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The development and the corresponding evaluation of a multidirectional thermal flow sensor are presented in this work. The sensor
was fabricated on a flexible substrate, allowing for new applications, since it provides the possibility of installation in nonplanar
surfaces such as pipelines. Furthermore, the sensing elements are not in direct contact with the fluid, which increases the device
reliability, extends its application range, and allows the noncontact monitoring of fluids. This was achieved by utilizing the
substrate as a protective layer between the sensing elements and the fluid under measurement. The operation principle is based
on the determination of the flow-induced temperature profile variations. A dedicated experimental setup was designed and used
for the device evaluation. Both flow velocity value and direction were successfully extracted, while the results were consistent
with the predicted theoretical values. A single-layer back propagation neural network that correlates the sensors’ readouts to the
angle of rotation was implemented, which leads to a mean absolute direction estimation error in the order of 2.7 degrees
independent to the training procedure datasets.

1. Introduction

Determination of flow velocity and direction in harsh envi-
ronments is a major concern in various applications, such
as gas flow measurement in pipelines [1], meteorology [2],
agricultural production [3], avionics [4] and active flow con-
trol in aviation [5], intelligent air-conditioning systems [6,
7], and wind turbine installations [8]. Flow sensors also find
critical applications in biomedical fields, for example, instal-
lation in external ventricular drains [9], tracheal intubation
flow sensing [10], sleep apnea monitoring [11], and blood
flow sensing [12].

There are a few principles of operation suggested in the
literature, such as MEMS with beam structures [13], piezore-
sistive sensors [11] where strain, stress, or pressure is trans-
lated into flow, or more recent multidirectional flow
measurements using thermoelectric generators in effective
radial topology [14]. However, thermal flow sensors are

considered key technology, mainly because they are not
composed of moving parts; therefore, there is no mechanical
degradation over time and design and implementation
require less production steps. Also, being a mature technol-
ogy, challenges regarding driving electronic circuits and
interfacing have been tackled.

Directional flow sensors based on thermal principles of
operation [14–22] have been studied extensively since the
evolvement of micromachining technology and the intro-
duction of the first device on silicon substrate [23]. Great
efforts towards minimizing energy consumption are pre-
sented in the literature [16, 21], thus allowing for applica-
tions where minimal energy footprint is required, as in
wireless sensor networks [20].

Enhanced sensor performance has been demonstrated
by various implementations; for instance, the addition of
sensing elements at different distances from the heating ele-
ment has been linked to a broader flow velocity detection
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range [24, 25], while improved direction sensitivity has
been achieved with the incorporation of additional heaters
[26, 27]. Intelligent techniques have also been introduced
in order to further improve accuracy or facilitate flow direc-
tion estimation and compensation for sensor fabrication
asymmetries, such as Σ-Δ modulation [27] and Artificial
Neural Networks (ANNs) [22, 28]. Also, data from direc-
tional flow sensors mounted onto different unmanned vehi-
cles (such as drones [29]) can be used in mathematical
models and algorithms [30–32] for real-time correction of
operation and optimal operation.

Nevertheless, MEMS manufacturing technology pre-
sents some inherent drawbacks, such as the requirement
for complicated and expensive manufacturing procedures
and the relatively frail nature of rigid-substrate devices,
mostly due to wire bonding connections and other packag-
ing issues [33]. Alternative devices, based on flexible sub-
strates and thin film technology, have been demonstrated
[22, 34, 35], but they either provide solely uniaxial informa-
tion of flow rate or have high error in flow angle detection.

In this work, the design and implementation of a
low-cost multidirectional thermal flow sensor on flexible
substrate based on previously presented preliminary results
[36], with compensation via a suitable Artificial Neural
Network, are presented. Measurements demonstrate that
performance is comparable to corresponding silicon
devices in both flow rate and flow direction detection. In
addition, the sensing elements are fully isolated from the
fluid; as a result, the implementation presents a robust,
maintenance-free solution for harsh environments.

