, such as

polyimide  (PI), polydimethylsiloxane (PDMS), and
polyethylene  terephthalate  (PET), exhibit thermal
conductivities ranging from 0.1 to 0.3 W m™ K *,*® which is

two orders of magnitude lower than that of traditional rigid
substrates i.e. silicon 150 W m™ K*.*’ This severely impedes

lateral heat diffusion, leading to localized heat accumulation
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near the heat source. On the other hand, the low thermal
conductivity of polymer substrates also induces severe
phonon mismatch with functional layers, thereby creating
significant interfacial thermal resistance that obstructs
vertical heat transfer. More critically, the requirement for
stretchability in certain flexible electronics poses substantial
challenges to their thermal dissipation capabilities.*®
Stretchable designs, such as well-established
mechanical serpentine interconnects, impose greater thermal
burdens compared to conventional layouts. These
meandering traces are typically 3-5 times longer than
straight-line pathways, proportionally increasing Joule
heating under equivalent current conditions.”® Consequently,
optimizing thermal management in flexible electronics
requires addressing material limitations and geometric
constraints unique to deformable systems.

circuit

1.2 Advantages of microfluidics-based thermal management

Efficient thermal regulation in flexible electronic devices is
essential for ensuring device durability and operational
stability, while maintaining key features of integration,
miniaturization, and conformability. A variety of thermal
regulation approaches have been developed so far. Passive
thermal management, utilizing natural heat transfer
mechanisms, offers an energy-efficient and environmentally
friendly approach for flexible electronics. The main
categories of passive thermal regulation methods are
summarized in Fig. 1. High thermal conductivity materials
are crucial in these systems, enabling effective heat spreading
from localized hotspots to larger dissipation areas. Thermal
interface materials have been developed to bridge micro-scale
gaps and accommodate surface irregularities to optimize
thermal transport paths, thereby significantly improving heat
conduction between heat sources and heat sinks.** Radiative
cooling materials demonstrate zero power consumption
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cooling by emitting mid-infrared radiation to outer space
through the atmospheric high-transparency window
(ATW).>"** Recent advancements achieve the integration of
radiative cooling layers with flexible electronics.>*** However,
radiative cooling systems exhibit significantly lower cooling
power compared to active cooling methods, while
demonstrating strong environmental dependence with a
dramatic decline in performance under high humidity and
windy conditions.*® Another significant limitation is their
inherently slow thermal response, typically requiring several
minutes or even longer to reach thermal equilibrium. This
delay prevents it from responding in real time to rapid
changes in device heat generation, making it difficult to
achieve dynamic and precise temperature control. Utilizing
the high specific heat capacity through the phase change
process to absorb or release heat, phase change materials
(PCMs) can help maintain electronic devices within a safe
temperature range. The phase change cooling mechanism
has unique advantages in the thermal management of
flexible electronics, including high heat dissipation power,
ease of integration, and commonality.

Active thermal management refers to systems that achieve
heat transfer through external input energy, relying mainly
on mechanical components such as fans, micropumps, and
compressors. As shown in Fig. 1, the most cutting-edge
cooling technologies include thermoelectric,*®
electrocaloric,”” and magnetocaloric methods.*® Among
them, thermoelectric materials stand out as a promising
candidate for next-generation semiconductor cooling due to
their strong temperature-changing capability and lack of
moving  parts.  Electrocaloric ~and  magnetocaloric
technologies, despite being energy-efficient, still face material
and engineering challenges that need to be addressed before
widespread adoption.

Microfluidics is a multidisciplinary field focused on the
control, separation, merging, and mixing of small volumes of

Xinge Yu received his Ph.D. in
Electronic Science and
Technology from the University
of Electronic  Science  and
Technology of China and
completed a joint Ph.D. program
at Northwestern University, USA.
He later worked as a
postdoctoral researcher at the
University of Illinois at Urbana-
Champaign. He is currently a
Professor in the Department of
Biomedical  Engineering and
Associate Director of the Institute
of Digital Medicine at City University of Hong Kong. His research
focuses on skin-integrated and soft bioelectronics for health
monitoring and human-machine interfaces.

Xinge Yu

Lab Chip, 2026, 26,1417-1443 | 1419


https://doi.org/10.1039/d5lc00906e

Published on 07 January 2026. Downloaded on 6/19/2026 11:13:13 AM.

Critical review

Conduction

Applications

View Article Online

Lab on a Chip

Advantages

High power

<, @

Convection

Phase change materials Radiative cooling

Thermal conductive materials

—n=

¥
%,
& 5 -
> e [ %% 7/ Flexibility
= £ Applications g <
5’ t% a
.02
Wearapi dev'™
- =i
Radiation @ L i *
oL e
Active microfuidic 5
Pty

Microfluidic devices

Becrionm. e "1‘
* y—'\/ / Thermoelectric devices
5 [ Active .
- o

Passive / 4
-

|,
Cy
%

Hybrid

Electrocaloric devices

Fig. 1 Summary of thermal management in flexible electronics, including heat transfer mechanisms, advantages and applications of microfluidics-
based thermal management, and typical passive and active thermoregulation approaches (reproduced with permission from ref. 14, Copyright
2021, Elsevier; reproduced with permission from ref. 15, Copyright 2022, John Wiley and Sons; reproduced with permission from ref. 16, Copyright
2022, Springer Nature; reproduced with permission from ref. 17, Copyright 2022, the American Association for the Advancement of Science;
reproduced with permission from ref. 18, Copyright 2020, Springer Nature; reproduced with permission from ref. 19, Copyright 2020, Springer
Nature; reproduced with permission from ref. 20, Copyright 2020, Springer Nature).

liquid within microscale channels and structures.** The
initial motivation of microfluidic technology aims to
integrate all the functions of a biochemical laboratory into a
single chip, evolving a new era of lab-on-chip (LOC) systems.
Microfluidic devices have illustrated wide applications in
biological reactions,’® drug delivery, and medical
diagnostics,”> as they can integrate liquid extraction,
separation, and reaction into a single chip. As illustrated in
Fig. 1, microchannel structures have demonstrated excellent
heat dissipation capability for high power-density electronics
while maintaining superior mechanical flexibility as a hybrid
thermal regulation method."®*?

Soft lithography technology has greatly broadened the
applications of microfluidics in flexible devices.** A variety of
wearable devices have been proposed owing to the excellent
mechanical properties of the matrix (PDMS,* paper,*® and
fabric'’). By selecting substrate materials with different
Young's moduli, both the upper and lower parts of the
microchannels can maintain excellent flexibility. Thus,
microfluidic cooling systems can be designed as compact,
deformable structures that conform to flexible electronics.
With their high-density microchannels and lightweight
properties, these microfluidic devices are ideally suited for
integration with flexible electronics while maintaining the
overall system's profile and minimal weight. Unlike rigid

1420 | Lab Chip, 2026, 26, 1417-1443

cooling solutions such as fins and fans, microchannels
demonstrate superior adaptability for epidermal and
stretchable  applications, maintaining effective heat
dissipation even under significant deformation.

Microfluidic systems offer a hybrid thermal management
approach that combines the advantages of both passive and
active cooling. When the thermal load of the system is low,
these systems can dissipate heat through spontaneous fluid
flow and natural heat transfer mechanisms. Meanwhile,
high-surface-area conduction and phase-change cooling of
fluid media promote heat transfer without external energy
input. However, when localized heat flux becomes excessive,
purely passive microchannel systems struggle to remove heat
from hotspots effectively. In this situation, active cooling
microfluidic  systems that employ piezoelectric or
electroosmotic pumps to enhance fluid circulation are
capable of accelerating thermal transfer. To meet the
demands of flexible circuit systems with transient, localized
high-power operation, these systems integrate microvalves or
micropumps that automatically adjust flow rates based on
real-time temperature fluctuations of electronic components.
This enables intelligent feedback-controlled cooling with on-
demand power regulation. Under extreme thermal loads,
such as during full CPU utilization, the system activates
active pumping to boost cooling capacity rapidly. Conversely,

This journal is © The Royal Society of Chemistry 2026
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during periods of low thermal load, the passive heat
absorption process of the fluid media maintains baseline
cooling functionality, achieving energy-efficient heat
dissipation.

In this review, we systematically discuss microfluidics-
based systems for thermal management in flexible
electronics. It begins with a fundamental discussion of the
heat generation and transfer mechanisms, with particular
emphasis on the unique thermal challenges of flexible
electronics. We then critically analyze the latest
advancements in both passive and active thermal regulation
technologies, providing an assessment of their advantages
and limitations. This review not only places much emphasis
on the mechanism of microchannel-based thermal transfer,
but also provides a comprehensive overview of channel
materials and media materials, analyzing the effects of their
mechanical and thermal properties. Furthermore, this review
presents a structured discussion on applications, focusing on
device-level thermal management for ensuring component
reliability, personal thermal regulation aimed at human
thermal comfort, and functional applications where thermal
control  enables novel capabilities. Through this
comprehensive evaluation, we aim to provide valuable
insights that will address current technical challenges and
facilitate advancements in scientific research and industrial
development.

2. Fundamentals of thermal
management in flexible electronics
2.1 Heat generation and transfer mechanism

2.1.1 Heat generation mechanism. Recently, flexible
electronic devices have advanced significantly toward higher
integration and miniaturization. Following Moore's law, the
feature size of transistors continues to shrink, significantly
increasing the transistor density of chips. Recently, emerging
technologies such as multi-core architectures and three-
dimensional chip stacking have led to a remarkable
enhancement in computational performance. Nevertheless,
this trend has also introduced severe thermal challenges.
Therefore, a deep understanding of heat generation
mechanisms and effective thermal management strategies
has become pivotal for advancing the further development
and practical application of flexible electronics.

In electronic devices, Joule heating generated by current
flowing through resistive components is the primary source
of thermal energy. With the advancement of micro and
nanofabrication technologies, such as photolithography, the
dimensions of conductive traces in modern electronic
components often reach micrometre scales, resulting in high
current densities. A key fabrication technology for flexible
electronics involves patterning stretchable electrode layers on
polymer substrates using thin film metals and inorganic
carbon materials. Techniques like E-beam evaporation and
sputtering allow for the deposition of metal thin films on
flexible substrates, with subsequent laser cutting or transfer

This journal is © The Royal Society of Chemistry 2026
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processes facilitating rapid electrode patterning. While
serpentine geometries improve the electrode stretchability,
they simultaneously increase the wiring density per unit area,
exacerbating heat generation in electronic devices. For
instance, a Kirigami-structured laser-induced graphene
heater can reach over 40 °C in less than one minute at 36 V
applied voltage.*®

In addition to self-heating, flexible electronic devices
inevitably experience thermal effects from solar radiation
during operation, which may lead to electrical failures and
performance degradation.”® Consequently, environmental
heat load is also a critical factor that must be considered in
device thermal management. In outdoor applications,
wearable devices with highly conductive materials can heat
up rapidly under external heat or direct sunlight. This
temperature rise not only compromises wearing comfort but
also directly affects the signal quality of sensors. For
example, skin-integrated photoplethysmography modules
enable real-time pulse monitoring, but they are highly
sensitive to temperature.’>*® Prolonged sunlight exposure
could decrease the output pulse signal quality and impair
device functionality. In severe cases, key characteristic peaks
may disappear, significantly reducing the reliability of
physiological signals.

