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Abstract
Heating plays a vital role in science, engineering, mining, and space, where heating can be achieved via electrical, induc-
tion, infrared, or microwave radiation. For fast switching and continuous applications, hotplate or Peltier elements can be 
employed. However, due to bulkiness, they are ineffective for portable applications or operation at remote locations. Minia-
turization of heaters reduces power consumption and bulkiness, enhances the thermal response, and integrates with several 
sensors or microfluidic chips. The microheater has a thickness of ~ 100 nm to ~ 100 μm and offers a temperature range up to  
1900℃ with precise control. In recent years, due to the escalating demand for flexible electronics, thin-film microheaters 
have emerged as an imperative research area. This review provides an overview of recent advancements in microheater as 
well as analyses different microheater designs, materials, fabrication, and temperature control. In addition, the applications 
of microheaters in gas sensing, biological, and electrical and mechanical sectors are emphasized. Moreover, the maximum 
temperature, voltage, power consumption, response time, and heating rate of each microheater are tabulated. Finally, we 
addressed the specific key considerations for designing and fabricating a microheater as well as the importance of micro-
heater integration in COVID-19 diagnostic kits. This review thereby provides general guidelines to researchers to integrate 
microheater in micro-electromechanical systems (MEMS), which may pave the way for developing rapid and large-scale 
SARS-CoV-2 diagnostic kits in resource-constrained clinical or home-based environments.
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1 Introduction

James Prescott Joule established the first research on resis-
tive heating in 1841. The proposed method was not vali-
dated until Michael Faraday submitted his findings in 1849 
and further led to acknowledgement in the Royal Society, 
London (Joule 1841). The overarching goal of the heaters 

is to set up a suitable heating environment for the device 
with precise temperature controlling process. Heaters put 
forth several applications in the field of science, engineering, 
mining as well as in space. Though convenient supporting 
facilities accompany heaters, the conversion rate and heater 
size do not meet expectations (Li et al. 2018). Additionally, 
sensors, MEMS, wearable electronics, and point-of-care 
(POC) DNA amplification devices enhance the requirement 
of a miniaturized heater. Moreover, the downscaling of heat-
ers results in reduced thermal mass and power consumption, 
which allows faster response times, higher temperatures, and 
engenders battery-driven technology (Spruit et al. 2017).

A microheater is a miniaturized heating system that gen-
erates heat through Joule heating, ultrasonic, or radiative 
heating. The temperature of the microheater depends upon 
multiple physics, including electrical, mechanical, and ther-
mal, as well as material properties and geometric designs 
(VanHorn and Zhou 2016). The resistive microheater fila-
ment has a thickness of ~ 100 nm to ~ 100 μm. In the early 
times, metallic microheaters are widely utilized. However, 
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in high-temperature applications, microheaters need to be 
supported or enclosed with very high thermal-resistant 
ceramic materials (VanHorn and Zhou 2016). Thus, the 
microheater heating materials changed from metallic to 
metal-ceramic brittle materials. The microheater possesses 
the characteristics of low power consumption, fast thermal 
response, good heat confinement, good mechanical stability, 
and good fabrication yield. The integration of microheat-
ers in microdevices possesses several applications such as 
gas sensors, actuators, biomedical testing devices, electron 
microscopes (Zheng et al. 2017), pressure anvil cells (Weir 
et al. 2009), and enhancing fiber heaters (Kalachev et al. 
2005; Nicolau et al. 2005). Other potential uses include 
fuel cell heat sources (Ramousse et al. 2009), electronics 
and substrate heating (Zhang et al. 2010), RF applications 
(Liu et al. 2006; Yeh and Yang 2020), micro tube-heaters 
for small volume gas heating, high power micro-furnace 
with optional tube extension, fiber optics (Liu et al. 2017; 
Russo et al. 1984), ideal for long aspect ratio/very small 
diameter pieces, igniters (Zhang et al. 2016), microplate 
heaters, material testing and characterization, thermal prop-
erty measurements, SEM/TEM/AFM, gas/vapour heaters/
converters, and thin-film preparation (Kalachev et al. 2005). 
Microheaters are also employed in micro-ignition for micro 
propulsion systems and micro explosive boiling sensors. 
Furthermore, microheaters are widely implimented in 2D 
and 3D printing systems such as inkjet printing, thermal 
printing, point-of-sale (POS) printer, and selective heat 
sintering (SHS). The uniform temperature distribution 
in the heating area and the short response time is crucial 
while integrating with ultrasensitive temperature-dependent 
devices and measurements (Yu et al. 2017).

In recent years, there is emerging research in the minia-
turization and portability of devices in all industries. As such 
leads to the demand for the integration of microheaters in 
most of the MEMS and microfluidic devices. However, there 
are only a few reviews focused on technological advance-
ments (Bhattacharyya 2014) and the importance of micro-
heater in gas sensors (Li et al. 2018) and biological sectors 
(Jain and Goodson 2011). To the best of our knowledge, 

the different fabrication approaches, temperature control 
modules, and various applications of microheater are not 
reviewed yet. Hence, this review aims to provide a compre-
hensive overview of microheater to develop novel efficient 
microheaters in the future. This review article intended to 
focus on the material, design and fabrication, temperature 
control, and applications of microheater. The shortcomings 
of current microheater technologies are summarised and 
suggested some ideal requirements. We hope this review will 
provide general knowledge to researchers who are interested 
in developing microheaters in any sector, as well as gives a 
better picture on the potential of using the microheaters in 
COVID-19 detection for battling the current pandemic.

2  Heating mechanisms

Generally, the heating system is classified into two cate-
gories: external and internal heating system. The internal 
heating system incorporates heating elements inside the 
microchannel or chamber to control the temperature of 
the fluids (Chon and Li 2014), where the heating elements 
are manufactured via microfabricating process to fit in the 
microscaled channel (Srinivasan et al. 1997). Additionally, 
the conductive ionic liquid facilitates internal heating when 
an AC current flows through the conductive liquid held in 
the co-running channels of microfluidic devices, as shown in 
Fig. 1a. Joule heating is generated that transfers the heat in 
the conductive liquid to the medium. Otherwise, the heating 
can be achieved via exothermic or endothermic reactions and 
chemical or physical processes by the exothermic dissolution 
of  H2SO4 in water, as shown in Fig. 1b (Guijt et al. 2003).

In an external heating system, the working fluids are heated 
in a microchannel with discrete heating elements. Based on 
heat transfer methods, the external heating methods are further 
divided into contact and non-contact heating techniques. Con-
tact type heating involves the heating elements that are either 
clamped or glued on the surface of the channel for transferring 
heat into the working fluids through conduction, as depicted 
in Fig. 2(i). Heat is generated when electricity flows in the 

Fig. 1  Internal heating systems. (a) Microfluidic device incorporated with co-running heating channels (grey) and working sample (black) (de 
Mello et al. 2004), (b) Endothermic/exothermic heater (Guijt et al. 2003) Reprinted with permission from RSC
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high-resistance material as in an electric heater. On the other 
hand, the non-contact heating type allows the transfer of heat 
to the materials through ultrasonic or radiative heating. Thus 
engenders the advancement of wireless heating. The wire-
less microheaters forgo complicated electrical elements and 
wirings in the microheater. Poly dimethyl siloxane (PDMS) 
embedded magnetic nanoparticles generate heat under an 
AC magnetic field to produce a magnetic field, as depicted 
in Fig. 2 (ii) (a). The heat can be controlled by altering the 
magnetic particle and the magnetic field intensity. However, 
the unwanted local aggregation of particles can cause experi-
mental errors (Kim et al. 2010). Similarly, Yeh et al. developed 
a wirelessly activated microheater temperature regulator for 
endo hyperthermia treatment of restenosis. The microheater 
uses an L-C tank circuit for achieving a wireless resonant RF 
heating capability. The microheater was integrated with a 
temperature regulator and an acrylate-based composite cir-
cuit breaker to prevent the device from overheating (Huang 
et al. 2020). Later, a fast, accurate, conductive, and trans-
parent heating system comprised of PDMS microchannels 
was bonded onto a regularly spaced interdigital transducers 
patterned  LiNbO3 piezoelectric substrate as shown in Fig. 2 
(ii) (b). The heat dissipation occurs via vibration damping of 
PDMS induced by piezo-actuated surface acoustic waves (Ha 
et al. 2015).

3  Material

In early times, metal blocks have been widely utilized as 
a heating element. Simultaneously, the requirement of a 
large volume of a metal layer made it expensive and bulky. 
Moreover, metal blocks consume enormous power, and 
space which reduces the portability and integrity of the 
heater in several applications. These drawbacks of heat-
ing elements are addressed with the emergence of micro 
and nanotechnology. However, several factors need to be 
optimised while designing efficient microheaters. First of 
all, the heating element is selected based on the operat-
ing temperature range for the respective applications and 
should possess good homogeneity on the active surface 
(Abdeslam et al. 2020). Furthermore, the material should 
be easy to fabricate and have sufficient width and thickness 
to manage the generated heat. The ideal characteristics of 
a microheater are illustrated in Fig. 3.

3.1  Materials for microheater

Microheaters are generally made of Platinum (Pt), Gold 
(Au), Silver (Ag), Nichrome (NiCr), Nickel (Ni), Tung-
sten (W), Titanium (Ti), Aluminium (Al), Copper (Cu), 

Fig. 2  External heating systems. 
(i) Contact heater (Yu et al. 
2014) Reprinted with permis-
sion from RSC (ii) Non-contact 
heaters. (a) Schematic drawing 
of induction heating based on 
the magnetic nanoparticle-
embedded PDMS (MNP-
PDMS) chip (Kim et al. 2010) 
Reprinted with permission from 
IOP, (b) PDMS chip bonded on 
 LiNbO3 piezoelectric substrate 
(Ha et al. 2015) Reprinted with 
permission from Nature
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graphene (Wang et  al. 2020a), and carbon nanotubes 
(CNT). Moreover, Titanium nitride (TiN), Gallium nitride 
(GaN), Gallium arsenide (GaAs), DilverP1 (alloy of Ni, 
Co, Fe), Polysilicon (Poly-Si), and many metal alloys, etc. 
were also available as heating elements. In contrast, it is 
mandatory to choose an appropriate material with maxi-
mum resistivity for a microheater based on applications 
(Sri Surya Srikanth et al. 2019). The electrical resistivity 
of the heating element should be high in comparison to the 
contact pads so that efficient Joule heating occurs at the 
heater resistor, and the unwanted heat in the contact pads 
can be reduced. For instance, in the work of Guan et al., 
as depicted in Fig. 4a, the electrical resistivity of Ag in 
the contact pad is much smaller than that of the Ti heater 
resistor, and the thermal conductance of Ag is 20 times 
higher than that of Ti, leading to the enormous heating in 
the Ti resistor (Guan and Puers 2010). The high resistivity 
nature of the Ti element leads to high electrical resistance 
for the microheater and the sensor to generate maximum 
heat and sensing temperature, respectively, which plays a 
mighty role in the long term reliability of the microheater 
device and the temperature sensor (Javed et al. 2012).

The most commonly used materials for microheater are 
Pt, Au, Ag, Ti, W, and NiCr. Pt is an ideal material for 
heater and sensor since it has lower density, high electri-
cal conductivity, good specific heat capacity, low power 
consumption, and high heating and temperature sensing 
rates with resistance varies linearly with temperature. It 
also possesses the characteristics of malleable, ductile, 
dense, precious, and least reactive metal (Abdeslam et al. 

2020). However, Pt cannot be deposited effectively on 
the glass substrate. Hence, Cr or Ti was deposited as an 
adhesion layer before Pt deposition. Cr has good adhesion 
characteristics on glass and possesses a high-temperature 
coefficient of resistance of about 4 ×  10–3 °C−1, which guar-
antees a good sensitivity for resistance temperature sensor 
devices. The bottom Cr layer on the glass should be kept at 
a minimum thickness to avoid thermomechanical mismatch 
(Scorzoni et al. 2015). In addition to that, CrN was also 
used as intermediate material between Pt and silicon oxide 
to improve the adhesion, strength, and corrosion resistance 
of the structure. The pair of Cr–CrN and CrN–Pt, as shown 
in Fig. 4b, have similar thermal expansion coefficients that 
lead to good thermal stress resistance (Chang and Hsihe 
2016). Lekshmi et al. analyzed the Pt, W, and Ti micro-
heaters based on the power consumption and temperature 
for the applied voltage. The Pt microheater had shown a 
better trade-off between temperature and power consump-
tion. In contrast, W results in high power consumption for 
generating high-temperature, and Ti possesses low power 
consumption but provides only low temperatures (Lekshmi 
et al. 2018). Whereas, in comparison with Pt, Au, Ag, and 
NiCr materials as heating elements, NiCr is promoted as 
a more suitable material because of its higher electrical 
resistivity (1 − 1.5 ×  10–6 Ωm), high thermal conductivity 
(11.3  Wm−1  K−1), low-temperature coefficient of resist-
ance (TCR), high-temperature stability, high resistance to 
oxidation and do not require any additional adhesive layer, 
which makes the sensor and heater cost-effective. (Rajput 
et al. 2018; Tiwari et al. 2018b).

