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Thermal Flow Sensor With a Bidirectional
Thermal Reference
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Abstract— Conventional thermal flow sensors require samples
to be heated; however, the temperature rise of the measuring
tools limits their use in biological applications. To address this
limitation, in this study, we propose a thermal flow sensor with
a bidirectional thermal reference. We fabricated an integrated
calorimetric and hot-film thermal flow sensor with a bidirectional
thermal reference using a Peltier module to produce a thermal
distribution that depends on the flow rate. The integrated
thermal flow sensors enable high-resolution and wide-range flow
rate measurements in a microfluidic device without the use of
heating reagents in the cooling measurement mode. In addition,
the sensor can be used as a typical heating thermal flow
sensor by inverting the current applied to the Peltier module.
Computational fluid dynamics simulations and experiments were
performed to evaluate the performance of the integrated sensors
in heating and cooling modes. In both modes, the calorimetric
sensor measured low flow rates with a resolution of 100 nL/min,
whereas the hot-film sensor measured a wide range of flow
rates up to 200 µL/min. The proposed sensor expands the use
of the thermal flow sensors by switching between the cooling
and heating modes according to the sample temperature and
maximum temperature limit. [2022-0090]

Index Terms— Thermal flow sensor, microfluidics, Peltier
module, calorimetric, hot film.

I. INTRODUCTION

M ICROFLUIDIC technology based on microelectro-
mechanical systems (MEMS) has gained significant

interest for a wide range of applications. This technology
has significantly enhanced lab-on-a-chip (LOC) devices and
micro total analysis systems (μTAS), which are commonly
used in chemical and biological research [1], [2], because such
miniaturized devices facilitate analyses using small reagents
and therefore replace bulky laboratory equipment.

Microfabricated components have been integrated into
microfluidic devices and implemented to develop more com-
plex LOC devices for point-of-care testing. This integration
enables the size reduction of essential equipment using inte-
grated microfluidic components, such as electrokinetic actua-
tors [3], micropumps [4], [5], electrical circuits [6]–[8], and
analytical sensors [7]–[17].

Importantly, integrated micromachined flow sensors have
played an essential role in the development of LOC devices.
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Since the fabrication of micromachined flow sensors in
1974 [18], [19], many measurement principles for integrated
flow sensors have been developed. Integrated flow sensors
determine gas and liquid flow rates [7]–[10] and other flow
parameters, such as viscosity [11], temperature [12], and
surface potential [13]. Among these integrated flow sensors,
thermal flow sensors are commonly used in LOC devices
owing to their simple structure and compatibility with MEMS-
process [7]–[9], [14], [15]. Thermal flow sensors utilize the
thermal interaction between the sensor elements and the fluid.
A symmetric thermal distribution is formed using a thermal
reference, and when a flow exists, the convection cooling effect
changes the thermal distribution and temperature. The sensing
elements measure the temperature changes and derive the flow
rate from the measured temperature. As the sensing elements
in thermal flow sensors can precisely measure the temperature
using microfabricated components, they can measure a wide
range of flow rates with high resolution. Therefore, thermal
flow sensors have great potential for measuring small amounts
of reagents in biological LOC applications. However, typical
thermal sensors require a microheater to create a thermal dis-
tribution. The heat reference increases the reagent temperature
and causes damage to biological reagents. For instance, it is
known that cell damage occurs at 42◦C [20], and hence, the
working temperature has to be set lower than the maximum
safe temperature. Therefore, biological or medical analyses
typically use other types of flow sensors, such as complicated
laser doppler flow sensors [16]. Although these flow sensors
do not harm biological samples, their resolution is notably less
than that of thermal flow sensors.

