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With regard to thermal management, 
conventional heat sinks combined with 
fans and extended surfaces, heat pipes, 
or water cooling will be insufficient to 
control thermal transients or to dissipate 
large amounts of heat to the ambient on 
a small scale. Potential solutions include 
implementing thermal control circuits 
consisting of thermal control devices 
(TCDs) that enable better control of the 
heat flux.[4,5] In analogy to electronics, 
these devices include thermal diodes 
(thermal rectifiers), thermal switches, 
thermal regulators, and thermal transis-
tors that can rectify, switch on/off, and 
change the heat flux propagation between 
two surfaces/bodies with different tem-
peratures, respectively. Each TCD has its 
own operation principle that defines its 
thermal resistance and thereby affects the 
heat flux through it (Figure 1). The change 
in thermal resistance in thermal diodes 

and thermal regulators is controlled by bias directionality and/
or temperature, resulting in autonomous, passive operation. 
By contrast, thermal switches and thermal transistors require 
external energy (i.e., a stimulus) to change their thermal resist-
ance.[4] Thermal resistance R is defined as the ratio of the tem-
perature difference ΔT between the hot and the cold terminals 
(heat source and heat sink, respectively) to the net heat flux Q�  
between both terminals:

R T Q�= ∆ /  (1)

Typically, the performance of TCDs is compared by using the 
switching ratio SR for thermal switches and thermal regulators 
and the rectification ratio RR for thermal diodes. The switching 
ratio is defined as the ratio between the heat flux onQ�  during 
the on state and offQ�  during the off state. In the specific case 
of a constant temperature difference, it simplifies to the ratio 
between the thermal resistances during the off (Roff) and on 
(Ron) states.

Q Q R RT� �=
→

=∆ =SR / SR /const.
on off off on  (2)

The rectification ratio is most commonly defined in two 
different ways:

I : RR /fwd rev revQ Q Q� � �( )= −  (3)

II : RR /fwd revQ Q� �=  (4)

In recent years, intensive studies on thermal control devices have been 
conducted for the thermal management of electronics and computers as well 
as for applications in energy conversion, chemistry, sensors, buildings, and 
outer space. Conventional cooling or heating techniques realized using tradi-
tional thermal resistors and capacitors cannot meet the thermal requirements 
of advanced systems. Therefore, new thermal control devices are being inves-
tigated to satisfy these requirements. These devices include thermal diodes, 
thermal switches, thermal regulators, and thermal transistors, all of which 
manage heat in a manner analogous to how electronic devices and circuits 
control electricity. To design or apply these novel devices as well as thermal 
control principles, this paper presents a systematic and comprehensive 
review of the state-of-the-art of fluidic and mechanical thermal control devices 
that have already been implemented in various applications for different size 
scales and temperature ranges. Operation principles, working parameters, 
and limitations are discussed and the most important features for a particular 
device are identified.
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1. Introduction

As a device becomes more compact and efficient, its output 
power increases, performance improves, and specific costs 
decrease. This trend is evident in the field of electronics. Moore’s 
law from 1965[1] states that computing power doubles roughly 
every two years and costs simultaneously decrease. His predic-
tion remained valid for more than 50 years; however, advances 
in this field have recently begun to plateau owing to two main 
problems: thermal management and physical limits in devices 
with sizes of the order of only a few nanometers.[1,2] Researchers 
are expected to solve these problems by applying “beyond-
Moore” or “more-than-Moore” technologies and principles.[3]
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where the heat flux in the forward direction fwdQ�  is supposed to 
be larger than that in the reverse direction revQ� . Another impor-
tant parameter is the characteristic time τ (for on/off or off/on 
switching or response time in thermal diodes) required for the 
TCD to change its thermal resistance.

Most previous studies did not discuss the energy efficiency 
of the thermal switch or thermal transistor, even though it 
can greatly influence the input power required for the opera-
tion. Therefore, the energy efficiency must be considered more 
carefully in future studies. The energy efficiency of a thermal 
switch or thermal transistor ε, which requires external power 
supply P for on/off switching, in the steady-state condition is 
defined as the ratio of the output heat flow rate outQ�  to the sum 
of the input heat flow rate inQ� and power supply P required for 
the thermal switch to operate:

/( )out inQ Q P� �ε = +  (5)

In 1936, Starr[6] first discovered the ability to control heat flux 
through observations of asymmetric thermal conductivity at a 
copper/copper dioxide interface. In the last 20 years, studies 
based on this discovery have been conducted to realize various 
applications.[4,5,7] Starr’s discovery also laid the foundation for 
phononics[8] and thermal computing[9] and, in turn, opened 
up completely new possibilities for the utilization of thermal 
energy.

Thermal management is a common issue in several applica-
tions including cryogenics,[10–12] energy conversion,[13–15] caloric 

refrigeration,[16–18] microfluidics,[19–21] biology, chemistry, and 
pharmacy,[22–24] buildings,[25–28] outer space,[11,29,30] and sensor 
technologies.[31,32] Therefore, TCDs for these application areas 
are being studied theoretically and experimentally.

TCDs are of three main types: fluidic, mechanical, and 
solid state. Wehmeyer et  al.[4] demonstrated TCDs that could 
operate at around room temperature. Roberts and Walker[5] 
and Li et al.[8] investigated thermal diodes based on solid-state 
physics. Kim and Kaviany[7] classified thermal-conductivity-
based TCDs and discussed some example materials. Shu 
et al.[10] and Kimball et al.[33] reviewed cryogenic thermal man-
agement; Lankford[30], Hengeveld et al.[34] and Meseguer et al.[35] 
reviewed outer space applications; Klinar and Kitanovski[16] 
reviewed caloric energy conversion; and Chun et al.[36] and Cui 
et al.[28] reviewed applications in energy utilization in buildings.

Despite the extensive reviews, the research, design, and 
optimization of TCDs for future applications requires a wide-
spread and comparative review of all existing possibilities. We 
have previously reviewed the latest solid-state TCDs,[37] and 
we review fluidic and mechanical TCDs in the present paper. 
The rest of this paper is structured as follows. Sections 2 and 3 
respectively provide a comprehensive overview of fluidic and 
mechanical TCDs, respectively. Each section provides a com-
prehensive overview of four main groups of TCDs: thermal 
switches, thermal regulators, thermal diodes, and thermal 
transistors. Different actuation principles are described for 
each group, and different device types in each group are sum-
marized and compared. Finally, Section 4 provides concluding 

Figure 1. Operation of thermal control devices.
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remarks and some ideas for future work on different fluidic 
and mechanical TCDs. Further, the Supporting Information 
contains tables that summarize the characteristics of and com-
pare different types of TCDs.

2. Fluidic Thermal Control Devices

Fluidic TCDs use a working fluid for controlling the heat flux. 
The working fluid serves as a thermal contact material or as 
a conductive path between the heat source and the heat sink. 
Working fluids can include liquid-liquid, gas-gas, gas-liquid, 
solid-liquid, or solid-gas material pairs as well as their phase 
transitions. A variety of working fluids with special physical 
properties and phase transitions that are tunable through addi-
tives or inhibitors, applied pressure, and even magnetic or 
electric fields are available, and therefore, fluidic TCDs can be 
used in a wide temperature range from very high temperatures 
to cryogenic ones. Figure  2 shows the organization of fluidic 
TCDs, and Tables S2–S4 in the Supporting Information show 
additional details.

2.1. Fluidic Thermal Switches

Fluidic thermal switches operate by means of mechanical, elec-
trical, or magnetic actuation (Figure 2) that changes the thermal 
resistance of the working fluid. Mechanically actuated fluidic 
thermal switches require the movement of the working fluid in 
closed compartments (e.g., a channel or a pipe). The working 
fluid can be driven by a pressure difference (Section  2.1.1.), 
alternating electric field (Section 2.1.2.), or alternating magnetic 
field (Section 2.1.3.); these can even change the working fluid’s 
properties (e.g., thermal resistance). Regardless of the actuation 
principle, the underlying concept of the thermal switch is the 
same. During the on state, the low thermal resistance between 
the heat source and the heat sink connected to the thermal 

switch allows heat flux from one to the other. By contrast, 
during the off state, the high thermal resistance between the 
two prevents heat flux.

2.1.1. Mechanically Actuated Fluidic Thermal Switches

Mechanically actuated fluidic thermal switches can be divided 
into three main groups based on their operation principle: flu-
idic bridge, mechanically actuated gas-gap, and induced-convec-
tion-based thermal switches.

Fluidic bridge: A fluidic bridge thermal switch operates via 
thermal conduction across an alternately forming and breaking 
fluidic bridge (liquid or gaseous) between the heat source and 
the heat sink. This is usually achieved by using pumps[38,39] or 
fans[38,40,41] or by tilting (gravitational actuation).[42,43] Another 
possibility that remains less investigated is to replace the pump 
by movable pistons or membranes driven by stepper motors, 
linear actuators, pull-back springs, or piezo-transducers.

In fluidic bridge thermal switches, the heat source and the 
heat sink are separated by a small gap that can be closed or 
open to the surroundings. When closed, the gap can be empty 
(i.e., vacuum)[41,44,45] or be filled with another immiscible fluid 
(e.g., an inert gas or fluid like vapor or aqueous solution of 
NaOH[42]) with low thermal conductivity. When open, the gap 
is normally filled with air.[46] Typical working fluids having 
higher thermal conductivity than the surrounding fluid include 
water,[38,40,46] glycerin,[47] and liquid metals like galinstan.[42] 
Figure 3 shows the general operation of a fluidic bridge thermal 
switch. During the off state (right), the gap is empty (i.e., 
vacuum) or filled with a low-thermal-conductivity fluid. During 
the on state (left), a high-thermal-conductivity fluid is pumped 
or moved into the gap to replace the low-thermal-conductivity 
fluid and form a fluidic bridge between the heat source and the 
heat sink. This increases the magnitude of heat flux between 
the heat source and the heat sink. The highest switching ratios 
of SR = 71.3 (characteristic time of the order of seconds) and 

Figure 2. Organization of fluidic thermal control devices.
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SR = 39 (characteristic time of the order of minutes) were 
respectively demonstrated by Yang et  al.[42] using liquid metal 
galinstan and by Elsahati et  al.[39] using water. Further, Gong 
et al.[47] demonstrated the shortest measured characteristic time 
for on/off switching of τ  = 1 s (SR = 2.8) by using water and 
glycerin.

Mechanically Actuated Gas Gap: Mechanically actuated gas-
gap thermal switches are mainly used in cryogenics and outer 
space applications.[10] They operate in the Knudsen flow regime 
where the mean free path of the working gas molecules is of 
the same order of magnitude as the gap size between the heat 
source and the heat sink.[10] In such switches, gas extraction is 
achieved through either passive or active gas pressure control. 
The passive mechanism is based on an internal adsorption pro-
cess (see Section 2.2.4.) whereas the active mechanism involves 
an external reservoir, pump, and valves.[41,44,48] The typical 
working gases used in the active mechanism are helium[41,44] 
and hydrogen.[45,49] During the on state, the gas is present in the 
gap, thus enabling heat flux across the gap. During the off state, 
the gas is evacuated from the gap, thus significantly increasing 
the thermal resistance across the gap. Marland et al.[45] achieved 
the highest switching ratio of SR = 1450 at cryogenic tempera-
tures using hydrogen, with typical characteristic times of the 
order of minutes.[41] It should be noted that such switches are 
not limited to cryogenic temperatures; for example, Krielaart 
et  al.[49] designed a 3D printed gas-gap thermal switch and 
achieved a switching ratio of SR = 38 at 295 K using hydrogen. 
The characteristic time is not evident from their work.

Another example of mechanically actuated fluidic thermal 
switch was shown by Chau et  al.,[48] who proposed the use of 
a dynamic insulation material. This insulation material was 
specifically a porous foam whose thermal conductivity could be 
modified by changing the gas pressure or foam porosity with 
characteristic times of the order of seconds. This affected the 
heat flux through the material, resulting in a switching ratio of 
SR = 2–5.

Induced Convection Thermal Switch: Williams et  al.[50,51] pro-
posed using a fan to increase the heat transfer coefficient over 
a finned surface. In a hermetically sealed enclosure, turning a 
fan on enhanced convective heat transfer between the enclo-
sure’s opposite walls, where one is a heat source and the other 
is a heat sink. Their simulations revealed a switching ratio of 
SR = 69; however, the authors did not discuss the characteristic 
time.

