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Abstract—High-sensitivity flow measurement technology
is a prerequisite for precise dynamic control of microfluidics.
Despite the advances in structure optimization, a more effi-
cient approach to improve device sensitivity can be realized
by leveraging materials with a higher temperature coefficient
of resistance (TCR). This work presents the design and
simulation of a vanadium dioxide (VO2)-based microfluidic
thermal flow sensor with record high sensitivity. Owing to the
phase change property, VO2 demonstrates the maximum TCR
of −0.703 and −0.63 K−1 in the major heating and cooling
curves, respectively, which is more than two orders of magni-
tude higher than commonly used thermal-sensitive materials.
To fully utilize the high thermal sensitivity of VO2, a dual-
heater configuration with enhanced thermal differential effect
is proposed, and its sensing performance is evaluated in the
flow range below 10 µL · min−1. By individually operating the VO2 thermal sensors at critical transition temperatures
in the major hysteresis loop, the sensitivity can reach as high as 2.79 V/µL · min−1, which is about 187.88 times
and 277.89 times higher than the VO2-based anemometer and the Pt-based dual-heater calorimetric (DHC) sensor,
respectively. The research in the present work may enable a breakthrough in the improvement of high-performance
microfluidic thermal flow sensors in the ultralow flow region using nonstandard metamaterials.

Index Terms— Dual-heater, microfluidics, phase-change materials (PCMs), thermal flow sensor, vanadium
dioxide (VO2).

I. INTRODUCTION

M
ICROELECTROMECHANICAL systems (MEMS)

have amply demonstrated the ability of microfluidic

devices to fully incorporate analytical procedures into flow

systems with µL and sub-µL volumes [1]. By imparting

higher-level performances within a chip via integrating
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functional materials and fluidic structures, planar microfluidic

devices can benefit many research fields, including

pharmaceutical analysis [2], microorganism analysis [3],

chemical synthesis [4], and so on. Given the need for

manipulating fluids at the microscale, it is essential to have

precise and reliable quantitative techniques to measure the

liquid flow in the range of 1 nL · min−1–1 mL · min−1 [5], [6].

In addition, the rapid development of emerging applications

such as emulsion generation [7], flow cytometry [8], and

flow mixing [9] in the micrototal analytical systems (µ-TAS)

further imposes flow metering devices with the requirement

of ultrahigh sensitivity in the sub-nL range.

Microfluidic thermal flow sensors have attracted great inter-

est among existing sensing mechanisms due to their high

sensitivity, high accuracy, and simple implementation [10],

[11]. In addition, the measurement of flow rate and other

fluidic properties, that is, viscosity [12], wall shear stress [13],

and density [14] can also be realized by examining the amount

of heat transferred upon a convective flow in anemometric,
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calorimetric, or time-of-flight sensor configurations [15]. The

transduction between temperature variations and readout elec-

tric signals often relies on standard thermal-sensitive materials

such as Pt and Ni, exhibiting a high-temperature coefficient of

resistance (TCR) in the range of 3000–7000 ppm · K−1 [16]

and compatibility with the microfabrication process.

A. Review of Sensitivity Enhancement Methods
To improve the sensitivity of thermal flow sensors, it is

critical to minimize the conductive heat loss through the

supporting structures and channel walls. Numerous strategies

have been proposed, including constructing clamped–clamped

beam structures suspended in the microchannel [17] or vacuum

cavities that can isolate thermal transfer to the substrate [18],

[19]. Besides, systematic experimental studies have revealed

that the sensitivity can be further improved by optimization

of the geometric parameters, including the membrane’s aspect

ratio [20] and shape [21], [22], or by replacing the substrate

with lower thermal conductivity materials [23]. All these

approaches focus on maximizing the heat transfer from the

sensor to the flow, which significantly increases the sensitivity

of the thermal flow sensor. Nevertheless, as the foundation of

thermo-resistive effect-based flow sensors, the constant search

for materials with a higher absolute value of TCR is considered

the ultimate approach to breaking through the performance

with ultrahigh sensitivity [24].