In this study, we propose a novel thermal-flow sensor in
which the thermal reference consists of a Peltier module.
Using the cooling effect of the Peltier module, the reagent
temperature can be maintained to be lower than the initial
temperature, as demonstrated in our previous work [21].
However, the cooling operation affects the sample status when
the initial sample temperature is too low. In such a case, the
heating thermal flow sensor is more appropriate. Therefore,
a bidirectional thermal flow sensor is required to handle both
scenarios. In our study, we realized a thermal flow sensor
that has a bidirectional thermal reference. The sensor can
be used as a heating thermal flow sensor in the heating
mode by switching the direction of the applied current to the
Peltier module. It enables us to select the appropriate operating
mode depending on the sample temperature and maximum
temperature limit. We analyzed the temperature change in
the cooling and heating modes using computational fluid
dynamics (CFD) simulations and experimentally demonstrated
both modes using the same device.
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Fig. 1. (a) Schematic of the proposed cooling thermal flow sensor using
a bidirectional thermal reference. (b) Cross-sectional view of the proposed
flow sensor and the thermal distribution of conventional and proposed flow
sensors.

II. CONCEPT

Figure 1 shows a schematic of the proposed cooling
thermal flow sensor. As shown in Fig. 1(a), the proposed
flow sensor measures the flow rate by measuring the change
in the thermal cooling distribution with thermo-resistances.
The proposed sensor consists of a cooling thermal reference
and thermo-resistances for hot-film (Rh) and calorimetric
(Rct and Rcd) measurements for high-resolution and wide-
range sensing. The thermal reference was generated using a
Peltier module attached to the bottom of the microfluidic chip.
As seen in Fig. 1(b), the conventional thermal flow sensor
changes the thermal flow distribution using the heater, while
the proposed sensor creates the thermal flow distribution using
the cooling effect within the cooling mode. The asymmetric
thermal distribution increases the resistance of Rct and Rh
and reduces the resistance of Rcd. The relationship between
resistance (R) and temperature (T ) with respect to the flow
(u) is expressed as follows:

R(T ) = R(T0)[1 + α(T − T0)], (1)

where α is the temperature coefficient of resistance (TCR).
Both hot-film and calorimetric sensors measure this thermo-
resistive effect. As shown in Fig. 1(c), the wide-range

Fig. 2. (a) Model used for CFD simulation. (b) Cross-sectional view of
the CFD simulation, where the temperature difference (�TPeltier) was set
to −30◦C at the thermal reference block. We measured the temperature at
xct, xh, and xcd for each flow rate and calculated the temperature changes
(�Tc = �Tcd − �Tct and �Th).

hot-film sensor measures the resistive change of Rh using a
constant current source (I ), and the output voltage (Vh) is then
expressed as

�Vh = αG Rh0 I�Th(u), (2)

where G is the gain of the amplifier and �Th is the temperature
change. In contrast, in the high-resolution calorimetric sensor,
the Wheatstone bridge output using Rct and Rcd is amplified
and monitored, as shown in Fig. 1(b). The output voltage (Vc)
is expressed as

�Vc = 1

4
αVBG�Tc(u), (3)

where VB is the voltage applied to the Wheatstone bridge and
�Tc is the temperature difference between Rct and Rcd.

III. FEM SIMULATION

Before measuring the fabricated sensor, we investigated
the temperature changes in the microchannel using CFD
simulations. We used ANSYS Fluent as the CFD simulator.
To simplify the model, we modeled a thermal referential
rectangular block at the center of the quartz substrate, as shown
in Fig. 2. The block size was 3.96 × 3.96 mm2, which was
the same dimension as that of the Peltier module used in
the experiment. Using the rectangular block, we applied a
temperature difference (�TPeltier) from the backside of the
quartz substrate. We input water flow at 27◦C and increased
the flow rate (u) from 10 nL/min to 200 μL/min. We then
measured the temperature changes (�Tct, �Th, and �Tcd)
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Fig. 3. (a) CFD simulation results of the temperature changes in calorimetric
and hot-film sensors (�Tc and �Th) in the cooling mode, where the
temperature difference was set to −30◦C. (b) Closed-up of results of the
temperature changes of the calorimetric thermal flow sensor (�Tc) in the low
flow rate region (<10 μL/min).

at the thermal sensor locations (xct, xh, and xcd) as shown
in Figure 2(b). We set �TPeltier to −30◦C for cooling-mode
simulation and 30◦C for heating-mode simulation.