2.1.2. Summary and Comparison of Mechanically Actuated Fluidic 
Thermal Switches

Mechanically actuated fluidic thermal switches are used at 
around room temperature,[39,50,51] with the exception of some 
gas-gap applications at cryogenic temperatures,[41,45] for elec-
tronics cooling,[38,42,43] insulating materials,[48] outer space appli-
cations,[41,47,49] and caloric refrigeration.[52,53] To better discuss 
such thermal switches, the gas-gap type is evaluated separately 
at the end of this section.

The switching ratios of the other types of mechanically actu-
ated fluidic thermal switches strongly depend on the thermal 
conductivity of the working and surrounding fluids. The 
highest switching ratios can be achieved by applying liquid 
metals as working fluids. However, liquid metals are disadvan-
tageous in that they can be toxic or expensive or require the 
use of rare-earth materials or a special atmosphere to reduce 
corrosion.[42]

The main advantages of mechanically actuated fluidic 
thermal switches are that the characteristic times for on/off and 
off/on switching are equal and there is no (or minimal) thermal 
hysteresis.

The main disadvantage is that thermal losses (or heat gains) 
caused by unwanted thermal bridges (e.g., channel or pipe 
walls, gap spacers) or pumping and fluid flow (i.e., viscous 
losses, heating) reduce the switching ratio. Future studies must 
aim to reduce the thermal mass of the components as this also 
affects the thermal switch’s thermalization time. Such thermal 
switches sometimes require a very complex channel geometry 
that reduces their stability or lifespan.[38] In switches open to the 
surroundings, their performance decreases with time because 
of the evaporative loss of the working fluid.[47] Their switching 
ratio is also affected by the surrounding air temperature, pres-
sure, and humidity.[39] Jeong et al.[40] improved the control of the 
forming and breaking of thermal bridges between two surfaces 
by designing a conical upper surface; doing so also increased 
the thermal resistance during off state by around three times 
compared to that of a flat upper surface.

By contrast, mechanically actuated gas-gap thermal switches 
are mature and have been commercialized. They have 
switching ratios of SR >  1000 but have longer characteristic 
times than other mechanically actuated thermal switches. Their 
switching ratio strongly depends on the accuracy of the gap size 
and vacuum level that can be established in the gap. Owing to 

Figure 3. On (left)/off (right) operation of mechanically (electrically) actuated liquid bridge thermal switch. During the on state, the magnitude of heat 
flux between the heat source and the heat sink increases because of the higher thermal conductivity of the working fluid between the heat source and 
the heat sink. Adapted with permission.[42] Copyright 2018, AIP Publishing.
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the effect of thermal expansion of thermal switch parts, gas-gap 
thermal switches are designed for precise operating param-
eters. The performance of these thermal switches deteriorates 
over time owing to gas leakage. Further, such thermal switches 
normally consist of metal parts that are soldered or welded 
together; however, the porosity of welded joints increases over 
time, resulting in reduced tightness. Krielaart et al.[49] designed 
3D printed gas-gap thermal switch that is considered more 
reliable because it has no welded joints, but it could suffer 
gas leakage owing to the porosity of the 3D printed material. 
Generally, the lower the operating temperature of the gas-gap 
thermal switch, the more complex are its design and operation.

Existing studies have not discussed the energy efficiency 
(Equation (5)) of mechanical actuation. This must be addressed 
in future studies.
Figure  4 summarizes the key points of mechanically actu-

ated fluidic thermal switches, and Table S2 in the Supporting 
Information presents additional details.

2.1.3. Electrically Actuated Fluidic Thermal Switches

Fluidic thermal switches can be electrically actuated by various 
physical principles that cause fluid movement or a change in 
the fluid’s thermal properties. With regard to fluid movement, 
electrically induced flows can be produced at the microscale 
through continuous microfluidics (e.g., electrokinetics and 
electrohydrodynamics (EHD)) or digital microfluidics (e.g., 

electrowetting).[54] Electrokinetics involves charged particles or 
fluids (electrolytes), whereas EHD involves poorly conducting 
dielectric fluids and solids that are polarized under an electric 
field.[54] Studies have also investigated the influence of electric 
fields on heat transfer in fluids. This principle has been known 
since 1936, when Senftleben and Braun first conducted experi-
ments with gases.[55] Subsequent studies[56–58] have analyzed 
different fluids, gases, oils, and refrigerants for convective 
heat transfer, condensation, boiling, and refrigeration applica-
tions. The heat transfer coefficient has been enhanced by up 
to 900%;[58] however, only a few principles have been applied 
to thermal switches (see Table S3 in Supporting Information).
Electrothermoconvection: Electroconvection (EC) is a subdo-
main of EHD in which electrical forces are used to influence 
fluid movement by overcoming the gravitational and buoyancy 
forces acting in the fluid.[59] If the fluid also contains a thermal 
gradient, the resulting effect is called electrothermoconvection 
(ETC). During the on state of such thermal switch, the voltage 
applied to the electrodes surrounding the fluid triggers convec-
tion in the fluid and enhances heat transfer. By contrast, during 
the off state, no voltage is applied and heat is transferred only 
via conduction. Hehlen et  al.[60] reported a switching ratio of 
SR = 4.7 for a hydrofluoroether layer with a thickness of d  = 
500 µm under a bias voltage of U = 390 V with characteristic 
time of τ = 0.1 s.

Electrically Induced Anisotropy in Thermal Conductivity: A 
wide range of responses have already been reported for stim-
uli-responsive liquid-crystalline polymer networks.[61] Nematic 

Figure 4. Key points of mechanically actuated fluidic thermal switches.
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liquid crystals exhibit spatial anisotropy of the effective thermal 
conductivity.[62] Theoretically, the thermal conductivity changes 
by up to three times between the parallel and the perpendicular 
orientations of the molecules.[62] This effect can be produced by 
applying an electric field across the liquid crystal sample.[63–65] 
For applying this principle to a thermal switch, the liquid 
crystal in a closed compartment between the heat source and 
the heat sink must be surrounded with two pairs of oppositely 
placed electrodes. During the off state, the voltage is applied to 
one pair of opposite electrodes, and the resulting electric field 
aligns the molecules in a direction that results in low thermal 
conductivity. During the on state, the voltage is applied to the 
other pair of opposite electrodes, thereby changing the direc-
tion of the electric field and reorienting the molecules parallel 
to the heat flux, resulting in high thermal conductivity.

Sahraoui et  al.[64] experimentally achieved a switching ratio 
of SR = 1.75 in polymer-dispersed liquid crystals with an elec-
tric field of up to E  = 0.5  V µm−1. The characteristic time of 
these switches would be of the order of milliseconds. Fumeron 
et  al.[65] numerically evaluated heat spreader and heat concen-
trator elements made of nematic liquid crystals; these showed 
a promising switching ratio of SR = 200. They performed 
numerical calculations by using the analogy of topological 
defects in nematic liquid crystals to gravitational line sources 
in cosmology.

Applying an electric field to electrorheological fluids aligns 
the particles into chains, thereby increasing their thermal con-
ductivity and enhancing heat transfer compared to the case in 
which they are discretely suspended in the fluid. Dhar et al.[66] 
reported that the use of Al2O3-based colloids increased the 
thermal conductivity by up to 80% compared to that in the 
zero-field case. A similar effect is discussed in Section  2.1.5. 
with magnetorheological fluids.

Electrophoresis: Electrophoresis refers to the movement of 
dispersed particles relative to the surrounding base fluid under 
an externally applied electric field. It improves a nanofluid’s 
thermal conductivity by providing an additional heat transfer 
mechanism alongside Brownian motion. When electropho-
resis is applied in a thermal switch, the applied electric field 
during the on state increases the magnitude of heat flux com-
pared to the case where the electric field is not applied during 
the off state. Dhar et  al.[67] applied an electric field of up to 
E = 60 V cm−1 to nanofluids (Al2O3, CuO, or TiO2 particles in 
deionized water) and achieved a 13%–30% lower temperature 

gradient between the heat source and the heat sink compared 
to the case in which no electric field was applied. Authors did 
not discuss the switching ratio and characteristic time.

Ionic Wind: Ionic wind, a type of forced convection, can be 
generated by a corona discharge device with low input power, 
high voltage, and no moving parts.[68] Ionic wind is produced 
by driving air ions by an electric field. Because these ions are 
drawn to the surface, the thermal and velocity boundary layers 
are rather small; this additionally influences heat transfer.[68] In 
a thermal switch, such a convective flow can increase the con-
vective heat transfer coefficient during the on state. Go et al.[69] 
and Yoshida[70] respectively achieved switching ratios of SR < 3 
and SR < 5 via convection with ionic wind in air with input volt-
ages of U = 4.39–6.15 kV; however, the authors did not discuss 
the characteristic times.

Electrowetting (on Dielectric): Electrowetting is a subfield of 
microfluidics that has recently attracted much attention for 
applications in lab-on-a-chip devices,[71] microsensors,[72] micro-
electromechanical systems (MEMS),[73] and electronics.[74] Elec-
trowetting involves influencing liquid droplets’ contact angle on 
a surface and thus their wettability by using an external elec-
tric field.[75] The droplets’ shape can be changed reversibly and 
they can be used to form liquid bridges.[47,76] Figure  5 shows 
the operation of an electrowetting-based thermal switch. The 
working fluid must have higher thermal conductivity com-
pared to the surrounding fluid. Further, the surfaces of the heat 
source and the heat sink must be hydrophobic to maximize the 
contact angle during the on state. During the on state when 
no voltage is applied (Figure 5 left), the working fluid forms a 
liquid bridge between the heat source and the heat sink, and 
the resulting increase in thermal conductivity increases the 
magnitude of heat flux. During the off state (Figure 5 right), the 
voltage applied to the electrodes on the heat sink decreases the 
contact angle, causing flattening of the droplet and breaking of 
the thermal bridge. With multiple electrodes, the wetting differ-
ence between the active and the inactive electrodes positioned 
along the line causes the liquid to move.[42,77,78] This principle 
can be applied as shown in Figure  3. Both principles enable 
manipulated droplets to transport heat between the heat source 
and the heat sink.

Most reported thermal switches apply electrowetting-on-die-
lectric (EWOD),[47,76–78] where the surface of the heat sink (heat 
source or both) consists of dielectric (electrical insulation) and 
hydrophobic layers.[79] The highest switching ratios of SR = 71.3 

Figure 5. Electrically actuated thermal switch based on EWOD. During the on state (left), the droplet forms a liquid bridge between the heat source 
and the heat sink that allows higher heat flux compared to that in the off state (right). Adapted with permission.[76] Copyright 2016, Elsevier.
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(τ ≈ 5 s) and SR = 14 (τ = 2–40 s) were demonstrated by Yang 
et  al.[42] using liquid metal galinstan and McLanahan et al.[77] 
using glycerol and water. Yang et al.[42] reported on 46% energy 
efficiency. The characteristic times strongly depend on the size 
of the droplets and fluids, and they range from the order of 
milliseconds[78] to a few seconds.[42]

Electrowetting can also influence boiling nucleation. For 
example, Cho et al.[80] demonstrated the periodic control of water 
bubble growth on a surface with a switching ratio of SR = 10 
under a bias voltage of U = 2 V with characteristic time of τ < 1 s.

Jumping Droplets: Section  2.3.3 describes the principle 
of heat transfer by jumping droplets for thermal diodes in 
detail. This self-propelled heat transfer can be improved by 
applying an electric field.[81,82] An external electric field pro-
vides necessary energy to droplets that otherwise do not have 
sufficient inertia from the jump and therefore fall down. Oh 
et  al.[81] demonstrated hot spot cooling in electronic devices. 
Under the same configuration and operating conditions 
with jumping droplets, a thermal diode with an electric field 
rejected 1.3-times more heat to the surroundings than one 
without an electric field.

2.1.4. Summary and Comparison of Electrically Actuated Fluidic 
Thermal Switches

Electrically actuated fluidic thermal switches are used at 
around room temperature. They find applications in electronics 
cooling,[42,67,76,81] caloric refrigeration,[60,63] outer space,[47,82] 
boiling,[80] and MEMS.[77,78] Based on their operating mecha-
nism, electrically actuated fluidic thermal switches can be 
divided into two groups. The first group includes thermal 
switches in which an electric field forms a fluidic bridge where 
two different fluids form a conductive path between the heat 
source and the heat sink (e.g., electrowetting[42,47,76,77] and 
jumping droplets[81,82]). The second group includes switches in 
which only one fluid forms a conductive path between the heat 
sink and the heat source at all times (e.g., ETC,[60] electropho-
resis,[67] ionic wind,[69,70] liquid crystals[63–65]); the electric field 
only changes the fluid properties or forms additional internal 
convection currents. The first group generally has a higher 
switching ratio and a longer characteristic time compared to 
the second group.