Efforts to improve thermo-resistive sensitivity intend to

explore nonstandard thermal-sensitive semiconducting mate-

rials, which show multiple times higher TCR values than

conventional metallic materials. Gao et al. [25] improved

both the thermal sensitivity and the electrical stability of

the single-walled carbon nanotube (SWCNT) thermistor film

by the vacuum thermal annealing and electrical aging tech-

nique, showing a high TCR of 8040 ppm · K−1 in the

range of 293–333 K for fluid shear stress measurement.

Dao’s research group demonstrated highly thermal-sensitive

amorphized silicon nanowires (SiNWs) for thermal-sensing

applications, and a high negative TCR was measured from

−8000 to −12 000 ppm · K−1 [26]. Moreover, Nguyen’s

research group introduced cubic silicon carbide (3C-SiC)

nano-thin films with high TCR of 20 720 ppm · K−1 at room

temperature (RT) and −9287 ppm · K−1 at 473 K [27], [28],

demonstrating a potential application for airflow sensing in

harsh environments. As one of the most thermally sensitive

smart materials, vanadium dioxide (VO2) has been widely

implemented in thermal-sensitive applications such as temper-

ature sensing [29], light sensing [30], breath sensing [31], fre-

quency tuning [32], and so on. Recently, we demonstrated the

potential use of VO2 as the temperature-driven phase-change

material (PCM) in near-RT thermal airflow measurement. The

maximum TCR is determined to be −0.43 K−1 in its insulator-

to-metal transition (IMT) region and −24 000 ppm · K−1 at

RT [33], [34], respectively. Although the maximum TCR

shows more than 60 times higher than that of Pt, the

on-substrate hot-film sensor structure only exhibits a mediocre

sensitivity. Therefore, a designated novel sensor configuration

is imperative to develop the VO2-based thermal flow sensor

with ultrahigh flow measurement sensitivity.

Fig. 1. SEM image of the cross-sectional view of the VO2 thin film
deposited on a SiO2/Si substrate.

B. Contribution of This Work

This work proposes a VO2-based microfluidic sensor with

a novel dual-heater calorimetric (DHC) sensing configuration

to demonstrate the high-sensitivity thermal flow measurement

in the ultralow flow range. The VO2 thin film was success-

fully fabricated by the pulsed laser deposition (PLD) method.

The temperature-dependent resistivity was obtained using the

four-point probe method with accurately controlled substrate

temperature. The resistivity shows a fully reversible hysteretic

three-order change in magnitude during the complete heating

and cooling cycles. An analytical model was also used to

determine the temperature-dependent TCR across the IMT

region, where the maximum TCR at the critical transition

temperature demonstrates an ultrahigh TCR of −0.703 and

−0.63 K−1 in the major heating and cooling curves, respec-

tively. To investigate the sensing performance of the DHC

sensor, a finite-element analysis (FEA) was carried out to

evaluate the heat-transfer process, and the sensing mechanism

compared with classical anemometric and calorimetric sen-

sors. The significantly higher sensitivity demonstrated by the

VO2-based DHC sensor can be attributed to an enhanced ther-

mal differential effect which is also observed in the Pt-based

DHC sensor. The research presented in this work provides

an effective strategy for implementing nonstandard PCM in

developing high-performance microfluidic thermal flow sen-

sors, paving the way toward using high-precision portable

analytical instruments and lab-on-a-chip (LOC) devices for

cell culture [35], pharmaceutical [36], [37] and point-of-care

diagnostic [38] applications.

II. MATERIALS AND CHARACTERIZATIONS

A. Synthesis of VO2 Thin Film

The temperature-dependent electrical properties of VO2 are

obtained from a VO2 thin film deposited on a SiO2/Si substrate

using the PLD method, where the 1-µm SiO2 layer is prepared

by plasma-enhanced chemical vapor deposition (PECVD).

Fig. 1 shows a cross-sectional scanning electron microscopy

(SEM) view image of the fabricated VO2 thin film of approx-

imately 120-nm thick. During the VO2 deposition, a turbo-

molecular pump was connected with a mechanical scroll pump

to pump down the process chamber to the vacuum level below
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Fig. 2. Resistivity of the VO2 thin film as a function of temperature
during the fully reversible heating and cooling loops, where the fitting
parameters and the schematics of the microcrystalline structures are
also presented.