2.1.2 Heat transfer mechanisms. Thermal management,
which aims to maintain the operational temperature of
electronic devices within a reliable range by controlling heat
flow, is particularly important in the design of highly
integrated flexible electronics. The fundamental basis of
thermal management is rooted in the manipulation of three
classic heat transfer mechanisms: conduction, convection,
and radiation. In wearable devices, thermal conduction often
occurs between heat sources and the skin. This process
involves heat transfer through lattice vibrations and the
movement of free electrons. Metals exhibit high thermal
conductivity because free electrons dominate heat transfer.
In contrast, non-metallic materials like polymers and
ceramics primarily rely on phonons, resulting in significantly
lower thermal conductivity. The macroscopic behaviour of
heat conduction follows Fourier's law:>°

dr

Q=-ka (1)
where Q represents the heat flow, & is the inherent thermal
conductivity of materials, A is the cross-section area, and d7/
dx, which is defined as the temperature gradient, describes
how temperature varies with position. The negative sign here
indicates the heat flow direction from the high to low
temperature region. High thermal conductivity thermal
interface materials have been widely employed. These
materials facilitate effective heat transfer by constructing a
3D thermal conductive network, which minimizes interfacial
gaps and reduces contact thermal resistance. This network
efficiently enhances heat conduction from the heat source to
the heat sink. Recent studies have shown that liquid metal-
elastomer composites can achieve both high thermal
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conductivity and mechanical stretchability, making them
particularly suitable for flexible electronics.”

Heat convection involves thermal energy transfer through
fluid motion, offering a mechanism to overcome the limited
thermal conductivity of flexible substrates while improving
cooling efficiency. Heat convection can be divided into
natural convection and forced convection. Natural convection
arises from temperature-induced density differences in
fluids, such as the air convection around heat sinks.
However, the convective heat transfer coefficient for air
cooling is only 10-100 W m™ K'', which requires a large
temperature difference to achieve desirable heat flux.>?
Forced convection, on the other hand, involves mechanical
means to drive fluid motion, such as fans or pumps
generating convective flow to transfer heat. While heat fins
can significantly improve convective cooling by increasing
the surface area, their implementation in flexible wearable
electronics remains challenging due to bulkiness and rigidity
constraints. Similarly, conventional air-cooling methods,
despite their rapid response and effective heat dissipation,
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struggle to meet the flexibility and miniaturization
requirements for wearable applications. Consequently,
microchannel-based thermal management, which operates
on the principle of heat convection, has become a promising
thermal management approach due to its silent operation
and ease of integration. The cooling power of convective heat
transfer can be described as:**

Pcooling = MAT (2)

where h is the convective heat transfer coefficient, A is the
effective heat exchange area, and AT is the temperature
difference between the surface and fluid.

Thermal radiation describes the process in which an
object excites its internal atoms, emitting electromagnetic
waves to the surroundings. According to thermodynamic
principles, all objects at temperatures above absolute zero
spontaneously emit thermal radiation, facilitating heat
transfer from higher-temperature objects to lower-
temperature ones without any external energy input. The
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Fig. 2 Thermal management methods in flexible electronics. (A) Schematic of passive cooling strategies®® (reproduced with permission from ref.
66, Copyright 2023, Elsevier); (B) ultrathin, soft, radiative cooling interfaces for advanced thermal management in skin electronics*® (reproduced
with permission from ref. 49, Copyright 2023, Elsevier); (C) schematic diagrams of the Seebeck effect (left) and Peltier effect (right) in
thermoelectric materials”® (reproduced with permission from ref. 73, Copyright 2024, John Wiley and Sons); (D) personal thermoelectric thermal
regulation devices.”> Diagrams of a thermoregulation vest and band with wearable TE (left). Structure of wearable TE devices with TE pillars,
flexible electrodes, and stretchable sheets (right) (reproduced with permission from ref. 75, Copyright 2019, the American Association for the
Advancement of Science). (E) Working mechanism of an EC thermal pump.”78 On the bottom left is the scheme of the thermodynamic cycle. On
the bottom middle is the schematic illustration of the P(VDF-TrFE-CFE) heat pump under an electric field. On the bottom right is the schematic
illustration of the EC heat pump after removing the electric field (reproduced with permission from ref. 37, Copyright 2017, Elsevier; reproduced
with permission from ref. 78, Copyright 2021, the American Association for the Advancement of Science).
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relationship between thermal radiation and an object's
temperature is described as follows:**

Praq = €0AT* (3)

where ¢ denotes the emissivity of the material, ¢ is the
Stefan-Boltzmann constant, A is the effective radiative area,
and T represents the surface temperature of the object.
Recently, radiative cooling materials have earned significant
attention due to their environmental friendliness, zero energy
consumption, and comfortable cooling effect.®®> The
fundamental principle of radiative cooling is to dissipate heat
into outer space via ATW.

2.2 Thermal management methods in flexible electronics

2.2.1 Passive thermal management. Passive cooling refers
to heat management strategies that operate without external
energy input, relying on intrinsic material properties and
device structure to reject heat through thermal radiation,
solar reflection, natural convection, and thermal conduction
(Fig. 2A).°® In flexible electronics, the thermal balance in
flexible electronics is governed by four key heat flux
components: radiative heat loss to the sky, absorbed solar
radiation, convective/conductive heat exchange with the
atmosphere, and internal heat generation from both
electronics and the human body. In this section, we primarily
introduce PCMs and radiative cooling materials due to their
superior integration compatibility with flexible devices and
effective thermal regulation performance.

PCMs act as a power-free heat sink by absorbing or
releasing latent heat at a quasi-constant temperature during
solid-liquid transition. In microfluidic systems for wearable
applications, paraffins, fatty acids, and hydrated salts are
common choices with tunable phase points in the range of
20-45 °C that match skin comfort.®” To prevent leakage and
enhance  cycling  durabilityy, PCMs are typically
microencapsulated in polymer shells or anchored within
porous hosts (e.g., silica, melamine-formaldehyde, cellulose
aerogels). Microcapsules with narrow size distributions
improve packing, lower percolation thresholds for heat flow
modifiers, and mitigate volume-change stress over thousands
of cycles. Beyond the fundamental issue of low thermal
conductivity, the practical integration of PCMs into flexible
electronics faces challenges in mechanical and thermal
reliability. Firstly, the microencapsulation shell or porous
support structure must withstand repeated bending or
stretching without fracture, which would cause PCM leakage.
Moreover, ensuring efficient heat transfer from the hot spot
to the PCM domain under dynamic deformation is another
key consideration for practical implementation.

Radiative cooling utilizes outer space as a heat sink by
emitting thermal radiation through the ATW, achieving
passive cooling without energy consumption.®®®® For daytime
applications, materials must minimize solar absorption to
maintain net cooling power under sunlight. This can be

This journal is © The Royal Society of Chemistry 2026
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realized using polymer composites with micro- or nano-scale
scatterers that induce strong Mie scattering across the solar
spectrum while preserving high mid-infrared emissivity.
Introducing high-index particles, hollow microspheres, or
multilayer stacks increases backscattering and reduces
parasitic heating.”® For instance, Li et al*® fabricated an
ultrathin, soft radiative-cooling interface by incorporating
silica particles into a polymer for integration with skin
electronics (Fig. 2B). This design maintained a solar
reflectance of 91% and mid-infrared emissivity of 97%,
demonstrating great potential in skin-integrated electronics.
However, several challenges exist when implementing
radiative cooling in flexible electronics. The limited heat flux
capacity of radiative cooling also poses a challenge for
applications with high power density, where additional active
cooling methods may be required. In addition,
environmental factors such as humidity, cloud cover, and
atmospheric pollution can significantly reduce cooling
performance. Zhang et al’' employed PTFE and pore
engineering to fabricate a self-cleaning nanofiber membrane
with a reflectance of 95.4% and emissivity of 95.8% for long-
term daytime passive radiative cooling, showing significant
application potential in clothing and buildings.

2.2.2 Active thermal management. Active thermal
management technology enables high-precision temperature
control through external energy input and dynamic
regulation. Compared to passive thermal management, this
approach offers advantages such as rapid response,
controllability, and high heat dissipation efficiency, making
it a critical solution for addressing thermal challenges in
high power-density devices. In active cooling technologies,
heat can be directionally transported through physical field
regulation (e.g., electric or magnetic fields) or transferred via
mechanically driven methods like vapor-compression
refrigeration, thereby achieving more efficient and
controllable thermal management.”” This section categorizes
active thermal management strategies for flexible and
wearable electronics. To provide a comprehensive
comparison, the typical materials, thermoregulation
performance, merits, and limitations of both passive and
active thermoregulation methods are summarized in Table 1.