The main advantage of electrically actuated fluidic thermal 
switches compared to mechanically actuated ones is the 
absence of moving parts (except for the fluid). This results 
in less noise, vibration, and friction between the parts during 
operation; the absence of large actuation mechanisms also 
reduces the overall mass and size. Further, they contain few 
electrodes and wires, thus enabling very compact designs. 
Finally, the applied electric field or voltage enables very pre-
cise control of the operation.

However, one disadvantage is that the applied currents, elec-
tric field strengths, or voltages must sometimes be very high 
(e.g., U = 390 V[60] or even U = 7 kV[69]). Therefore, appropriate 
precautions must be taken to prevent electric shocks and to 
shield the electric fields in accompanying devices. Further, 
the switch’s overall thermal performance can be reduced by 
heat gains (losses) due to Joule (resistance) heating. Finally, 

the thermal performance of droplet thermal switches can be 
affected by droplet evaporation,[76] surface layer degradation,[83] 
and irreversible droplet shape change.[47]

Unfortunately, existing studies have not discussed the sta-
bility, reliability, and performance of such devices during long-
term operation and on the energy efficiency (Equation 5). These 
issues must be addressed in future studies.
Figure 6 summarizes the key points of electrically actuated 

fluidic thermal switches, and Table S3 in the Supporting Infor-
mation presents additional details.

2.1.5. Magnetically Actuated Fluidic Thermal Switches

A magnetic field influences the magnetic moments in elec-
trically conductive or magnetic fluids, thereby changing the 
thermal, rheological, magnetic, and electric properties of these 
fluids. Nguyen[84] noted that the main research directions in 
micro-magnetofluidics include magnetohydrodynamics, dig-
ital magnetofluidics, ferrohydrodynamics, magnetorheology, 
and magnetophoresis. Magnetohydrodynamics involves fluid 
motion induced by magnetic fields in electrically conductive 
fluids;[85] digital magnetofluidics, magnetowetting; and fer-
rohydrodynamics, the motion of a ferrofluid (nanofluid with 
suspended magnetic particles) induced by a changing magnetic 
field.[85] Magnetorheological fluids (MRFs) are particle suspen-
sions containing particles with sizes of the order of microm-
eters. Magnetophoresis involves the electric-current-induced 
motion of magnetic fluids with particles larger than 1  µm in 
size.[85]

Although numerous investigations have been conducted in 
this area, to the best of our knowledge, only a few magnetically 
actuated fluidic thermal switches have been experimentally 
tested to date (see Table S4 in Supporting Information).
Magnetically Induced Anisotropy in Thermal Conductivity: An 
applied magnetic field realigns the particles in ferrofluids,[86–88] 
magnetorheological suspensions,[89] or liquid crystals[90,91] and 
thus influences their thermal conductivity.

For a thermal switch, the magnetic field applied to a fluid 
in a closed compartment between the heat source and the heat 
sink must be alternately changed. During the off state with no 
magnetic field, the particles are randomly dispersed in the fluid 
(Figure  7 right) and the effective thermal conductivity is low. 
During the on state with an applied magnetic field, the particles 
are realigned in columns/chains that form conductive paths 
between the heat source and the heat sink (Figure 7 left); this 
increases the effective thermal conductivity of the fluid and 
consequently increases the magnitude of heat flux between the 
heat source and the heat sink. Cha et al.[92] achieved a switching 
ratio of SR = 1.3 in an Fe-based MRF under a magnetic field 
of H = 290 kA m−1. The authors also tested the switching ratio 
when the compartment between the heat sink and the heat 
source was not completely filled with the MRF such that an 
additional layer of air was present at the top. Under the applied 
magnetic field, the columns of the MRF rose through the air 
layer and formed a liquid bridge that served as a conducting 
path between the heat source and the heat sink. In this case, 
they achieved a switching ratio of SR = 12 with characteristic 
time interval of 0.25 s < τ <10 s.
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Some liquid crystals show thermal anisotropy under a mag-
netic field. The direction of the magnetic field defines the ori-
entation of molecular directors. Oriented liquid crystals exhibit 
anisotropic thermal conductivity in the parallel and perpen-
dicular directions. For example, Pereira et al.[91] experimentally 
achieved a switching ratio of SR = 1.3 between parallel and per-
pendicular orientations of molecular directors in liquid crys-
tals under an applied magnetic field of B = 0.8 T. Further, Shin 
et al.[90] experimentally achieved a switching ratio of SR = 1.54 
under an applied magnetic field of B = 0.7 T.

Magnetoconvection: Magnetoconvection refers to the effect of 
a varying magnetic field on convection in ferrofluids. During 
the on state, the additional convection currents formed in the 

fluid under the applied magnetic field increase the heat transfer 
coefficient between the heat source and the heat sink. For 
instance, Seshadri et  al.[93] achieved a switching ratio of SR = 
16 in a nanofluid consisting of cobalt-ferrite nanoparticles dis-
persed in paraffin oil under a magnetic field of B = 70 mT; how-
ever, the authors did not discuss the characteristic time. Fur-
ther, Lei et al.[94] demonstrated enhanced heat transfer through 
magnetohydrodynamic convection; specifically, the authors 
achieved SR of 1.4 under a magnetic field of B  <  0.7 T using 
NaOH with a characteristic time of the order of seconds.

Magnetic Nanofluid Motion: A varying magnetic field can 
also induce the vertical movement of a ferrofluid plug from 
one discrete position to another.[95,96] In such a thermal switch, 

Figure 7. The effective thermal conductivity of ferrofluids and magnetorheological fluids changes under an applied external magnetic field owing to the 
realignment of particles. During the on state under a magnetic field (left), chains of molecules form and enhance the heat flux. Adapted with permis-
sion.[92] Copyright 2010, AIP Publishing.

Figure 6. Key points of electrically actuated fluidic thermal switches.
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the fluid is in contact only with either the heat sink or the heat 
source. To change the position, Puga et  al.[95] used a moving 
permanent magnet whereas Rodrigues et  al.[96] used an elec-
tromagnet with a varying magnetic field. The closed container 
between the heat source and the heat sink was partly filled with 
a ferrofluidic plug and partly with air. During one state with no 
magnetic field, the ferrofluidic plug was in a gravity-controlled 
position at the bottom of the container where it was in direct 
contact with the heat sink. During the second state with the 
applied magnetic field, the plug moved toward the heat source. 
By varying the magnetic field, the plug and thus the heat were 
transferred between the heat source and the heat sink. Puga 
et al.[95] proved this concept by cooling a P = 10 W light-emitting 
diode (LED). Specifically, the authors achieved 33% lower tem-
perature of the LED (heat source) by using a d = 1 cm high fer-
rofluid container under an alternatingly applied magnetic field 
of B = 0.12 T with a characteristic time of τ = 30 ms;[95] however, 
the authors did not discuss the switching ratio.

2.1.6. Summary and Comparison of Magnetically Actuated Fluidic 
Thermal Switches

Magnetically actuated fluidic thermal switches are used at 
around room temperature. They are used in applications like 
electronics cooling[93,95] and caloric refrigeration.[94,96] Magneti-
cally actuated fluidic thermal switches can be divided into two 
groups. The first group includes thermal switches in which the 
magnetic field moves a ferrofluidic plug between two discrete 
positions.[95,96] The second group includes thermal switches in 
which only one fluid forms a conductive path between the heat 
source and the heat sink at all times (e.g., magnetically induced 
anisotropy in thermal conductivity[90,92,97] and magnetoconvec-
tion[93,94]); the magnetic field only changes the fluid properties 

or forms additional internal convection currents. Unfortunately, 
information about the switching ratios and characteristic times 
of both groups is inadequate for comparisons. The current find-
ings suggest shorter characteristic times for the first group.

It is also worth comparing the magnetic field sources at this 
stage. An alternating magnetic field can be produced either 
by switching an electromagnet on/off or by moving a perma-
nent magnet. Relatively high magnetic field densities (e.g., 
B = 0.7 T[90] or B = 0.8 T[94]) are required sometimes, resulting 
in the higher mass of the magnetic field source.

The advantage of the electromagnet is the absence of moving 
parts (except for the fluid). This results in less noise, vibration, 
and friction between the parts during operation. It also enables 
very precise control of the operation, tuning of the magnetic 
field density, and fast on/off switching.[98]

The disadvantages are the additional mass of the iron core 
and winding and the possibly high electric current and Joule 
(resistance) heating. Further, to achieve an alternating magnetic 
field, the permanent magnet must move. The required complex 
motor actuation also results in higher mass. Finally, the mag-
netic field density is predefined.

Unfortunately, existing studies have also not discussed the 
stability, reliability, and performance of such devices during 
long-term operation and on the energy efficiency (Equation 5). 
These issues must be addressed in future studies.
Figure 8 summarizes the key points of magnetically actuated 

fluidic thermal switches, and Table S4 in the Supporting Infor-
mation presents additional details.

2.2. Fluidic Thermal Regulators

The thermal resistance of a fluidic thermal regulator is deter-
mined by its temperature.[4] During the on and off states, the 

Figure 8. Key points of magnetically actuated fluidic thermal switches.
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low and high thermal resistance of the thermal regulator allow 
large and small heat flux, respectively, between the heat source 
and the heat sink. Thermal regulators can be divided into 
three groups, as shown in Figure  2. The first group includes 
thermal-expansion-based thermal regulators (without accompa-
nying phase change) (Section 2.2.1). The second group includes 
phase-change-based thermal regulators, including variable-con-
ductance heat pipes (VCHPs) (Section  2.2.2). The third group 
includes adsorption-based thermal regulators (Section 2.2.3).

The thermal resistance of thermal regulators changes at a 
critical temperature via reaching the required length/size (for 
thermal-expansion-based thermal regulators and VCHPs), 
the occurrence of a phase transition (for phase-change-based 
thermal regulators), or reaching the required gas adsorp-
tion level (for adsorption-based thermal regulators). It is very 
important to carefully consider the switching hysteresis in 
thermal regulators: the characteristic time for on/off switching 
is normally longer than that for off/on switching. Addition-
ally, the critical temperature (or temperature interval) for on/
off switching could be shifted compared to that for off/on 
switching.

It is sometimes difficult to determine whether a given device 
is a thermal regulator or a thermal diode because both have 
similar actuation principles. Wehmeyer et  al.[4] stated that all 
thermal diodes are also thermal regulators. The main differ-
ence between the two devices is the temperature dependence 
of the thermal resistance, which is shown for both cases in 
Figure  1. Because information on the temperature depend-
ence of thermal resistance was incomplete in some studies, we 
included all phase-change-based fluidic TCDs (except for heat 
pipes) under thermal regulators.

2.2.1. Thermal-Expansion-Based Fluidic Thermal Regulators 
(Without Phase Change)

Some fluids that expand or contract during heating or cooling 
have been implemented as thermal regulators in certain appli-
cations. When the fluid changes shape or size owing to tem-
perature change, it forms (on state) or breaks (off state) a 
thermal contact between the heat source and the heat sink, 
thereby increasing or decreasing the heat flux, respectively. 
For instance, Gaddam et  al.[99] built a mercury-based thermal 
regulator for outer space applications. The authors filled a 
compartment between the heat source and the heat sink partly 
with air and partly with mercury. When the temperature of the 
mercury rose to 323 K, it expanded to such an extent that it 
formed a conductive bridge between the heat source and the 
heat sink and increased the heat flux; this is the on state. When 
the temperature of the mercury decreased, it contracted and 
broke the conductive bridge between the heat source and the 
heat sink and decreased the heat flux; this is the off state. For 
an average temperature change of 50  K, mercury expanded/
contracted by 0.3%. For 20  mm of mercury, the height of the 
air gap was ≈60 µm. The authors achieved a rectification ratio 
RR = 1.5; however, they did not discuss the characteristic time 
and thermal hysteresis.

Morey and Gorman[100] also developed a thermal-expan-
sion-based thermal regulator for outer space applications. 