0.01 mtorr. Next, oxygen gas was introduced into the chamber

at a flow rate of 20 sccm, and the oxygen atmosphere pressure

was maintained at 15 mtorr. Then, the 2 inch substrate wafer

was radiatively heated by a ceramic heater from the backside

at a distance of 1 in. When the temperature reached 868 K,

a vanadium target placed 1.75 inches in front of the wafer

was ablated by the krypton fluoride (KrF) excimer laser pulses

with 352-mJ energy and a repetition rate of 10 Hz for 20 min.

After the deposition, the VO2 thin film was annealed under

the same deposition condition for 30 min to allow the growth

of VO2 microcrystalline [39].

B. Determine VO2 Resistivity

The resistivity of the VO2 thin film is measured by the

four-point probe method and can be expressed as Ä =

4.532t Rs [40], where t is the thickness of the VO2 film

and Rs is the resistance determined by the voltage (V )

measured between the inner two probes divided by the cur-

rent (I ) measured between the outer two probes. To study

the thermal-electrical resistivity of VO2, Ä is measured as

a function of temperature (T ) during the complete heat-

ing and cooling cycles between 300 and 374 K. Since the

resistivity of VO2 is ultrasensitive to temperature fluctua-

tions, precise control of the substrate temperature is required.

This is achieved using a closed-loop controlled temperature

control system described in our previous works [33], [41],

[42]. Fig. 2 shows the fully reversible hysteretic change in

resistivity across the complete major heating and cooling

cycles. The temperature-dependent resistivity Ä(T ) exhibits a

sharp change at around 344 K, and a nearly 3-order change

in magnitude can be observed between the low-temperature

monoclinic phase and the high-temperature rutile phase in a

small temperature window of about 15 K.

During the IMT region, VO2 can be considered in the state

with the coexistence of both monoclinic and rutile phases

[43]. Therefore, Ä(T ) can be modeled by a parallel circuit

model [44], which includes two branches of monoclinic-phase

resistivity (Äm) and rutile-phase resistivity (Är) and can be

Fig. 3. Temperature-dependent TCR value of VO2 in the major heating
and cooling curves across the IMT region.

described as

Ä(T ) = 4.532t
Rr(T )Rm(T )

fr Rm(T ) + (1 − fr)Rr(T )
. (1)

In the above equation, Rm(T ) exhibits the

general thermal-activation behavior as Rm(T ) =

4.532tÄ1exp(Ea/kBT ) below the IMT region, and Rr(T )

follows the linear temperature dependence in the conducting

monoclinic phase as Rr(T ) = 4.532t (³T + Ä2). Here, Ea

and kB are activation energy and Boltzmann’s constant,

respectively, and ³, Ä1, and Ä2 are constants. The volume

fraction fr, which represents the percentage of the monoclinic

phase in the phase coexistence state, can be empirically

expressed as [44]

fr(T ) =
1

1 + Aexp
(

W
kBT

) (2)

where A is the fitting constant, and W is the transition

related energy. Thus, Ä(T ) can be analytically modeled by

combining (1) and (2) as presented in Fig. 2.

C. Temperature-Dependent TCR

Given the function of Ä(T ), the temperature-dependent

TCR of VO2 [³v(T )] can be calculated as ³v(T ) =

Ä(T )[dÄ(T )/dT ] across the complete heating and cooling

cycles as a function of temperature. As seen in Fig. 3, the

maximum values of TCR in the heating and cooling curves

appear at different temperatures due to the inherent hysteretic

behavior, where the difference in temperature between the

two extreme points indicates the width of the IMT region.

At transition temperatures defined by the maximum value of

TCR, ³v(T ) is calculated to be −0.703 K−1 at 349.3 K and

−0.63 K−1 at 338.6 K in the heating and cooling curves,

respectively. Note that the TCR values obtained in this work

are different from our previous work [34] because distinct

VO2 disposition conditions and substrates are used, which

results in a change of microcrystalline structures [39] and

electrical properties [45]. However, this work is not focused

on the optimization of the VO2 properties but on trying to

establish a sensing mechanism for using the IMT-induced
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Fig. 4. Comparison of TCR values of VO2 in different temperature
regions with other thermal-sensitive materials.

high thermal sensitivity of VO2 in microfluidic thermal flow-

sensing applications.