The thermoelectric (TE) effect, employing the Seebeck and
Peltier effects, has emerged as a promising solid-cooling
method. As shown in Fig. 2C, a typical thermoelectric module
consists of a pair of thermoelectric elements (p-type and
n-type semiconductors) connected in series with metal
interconnects.”””’®> Charge carrier movement creates a
temperature gradient for heating or cooling, reversible by
switching current direction. Thermoelectric devices offer key
advantages such as compact size, silent operation, and no
moving parts, making them suitable for flexible electronics
applications.”* To achieve both a broad temperature
regulation range and mechanical stretchability, Hong et al.”
developed a novel approach for employing thermoelectric
elements in personalized thermoregulation systems. As
shown in Fig. 2D, they designed a sandwich structure
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Table 1 A summary of thermal management for flexible electronics
Thermoregulation
Technique Representative material performance Merits Limitations Ref.
Conduction BN/PVA Thermal conductivity of =~ Simple and low cost Failure under large 53
0.078 Wm™ ' K™ thermal flow
SiC-epoxy 10.27 Wm™ K™ Flexible and compressive ~ Mechanical failure 54
under deformation
Radiative Polystyrene-acrylic/TiO,/hollow SiO, Temperature reduction  Zero energy consumption  Dependent on the 49
cooling 56 °C in electronics atmospheric window
PDMS nanofibers Temperature reduction  Intrinsically flexible Limited cooling 34
13.34 °C under xenon power
light irradiation
PMMA-SEBS Sub-ambient cooling Achieve sub-ambient Susceptible to 33
of 6 °C cooling weather and
environmental
conditions
Phase change n-Eicosane/melamine formaldehyde Reduce peak skin Cost-effective Limited cooling 55
materials temperature by 82% duration
Paraffin@copper/SE 18.6 °C lower than pure High energy storage Requires 56
SE density regeneration and
recharging period
Slow heat transfer
Thermoelectric Bi,Te; 8.2 °C sub-ambient skin Solid-state, no moving part Low energy 57
cooling conversion efficiency
Bi,Te; A temperature rise of Compact size Challenging thermal 58
20 °C and a decrease interface
of 8 °C Precise and reversible High power demand
operation (heating/cooling)
Electrocaloric ~ P(VDF-TrFE-CFE) Bidirectional High thermodynamic High voltage 59
thermoregulatory 2.9 K efficiency
P(VDF-TrFE-CFE) Cooling 8.8 K below Fast thermal response Limited cycle life 60
ambient temperature Ultra-thin and lightweight =~ Small temperature
span
High cost
Microfluidics ~ Poly(octanediolcitrate)-N,-perfluoropentane Cooling to —20 °C in Effective heat dissipation =~ Dependent on pump 61
ambient temperature for high power
PDMS-water Temperature reduction  Stretchable channels Potential leakage 62
15 °C on the skin design risk
Hybrid cooling mode High complexity
Intrinsically flexible
comprising inorganic thermoelectric pillars embedded  When an electric field is applied to EC materials, heat is
between two elastomer layers, which simultaneously transferred from the material to a heat sink. Subsequent

minimizes heat leakage and maintains flexibility. This
optimized design enables the device to achieve significant
cooling performance, reaching a temperature differential of
10 °C on the skin surface without requiring heat sinks.
Despite their benefits, thermoelectric cooling systems are
hindered by low energy conversion efficiency and challenging
heat dissipation issues. Future research should prioritize
implementing thermal interface materials, which can
effectively minimize interfacial thermal resistance between
thermoelectric materials and heat sinks and enhance thermal
conductivity.

The electrocaloric (EC) effect provides a solid-state
mechanism for cooling and heating through external electric
field modulation.”®”” Under an adiabatic electric field, the
material's dipoles align, reducing polarization entropy and
raising its temperature. Electric field removal reversibly
disorders the dipoles, causing cooling (Fig. 2E).*””® From a
device design perspective, the EC effect enables heat transfer
through changes in the electric field, as shown in Fig. 2E.
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removal of the electric field after thermal exchange causes
the EC material's temperature to decrease, enabling heat
absorption from a source and thereby establishing
refrigeration or heat pump functionality.””®' Compared to
TE coolers, EC devices exhibit superior COP, enabling more
efficient heat transfer per unit input electrical energy.®
However, current EC materials still exhibit relatively small
temperature changes under an applied electric field, resulting
in inadequate cooling power compared to conventional
refrigeration technologies.®” From a materials science
perspective, the intrinsically low thermal conductivity of EC
polymers presents a fundamental limitation. This limitation
results in insufficient thermal penetration depth during rapid
heat exchange between the heat sink and the heat source, as
well as excessively long thermal equilibrium time, which
ultimately limits the improvement of cooling power.
Furthermore, the requirement for high driving voltages (on
the order of kV) raises substantial safety concerns for both
human applications and electronic system integration. This
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represents another critical barrier that must be overcome for
widespread EC device adoption.

2.3 Mechanism of microfluidics-based thermal management

Commonly used natural cooling and forced air cooling
methods are increasingly inadequate for addressing the
thermal management challenges of high power-density,
highly integrated flexible electronics. There is a pressing
demand for thermal management solutions that offer
efficient heat dissipation, compact form factors, and uniform
temperature distribution. Microfluidic thermoregulation
systems operate on the principle of heat transfer from the
substrate to the working fluid flowing through the
microchannels, which then carry the heat away from the
device. Based on whether phase change occurs within the
microchannels, microchannel cooling technologies can be
categorized into single-phase cooling without phase change
and flow boiling cooling with phase change.

In a microchannel single-phase system, the coolant
remains in a liquid state throughout the refrigeration process
without undergoing phase change reactions, primarily relying
on the liquid's specific heat capacity for sensible heat
exchange. The heat transfer process in this system is
governed by forced convection, which is described by
Newton's cooling law. The flow characteristics are primarily
laminar, with the maximum velocity occurring at the centre
of the channel, offering advantages such as high stability and
precise temperature control.** However, this cooling system
has a major drawback: when applied to large-scale electronic
devices, the substantial temperature difference between the
inlet and outlet of the microchannels causes the liquid to
absorb heat continuously along the flow direction. This
disadvantage can result in an obvious axial temperature
gradient within the channel, leading to uneven temperature
distribution across the chip surface. To improve temperature
uniformity, a substantial increase in the coolant flow rate is
often required. This not only significantly increases system
energy consumption and pumping costs but also introduces
additional issues, such as flow-induced noise and vibration,
greatly increasing system complexity and maintenance costs.

Owing to its large specific surface area, flow boiling
cooling technology has been employed to address hotspots
with high heat flux. The liquid absorbs heat and vaporizes at
hotspots, removing large amounts of thermal energy through
latent heat absorption. The process involves the following
steps: firstly, the heat source heats the inner wall of the
microchannel, transferring thermal energy to the flowing
liquid coolant. When the wall temperature exceeds the
coolant's saturation temperature, nucleation sites form,
generating vapor bubbles that grow and detach due to
surface tension effects. Next, the bubbles mix with the liquid,
forming a gas-liquid two-phase flow that absorbs significant
latent heat through vaporization. Finally, the vaporized
coolant releases its latent heat in the condenser, condenses
back into liquid, and recirculates. Two key parameters define
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the performance of boiling heat transfer: the critical heat flux
(CHF), which represents the safe operational limit of nucleate
boiling before film dryout and a sharp decline in heat
transfer efficiency, and the heat transfer coefficient (HTC),
which quantifies the heat removal rate per unit area.®’
However, in practical applications, CHF and HTC often
exhibit a trade-off relationship, demanding co-optimization
strategies that cover surface modification, microchannel
design, and coolant selection.

The characteristics of microfluidic flow significantly
influence heat transfer performance due to confined flow
conditions and high surface-to-volume ratios. The two-phase
flow behaviour is determined by the equilibrium established
between inertial, viscous, and interfacial forces. The Reynolds
number (Re), a dimensionless parameter defining the ratio of
inertial to viscous forces, determines flow regimes. Laminar
flow (Re < 2000) exhibits parallel fluid layers and minimal
mixing that primarily enables heat transfer through
conduction and weak natural convection. The thermal
boundary layer, which describes a thin region near the
channel wall with obvious temperature gradients, reduces the
heat efficiency. For example, in straight microchannels with
laminar flow, temperature gradients become pronounced
downstream, leading to localized hotspots. Although laminar
flow is efficient in minimizing energy loss, its lack of
turbulent mixing severely limits convective heat transfer. This
is particularly problematic in high heat-flux flexible
electronics, where passive cooling solutions often fail to
dissipate heat rapidly. In contrast, turbulent flow (Re > 4000)
generates chaotic vortices that disrupt the thermal boundary
layer, significantly enhancing forced convection. The
resulting fluid mixing produces a more uniform temperature
distribution and can increase the heat transfer efficiency
significantly compared with laminar flow. This turbulent
transition dramatically improves thermal mixing, facilitating
rapid heat dissipation of localized hotspots. However,
turbulent flow requires high pumping power due to elevated
friction losses, creating a design trade-off. While enhanced
mixing improves heat dissipation, the accompanying
pressure drop leads to greater energy consumption. This
balance is especially crucial in flexible electronics, where
power supply is a key constraint. Thus, researchers must
carefully optimize the Re to maximize thermal performance
without exceeding energy budgets.

3. Design strategies for microfluidics-
based thermal management
3.1 Materials and fabrication

The performance of microfluidic systems in thermal
management hinges critically on selecting appropriate
materials. These materials must fulfil two requirements:
mechanical compatibility with flexible electronics and
efficient heat transfer capabilities. This section reviews
microchannel materials and fluid media, investigating how
their composition and fabrication process influence thermal
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and mechanical performance by key parameters such as the
aspect ratio, surface roughness, and solvent compatibility of
channels.

3.1.1 Microchannel materials. The materials for
microfluidic channels play a crucial role in determining the
durability, flexibility and thermal conductivity of microfluidic
systems. When selecting these materials, it is essential to
comprehensively consider factors, such as
mechanical properties like tensile strength, elongation at
break, and flexibility, as well as thermal conductivity. In
applications where efficient heat dissipation is critical,
materials with high thermal conductivity, such as certain
polymers or advanced composites, are usually the preferred
options. Chemical stability is another key aspect to assess, as
the material must not react with the transported fluids.
Moreover, biocompatibility is of great importance for
biomedical applications. Additionally, the cost and
processability of the material are practical factors that can
influence the overall feasibility and scalability of the
microfluidic system. Common materials utilized for this
purpose include PDMS and thermoplastics.

PDMS is a silicone-based elastomer widely adopted in
flexible microfluidics due to its excellent stretchability (up to
300% strain), biocompatibility, and optical transparency.®®
However, its low thermal conductivity limits passive heat
dissipation, making it inapposite for the base material of
microfluidic heat sinks.®” Researchers have incorporated
various thermally conductive fillers into PDMS matrices, such
as BN nanosheets, alumina oxides, graphene powders,
graphene oxide (GO), or carbon nanotubes (CNTs). Table 2
summarizes the thermal conductivities of commonly used
functional fillers. Luo et al® proposed a thermally
conductive elastomer based on PDMS-GO nanocomposites by
adding 5% weight fraction of GO nanoparticles, exhibiting
250% increased thermal conductivity and 200% higher elastic
modulus compared to pure PDMS, while maintaining
essential flexibility for microfluidic integration. He et al.®
prepared PDMS-based composites with low-frequency
microwave absorption properties and high thermal
conductivity by incorporating functional fillers, CoNi and BN
into PDMS. A spray-drying-sintering process is employed to
assemble chain-like CoNi and flake BN into hydrangea-like
CoNi@BN heterostructure fillers. When the volume fraction

various

Table 2 Thermal conductivity of different fillers

Functional fillers Thermal conductivity, W m™ K Ref.
BN 250-300 93
Aluminum oxide 20-29 93
Graphene 3080-5300 94
CNTs 2000-6000 93
Silicon nitride >150 95
Silicon carbide >270 95
AIN >260 95
Aluminum 204 93
Gold 345 93
Copper 483 93
Silver 450 93
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of the filler is 44% and the mass ratio of CoNi to BN is 3:1,
the in-plane thermal conductivity of the CoNi@BN/PDMS
composites is 7.3 W m~* K™*, which is about 11.4 times the
thermal conductivity for pure PDMS, and 32% higher than
that of the (CoNi/BN)/PDMS composites, 5.5 W m~ " K ', with
the same volume fraction of CoNi and BN obtained through
direct mixing.