Fig. 3  Ideal characteristics of a 
good microheater ThermalPhysical Electrical
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Other than the most used materials, polysilicon, CNT, 
Al, Cu, ITO, and AZO/Ag-SnOx/AZO are other materials 
for developing microheaters. In CMOS technology, poly-
silicon is the most suitable microheater material. However, 
the simulation of square grilled-type design revealed that 
the polysilicon heating material generates lower tempera-
tures than the Pt microheater for similar applied potential 
(Das and Kakoty 2015). The efficient metal microheaters 
for CNT synthesis applications can be fabricated via Al or 
Cu alloyed with Ni, as depicted in Fig. 4c. However, fabri-
cating tri-nickel aluminide alloy may be more complicated 
than cupronickel alloy due to the native oxide layer on the 
Al. Hence, cupronickel was preferred over tri-Nickel Alu-
minide (Roy et al. 2019). Because of good linearity, low 
cost, and chemical stability, Al microheaters were employed 
for low-temperature applications (Phatthanakun et al. 2012). 
Li et al. developed an Al/Ti microheater to guarantee long-
life reliability and high heating temperature. In contrast, 
Al cannot cling to a smooth surface like glass or silicon 
wafer. Hence, Ti can be applied as an adhesion layer (Li 
et al. 2017). Nieto et al., on the other hand, utilized PVD 
and laser ablation to fabricate the Al heater directly on a 

soda-lime glass substrate. However, before starting the PVD, 
the glass substrate had to go through a six-step cleaning 
process to enhance adhesion. (Nieto et al. 2017). When 
exposed to the atmosphere, the surface of Al will oxidise, 
which can influence the experimental effects. As a result, it 
should be employed in space either as a propellant with no 
oxidants or encapsulated with other layers to avoid oxida-
tion.(Li et al. 2017). In microfluidics, the COMSOL simu-
lation of the Al microheater depicted the heater was 8.25 
times larger than that of the reaction chamber area. Hence, 
the heater size and dimension must be optimized to reduce 
the power consumption without interfering the temperature 
uniformity (Matviykiv et al. 2018). The use of Indium Tin 
Oxide (ITO) glass, a conductive transparent material that 
generates heat because of its electrical resistance when an 
electric current passes through it (Lin et al. 2011). Due to the 
transparency nature of ITO, cells can be visible; however, it 
lags the reusability (Lin et al. 2007). AZO/Ag-SnOx/AZO 
thin film is also transparent and possesses high thermal dura-
bility, good damp-heat stability, excellent scratch resistance, 
and mechanical flexibility with no deterioration for 10,000 
times of scratching and 1500 times of bending, as shown 

Fig. 4  Different microheater utilized by researchers (a) Ti/Ag micro-
heater heating up to failure (Guan and Puers 2010) Reprinted with 
permission from Elsevier, (b) Cr–CrN, and CrN–Pt based micro-
heater (Chang and Hsihe 2016) Reprinted with permission from 
Elsevier, (c) Optical micrograph of CNT growth structures in AMS 
350  nm process (Roy et  al. 2019) Reprinted with permission from 

MDPI, (d) Change in sheet resistance of AZO/Ag-SnOx/AZO thin 
film as a function of bending cycles (Wang et  al. 2020b) Reprinted 
with permission from Elsevier, (e) liquid metal-based microheaters 
(Jinsol and Jungchul 2014) Reprinted with permission from IEE, (f) 
Liquid microheater with parallel ventilating side-channels to trap the 
air (Zhang et al. 2020) Reprinted with permission from MDPI
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in Fig. 4d. Moreover, it retains high response time, good 
cycle performance, and very high saturating temperature 
compared to ITO heaters (Wang et al. 2020b).

Apart from all these solid material heaters, liquid metal-
based microheaters are available. Liquid metal-based micro-
heater will break due to the development of voids when the 
temperature exceeds 100 °C. Void occurs mainly due to the 
air trapped in the liquid–metal heating channel and the for-
mation of liquid metal oxides. Hence, Jinsol et al. fabricated 
liquid metal-based microheater on PDMS sheets and oxi-
dized silicon wafers, as depicted in Fig. 4e. The performance 
investigation on non-pressurized and pressurized electrical 
contacts revealed that the void formation was noted in non-
pressurized contact, which drastically increases electrical 
resistance and affects the performance and life span of the 
microheater (Jinsol and Jungchul 2014). Though pressur-
ized contact eliminates the issue, it increases complexity and 
power consumption. Later, Zhang et al. designed two parallel 
ventilating side-channels to trap the air, as shown in Fig. 4f 
and circumvent the pressurized contact. This results in the 
formation of a protective layer of Eutectic Gallium Indium 
(EGaIn) oxides, which enhances the mechanical stability 
with higher working temperatures (Zhang et al. 2020). The 
physical, mechanical, optical, and thermal characteristics of 
various microheater materials so far discussed are tabulated 
in Table 1. Different colours are provided to distinguish the 
best (green), good (blue), and average (orange) performance 
material for microheater. Grey coloured materials are mainly 
utilised as adhesion material for Pt and Au, but Cr and Ti can 
also be implemented as microheater material with moderate 
heating efficiency.

3.2  Substrates for microheater

In a microheater chip, the substrate, which touches the 
ground, should possess low thermal conductivity, and the 
substrate acting as an intermediate layer between the heater 
and the heat transfer medium should have high thermal 
conductivity for significant heat transfers to the required 
medium. The various substrate so far investigated by vari-
ous researchers are grouped as shown in Fig. 5. Based on the 
desired application and analysis, rigid, flexible, transparent, 
or non-transparent material will be selected as the suitable 
substrate material. Moreover, the stability and reliability of 
the microheater were also enhanced while selecting a suit-
able substrate. Some of the microheaters fabricated on dif-
ferent substrates are depicted in Fig. 6.

3.2.1  Rigid substrate

Rigid substrates have permanent shape and structure and 
possess high stiffness. One such substrate is sapphire, an 
electrical insulator with good heat sinking characteristics 

and provides reasonably high thermal conductivity (Xu 
et al. 2016). Sapphire wafer substrate was employed for 
non-contact measurement of temperature distribution since 
it possesses good penetration of IR radiation. The poor adhe-
sion between the sapphire substrate and the Au thin-film 
was eliminated via thermal annealing at 400 ℃ (Son et al. 
2015). The microheater on the Si wafer provides better ther-
mal uniformity compared to the PDMS sheet. Moreover, 
microheaters with PDMS substrate consumes high power 
to reach the same maximum temperature on Si wafer and 
can be applied on non-flat surfaces due to their flexibility 
and deformability (Jinsol and Jungchul 2014). The use of 
Pyrex-7740 glass and silica glass as base substrate possess 
lower thermal conductivity and higher electrical resistivity 
than silicon, which leads to heat confinement and engenders 
low power consumption (Guan and Puers 2010; Zhang et al. 
2007). The comparison of different substrates suggests that 
at 320mW power, the microheater on silicon and alumina 
generates only minimal temperature, whereas the micro-
heater on glass achieved nearly 300 ℃ (Prajesh et al. 2019). 
All these studies reveal that the substrate has a vital role in 
providing the desired temperature by limiting heat loss.

3.2.2  Flexible substrate

In the field of microtechnology, flexible substrates find 
abundant applications. Researchers are recently interested 
in using flexible materials in biosensors, fluidic interconnec-
tions, medical implantable, and wearable electronic devices 
for biomedical applications (Engel et al. 2003). Flexible 
circuits were manufactured predominantly using polyim-
ide or polyester due to reduced size, weight, assembly time 
and cost, and improved heat dissipation capability. So, Shen 
et al. mounted a resistive meander copper wire between two 
polyimide films to form a film heater for polymerase chain 
reaction (PCR). The use of flexible polyimide membrane as 
substrate reduced the thermal mass and heat loss and provid-
ing a faster thermal response (Shen et al. 2005). When a cer-
tain amount of heating power was applied to the polyimide 
heater, the temperature was quickly redistributed over the 
suspended polyimide membrane. The suspended polyimide 
membrane provides a milli-second scale response time due 
to its small thermal mass (Yu et al. 2017). DuPont Kapton 
RS flexible heaters provide fast response time, puncture-
resistant, and more durable than other heater technologies 
due to their polyimide composition (Rapolu et al. 2018). 
Polyethylene terephthalate (PET) sheets were also be utilized 
as a substrate for flexible heaters due to their poor thermal 
conductivity and high electrical resistivity to achieve excel-
lent heat confinement. The microheaters can be fabricated 
via screen printing and do not necessitate any cleanroom 
facility or etching process maximum operating temperature 
of about 100 ℃ (Tiwari et al. 2018a).
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3.2.3  Improving stability of the microheater

The stability of the heater under ambient condition is one of the 
crucial factors to determine the life span, reusability, and usage 
of microheater in harsh environments. Hence, rigid microheat-
ers are preferred. Additionally, the stability of certain micro-
heaters such as, silver nanowires (AgNWs) based heaters, can 
be improved by coating polymethyl methacrylate (PMMA), as 
depicted in Fig. 7a. The PMMA protective layer reduces corro-
sion and oxidation of AgNW networks. The stability tests, such 
as the accelerating test and  H2S atmosphere treating, showed 
extreme stability with negligible resistance change and no sig-
nificant influence on the transmittance, mechanical flexibility, 
and heating performance (Shi et al. 2018). Similarly, electrode 
oxidation during resistive heating can be prevented by coating 
a thin PDMS layer for rapid heat transfer and providing electric 
and fluid insulation (Lee et al. 2013).

One of the crucial requisites of a microheater is to attain 
high temperature (> = 300 ℃) with minimal power con-
sumption so that it can be battery powered and can integrate 
with a plethora of applications (Sri Surya Srikanth et al. 
2019). Simultaneously, the heater without insulating layers 
provides higher temperatures with low power consumption, 
resulting in thermal stress (Deo 2016). In semiconductor 
and NDIR gas sensors, the microheater should provide and 
withstand high temperature. Poly-Si material heaters, as 
shown in Fig. 7c, are preferred as they have high thermal 
reliability and can withstand more than 400 ℃. Though it 
suffers from oxidation upon heating, depositing a 2000 Å 
thick  SiO2 using plasma-enhanced chemical vapour deposi-
tion (PECVD), followed by partial etching using the buffered 

oxide etchant (BOE), can prevent oxidation (Hwang et al. 
2011b). Additionally, a 2 µm thick  SiO2 layer, as depicted in 
Fig. 7b, protects the whole structure from the environment, 
which elevates the long-term reliability of the device. More-
over, it enhances the mechanical support of microheaters, 
prevents current leakage through the silicon substrate, and 
provides thermal insulation from the environment (Bai et al. 
2019; Jinsol and Jungchul 2014). AlN/3C-SiC materials also 
provide long term stability at high temperatures (Chung 
and Jeong 2010). The coating of the SiN layer on the glass 
substrate possesses good thermal conductivity and a low 
thermal expansion coefficient. Furthermore, SiN offers good 
insulation and can withstand high thermal stress (Chang and 
Hsihe 2016).  SiO2 and  Si3N4 membrane offer high electrical 
insulation; hence, they can provide better isolation from the 
sensing samples (Velmathi et al. 2010). The  SiO2 and the 
 SiNx layer thicknesses were determined in such a way to 
eliminate the residual tensile or compressive stress in gas 
sensing (Moon et al. 2013). In some gas sensors, the  Si3N4 
substrate was employed. However, the adhesion of Pt micro-
heater on the  Si3N4 surface can be improved by depositing a 
thin layer of tantalum pentoxide  (Ta2O5) (Yoon et al. 2012).

4  Microheater design

The design and material of the microheater play a criti-
cal role in enabling low power consumption, low thermal 
mass, effective temperature uniformity across the device, 
and enhanced thermal isolation from the surroundings 
(Velmathi et al. 2010). Similarly, the removal of a big part 

Fig. 5  Classification of the vari-
ous substrate for microheater 
so far investigated by various 
researchers Ceramics

• Alumina
• AlN/SiC
• Si3N4

• ITO

Crystal
• Lithium

niobate

• Sapphire

• Quartz

Polymers
Flexible

• Kapton
• Pyralux
• Polyimide Film
• Polydimethylsiloxane
• Cyclic olefin copolymer
• Polyethylene naphtalate
• Polyethylene

terephthalate

Non-Flexible
• Silicon Chip
• FR-4 PCB

Paper
• Photopaper

Glass
• Schott’s AF

eco glass
wafer

• Borosilicate
glass

• Soda lime
glass

• Pyrex-7740
• SiO
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of the thermal mass under the microheater considerably 
increases the thermal resistance up to 217% on a heatsink 
and 30% in air and decreases the thermal capacitance; 
thereby, the power consumption is reduced (Scorzoni 
et al. 2015). Additionally, the decrease in thickness of 
the microheater increases the resistance, which leads to a 
decrease in power consumption and heating temperature 

(Bedoui et al. 2016). The resistance is extremely depend-
ent on the physical dimensions of the microheater. The 
physical dimensions, such as the length variation of the 
microheater, can be exploited via experimental results 
and the piecewise model. Subsequently, the differential 
temperature change, sensitivity, and response time of 
the microheater were extracted through the Fabry–Perot 

Fig. 6  Different substrates 
employed in microheater (Jinsol 
and Jungchul 2014; Lin et al. 
2011; Petrucci et al. 2015; 
Resnik et al. 2011; Son et al. 
2015; Weir et al. 2009; Yeom 
et al. 2008; Yin et al. 2019; 
Yu et al. 2017) Reprinted with 
permission from IEEE, MDPI, 
Elsevier, AIP, Springer Nature, 
Wiley, and IOP

Flexible Microheater
Substrates

Transparent

Non-transparent

PDMS

PI

Paper

Rigid Microheater
Substrates

Transparent

Non-transparent

Glass

SOI Silicon

Alumina

ITO

Sapphire

Fig. 7  Passive layer depos-
ited microheaters to improve 
stability. (a) Silver nanowires in 
colourless polyimide (cPI) and 
PMMA (Shi et al. 2018), (b) 
 SiO2 deposition on Pt micro-
heater to protect the device 
from the environment (Bai 
et al. 2019) Pictures retrieved 
from Springer Nature, (c)  SiO2 
passivation layer was deposited 
to prevent oxidation of poly-Si 
(Hwang et al. 2011b) Reprinted 
with permission from MDPI
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modulation technique. The results depicted that the 
shorter length microheaters were efficient in power con-
sumption, heat dissipation, and performance (Kaushal and 
Das 2016). The resistance of the microheater is given by

where R is the resistance at the same temperature at which 
� is specified, � is the resistivity of the material (m), l is 
the length of the resistor, and A is the cross-section area 
(width × thickness).

In most of the microheaters, heat is confined to the 
central region that decreases the thermal uniformity. For 
instance, the electrothermal analysis of the four-element 
micro hotplate array results in a more heat concentration  
of 706 ℃ at the central region, whereas the edges only 
possess 224 ℃ (Khanna et  al. 2007). Hence, the uni-
form thermal distribution across the microheater can be 
achieved by maintaining lower resistance in the middle 
region and gradually increases towards both the extreme 
regions. This can be accomplished either by altering the 

R =
�l

A

width of the patterns in the middle region such that more 
resistance at the middle region compared to the edges or 
altering the spacing between the heater wires. Hence the 
arrangement should be less closely packed at the central 
region, and at the edges, it should be more closely packed 
(Li et al. 2017). Similarly, Barman et al. varied the width 
and density of the meander-shaped Al microheater to pro-
vide uniform temperature distribution even in the presence 
of non-uniform thermal insulation (Barman et al. 2018). 
Thereby, Hwang et al. designed a novel microheater by 
optimising parallel meander structure for improved ther-
mal uniformity and achieved over 80% of the uniform heat-
ing area; hence it has high sensitivity and selectivity in 
semiconductor gas sensors (Hwang et al. 2011b).