As shown in Fig. 4, the maximum ³v(T ) in the heating

and cooling curves during the IMT region shows nearly

two orders of magnitude higher than that of conventional

thermal-sensitive materials such as Pt, Ni, and polysili-

con (Poly-Si), demonstrating great potential in developing

high-sensitive microfluidic thermal flow sensors. Although

³v(T ) can only be maintained at the ultrahigh levels in

a small temperature window and sharply decreases as the

temperature deviates from the critical transition temperatures,

it is worth noting that ³v(T ) at RT still exhibits a high

value of about −36 100 ppm · K−1, which is approximately

1.74–3.01 times higher than recently proposed SiNWs and

3C-SiC and 9.21 times higher than the most commonly

used metallic thermal-sensing material Pt. Nevertheless, this

work presents the design and evaluation of VO2-based high-

sensitivity microfluidic thermal flow sensors using the phase-

change-induced ultrahigh ³v(T ) around the critical transition

temperatures in the IMT region, developing a new sensing con-

figuration that can alleviate the pain of the inherent nonlinear

hysteretic behavior.

III. SENSOR DESIGN AND WORKING PRINCIPLES

A. Dual-Heater Calorimetric Sensor

To implement VO2 as the sensing element in thermal

flow sensors, two classical sensing configurations, including

anemometric and calorimetric sensors, are often considered.

Fig. 5(a) and (b) show the schematic drawings of such

VO2-based sensors. The anemometric sensor consists of a

stacking structure of the heater–sensor pair and measures

the flow rate based on the heat loss from the thermistor

(VO2 in this case) upon a convective flow. On the other hand,

the calorimetric sensor evaluates the temperature difference

between the upstream and downstream sensors to increase

both the sensitivity and the dynamic range. This technique

has been used mainly in thermal flow-sensing applications

with the microliter and nanoliter flow ranges [36], [37], [46].

However, the traditional calorimetric sensing configuration

consists of only one heater. Therefore, the upstream sensor

Ta and the downstream sensor Tb must share the same

Fig. 5. Comparison of different thermal flow sensor configurations.
(a) Anemometric sensor with heater H0 and sensor T0 stacking at the
same location. (b) Calorimetric sensor with heater H, upstream sensor
Ta, and downstream sensor Tb. (c) DHC sensor with upstream and
downstream heater–sensor pairs (T1, H1) and (T2, H2).

Fig. 6. Illustration of the heat-transfer model for the proposed DHC
sensor in the CP mode.

operating temperature when no convective flow is applied in

the microchannel. Thus, when VO2 is used for both Ta and

Tb, only one VO2 sensor can be operated following the major

hysteresis curve, leaving the other sensor forced into the minor

loop with lower thermal sensitivity [33]. To maximize the

thermal sensitivity, a new sensor configuration is proposed and

schematically shown in Fig. 5(c). Thus, both T1 and T2 can

be operated individually by heaters H1 and H2, allowing both

sensors to work either in the major cooling or heating curve

with optimum thermal sensitivity.

B. Heat Transfer in Dual-Heater Configuration

To better understand the sensing mechanism in the dual-

heater configuration, a model illustrating the thermal inter-

action among heating and sensing elements is presented in

Fig. 6 to analyze the heat-transfer process. For each sensor

pair, the influence of the heater (H1 or H2) on the adjacent

sensor (T1 or T2) can be analogous to the principle of the

calorimetric sensor, as shown in Fig. 5(b), with only the left

or right half being considered. Thus, when a small convective

flow is applied in the microchannel, the heat flow can cause

a temperature decrease in H1 and an increase in H2 before

the saturation point [47], which follows a similar behavior

as that of the calorimeter. However, it can be seen that a
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Fig. 7. 2-D FEA results of VO2-based microfluidic flow sensors with different sensor configurations. Temperature distribution of a VO2-based

anemometric sensor under (a) zero-flow, (b) 1 µL · min−1, and (c) 10 µL · min−1. Temperature distribution of a VO2-based calorimetric sensor under