Thermoplastics, such as polystyrene, polycarbonate, cyclo-
olefin copolymers, and polymethyl methacrylate (PMMA), are
widely employed in microfluidic systems due to their tunable
mechanical properties, cost-effectiveness, and compatibility
with high-throughput manufacturing techniques. Unlike
elastomers, thermoplastics offer superior stability under
thermal cycling and mechanical stress, making them suitable
for applications requiring precise channel geometries.

Most thermoplastics inherently possess low thermal
conductivity (e.g., PMMA: 0.17-025 W m " K.
polycarbonate: 0.3 W m™ K™ (ref. 91)), limiting their passive
heat dissipation capabilities. Researchers incorporate
thermally conductive fillers such as BN, graphene, or CNTs
into polymer matrices. For instance, Wu et al.°*> prepared h-
BN/PMMA composites by in situ polymerization. Previously,
such composites often face limitations due to poor particle
dispersion in polymer matrices when prepared by melt
mixing. To mitigate filler aggregation, incorporating
inorganic powders into a viscous prepolymer has been
proposed as an effective strategy. In this paper, h-BN/PMMA
composites were prepared by in situ polymerization of methyl
methacrylate with 5 um and 20 um h-BN particles. When the
h-BN mass fraction reached 20 wt%, the thermal conductivity
of the composites increased by 107% (5 um h-BN) and 189%
(20 pm h-BN), respectively. This work demonstrates a filler
strategy for achieving uniform h-BN dispersion in polymer
matrices, significantly enhancing thermal conductivity.

Kim et al®® enhanced the mechanical, electrical, and
thermal properties of the substrate material PMMA through
the incorporation of graphene. They developed a float-
stacking strategy to precisely align monolayer graphene
reinforcements within the polymer matrix. This approach
involved floating a graphene-PMMA membrane at the water-
air interface and then winding it layer-by-layer using a roller.
When 100 layers of monolayer graphene were uniformly
embedded in a PMMA matrix at regular intervals, the thermal
conductivity reached about 4 W m™ K™ with a 2000%
enhancement compared to pure PMMA film.

3.1.2 Media materials. In the field of microfluidic
technology, the selection of fluid media for microchannels is
crucial and is affected by multiple factors. The physical
properties of the fluid, like viscosity and surface tension, are
of importance as they directly impact fluid flow dynamics
and precision of fluid control in the microfluidic devices.
The chemical compatibility between the fluid and the
channel materials must also be carefully considered to
prevent any adverse reactions that could compromise the
integrity of the device or the accuracy of the analyses being
conducted. The thermophysical properties of the fluid
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medium become critically important in microfluidic
applications involving heat transfer or precise temperature
regulation. The biocompatibility of the fluid is another key
factor, particularly in biomedical and biological research, to
ensure that the fluid does not have any toxic or inhibitory
effects on biological samples. Also, the fluid stability under
the specific operating conditions of the microfluidic system,
including temperature, pressure, and exposure to chemicals,
must be assessed to guarantee reliable and stable
performance over time. PCMs, aqueous solutions, and liquid
metals represent three primary categories of functional
media employed in microfluidic systems.

PCMs can absorb or release substantial latent heat during
phase transitions. This property helps them to maintain a
relatively stable temperature during phase changes,
remaining near their phase change temperature during both
endothermic and exothermic processes. Such thermal
regulation is crucial for maintaining stable temperature in
various systems. PCMs are generally classified into three
main categories: organic, inorganic, and eutectics of
inorganic and organic compounds. Table 3 provides a
comprehensive summary of the properties of commonly-used
PCMs. Organic PCMs commonly include paraffin wax and
nonparaffin materials. Paraffin waxes are hydrocarbon
mixtures primarily composed of linear alkanes with the
general formula C,H,,+,, where n represents the number of
carbon atoms. Notably, the melting point increases with
hydrocarbon chain length. While paraffin waxes are safe,
reliable, noncorrosive PCMs, they have low thermal
conductivities. Similarly, non-paraffin organic materials like
fatty acids, polyalcohols, and polymers (e.g., polyurethane)
also exhibit low thermal conductivity. In contrast, inorganic
PCMs, including salt hydrates and metals/alloys, not only
have higher thermal conductivity than organic PCMs but also
demonstrate relatively smaller volume changes during
melting. However, several inorganic PCMs pose human
health and environmental risks, which impedes applications

Table 3 Properties of commonly-used PCMs
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in biomedical devices. Eutectic PCMs typically consist of two
or more low melting-temperature components. Their
advantage is that the phase transition point can be changed
by adjusting the proportion of the components, which may
also affect their heat storage capacity. The characteristically
low thermal conductivity of PCMs fundamentally constrains
their thermal performance.’® The low thermal conductivity
of pure PCMs severely limits heat transfer, causing slow
thermal energy storage processes (both charging and
discharging) and failure to provide stable temperature
control in thermal management applications.

In cooling devices and industrial applications, convective
heat transfer holds an integral position. The promotion of
heat transport can be achieved through manipulating the
boundary conditions, altering the flow geometry, or
enhancing the thermophysical properties of the working
fluids. A widely employed strategy involves dispersing
metallic or metal oxide nanoparticles (1-100 nm) in base
fluids, forming stable suspensions known as nanofluids.'**
The extra nanoparticles enhance the thermal conductivity of
conventional liquids dramatically, leading to an improved
heat transfer performance. However, the complexity of
microfluidic chip fabrication methods often introduces
challenges including structural defects, channel leakage, and
non-uniform nanoparticle dispersion during nanofluid
synthesis. Additionally, further investigation is required into
the mechanisms by which nanofluids function as heat
transfer media in improving the thermal management of
electronic chips. This encompasses a more comprehensive
understanding of their influence on bubble dynamics within
flow boiling heat transfer processes. Some researchers have
improved thermal conductivity by introducing nanofluids
into base fluids. For example, Huang et al'® synthesized
silver nanoparticles using microfluidic technology, achieving
excellent colloidal stability (>60 days) and uniform
nanoparticle size (<30 nm). The results demonstrated that
silver nanofluids showed significant enhancements, with 0.01

Compound Melting temperature/°C Heat of fusion/kJ kg™ Thermal conductivity/W m™ K™ Ref.

MgCl,-6H,0 117 168.6 0.6 (1) 97
0.7 (s)

Mg(NO3),-6H,0 89 162.8 0.5 (1) 97
0.6 (s)

Ba(OH),-8H,0 77.9 283.7 0.7 (1) 98
1.2 (s)

CaCl,-6H,0 28 180 0.5 (1) 99
1.1 (s)

Paraffin wax 55 210 0.2 (1) 100
0.4 (s)

Palmitic acid 64 185.4 0.2 () 101

Capric acid 31.2 173.8 0.2 () 102

PEG 60.4 168.6

Note: [ represents liquid and s represents solid.

This journal is © The Royal Society of Chemistry 2026
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wt% achieving a 66% increase in CHF and a 49.3% increase
in HTC at a flow rate of 160 mL min™'. Zhao et al'%
developed SiO, and TiO, nanofluids using a microfluidic
device. The SiO, nanofluids demonstrated significant
enhancements in CHF and HTC by 77% and 96%,
respectively, while the TiO, nanofluids achieved 44% and
56% improvements in CHF and HTC. These findings not only
provide insights into the industrial preparation of high-
performance nanofluids but also advance thermal
management strategies for high-power electronic devices.

Aqueous solutions, which mainly consist of water and
water-based fluids, are extensively utilized in microfluidic
thermal management. This is attributable to their
advantageous properties such as high specific heat capacity,
low viscosity, non-toxic nature, and biocompatibility. These
properties enable efficient convective heat transfer while
minimizing pumping power requirements. Water, with a
specific heat capacity of ~4.18 kJ kg™ K and thermal
conductivity of ~0.6 W m™ K", serves as a cost-effective
baseline coolant. However, it has limitations including a
relatively low boiling point (100 °C at 1 atm), freezing risk
at 0 °C, and moderate thermal conductivity compared to
engineered fluids."”” To enhance its cooling efficiency,
researchers have proposed various optimization schemes.
For example, Tang et al'®® designed a hybrid impinging
microchannel heat sink. The results show that increasing
jet-to-target spacing and mass flux and decreasing
subcooling can improve the heat transfer coefficient, with
the maximum heat transfer coefficients increasing by 58%,
73%, and 50%, respectively. Yet, the latest developments in
micro- and nano-scale heat-transfer components may
restrict the thermal efficiency of water-based systems in
eliminating large heat fluxes from advanced electronic
equipment. Consequently, researchers have proposed water-
based nanofluid-based solutions. Waqas et al'®
experimented with TiO,/water nanofluid as a coolant and
found that when the mass fraction of TiO, rose from 1%
to 3%, the HTC climbed from 12% to 14% higher than
that of pure water.

Liquid metals possess a range of distinctive properties that
have drawn plenty of attention for their potential applications
in flexible electronics. Their exceptionally high thermal
conductivity, coupled with inherent fluidity, enables efficient
heat dissipation and precise temperature regulation in
advanced thermal systems. For example, Deng et al''®
investigated a two-stage multichannel liquid metal cooling
system for a high heat flux-density chip array. The hybrid
cooling system combines a multichannel liquid metal
convection subsystem for efficient thermal management of
high heat-flux-density chips with a water-cooling subsystem
that provides cost-effective secondary cooling. Furthermore,
each liquid metal circulation was equipped with an
electromagnetic pump, which facilitated
adjustment of the chip temperature, thereby achieving
desirable temperature uniformity. The experimental outcomes
demonstrated that the heat transfer coefficient of the liquid

convenient
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metal surpassed 20000 W m™> K, and it was capable of
handling a heat flux within the range of 50-200 W c¢m™>.
Under the centralized control of the electromagnetic pumps,
the temperature difference across the chip array was
minimized to below 1 ©°C, with each individual
electromagnetic pump consuming less than 0.2 W of power.
Notably, its advantages such as high performance, excellent
temperature uniformity, low power consumption, and cost-
effectiveness render it a promising candidate for the thermal
management of chip arrays in servers and data centers.