2. Principle of Operation

The device incorporates four orthogonally placed sensing
elements (R1, R2, R3, and R4) with equal distance from a
centered heater, as shown in Figure 1, allowing the determi-
nation of flow vector (both flow rate value and direction).
Heater operation in constant current as well as in the con-
stant temperature mode was evaluated for the determination
of the flow rate; in the first case, the heater’s resistance
(which presents a linear correlation to temperature) drops
as the flow rate increases, whereas in the second case, the
power required to maintain a constant heater temperature
is proportional to the flow rate applied. For both operating
modes, appropriate electronics were utilized for supplying
controllable power to the heater element.

Flow angle can be derived from the differential signals of
the sensing elements due to the flow-induced heat transfer;
therefore, both the flow rate and the direction can be
extracted simultaneously [26].

The following functions show the correlation between the
flow angle and the differential signals of the sensing elements:

ΔTx = ΔT0 ⋅ cos φ,
ΔTy = ΔT0 ⋅ sin φ,

φ = arctan
ΔTy

ΔTx
,

1

where ΔT0 represents the temperature drop induced on the
sensing element pairs by the applied flow. The signs of ΔTx
and ΔTy must be taken into account when calculating the
inverse tangent in order to obtain four-quadrant results.

3. Sensor Fabrication: Experimental Setup

The fabrication procedure is compatible with standardized,
low-cost flexible PCB manufacturing technology, while the
components used are widely available and the entire process
features a high repeatability rate.

In Figure 2, the manufacturing process is illustrated; the
substrate is a 100μm thick polyimide (PI) film, prelaminated
with copper. The copper conductive traces are patterned
using a typical photoresist-based process and a low-cost
mask, printed on polyester film. SMT Pt100 elements (in
typical 0603 package) are utilized for both heating and
sensing elements. The four sensing elements are soldered
at a distance of 2.5mm from the heating element, and
finally, the device is sealed with epoxy material on the
upper side.

The resulting device with the corresponding housing for
the evaluation setup is presented in Figures 2(c) and 2(d).
The sensing elements and the heater are formed on the
upper (patterned) surface of the PI film as shown in
Figure 2(c). It should be underlined that flow is applied on
the nonpatterned surface of the substrate. The bottom sur-
face of the PI film is facing inside the flow channel as shown
in Figure 2(d), thus offering isolation, both chemically and
mechanically, from the gas/fluid flow, while permitting ther-
mal interaction via the thin polyimide membrane. Although
the sensing elements are not in direct contact with the fluid,
the membrane thickness allows for thermal coupling, thus
resulting in adequate sensitivity and detection range, as indi-
cated by the corresponding results.

The measurement setup (Figure 3(a)) consisted of a spe-
cially designed plexiglass flow channel, with a suitable
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Figure 1: Sensor layout representation. ΔΤx and ΔΤy are the
temperature differences measured between sensing element pairs
R2-R4 and R1-R3, respectively.
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circular opening on the upper wall to fit the sensor under
test. The channel has an orthogonal cross section with
dimensions of 0 75 cm × 5 75 cm (Figure 3(b)). This appara-
tus allows for 360° rotation, while maintaining the surface of
the sensor flat-aligned with the channel walls. Therefore, the
initial flow vector is completely unaffected by the sensor
angle and can be well defined, since the flow channel is effec-
tively a simple rectangular pipe.

The setup is complemented by a controllable flow rate
source, providing reference flow in the range of 0-25 stan-
dard liters per minute (SLPM), monitored alongside with