(d) zero-flow, (e) 1 µL · min−1, and (f) 10 µL · min−1. Temperature distribution of a VO2-based DHC sensor under (g) zero-flow, (h) 1 µL · min−1,

and (i) 10 µL · min−1. The red arrows represent the direction of forced convective flow in the microchannel.

cross-interaction also exists between H1 (H2) and T2 (T1)

since the convective flow carries an extra amount of heat

to T2 from H1 while the influence of H2 on T1 is on the

opposite due to the symmetric design of the sensor config-

uration. In short, this preliminary heat analysis reveals that

the proposed dual-heater sensor configuration is based on the

calorimetric-sensing mechanism with an enhanced differential

effect between T1 and T2 due to the upstream and downstream

cross-interaction.

Two operation modes are often considered for thermal flow

sensors, namely, the constant power (CP) mode [48] and the

constant temperature (CT) mode [49]. Although the CT mode

responds faster to flow rate changes, the requirement of using

an ambient-temperature diode or an additional chip signif-

icantly increases the manufacturing cost and the operation

complexity [49], [50]. Nevertheless, since the primary purpose

of this work is to demonstrate high-sensitivity microfluidic

thermal flow sensing using VO2, the CP mode is used for

simplicity and adequately to prove the concept. For the CP

mode shown in Fig. 6, the input power P1 and P2 supplied

to H1 and H2, respectively, the ambient temperature T f , are set

to be constant values, while the variable input convective flow

rate (Q) alters the temperature distribution between T1 and

T2. According to the VO2 resistance model described before,

the sensor resistance R1(T ) and R2(T ) can be calculated and

converted to an output voltage Uout through a Wheatstone

bridge, thus establishing a relation between Uout and Q for

examining the sensing performance.

IV. RESULTS AND DISCUSSION

A. 2-D FEA Simulation

To fully investigate the sensing performance of the proposed

VO2-based DHC sensor compared with other sensing mecha-

nisms, a 2-D FEA is carried out using COMSOL Multiphysics

to evaluate the heat-transfer properties in a deionized water

(DI) environment shown in Fig. 7. The microchannel in the

simulation has a length of 600 µm and a height of 80 µm. The

materials used for the upper and lower channel substrates are

polydimethylsiloxane (PDMS) and Si, respectively. To mini-

mize stray heat loss through conduction heat transfer, all sens-

ing and heating elements shown in Fig. 5 are encapsulated in

the middle of suspended SiO2 clamped–clamped microbridges

with the same thickness of 2 µm. The width of the Au

microbridge is 140 µm for the calorimetric sensor and 52 µm

for both upstream and downstream microbridges in the dual-

heater configuration. In addition, the distances between the

heater and the sensor in Fig. 5(b) and (c), and the upstream

and downstream heater–sensor pairs are set to be 10 and

36 µm, respectively. It should be noted that the anemometric

sensor shown in Fig. 5(a) has the sensor and the heater stacked

at the same location, which is different from the calorimetric

sensor and the DHC sensor. Thus, an insulation layer of

200-nm SiO2 is applied between T0 and H0 to avoid the

short-circuit fault in the actual device fabrication.

Fig. 7(a) shows the temperature distribution of a VO2-based

anemometric sensor under the zero-flow condition. Since the

temperature decreases with the flow rate, the initial temper-

ature of the sensor is 338.6 K in the major cooling curve,

which corresponds to a constant heater power of 21.26 mW.

The flow rates increase to 1 and 10 µL · min−1 shown

in Fig. 7(b) and (c), respectively. The temperature decreases

due to the convection loss while a thermal boundary layer

is formed in the vicinity of the microbridge. Differently,

the calorimetric sensor only consists of one heating element,

meaning both Ta and Tb can only be set at the same

initial temperature of either 338.6 K in the major cooling

curve (62.56 mW) or 349.6 K in the major heating curve

(78.06 mW). Fig. 7(d)–(f) shows the temperature distribution

of a calorimetric sensor under different flow rates with an

initial temperature of 338.6 K in the major cooling curve.
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Fig. 8. Simulation results of the temperature change in VO2 sensors
with different sensing configurations under forced convection flow in
the range of 0–10 µL · min−1. The magnified region shows the linear
response range of the calorimetric and dual-heater sensors.