3.1.3 Fabrication routes. We group fabrication into soft
lithography, stereolithography-based 3D printing, and hybrid
molding. Each route ties to distinct material systems,
solvents, and achievable geometries. Soft lithography, based
on PDMS casting and molding, is the dominant fabrication
method for microfluidic chips. However, its effectiveness in
thermal management is constrained by PDMS's poor thermal
conductivity, which impedes efficient heat dissipation.
Recent progress has been made by optimizing
photolithography, like adjusting SU-8 photoresist exposure
and development to make high aspect-ratio microchannel
molds (aspect ratios over 10). Chande et al.'** developed an
integrated approach combining SU-8 photolithography, 3D
printing, and soft lithography. This technique involves 3D-
printing SU-8 master molds, which are then replicated in
PDMS to create smooth, high aspect-ratio microchannels.
This strategy not only reduces hydrodynamic flow resistance
but also significantly enhances heat transfer efficiency.
Furthermore, the method permits the incorporation of
thermally conductive fillers (Table 2) into PDMS, offering an
effective route to improve its inherently low thermal
conductivity.

3D-printed microfluidic heat sinks offer a promising
solution for electronic hotspot thermoregulation by enabling
precise design control."”®> This capability facilitates the
fabrication of intricate geometries that enhance fluid-solid
interaction, thereby maximizing heat transfer efficiency.
Furthermore, microfluidic devices fabricated via 3D printing
scaffold-removal  techniques can  integrate = PDMS-
nanocomposite  heat sink materials,""®  significantly
enhancing thermal conductivity for superior heat transfer
performance. 3D printing can be divided into direct and
indirect methods. Direct printing fabricates functional
devices without molds, whereas indirect printing first
produces a mold that is subsequently used for reverse
molding with base materials.

Stereolithography (SLA), a vat photopolymerization
technique, utilizes ultraviolet (UV) light to selectively cure
liquid resins into high-resolution 3D structures. Renowned
for its high precision (<20 pm feature size), SLA is suitable
for fabricating complex microchannel geometries that
maximize the fluid-solid interface contact area.'* This

capability is particularly advantageous for thermal
management in flexible electronics, where spatially
heterogeneous heat fluxes demand tailored cooling

architectures.
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While SLA-printed microfluidic devices typically exhibit
mechanical rigidity due to the inherent brittleness of UV-
curable resins, recent advancements have focused on
combining SLA with elastomers to enhance flexibility. To
further address thermal conductivity limitations, researchers
have incorporated thermally conductive nanoparticles into
UV resins or post-processed SLA structures with conductive
coatings. Such modifications enhance passive heat transfer
without compromising print resolution. Lorenzo et al''®
investigated ~ 3D-printed  silicone-acrylate  photocurable
composites doping BN as a thermally conductive filler.
Significant challenges still remain in simultaneously
optimizing resolution, flexibility, and thermal conductivity in
SLA-printed components. Additionally, multi-material SLA
printing, essential for integrating rigid cooling components
with soft substrates, requires further development to ensure
interfacial adhesion and durability. Future directions include
exploring dynamic-covalent resins for self-healing networks,
bioinspired hierarchical channel designs, and hybrid
manufacturing techniques (e.g., combining SLA with soft
lithography) to realize scalable, high-performance thermal
management systems.

View Article Online
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3.2 Design strategies of microchannels

Microfluidic technology offers a versatile platform for
thermal management in flexible electronics, but its
effectiveness heavily relies on structure design approaches.
This section reviews key design strategies, including channel
geometry optimization and advanced fabrication techniques,
supported by material innovations and computational
modeling.

The geometry of microfluidic channels directly influences
heat transfer efficiency, pressure drop, and mechanical
compatibility =~ with flexible substrates. Key design
considerations include serpentine channels and bionic
topology. The serpentine channel is a typical microfluidic
cooling structure that significantly enhances thermal
exchange efficiency by prolonging the fluid path, which
increases the contact time between the fluid and channel
walls. Its design is characterized by a periodically
meandering geometry, which effectively induces fluid mixing
and reduces the thermal boundary layer thickness, thereby
enhancing convective heat transfer. Al-Neama et al''® and
Jaffal et al."®® optimized the pump power loss and cooling

Cooling channel

Heat Sink—x

Inlet

TopOpt channel Parallel channel
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Fig. 3 Bio-inspired cooling channel designs. (A) Nature physical objects: ternate vein, lateral vein, snowflake, and spider net''® (reproduced with
permission from ref. 116, Copyright 2019, Elsevier); (B) the corresponding microfluidic channels with bio-inspired design: ternate veiny, lateral
veiny, snowflake shaped, and spider netted™® (reproduced with permission from ref. 116, Copyright 2019, Elsevier); (C) a microfluidic channel
modeled after a lung and a microfluidic channel modeled after a lotus leaf*”’ (reproduced with permission from ref. 117, Copyright 2023, Elsevier);

(D) biomimetic microchannels of blood vessels. Left is blood vessel, middle is biomimetic design of blood vessels, and right is thermal imagery

(reproduced with permission from ref. 118, Copyright 2019, Elsevier).
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effect of the snake-like microchannel by studying the number
of channels and the structure of the ribs. Additionally,
serpentine microchannels have a high spatial utilization rate
and can achieve uniform cooling. Among various designs,
such as parallel channels, swirl channels, and channels with
special shapes, serpentine channels exhibit higher
comprehensive performance. Gorzin et al."** designed a novel
serpentine microchannel heat sink for liquid CPU cooling.
Through experimental and numerical analysis, they
systematically evaluated the thermal-hydraulic performance
under various operating conditions. The proposed maze
serpentine  microchannel consistently exhibits lower
baseplate temperatures across all mass flow rates compared
to the straight channel. Most significantly, it achieves an
11.2% reduction in base temperature at the maximum mass
flow rate.

Compared to conventional parallel and serpentine
channels, bio-inspired flow channels, modeled after natural
bifurcated systems like trees, leaves, lungs, and blood vessels,
offer benefits such as decreased pumping power and
enhanced temperature uniformity. As shown in Fig. 3, bionic
topology has been proposed and applied in microchannel
cooling techniques to improve the heat dissipation effect.'*
Common biomimetic structures include tree-like structures,
feather-inspired  topological  structures, river-inspired

topological structures, spider web-inspired topological
insect-venation

structures, and inspired  topological
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structures. Xu et al.'*® designed a bio-inspired microchannel
system with a tree-shaped topological architecture for
thermal management in proton exchange membrane fuel
cells. Tan et al''® investigated the impact of various
microchannel topologies (triangular, lateral, snowflake, and
spider) on chip cooling heat transfer performance using a
combination of fluid-thermal coupled numerical simulations
and experimental methods (Fig. 3A and B). Results indicate
that the spider web microchannel exhibited the best heat
transfer performance among the proposed structures.
Notably, the topology of the microchannel, particularly under
high heat flux conditions, significantly influences heat
transfer performance. Trogadas et al''’ and Li et al™®
designed different microchannel structures inspired by the
geometry of the lung and lotus leaf, respectively, which helps
achieve more uniform heat distribution (Fig. 3C and D).

Raza et al'® conducted a comparative study of
microchannel heat sinks, investigating both conventional
and hybrid designs with pin-fin geometries of circular,
hexagonal, pentagonal, square, and triangular. Cross-
sectional profiles of all investigated pin-fin configurations are
illustrated in Fig. 4A. To isolate the influence of pin-fin
geometry, the cross-sectional areas of different configurations
of fins were maintained equal to that of circular pin fins.
These pin fins were torsional deformed at twist angles
ranging from 0° to 360°. The hybrid heat sinks equipped with
twisted pin fins outperformed their non-hybrid counterparts
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Fig. 4 Pin-fin structural diagram. (A) Non-hybrid heat sink and hybrid pin-fin heat sink. (B) Microchannel geometric dimensions with hotspot zone
enlargement. (C) Twisted and non-twisted pin-fins'?* (reproduced with permission from ref. 123, Copyright 2024, Elsevier). (D) The investigation of
the microchannel heat sink with sidewall square pin-fins'®* (reproduced with permission from ref. 124, Copyright 2025, Elsevier). (E) Oblique
microchannel merged with a circle micro pin-fin.1?> (F) The temperature contours in three transverse sections of case V*?° (reproduced with

permission from ref. 125, Copyright 2024, Elsevier).
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as shown in Fig. 4B. Both non-twisted and twisted pin-fin
geometries influenced the performance of hybrid heat sinks,
with triangular pin fins showing the greatest enhancement.
In addition to periodically disrupting the thermal boundary
layer, the twisted pin fins generated three-dimensional
secondary flow, enhancing fluid mixing and thereby
improving heat transfer. The twist angle's impact on the
hybrid heat sink's thermal-hydraulic performance was closely
tied to the pin-fin geometry (Fig. 4C). As the pin-fin shape
evolved from hexagonal to pentagonal, square, and
triangular, the thermal performance metrics showed a
continuous upward trend. This was mainly because the flow-
sweeping area increased with twisting. Notably, among all
the shapes, the triangular pin-fin exhibited the most
significant variation in performance with changes in the twist
angle. Alnaimat et al.'®* investigated straight microchannel
heat sinks with square fins integrated on the sidewalls
(Fig. 4D). The integration of square fins enhanced cooling
performance, with an increase in fin size and a decrease in
channel spacing reducing the thermal resistance by an
average of 53.5% and 62.2%, respectively. Alihosseini et al.'*®
designed a novel hybrid heat sink for electronic-device
cooling by integrating inclined microchannels with circular
micro pin-fins, and evaluated its cooling performance. This
study investigates the effects of hybrid designs on electronic
chip cooling by combining microchannel and pin-fin
patterns. The research contrasts the performance of a
straight microchannel heat sink (case I), circular pin-fin (case
II), straight-circular pin-fin-straight (case III), and oblique
grooved straight-circular pin-fin-oblique grooved straight
(case IV). To achieve a more uniform thermal distribution
across the entire heat sink, the orientation of the oblique
grooves is modified in case IV, resulting in a new design
labeled case V (Fig. 4E). Simulation results indicate that the
contrasting orientations of the inlet and outlet grooves in
case V contribute to its superior temperature uniformity and
lower operating temperatures (Fig. 4F).

4. Applications of microfluidics-based
thermal management

The integration of microfluidics for thermal management
has expanded its scope beyond the conventional goal of
cooling electronics under extreme conditions, enabling
broader applications in flexible and wearable systems.”*"'*’
Utilizing the key features of flexible electronics, such as
lightweight, and excellent stretchability, microfluidic thermal
management systems can now cool biological surfaces like
the skin, tissues, and organs. Consequently, thermal
regulation is no longer solely a means of enhancing system
reliability but has also acquired distinct functional roles.*" In
this review, we categorize these applications based on the
primary objective of the thermal management strategy. This
section begins with device-level thermal management, which
is fundamental to ensuring electronic performance and
reliability. This is followed by personal thermal regulation,
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which focuses on regulating human comfort. Finally, we
present thermal regulation interface for HMI and healthcare
applications, an emerging field where the precise thermal
control offered by microfluidics enables novel capabilities
such as thermal haptic feedback and pain blockade.