The authors connected a bellows filled with Freon gas, which 
expanded and contracted depending on the temperature, to 
an actuator rod and spring. During the on state, the bellows 
expanded and formed a thermal bridge between the heat source 
and the heat sink, thereby increasing the heat flux. During the 
off state, the bellows contracted and the spring returned the rod 
to the initial position to break the thermal bridge between the 
heat source and the heat sink, thereby decreasing the heat flux. 
With regard to switching thermal hysteresis, the temperature 
intervals for on/off and off/on switching were 276–283 K and 
280–272 K, respectively. The authors achieved a high switching 
ratio of SR = 50 because the bellows were surrounded by a 
vacuum, resulting in very small heat flux during the off state. 
Further, they reported that this thermal regulator showed good 
cyclic stability during long-term operation.

Fluidic and solid thermal regulators based on thermal expan-
sion have many common features. They have long character-
istic times and show thermal hysteresis, as indicated by the 
change of the critical temperature between the expansion/
contraction processes and the different expansion/contraction 
times. Experiments[100] clearly indicate that the expansion/con-
traction in the first few operation cycles is larger than that in 
the following cycles; therefore, it is important to perform evalu-
ations during stable operation.

Fluidic thermal regulators show greater application potential 
because the thermal expansion coefficient of fluids is generally 
larger than that of metals. Further, the thermal conductivity of 
fluids is lower than that of metals (although liquid metals have 
moderate thermal conductivity). Finally, the liquid–solid inter-
face has lower thermal contact resistance than the solid–solid 
interface.

However, the main disadvantage of thermal-expansion-based 
fluidic thermal regulators is their gravity-dependent operation. 
In particular, the gravity-dependent direction of liquid flow 
could affect the uniformity of the cross-sectional shape and size 
of the liquid column.

The switching ratio of thermal-expansion-based fluidic 
thermal regulators can be increased by optimizing their geom-
etry (e.g., by reducing thermal losses through the container 
walls in the parallel and perpendicular directions and reducing 
the dead volume of both fluids) and by optimizing working and 
surrounding low-conductivity fluid (the ideal combination is a 
liquid metal as a working fluid surrounded by vacuum).

Table S5 in the Supporting Information presents additional 
details.

2.2.2. Phase-Change-Based Fluidic Thermal Regulators

The phase change between solid, liquid, or gaseous phases 
occurs around the critical temperature of a certain phase of 
a material used in the thermal regulator (solid-solid phase 
change based TCDs in Swoboda et al.[37]). Phase-change-based 
fluidic thermal regulators are divided into three groups. The 
first group includes regulators in which one or more materials 
undergo solid-liquid phase change. The second group includes 
regulators in which one or more fluids undergo liquid-gas 
phase change. In some cases, fluid expansion associated with a 
phase change is also used to create a conduction path between 
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the heat source and the heat sink. The third group includes 
VCHPs.

The three phases usually have different thermal and physical 
properties. The regulator is turned on and off when the mate-
rial has high and low thermal conductivity, respectively. Phase-
change-based fluidic thermal regulators contain phase change 
fluids such as alcohols, glycols, wax, hydrates, or different 
gases.[101,102] In particular, thermal regulators containing wax 
are called wax motors or wax actuators.[103]

Solid–Liquid Phase Change Fluidic Thermal Regulators: A 
solid-liquid phase change fluidic thermal regulator contains a 
compartment between the heat source and the heat sink that 
is partly filled with a phase change material (PCM) and partly 
with air or other gases. This type of thermal regulator exploits 
the change in thermal conductivity in different phases as well 
as the accompanying volume/shape change of the fluid. During 
the off state, the solid PCM has low temperature and does not 
connect the heat source and the heat sink, thereby limiting the 
heat flux. During the on state, the PCM’s temperature rises, 
causing it to expand and liquefy and connect the heat source 
and the heat sink, thereby increasing the heat flux. The on and 
off states are reversed in a PCM with a negative thermal expan-
sion coefficient.[104]

Geng et  al.[31] used low-melting-point alloys (different com-
positions of Bi, In, Pb, Sn, Ga, and Ag) as a thermal-expansion-
based thermal regulator in MEMS. This regulator contained a 
closed compartment with the heat source at the bottom and the 
heat sink at the top separated by a thin air gap. Separated alloy 
droplets were positioned on the heat source surface. The gap 
height between the heat source and the heat sink was deter-
mined through temperature-displacement measurements; the 
highest displacement of 70  µm was measured at the melting 
point temperature of 320.5 K. Because of the displacement hys-
teresis between temperature increase (melting) and decrease 
(solidification), the highest switching ratio of SR = 26 was 
measured at an air gap of 60  µm. The characteristic times 
for off/on and on/off switching were τ  = 10 s and τ  = 30 s, 
respectively. Device tests confirmed repeatable and reversible 
switching between both phases.

Wax thermal regulators were mainly developed for thermal 
management in outer space applications.[105–107] Wax thermal 
regulators had switching ratios ranging from SR = 30 
(τ = 3 min)[105] to SR = 130.[106] The thermal resistance of wax 
can change by an order of magnitude between two different 
phases. For example, Shinozaki et  al.[106] reported that the 
thermal resistance during off and on states was R = 143 K W−1 
and R  = 1.16 K W−1, respectively. However, thermal hyster-
esis is present as melting and solidification do not occur at 
the same temperature. Pauken et  al.[29] reported that melting 
started above 293 K whereas solidification started below 291 K. 
Thermal hysteresis is also seen in the characteristic times, with 
on/off switching usually taking longer than off/on switching. 
Further, the characteristic time was usually of the order of min-
utes. Thorough tests of wax thermal regulators for outer space 
applications over 20000 cycles showed no wear and degradation 
of thermal performance.[107]

Most existing thermal regulators are difficult to implement 
in biomedical applications owing to the poor biocompatibility 
of their constituent materials and their complicated structures. 

However, hydrogel-based materials like poly(N-isopropylacryla-
mide) (PNIPAm) show great potential in this regard.[108,109] 
The polymer network in PNIPAm hydrogel stretches below 
and shrinks above the critical temperature. When the polymer 
network stretches, the hydrogel becomes hydrophilic and its 
internal space accommodates more water. By contrast, when 
the polymer network shrinks, the hydrogel becomes hydro-
phobic and a large amount of water is expelled from its internal 
space. Feng et  al.[108] found that the water extraction process 
was rather long but intensive: in the first 5  min, the sample 
expelled 64% of its water mass. The higher the water content, 
the higher is the thermal conductivity of the PNIPAm hydrogel. 
For example, the thermal conductivity of the PNIPAm hydrogel 
decreased sharply from k = 0.51 to k = 0.35 W m−1 K−1 as the tem-
perature increased from 306 and 308  K.[108] This would result 
in a switching ratio of SR = 1.45; however, the careful imple-
mentation of the thermal regulator resulted in a switching ratio 
of SR = 3.6 (τ ≈ 1 h). Li et al.[109] achieved a switching ratio of 
SR = 1.15 with a characteristic time of the order of milliseconds.

Some researchers tried to enhance the thermal performance 
of thermal regulators by using multilayered PCM composites 
arranged in series. The two or more phase change fluids used 
in combination must have similar phase transition tempera-
tures. Among room-temperature applications, Cottrill et  al.[110] 
combined polystyrene foam impregnated with octadecane and 
PNIPAm solution, Chen et  al.[111] combined eicosane C20H42 
and polyethylene glycol PEG4000, Pallecchi et al.[112] combined 
PNIPAm and polydimethylsiloxane (PDMS) polymers, and 
Meng et  al.[113] combined CaCl2∙6H2O and wax. Solid-liquid 
phase change thermal regulators may have unstable thermal 
performance.[113] Pallecchi et  al.[112] demonstrated the highest 
switching ratio of SR = 4.

By using a combination of fluids with different thermal con-
ductivity versus temperature trends, this principle could also be 
used to realize a thermal diode (see Section 2.3.1.).

Liquid-Gas Phase Change Fluidic Thermal Regulators: Liquid-
gas phase change fluidic thermal regulators can be divided in 
two groups: those with accompanying thermal expansion and 
those without. Van Velson et al.[114] reported a typical example of 
the first group; they developed a thermal regulator containing 
a metallic bellows encapsulated in a vacuum seal. The bellows 
was attached to the heat source positioned at the top; the heat 
sink was positioned at the bottom of the compartment and was 
separated by a gap. The bellows was filled with water. During 
the off state, the size of the bellows was so small that it was 
not in contact with the heat sink at the bottom; therefore, the 
heat flux between the heat source and the heat sink was very 
small. However, during the on state, when the water in the bel-
lows heated up and started evaporating, the bellows expanded 
toward the heat sink and the thermal bridge was connected, 
resulting in increased heat flux between the heat source and 
the heat sink. the authors achieved a switching ratio of SR = 
20. However, they did not discuss the extension of the bellows 
and the stability, reliability, and performance during long-term 
operation.

Thermal regulators without accompanying thermal expan-
sion rely on the change in thermal conductivity between dif-
ferent phases. For example, Ng et al.[115] designed a vapor-layer 
thermal regulator for thermal management of an electronic 
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device/element mounted on a heat sink. The authors used 
a closed compartment containing deionized water with dis-
solved sodium chloride, where the bottom and top surfaces 
were respectively the heat sink and the heat source. During the 
on state, heat was transferred from top to bottom by conduc-
tion and convection, thereby heating up the electronic device/
element. During the off state, as the temperature increased 
to the limiting temperature and water finally began to boil, a 
few-millimeter-thick steam layer was formed below the upper 
hot surface; it insulated the heat source and prevented heat 
transfer to the electronic device/element. The authors achieved 
a switching ratio of SR = 2.4. However, they did not discuss the 
long-term operation of this regulator.

VCHP: A VCHP operates in a manner similar to other types 
of heat pipes. However, it is superior in that it enables control-
ling the heat transferred from the condenser by controlling the 
heat transfer surface. Figure 9 shows an example of a VCHP, 
with the evaporator (heat source) on the left, the condenser 
(heat sink) in the middle, and the noncondensable gas reser-
voir on the right. The VCHP is filled with the working fluid 
(pale blue) and the noncondensable gas (yellow); however, these 
must be prevented from mixing to avoid degrading the thermal 
performance. The noncondensable gas is stored in the gas res-
ervoir, and its volume is controlled by the internal pressure or a 
valve set in advance. When the temperature difference between 
the evaporator and the condenser is high, the condenser is fully 
active (on state, Figure  9 left) and the noncondensable gas is 
pushed toward the reservoir. When the temperature difference 
decreases, the vapor pressure of the working fluid decreases, 
causing the noncondensable gas to expand and block part of 
the condenser. This reduces the heat transfer surface of the 
condenser and thereby decreases the heat flux from the con-
denser to the ambient (off state, Figure 9 right).

Studies have used water,[116,117] ammonia,[118] and sodium[119] 
as the working fluid and argon,[118] nitrogen,[117] and eutectic 
NaK[119] as the noncondensable gas. VCHPs reported thus far 
have been used for thermal management of oil in vehicles[117] 
and outer space applications.[118–120] The switching ratio ranged 
from SR = 18 for a VCHP with water and nitrogen[117] to SR = 
580 for one with ammonia and argon (τ = 1 min).[118]

Wang et  al.[120] reported a single-phase loop with variable 
conductance that operates on a very similar basis. The authors 
designed a self-regulated cooling loop in which the water flow 
rate was regulated by a wax-based actuator. The melting of the 

wax and the accompanying thermal expansion changed the 
opening of the fluid flow path.

A VCHP is generally a robust, reliable, and effective thermal 
management device with a long life span.[117,121] However, the 
operation of VCHPs for vehicles and outer space applications 
must be tested under different inclination angles, accelerations, 
and gravity directions.

2.2.3. Summary and Comparison of Phase-Change-Based Fluidic 
Thermal Regulators

Phase-change-based thermal regulators are mostly used 
at around room temperature, with the exception of some 
cryogenic applications[29,118,122] and high-temperature appli-
cations.[115,119,120] They are also used for outer space applica-
tions,[29,99,100] MEMS,[31] energy harvesting,[32] biomedical 
applications,[108,109] and thermal management of vehicles.[117]

The main advantage of phase-change-based thermal regulators 
is that they do not need any moving part, actuating mechanism, 
and energy input. Consequently, their operation is silent and 
vibration free. Further, they can be small and compact. The phase 
change temperature of applied materials can be tuned to almost 
any temperature in a wide temperature range. For example, 
waxes[101,102] and alkanes[124] have different critical temperatures. 
Mei et  al.[125] reported that the melting temperature of Sn-Pb-Bi-
In alloys can be tuned to any value between 323 and 456 K, and 
Strandman and Zhu[126] reported that the critical temperature of 
hydrogels could be tuned in the range between 273 and 373 K.