4.1  Geometry

The microheater design can vary depending on the applica-
tion, from simple wire or line patterns to complex wing-
shaped patterns to provide uniform thermal distribution. 
The various microheater designs so for investigated and 

Fig. 8  Illustrative diagram of dif-
ferent microheater designs so far 
investigated by various research-
ers (Botau et al. 2015; Das and 
Kakoty 2015; Ha et al. 2015; 
Han and Meyyappan 2016; 
Hasan et al. 2016; Holt et al. 
2017; Horade et al. 2016; Hwang 
et al. 2011a; Jinsol and Jungchul 
2014; Kim et al. 2010; Lee et al. 
2013; Nieto et al. 2017; Petrucci 
et al. 2015; Rajput et al. 2018; 
Roy et al. 2010; Ruiqi et al. 
2011; Wu et al. 2009; Yu et al. 
2017; Zhong et al. 2009). (a) 
Inverted C shaped, (b) Rectan-
gular mesh pattern, (c) Lines, (d) 
Plate, (e) Double spiral Square, 
(f) Curved double spiral square, 
(g) Ring-shaped, (h) Square 
grilled, (i) Double spiral, (j) 
Octogen, (k) Circular, (l) Dual 
C, (m) Inverted U, (n) Mean-
der, (o) Meander with rounded 
corners, (p) Dual meander, (q) 
U Dual meander, (r) Wing, (s) 
Hook

Annular Patterns

Box Patterns

Serpentine Patterns

(i) (j) (k) (l)

(m) (n) (o) (p) (q) (r) (s)

(a) (b) (c) (d)

(e) (f) (g) (h)
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fabricated by researchers are illustrated in Fig. 8 (a) Inverted 
C shaped, (b) Rectangular mesh pattern, (c) Lines, (d) Plate, 
(e) Double spiral Square, (f) Curved double spiral square, 
(g) Ring-shaped, (h) Square grilled, (i) Double spiral, (j) 
Octogen, (k) Circular, (l) Dual C, (m) Inverted U, (n) Mean-
der, (o) Meander with rounded corners, (p) Dual meander, 
(q) U Dual meander, (r) Wing, (s) Hook. The meander, fan 
type, and double spiral square microheaters consume low 
power, whereas the meander and double spiral provide bet-
ter temperature distribution. Hence, Velmathi et al. designed 
and fabricated a double spiral square pattern resistive micro-
heater for improving their performance at high tempera-
tures. The spiral square model is more efficient for higher 
temperatures; however, it requires further improvements 
in achieving uniform thermal distribution (Velmathi et al. 
2010). In comparison, the meander structure heater shows 
better thermal distribution than the spiral square model but 
with slightly low temperatures (Lekshmi et al. 2018; Utomo 
et al. 2019). Joy et al. simulated five different microheater 
patterns, namely single meander, double meander, fan shape, 
rectangle shape, and porous structure, to investigate high-
temperature uniformity. The results depict the meander 
structure yields high uniform temperature distribution with 
low power consumption (Joy and Antony 2015). Yu et al. 
compared the temperature distribution uniformity in mean-
der and octagon-shaped microheaters. The well-designed 
octagon-shaped heater on polyimide substrate has a tem-
perature variance of 0.45 ℃ and with a copper island at the 
back provides better thermal uniformity of less than 0.2 ℃ 
difference. It would be much worse than meander-shaped 
microheaters if not properly designed. (Yu et  al. 2015, 
2017). Later, a rectangular mesh patterned microheater was 
designed and performed an electro-thermal characterization 
via the Finite Element Method (FEM) simulation. The simu-
lation showed a non-uniform temperature distribution with a 
hot spot in the middle with a power consumption of less than 
100 mW. (Botau et al. 2015). From the simulation study of 
Gayake et al., the edge loss can be minimized, and the tem-
perature distribution can be improved by adapting circular 
geometry heaters with similar track width and gap width 
(Gayake et al. 2011). The circular geometry investigations 
provide better agreement than the meander design (Petrucci 

et al. 2015). The width of the spiral tracks was modified 
between 12 μm and 8 μm and developed an elliptical shape 
hole at the centre of the spiral heater results in better thermal 
homogeneity at the centre and the extremities. Moreover, the 
current density remains stable over the entire track of the 
heater (Abdeslam et al. 2020). Later, the performance of a 
double spiral heat pad was compared with different struc-
tures, namely Peano, Hilbert, and Moore. The finite element 
analysis suggests that the temperature uniformity of Peano 
order-2 & 3, Moore order-3 & 4, Hilbert order-3 & 4 out-
performed the double spiral heat-pad. Minimum metal con-
sumption is crucial to drastically reduce the heater cost while 
using expensive materials. By considering these, the Peano 
order-2 curve provides better temperature uniformity with 
less metal coil length (Karnati et al. 2019). Subsequently, 
Tiwari et al. designed parallel heater structures with Al, Cu, 
Au, Nickel–Chromium, Pt, Ti, and W materials to generate 
uniform temperature distribution. The Model 1 with similar 
resistance on each parallel strip exhibits overheating in the 
contact pads; hence the model 2 design was reconstructed to 
flow minimum current through the centre and doubled as we 
move away from the centre (Tiwari et al. 2018b).

Moreover, in several applications, the use of a single 
microheater is insufficient due to the requirement of a large 
heating area. Hence, a microheater array is employed that 
comprises an array of microheaters. Initially, 2D micro-
heaters, as depicted in Fig. 9a, were utilized. The lead 
wires in two-dimensional microheater arrays with few 
microheaters do not interfere with each other. Whereas, 
if several microheaters are placed, it may short-circuit 
or requires a large area, or results in complicated electri-
cal connections (Jung et al. 2011). Hence, Horade et al. 
designed a 4 × 4 matrix microheater by providing insula-
tors on the cross-over points, as shown in Fig. 9b, that 
put forth low-cost and can integrate with sensors, actua-
tors, and circuits for biochemical applications (Horade 
et al. 2016). The 3-layer structured microheater array was 
designed and optimized to achieve a compact size and 
improved temperature uniformity. A novel two-state con-
trolling method was adapted for selectively heating each 
heater unit engenders various heating patterns (Bai et al. 
2019).

Fig. 9  (a) 2D 4 × 4 microheater 
array with an enlarged view 
of heater (Jung et al. 2011) 
Retrieved with permission from 
Elsevier, (b) 3D microheater 
array with lead lines are grade 
crossings with overpasses 
(Horade et al. 2016) Retrieved 
with permission from CCSE

(a) (b)

2D Microheater Array 3D Microheater Array
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5  Microheater fabrication

The implementation of the same material and fabrica-
tion technique for microheater, contact pads, and resist-
ance temperature detectors (RTD) sensors will simplify 
the fabrication process, structure, and cost. Similarly, 
Liao et al. fabricated the heater and temperature sens-
ing elements with the same material since it greatly sim-
plifies the fabrication process (Liao et al. 2005). The 
microheaters were fabricated via flexible printed circuit 
board (FPCB) technology (Lee et al. 2019), complemen-
tary metal–oxide–semiconductor (CMOS) technology 
(Reverter et al. 2014), Nickel sulfamate bath (Nicolau 
et al. 2005), sputtering, electron-beam (E-beam) evap-
oration (Holt et  al. 2018), injection molding (Zhang 
et al. 2020), screen printing (Tiwari et al. 2018a), aero-
sol/ inkjet printing (Byers et al. 2019), chemical vapour 
deposition (CVD) (Hwang et al. 2011b), physical vapour 
deposition (PVD), roll coater (Shi et al. 2018), electrohy-
drodynamic printing (Cao and Dong 2019), micro pen and 
laser sintering, surface micromachining (S. E. Moon et al. 
2012), bulk micromachining (Roy et al. 2012), chemi-
cal wet etching (Yeh et al. 2013), and ultrasonic spray 
pyrolysis system. Some of the widely adapted methods 
are illustrated in Fig. 10.

5.1  Physical Vapour Deposition (PVD)

PVD is a vacuum deposition method that can deposit a thin 
layer on the required substrate regarding demands such as 
tribological behaviour improvement, optical enhancement, 
visual/esthetic upgrading, and many other fields (Baptista 
et al. 2018). The illustrative process of PVD is depicted in 
Fig. 11a. The deposition thickness varies from angstrom to 
millimetres. PVD is further classified into thermal evapora-
tion, electron beam (e-beam) evaporation, reactive/activated 
reactive electron beam evaporation, sputtering, filtered cath-
ode arc deposition, ion plating, and pulsed laser deposition. 
Of these, filtered cathode arc deposition, ion plating, and 
pulsed laser deposition were not employed in microheater 
fabrication since it is complex and expensive. The most com-
monly utilized technique is sputtering since it made undeni-
able progress concerning quality and increased deposition 
rate and met the industrial and researchers demands (Silva 
et al. 2002). Moreover, PVD improved the wear and corro-
sion resistance with ease to attain suitable thickness at a high 
or low rate of deposition. The PVD process was applied to 
deposit a thin layer of Au and Ti over the  Si3N4 layer on a Si 
wafer (Ruiqi et al. 2011). While deposition of Al on a glass 
substrate, a six-step cleaning process is required to make the 
glass surface adhesive to Al (Nieto et al. 2017). However, 

Fig. 10  Microheater fabrication 
techniques
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heterogenous deposition may occur due to the non-uniform 
evaporation rate.

Thermal evaporation The thermal energy applied to the 
source material melts and raises the vapour pressure of the 
gaseous plasma in the vacuum environment tends to release 
or collision of atomic particles that condenses or accumu-
late the projected atoms on the substrate (Kiyotaka Wasa 
et al. 2004). In contrast, thermal evaporation has low adhe-
sion, limited to low melting point materials and not possi-
ble to evaporate dielectric materials (Dobrzański and Pakuła 
2005).

E‑Beam evaporation E-Beam evaporation is purely a physi-
cal process that evaporates any material by bombarding elec-
trons of the source material at a high vacuum to release ions 
or molecules for direct deposition on the target substrate 
materials via e-beam power. The plasma generated through 
the collision of atomic size released particles and gas mol-
ecules increases the adhesion of the deposited film to the 

substrate through compression (Holmberg and Matthews 
2009; Mattox 2010).

Reactive/activated reactive electron beam evapora‑
tion Reactive/Activated Reactive Evaporation utilizes 
e-beam and thermal evaporation to overcome the stoichi-
ometry formation in certain refractory oxides and carbides 
during e-beam evaporation. The evaporation is done in 
the presence of reactive gas such as O2, N2, hydrocarbon. 
Hence, oxide layers are deposited.

Sputtering In sputtering, the source material and substrate 
are placed in a vacuum chamber filled with sputtering gas. 
By applying a high potential difference between the source 
and substrate, plasma is generated by the sputtering gas ioni-
zation and bombard the source material to eject atoms. The 
ejected atoms get deposited on the substrate. Efficient depo-
sition occurs when the atomic weight of sputtering gas will 
be nearly equal to the source material. High melting point 
materials can be easily sputtered in low vacuum conditions. 

Fig. 11  Illustrations of the 
microheater fabrication process. 
(a) Schematic of PVD, (b) 
PECVD (Pessoa et al. 2015) 
Reprinted with permission from 
Elsevier, (c) Injection molding 
fabrication processes of liquid 
metal microheaters (Jinsol and 
Jungchul 2014) Reprinted with 
permission from IEEE, (d) 
Schematic of an electrochemical 
cell for the direct electrodeposi-
tion (Augello and Liu 2015) 
Reprinted with permission 
from Elsevier, (e) Illustrative of 
homemade spray pyrolysis sys-
tem (Gharesi and Ansari 2016) 
Reprinted with permission from 
IOP, (f) Illustration of micro-
pen direct writing and laser 
sintering fabrication procedure 
(Cai et al. 2011) Reprinted with 
permission from Elsevier

a) PVD b) PECVD
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Moreover, it provides a better adhesion than evaporation but 
requires high energy (Baptista et al. 2018).

5.2  Chemical Vapour Deposition (CVD)

Polysilicon is suitable for heating elements due to its high 
resistivity. However, it is difficult to deposited by a simple 
electron beam deposition technique. Instead, it has to be 
deposited using a chemical vapour deposition (CVD) tech-
nique, which is expensive (Das and Kakoty 2015). CVD 
is the deposition of a thin film on the substrate through 
the reaction of chemical gas or volatile liquids under the 
application of external activation energy. The illustra-
tion of CVD is shown in Fig. 11b. The CVD provides 
access to large-area, uniform, and continuous deposition 
of a high-quality film with good adhesion without defects 
and impurities but facilitates a low deposition rate (Chen 
et al. 2017). Low-pressure CVD (LPCVD) implies the thin 
film deposition on the heated substrate under the pressure 
range of 0.01–1 torr at any temperature in the reactor. In 
PECVD, the gaseous reactant mixture at 0.1–1 torr pres-
sure generates a glow discharge. The complex reaction 
between the glow discharge plasma and the substrate leads 
to a thin film formation on the substrate (Morosanu 1990). 
In CVD, there are chances of chemical hazards because 
using toxic, corrosive, and explosive precursor gases also 
difficult to deposit multi-component material (Reina et al. 
2009). Moreover, CVD consumes high energy and require 
a very high temperature during the deposition (Gassner 
et al. 2016).

5.3  Electrochemical deposition

Electrochemical deposition is the process of depositing a 
thin and tightly adherent coating of metal, oxide, or salt on 
the desired conductor substrate via simple electrolysis, as 
depicted in Fig. 11d. The electrolytic cell device consists 
of two electrodes dipped in an ionic compound electrolyte. 
The positive ions in the electrolyte get deposited on the 
desired substrate placed at the cathode while passing direct 
electric current. Simultaneously, negative ions migrate to 
the anode and transfer electrons to the electrolyte to make 
it neutral (Rodriguez and Tremiliosi-Filho 2013). Elec-
trochemical deposition is a simple and powerful process 
of depositing nanoparticles on a graphite sheet (Liu et al. 
2010). The deposition thickness depends on the deposition 
time, nucleation potential, concentration of the metal salt, 
etc. (Hsieh et al. 2012). It is a simple and low-cost deposi-
tion process with improved interfacial bonding (Augello 
and Liu 2015). In contrast, the electrochemical deposition 
leads to poor distribution and the large size of nanopar-
ticles that are ineffective for improving the use of active 

metal components. Furthermore, in electrochemical depo-
sition, the insulator material surface cannot be deposited 
(Kakaei et al. 2019).

