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Figure 11. Sensor output with various amounts of heat from the fluid input.
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Bond graph modeling is an attractive means of modeling a dynamic physical system [21,22]. It uses
a language based on power exchange within a system model where the structure of the system model is
shown graphically [23]. One of the most interesting advantages of bond graph modeling is that it can
efficiently represent analytical models graphically in complicated cases involving the coupling of
multiple energy domains (i.e., mechanical, electrical, hydraulic, thermal, or magnetic domains) [24-28].
4.2. Thermal domain modeling
Conventionally, a thermal system is analogous to electricity: that is, temperature is similar to
voltage and the heat flow rate is similar to a current. A thermal domain system can therefore be
represented by thermal resistance and thermal capacitance in a thermal network. The model was
developed using the commercial program 20-Sim available through Controllab B.V. [29].
Figure 13(a) shows an equivalent thermal network model of the heat flow inside of the fluid
channel based on 2D transient modeling; Figure 13(b) shows a bond graph model of the fluid channel
part. The heat from the objective fluid flow inside the fluid channel and some of heat that flows to the
developed sensor part and elsewhere flows simultaneously to the ambient. Heat loss caused by
radiation is not considered due to the low temperature of fluid. Heat loss caused by convection and
conduction can affect the result, so thermal resistance can be obtained from the real experiments. If the
temperature between fluid on sensitive area and sensor surface is acquired, thermal resistance
containing both convection and conduction can be calculated. However, thermal resistance and heat
capacity of sensor part can be calculated from its material properties and geometry [30]. Figure 14
shows the bond graph model of the sensor part and values. The heat generated by the heater flows to
the fluid channel through the passivation layer and the thermopile structure. The heat generated from
the fluid channel flows to the thermopile structure and to the micro calibration heater. The sensor
modeling part consists of a micro calibration heater for characterization of the sensor, a thermopile
structure for measurement, a fluid channel model for microfluidic application, and a sourcemeter and
the heater modulator for the thermal modulation method.
Figure 13. (a) Heat flow model of a fluid channel; (b) bond graph model of a fluid channel.

(a)

(b)
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Figure 14. Bond graph model of (a) a heat flux sensor part and (b) values.

(a)

(b) (Unit: C = J/K, R = K/W)
4.3. Electrical domain modeling
The electrical circuits are mainly composed mainly of electric resistors, capacitors, and operational
amplifiers. Resistors and capacitors, which are the passive electrical components, can be expressed
with an Re element and a Ce element. Active electrical components, such as operational amplifier, can
be developed in a bond graph model [24]. A noninverting amplifier and a lock-in amplifier can be
modeled with standard elements of a bond graph and the developed bond graph model. Figure 15(a)
shows an equivalent electrical circuit and lock-in amplifier; Figure. 15(b) shows the bond graph model
of an electric system.
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Figure 15. (a) Overall electrical circuit system; (b) Bond graph model of electrical circuit part.

(a)

(b)
4.4. System model identification
The numerical values of the electrical and thermal parameters of the system model must be
determined for simulation purposes. The values of the passive electrical components are identified
from direct measurement. The manufacturer’s data are used to obtain the values of the active electrical
component, such as the open loop gain and the input and output resistances values.
Since the heater resistance varies with its temperature, the heat input from the heater continually
changes with the resistance of the heater, even if a constant current input is applied. The relation
between the resistance of the heater and the temperature is identified as per standard
No. 51-1 EIA/JEDEC [31]. The sensor placed in the insulation chamber with the heating element and
the heater is connected with the sourcemeter for the purpose of measuring the resistance of the heater.
The resistance value of heater and the temperature of insulation chamber at equilibrium, with
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increasing temperature of insulation chamber by the heating element, are recorded. The relation for
this experiment is expressed as:
Rheater = 124.3 ⋅ (1 − 0.0009 ⋅ T ) [Ω]

(4)

The thermal parameters of the sensor were identified by means of an analytical calculation and an
experimental method. The thermal parameters of the inner parts of the sensor, which consist of the
thermal resistance values and the thermal capacitance values of the thermopile and membrane, were
determined by numerical calculations based on both the geometry of the sensor and the thermal
properties of the materials. The thermal resistance between the surface of the sensor and the ambient is
determined experimentally [32]. The power is supplied to the heater in a stepwise manner with the
sourcemeter. The temperature response of the sensor surface is measured with an IR thermometer. The
thermal resistance is calculated with the measured temperature increment, the ambient temperature,
and the measured power dissipation.
4.5. Results
The simulation results of the developed system are validated with a comparison of the experimental
data. Figure 16(a) shows the measured data, and Figure 16(b) shows the simulated results with
different power supplies ranging from 1.24 to 7.77 μW with the sourcemeter.
Figure 16. Comparison of the heat-flux output for calibration (input conditions:
reference 7 Hz; 265 mVpp; 530 mVOffset; time constant 300 ms).

(a) Measured

(b) Simulated

The experimental data has 20 mV of maximum fluctuations after reaching steady-state. This is
possibly arising from the sensor geometry which has long sensitive area and that makes non-uniform
temperature on it, but it is not identified yet. To compare between experimental data and simulation
data, the sensor output is averaged for 10 seconds after it reaches steady-state. The simulation results
follow the measured data for output voltage deviations for less than 4.2%. Figure 17 shows the Fourier
transform of the sensor output signal and 20 mV of the dominant noise can be seen.
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Figure. 17. Fourier transform of the sensor output signal.

Figure 18(a) shows the measured data, and Figure 18(b) shows the simulated results with a heat
supply of 14.48 to 27.64 mJ per 350 nL for the microfluidic application. The simulation results follow
the measured data for output voltage deviations of less than 1% and a time constant discrepancy
of 0.2 s. As it can be seen, the simulation results are in good agreement with the measured voltage
responses. Because the thermal parameters of the inner part of the sensor are calculated on the basis of
the geometrical dimensions, there are slight discrepancies between the measured data and the
simulation data. If thermal properties of the layers are investigated in terms of the fabrication process
of each test sample, the simulation model should be able to produce more accurate results. In the
microfluidic application simulation, accurate measurement of the heat and velocity of the fluid can
increase the accuracy of the simulation model.
Figure 18. Comparison transient response of the heat-flux output with a fluid injection
(input conditions: fluid injection: 350 nL; Ambient temperature: 20.1 °C; reference flow
rate: 830 nL/s).

(a) Measured

(b) Simulated
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5. Conclusions
In this paper, we present the design and fabrication process of a microfluidic heat flux sensor.
The microfluidic heat flux sensor system consists of a thermopile, a micro calibration heater, a
thermistor, a PDMS fluid channel, and electronic circuits. The sensor was fabricated by a
complementary-metal-oxide-semiconductor-compatible process. The characteristics of the sensing
system are investigated by means of a thermal modulation method to reduce the low-frequency noise.
The system has a sensitivity of 461 V/W and a resolution of 20 nW. The developed microfluidic heat
flux sensor was measured with various amounts of fluidic heat to investigate the suitability of the
sensor for microfluidic applications. Modeling and simulation of the electro-thermal behavior of the
microfluidic heat flux sensor with an integrated electronic circuit and lock-in amplifier are presented
for the purpose of designing the micro heat flux sensor system and analyzing the signal output. The
proposed system model shows good agreement with the measured data.
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