However, phase-change-based thermal regulators also have 
some disadvantages that are hard to overcome. Most fluids 
exhibit thermal hysteresis in two-way transitions. The shift of 
the start/end temperature of the phase change and different 
temperature and time intervals for on/off and off/on switching 
degrade the thermal performance of such thermal regulators. 
Further, the switching ratios are rather low because the dif-
ference in thermal resistance between two different phases is 
small and not sharp. Therefore, researchers are investigating 
new approaches that could improve the switching ratios, such 
as pairing different immiscible fluids,[110–113] optimizing the 
geometry of fluid compartments,[108] and searching for fluids 
with better properties.[127] Finally, the operation of such thermal 
regulators is usually gravity-dependent; therefore, additional 
tests are required for transportation applications.

Figure 9. Operation of VCHP during the on state (left) and off state (right). During the on state, the magnitude of heat flux between the condenser 
and the evaporator is higher than that in the off state because the heat transfer area is larger.
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Unfortunately, existing studies have not discussed the sta-
bility, reliability, and performance of such regulators during 
long-term operation.
Figure 10 summarizes the key points of phase-change-based 

thermal regulators, and Table S6 in the Supporting Information 
presents additional details.

2.2.4. Adsorption-Based Thermal Regulators (Gas-Gap)

As discussed in Section 2.1.1, gas-gap thermal devices may use 
active or passive gas extraction mechanisms. This subsection 
discusses the passive adsorption-based mechanism. Adsorp-
tion is a process in which fluid molecules (adsorbate) attach 
to a solid surface (adsorbent) to form a thin film. Adsorption 
is more effective when the adsorbent is a thin structure with a 
large surface area. When the adsorbent becomes saturated, it 
cannot adsorb any more molecules. However, most adsorbents 
are reversible; they can be heated to desorb the molecules. This 
principle is used for realizing a thermal regulator.

A gas-gap thermal regulator is the main adsorption-based 
regulator. It is usually used at cryogenic temperatures,[10] 
however, some at-/near-room temperature applications also 
exist.[128,129] Such thermal regulators operate effectively only 
if the gap between the heat source and the heat sink is small 
(usually d  = 100–200  µm).[130] Figure  11 shows an example of 
a gas-gap thermal regulator. During the on state, gas is pre-
sent in the gap, thereby enabling heat transfer via conduction 
and convection between the heat source and the heat sink. 
During the off state, the gas adsorbs on the adsorbent in cryo-
pump, thereby evacuating the gap and minimizing the heat 
flux flowing between the heat source and the heat sink. Some 
commonly used adsorbents include metal hydrides,[128,129] acti-
vated charcoal,[131,132] activated carbon,[133] zeolites,[134] and plat-
inum,[135] silica gel, clay, or some polymers can also be used.[136] 
Commonly used adsorbates include helium,[137–139] neon,[140] 

hydrogen,[128,141] and argon.[135] The off/on characteristic times 
are of the order of a few seconds to a few minutes, whereas the 
on/off characteristic times are longer and are of the order of 
a few minutes or even hours. Such thermal regulators achieve 
very high switching ratios of up to SR = 10 000[142] for cryogenic 
liquid helium. Prina et  al.[143] designed one for outer space 
applications, meeting the following requirements: the hydrogen 
pressure during the on and off states must be >1300  Pa and 
<1.3  Pa,  respectively; on/off and off/on switching times must 
be τ <  180 s and τ < 300 s, respectively; maximum desorption 
temperature must be <625  K; and minimum adsorption tem-
perature must be >280 K. Further, these requirements must be 
met for at least 16 000 switching cycles.

The advantage of adsorption-based thermal regulators is that 
they do not need moving parts, an actuating mechanism, and 
additional energy input. Therefore, their operation is silent and 
vibration free. Further, they can be small and compact. These 
thermal regulators are mature and commercialized.

The switching ratio of such regulators strongly depends on 
the accuracy of the gap size and adsorption level that can occur 
in the gap. Owing to the thermal expansion effect of all parts, 
gas-gap thermal switches are designed for exact operating 
parameters. The performance of all types of gas-gap thermal 
switches deteriorates over time owing to gas leakage and 
decreased adsorption levels. Generally, the lower the operating 
temperature of the gas-gap thermal switch, the more complex 
are its design and operation.

2.3. Fluidic Thermal Diodes

A thermal diode (also called a thermal rectifier) exhibits asym-
metrical and nonlinear thermal resistance in the forward and 
backward directions between the heat source and the heat 
sink[144] (Figure 1). The required condition for thermal rectifica-
tion is that the thermal conductivity of this device has a spatial 

Figure 10. Key points of fluidic thermal regulators based on phase change.
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and temperature dependence, as reported by Go and Sen.[145] 
Most thermal diodes are based on solid-state physics.[5,37] How-
ever, thermal rectification can be achieved in different ways, 
such as with fluids, as described below. Thermal diodes can be 
divided into three groups. The first group is straightforward and 
uses single-phase convection (Section  2.3.1); such devices are 
mostly used for thermal management of buildings. The second 
group uses a combination of different fluids (Section  2.3.2.). 
The third group uses convection in phase change thermal 
diodes, that is, heat pipes (Section 2.3.3.). The anisotropy in the 
forward and backward directions can also be affected by the dif-
ferent surface geometry, as discussed in Section  2.3.4. Finally, 
Section 2.3.5. discusses thermal diodes based on chemical reac-
tions. Figure 2 shows the organization chart of fluidic thermal 
diodes.

2.3.1. Single-Phase Convective Thermal Diodes

The natural convection of a fluid in the sealed housing between 
the heat source and the heat sink can be used as a thermal 
diode that transfers heat to/from the fluid from/to the walls 
of the housing (heat sink and heat source). When a tempera-
ture gradient forms within the fluid, convective currents occur 
owing to different density regions in the fluid. The housing 
consists of hollow compartments connected with pipes through 
which, under the temperature gradient, the working fluid flows 
and transfers heat. The geometry of the housing prevents the 
occurrence of convective currents and heat transfer in the 
reverse direction. In 1987, Buckley[146] first proposed using 
such thermal diodes for the thermal management of buildings; 
this principle remains relevant nowadays as a variation of the 
Trombe wall, especially for passive heating and cooling in med-
iterranean climates.[25] Such thermal diodes are embedded in 
the building envelope instead of standard insulation. Thermal 
diodes are embedded in housing through various pipe arrange-
ments such as stacked up[147] and multiple loops.[25]

These thermal diodes mainly use water[146,148,149] or air[150] as 
working fluids; however, other fluids like silicone oil can also be 
used.[25] Machado and Ramos[150] reported a rectification ratio of 
RR = 1.45 with air, and Chen[151] reported a rectification ratio 
of RR < 260 with water. Although these studies did not report 
characteristic times, they are estimated to be up to τ  = 1 h, 
making them suitable for day/night dynamics. These thermal 

diodes are usually capable of only one-way operation, that is, 
they can be used for either passive cooling or heating. The most 
advanced thermal diodes enable manually switching the fluid 
flow direction between night/winter and day/summer, and 
therefore, they can be operated effectively throughout the year. 
Kołodziej and Jaroszyński[152] conducted a 3 year long experi-
ment on the operation of such a thermal diode in a building 
in Poland. They found that this thermal diode enabled an 
average yearly saving of 40% of the heating energy requirement 
in this building, corresponding to 700  MJ m−2 of the diode. 
Savings were especially significant in the spring and autumn 
and could potentially shorten the heating season. Further, the 
diode operation was reliable and stable without any decrease in 
performance.

Rhee et  al.[153] proposed a specially shaped single-phase 
thermal diode that maximized the thermal stratification of 
water inside a tank for water heating.

Some studies[154–156] analyzed so-called diode cavities; these 
are rectangular or parallelogrammic enclosures that are mostly 
filled with air. These studies analyzed the impact of different 
geometrical configurations, aspect ratios, and inclination angles 
on natural convection inside the enclosure for various applica-
tions. However, these diodes were not tested in terms of for-
ward and reverse heat flux, and therefore, they are not included 
in the tables in the Supporting Information.

Single-phase thermal diodes are a cost-effective, simple, and 
ecofriendly way to reduce heat losses/gains from/to a building 
or water storage tank. This is also their main disadvantage 
from an energy viewpoint under certain conditions; specifically, 
they cannot optimally follow atypical weather variations like 
a cold summer day or hot winter day. Further, the application 
of thermal diodes in buildings is limited to Mediterranean cli-
mates where their U-value can satisfy the minimum insulation 
standards specified in building regulations.

2.3.2. Thermal Diodes with Junction of Different Fluids (No Phase 
Change)

Solid-state thermal diodes with a junction of different fluids are 
the most commonly used mechanism.[4,5,8,37] They show aniso-
tropic thermal conductivity, and therefore, the heat fluxes in the 
forward and reverse directions are different. Thermal rectifica-
tion can be achieved by using at least two fluids or a solid/fluid 

Figure 11. Gas-gap thermal regulator during the on (left) and off (right) states. Adapted with permission.[140] Copyright 2008, Elsevier.
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pair that have opposite trends of thermal conductivity depend-
ence with temperature. Such combinations of fluids where at 
least one fluid undergoes a phase change have already been 
evaluated in Section 2.2.2.

Existing studies conducted tests at around room tempera-
ture. Further, whereas Wong et  al.[157] conducted an experi-
mental analysis, other authors evaluated the performance only 
theoretically by using nonequilibrium molecular dynamics 
simulations.[158–160] Previous studies in this area did not focus 
on applications; rather, they focused on the principle of thermal 
diodes. For example, Wong et al.[157] experimentally achieved a 
rectification ratio of RR = 1.43 at the air-water interface. Murad 
and Puri[158] theoretically analyzed thermal diodes with a water-
hexane interface and achieved a rectification ratio of RR = 1.4. 
Hu et al.[159] analyzed thermal diodes with a silica–water inter-
face and achieved a rectification ratio of RR = 1.54.

Among the various types of fluidic thermal diodes, this type 
of thermal diode has the least application potential. Its rectifica-
tion ratios are currently too small for implementation in spe-
cific applications. Performance comparisons indicate that TCDs 
using a combination of different fluids with accompanying 
phase change (Table S6, Supporting Information) show infe-
rior performance to those without the phase change (Table S10, 
Supporting Information). However, the characteristic times 
are longer with the phase change. Table S10 in the Supporting 
Information lists thermal diodes based on combinations of dif-
ferent fluids.

2.3.3. Heat Pipe Principle as Thermal Diodes

This subsection discusses only thermal diodes based on heat 
pipe principle. The main difference from other phase-change-
based TCDs is that inside a heat pipe, a working fluid under-
goes a sequential liquid-gas phase change during operation. As 
discussed in Section  2.2.2., a phase change occurs in thermal 
regulators only when they are switched on/off (or off/on). Here, 
heat pipes are divided into two groups: conventional heat pipes 
and heat pipes based on jumping droplets.

Heat Pipes as Thermal Diodes: A heat pipe consists of a sealed 
vessel containing a working fluid that transfers heat between 
the heat sink and the heat source. Such heat pipes were used 
as thermal diodes because their operation enables anisotropic 
heat flux. They were implemented to decrease and increase 
the magnitude of heat flux in the undesired and desired direc-
tions, respectively. For example in caloric cooling applications, 
the heat pipe’s evaporator was connected to the heat source and 
its condenser, to the heat sink; this arrangement kept the heat 
source at a low temperature.[161]

Heat pipes are used as thermal diodes in various applica-
tions. For instance, Smyth et  al.,[162–164] Pugsley et  al.,[165] and 
Muhumuza et  al.[166,167] tested water-based thermal diodes for 
solar-powered thermal storage, and Varga et  al.[168] used them 
for passive solar heating or cooling of a building. Prenger 
et  al.[169] and Yamamoto and Yanai[170] tested a hydrogen-based 
heat pipe for cryogenics. Sato[161] experimentally evaluated 
an acetone-based thermal diode for electrocaloric refrigera-
tion. Hirasawa et  al.[171] evaluated the application of the Fluo-
rinert electronic cooling liquid. Maier et al.[172] and Bartholome 

et al.[173] evaluated its operation in magnetocalorics and elasto-
calorics. Ghoshal and Guha[174] evaluated a heat pipe for ther-
moelectric cooling. These studies achieved rectification ratios 
ranging mostly from RR = 3–5[168] to RR = 120.[174] An outstand-
ingly high rectification ratio RR = 18 000[172] was achieved with 
methanol in a thermal diode, in which unidirectional heat flux 
was achieved through check valves.