4.1 Device-level thermal management

The rapid advancement of flexible and wearable electronics
has significantly increased the integration density and power
consumption of key components (e.g. processors, LEDs, and
batteries), leading to a substantial increase in heat
generation.””® The resulting high heat flux causes the
temperature of these electronic devices to soar, which
severely degrades their performance, reliability, and
operational lifetime. Therefore, achieving efficient heat
dissipation at the device level has become a critical
challenge. Microfluidic thermal regulation technology,
characterized by its high cooling efficiency, uniform
temperature distribution, and compact structure, has
demonstrated great potential for addressing this issue in
flexible electronics.

The first microfluidic cooling devices were microchannel
heat sinks, consisting of microchannels fabricated on silicon
chip substrates with hydraulic diameters of 10-30 pm. These
microscale features provided both a high surface area-to-
volume ratio and low thermal resistance for enhanced heat
transfer.'>* However, an external pressure source for the
liquid supply is essentially unsuitable for compact embedded
systems. Therefore, there is still a technological gap and an
urgent need for integrated circuit cooling. Mukherjee et al.™*°
developed a microfluidic cooling method with a pumpless
loop. The technique relies on the difference in fluid density
between two perpendicular parallel pipes to induce fluid
movement, does not require an external pump, and the flow
rate increases with increasing temperature. This passive
cooling method requires no external electrical power supply.

Krishnendu et al.'*' proposed a technology to achieve
adaptive cooling of integrated circuits using digital
microfluidics, using the electrowetting phenomenon to
achieve independent manipulation of discrete droplets,
solving the problem that traditional continuous flow
microfluidic architectures experience difficulty in coping with
changes in the thermal distribution of integrated circuits.
This method forms a fully reconfigurable system by
independently moving a large number of droplets without
the need for traditional components such as pumps and
valves, thereby reducing complexity and cost. Dinh et al.'*?
proposed a silicon carbide (SiC)-based system-on-chip that
successfully integrated heating, sensing, and cooling
functions. Taking advantage of the high thermal conductivity
and excellent electrical properties of SiC thin films, they
prepared a transparent heater and temperature sensor by
growing SiC thin films on a silicon substrate and transferring
them to a glass substrate. The heating and sensing
components were formed using a MEMS process, and the
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microchannel cooling system was fabricated by 3D printing,
molding, and plasma-assisted bonding techniques. By
applying a voltage of 2-3 V, the temperature of the SiC chip
can be raised to 100-150 °C and effectively cooled by a
microfluidic cooling system. In addition, the cooling effect
increased with the increase in chip temperature, indicating
that the system has good thermal management capabilities
under high-power operating conditions.

Ditri et al.’** developed an embedded microfluidic cooling
technology to address the thermal management issues
caused by the high-power density of gallium nitride (GaN)
transistors. By setting up a series of microchannels, the
coolant is sprayed directly onto the chip surface, significantly
reducing the thermal resistance between the chip and the
heat sink (Fig. 5A). This technology uses a multilayer additive
manufacturing process and uses pure palladium material to
manufacture the microchannel. Experimental results show
that compared with traditional remote liquid cooling,
microfluidic cooling technology increases the gain of GaN
single-chip microwave integrated circuit amplifiers by more

1432 | Lab Chip, 2026, 26, 1417-1443

than 4 dB, and the maximum output power by more than 8
dB. Wan et al."** used microfluidic cooling to cool a working
CMOS chip to achieve better performance. Compared with
natural air cooling, the temperature was reduced by 18.8 °C
and the leakage current was saved by 66.2% at a heat flux of
34.5 Wem™>.

Liu et al.® proposed a chip cooling scheme using PDMS
microchannels filled with PCMs. They used SU-8 photoresist
as a mold, fabricated microchannels using MEMS technology,
and sealed the microchannels using thermocompression
bonding technology. The phase change material n-octadecane
was successfully filled into the microchannels, and its high
ability to absorb and release heat significantly reduced the
chip temperature (Fig. 5B). Under the same heating
conditions, the microchannel device filled with n-octadecane
can reduce the chip temperature by about 16 °C, showing
excellent cooling performance. This flexible microfluidic
device can be used for thermal management of flexible
displays, electronic skin, and wearable devices. Researchers
have investigated different cooling media to improve cooling
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efficiency, including liquid meta water,"*® dielectric
fluid,"*® etc. As an ideal material, water is considered to be
the cost-effective cooling medium due to its low price, non-
toxicity, and high thermal conductivity. Yang et al'*
proposed that serpentine microchannels can maximize the
operating performance of high heat flux density chips and
reduce chip temperature by up to 55.1%.

With the advancement of sensor and AI technologies,
humanoid robots are rapidly transitioning from laboratories
to commercial applications, expanding applications to home
services, education, and entertainment. However, the
complex motion control of multi-degree-of-freedom joints in
humanoid robots, combined with the integration of AI
technologies like large language models (e.g., ChatGPT), has
led to an exponential increase in data computation and
processing demands. Therefore, breakthroughs in efficient
thermal management technology to ensure the stable
operation of high-performance chips have become a crucial
prerequisite for scaling the deployment of humanoid robots.
To address this challenge, Du et al."*® developed a flexible
cooling manifold with embedded microchannels. This device
could facilitate the heat transfer between multiple hotspots
in a humanoid robot. The manifold incorporates a gradient
stiffness design to bear the induced stress during joint twists
and motion (Fig. 5C). Experimental results demonstrate a
30% decrease in maximum temperature compared to a
single-inlet/outlet manifold as shown in Fig. 5C.

4.2 Personal thermal regulation

Personal thermal regulation represents a shift from cooling
electronic components to directly regulating human body
temperature for enhancing comfort."*>'** Textile and
wearable systems, which serve as the critical interface for
human-environment energy exchange, have witnessed great
progress in the field of thermal radiation, fabrication
methods and perspiration.”>'** However, the integration of
electronic functionalities often leads to unwanted heat
accumulation, disrupting the thermal state of skin and
causing discomfort. Microfluidics-based systems have
emerged as a powerful solution for this application. Their
ability to dynamically absorb excess body heat or provide
localized heating enables precise thermal regulation, thereby
significantly expanding the comfort and functionality of
wearable technologies.

Smart textiles with thermal regulation systems are
engineered to dynamically monitor human biomechanical
activity and physiological status, enabling instantaneous
feedback through adaptive signal modulation.'*® However,
persistent heat generation during device operation critically
compromises user comfort and long-term functionality.*®
Microfluidics-based  intelligent fiber systems exhibit
thermoregulatory ~ properties, enabling
environmental responsiveness to sustain continuous thermal
comfort across wearable electronics and healthcare
applications.

autonomous
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The human body regulates its temperature through
perspiration as part of homeostasis. Zhang et al.**” developed
fabric-based microfluidic devices featuring oval-shaped
reservoirs and 800 pm-wide microchannels to investigate
sweat delivery efficiency. They saturated reservoirs with blue
dye, followed by controlled washing cycles using artificial
sweat at physiological flow rates (3, 5, and 10 pL min™').
Residual pigment quantification via time-dependent
absorbance spectroscopy (630 nm) revealed over 95% removal
within 2 min at 10 uL min™*. These results validated the
efficient turnover of liquid samples in the microfluidic
reservoirs, thereby enhancing an individual's
thermoregulation capacity.

Beyond serving as an effective mechanism for perspiration
transport in thermoregulation, microfluidic systems can be
synergistically integrated with microfibrous phase change
materials to achieve smart textile thermal management
functionality through precise regulation of microcapsule flow
dynamics and dimensional parameters."*® Wen et al'*
engineered core-shell phase change microfibers with
Rubitherm27 cores and poly (vinyl butyral) (PVB)
encapsulation  through microfluidic  technology. The
fabricated microfibers demonstrated stable and repeatable
thermal regulation performance across multiple thermal
cycles (16-40 °C) and under simulated solar irradiation.
Utilizing thermoplastic frames as structural supports, two
prototype hats were constructed through PVB and PVB/
Rubitherm27 microfiber winding. Comparative thermal
characterization revealed that the composite microfiber-
integrated headgear exhibited 5.1 °C lower average surface
temperature during heating phases and 4.6 °C higher
retention during cooling phases versus the pure PVB
counterpart. Under simulated solar conditions, the maximum
inter-device temperature differential reached 3.6 °C. These
findings establish fundamental design principles for
microstructure-controlled phase change fiber engineering
with optimized thermal management capabilities.

Hu et al.’™® fabricated an integrated smart textile by
utilizing multiscale disordered porous elastic fibers as
sensing elements through microfluidic spinning technology,
endowing the material with dual functionalities of self-
sensing and passive radiative cooling. The multiscale
disordered porous architecture within the fibers enhances
mid-infrared transmittance for human body radiation while
simultaneously generating visible light backscattering. This
synergistic optical modulation mechanism reduces the
microenvironmental temperature between skin and textile by
at least 2.5 °C compared to conventional cotton fabrics,
thereby demonstrating superior self-cooling performance. Li
et al.'® fabricated sandwich-structured fabrics for personal
thermal management via a facile and scalable method of
microfluidic blow spinning and chemical vapor deposition.
These fabrics integrate dual-mode thermal regulation
capabilities: passive radiative cooling originating from a
photonic crystal layer and active heating enabled by a nano-
Ag layer, achieved through precise photonic bandgap
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modulation and controlled voltage application. The passive
radiative cooling mechanism demonstrates enhanced efficacy
over conventional cotton fabrics, achieving a maximum
absolute temperature differential of 7.9 °C.

Recent advances in micropumps have opened new
possibilities for microfluidics-based thermoregulation cloth.
A breakthrough innovation involves fiber-based pumps that
utilize continuous helical electrodes along elastomeric tube
walls, generating hydraulic pressure through charge-injection
electrohydrodynamics.’*" As illustrated in Fig. 6A, the fiber
pumps are capable of producing continuous flow without
moving parts. Their unique design offers particular
advantages for wearable applications, especially when
integrated with microfluidic thermal management systems.
Fig. 6B demonstrates the application of fiber pumps in
thermal active textiles. The whole system is powered by a
battery with low energy consumption and generated Joule
heating.