5.4  Ultrasonic spray pyrolysis system

Gharesi et al. deposited the microheater and sensing pellets  
using the technique called the ultrasonic spray pyrolysis sys-
tem (USPS), as illustrated in Fig. 11e. The  SnO2 layer on the 
alumina substrate is deposited by washing the substrate with 
acetone, rinsed with deionized water, and dried at 150 ℃.  
The piezoelectric transducer in a water-filled tank generates  
aerosol droplets by combining airflow and precursor solu- 
tion of 0.1 M  SnCl2.2H2O in absolute ethanol. The substrate 
is heated at 450 ℃ to deposit the aerosol on its surface. 
The investigations concluded that the non-annealed device 
experiences a 44% increase in resistance in the first 6 days, 
whereas the annealed device has stable resistance (Gharesi 
and Ansari 2016). In USPS, metal–organic precursors in 
organic solvents engender non-cracked homogeneous depo-
sition, making organic solvents are more appropriate than 
aqueous solvents (Rahemi Ardekani et al. 2019).

5.5  Injection molding

Wu et al. developed a novel method to fabricate the micro-
heater without a deposition process. Subsequently, to make 
the microfluidic device inexpensive and disposable, PDMS 
can be applied as a substrate. However, due to the low sur-
face energy of PDMS, it is not easy to pattern metal struc-
ture on PDMS. Hence, the injection molding principle was 
adapted to fabricate the microheater using silver paint. They 
fabricated the microheater inside the PDMS microchannel 
using a soft lithography technique. Initially, the glass sub-
strate is coated and patterned with a SU-8 negative photore-
sist. Then PDMS is poured and heated to generate micro-
grooves on the PDMS. The PDMS cure was carefully peeled 
off and bonded with another PDMS layer through plasma 
treatment. The microchannel was then injected with silver 
paint as depicted in Fig. 11c and heated at three stages to 
evaporate the volatile organics in the silver paint and anneal-
ing the silver particles. Once heated, a thin uniform pattern 
of sintered silver particles forms conductive microheater 
wire inside the PDMS (Wu et al. 2009). Besides, liquid 
metal-based flexible microheaters, such as GaIn and eutectic 
gallium indium based PDMS microheater chips were fabri-
cated using injection molding (Jinsol and Jungchul 2014; 
Zhang et al. 2020).

5.6  Etching

Etching is a crucial process to develop the desired heater 
pattern. It is the process of selective removal of unwanted 
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material regions using suitable etching chemicals. Except 
for the printing process, all other methods deposit a thin 
uniform metal sheet over the substrate. Hence, the unwanted 
material structures should be removed using a suitable etch-
ant. Substrates such as double-sided copper cladded standard 
PCB can be implemented for PCR applications where the 
electrical connections and the microheater can be fabricated 
on the top and the bottom sides via photolithography and Cu 
etching (Tserepi et al. 2013).

5.7  Printing

The printing technique circumvents the material wastage. 
Since this technique prints only the heater pattern, the use of 
etchant is eliminated. Moreover, there will be no requirement 
for a photoresist. Some of the printing techniques adapted 
for microheater fabrication are elaborated as follows.

Aerosol jet printing The sputtering deposition process 
involves the application of expensive and sophisticated 
equipment. Additionally, further modification of structures 
using the same manufacturing process faces difficulties. 
Hence, conventional silicon MEMS fabrication leads to the 
development of ink or aerosol jet printing. The ink is made 
up of suspended metal nanoparticles in the solvent, and the 
printed ink provides a stable microheater that can operate up 
to 500 ℃ after sintering (Vasiliev et al. 2017).

Screen printing Screen printing represents an effective way 
of developing stretchable electrodes on silicon thin films and 
large-scale production (Fasolt et al. 2017). Screen printing 
is the process of transferring a stencilled design onto a flat 
surface using a mesh screen, ink, and a squeegee. Initially, 
a polyester mesh stretched over a frame with a thread count 
of 160–200 Thread Per Inch (TPI) and uniformly coated 
with a mixture of emulsion and sensitizer. The coated 
polyester mesh is kept in a dark place for one hour to dry. 
Then the heater layout is printed with high-resolution on 
a transparency sheet. Subsequently, place the printed side 

of the transparency sheet in direct contact with the screen 
and exposed it to ultraviolet light for 45s. After that, wash 
the screen with water to visualize the heater pattern. The 
screen is filled with metal ink and place on the substrate to 
print. Once printed on the substrate, the microheater chip is 
placed in an oven at 120 ℃ for 15 min (Tiwari et al. 2018a). 
High-temperature stable screen printing inks were utilized to 
fabricate high durable and low-cost microheater for micro-
fluidic devices (Offenzeller et al. 2018). Even though the 
fabrication is simple for screen printing, the requirement 
of long production cycles, low line resolution, high heating 
temperatures after printing, waste of metal paste, and high 
costs for design alterations, especially for low-volume manu-
facturing, paves the way for better alternatives.

Micro‑pen direct writing Micro-pen direct writing involves 
the combination of micro-pen and laser sintering to deposit 
thick-film platinum paste and pattern the deposited film, as 
shown in Fig. 11f. This method facilitates high efficiency 
and saving noble metal paste with high precision. Initially, 
Pt paste was directly written on the substrate using the pen 
head. If the paste is wet, the laser will expand and vaporizes 
the organic material rapidly, engenders damage to the pat-
tern; however, if it's too dry, it is difficult to remove the un-
sintered paste. Hence, the entire substrate is heated at 150 ℃ 
for 10 min with a heating rate of 3 K  min−1. A continuous-
wave laser was then applied to deposit the pattern on the 
substrate, and finally, the un-sintered paste was removed by 
organic solvents (Cai et al. 2011).

6  Automatic temperature control module

Besides design and geometry alterations, the implemen-
tation of an efficient temperature controller impacts the 
uniform thermal distribution across the microheater. For 
instance, Zheng et al. developed 10 Ti lines and achieved 
constant temperature distribution through feedback con-
trol algorithms. The integral resistance feedback control 

Fig. 12  Process involved in the 
automatic temperature control 
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was designed to regulate the input voltage at each Ti line 
to achieve the desired resistance distribution (Zheng et al. 
2017). Hence, the temperature control module is inevita-
ble to analyze and maintain the constant temperature on the 
microheater surface by applying the desired voltage to the 
microheater coil. As depicted in Fig. 12, the automatic tem-
perature control module comprises a temperature sensor to 
sense the microheater temperature, a microcontroller sys-
tem programmed with a dedicated algorithm to calculate the 
desired voltage requirements, and a power output controller 
to deliver the essential voltage to the microheater. As per the 
thermal performance investigation, the heater can effectively 
heat the airflow in the microchannel without any significant 
increase in the chip temperature. Whereas in fluidic flow, the 
heater temperature decreases with the increase in flow rate 
(Nicolau et al. 2005). The temperature uniformity can be 
reached by optimizing the heating power density distribution 
in the heating area (Yu et al. 2017).

6.1  Thermal sensors

In the automatic temperature control module, the thermal 
sensor is the foremost component to sense and provide feed-
back to the control module to facilitate constant temperature 
distribution across the heater coil. Based on the requirements 
and portability, the thermal sensor can be inbuilt within the 
microheater or external.

6.1.1  External auxiliary

During the initial thermal sensing era, the thermal analysis 
was carried out via external equipment like Infra-Red (IR) 

camera. Nowadays, external thermal auxiliaries are utilized 
mainly to calibrate TCR and analyze the heating pattern of 
the microheater. Furthermore, to facilitate microscopic or 
other online monitoring of cell culture activities and dis-
card conventional bulky incubators, Lin et al. developed a 
transparent ITO microheater chip with dedicated tempera-
ture control. The thermal sensing was achieved through IR 
imager, and the sensed signal was sent to the temperature 
controller for processing (Lin et al. 2010). The auxiliaries 
required for external thermal sensors are shown in Fig. 13a. 
Similarly, Son et al. developed a novel method to measure 
the temperature of the microheater through an IR micro-
scope. The investigations on different widths of microheater 
in atmospheric and DI water conditions revealed that there 
was no difference in the temperature (Son et al. 2015). These 
conventional temperature measurements aid a separate ther-
mal sensor, which adds the cost and engender inaccuracy 
(Han and Meyyappan 2016). Furthermore, it limits port-
ability, necessitating the need for integrated TCR.

6.1.2  Integrated TCR 

The TCR reversibly shifts the resistance depending on 
the temperature within the working range that helps 
to sense the temperature of the microheater once cali-
brated. The fabrication cost and procedure of TCR can 
be reduced by using similar materials for integrated TCR 
and the microheater. Kang et al. fabricated Pt T-sensors 
and integrated them into micro gas sensors for thermal 
measure and control. They mainly focused on the cal-
ibration of the Pt sensor by correlating the change of 
electric resistance for the applied power and increase 

Fig. 13  Temperature sensors 
adapted in microheater tem-
perature measurement (Li et al. 
2017; Scorzoni et al. 2014) 
Retrieved with permission from 
Springer Nature and IEEE
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in temperature (Kang et al. 2017). SU8/Rhodamine-B 
thin layer (SRTL) was also sensitive to temperature and 
transparent material that can be coated over the micro-
heater to measure the surface temperature distribution. 
This improves the indirect measurement of microfluidic 
channel temperature since there is no intermediate layer 
(Jung et al. 2011). Later, Guan et al. developed a four-
point probe TCR in double spiral geometry Ag/Ti-based 
microheater on a glass substrate to supply Joule heating 
current and sense the voltage drop. This structure was 
capable of providing 60 ℃ with a low power consump-
tion of 210 nW (Guan and Puers 2010). In addition, the 
power consumption characteristics and the temperature-
dependent resistance of the microheater can be analyzed 
using the similar approach of four-wire resistance meas-
urement (Moon et al. 2013). The 4-wire measurement, 
as depicted in Fig. 13b, precisely determines the voltage 
applied across the heater and used in the thermal time-
of-flight velocity sensor of the microheater (Offenzeller 
et al. 2018; Petrucci et al. 2015).

Thermal sensor calibration  The TCR must be calibrated 
after fabrication to sense the temperature by determining 
the resistance transition. The thermal characterization of the 
microheaters can be accomplished either through the meas-
urement of the TCR or the measurement of thermal resist-
ance and thermal time constant of the device (Scorzoni et al. 
2015). The material which possesses high TCR guarantees 
good sensitivity for resistance temperature sensor devices. 
Pt is suitable for microheater and temperature sensor since 
it can withstand high temperatures, possesses antioxidation, 
lower TCR, and linear coefficient of expansion. According 
to Xu et al., the TCR of tungsten is constant even at high 
temperatures close to the melting point (Xu et al. 2016). 
Zhong et al. microfabricated Ti/Pt heaters with integrated 

RTDs and straightforward “RTD-calibration” by inserting a 
thermocouple into the PCR-well (Zhong et al. 2009).

The temperature sensor is calibrated via thermistors 
and scaling circuitry connected to an analog-to-digital 
converter (ADC) of a PIC24FV16KA302 microcontroller. 
For instance, to determine the TCR of the nano-silver ink, 
four heaters were printed on photo paper and analyzed. The 
setup was implemented with a hotplate, multimeter, and 
thermometer, as illustrated in Fig. 14. The temperature of 
the nano-silver ink microheater was incremented 5 ℃ each 
time and kept for 15 min to heat the printed elements. The 
temperature and the resistance of each heater were then 
noted. The resistance was plotted against the temperature 
and compared with a linear trendline. The trendline TCR and 
the TCR determined for each measurement were calculated 
according to the equation and averaged to get the TCR of 
0.003460093/ ℃ (du Plessis et al. 2017)

where � is the linear TCR, T is the temperature of interest.
Furthermore, initially, there was a slight degradation in 

resistance value after each use. This may be due to the set-
tlement of silver particles during heating and may result in 
decreased resistivity. However, once all the particles settle 
down, there will be no more resistivity changes. Hence, it is 
suggested to anneal the heater before the actual usage to cir-
cumvent the shift in heater resistance (Tiwari et al. 2018a).

6.2  Temperature control systems

In electric heaters, more time is required to reach higher 
steady-state temperatures. The ramp time can be shortened 
by initially driving the heater at a higher voltage. Once the 
specific limit reaches, the desired voltage is set to maintain 
the steady-state temperature (Tiwari et al. 2018a). But this 
technique reduces the thermal accuracy, as the resistance 
may vary depending on time and heat. Additionally, FEM 
simulation is necessary to predict the required voltage to 
drive the heater, and periodic temperature monitoring might 
be required. The usage of thermal control systems can solve 
this issue by using appropriate control algorithms and alters 
the temperature in response to resistance changes. Hence, 
precise temperature with rapid heating can be achieved. 
Some of the widely adapted microheater temperature control 
systems were switching systems, proportional-integral (PI) 
controller, proportional-integral-derivative (PID) controller. 
Additionally, a positive temperature coefficient of resistance 
can be applied to bypass external electrical devices, making 
POCT more portable and economical.