Further, Varga et al.[168] evaluated the performance of a heat 
pipe thermal diode that was installed in a building wall during 
the cooling season. It prevented outside heat from entering 
the building during the day and increasing the magnitude of 
heat flux to the outside during the night. During tests over one 
month, the diode operated stably and reliably without any per-
formance degradation.

Jumping Droplets as Thermal Diodes: A jumping droplet 
thermal diode consists of a gap between hot (super)hydrophilic 
and cold (super)hydrophobic surfaces. Its operation in the 
forward direction is as follows: a working fluid that is heated 
up when it is in contact with the heat source evaporates from 
the (super)hydrophilic (heat source) surface, and the vapor 
migrates to the (super)hydrophobic colder surface (heat sink) 
where it condenses. However, the hydrophobicity makes the 
droplets jump (migrate) back to the hot (super)hydrophilic 
evaporator’s surface. Minor heat exchange occurs between the 
surfaces when the temperatures of the hot and cold surfaces 
are reversed. Therefore, the reverse heat flux is smaller than the 
forward heat flux. The droplet size is up to 100 µm.[81]

Jumping droplet thermal diodes can find use in solar energy 
harvesting,[175] thermal management of batteries,[176] hot spot 
cooling in electronics,[177,178] and outer space applications.[179,180] 
Most previous studies performed tests at around room tempera-
ture and used water as the working fluid. Further, they achieved 
a rectification ratio ranging from RR = 2.8[181] to RR = 250.[182] 
These values vary greatly mainly because the first study used 
hydrophobic and hydrophilic surfaces and the second study, 
superhydrophilic and superhydrophobic surfaces.

2.3.4. Summary and Comparison of Heat Pipe Principle as 
Thermal Diodes

The advantage of using heat pipes as thermal diodes is that 
they do not need moving parts or an external energy source. 
Conventional heat pipes are mature and commercialized, 
and they show stable, reliable, and energy-efficient operation. 
Unfortunately, commercial heat pipes cannot be used in all 
applications; therefore, researchers are developing custom 
heat pipes. However, these suffer from problems with evapo-
ration and leakage,[183,184] low performance,[165] and shifting of 
operating pressures/temperatures.[161] The main disadvantages 
of heat pipes are their limited optimal operation temperature 
range and, in some cases, the dependency of the thermal per-
formance on the gravity direction.

By contrast, jumping droplet thermal diodes remain in the 
research stage. Because of their high potential rectification 
ratio and high compactness, they are considered promising for 
thermal management. However, challenges remain with the 
stability and degradation of (super)hydrophobic/(super)hydro-
philic surfaces[185] that can reduce the thermal performance 
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during long-term operation. Another challenge is droplet evap-
oration to the surroundings. This can be solved by using her-
metically sealed compartments[181] or filling the compartment 
with a noncondensable gas.[176] Gravitational independence 
could be established by additionally applying an electric field.[81]

Figure  12 summarizes the key points of phase-change 
thermal diodes, and Table S12 in the Supporting Information 
presents additional details.

2.3.5. Shape-Induced Fluidic Thermal Diodes

Thermal rectification can be induced by modifying the geom-
etry of the thermal diode. This mechanism has been success-
fully realized at the nanoscale with solid-state thermal diodes 
(see Swoboda et  al.[37]), however, it has also been theoretically 
evaluated to some extent with fluids.

Solórzano et  al.[186] simulated the flow of a 2D gas of Len-
nard-Jones particles through a sawtooth channel. The channel 
shape affected the heat flux in the forward and reverse direc-
tions, resulting in small thermal rectification. This effect was 
more intense with a low-density gas, where particle–wall colli-
sions outperformed particle–particle collisions.

The thermal properties of fluids were also affected by the 
geometry of liquid crystals. Liquid crystals show anisotropy in 
thermal conductivity. In the nematic state, the molecules have 
an orientational order but not a positional one. When they 
are confined by a flat or curved surface, different topological 
defects form. Escaped radial disclination,[187] one such defect, 
was tested for use in thermal rectification. Melo et  al.[188] pro-
posed a thermal diode based on nematic liquid crystals con-
fined in a capillary tube. The authors numerically simulated 
thermal rectification in a liquid crystal that formed an escaped 
radial disclination defect along the tube. The simulations 
were performed by varying different parameters including the 

molecular arrangement, temperature difference between both 
sides, heat flux, and thermal conductivities. They achieved 
a maximum rectification ratio of RR = 1.035. Further, Silva 
et al.[189] conducted numerical simulations of thermal rectifica-
tion by using a thermotropic nematic liquid crystal confined 
in a conical capillary tube. They achieved a rectification ratio 
of RR = 12.66 owing to the axially anisotropic escaped radial 
disclination defect.

2.3.6. Epicatalytic Thermal Diode

Sheehan and Welsh[190,191] theoretically investigated an epicata-
lytic thermal diode that is based on chemical reactions of an 
epicatalytically active gas with a surface (i.e., gas-surface catal-
ysis). They found that this principle could be used as a heat 
pump. When two different surfaces were positioned against 
each other, the gas concentrations desorbing from epicatalytic 
surfaces differed, resulting in steady temperature differences 
between the two surfaces. However, further investigations are 
needed to thoroughly evaluate this phenomenon.

2.4. Fluidic Thermal Transistors

A fluidic thermal transistor is a three-terminal thermal device 
whose thermal conductivity can be controlled in real time by 
using an external stimulus such as an electric or magnetic field, 
stress, pressure, or chemical reaction. The heat flux between 
the heat source and the heat sink is controlled by the thermal 
properties of the third terminal. This enables switching the 
device between on (conducting) and off (insulating) states. To 
the best of our knowledge, no fluidic thermal transistor has 
been designed and experimentally tested thus far, although two 
theoretical studies have been conducted.

Figure 12. Key points of thermal diodes based on phase change.
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In one study, Murad and Puri[192,193] performed molecular 
dynamics simulations of a conceptual thermal transistor made 
of nanoscale silicon and water regions. The water region would 
be surrounded by four walls, with two opposing walls being hot 
and cold, respectively, and the other two being kept at the base 
temperature. The thermal transistor state would be manipu-
lated by the heat flux between the water and the hot, cold, and 
base walls. The heat flux would be manipulated by the thermal 
resistance of the solid-liquid interface by electrically changing 
the wettability.

In the other study, Melo et  al.[188] proposed a thermal tran-
sistor based on nematic liquid crystals that exhibit nonlinear 
temperature dependence of thermal conductivity. The thermal 
conductivity would additionally be controlled by external elec-
tric and magnetic fields that would switch the thermal tran-
sistor on/off.

The concept of thermal transistors is novel also in the field 
of solid-state TCDs,[37] and further theoretical and experimental 
studies are required to design a fast and efficient device. Such 
devices are expected to find applications especially in thermal 
logic operations in thermal computing.[8,9]

2.5. Summary of Fluidic Thermal Control Devices

The following conclusions can be summarized for fluidic 
TCDs:

•	 Fluidic TCDs are appropriate for a wide temperature range 
and device sizes.

•	 On average, the highest switching ratios were seen in 
adsorption-based gas-gap thermal regulators (up to SR = 
10 000[142]) and mechanically actuated thermal switches (up 
to SR = 1450[45]).

•	 On average, the lowest rectification ratios were seen in 
thermal diodes based on a junction with different fluids 
(RR = 1.4[158]).

•	 Typically, electrically/magnetically actuated thermal switches 
have shorter switching times (τ < 1 s) than mechanically actu-
ated switches (τ > 1 s).

•	 Water is a very useful and ecofriendly fluid that has been 
used in various thermal switches, thermal diodes, and ther-
mal regulators.

•	 Most studies did not report the energy efficiency of differ-
ent thermal switches. This issue must be addressed in future 
studies.

•	 No fluidic thermal transistor has been experimentally tested 
so far.

3. Mechanical Thermal Control Devices

This section provides an overview of macroscopic mechani-
cally actuated TCDs (see Swoboda et al.[37] for solid-state TCDs). 
Heat is transferred between two solid parts (heat source and 
heat sink) via conduction by forming and breaking a physical 
contact. Such thermal devices exploit the main advantages of 
solids, namely, wide application temperature range from high 
temperatures to cryogenic ones, simple shape design and 

manufacturability, different size ranges, wide range of thermal 
and physical properties, changes in properties when exposed 
to external fields (e.g., magnetic, electric, stress, and pressure), 
and nontoxicity of a large number of materials. Such devices 
can achieve higher switching ratios or rectification ratios than 
solid-state TCDs.[37]

A key aspect of heat transfer between two solids in con-
tact that has long been analyzed is the thermal contact resist-
ance.[194] Owing to their surface roughnesses, two bodies in 
contact will only touch at some discrete spots; this affects the 
temperature distribution and limits heat transfer between these 
randomly distributed and shaped spots. Therefore, proper 
thermal contact has to be ensured in all applications to increase 
the thermal performance. Another disadvantage of mechani-
cally actuated TCDs is the use of moving parts that could result 
in noise and vibrations.

Macroscopic mechanical TCDs are divided into three main 
groups: thermal switches, thermal regulators, and thermal 
diodes, as shown in Figure  13. Tables S12–S15 in the Sup-
porting Information show the detailed performance character-
istics of the listed TCDs. To date and to the best of our knowl-
edge, no mechanical thermal transistors have been developed.

3.1. Mechanical Thermal Switches

Mechanical thermal switches require external actuation for con-
trolling the heat flux between the heat source and the heat sink. 
To increase the magnitude of heat flux during the on state, a 
physical contact must be formed between the heat source and 
the heat sink. To decrease the magnitude of heat flux during 
the off state, the physical contact between the heat source and 
the heat sink must be broken. The actuation can be mechanical 
(motion induced by external actuator or motor, pressure, or 
force; see Section 3.1.1.) or electrical (electromechanical effect, 
see Section  3.1.2.). Magnetically actuated mechanical thermal 
switches have not yet been reported, although they are feasible.

The main heat transfer process in mechanical thermal 
switches is heat conduction; in some cases, the change in the 
heat transfer surface area influences heat transfer by radiation 
(see Section 3.1.2).

3.1.1. Mechanically Actuated Mechanical Thermal Switches

Mechanically actuated macroscopic thermal switches require 
an external force or pressure to control the motion of one (or 
several) solid parts. Intermittent contact can be achieved by 
different means, such as external stepper motors,[195] piezo-
stack actuators,[14,196,197] linear actuators,[15,198,199] solenoid actua-
tors,[200] motorized z-stages,[201] linear direct drive motors,[202] 
high-power motors,[203] spindle-drive motors,[204,205] pressure 
change,[52,206,207] or even manually.[208,209] Pressure change[206,207] 
and manual operation[208,209] have been used in cryogenics, 
and motors and actuators have been used at around room 
temperature.[15,201,210] Mechanically actuated thermal switches 
are currently used for thermoelectric energy harvesting,[195,203] 
mechanical power conversion,[14,15,210] caloric energy conver-
sion,[201,211,212] solar energy harvesting,[213,214] and cryogenic 
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cooling.[209,215] Most such switches use linear movement, 
although rotational movement can also be used.[216]

Existing mechanical thermal switches are made of dif-
ferent materials such as copper,[195,209,217] silicon,[201,212,218] 
aluminum,[211] polymers,[15] and shape memory alloys 
(SMAs)[202,204,205] that enable high thermal conductivity during 
the on state. Further, they have geometrical forms like films, 
foils, or plates to minimize the thermal mass and reduce the 
thermalization time.

Cho et  al.[210] reported the minimum switching ratio of 
SR = 2 (τ = 15 ms) with an Si–Si interface, and Westwood[213] and 
Zhao[214] reported the maximum switching ratio of SR = 2008. 
In particular, very high switching ratios were achieved by placing 
a thermal insulator (aerogel sheet) between the heat source 
and the heat sink during the off state and applying a high pres-
sure (10  kPa) during the on state to reduce the thermal con-
tact resistance. The reported characteristic times varied from 
τ = 10 ms[14,218,219] to the order of several seconds.[200]

However, these studies did not discuss the energy efficiency 
(Equation 5) of the mechanically actuated mechanical thermal 
switch itself; instead, they discussed the efficiency of the whole 
device containing the thermal switch. This issue must be 
addressed in future studies.