Figures 3(a) and 3(b) show the temperature changes of the
calorimetric (�Tc = �Tcd −�Tct) and hot-film (�Th) sensors
in the cooling mode when the input water flow rate (u) was
changed. As shown in Fig. 3, the calorimetric sensor measured
the flow at a low flow rate. However, as the flow rate increased,
�Tc decreased. This curve shape is common for calorimetric
sensors. The signal decreases on both thermo-resistive sensors
owing to heavy convective cooling [9], [22]. To investigate this
phenomenon, we compared the thermal distribution at low and
high flow rates. Figures 4(a) and 4(b) show the temperature
distributions when the flow rate is 3 μL/min and 200 μL/min,
respectively. As shown in Figs. 4(b), the thermal distribution
generated by the thermal reference does not change according

Fig. 4. CFD simulation results in the cooling mode, where the temperature
difference is −30◦C and the flow rate is (a) 3 μL/min and (b) 200 μL/min.

Fig. 5. CFD simulation results of a calorimetric sensor for different distances
(xcd − cct), where �TPeltier is −30◦C.

to Fig. 1, when the flow rate is high. Conversely, the hot-film
sensor can measure high flow rates, while it hardly shows a
response to low flow rates. Figure 3(b) shows the response of
�Tc in the low flow rate region (< 10 μL/min). These results
indicate that the calorimetric sensor can measure low flow rates
with high resolution. Therefore, wide flow rate ranges can be
measured using both the calorimetric and hot-film sensors.

Figure 5 shows the simulation results of the calorimetric
sensor for different distances between xct and xcd (= xcd−xct),
where the �TPeltier is set to −30◦C. In this simulation, the
distance (xcd − xct) is changed from 4.0 mm to 5.0 mm with
a step size of 0.2 mm. As shown in Fig. 5, the temperature
change increases as the distance (xcd − xct) increases. Next,
we simulated the sensitivity dependence of �Tc on �TPeltier.
Figure 6(a) shows �Tc when �TPeltier is set to −30◦C
and −10◦C. Although the magnitude of �Tc depends on
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Fig. 6. CFD simulation results of (a) calorimetric and (b) hot-film sensors
for different �TPeltier values, where the distance between the two sensors in
the calorimetric sensor (xcd − cct) is 4.0 mm.

�TPeltier, the trend of �Tc for each condition of �TPeltier is
similar. Figure 6(b) shows �Th when �TPeltier is set to −30◦C
and −10◦C. In the case of �Th and �Tc, the trend of �Tc is
similar at TPeltier = −10◦C and TPeltier = −30◦C.

Figures 7(a) and 7(b) show the simulation results of the
heating mode. In the heating mode, the temperature changes
were inverted. Similar to the cooling mode, the calorimetric
sensor responded sensitively at low flow rates and the hot-film
sensor responded at high flow rates in the heating mode.
Figure 7(b) shows the response of �Tc in the low flow
rate region (< 10 μL/min). Therefore, the simulation results
indicate that the proposed sensor can be used in both cooling
and heating modes.

IV. FABRICATION

Figure 8 illustrates the fabrication process of the pro-
posed device. We used a 525-μm-thick quartz wafer. First,
20-nm-thick titanium, 200-μm-thick gold, and 20-nm-thick
titanium were sputtered (Fig. 8(a)) at 25◦C, where the last

Fig. 7. (a) CFD simulation results of the temperature changes in calori-
metric and hot-film sensors (�Tc and �Th) in the heating mode, where the
temperature difference was set to 30◦C. (b) Zoomed-in plot of results of the
temperature changes of the calorimetric thermal flow sensor (�Tc) in the low
flow rate region (<10 μL/min).