4.3 Thermal regulation interface for HMI and healthcare

4.3.1 Thermal haptics for HMI. In virtual reality
applications, the reproduction of thermal sensation is very
important, and users can feel virtual objects with various
thermal properties using thermal haptic feedback.'"'**
Thermal interfaces should be able to produce a wide range of
temperatures above and below the average human body
temperature, while accurately and quickly achieving the
desired temperature. There are many ways to achieve the
thermal haptic feedback, and Huang et al. summarized the
implementation methods.>® This part focuses on the method
of using microfluidics to achieve the thermal haptic
feedback. Microfluidic thermal management is a way to
achieve two-way thermal haptic feedback (Fig. 7A). It uses
conduction and convection of fluids in microchannels to cool
or heat the target surface, which can cool or even heat the
human body."" It is an effective thermal haptic feedback for
virtual reality.
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Yan et al.®® developed a wearable thermal management
system using 3D flexible microfluidic technology. The device
is based on a gallium-based microfluidic channel, which is
applied to the wrist and allows 0 °C cold water to circulate in
the channel, thereby cooling the skin surface (Fig. 7B). At a
flow rate of 1.75 ml min~', the average temperature of the
skin surface dropped from 35.3 °C to 20.3 °C. Goetz et al.">
developed a pump-actuated thermal and compression haptic
device. The device uses water of different temperatures to
provide thermal tactile feedback. By mixing the ratio of water
in the cold tank and the hot tank in the flow channel,
temperature feedback ranging from 17 °C to 42 °C can be
provided to the user. The system presents both thermal and
compression cues simultaneously, providing a reference for
the development of multimodal tactile devices.

Kotagama et al."** developed a soft, thermally conductive
silicone aluminium composite tube that cools the body
through water circulation for temperature regulation. The
tube contains both aluminium powder and silicone
elastomer to increase the thermal conductivity between the
garment and the skin surface as shown in Fig. 7C. In
addition to significantly improving the overall cooling
capacity, the use of low-resistance pipes can also reduce the
size of the cooling system by several times, providing a
miniaturized approach for future applications of fluid
temperature control methods. In addition to using aqueous
fluids, Cai et al.'®® used air as a medium and developed a
thermal haptic glove to reproduce the sensation of hot and
cold by inflating the airbag with hot and cold air. The
glove can provide five different levels of thermal
perception and can reproduce the thermal sensation of
different materials such as foam, glass, and copper. The
average accuracy of users in material recognition of foam,
glass, and copper was 87.2%. The user experience of
using the proposed glove can significantly improve the
user's sense of immersion in a virtual reality scene,
compared to the case without any temperature or material
simulation.

Fig. 6 Fiber pumps for wearable fluidic systems. (A) A soft fiber-format electrohydrodynamic pump. (B) A thermal regulation glove with fiber
pumps.*** Copyright the American Association for the Advancement of Science 2023 (reproduced with permission from ref. 141, Copyright 2023,

the American Association for the Advancement of Science).

1434 | Lab Chip, 2026, 26, 1417-1443

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5lc00906e

Published on 07 January 2026. Downloaded on 6/19/2026 11:13:13 AM.

Lab on a Chip
A

Human skin

Active microfluidic
cooling

Tm,out [°C]
35

View Article Online

Critical review

Cooling
chip

350

M 17 =0.15 kgmin~"

M rh=1kgmin~!
30

25

300

=
- 25
pump and heat sink

(e.9. ice bath)

Gallium

Elastomeric
Elastomeric e{:slosum enclosure

Temperature ("C)

0 40 80 120
Time (sec)

Fig. 7 Microfluidics-based systems for personal thermoregulation. (A) Active thermal regulation strategies via microfluidic cooling®®* (reproduced
with permission from ref. 151, Copyright 2023, Springer). (B) Schematic of the microfluidics-based cooling device for pain relief through peripheral
nerve activity blockade (left). Infrared images of the microfluidic cooler during operation (middle). The microfluidic cooler sticking on the human
arm for local cooling (right)®? (reproduced with permission from ref. 62, Copyright 2023, Elsevier). (C) Illustrations of thermal-conductive
composite liquid-cooling tubes.*®? An upper body liquid-cooled jacket layout (left). Outlet water temperature (Tm,ou) and total heat removed (Q)
as a function of the tubes' length (Ly,pe) (middle and right) (reproduced with permission from ref. 152, Copyright 2019, John Wiley and Sons). (D)
Adaptive robotic skin.'> Schematic of robot E-skin (left), infrared images (middle) and the corresponding temperature changes on the robotic skin
during soft-to-rigid conversion (right) (reproduced with permission from ref. 15, Copyright 2022, John Wiley and Sons).

The excellent conformability of E-skins makes them an
essential platform for HML'™ % However, the flexible
polymer substrate often leads to significant heat generation
in electronic components. In order to achieve thermal
management of electronic skin, microchannels need to be
connected to the outer surface of devices. By injecting cooling
or heating fluid and flowing it through the channel, heat flow
is generated between the target surface and the fluid.
Researchers achieve bidirectional thermal management by
simply replacing fluids of different temperatures or utilizing
phase changes of fluids. The bidirectional thermal
management mechanism helps to achieve the long-term
application of electronic skin. Lee et al.'® made a capacitive
sensor consisting of two electrodes and a dielectric
sandwiched between them, as shown in Fig. 7D. The
dielectric layer is composed of an elastomer embedded with
gallium particles, which is used as a sensing performance
converter to achieve two electronic skins with different
capacitive sensing capabilities by undergoing a phase change

This journal is © The Royal Society of Chemistry 2026

between liquid and solid. When the particles are in a solid
state, the capacitive sensor can have a larger pressure
detection range. Conversely, when the particles are in a liquid
state, the sensor can have a higher sensitivity. The thermal
management device used is a microfluidic channel filled with
water. The target temperature can be easily changed by
simply changing the water temperature in the microchannel,
thereby easily controlling the phase state of the gallium
particles by replacing them with water of different
temperatures (Fig. 7D). Park et al'®' designed a hydrogel
with good cooling ability based on the heat dissipation
mechanism of human sweat secretion. Its micron-scale pores
form microfluidic channels, which promote internal liquid
circulation and evaporation through the capillary effect. The
evaporation rate of the device at room temperature and 40 °C
is 130% higher than that of stimuli-responsive hydrogels. Erp
et al.'® proposed to co-design microfluidics and electronics
onto the same semiconductor substrate to produce a
monolithic integrated manifold microchannel cooling
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structure, considering that electronics and refrigeration are
handled in two parts. Experimental results show that a heat
flux of more than 1.7 kW ¢cm > can be cooled using a pump
power of 0.57 W cm 2 This technology is expected to be
combined with electronic skin technology to reduce the
temperature rise caused by compact structural design. Hu
et al.*®® proposed a flexible packaged phased array using
microfluidic channels for cooling. Microfluidic cooling can
effectively alleviate the temperature rise of IC chips. This low-
temperature IC alignment method can be used for wearable
devices, electronic skin, and smart applications. The above
technologies provide technical support for the commercial
application of microfluidic refrigeration for electronic skin.
4.3.2 Healthcare applications. Due to advancements in
microelectronics and biomedical engineering, microchannel-
based localized cooling devices have demonstrated broad
application prospects in biomedical devices. Effective thermal
management at the tissue level is critical for tissue
engineering, wound healing, and pain relief, while also
enhancing the reliability and precision of diagnostic and
monitoring systems.'®*™%> With the evolution of thermal
management technologies, the focus of cooling strategies has
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shifted from pursuing high thermal efficiency to developing
lightweight, compact, and interface-integrated thermal
management systems, particularly those that account for the
biomechanical properties of biological tissues. For instance,
next-generation bioelectronic cooling solutions designed for
medical devices and home-based applications must operate
effectively under tissue mechanics and large deformations,
maintaining both heat transfer efficiency and cooling
performance while ensuring conformal integration with soft
tissues. "¢

In clinical practice, rapid tissue cooling technology has
broad applications, including localized pain management,
mitigation of adverse reactions, inflammation reduction, and
hemorrhage control. While thermoelectric cooling and
similar active methods can lower tissue temperature, these
approaches rely on external energy input, resulting in bulky
implantable devices, biosafety concerns, and external power
dependence. Another critical consideration is precise control
over the cooling area and depth, as excessive cooling can
damage healthy tissue. Thus, targeted cooling must be
confined to specific regions without affecting surrounding
physiological functions. Reeder et al® developed an

A
Post-operative pain On-demand nerve block Treatment termination
[ Pump + control 0 Disconnect
%juw > system 20\ pumpl/control
) j = system
N— e %’ e
Bioresorbable S:: T SSertame
) ump/control Bioresorption
microfluidics > "! s spstem e
Nerve ‘-. 4
Local cooling
R T DO A A A i< U AAAANAA
= Acute pain signals === e ) Nerve block === Normal nerve signals ===p>
B r-—mmmmmmm et e e e e e e -

Tissue

€ i

l | | | | 150 e ]
o 120 :

r o —s—v=2mis !

5 90 v=6mis :

Z = v=35mis .

< 60 —v— v =60 m/s \

AT* =T(z=0%)-T(z=0") 1

L - oo

Tissue '

0o 05 10 15 20 )

I I I 1 I M (x10% kg m™ s71) |
1
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The left figure is transmission of postoperative acute pain signals through peripheral nerves. The middle one is localized nerve

cooling that induces reversible conduction block. The right one is device dissolution upon tissue healing completion (reproduced with permission
from ref. 61, Copyright 2022, the American Association for the Advancement of Science). (B) 3D model of the nerve wrapped by the microfluidic
cooler, theoretical model for the microfluidic cooler inside the tissue, and temperature change for different flow rates.'®® The left figure is a 3D
model of the nerve. The middle one is a theoretical model of the microfluidic cooler inside the tissue. The right figure is the temperature change
for several flow rates (reproduced with permission from ref. 166, Copyright 2024, Elsevier).
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implantable, biodegradable peripheral nerve cooling device
for pain management (Fig. 8A), utilizing microfluidic PCMs
to absorb heat and block neural signals. The system delivers
dry nitrogen and perfluoropentane (PFP) liquid into a
serpentine evaporation chamber, where PFP evaporates at
room temperature, absorbing significant heat. The nitrogen
then carries the cooled vapor through the microchannels to
enhance cooling. The entire device is made of water-soluble
and biocompatible materials, enabling post-treatment
biosorption without additional surgery, thereby minimizing
patient pain and risk. With integrated temperature
monitoring, it effectively lowers nerve temperature in rat
models, achieving reversible peripheral nerve blockade for
localized analgesia.

Based on this work, Xie et al.'®® developed a theoretical
model to study how flexible tissue and microchannel
deformation affect viscous flow heat transfer, enabling
precise spatial control over tissue temperature via phase-
change cooling. As shown in Fig. 8B, their phase-change
theory framework determines optimal fluid and gas inlet
velocities to achieve targeted cooling in bioelectronic devices.
Rapid localized cooling has also been applied in anesthesia
and epilepsy suppression. Kim et al'®® designed a
cryotherapy-based platform integrating thermoelectric coolers
and multi-electrode arrays. Neurons on the device surface
exhibited safely reversible inhibition upon rapid cooling at
20 °C s™', while adjacent neural networks remained
functional. This platform holds promise for combined use
with chemical or optical neuromodulation, enabling
sophisticated neural control for anesthesia and epilepsy
treatment.