� =
ΔR

ΔRref × ΔT

Fig. 14  Setup to determine TCR of the nano-silver ink microheater 
(du Plessis et al. 2017) Retrieved with permission from SPIE
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6.2.1  Switching system

Closed-loop feedback control with the On/Off function was 
the cheapest control system and offered a rise time of 1.5s. 
The On/Off control initially provides maximum energy 
to increase the temperature of the microheater until the 
temperature is lower than the setpoint. If the temperature 
exceeds the setpoint, it shuts off the current flow. Similarly, 
Nie et al. used a microprocessor pulse-width-modulator 
(PWM) signal, as shown in Fig. 15(i)(c), for the power out-
put control module to regulate the temperature. The power 
output control module turned on/off the voltage to provide 
the desired temperature (Nie et al. 2014). Later, Megayanti 
et al. designed a control system as illustrated in Fig. 15(i)
(a) using AT-Mega 8535 circuit, signal conditioner, cur-
rent controller, LCD, RS-232 serial communication, and 
microheater. The PWM method was adapted for its minimal 
power loss in switching devices. The switching principle was 
applied by controlling the output current of the transistor, 
resulting in high-stability temperature control with short set-
tling and delay period (Megayanti et al. 2016). Subsequently, 
Jeong et al. provided a touch display module-based advanced 
thermal cycle controller for a dual heater using the PWM 
method. Hence, the PCR temperature, time, and cycle num-
ber were loaded using the touch display module for automa-
tion (Jeong et al. 2018). After, Wu et al. developed a micro-
heater integrated with a microthermal sensor and a cooling 
channel for a fast cooling rate, as shown in Fig. 15(i)(b), to 
reduce the PCR testing time (Wu et al. 2009).

6.2.2  Proportional‑Integral (PI) controller

The continuous switching of the On/Off function in the 
switching system leads to temperature oscillations and the 
generation of numerous ripples. Meanwhile, the development 
of the Proportional-Integral (PI) controller, as illustrated in 
Fig. 15(ii), forgoes the temperature oscillation by facilitating 
slow temperature rise while approaching the set-point, result-
ing in a rise time of 7.6s. Subsequently, for low-temperature 
applications, Phatthanakun et al. (2012) developed an alu-
minium microheater and a nickel thermal sensor integrated 
with PI closed-loop feedback temperature control kit for the 
rapid thermal response. The response time is 1.5s faster than 
ordinary PI controllers (Phatthanakun et al. 2012). The fur-
ther improvements in the PI lead to the development of open-
loop to closed-loop switched proportional-integral (OLCLS 
PI) control combines the control strategy of both open-loop 
and closed-loop systems. It initially behaves as an open-loop 
for faster rise time, and then it switched to closed-loop con-
trol. As a result, it possesses a quicker response than the PID 
controller and a similar disturbance handling capability as PI 
(Singh et al. 2018).

6.2.3  Proportional‑Integral‑Derivative (PID) controller

The PID controller also circumvents the ripple formation 
generated in the PWM method. PID controller comprises 
proportional, integral, and derivative action. The propor-
tional controller produces a control action proportionate to 
the error, the integral action removes the steady-state error, 
and the derivative action is applied to decrease the peak 
overshoot and introduce damping (Singh et al. 2018). In the 
On/Off controller, the heating will only be activated if the 
temperature input value goes below the desired temperature 
setpoint value; else remains in an off state. PID controller 
has a similar feedback loop and wiring connections except 
for the latching relays, as depicted in Fig. 15(iii)(a); how-
ever, it initially retrieves the temperature data and feed into 
the PID sub-program, which determines the deviation error, 
thereby computes and control the output signal. To achieve a 
steady output signal in the microheater, PWM was utilized. 
Both the on/off and PID controllers provide good control 
accuracy; however, the PID controller does not require any 
adjustments whenever the set-point values were modified 
(Zainal Alam et al. 2014).

Later, Mirasoli et al. developed an electronic circuit 
based on (Lovecchio et al. 2015) and performed tempera-
ture control through the PID algorithm. The electronic 
board drives the heater by comparing the amorphous sili-
con (a-Si:H) diode voltage with its corresponding setpoint 
temperature until the setpoint was reached (Mirasoli et al. 
2018). Later, Angus et al. monitored the temperatures on the 
heater surface, and the feedback was fed into the Arduino 
Uno microcontroller, in which the PID controller algorithm 
was programmed (Angus et al. 2015). Moreover, Han et al. 
controlled and monitored the real-time temperature using 
a microcontroller unit (MCU), as depicted in Fig. 15(iii)
(b). MCU, a digital computer for automatic control of the 
system, forgoes the personal computer. The instructions 
were programmed in the microcontroller’s memory to alter 
the voltage based on the temperature sensed on the micro-
heater (Han et al. 2013). Similarly, Scorzoni et al. built an 
analog control circuit around a single operational amplifier 
to manage the microheater temperature accurately. Moreo-
ver, they developed a 4-terminal topology microheater for 
voltage delivery and sensing resistance (Scorzoni et al. 
2014). Later, Moschou et al. specially designed a tempera-
ture controller board-based microcontroller to control and 
read the DACs and ADCs, and communicate with a per-
sonal computer (PC) where the PID control loop software 
was installed (Moschou et al. 2014). The user interface 
capability was enhanced by Hwang et al. to manage and 
edit directly and control the basic biochemical protocols. A 
local-host structure was adapted with a PIC18F4550 micro-
controller, as illustrated in Fig. 15(iii)(d). The local system 
senses the temperature every 5 ms and calculates the output 
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signal through the PID controller mechanism (Hwang et al. 
2015). For MAPS, it was crucial to have precise temper-
ature control to reach 400 ℃ in 1 ms. Hence, Holt et al. 
take advantage of the PID controller circuit, a closed-loop 

control based on the temperature-resistivity relationship. 
Arduino Mega, an 8-bit microcontroller board, calculates 
the resistance of the microheater and varies the power input 
to the microheater (Holt et al. 2017). The entire system is 
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represented in Fig. 15(iii)(e). Similarly, in the field of DNA 
amplification, Cui et al. generated the denaturation, anneal-
ing, and extension temperatures through Cortex-M3 ARM 
microcontroller temperature control system, as shown in 
Fig. 15(iii)(c) based on a fuzzy-PID control algorithm with 
PWM to regulate the heater input power (Cui et al. 2016).

6.2.4  Positive Temperature Coefficient of Resistance (PTCR)

Apart from all these control systems, self-regulating resis-
tive heating elements were capable of maintaining their set 
temperatures and forgo the external regulating electronic 
systems, enhancing the portability in lab-on-chip (LOC) 
and POC applications. The purpose of a positive tempera-
ture coefficient of resistance (PTCR) material as the heating 
element will exhibit a rapid rise in resistance at elevated 
temperatures. The PTC polymer-based heating element takes 
5 min to reach the set temperature of 61.5 ± 64 ℃ and holds 
up to 25 min (Pardy et al. 2017). This approach was simple, 
inexpensive, and did not need any control systems; however, 
it took a long time to achieve the desired temperature, and 
it was not ideal for applications requiring several thermal 
cycles.

7  Microheater applications

Specific reactions, sensing, and actuation occur only at ele-
vated temperatures. For instance, in the biological sector, 
DNA amplification and cell culture necessitate typical tem-
peratures at an extended period for detection and multiplica-
tion of pathogens, respectively. Similarly, in gas sensing, the 
semiconductor chemiresistor film was heated at a particular 
temperature to develop a depletion layer by adsorbing oxy-
gen atoms to sense the reducing gas concentration. Hence, 

the presence of a heater in such devices is inevitable. But the 
integration of conventional heaters increases bulkiness and 
cost. Microheaters are now incorporated in several MEMS 
devices due to the advancement of miniaturized heaters for 
rapid sensing, low-power consumption, inexpensive, and 
compactness. Thus, the microheaters have potential appli-
cations in gas sensing, biological, electrical, and mechanical 
sectors, as depicted in Fig. 16.

7.1  Gas sensing

A microheater is an essential feature of a chemical gas sen-
sor. The high sensitivity and short response time of gas sen-
sors were achieved by operating the sensors at elevated tem-
peratures. Hence, the integration of heaters in such devices 
is inevitable (Gharesi and Ansari 2016). This is due to the 
fact that the adsorption/desorption of the chemical gas on 
the sensing surface happens only at high temperatures. The 
metal oxide gas sensors exploit surface adsorption prop-
erties to detect the changes in the resistance as a function 
of varying concentrations of different gases. The sensi-
tivity and response time of the gas sensor depends on the 
operating temperature of the microheater (Joy and Antony 
2015). While sensing the temperature of the microheater, 
self-heating and interrupt-cooling may occur. The current 
flowing through the device to monitor the temperature may 
cause self-heating, which can be avoided by sensing at very 
low voltage with short durations. When the temperature is 
higher than the ambient temperature, the temperature sam-
pling may cool down the microheater, which can be avoided 
by sampling as quickly as possible (Han and Meyyappan 
2016). Moreover, uniform elevated temperature distribu-
tion was required for a better and smooth operation with 
increased stability and accuracy of the gas sensor (Das and 
Kakoty 2015). It was found that the multilayer heater could 
improve structure adhesion as well as enhances the stability, 
reliability, and corrosion resistance of the structure. Hence 
fabricated a multilayer microheater with Cr, CrN, Pt, CrN), 
and Cr layers as depicted in Fig. 17b. Later, Rajput et al. 
designed a dual meander heater to provide uniform tem-
perature distribution to the sensor (Rajput et al. 2018). Low 
power consumption with an enormous heating area, high 
mechanical strength, and sensitivity were inevitable require-
ments for a high-performance microheater. Hence, Xu et al. 
proposed a Pt microheater on a concave-shaped dielectric 
membrane, as depicted in Fig. 17d, which lowers the power 
per active area (Xu et al. 2011). Later, introduced Pd–Pt as 
catalytic material to fabricate high-performance catalytic gas 
sensors (Xu et al. 2012).

SnO2 was the most promising gas-sensing material. Dai 
et al. designed a chemiresistive thin-film gas sensor with an 
integrated interdigital-electrodes (IDEs) and a microheater, 
as shown in Fig. 17j that engenders fast response, high 

Fig. 15  (i) Switching temperature control. a Block diagram of 
ATMega 8535 temperature control system (Megayanti et al. 2016), b 
PDMS microfluidic chip with an integrated microheater, thermal sen-
sor, and temperature control (Wu et al. 2009) Pictures retrieved with 
permission from AIP, c Illustration of the temperature control system 
and electric connections with microheater (Nie et al. 2014) Retrieved 
with permission from Springer Nature. (ii) Block diagram of PI 
closed-loop feedback control (Phatthanakun et  al. 2012) Retrieved 
with permission from IEEE. (iii) PID temperature control. a Block 
diagram of PID temperature controller in Lab-VIEW software (Zainal 
Alam et al. 2014), b Illustration of a real-time temperature monitor-
ing system based on MCU control (Han et  al. 2013), c Schematic 
diagram of MCU (STM32F103RCT6) temperature control system 
(Cui et  al. 2016) Pictures retrieved with permission from Springer 
Nature, d PCR Chip temperature Control System (Hwang et al. 2015) 
Retrieved with permission from SERSC, e Block diagram of the 
microheater control unit (Holt et al. 2017) Retrieved with permission 
from Springer Nature

◂
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sensitivity, low power consumption, and mass-produced 
potency (Dai et al. 2013). The  SnO2 nanowires network 
fabricated on the micro-electrodes and heater patterns sus-
pended in a cavity, as depicted in Fig. 17a, showed selec-
tive detection to  C2H5OH (Hwang et al. 2011a). Similarly, 
the porous nanostructured  SnO2 layer with polycrystalline 
silicon (polysilicon) microheater in a thin low-stress silicon 
nitride (LSN) microsensor was employed for the fast and 
highly sensitive CO detection (Long et al. 2016). Later, Jae-
Cheol et al. fabricated a sensor integrated with SiC micro-
heater, as depicted in Fig. 17f, to detect NO in harsh envi-
ronments, which was cheap and shown similar sensitivity to 
Pt microheater. Moreover, it can work above 15 V, whereas 
Pt heaters are destroyed due to combustion (Jae-Cheol and 
Gwiy-Sang 2010). Further, Chung et al. fabricated Pt micro-
heater and temperature sensor using 3C-SiC thin films for 
low power consumption and high thermal uniformity (Chung 
and Jeong 2010). The use of AlN/3C-SiC materials provides 
long-term stability at high temperatures. The SiC microheat-
ers, as shown in Fig. 17e, have high resistance compared to 
polysilicon; hence high potential is required to reach the 
same power as of polysilicon microheater. The low power 
consumption, high TCR, and more stable resistance during 
continuous heating at 500 ℃ make it appropriate for highly 
stable catalytic gas sensing with fast response and recovery 
time (Harley-Trochimczyk et al. 2017). A thin layer of Si 
membrane over the active region of the microheater instead 
of a silicon plug improves the robustness and life of the 
device for continuous usage in coal mines (Roy et al. 2010). 
Later, Hwang et al. proposed a novel design to improve the 
temperature uniformity of the microheater using poly-Si 
thin film. This provides a short response time of less than 
20 ms, which can replace mechanical choppers (Hwang et al. 
2011b). The transfer from ceramic to thin-film gas sensors 
leads to the development of compactness and inerrability 
circuit SOI (silicon-on-insulator) substrate sensors. Hence, 

Gupta et  al. analyzed the temperature, current density, 
stress & displacement of Pt microheater on SOI substrate 
(Gupta and Chaudhuri 2012). The Fabry–Perot modulation 
technique on the microheater as depicted in Fig. 17i pre-
dicted that the higher temperature gradient in the waveguide 
induces thermal stress resulting in increased polarization 
dependencies (Kaushal and Das 2016).