titanium layer was adhered to SU-8 [23], [24]. The posi-
tive photoresist (JSR 7790G, JSR) was then patterned, and
the titanium and gold layers were then etched using 5%
APM and gold etchant (AURUM-302, KANTO CHEMICAL),
respectively (Fig. 8(b)). After removing the photoresist
using acetone, the 5-μm-thick permanent negative photoresist
SU-8 3005 was patterned as an isolating layer (Fig. 8(c)).
As the SU-8 is a widely-used insulating permanent mate-
rial in microfluidic applications [13], [23]–[27], we chose
this material as an isolating material between the fluid
and electrodes. Subsequently, the quartz wafer was dipped
into (3-aminopropyl)triethoxysilane (APTES) and rinsed with
deionized (DI) water to create amine groups on the surface
(Fig. 8(d)). Surface modification with APTES enables bonding
between SU-8 and PDMS [25]. Next, poly-dimethylsiloxane
(PDMS) was patterned using a silicon mold (Fig. 8(e)). The
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Fig. 8. Process flow of the proposed device. (a) Ti, Au, and Ti are sputtered
sequentially on a quartz wafer. (b) Each metal layer is wet-etched. (c) SU-8
isolating layer is patterned. (d) Amine groups are created on the surface using
APTES. (e) PDMS is patterned using a silicon mold. (f) The PDMS substrate
is bonded on the quartz chip using O2 plasma. (g) A Peltier module and a
heat sink are attached.

mold was patterned using DRIE and was fluorinated with
a mold-release coating agent (SURECO 2101S, AGC). The
inlet and outlet holes were punched into the PDMS, which
was bonded to the quartz chip using O2 plasma activation
(Fig. 8(f)). The O2 plasma activates both quartz and PDMS
surface. Finally, a 3.96 × 3.96 × 2.4mm3 Peltier module
(NL1010T, Marlow Industries, Inc.) and copper heat sink
were attached to the chip (Fig. 8(g)). Figure 9(a) shows
the fabricated thermal flow sensor and Fig. 9(b) shows the
cross-sectional view of the sensor chip stacked with the Peltier
module and heat sink. The size of the chip was 2 × 2 cm2.
The PDMS microchannel’s length, width, and thickness were

Fig. 9. (a) Image of the fabricated cooling thermal flow sensor chip.
(b) Cross-sectional view of the fabricated chip. (c) Zoomed-in photomicro-
graph of the thermo-resistive sensor. Both calorimetric and hot-film sensors
use the same design.

10 mm, 1000 μm, and 50 μm, respectively. Figure 9(c)
shows a zoomed-in photomicrograph of a thermo-resistive
sensor integrated into the microchannel. One of the two
thermo-resistive sensors was a spare in case the other broke,
and only one of them was used during the experiment.
We placed two sensors at the calorimetric sensor location
(Rct, Rcd) and three thermo-resistive sensors at the hot-film
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Fig. 10. Temperature coefficient of resistance (TCR) of the thermo-resistive
sensor used in the calorimetric and hot-film sensors.

Fig. 11. Image of the fabricated cooling thermal flow sensor chip connected
with inlet and outlet silicone tubes using silicone glue. The chip is attached
to a PCB and is wire-bonded.

sensor location (Rh) as spares. The calorimetric sensors were
located at ±2.10 mm from the center (i.e., xct = −2.10 mm
and xcd = 2.10 mm). The hot-film sensor was placed at the
center (i.e., xh = 0mm).

V. MEASUREMENT AND RESULTS

We used the same design of a thermo-resistive sensor
for both calorimetric and hot-film sensors. Before the flow
measurement, we measured the thermal coefficient of resis-
tance (TCR) of the thermo-resistive sensor. We placed the
sensor chip on a hot plate and measured the chip temperature
and the sensor resistance using a thermometer (SN3000,

Fig. 12. (a) Measurement circuit of a wide-range hot-film flow sensor.
(b) Measurement circuit of the high-resolution calorimetric sensor.

NETSUKEN) and an LCR meter (IM3536, HIOKI), respec-
tively. The sensing probe of the thermometer was placed in
contact with the quartz substrate of the sensor chip. Figure 10
shows the TCR of the sensor measured between 27.8◦C and
77.0◦C. Although we measured the TCR only when the tem-
perature was higher than the 25◦C owing to the limitations of
the equipment, we considered the resistance to be proportional
to temperature in both the cooling and heating modes based
on our experimental results.