fluid temperature by a precision Alicat M-series flow sensor.
The corresponding Reynolds number does not exceed the
value of 770; thus, laminar flow is maintained inside the flow
channel. Power is applied to the heating element through a
Keithley 2612 SourceMeter that simultaneously monitors
the corresponding voltage/current, whereas the sensing ele-
ments’ response is measured by a Keithley 2000 multimeter.
All the electronic devices are connected to a PC through
the LabVIEW software; thus, all the signals are monitored
and controlled in real time. The corresponding data are also
stored in a PC for further processing.
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Figure 2: The sensor fabrication process. (a) Standard PCB photolithography was utilized for patterning copper onto the prelaminated
Kapton film. (b) Thermistors were soldered, and the packaging was fitted. (c) The device’s upper surface with the heater and the sensing
elements and (d) the bottom surface which faces the flow channel.
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Figure 3: (a) The experimental setup. Arrows point the corresponding subcomponent of the setup. (b) Schematic of the measurement setup.
The dimensions ensure laminar flow for the measurement flow rate range. Dimensions are in cm.
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4. Results

4.1. Flow Rate Response. The sensor’s response was evaluated
in the region 0-25 SLPM under constant current (CC) and
constant temperature (CT) mode utilizing the hot wire prin-
ciple of operation, as depicted in Figure 4. In the first case, a
constant current of 30mA was supplied to the heating ele-
ment, corresponding to approximately 120mW under zero
flow conditions, while in the second case, the heating element
was kept at a constant operating point of 70°C by adjusting
the applied power in order to compensate for the
flow-induced temperature variations. Air flow with a con-
stant temperature of 25°C was provided from a compressor,
which was utilized prior to experiments until it reached a
steady operating temperature.

As illustrated in Figure 4, both modes of operation
result in a relatively high sensitivity in the specific flow
range, with no visible saturation in the indicated flow
values. However, it is obvious that the CT mode is a better
choice for the determination of the flow rate since an
improved sensitivity is obtained in the entire flow range
under test. Moreover, a higher sensor response has been
extracted, which is defined by the variation in heater
power throughout the entire flow range. The specific
response was ΔP = 12 6mW in the CT mode, compared
to -2.89mW in the CC mode for flow variation from 0
to 25 SLPM. For comparison purposes, both responses
are shown in the same scale at the inset of Figure 4.
Additionally, the CT mode presents the advantage of
nonsaturated behavior in higher flow values, which
cannot be shown in Figure 4, since the flow velocities
under evaluation are comparatively low (maximum
average fluid velocity 0.97m/s).

4.2. Static-Dynamic Response. When referring to the time
response of a flow sensor, there are two main categories:
static and dynamic responses. The static time response
can be obtained without flow by applying an electrical
pulse to the heater and measuring the time required for
the same heater (for the hot wire principle of operation)
or for the nearby sensing element (for the deferential prin-
ciple of operation) to reach a steady temperature. The
dynamic time response can be estimated under flow, and
it is defined from the time required for a sensor to reach
a steady state under a sudden flow pulse. Given the fact
that forming a step flow pulse is not trivial, in most of
the cases in the literature, the term response time for flow
sensors refers to the static time response.

For static response time determination of the present
system, a current pulse of 30mA was applied to the
heater; thus, a time response in the order of 800ms was
extracted for the hot wire principle of operation.

For the evaluation of the sensor dynamic response,
four sets of measurements were performed, from 10 to
25 SLPM with a step of 5 SLPM. In each initial flow veloc-
ity, pulses were created by changing the state of an on-off
valve, which was connected in series to the flow tube. The
response time of the valve was in the order of tenths of
second (off: zero flow, on: set-point flow). In all the cases,

a constant current of 30mA was supplied to the heater.
The heater’s signal was monitored in real time as well as
the differential signal of two sensing elements, situated
symmetrically in upstream and downstream positions with
respect to the flow; referring to Figure 1, the flow was
applied to y axis and the temperature difference was
extracted from sensing elements R1-R3.

The results are illustrated in Figure 5, where the
normalized resistance of the heater and the differential
elements are presented as a function of time. For each
case, normalization was performed according to equation
(2), in order for the signals to be comparable; the valve
state changes are clearly indicated by changing the
monitored signals.

Xn =
X − Xmin

Xmax − Xmin
, 2

where Xmin/Xmax is the heater minimum/maximum
resistance (for the hot wire principle of operation) or
minimum/maximum ΔR (for differential measurements).