Furthermore, Moon et al. developed two semi-circular 
Pt microheaters, as depicted in Fig. 17h, using tin oxide 
nano-powders for low-power-consumption and effective 
gas detection, with integrated monitoring systems for 
better thermal uniformity. The resistance of each heater 
electrically equal to the Wheatstone bridge (S. E. Moon 
et al. 2012). Later, Bai et al. fabricated a Pt microheater 
array, as shown in Fig. 17g, with a 3-layer structure to 
simplify the wire connection. Additionally, a novel two-
state method was adapted to selectively heat each heating 
units in the array that can be applied for versatile applica-
tions (Bai et al. 2019). After that, Yoon et al. designed 
a highly sensitive hydrogen gas sensor, as depicted in 
Fig. 17c, comprised of a Pt microheater coated with  SiO2 
to prevent the oxidation and hydrogen entrapment of the 
sensing electrodes and microheater (Yoon et al. 2012). 
Subsequently, Hasan et al. simulated a Pt microheater 
with minimal power consumption, low thermal mass, and 
better thermal uniformity for gas sensing applications. 
The analysis of voltage versus temperature, voltage ver-
sus current, voltage versus power, and temperature versus 
thickness of microheater shows linear results (Hasan et al. 
2016). Later, Roy et al. produced a durable, low-cost Ni 
alloy microheater with uniform temperature distribution 
that can easily adapt with Si process technology for meth-
ane sensing (Roy et al. 2012).  H2S is a toxic gas emitted 
during the energy production process from coal and crude 
oil that can be detected using Electrochemical Impedance 
Spectroscopy (EIS) technique by reduced graphene oxide 

Fig. 16  Potential applications of 
the microheater Microheater Applications

Gas Sensing Biological Electrical Mechanical

Cell Culture DNA Amplification Biochemical
Research

Wearable
Devices
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(rGO)-incorporated nano-zinc oxide (n- ZnO) compos-
ites at 90 ℃ (Balasubramani et al. 2019). EIS has been 
utilized to design gas sensors due to its ultra-sensitivity 

in identifying and measuring various toxic gases than 
conventional sensors. The integration with microheaters 
could able to address issues such as identification of gases 

Fig. 17  Microheaters used in gas sensing. (a) optical image of the 
gas sensor with microheater and sensing electrode (Hwang et  al. 
2011a), (b) Micrographs of micro-hotplate on a glass substrate 
(Chang and Hsihe 2016), (c) Fabricated  H2 sensor (Yoon et  al. 
2012) Pictures retrieved with permission from Elsevier, (d) SEM 
image of the fabricated 3-D microheater (Xu et al. 2011) Retrieved 
with permission from IEEE, (e) Photograph of four SiC microheat-
ers (Harley-Trochimczyk et  al. 2017) Retrieved with permission 
from IOP, (f) NO gas sensor with integrated 3C-SiC microheater 

(Jae-Cheol and Gwiy-Sang 2010) Retrieved with permission from 
IEEE, (g) 3 × 3 microheater array device with three-layer struc-
ture (Bai et  al. 2019) Retrieved with permission from Springer 
Nature, (h) Surface micromachined NO2 gas sensor with integrated 
microheater (S. E. Moon et  al. 2012) Retrieved with permission 
from Ingenta, (i) Schematic setup for testing Ti-stripe microheater 
(Kaushal and Das 2016) Retrieved with permission from OSA, (j) 
Fabricated MEMS-based porous SnO2 film chip (Dai et  al. 2013) 
Retrieved with permission from Springer Nature
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at high temperatures, long-term reliability of the sensor, 
and operating in harsh environments (Balasubramani 
et al. 2020). The critical summary of physical, electri-
cal, and thermal characteristics of different microheaters 
and their fabrication approaches in gas sensing are rep-
resented in Table 2.

7.2  Biological applications

A LOC device integrates multiple functioning abilities 
embedded in a compact platform for rapid output genera-
tion meets a tremendous demand. Some familiar functions 
rooted in the LOC are pumping, thermal cycling, mixing 
of fluids, dispensing, and separation (Miralles et al. 2013). 
The application of thermal cycling to control and regulate 
temperature plays a vital role in many biological, chemi-
cal, and physics applications (Chon and Li 2014). Some 
well-known examples that indulge accurate temperature 
requirements are PCR, Temperature Gradient Focusing for 
Electrophoresis (TGF), digital microfluidics, mixing, and 
protein crystallization. In the biomedical field, Ruiqi et al. 
integrated a compact ring-shaped low power Ti micro-
heater on a silicon substrate as depicted in Fig. 18d to 
precisely mark the location of interests during the image 
diagnosis in capsule endoscopy (Ruiqi et al. 2011). Fur-
thermore, Reverter et al. investigated the in-vitro ther-
mal stimulation of single neurons using a high-resolu-
tion microheater array and analyzed the electro-thermal 
response, reliability issues, and lifetime of various micro-
heater designs regarding self-heating and electromigra-
tion. The lower current density heater has a better median 
time to failure (Reverter et al. 2014). Si nanowires find 
their application in the biological and chemical fields due 
to their high sensitivity and fast responsivity. Thereby, Son 
et al. developed Si nanowire-heaters, as shown in Fig. 18e, 
with response time varied between 100–140 μs depending 
on the applied voltage and pulse duration. These heaters 
were most likely employed for local heating of single-cells 
and heat shock generation of bio-molecules (Son et al. 
2017). The miniaturization of microbioreactor engenders 
applications such as biosensors, micro-fermentor arrays, 
and microbiological assay kits (Hegab et al. 2013). Hence, 
Utomo et al. fabricated microheaters, as shown in Fig. 18b, 
for dynamic-flow microbioreactor based on the specific 
requirements of microbioreactor such as shape, size, tar-
get working temperature, and heating rate profile (Utomo 
et al. 2019). However, no attempt has been made to con-
trol the performance of mono-disperse bio-polymer micro-
capsules for drug release. Therefore, Yeh et al. developed 
a microfluidic chip with an integrated microheater and 
flow-focusing device for generating uniform-sized gela-
tin microcapsules for vitamin C drug release (Yeh et al. Ta
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2013). Moreover, a 3D-printed microheater was available 
with an integrated drug-encapsulated microneedle patch 
system for drug delivery in pain management (Yin et al. 
2019). Similarly, Liu et al. fabricated a low-cost, fast-
responding microheater as depicted in Fig. 18c for dis-
posable aerosol dispensers. The investigations on double 
spiral-shaped and meander-shaped heaters shown similar 
results in an aerosol generation. The aerosol generation 
was accelerated when multiple parallel microheaters were 
used; however, the power consumption was raised by 50% 
(Liu et al. 2014). The design of a proper trench structure, 
as depicted in Fig. 18a, maximize the energy efficiency by 
improving the thermal resistance of microheaters and ther-
mally isolate the heater from the glass substrate (Scorzoni 
et al. 2015) Nevertheless, Zheng et al. microfabricated a Ti 
heater to be compatible with in situ imaging in a scanning 
electron microscope (Zheng et al. 2017). In Table 3, the 
fabrication techniques, physical, electrical, and thermal 
characteristics of several microheaters employed in bio-
logical sector are summarised.

7.2.1  Cell culture

In cell culture, maintaining a specific temperature over an 
extended period of time is substantial for better replication of 
biological cells. Hence, Plessis et al. developed a high sensi-
tivity and rapid test micro-incubator in environmental water 
quality screening tests. The incubation time can be adjustable 
between 30 min and 9h with a rise time of 15 min to reach 
the set-point temperature and can be autoclaved at 121 ℃ 
for reusability (du Plessis et al. 2017). Later, Christen et al. 
fabricated a CMOS integrated circuit for heating and sens-
ing PDMS microfluidic channels and reservoirs for autono-
mous cell-culture and incubation microsystem (Christen and 
Andreou 2007). For microfluidic perfusion cell culture, Lin 
et al. developed a system that comprises a cell culture chip 
and an ITO glass microheater. The temperature variation of 
the microheater was found to be ± 0.3 ℃ during experimen-
tal evaluation (Lin et al. 2011). Silicon-based heaters have 
limited their applications in cell culture systems due to the 
complicated fabrication process. Hence, a glass substrate has 

Fig. 18  Microheaters utilized in the biological sector. (a) Microheater 
with trench geometry on the glass substrate (Scorzoni et  al. 2015) 
Reprinted with permission from Elsevier, (b) Copper microheater for 
dynamic microbioreactor (Utomo et al. 2019) Reprinted with permis-
sion from AIP, (c) A low cost microheater for aerosol generation (Liu 

et  al. 2014) Reprinted with permission from Elsevier, (d) Tagging 
module in capsule endoscope (Ruiqi et al. 2011) Reprinted with per-
mission from IEEE, (e) Si nanowire-heater device (Son et  al. 2017) 
Reprinted with permission from Springer Nature
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been adapted for faster thermal cycling (Huang et al. 2010). 
The temperature of the microfluidic chip can be controlled 
using thermo-sensitive hydrogel (PNIPAAm); however, due 
to the autofluorescence of the gel, thick hydrogel formation 
obstructs the observation of cell cultures. Hence, Yamanishi 
et al. controlled the height of gel by microbridge to make 
it thin and transparent, as illustrated in Fig. 19a (Yamani-
shi et al. 2008). Noguchi et al. evaluated the properties of 
heat localization of a local heating system with an integrated 
microfluidic channel and microheater for biological and bio-
medical fields. Thereby concluded, a water-filled microchan-
nel provides effective local heating of 275.3 μJ absorbed heat 
in 180s heating (Noguchi and Kawai 2013). Subsequently, 
Tiwari et al. simulated and fabricated a screen-printed silver 
microheater for biomedical analysis. Screen printing offers 
high yield with low turnaround time, and it does not require 
a cleanroom facility or chemical etching process, and it can 
be fabricated with minimum facilities. The developed micro-
heater can be operated at a maximum of 100 ℃. Similarly, 
Byers et al. uniquely designed and developed nanosilver ink 
printed microheaters via inkjet printing, as shown in Fig. 19b. 
These heaters are reusable, wettable, bendable, heating with-
out hotspots, retain a stable resistance over 6 months, and can 

be submerged in distilled water for 3 days without any physi-
cal deterioration (Byers et al. 2019). The physical, electrical, 
and thermal characteristics of various microheaters used for 
cell culture with their fabrication methods are recapitulated 
in Table 4.

7.2.2  DNA amplification

PCR is extensively employed in molecular biology for 
in vitro target DNA amplification (Bartlett and Stirling 
2003). PCR is a non-isothermal amplification process that 
requires three temperature gradients. Initially, the denatur-
ation step achieved at 94–96 ℃ results in single-stranded 
DNA molecule formation. Subsequently, an annealing step 
was performed at 50–65 ℃, which begins the DNA forma-
tion by attaching the polymerase to a single-strand. Finally, 
at 72 ℃, the elongation step engenders the formation of a 
new DNA strand complementary to the single-strand tem-
plate in the presence of DNA polymerase (Miralles et al. 
2013). The risk of cross-contamination and biohazard in 
PCR can be reduced by miniaturizing the PCR device 
into a single-use, self-contained, disposable microchip for 

Fig. 19  Microheaters used in cell culturing and incubation. (a) 
Cell culturing temperature Controlled chip (Yamanishi et  al. 2008) 
Reprinted with permission from IEEE, (b) Battery-powered incuba-

tion system with an enlarged view of two heater designs (Byers et al. 
2019) Reprinted with permission from RSC
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infectious disease testing in which the microheater pro-
vides temperature stability of ± 2 ℃ over a time period of 
25h (Veltkamp et al. 2020). Later, Liu et al. reduced the 
cross-contamination by integrating valves, mixer, pump, 
and microheater array in a microfluidic chip using PDMS 
and nano/micro-particle-based conducting composite. This 
is the first developed silver PDMS composite microheater 
array through the soft lithography technique (Liu et al. 
2008). However, the complicated electrical connections 
may intervene in the testing, which can be circumvented 
via magnetic nanoparticles that generate heat under an AC 
magnetic field, as illustrated in Fig. 20g (Kim et al. 2010).

Furthermore, Luo et al. developed a portable PCR sys-
tem where the temperature controller operated under a 
neural network for increased efficiency (Ching-Hsing Luo 
et al. 2005). In a portable, battery-powered microheater, 
two heat-spreading metal film layers mounted on either 
side of the heater module engenders uniform temperature 
distribution. (Lee et al. 2019; Mesforush et al. 2019). The 
rapid temperature ramping rate of 9–10 ℃/s in microheater 
provides faster PCR amplification in centrifugal microflu-
idic system, whereas the traditional heater block generates 
only 1–2 ℃/s (Amasia et al. 2012). Additionally, cost and 
performance were crucial considerations while choosing 

Fig. 20  Microheaters for DNA amplification. (a) Fabricated thin 
film heater/RTD PCR chip (Jeong et  al. 2018), (b) Microheater and 
temperature sensor patterned glass slide (Hilton et al. 2012) Pictures 
reprinted with permission from Springer Nature, (c) External electrical 
circuit employed to drive the Ti microheater device (Javed et al. 2012) 
Reprinted with permission from AIP, (d) Photograph of a fabricated 
Cu heater in Cu-clad PI substrate (Moschou et  al. 2014) Reprinted 
with permission from Elsevier, (e) PCR chip with reusable electrode 
part (Cao et al. 2015) Reprinted with permission from Trans Tech, (f) 

Optimized meander electrode with holes (Cui et  al. 2016) Reprinted 
with permission from Springer Nature, (g) Illustration of induction 
heating based on the magnetic nanoparticle-embedded PDMS (MNP-
PDMS) chip (Kim et al. 2010) Reprinted with permission from APS, 
(h) Image of thin-film Au resistors (Nie et  al. 2014) Reprinted with 
permission from Springer Nature, (i) Flexible PI film with integrated 
heater and a temperature sensor (Lee et al. 2008) Reprinted with per-
mission from IEEE
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substrate materials to fabricate the chip device (Park et al. 
2011). Due to the transparency nature of the ITO micro-
heater, cells can be visible, and the risk of metastatic cancer 
can be predicted; however, it lags the reusability (Jha et al. 
2011). The DNA temperature sensitivity and its interactions 
with surfaces were not much reported. Hence, Javed et al. 
microfabricated microdevices with integrated microheater 
as shown in Fig. 20c to enable the detachment of DNA only 
from the desired locations in a glass-based DNA analysis 
chip. Thereby engenders new capabilities of detection and 
separation in DNA analysis (Javed et al. 2012). The develop-
ment of a bead-based microfluidic system and the integration 
of microheater with thermal sensors, as depicted in Fig. 20b 
enhances simpler, more efficient amplification, detection, 
and rapid control of the thermal cycle (Hilton et al. 2012). 
Similarly, Lin et al. fabricated a low-cost microheater and a 
thermo-sensor directly inside the microchannel for accurate 
temperature sensing and control (Lin et al. 2007).