An experiment on the fabricated device was performed
using DI water. The flow rate was controlled by a program-
mable syringe pump (Legato 110, KD Scientific) connected to
a sensor with silicone tubes. Figure 11 shows the fabricated
device attached to a printed circuit board (PCB), where the
Peltier module is located from the backside of the device
through a rectangular hole in the PCB. We applied 44 mW to
the Peltier module in cooling mode in the forward direction.
In the heating mode, we applied the same power of 44 mW
in the reverse direction. Figures 12(a) and 12(b) show the
measurement circuit containing the calorimetric and hot-film
thermal sensors. As shown in Fig. 12(a), we set the cur-
rent (Ic) to 100 μA in the hot-film sensor using a power
source (B2962A, Keysight). As the power consumption at the
hot-film sensor is less than 50 μW, the current was sufficiently
low to ignore the self-heating effect of the thermo-resistive
sensors. As shown in Fig. 12(b), the applied voltage to the
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Fig. 13. (a) Measurement results of the output voltage of the calorimetric
(Vc) and hot-film thermal flow sensors (Vh) in the cooling mode. The gain
of the amplifier G is set to 100 in both sensors. The applied voltage to the
Wheatstone’s bridge in the calorimetric sensor (VB) is 0.1 V. The current for
the hot-film sensor (IC) is set to 100 μ A. (b) and (c) Measurement results
of the output voltage of the calorimetric thermal flow sensor (Vc) in the low
flow rate region (<10 μL/min and <1 μL/min).

Wheatstone’s bridge (VB) was set to 0.1 V using a source
meter (2460, Keithley) in the calorimetric sensor. To amplify

Fig. 14. Transient output of (a) the calorimetric sensor and (b) the hot-film
sensor in the cooling mode when the flow rate is changed.

the signals, we used an instrumentation amplifier (LT1167,
Analog Devices) and set the gain (G) to 100 for both the
calorimetric and hot-film sensors.

Figure 13(a) shows the experimental results for hot-film and
calorimetric sensor output voltages (Vc and Vh) in the cooling
mode. Figures 13(b) and 13(c) show the calorimetric sensor
voltage output in the low flow rate region. As expected from
the preliminary simulation shown in Fig. 3, Vh indicates that
the hot-film sensor has a low response when the flow rate
is low. The responses of the hot-film sensor corresponded to
the simulation results as the flow rate increased. The hot-film
sensor could measure higher flow rates, unlike the calorimetric
sensor, whose response decreased when the flow rate was
higher than 100 μL/min.

In contrast, Vc indicates that the calorimetric sensor
measures low-resolution flow rates (less than 10 μL/min).
Figure 13(b) shows the output of the calorimetric sensor (Vc)
when the flow rate is less than 10 μL/min, and Fig. 13(c)
shows Vc when the flow rate is less than 1 μL/min. The
minimum flow rate in the experiment was 100 nL/min because
of limitations associated with the syringe pump. As shown in
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Fig. 15. Transient responses of (a) the calorimetric sensor and (b) the hot-film
sensor in the cooling mode when the pump was turned on with different flow
rates.

Fig. 13(b), Vc successfully detected these flow rates linearly
in the low flow-rate region.

Figures 14(a) and 14(b) show the oscilloscope
(DSOX1204G, Keysight) measurement results of the outputs
of the cooling-mode calorimetric and hot-film sensors with
varying time, where the same power (44 mW) was applied
to the Peltier module. because of the minimum resolution of
the oscilloscope, we increased the gain of the measurement
circuit (G) to 500. During the measurement, we changed the
flow rates and measured Vc and Vh. As shown in Fig 14(a),
Vc increased as the flow rate increased. However, when the
flow rate became 200 μL/min, Vc decreased. The results
corresponded to the static measurement shown in Fig. 13.
As shown in Fig. 14(b), Vh increases when the flow rate
increases. As with the static analysis results shown in Fig. 13,
Vh increases monotonically, even when the flow rate is high.