Flow was provided by a generic air compressor; thus,
small oscillations and signal drifting were observed, which
induced fluctuation in the sensing element signal; more
specifically, the differential signal was more sensitive to
flow fluctuations, while heater’s signal was slightly more
immune. This difference in sensitivity can be observed in
the response time extraction as well.

In order to define the dynamic response time for the
specific device to flow alternation, we calculate the rise
and fall time for the corresponding sensor responses to
flow pulses in various flow values, as shown in Figure 6.
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Figure 4: Heater power (CT mode, left y axis) and heater
temperature (CC mode, right y axis) as a function of the applied
flow. Inset: both modes’ power response to the same flow range
for comparison.
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The sensor response as a function of time is presented for
the (a) heater and (b) the differential element signal.

In each case, the corresponding response is presented
during a valve change-state cycle. The dynamic response
time is defined as the corresponding pulse rise (and fall)
time, which is defined as the time needed for the signal to
change between 10% and 90% of its final value, when flow
is applied in the channel. For each calculation, an on-off
alternation from Figure 5 was used, with a final value
being the value used as maximum for signal normaliza-
tion. Afterwards, a mean value of all the response times
was calculated, which is the value indicated in black in
Figures 6(a) and 6(b).

These dynamic response time values incorporate the
time required by the setup to reach a steady flow (compres-
sor, valve, and custom channel) as well as the proposed sen-
sor’s response to that flow.

4.3. Flow Direction Response. The aforementioned equation
(1) can be simplified when the temperature dependence of
Pt100 elements is taken into account. As mandated by the
IEC60751 standard, the Pt100 sensing elements’ resistance
presents an effectively linear correlation with temperature
for T > 0°C and a small temperature variation; therefore, Δ
Τx and ΔΤy in (1) can be substituted by kΔRx and kΔRy ,
respectively, where ΔR represents the difference in resistance
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Figure 5: Normalized heater resistance (black square symbol) and upstream-downstream thermistors’ normalized differential resistance (red
circle symbol) response to flow pulses: (a) 10, (b) 15, (c) 20, and (d) 25 SLPM flow.
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of the element pair along the x and y axes accordingly and k
represents a constant factor, dominated by the TCR of the
sensing element.

The device’s response as a function of flow direction is
presented in Figure 7, where the parameters ΔRx and ΔRy

are plotted in respect to the flow angle; the entire range from
0 to 350 degrees is covered in 10 degree increments. A con-
stant flow rate of 25 SLPM was applied during the directional
response evaluation; the heater was operated at a constant
30mA current (approx. 117mW, 75°C).

Experimental results, shown in Figure 7, indicate that the
sensor exhibits adequate sensitivity with respect to the flow
direction. A phase difference and a small vertical offset are
observed in comparison to ideal response curves; however,
these systematic deviations can be attributed to slight

asymmetries in the device layout and can be easily compen-
sated by utilizing a suitable Artificial Neural Network.

5. Data Fusion

In order to improve the direction estimation, a
single-layer back propagation neural network that corre-
lates the four sensors’ readouts to the angle of rotation
was developed, i.e.,

f R1, R2, R3, R4 = θ ≈
ΔTy

ΔTx
3

After extensive numerical tests, we have set the num-
ber of hidden neurons to 12 (Figure 8). This relatively
small number of neurons has been proved effective as it
gave very good results at considerably small computational
costs. For the training of the neural network, we have
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Figure 6: Calculation of 10-90% average response time from different flow rates: (a) heater’s dynamic response and (b) differential elements
(upstream-downstream to 0° flow) mean dynamic response.
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tested four popular backpropagation algorithms [37–39].
The Levenberg-Marquardt method excels with fast conver-
gence and relative cheap computational cost as it does not
need to compute the Hessian matrix. This particular method
is considered a standard methodology. The Bayesian regula-
tion method was selected since it is generally considered suit-
able for small datasets like the one we have here. The
Fletcher-Powell conjugate gradient method is the third
choice and finally the classical BFGS quasi-Newton algo-
rithm. All the tests were performed in MATLAB [40].