The switching ratio of mechanically actuated mechanical 
thermal switches is mainly influenced by the thermal contact 
resistance. The thermal contact resistance between two solid 
surfaces can be decreased by increasing the contact pres-
sure[213,214] or adding liquid layer like mercury[14,210,218] or glyc-
erol[15,201] droplets between the surfaces. Cho et  al.[210] demon-
strated the effect of an additional fluid layer between two solid 
surfaces on the thermal contact resistance. They achieved a 
switching ratio of SR = 2 for direct contact between two silicon 
slabs and a greatly increased one of SR = 170 when the sur-
face of one silicon slab was covered with mercury droplets. To 
increase the thermal resistance during the off state, they placed 
the whole device in a chamber and conducted experiments at 
subambient pressures.

Other problems with such switches include the high mass of 
the actuating system, vibrations, noise, and related heat losses/
gains. Slow movement or limited displacement/stroke limit the 
gap size between the heat source and the heat sink, thereby 
indirectly limiting the thermal performance. The complexity 
of design and operation could affect the stability, reliability, 
and life span of the thermal switch. Jahromi and Sullivan[220] 
reported that their piezo-actuated switch operated reliably and 
that its thermal performance did not degrade with time. Weiss 
et  al.[218] reported a piezo-stack actuator with displacement of 
100 µm and repeatability of ±2 µm.

In cryogenics, where special care must be taken to prevent 
frictional and other internal heat generation, a pressurized 
bellows whose gas pressure is driven by a moving piston was 
found to be the best option.[207]

Figure 14 summarizes the key points of mechanically actu-
ated mechanical thermal switches, and Table S12 in the Sup-
porting Information presents additional details.

3.1.2. Electrically Actuated Mechanical Thermal Switches

Electrically actuated mechanical thermal switches exploit elec-
tromechanical effects.[221–223] This effect produces a change in 
shape or size when a material is subjected to an external voltage 
or electric field. In a thermal switch, this effect is used to con-
trol the thermal contact between the heat source and the heat 
sink. Under an applied voltage (on state), the shape or size of 
the material changes, leading to thermal contact; without the 
voltage (off state), the material returns to its original shape or 
position and disconnects the thermal contact. However, Driesen 
et al.[224] reported a bistable switch structure in which both the 
on and off positions of the switch required power supply.

Such thermal switches are made of materials with high 
thermal conductivity. Chen et  al.[225] designed the first nanoe-
lectromechanical thermal switch by using suspended graphene. 
The authors demonstrated reversible electrostatic deflection 
using voltage pulses of ≈1.8. V.

The magnitude of deformation depends on the material. 
For example, in a numerical study, Bradesko et  al.[221] consid-
ered bending a ceramic cantilever upward at up to 40 µm cm−1 
under an external bias of U = 18 V. Similarly, Almanza et al.[222] 
observed a deflection of d  = 1000  µm in a polypropylene film 
under a bias of U = 300 V. Further, Kim et al.[223] deflected gold 
beams by d  = 30  µm under U  = 140  V, and Driesen et  al.[224] 
deflected nickel plates by d = 40 µm under U = 0.19 V.

The switching ratio of electrically actuated mechanical 
thermal switches varied from a minimum of SR = 1.8 (charac-
teristic time of the order of seconds) for aluminum film[229] to a 
maximum of SR = 1000 (characteristic time of the order of sec-
onds) for polypropylene film.[222] However, theoretical models 
show that the switching ratio can potentially be increased 
up to SR = 1 000 000 using a gold film, as reported by Keum 
et al.[227] The characteristic times varied from τ = 1 ms for a gold 
film[228] to the order of several seconds for an aluminum film 
(SR = 1.8).[229]

Thermal switches based on the electromechanical effect 
have been used for caloric energy conversion,[221,222,230] thermal 
management of atomic clocks,[223] thermoelectric cooling,[228] 

Figure 13. Organization of mechanical thermal control devices.
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electronics cooling,[227] and outer space applications.[226,229] 
They are mainly used for electrocaloric refrigeration, where 
the materials show both the electromechanical and the elec-
trocaloric effect.[221,222,230] Figure  15 shows the operation of a 
thermal switch in an electrocaloric device, as proposed by Ma 
et  al.[231] The electrocaloric material is positioned between the 
heat source and the heat sink. When the electric field is turned 
on, the electrocaloric material heats up owing to the electroca-
loric effect and simultaneously deflects toward the heat sink. 
As the electrocaloric material is hotter than the heat sink, it 
loses heat to the heat sink (process 1). When the electric field is 
turned off, the electrocaloric material cools down owing to the 
electrocaloric effect and simultaneously deflects toward the heat 
source. As it is colder than the heat source, it absorbs heat from 
the heat source (process 2). Repeating these processes transfers 
heat from the heat source to the heat sink, thus acting as a heat 
pump.

Electromechanical thermal switches are commonly used in 
outer space applications. During the off state, the heat transfer 
surface area is covered with electromechanical louvers or canti-
levers[226,229,232] that isolate the heat transfer surface from outer 
space. During the on state, the applied voltage actuates to open 
the louvers or cantilevers and exposes the heat transfer surface 
to outer space, thereby increasing the magnitude of heat flux.

A very important advantage of electrically actuated mechan-
ical thermal switches compared to mechanically actuated ones 
is the smaller size of their actuating system that enables the 
design of more compact devices. The applied electric field or 
voltage allows very precise control of the operation. How-
ever, the applied currents, electric field strengths, or volt-
ages must be very high in some cases (e.g., U  = 400 V[229] or 
E = 66.7 MV m−1[231]). Therefore, appropriate precautions must 
be taken to prevent electric shocks and to shield electric fields 
in accompanying devices. Further, the breakdown voltage of 
the device material must not be exceeded. Finally, the overall 
thermal performance of the switch can be reduced by Joule 
(resistance) heating and thermal bridges; therefore, the attach-
ment position of the cantilever must be insulated.

Previous studies have not discussed the thermal hysteresis of 
on/off switching. Keum et al.[227] did not observe any electrical 
or mechanical hysteresis with up to 30 cyclic deformations of 
a gold film. Ma et al.[231] reported stable operation without any 
performance degradation of a polymer sample subjected to 
30 000 deformation cycles.

Such thermal switches have very low power consumption. 
Specifically, Ma et al.,[231] Driesen et al.,[224] and Slater et al.[233] 
reported power consumption of 0.02 W, 1 W, and 500 nW, 
respectively.

Figure 14. Key points of mechanically actuated macroscopic solid state thermal switches.

Figure 15. Thermal switch made of a material that exhibits both the electromechanical and electrocaloric effects. Adapted with permission.[231] Copyright 
2017, The American Association for the Advancement of Science.
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Unfortunately, most previous studies did not discuss the 
energy efficiency (Equation  5) of the switch itself; instead, 
they reported the efficiency of the whole device containing the 
switch.
Figure 16 summarizes the key points of electrically actuated 

macroscopic solid-state thermal switches, and Table S13 in the 
Supporting Information presents additional details.

3.2. Mechanical Thermal Regulators

The thermal resistance in macroscopic mechanical thermal 
regulators is driven by temperature change that affects the 
size or shape of one (or several) solid parts. Such thermal 
regulators make use of the thermal expansion of different 
materials[234–236] (Section  3.2.1.) or the phase transition in 
SMAs[237–239] (Section  3.2.2.). In these thermal regulators, the 
thermal resistance changes drastically at around the critical 
temperature of the material used. At this critical temperature, 
a desired elongation is achieved in the thermal regulators via 
thermal expansion. In SMAs, the critical temperature repre-
sents the material’s phase change.

3.2.1. Thermal-Expansion-Based Thermal Regulators

This section describes mechanical thermal regulators that 
expand or contract during heating or cooling but are not con-
sidered SMAs. This phenomenon has already been widely 
realized with a combination of two metals, such as in bime-
tallic strips, bearings, sensors, or thermometers.[240] How-
ever, it can be also used for forming or breaking a thermal 
contact between a heat source and a heat sink separated by 
a gap.

During the on state, the regulator’s length or volume 
increases to form a thermally conductive path between 

the heat source and the heat sink. During the off state, 
shrinkage of the material’s length/volume breaks this ther-
mally conductive path. The material’s expansion depends 
on the temperature change and linear/volumetric thermal 
expansion coefficient. Most metals have a linear thermal 
expansion coefficient of the order of 10−6 K−1 at 293 K[241] 
(e.g., that of copper at 293 K is 17 × 10−6 K−1[241]). Some ther-
moplastics have linear thermal expansion coefficients of the 
order of 10−4 K−1.[242] Studies have reported typical length 
changes of the order of micrometers (e.g., Δd = 130 µm for 
aluminum[235]).

Thermal-expansion-based thermal regulators have been 
made using different materials or their composites, such as 
copper/Teflon,[243] stainless steel/beryllium,[45] thermoplas-
tics,[11,244] and silica/germanium.[245,246] Further, they have 
mainly been used for cryogenics[234,235,243] and outer space 
applications.[11,244,247] One interesting high-temperature applica-
tion (up to 700 K) is thermal computing.[9,246]

Studies have reported switching ratios ranging from a min-
imum of SR = 1.09 (high-temperature applications[246]) to a 
maximum of SR = 5000 (cryogenic applications[235]). Further, 
reported characteristic times are of the order of several min-
utes.[239] The characteristic time shows hysteresis between the 
on/off and off/on processes; for example, characteristic times 
of 45 and 18  min, respectively, were reported for a cryogenic 
device.[234]

3.2.2. SMA-Based Thermal Regulators

Shape memory materials (SMM) are mainly divided into SMAs 
and shape memory polymers (SMPs). They are used in various 
applications; in particular, they are used as microactuators in 
MEMS.[248] SMA actuators can also be used as thermal regula-
tors as they can form or break a mechanical thermal contact 
between a heat source and a heat sink.[237–239] The thermal 

Figure 16. Key points of electrically actuated macroscopic solid state thermal switches.
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contact can be formed/broken in two ways: one-way or two-way 
actuation.[248] In one-way actuation, the SMA remembers its 
shape/size in the austenite phase (higher temperature); there-
fore, an external force is needed to return it to the martensite 
phase at a lower temperature.[249] Usually, pull-back springs are 
implemented in one-way actuation.[249] In two-way actuation, 
the SMA remembers its shape in both the austenite and the 
martensite phases.

Studies have reported thermal regulators based on a nickel 
and titanium alloy combined with either copper,[238] iron,[239] or 
graphene.[250] These regulators are used for cryogenics[237] and 
outer space applications.[239] This principle can be further com-
bined with other TCDs, such as a heat pipe.[239]

As mentioned above, such regulators are used for outer 
space applications. Radiators on satellites are used to reject 
internally generated heat to outer space. However, this can 
occur effectively only when the sun does not radiate on 
the radiator. Therefore, a satellite usually has two radiators 
located on opposite sides so that at least one is not in shadow 
at a given time. Matovic et  al.[251] proposed positioning 
flower-shaped shadowing elements on the satellite’s radia-
tors. These elements were made of a thin Ni–Ti actuators 
and were covered by a high-reflectance foil. The closed shad-
owing element covers minimum surface area of the radiator 
at low temperature (shape 1). When the sun’s radiation heats 
up the Ni-Ti actuators inside the shadowing elements above 
their transition temperature (323 K), their shape deforms 
such that shape 2 covers a 10 times larger surface area of the 
radiator than before. When the sun’s radiation decreases and 
the shadowing element cools down, their shape returns to 
the previous one.

For SMA-based thermal regulators, studies have reported 
switching ratios ranging from SR = 54[250] to SR = 2070 
(τ = 10 s).[252] Further, characteristic times for on/off and off/on 
switching were usually of the order of several minutes,[237,244] 
with the fastest one being τ = 10 s.[252] The switches withstood 
over 50.000 cycles without a significant degradation of their 
parameters.[250,251]

3.2.3. Summary and Comparison of Mechanical Thermal 
Regulators

The main advantage of mechanical thermal regulators is that 
they do not require an external actuating system. This is also 
their main disadvantage, because their operation cannot be con-
trolled precisely. The temperature-dependent thermal expansion 
and phase transition exhibit thermal and mechanical hysteresis 
that degrade the thermal performance of such regulators. To 
improve the thermal performance of these regulators, they must 
be designed for reliable, stable, and reversible operation.

Dietrich et  al.[11] designed thermal-expansion-based thermal 
regulators for outer space applications and demonstrated their 
reliable and stable operation through long-term cyclic operation 
tests (continuously for more than 100 days) and shaker tests. 
The regulator was made of a composite of ultrahigh-molecular-
weight polyethylene and thermoplastics. The authors achieved 
a switching ratio of SR = 219 and a characteristic time of the 
order of several minutes for critical temperatures of 237–220 K.