Moreover, Nie et al. fabricated a gradually changed resis-
tor, as shown in Fig. 20h, to maintain temperature for dena-
turation, annealing, and extension for DNA amplification, 
where the heating power was regulated to control the tem-
perature gradient of the microfluidic chip (Nie et al. 2014). 
Later, Ugsornrat et al. developed an array of three micro-
heaters with thermal sensors and optimized the voltages. 
Even though it successfully amplified DNA, it comprises 
complex multiple fabrication steps and lags reusability 
(Kessararat Ugsornrat et al. 2010). Hence, the microfluidic 
chip is expensive for PCR. Therefore, Cao et al. designed 
a PCR chip with reusable separable electrodes part and 
disposable reaction chamber part, as shown in Fig. 20e, 
with the view of reducing the fabrication cost with good 
temperature uniformity and repeatability (Cao et al. 2015). 
Thereby, optimized the microheater by providing some 
openings and holes in the heater structure, as depicted in 
Fig. 20f, to achieve better spatial temperature uniformity. 
The different resistance distribution engenders non-uniform 
heat generation, which balances the non-uniform heat con-
duction to the chamber (Cui et al. 2016). Similarly, Jeong 
et al. developed a reusable dual Pt microheater, as shown in 
Fig. 20a. The dual arrangement of the heater on either side 
of the glass engenders improved thermal uniformity of the 
PCR chip with lower power consumption than that of the 
Peltier element (Jeong et al. 2018).

For LOC application, Lee et al. demonstrated a flex-
ible polyimide film-based micro PCR chip, as depicted in 
Fig. 20i, where the fast heating and cooling were achieved 
through a high thermal conductivity silicon chamber and 
reduced thermal mass of polyimide film (Lee et al. 2008). 
According to the electrical and thermal characterization, 
the Cu micro resistors fabricated on a polymeric flexible 
PI substrate can be utilized both as heater and tempera-
ture sensors (Mavraki et al. 2011). Later, Moschou et al. 

designed, fabricated, and evaluated a low-cost, low-power, 
and continuous-flow microfluidic device on a Cu-clad PI 
substrate, as depicted in Fig. 20d. In addition, a homemade 
temperature-control system was developed to control the 
integrated heating elements and temperature sensors to 
enhance the home-based DNA amplification (Moschou et al. 
2014). Further, Mirasoli et al. developed a LOC device for 
loop-mediated isothermal amplification (LAMP) coupled 
with Bioluminescent Assay in Real-Time (BART) and inte-
grated a resistive thin-film heater and thin-film amorphous 
silicon diodes which act as temperature and radiation sen-
sors for detecting BL signal (Mirasoli et al. 2018). Since the 
LAMP is an isothermal amplification technique, it requires 
a single temperature. Recently, Lee et al. developed a POC 
biosensor for rapid detection of SARS-CoV-2 RNA. The 
biosensor was compact, standalone CRISPR Optical Detec-
tion of Anisotropy (CODA) device with optoelectronics, an 
embedded heater, and a microcontroller for data processing. 
The developed device detects the SARS-CoV-2 RNA within 
20 min of sample loading with the detection limit of 3 copy/
μL (Lee et al. 2021). Hence, the microheater implementation 
will be simple. The critical summary of physical, electrical, 
and thermal characteristics of several microheaters utilized 
for DNA amplification and their fabrication approaches are 
reported in Table 5.

7.2.3  Biochemical research

Low power consumption and large active area are the crucial 
requirement of high-performance microheater in biosensing/
chemical-sensing applications. The sensitivity of biosensors/ 
chemical sensors decreases when using a small active area 
(Xu et al. 2011). Hence, Yu et al. developed an Au micro-
heater on a low thermal conductivity polyimide thin film, as 
shown in Fig. 21b, facilitating high-temperature reach with 
low power consumption and fast response time (Yu et al. 
2015).The chemical sample detection at low volume and 
low concentration is the core functionality of miniaturized 
bioanalytical devices. For biochemical research, Guan et al. 
developed a double spiral geometry microheater as depicted 
in Fig. 21a that can precisely control the temperature below 
100 ℃ and consumes few nano Watts to achieve 60 ℃  
(Guan and Puers 2010). The cross-contamination in paral-
lel elution of specifically bound aptamers can be circum-
vented by integrating microheater, microfluidic chamber, 
and pneumatic valves together into a single chip, as shown 
in Fig. 21c (Lee et al. 2013). In temperature gradient focus-
ing (TGF), an appropriate buffer and temperature differential 
create a gradient in the microchannel. Thereby, the ionic 
species either concentrated by balancing the electrophoretic 
velocity against the bulk flow or separated according to their 
individual electrophoretic mobilities (Miralles et al. 2013). 
Later, Horade et al. optimized the design and materials of 
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a microheater array and verified using a thermo-responsive 
gel. The microheater array, as depicted in Fig. 21d, can be 
heated with regional selectivity; hence it was capable of gen-
erating temperature gradients (Horade et al. 2016). Table 6 
summarises the physical, electrical, and thermal properties 
of several microheaters and their fabrication methods in bio-
chemical research.

7.2.4  Wearable devices

In wearable technologies, the use of liquid metal-based 
flexible microheaters becomes a hot research frontier. As 
depicted in Fig. 22a, the liquid metal-based soft and flexible 
microheater circumvents complicated vapouring, sputter-
ing, or deposition processes and not vulnerable to mechani-
cal deformations, as metal heaters may easily crack or be 
detached upon mechanical stress. It can also be applied to 
medical instruments such as heating soles, implantable heat-
ing probes, and PCR (Zhang et al. 2020). Later, the scientists 
prompted a new technology, viable and scalable, to monitor 

the air quality to save lives and make people aware through a 
semiconducting metal oxide wearable gas sensor. The devel-
oped sensors were more efficient in monitoring the air and 
food quality as well as cost-effective in a long-term perspec-
tive (Lahlalia et al. 2018). In addition, Kim et al. developed 
a full-colour display pixel via M13 phage-based tempera-
ture-dependent biomimetic colour-generation platform as 
shown in Fig. 22b for implantable, wearable, and flexible 
devices. The temperature of the microheater was precisely 
and reversibly regulated to provide a wide spectrum of RGB 
colours with low power consumption and possess cycling 
and chemical stability (Kim et al. 2015). Thermal therapy is 
the most popular for treating joint injuries via physiothera-
pies. Conventional heat packs and wraps cause discomfort 
due to bulkiness. Hence, Choi et al. developed a soft, thin, 
and stretchable heater for long-term wearable continuous 
articular thermotherapy by integrating a nanocomposite of 
silver nanowires with a styrene–butadiene–styrene (SBS), a 
thermoplastic elastomer. (Choi et al. 2015). Later, Jang et al. 
integrated microheater with Bluetooth smart devices, as 

Fig. 21  Microheaters implemented in biochemical research. (a) SEM 
image of the Ag/Ti microheater (Guan and Puers 2010) Reprinted 
with permission from Elsevier, (b) Octogen gold heater on polyim-
ide thin film substrate (Yu et  al. 2015) Reprinted with permission 
from ASME, (c) Au/Cr microheater on the glass substrate for cross-

contamination free parallel elution of specifically bound aptamers 
(Lee et  al. 2013) Reprinted with permission from Springer Nature, 
(d) 4-by-4 matrix microheater array device (Horade et  al. 2016) 
Reprinted with permission from CCSE



Biomedical Microdevices            (2022) 24:3  

1 3

Page 37 of 49     3 

Ta
bl

e 
6 

 C
ha

ra
ct

er
ist

ic
 fe

at
ur

es
 o

f v
ar

io
us

 m
ic

ro
he

at
er

s u
se

d 
in

 b
io

ch
em

ic
al

 re
se

ar
ch

Sl
. N

o
Su

bs
tra

te
M

at
er

ia
l

Th
ic

kn
es

s
Fa

br
ic

at
io

n
D

es
ig

n
A

pp
lic

at
io

n
M

ax
. T

em
p

M
ax

. V
ol

t
Po

w
er

 
C

on
su

m
p-

tio
n

(R
es

po
ns

e 
Ti

m
e)

Re
f

1
Si

lic
a 

gl
as

s
Ti

- H
ea

te
r. 

A
g-

 C
on

ta
ct

 
pa

ds

11
0 

nm
/1

90
 n

m
Sp

ut
te

rin
g

D
ou

bl
e 

sp
ira

l s
qu

ar
e

B
io

ch
em

ic
al

 re
se

ar
ch

60
 °C

5 
μA

21
0 

nW
(G

ua
n 

an
d 

Pu
er

s 2
01

0)

2
Po

ly
im

id
e

C
r/A

u
10

/2
00

 n
m

D
ep

os
iti

on
 a

nd
 li

ft-
off

O
ct

ag
on

B
io

-m
ol

ec
ul

ar
 st

ud
y

10
0 

°C
18

 m
W

(Y
u 

et
 a

l. 
20

15
)

3
Sa

pp
hi

re
A

u
10

0 
nm

E-
be

am
 e

va
po

ra
tio

n
Li

ne
C

he
m

ic
al

 a
nd

 b
io

lo
gi

-
ca

l
ap

pl
ic

at
io

ns

70
 °C

2 
V

-
(S

on
 e

t a
l. 

20
15

)

4
G

la
ss

C
r

10
0 

nm
Sp

ut
te

rin
g 

an
d 

C
r 

et
ch

in
g

H
oo

k 
sh

ap
ed

B
io

ch
em

ic
al

 a
nd

 se
ns

or
 

ap
pl

ic
at

io
ns

32
 °C

-
-

(H
or

ad
e 

et
 a

l. 
20

16
)

5
A

lu
m

in
a

Sn
O

2
50

0 
nm

U
ltr

as
on

ic
 sp

ra
y 

py
ro

ly
-

si
s s

ys
te

m
Sh

ee
t o

r fi
lm

 o
r p

la
te

C
he

m
ic

al
 se

ns
or

s
35

0 
°C

8 
V

-
(G

ha
re

si
 a

nd
 A

ns
ar

i 
20

16
)

6
G

la
ss

C
r/A

u
-

M
et

al
 d

ep
os

iti
on

 a
nd

 
et

ch
in

g
D

ou
bl

e 
sp

ira
l

M
ul

tip
le

x 
sy

ste
m

at
ic

 
ev

ol
ut

io
n 

of
 li

ga
nd

s 
by

 e
xp

on
en

tia
l

en
ric

hm
en

t

10
0 

°C
20

 V
(3

0s
)

(L
ee

 e
t a

l. 
20

13
)



 Biomedical Microdevices            (2022) 24:3 

1 3

    3  Page 38 of 49

illustrated in Fig. 22c, to wirelessly control the temperature 
of the heating film (Jang et al. 2017). The physical, electri-
cal, and thermal characteristics of several microheaters uti-
lized in wearable systems with their fabrication approaches 
are tabulated in Table 7.

7.3  Electrical and mechanical applications

Microheater array powder sintering is an alternative to laser 
sintering and photonic curing due to its fine resolution, lower 
power consumption, and scalability. Holt et al. replaced the 
laser beam with the array of microheaters as depicted in 
Fig. 23a as an energy source to sinter the powder particles. It 
has the potential to significantly increase the printing speed 
while reducing the power consumption and can attain the 
target temperature of 600 ℃ within milliseconds. The simu-
lated microheater array can effectively transfer the heat over 
the air gap to sinter the powder particles (Holt et al. 2018). 
Carbon nanotube microheaters find their application in gas 
sensors, thermochromic displays, and flexible electronics. 
Liu et al. were the first to develop a CNT-based microheater 
array on PET, as shown in Fig. 23b (Liu et al. 2011). To 

further shorten the thermal response of the microheater, the 
substrate thickness and coverage of CNT film on PET were 
decreased. Moreover, it also worked normally in a curved 
state. The CNT microheater fabricated using an inkjet printer 
as depicted in engenders cost-effective large-scale fabrica-
tion and can generate above 70 ℃ with a power consumption 
of 150mW (Falco et al. 2020). For short-temperature pulse 
applications in harsh environments, Zhang et al. developed 
an Au/Ti microheater. The performance was analyzed using 
FEA-based electrothermal modeling and validate through 
experimental measurements (Zhang et al. 2007). For phase 
change switch applications, the heater should be capable 
of heating above 1000 K and cool back in less than 1 μs. 
To meet these requirements, Xu et al. fabricated a thin film 
tungsten heating element capable of reaching temperatures 
above 1600 K and a fall time of less than 40 ns (Xu et al. 
2016).

Microheater can also be applied as actuators for bend-
ing. The high temperature of the resistive heater pro-
duces a large mismatch in the thermal expansion of the 
two structural layers (i.e.) polyimide (PI) film and a 
PDMS, which engenders the bending effect, as shown in 

Fig. 22  (a) EGaIn liquid metal-based microheater (Zhang et al. 2020) 
Reprinted with permission from MDPI, (b) Temperature-controllable 
microheater chip for colour display devices (Kim et  al. 2015), (c) 

Bluetooth-integrated temperature-controlled wearable heater (Jang 
et al. 2017) Pictures reprinted with permission from Springer Nature
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Fig. 23c (Cao and Dong 2019). Similarly, during high-
pressure loading, thin-film heating elements undergo 
only tiny plastic deformation; hence, they can be utilized 
for high-pressure and high-temperature experiments on 
metals. So, Weir et al. modified diamond anvils with 
eight thin-film tungsten electrodes and encased them in a 
diamond film layer, as illustrated in Fig. 23d (Weir et al. 
2009). The fabrication and high level of integration of 
Al/CuO-based nano energetic materials with Au/Pt/Cr 
thin-film microheater on Pyrex 7740 glass, Kaili et al. 
developed a nano initiator, as depicted in Fig. 23e, with 
a 98% ignition success rate (Kaili et al. 2008). Later, 
Jiang et al. integrated micro-scale solid oxide fuel cells 
(μ-SOFCs) with temperature testing Pt thermistors mod-
ule, as depicted in Fig. 23f, to evaluate the thermal bal-
ance by providing thermal insulation, controlled heat-
ing, temperature control, and gas exchange. Moreover, 
they examined the heating performance and the crucial 
issue of the ramping-up phase in the μ-SOFC operation 
of the thermistor (Jiang et al. 2012). The development 
of a multilayer thin-film Al/Ti microheater on a Pyrex 
7740, as shown in Fig. 23g, for the micro thruster liq-
uid propellant vaporizing and gas heating increases the 
specific impulse and revealed that the heat loss of the 
microheater was relatively lower than normal heaters (Li 
et al. 2017). Solution-based inkjet printing of metal oxide 
semiconductor necessitates a heat treatment step. Hence, 
Tran et al. fabricated microheater on the same thermal 
resistive substrate with the printed precursor pattern, as 
shown in Fig. 23h, to facilitate the formation of a zinc 
oxide (ZnO) semiconductor. The increasing input heat-
ing power enhances the electrical properties that lead to 
a better ZnO formation (Tran et al. 2020). The critical 
summary of physical, electrical, and thermal character-
istics and the fabrication approaches of different micro-
heater in the electrical and mechanical fields are reported 
in Table 8.