The experimental data, i.e., the four sensor’s readouts
from the experimental setup as described above, correspond-
ing to a full rotation of the sensor from 0° to 350° at 10° per
step were utilized for the construction of the neural network.
Moreover, the original dataset has been split into three sub-
sets in a percentage 70%, 15%, and 15%, namely, a training
subset comprised of 25 data points, a validation subset con-
sisting of 6 data points, and a testing subset comprised of 6
data points. The dataset under evaluation was taken for the
flow rate of 25 SLPM. Similar evaluation can be performed
for various flow directions in order to acquire the directional
characteristics as a function of the flow rate, which is a sub-
ject for future work.

Table 1: Neural network results.

Method
Mean
training
epochs

Mean
training
error

Max
training
absolute
error

Mean absolute
error for best

training

Root mean
square error for
best training

Indep. dataset mean
absolute error for
best training

Indep. dataset max
absolute error for
best training

Levenberg-Marquardt 5.4 2.9 0.32 0.09 0.13 2.7 11.0

Bayesian regulation 536.02 10.3 0.9 0.23 0.34 2.11 4.9

Fletcher-Powell
conjugate gradient

6.6 9.8 6.8 2.46 1.8 2.98 7.3

BFGS quasi-Newton 7.9 11.3 8.5 4.18 3.67 4.45 11.03
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In Table 1, we present the overall results. From the first
three columns, we conclude that the trainings with the
Levenberg-Marquardt method are the fastest, the mean of
the errors is quite small, and it furnishes the best neural net-
work. Bayesian regulation method proves to be very slow in
the training procedure; the other two competitors, even if
fast during training, do not perform satisfyingly.

The chosen neural network provides a very accurate
direction estimation, as shown in Figure 9, resulting in a
maximum absolute error of 0.32 degrees and a mean abso-
lute error of 0.09 degrees; whereas the mean square error is
0.13 degrees. The overall error distribution is presented in
Figure 10.

In order to further test the proposed neural network, an
additional, independent dataset was used, corresponding to
rotations of 45, 65, 125, 205, 295, and 335 degrees. It should
be noted that these data points have not been involved at all
in the ANN construction procedure. Figure 11 presents the
performance of each tested ANN algorithm, assuming the
independent dataset values for comparison. Among the
backpropagation training algorithms, Levenberg-Marquardt
and Bayesian regulation result to the lowest error values.
However, the characteristics presented in Table 1 and corre-
sponding discussion lead to the adaption of the
Levenberg-Marquardt algorithm. For this methodology, the
mean absolute error obtained is 2.7 degrees. It should be
taken into consideration that inherent setup limitations
(i.e., the angle setting resolution is 1 degree) are included
in the overall achievable accuracy mentioned above.

In Table 2, a comparison with similar sensors found in
literature is presented for reference. Although the proposed
sensor is manufactured with low-end processes, it is evident
that its performance is suitable for a wide range of 2D flow
sensing applications, and its characteristics are comparable
with state-of-the-art devices presented in the literature.

6. Conclusions

In this work, a thermal gas flow sensor for measuring
two-dimensional flow was developed and evaluated in a con-
stant current and constant temperature mode. A supplemen-
tary Artificial Neural Network was also developed in order

to compensate for sensor asymmetries. In the proposed
implementation, the flow is completely isolated from the
active elements of the device. The flexible substrate allows
for nonplanar installation; obtained measurements show
promising results considering the low cost and complexity
of the implementation; the measurable flow rate range
extends from 0 up to more than 25 SLPM while the mean
absolute error in direction estimation is 0.09 degrees within
the training data and 2.7 degrees for a completely indepen-
dent dataset. Further sensor development, including
improvements on the layout and fabrication tolerances, is
expected to provide a low-cost solution, especially for harsh
environment applications that require measurement of low
flow rates.
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