Thermal-expansion-based and SMA-based thermal regulators 
can suffer from similar problems. Benafan et  al.[239] performed 
comprehensive measurements of such regulators. They observed 
a temperature shift of ≈1 K between the phase change for the 
heating and cooling processes. Authors also tested the reversi-
bility and stability over more than 30 operation cycles. The revers-
ibility of the strokes was improved by a biased actuation system 
(spring). The authors noticed that the first three cycles were 
required simply for the stabilization of the material response. 
The device operation was subsequently stable and reversible.

The fatigue of SMA has been widely studied in the recent 
years; it has been found that the number of cycles strongly 
depend on surface,[253] prestrain conditions,[254] operating con-
ditions,[255] heat treatment during thermal cycling,[256] and 
material inclusions.[257] For example, a NiTi alloy sample with 
low inclusion rate withstands 107 cycles.[257]

Figure 17 summarizes the key points of thermal-expansion-
based mechanical thermal regulators, and Table S14 in the Sup-
porting Information presents additional details.

Figure 17. Key points of mechanical thermal regulators.

Adv. Electron. Mater. 2021, 7, 2000623



www.advancedsciencenews.com
www.advelectronicmat.de

2000623 (22 of 30) © 2020 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

3.3. Mechanical Thermal Diodes

The magnetization of magnetic materials changes at the Curie 
temperature. This effect has been used in thermomagnetic gen-
erators to produce electricity.[258] It can also be used to realize 
a TCD. This effect is an internal one, that is, no external mag-
netic work is performed; therefore, we considered these devices 
as thermal diodes. To the best of our knowledge, magnetically 
actuated mechanical thermal diodes were mainly used in ther-
momagnetic generators.[259–262] Further, Bulgrin et  al.[263,264] 
evaluated only thermal diodes without applying any device 
principles.

Thermomagnetic generators consist of a magnetic material, 
a heat source, a heat sink, a permanent magnet (attached to 
the heat source), and, usually, a piezoelectric actuator. In the 
initial position, the magnetic material is magnetized and is 
therefore attracted to the permanent magnet. It moves toward 
the permanent magnet and makes contact with the heat 

source. When the temperature increases to the Curie temper-
ature, a transition occurs that leads to decreased magnetiza-
tion in the material, in turn decreasing the attractive forces 
between the magnetic material and the permanent magnet. 
Therefore, the magnetic material moves toward the heat sink 
and rejects heat. As the temperature is decreased, the magnet-
ization again increases and the magnetic material is attracted 
to the permanent magnet and the heat source. In a cyclic pro-
cess, the magnetic material shows oscillatory motion as it is 
heated and cooled and it transfers heat from the heat source 
to the heat sink.

If the temperatures of the heat source and heat sink are 
reversed, the magnetic material does not move because its 
magnetization does not change. Consequently, the heat transfer 
is minimal.

Chung et al.[261] reported that the maximum voltage response 
of a Gd-based harvester was 16.6 mV for a temperature differ-
ence of 25 K between the heat source and the heat sink. The 

Table 1. Overview of most important features of fluidic and mechanical thermal control devices (TCDs) (+: agree, ++: strongly agree, -: disagree and 
– -: strongly disagree).

Feature Fluidic TCD Mechanical TCD

Thermal switch Thermal regulator Thermal diode Thermal switch Thermal regulator Thermal diode

High switching ratio (a)rectification 
ratio)

++ ++ + ++ ++ /

High thermal conductivity during on 
state (a)forward direction of heat flux)

++ + + ++ ++ +

Low thermal conductivity during off 
state (a)reverse direction of heat flux)

++ - - + + +

Short switching time (a)response 
time)

++ - - + - +

Can operate at low temperatures 
(T < 200 K)

++ ++ + ++ ++ /

Can operate at high temperatures 
(T > 400 K)

+ ++ + + + /

Can operate near room temperature ++ ++ ++ ++ ++ ++

Passive operation (no energy input 
required)

– ++ ++ – ++ ++

Low mass of the whole device + ++ ++ + + +

Small size: µm–nm scale ++ + + + + +

Can operate independently of gravity - + ++ + ++ ++

Can operate with small temperature 
bias ΔTbias < 1 K

+ - - + - +

Low processing and material costs – + - - - +

Simple design - + + - - +

Long-term cyclic stability ++ + + + - +

No moving parts - ++ ++ - - -

Long life span + ++ ++ + + +

No difference between on/off and off/
on characteristic time

+ - - + - -

Some devices are commercialized + + ++ + ++ -

Do not require toxic or dangerous 
fluids/solids

+ + + + + +

a)Feature of the thermal diode.
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characteristic time for moving the magnetic material from 
one position to the other and back was τ = 1.7 s.[261] However, 
they did not discuss the rectification ratio and other thermal 
parameters.

Bulgrin et al.[263] attached a magnetic material to a spring 
to enable it to return to the initial position. Authors set 
the temperature of the heat sink to 273 K and varied that 
of the heat source between 273 and 523 K. Although the 
Curie temperature of the 100-µm-thick Gd foil was 293 K, 
they could tune the gap size and mechanical properties of 
the spring. The characteristic time for a complete cycle was 
τ = 20 ms.

The main problem of mechanical thermal diodes in this 
application is that the operating temperature is fixed and is 
tuned mostly by the selection of the magnetic material. The 
temperature difference must be high to achieve the desired 

magnetization change for moving the magnetic material. This 
limits the heat transfer. The force that compresses the magnet 
and the heat source/sink is small; therefore, the high contact 
resistance additionally degrades the thermal performance.

Table S15 in the Supporting Information presents additional 
details.

3.4. Summary of Mechanical Thermal Control Devices

The following conclusions can be drawn for mechanical TCDs:

•	 The thermal contact resistance between the solid/solid inter-
face plays a very important role in the performance of me-
chanical TCDs; however, it can be reduced by the addition of 
a liquid layer or high contact pressure.

Table 2. Desired or expected parameters of some applications where the TCD devices are implemented (TD: thermal diode, TS, thermal switch, TR, 
thermal regulator, TT, thermal transistor, f, frequency, Tad, adiabatic temperature change).

Technology Potential type of TDC Temperature bias of a TCD [K] Desired/Expected Frequency of  
operation of a TCD [Hz] /cycle time

Temperature range of  
applications [K]

Refrigeration and heat pump 
caloric technologies

TS, TD 0 < Tbias < ΔTad 10 < f < 100 Hz 150-350

Energy harvesting by Caloric 
technologies

TS, TD 0 < Tbias < ΔTad 10 < f < 100 Hz 330–450

Cryogenics by Caloric 
technologies

TS, TD 0 < Tbias < ΔTad 10 < f < 100 Hz, e.g., for continuous  
liquefaction of fuels;

<<1 Hz cooling of sensors

0–120

Peltier cooler/heat pump TSa), TDb) TS: 0 < Tbias < ΔTfluctuation;
0 < Tbias < ΔTsink-source/2

<10−3 Hz
continuous operation or <10−3 Hz

120–350

Thermoelectric (Seebeck) power 
generator

TSa), TDb) TS: 0 < Tbias < ΔTfluctuation;
0 < Tbias < ΔTsink-source/2;

TD: 0 < Tbias < ΔTsink-source;

Internal combustion exhaust gasses
(<1 Hz);

Cylinder/motor block (20 to 200 Hz);

Concentrated solar (< 10−3 Hz);
Continuous operation in energy harvesting 

from nonfluctuating sources

Fluctuating source from 420 
– 1000;

Fluctuating source from 650 to 
720 or smaller difference);

420–1300;
305–1300

High temperature thermal storage 
(sector coupling, industry, waste 
heat energy conversion)

TS 0 < Tbias < ΔTfluctuation Seasonal, daily, minutes >320–650

Thermal storage in building 
sector

TS 0 < Tbias < ΔTfluctuation Seasonal, daily, <330

Thermal management of the 
power train

TS, TT, TD 0 < Tbias < ΔTfluctuation

0 < Tbias < ΔTsink-source/2
Motor (winding, cage) minutes

Batteries
320–420
280–320

Thermal computing All TCDs 0 < Tbias < ΔTfluctuation 10 GHz < f < 1 THz 290–320

Building envelope TS, TD 0 < Tbias <ΔTfluctuation

0 < Tbias < ΔTsink-source/2
Windows (hourly/daily)

External wall (hourly/daily)
250–320

Clothing TS, TD 0 < Tbias < ΔTfluctuation

0 < Tbias < ΔTsink-source/2
Hour, minute, seconds 0–1300

Land (Earth) transport vehicle 
body

TS, TD, TT 0 < Tbias < ΔTfluctuation

0 < Tbias < ΔTsink-source/2
Hour, minute, seconds, 230–340

Space missions (vehicle bodies) TS, TD, TT 0 < Tbias < ΔTfluctuation

0 < Tbias < ΔTsink-source/2
Hour, minute, seconds, miliseconds 0–2300

Atomic clocks All TCDs 0 < Tbias < ΔTfluctuation <Seconds 230–320

Biosensors TS, TD, TR 0 < Tbias < ΔTfluctuation Seconds Organism temperature

a)Fluctuating temperature of heat source or heat sink; b)To manipulate the heat flux at the end of p–n legs
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•	 On average, the highest switching ratios were experimentally 
achieved for thermal-expansion-based thermal regulators (up 
to SR = 5000[235]).

•	 The lowest switching ratios were experimentally achieved 
with electrically actuated thermal switches (down to 
SR = 1.8[229]).

•	 Typically, mechanically and electrically actuated thermal 
switches enable very short switching times of the order of 
milliseconds.

•	 Most studies did not report the energy efficiency of the differ-
ent types of thermal switches. This issue should be addressed 
in future studies.

•	 Mechanical TCDs are appropriate for a wide temperature 
range and device sizes.

4. Conclusion

This paper reviews the state-of-the art of fluidic and mechanical 
TCDs that are expected to be used in future thermal manage-
ment applications. It aims to provide key information about 
the physical background, applied materials, operation princi-
ples, and thermal characteristics required to design a TCD for a 
specific application. This area has seen intensive studies; non-
etheless, novel approaches could possibly realize unique TCDs 
with outstanding performance in the future.
Table 1 provides a comparative overview of the characteristics 

of different fluidic and mechanical TCDs. This comparison is 
generalized because the operating mechanisms can differ greatly 
even within the same group of thermal switches, thermal regula-
tors, or thermal diodes. A particular advantage or disadvantage is 
noted based on the reported experimental results for TCDs.

Fluidic and mechanical TCD are already established devices, 
while solid-state TCD have lately received increased attention 
due to the recent advances in the field.[37] Solid-state phe-
nomena exhibit high potential for thermal control, especially at 
the nanoscale. The performance of solid-state TCD is typically 
lower than in fluidic and mechanical devices. However, they 
present unique advantages like no need of moving parts, reli-
able operation, and scalability. This field could bring exciting 
opportunities in the area of thermal computing[8,9,265–267] and 
energy management, conversion and storage.[268,269] A gen-
eral comparison of fluidic and mechanical TCD with solid-
state devices is shown in Table S1 in Supporting Informa-
tion. Future studies of fluidic and mechanical TCDs should 
verify promising numerical results through experiments, pro-
duce devices with different dimensions and different geom-
etries, and discover new operation principles and materials for 
increasing the switching (rectification) ratio and decreasing the 
switching (response) time. Further, because most TCDs are 
used in thermal management applications, their energy effi-
ciency (Equation  5) should be determined. Other important 
parameters that can be considered include the life span, cyclic 
stability, environmental impact, and, in the case of further com-
mercialization, the technology readiness level, production costs, 
and manufacturing complexity. Recent developments in rapid 
prototyping for electronics, MEMS, and microfluidics[270,271] 
have provided various new possibilities for manufacturing 
TCDs relatively inexpensively.

On the one hand, most of the applications require of TCD 
with the highest possible switching or rectification ratios for 
improved system performance. On the other hand, the desired 
operating frequencies (response times) of TCD must be also 
known to determine the area of applicability. In Table 2 we have 
listed the desired or expected requirements of some technolo-
gies that could benefit greatly from TCD.

Overall, previous studies in this field have made numerous 
breakthroughs and developed and tested promising principles 
for benefiting thermal management applications of the future. 
The information reviewed and summarized in the present 
paper should motivate and inspire researchers to make further 
advances and innovations in the field of TCDs. These can cer-
tainly be achieved through complementary-interdisciplinary 
research collaboration between different research domains and 
different research groups.
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