Although the temperature difference (1T) between Ta and Tb

can be utilized to determine the flow rate, especially in the low

flow rate range, this configuration is not ideal for VO2-based

thermal flow sensors discussed in Section III. Nevertheless, the

VO2-based calorimetric sensor is a comparison to demonstrate

the enhanced thermal differential effect of the proposed DHC

sensor. The dual-heater configuration allows individual tem-

perature control of T1 and T2 through H1 and H2, respectively.

Therefore, it is physically allowed to have T1 and T2 both

working with the optimum TCRs. In this case, the initial

temperatures of T1 and T2 are 338.6 and 349.6 K in the

major cooling and heating curves, respectively. As shown in

Fig. 7(g)–(i), the convection flow causes a higher temperature

in the downstream heater–sensor pair. By comparing Fig. 7(f)

and (i), it can be seen that this 1T in T1 and T2 is more

significant than that in Ta and Tb, demonstrating an enhanced

thermal differential effect in the DHC sensor.

B. Performance of VO2-Based Thermal Flow Sensors

Fig. 8 shows the simulation results of 1T in VO2 sensors

with three different sensing configurations in the flow range

of 0–10 µL · min−1, where 1T is defined as T0 − T f for the

anemometric sensor and the temperature difference between

the downstream and upstream sensors for others. Since the

calorimetric sensor can only have one sensor operating with

the optimum thermal sensitivity, two operating modes are

considered, namely calorimetric C and calorimetric H, which

corresponds to 338.6 and 349.6 K in the major cooling and

heating curves, respectively. It can be seen in Fig. 8 that both

Fig. 9. Simulation results of Uout at the Wheatstone bridge for
VO2-based microfluidic thermal flow sensors with anemometric and
dual-heater configurations operating at optimal working conditions.

types of calorimetric sensors and the DHC sensor show higher

thermal sensitivity than the anemometric sensor in the lower

flow range due to the thermal differential effect. However,

as the flow rate further increases, the temperature in the down-

stream sensor starts to decrease due to the convection heat loss,

leading to a lower 1T. Thus, a saturation turning point of 3.78,

3.90, and 4.16 µL · min−1 can be observed for calorimetric

C, calorimetric H, and dual-heater sensors, respectively. Since

the type H calorimetric sensor is operated at a higher initial

temperature and requires more mass flow to dissipate heat,

its turning point occurs at a slightly larger flow rate than the

calorimetric C sensor. As for the DHC sensor, the turning point

is higher than both calorimetric sensors, indicating a greater

monotonic range used for flow rate measurement. This can be

attributed to the implementation of an additional heater, which

carries more heat to the downstream sensor and thus defers the

turning point to a higher flow rate. In addition, the sensing

performance is also investigated in the linear range defined

as R2 > 0.99. It can be seen in Fig. 8 that the DHC sensor

shows a high-sensitivity STD of 26.78 K/(µL·min−1), which is

10.39% and 36.28% higher than STH and STC of type H and

C calorimetric sensors, respectively. Therefore, the enhanced

thermal differential effect is demonstrated.

The output voltages (Uout) of different VO2-based sensors

at the Wheatstone bridge are simulated in the range of

0–1 µL · min−1 and shown in Fig. 9. It is worth mention-

ing that the comparison with the calorimetric sensor is not

included in this discussion because this configuration is not

ideal for VO2-based thermal flow sensors as demonstrated in

previous sections. Although 1T shows a linear response to

the flow rate in this range, Uout shows a different behavior

according to the nonlinear hysteretic model of VO2. In this

case, the DHC sensor exhibits a linear response in the flow

range of 0–0.1 µL · min−1. The sensitivity SDL in this

range is determined to be 2.79 V/(µL · min−1), which is

around 188 times higher than the anemometric sensor with

SAL of 14.85 mV/(µL · min−1) in the same flow range.