8  Discussion

The development of microheaters forgoes conventional bulk 
heaters, improves portability, reduces cost, and enhances the 
integration with MEMS devices. Initially, the microheater is 
widely implemented in the field of gas sensing. Later, micro-
heaters are broadly utilised in mining, biological, chemical, 
electrical, wearable systems, and even space. However, the 
evolution of micro and nanoscale device in several sectors 
made the microheater inevitable. Thermal engineering plays 
a role in the improvement of current microdevices and the 
evolution of new systems. A better understanding of heat 
transfer and temperature manipulation of the microde-
vices will lead to improved performance. Thermal effects Ta
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are crucial in determining the behaviour of the biological 
microsystems. The growth of miniaturization devices for cell 
culture and DNA amplification leads to the rapid diagnosis 
of viruses and improves the POCTs. Moreover, it engen-
ders the access and availability of pathogen detection tech-
niques and equipment in resource-limited clinical settings 
of underdeveloped and developing countries. The progress 
and optimization of microdevices play a vital part in shaping 

the nature of basic biological research and the medical care 
industry (Jain and Goodson 2011; Z. E. Jeroish et al. 2020).

During the continuous operation for an extended period, 
a mismatch of thermal coefficient expansion is the main 
reason for microheater failure. The continuous operation of 
Pt-based microheater at 250 ℃ provided a resistance change 
of only 1 Ω during a 1-month operation period (Prajesh et al. 
2019). In CNT microheaters, the larger number of CNT 

Fig. 23  (a) Microheater array for powder sintering (Holt et al. 2018) 
Reprinted with permission from Elsevier, (b) Curved CNT-film 
microheater array on PET for thermochromic displays (Liu et  al. 
2011) Reprinted with permission from Wiley, (c) Bending perfor-
mance of actuators with different heater patterns at similar tempera-
ture (Cao and Dong 2019) Reprinted with permission from Elsevier, 
(d) Illustration of a Tungsten microheater designer anvil showing the 
eight diamond encased electrodes (Weir et  al. 2009) Reprinted with 
permission from AIP, (e) Optic images of combustion flame in the 

nano initiator (Kaili et  al. 2008) Reprinted with permission from 
IEEE, (f) Microheater integrated fluid channels for testing micro-
solid oxide fuel cell components (Jiang et  al. 2012) Reprinted with 
permission from Elsevier, (g) Al/Ti microheater in the micro thruster 
(Li et al. 2017) Reprinted with permission from Springer Nature, (h) 
Printed Joule heating device with electrodes section, printed zinc salt 
film, and microheater (Tran et  al. 2020) Reprinted with permission 
from MDPI
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layers reduces the voltage to attain the transition tempera-
ture; however, the resistance after the recovery was increased 
once it reached the transition temperature. Thus, the volt-
age consumption is increased. Hence the burn-in procedure 
was exploited to stabilize the temperature coefficient (Falco 
et al. 2020). The inkjet-printed nano-silver ink microheaters 
maintain a stable resistance over 6 months and are reusable, 
wettable, durable to bending, and heating without hotspots 
(Byers et al. 2019). But the development of reusable micro-
heater put forth cross-contamination, which leads to false-
positive results. Hence, proper decontamination or insulation 
is crucial while dealing with infectious biological samples. 
The meander geometry provides uniform temperature dis-
tribution all over the chip whereas, the optimized meander 
pattern with some openings and holes increases the resist-
ance of peripheral meanders, engenders more heat genera-
tion in the peripheral region than the central region, thus 
provides more uniform temperature distribution throughout 
the heater (Cui et al. 2016). The use of expensive microheat-
ers for low thermal applications is unworthy since low-cost 
microheaters can even provide sufficient temperature. So, 
suitable material should be selected for the substrate and 
heating element. For large scale disposable applications, 
sputtering or PVD fabrication techniques is time-consuming 
and increases the workforce. In that case, a screen-printing 
fabrication procedure is preferred however, the metal inks 
for all heater materials are not available. Some of the key 
considerations to be followed while designing and fabricat-
ing a microheater are:

• Lifetime and reusability: Materials such as  SiO2 should 
be deposited above the heater to minimize the oxidation 
of the heating element via encapsulating the entire struc-
ture from the environment, which elevates the long-term 
reliability and reusability of the device (Bai et al. 2019).

• Uniform heating: The heater should produce identi-
cal heating all over the active area and no hotspots. The 
design plays a crucial role in managing the thermal distri-
bution by varying the resistance. The high thermal con-
ductive layer above the heater influences better thermal 
distribution in the gaps of the heater filament.

• Mechanical stability: The substrate should be capable 
of working at ambient temperature and withstand maxi-
mum temperature for desired applications. The decrease 
in stress and displacement will improve the mechanical 
strength of the microheater. The deformation gradient 
and thermal expansion of the microheater must also 
be lower to achieve efficient results. Nevertheless, the 
microheater material and its structure influence the sta-
bility (Sri Surya Srikanth et al. 2019).

• Response time: The short response time drastically 
reduces the time requirement and the power consump-

tion. Several temperature control systems and algorithms 
are available to integrate with the microheater.

• Power consumption: The optimal design, thickness, 
substrate, and thermal conductive layer influence better 
power consumption. The cavity in the insulating sub-
strate can also improve power consumption effectively. 
In addition, the increase in resistance declines the overall 
power usage, which enhances battery-operated devices 
for portability and easy use.

Numerous efforts were made to improve the performance 
of the microheater in terms of temperature uniformity in the 
active region, thermal response time, power consumption, 
and mechanical stability by analyzing the suitable design 
regarding heater geometry or membrane structuring and/or by 
microheater element choice (Bhattacharyya 2014). The depo-
sition of an additional layer on the heater should not improve 
a single parameter (i.e.) lifetime alone; however, it has to 
enhance at least two or three considerations. For instance, the 
deposition of  SiO2 boosts long-term reliability, mechanical 
support, and considerable involvement in thermal distribution 
and insulation. Microheaters with PDMS substrate consume 
minimum power to reach the same maximum temperature as 
Si wafer, but Si wafer provides better thermal uniformity than 
the PDMS sheet (Jinsol and Jungchul 2014).

The implementation of thermal control systems 
improves thermal management, sensing, user accessibility, 
and rapid thermal response. In thermal control algorithms, 
the on/off as well as the PID controllers have high control 
accuracy and do not require any adjustments whenever the 
set-point values were modified. Nevertheless, OLCLS PI 
quicker response than the PID controller and similar dis-
turbance handling capability as PI. However, the PID algo-
rithm is mostly preferred since it circumvents the ripple 
formation, decreases the peak overshoot, and introduces 
damping (Singh et al. 2018; Zainal Alam et al. 2014). The 
short response time allows the heaters to run at ultra-short 
pulsing mode, decreasing the average power consumption 
to the μW range. The heat conduction of the supporting 
substrate engenders heat loss and high power consump-
tion. The "suspended beam" construction diminished the 
thermal contact between the heater and substrate, pro-
moting ultra-low power requirement and fast responding 
microheater (Zhou et al. 2015). However, the suspended 
beam adoption degrades the mechanical stability of the 
microheater chip.

The use of IR camera as a thermal sensor decreases the 
portability and compactness but still gives accurate tempera-
ture on the surface of the chip. However, the insertion of the 
Pt sensor inside the microfluidic channel provides more prom-
ising results. Whereas engenders cross-contamination and 
requires more attention. The development of a microthermal 
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sensor integrated microheater or 4-wire microheater extracts 
the microheater temperature in the active area by analyzing 
the heating power and electrical resistance. Accurate calibra-
tion of the microthermal sensor reduces the inaccuracies and 
effective sensing of the desired area. In the biological sector, 
the integration of neural network algorithms and Internet-of-
Things (IoT) enhances the tele-access and improves accuracy 
(Narayanamurthy et al. 2020a). The integration of microheater 
in LAMP-based nucleic acid amplification test lags mainly 
due to the inadequate research in the LAMP assay and POCT 
kits. The research in this field brings a huge change in bedside 
or POC rapid detection of viral pathogens effectively. The 
study of thermal engineering and the interaction of thermal 
effects in the biological sector will improve the BioMEMS 
applications. This involves the collaborative researchers of 
doctors, biomedical engineers, thermal engineers, and physi-
cians to imply innovative techniques and methodologies to 
develop biocompatible microdevices (Jain and Goodson 2011; 
Narayanamurthy et al. 2020b).

8.1  Role of microheaters in pandemic [COVID‑19 
(SARS‑COV‑2)]

The outbreak of a certain infectious disease over a whole 
country or the world leads to a pandemic situation. The gold 
standard for the biomolecular research and diagnosis of viral 
infections is viral culturing. However, it is a time-consuming 
procedure that can only be carried out in a laboratory with 
a high biosafety rating that is specially designed to handle 
biohazardous pathogens. Serological-based lateral flow 
immunoassays (LFA) detect anti-SARS-CoV-2 antibodies 
simultaneously for the diagnosis of COVID-19 without the 
requirement of any thermal cycles (Whitman et al. 2020). 
Nevertheless, antibody detection suffers from a window 
period and can be detected even during inactive infections 
(Narayanamurthy et al. 2021). The LFA is simple to use, 
inexpensive, and easy to mass-produce, which has a lot of 
potential for fast in-field detection of SARS-CoV-2 RNA 
with high sensitivity when combined with microfluidics or 
nucleic acid isothermal exponential amplification (Reboud 
et al. 2019). The gold standard for COVID-19 diagnosis 
is now RT-PCR. Since RT-PCR can detect a single RNA 
molecule in a single reaction, it is extremely effective and 
sensitive in detecting viral genomes (Song et al. 2021). 
For any nucleic acid amplification, the heater is crucial to 
maintain the required temperature. In laboratories, PCR was 
performed using desktop-sized thermo-cyclers, thus limit-
ing its function in resource-limited settings. When battling 
an epidemic, testing must be performed both rapidly and 
accurately to forbid a positive patient from being discharged 
prematurely and placing others at risk (Suleman et al. 2021). 
Thus, the integration of miniaturized heaters is necessary 

to develop straightforward and affordable testing kits that 
engender home-based diagnosis. The advancement of diag-
nostic kits with single-use microheater has a significant 
demand in POC devices to enable on-site viral detection 
and limiting the further spread of infection.

In a LOC, sample preparation, micro-PCR, and detec-
tion will all be integrated in a compact portable device 
for rapid sample-in and result-out. The reaction chamber 
and the heating/cooling system make up the microreac-
tor in a micro-PCR system. The heating/cooling system 
comprises a single microheater or microheater array. 
Similarly, Tang et al. developed a semi-automated, fully 
disposable, and integrated paper-based biosensor that 
contains a paper-based valve and a sponge-based res-
ervoir for extracting nucleic acids from crude samples 
with a portable battery and a heater (Tang et al. 2017). 
They are very compact and add little thermal mass to 
the system resulting in a significantly faster heat-cool 
cycle and enabling rapid results in minutes. The heating 
ramp times in microheater is shorter than external heat-
ers; however, for device compactness, cooling happens 
only through natural convection, which results in longer 
cooling times (Barman et al. 2018). The necessity of dif-
ferent temperatures at different reaction cycles in PCR, 
making it difficult to develop the POC and home-based 
diagnostic kits since it requires specific temperature con-
trol algorithms (Suleman et al. 2021).

LAMP is another nucleic acid amplification technol-
ogy that does not involve thermal cycling and can probe 
multiple targets of COVID-19 RNA in a single reaction 
which was quicker, easier to use, and more cost-effective 
than qRT-PCR assays (Notomi et al. 2000). The LAMP 
assay occurs at a temperature of about 60–65 ℃. Li et al. 
developed a reduced graphene oxide hybridized multi-
walled carbon nanotubes nano-circuit electrothermal 
heater and integrated it with a paper-based analytical 
device for the detection of SARS-CoV-2 N gene using 
coloured LAMP reaction. The modules such as the seal-
ing glass, heater, electrode plate, and battery can be 
reusable to reduce the cost and medical waste. (Li et al. 
2021). In terms of sensitivity, precision, and specificity 
for SARS-CoV-2 detection, several research studies have 
shown that LAMP outperforms RT-PCR. Additionally, 
Park et al. reported that the SARS-CoV-2 specific LAMP 
kit has no cross-reactivity with other respiratory patho-
gens, including human coronavirus strains HCoV-OC43 
and HCoV-229E (Park et  al. 2020). This reveals that 
LAMP based COVID-19 diagnostic kit is effective than 
PCR due to the integrated microheater with simple elec-
tronic systems that makes it economical and handheld. 
Furthermore, the biosensors with integrated microheater 
and electronic system are simple and user-friendly, which 
can detect COVID-19 nucleic acids in patient samples and 
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enables smartphone interface results. This aid homebased 
test in identifying the infected individuals and inhibit the 
widespread of disease.

9  Conclusion and future perspectives

Microheaters find their application in various fields, such as 
science, engineering, mining, and space. This review sum-
marizes the technological developments in designing and 
fabricating a microheater for general and specific applica-
tions. Though there are multiple technologies available, the 
study had focused on providing an overview of knowledge 
and considerations for manufacturing microheaters. Addi-
tionally, the importance of selecting suitable heating ele-
ments is briefly explained so that future researchers can look 
up to this article for a glimpse of information. Moreover, 
we furnished the details about computational modeling 
and designing in suitable simulation software to arrive at 
the best heating element design for practical applications. 
It is witnessed that most of the research and development 
has been focused on metal microheaters through which sig-
nificant improvements were made to develop an optimized 
microheater. This review will be a valuable reference for 
the researchers who work and needs further knowledge in 
the field of microheaters. Further, computational modeling 
should be performed for the analysis of various microheater 
designs that will be crucial for predicting and enhancing 
the thermal uniformity for specific applications. Moreover, 
the development of reusable and low-cost microheaters 
using inexpensive substrates and heater materials will be 
considered as future work. In the current situation, there is 
an immense demand for the development of an integrated 
microheater with the LAMP-based COVID-19 home-based 
test kits to enable on-site viral detection and limiting the 
further spread of infection. Finally, specific research should 
be implemented to expand the application of paper-based 
microheaters for disposable low-temperature microdevices 
to circumvent cross-contamination and biohazard.
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