Beyond the aforementioned biomedical applications,
microfluidics-based thermal management technology is
poised to play an increasingly vital role in body temperature-
regulated therapies, such as therapeutic hypothermia and
wound temperature modulation.”® Due to its precise thermal
control capabilities, microfluidic systems can dynamically
adapt to physiological temperature variations. The feasibility
of such applications has already been demonstrated in
thermoelectric or radiative cooling devices. For instance,
contact-based thermoelectric coolers have been employed in
treating acute ocular conditions, where therapeutic cooling
alleviates pain and inflammation."” Similarly, radiative
cooling dressings have been shown to reduce thermal load
on sun-exposed wounds, accelerating healing processes.'®
Drawing inspiration from these cases, microfluidic
thermoregulation technology holds significant potential for
broader adoption in bioelectronics, particularly where
precision temperature regulation and biocompatibility are
paramount. In the future, microfluidics-based
thermoregulation can utilize its advantages of mechanical
flexibility, degradability, and high integration to develop
precise temperature control devices for the nervous system.
At the same time, it can be combined with thermoelectric
devices to solve the problem of difficult waste heat discharge
and explore its clinical translational capabilities.

This journal is © The Royal Society of Chemistry 2026
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5. Challenges and outlook
5.1 Challenges

Microfluidics-based  thermal regulation systems have
emerged as a promising solution for dynamic temperature
control in flexible electronics. Although significant progress
has been made in this field so far, there are still key
challenges that need to be addressed. Looking toward the
future, the fundamental materials, integration strategies as
well as application scenarios should be concentrated to
advance this technology.

Fundamental materials play a pivotal role in determining
heat transfer performance in microfluidic devices. While
significant progress has been made in developing high
thermal conductivity polymer composites, substantial
interfacial thermal resistance remains a critical barrier that
impedes efficient heat conduction from thermal sources to
cooling fluids. To enhance thermal transfer efficiency, it is
essential to optimize both the conformal design of
microfluidic cooling systems and novel strategies for
improving thermal conductivity. The pursuit of higher
thermal conductivity remains an ultimate objective, though
this must be balanced against potential compromises in
mechanical flexibility. Moreover, constructing three-
dimensional thermal conduction pathways represents a
crucial approach for facilitating rapid heat spreading in both
vertical and horizontal directions within the matrix. Future
strategies for constructing these pathways should focus on
external field-induced alignment of fillers, bioinspired
structural designs, as well as synergistic optimization of
mechanical and thermal properties.

Future development of fluid media should focus on
efficient cooling performance and environmental safety. The
priority is to develop fluids with high thermal conductivity,
low viscosity, and high stability, which will enhance thermal
management efficiency and reduce system energy
consumption. Research should aim to develop nanoparticles
with excellent stability and dispersibility, utilizing surface
modification techniques to avoid sedimentation and
clogging. Additionally, attention should be paid to novel fluid
types, such as PCM slurries. Based on the principles of latent
heat storage and fluid transport, these fluids combine the
flowability of single-phase fluids with the high energy storage
capacity of two-phase systems, offering promising
advancements in thermal management technology.
Particularly for biomedical applications, it is paramount to
consider biological safety and compatibility, with special
emphasis on developing high-performance, bioresorbable
fluid media to enable future implantable applications.
Research should also explore the use of biological alcohols,
castor oil, and similar substances as base fluids to enhance
both environmental compatibility and biological adaptability.

The integration of microchannel-based methods with
other thermal management technologies represents a key
advancement. A prominent example is the hybrid system
combining microchannels with phase change cooling, where
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microchannels enhance heat transfer efficiency while PCMs
provide a high latent heat absorption. This synergistic
approach can be extended to systems incorporating TE
materials, offering obvious advantages. On the one hand,
microchannels can dissipate heat from the hot side of
thermoelectric elements, leveraging their large surface area
to mitigate heat accumulation and improve the COP of
thermoelectric cooling devices. On the other hand,
thermoelectric units can actively heat or cool the fluid media
within microchannels, providing precise temperature control
for personalized thermal regulation systems.'”*> Beyond these
strategies, emerging hybrid systems show great potential. For
instance, microchannels coupled with electrocaloric cooling
have demonstrated effective refrigeration in capillary
systems.’” Future developments could employ hollow
electrocaloric material tubes as microchannel substrates,
enabling compact, tunable thermal management platforms.
Another  innovative  direction involves  integrating
microchannels with radiative cooling materials. Utilizing
flexible radiative coolers with high infrared emissivity and
solar reflectivity, the fluid media can achieve passive cooling,
significantly reducing energy consumption while maintaining
thermal regulation performance.

Thermal management for flexible electronics also presents
unique challenges that require careful consideration of
mechanical properties in the design of wearable and
implantable microfluidic devices. While soft lithography
produces microfluidic systems with good flexibility and
stretchability,'” epidermal electronics impose even greater
demands on stretchability. A notable example is human skin
over joints, which can experience tensile strains of up to
30%."7* Structural integrity under stretching is another
critical performance, as cracking could lead to liquid leakage,
resulting in device failure and potential risks to the user.'”®
Furthermore, the deformation of microchannels significantly
influences fluid dynamics. For instance, the geometric
changes directly modify key flow parameters, including fluid
velocity, pressure, and flow resistance.’’® It is therefore
critical to conduct quantitative investigation on thermal
management performance.

For microfluidic systems, bending induces both tensile
and compressive stress within the material, which can lead
to undesirable fluid behaviours such as vortex formation,
flow disturbance, and bubble entrapment. More critically,
these stresses pose a threat to mechanical integrity by
causing interfacial delamination between functional layers,
which severely impairs long-term reliability."”” In addition,
microchannels with flat cross-sections are particularly
susceptible to collapse and occlusion at small radii of
curvature. To enhance the bending performance of
microchannels, a commonly employed strategy is to position
them at the neutral mechanical plane of the device, where
tensile and compressive strains are minimized.

For microfluidic systems in flexible electronics,
biocompatibility and biosafety are fundamental to ensuring
reliable long-term operation. In addition to the substrate in
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direct contact with skin or tissue, potential hazards caused
by working fluid leakage must also be considered. Therefore,
it is essential to use non-toxic and non-irritating working
fluids. For implantable microfluidic devices, excellent
degradability ensures complete degradation within the body,
thereby eliminating the need for secondary surgical removal
and preventing associated patient trauma."”®"7°

Barrier performance, defined as the ability of an
encapsulation material to block moisture vapor and gases, is
essential for the long-term stability and thermal management
performance of microfluidic systems. A significant challenge
is that most flexible polymers are permeable, allowing water
vapor to continuously evaporate through the encapsulation
into the atmosphere,” while working fluids may degrade due
to solvent evaporation. On the other hand, materials with
high barrier properties may cause sweat accumulation
between the device and the skin, leading to redness and
inflammation. A promising approach involves embedding a
thin, impermeable layer into the inner wall of the
microchannel, which can effectively block moisture
transmission without significantly increasing the overall
stiffness of the device.

5.2 Outlook

While microfluidics-based systems show great potential for
thermal regulation, their capabilities remain underexplored,
offering opportunities to utilize their unique advantages. For
instance, microfluidic technology can be seamlessly
integrated into textiles and wearable devices to achieve
conformal thermal regulation on the skin. However, current
challenges, such as slow temperature response, insufficient
regulation accuracy, and limited regional temperature
resolution, still need to be addressed. Future research should
prioritize the development of adaptive temperature regulation
systems that integrate high-throughput temperature sensing
modules and control modules to achieve -closed-loop
precision temperature adjustment. Innovation in fluid-
driving components represents another critical direction,
with a focus on electroosmotic, passive capillary-driven
pump-free systems, as well as piezoelectric micropumps. For
wearable thermal management devices, sweat management
cannot be overlooked. Comprehensive studies are expected to
quantify sweat's effects on the microfluidics-based thermal
regulation system. The development of hybrid thermal
management systems that combine sweat-evaporative cooling
mechanisms with microfluidic heat transfer capabilities
enables enhanced temperature regulation for wearable
devices. In biomedical applications, microfluidic thermal
management systems hold particular promise due to their
exceptional skin-conforming properties. They could be
utilized for early trauma intervention, effectively mitigating
pain, controlling bleeding, and reducing swelling.
Furthermore, such systems could enhance wound care by
maintaining an optimal thermal environment to promote
faster healing. Future developments should focus on creating

This journal is © The Royal Society of Chemistry 2026
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intelligent systems that combine real-time physiological
monitoring with adaptive thermal control, potentially
revolutionizing  personalized medical therapies and
preventive care.

6. Conclusion

In this review, we systematically examine the recent advances
in microfluidics-based thermal management devices for
flexible electronics, focusing on solutions that address the
increasing thermal load in highly integrated multifunctional
platforms. The core goal of these innovations lies in
maintaining optimal operating temperature and excellent
thermal comfort when integrated on flexible substrates.
Microfluidics-based thermoregulation systems primarily
utilize the high specific surface area of microchannels, which
are designed to conform to heat source geometries. As the
fluid medium circulates through these microchannels, it
efficiently absorbs and transports heat away from the electric
components. Microfluidic devices offer the advantages of
superior cooling capacity, easy integration, and high safety.
Particularly noteworthy is the inherent flexibility and
stretchability of these systems, which enables direct
integration with high-power electronic components while
maintaining efficient cooling performance. Our analysis
focuses on two different types of cooling mechanisms, the
single-phase cooling mechanism and flow boiling cooling
mechanism. Subsequently, we critically evaluate fluid media,
providing comprehensive comparisons of PCMs, liquid
metals, and aqueous solutions in terms of their thermal
properties and practical limitations. Channel geometry is also
a critical factor in determining heat dissipation performance,
primarily influencing heat transfer efficiency through factors
such as the fluid flow path and contact time. Herein, we
briefly discussed the microchannel configurations, e.g,
serpentine channels, spiral, and bio-inspired flow channels.
Microfluidics-based thermal management systems have
demonstrated unique advantages in diverse applications,
including thermal haptic feedback, integrated circuits, smart
thermoregulatory textiles, and biomedical applications. In
these scenarios, conventional active and passive cooling
approaches often suffer from fundamental limitations such
as insufficient response time and inadequate -cooling
performance, or encounter difficulties in achieving
miniaturization and flexibility requirements.

In conclusion, microfluidics-based thermal management
has emerged as a potentially transformative technology,
demonstrating excellent integration with flexible electronics.
This field is witnessing rapid innovation in hybrid cooling
solutions designed to address severe thermal challenges
posed by next-generation, high-power integrated electronics.
Driven by breakthroughs in advanced manufacturing and
novel materials, microfluidic thermal management systems
evolve from experimental prototypes to commercial
components. This transition demonstrates their irreplaceable
role in ensuring device safety, optimizing thermal

This journal is © The Royal Society of Chemistry 2026
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performance, and guaranteeing long-term reliability in
electronic platforms.
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