When the flow rate is further increased, 1T becomes greater

than the hysteresis width, which results in a sharp decrease
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Fig. 10. Simulation results of Uout at the Wheatstone bridge for
Pt-based microfluidic thermal flow sensors with three different sensing
configurations.

in the TCR. Thus, the sensitivity starts to decrease, and a

turning point occurs at a lower flow rate than that shown in

Fig. 8. However, in the higher linear flow range from 0.67 to

1 µL · min−1, the sensitivity SAH of the anemometric sen-

sor is much higher than SDH. Thus, the DHC sensor is

more suitable for ultralow flow rate measurement in the nL

range.

To further demonstrate the sensitivity of the VO2-based

DHC sensor and the enhanced thermal differential effect,

simulations on Pt-based flow sensors are also performed

with the same configuration, that is, the same structure and

geometric parameters. Since the Pt has a constant TCR value,

the initial temperatures for all VO2 sensors are set at 338.6 K.

As shown in Fig. 10, Uout exhibits a linear response for all

sensing configurations in the flow range of 0–1 µL · min−1.

It can also be found that the Pt-based DHC sensor shows a

higher sensitivity than the other two configurations, indicating

the enhanced thermal differential effect does not require the

downstream sensor T2 to have a higher temperature. In short,

the cross-interaction between sensor pairs is the key to increas-

ing 1T and sensitivity. In comparison with Fig. 9, it can

be seen that the VO2-based DHC sensor has a sensitivity

of 1.81 to 277.89 times higher than the Pt-based DHC

sensor.

V. CONCLUSION

This article proposes a novel VO2-based microfluidic ther-

mal flow sensor with a dual-heater configuration for ultrahigh

sensitivity measurement of flow rate in the nanoliter region.

The high thermal sensitivity of VO2 thin film is verified by

the resistivity measurement throughout the complete heating

and cooling cycles, which shows a fully reversible hysteretic

3-order change in the resistivity. An analytical model has also

been used to predict the resistivity change as a function of tem-

perature accurately. Therefore, the maximum TCR values are

determined to be 0.703 and 0.63 K−1 at transition temperatures

in the heating and cooling curves. A dual-heater configuration

is designed to maximize the sensing performance, which

allows both upstream and downstream VO2 sensors to be

operated at their optimum working temperatures. In addition,

the implementation of the extra heater induces an enhanced

thermal differential effect which magnifies the temperature

difference between the two VO2 sensors. Results show that

the thermal sensitivity of the DHC can be 36.28% higher

than the classical calorimetric sensor in the flow range of

0–0.1 µL · min−1. Compared to the anemometric sensor, the

DHC sensor demonstrates an ultrahigh device sensitivity of

2.79 V/(µL · min−1) in the range of 0–0.1 µL · min−1,

which is more than 187 times and 277 times higher than

that of the VO2-based anemometer and the Pt-based DHC

sensor.

It is worth mentioning that although the proposed sen-

sor configuration shows a promising sensing mechanism in

ultrahigh sensitivity thermal flow rate measurement, more

considerations need to be included in future work for both

performance optimization and device realization. For instance,

the distance between upstream and downstream heater–sensor

pairs is an essential geometric parameter that affects the

sensing performance, because the cross-interaction between

H1 (H2) and T2 (T1) depends on the amount of heat transfer as

a function of distance. In addition, the CT mode also needs to

be considered and compared with the CP mode for a thorough

performance evaluation. It should also be noted that hysteretic

behavior can still bring some limitations in practice even if

the DHC sensor is used. This is because the fluctuations in

the flow rate can cause a significant thermal variation and thus

force the sensor into a minor hysteresis loop, resulting in an

incorrect measurement due to accumulated temperature devi-

ations. Therefore, a micro Tesla valve may eliminate the flow

fluctuations by restricting the reverse flow in the microchannel.

Besides, a proportional–integral–derivative (PID) controller is

also indispensable to accurately maintain the VO2 sensors at

desired temperatures for the DHC sensor to be operated in

the CT mode. Nevertheless, the proposed sensing mechanism

may pave the way toward using PCM with ultrahigh ther-

mal sensitivity for microfluidic flow measurement in nL and

sub-nL ranges.
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