Figure 15 show the transient responses when the pump
is turned on with different flow rates in the calorimetric
and hot-film sensors. As shown in Fig. 15(a), the rising
time becomes shorter when the flow rate increases in the

Fig. 16. Output of (a) the calorimetric sensor and (b) the hot-film sensor
with 0.5-μm-thick and 5-μm-thick SU-8 insulating layers.

calorimetric sensor. In the hot-film mode also, the rising time
becomes shorter when the flow rate increases, as shown in
Fig. 15(b). Compared to the calorimetric sensor, longer rising
time was required in the hot-film sensor. This is because
the differential measurement used in the calorimetric sensor
reduces the drift [28].

As shown in Fig. 13, Vc starts to drop at 100 μL/min.
It occurs at a higher flow rate than the simulating results,
as shown in Fig. 3. We consider that the SU-8 insulating
layer increases the measurement range by moderating the tem-
perature change. To investigate the effect of SU-8 insulating
layer thickness, we fabricated the sensor device with thinner
insulating SU-8 layer using SU-8 2000.5. The thickness of
SU-8 2000.5 was 0.5 μm, and we compared the outputs
of the calorimetric and hot-film sensors with 0.5-μm-thick
and 5-μm-thick device. Figure 16 show the result of the
calorimetric and hot-film sensors for different SU-8 insulat-
ing layer thicknesses. As shown in Figs. 16(a) and 16(b),
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Fig. 17. (a) Measurement results of the output voltage of calorimetric (Vc)
and hot-film thermal flow sensors (Vh) in the heating mode. The gain of
the amplifier G is set to 100 in both sensors. The applied voltage to the
Wheatstone’s bridge in the calorimetric sensor (VB) is 0.1 V. The current for
the hot-film sensor (IC) is set to 100 μ A. (b) and (c) Measurement results
of the output voltage of the calorimetric thermal flow sensor (Vc) in the low
flow rate region (<10 μL/min and <1 μL/min).

in the 0.5-μm-thick SU-8 device, the output voltages were
relatively higher than the 5-μm-thick SU-8 device. On the

other hand, the decrease occurred at the lower flow rate in
the 0.5-μm-thick SU-8 device compared to the 5-μm-thick
SU-8 device. The shape of the output of the 0.5-μm-thick
SU-8 device is similar to the simulation results, which did
not contain the insulating layer effect. Therefore, we can infer
that the change of the maximum-output flow rate is caused
by the SU-8 layer, and reducing the thickness of the SU-8
layer increases the sensitivity of the sensor. However, the
0.5-μm-thick SU-8 layer was easily stripped when the flow
rate was quite high (> 200 μL/min). When the SU-8 layer
was damaged, bubbles were generated around the electrodes.
Therefore, an SU-8 layer thick enough to protect the electrodes
is required, although this reduces the sensitivity.

Figures 17(a), 17(b) and 17(c) show the experimental
results in the heating mode. Similar to the cooling mode, the
calorimetric sensor responded sensitively at low flow rates,
and the hot-film sensor responded at high flow rates (up
to 200 μL/min). Figures 17(b) and 17(c) show the output
of the calorimetric sensor (Vc) when the flow rate was less
than 10 μL/min and 1 μL/min, respectively. Therefore, the
measurement results were representative of the simulation in
the cooling and heating modes, indicating that the sensor can
be used in both modes.

VI. CONCLUSION

In this study, we propose a thermal flow sensor with bidi-
rectional thermal reference. The thermal reference generates
cooling and heating thermal distributions depending on the
flow rate. We fabricated integrated calorimetric and hot-film
thermal flow sensors using a Peltier module as a bidirectional
thermal reference, which created a thermal distribution. The
proposed sensor expands the use of the thermal flow sensors by
switching between the cooling and heating modes according
to the sample temperature and maximum temperature limit.
In the cooling mode, the proposed sensor can monitor the
flow rate in a microfluidic device without heating the reagent.

Additionally, the proposed sensor can be used as a con-
ventional heating thermal flow sensor by inverting the cur-
rent direction. We demonstrated the proposed thermal flow
sensor using CFD simulation and experimental results in
both heating and cooling modes. The calorimetric sensor can
measure low flow rates with 100 nL/min resolution, whereas
the hot-film sensor can measure a wide range of flow rates
up to 200 μL/min. The sensor will help reduce the amount
of reagents used in LOC and μTAS applications, including
temperature-limited applications.
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