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Abstract. Wall shear stress (WSS) measurement is essential for fluid dynamics research
and the hydrodynamic optimization of Autonomous Underwater Vehicles (AUVs).
However, conventional measurement techniques suffer from drawbacks such as
intrusiveness, low spatial resolution, poor adaptability to curved surfaces, or high
fabrication costs. To address these issues, this study develops a flexible hot-film sensor
for underwater WSS measurement, fabricated via a low-cost screen-printing process
using conductive carbon paste as the sensing element on a polyimide (PI) substrate, with
a reliable waterproof packaging scheme designed for underwater stability. The sensor
was integrated into a Constant Temperature Anemometer (CTA) circuit, and systematic
calibration was conducted in a fully developed turbulent channel flow using the pressure
drop method as the rigorous WSS reference, with the Darcy-Weisbach equation applied
to calculate the actual WSS from measured pressure drops at different flow velocities.
Key characterizations of the carbon-based sensitive material and the sensor’s
performance were carried out: the carbon paste exhibited a stable positive Temperature
Coefficient of Resistance (TCR) of 3347 ppm/°C; the calibration curve of the sensor

was fitted as U = \/38.9679 + 31.36331Y/3 with a high determination coefficient
R? = 0.971; the sensor achieved a minimum resolution of 0.05 Pa, a response time of
less than 0.35 s, and excellent cyclic stability with an almost unchanged baseline and
consistent output after three loading cycles between 0.1 Pa and 1.4 Pa. This screen-
printed flexible hot-film sensor features low fabrication cost, good conformability to
non-planar surfaces, high sensitivity, fast dynamic response, and stable underwater
performance, providing a reliable and practical solution for underwater WSS
measurement, and showing great application potential in hydrodynamic research and
AUV drag reduction optimization.

1. Introduction

Wall shear stress (WSS) measurement is fundamental to fluid dynamics, as it is closely associated with
skin-friction drag [1], flow separation [2], and turbulence transition.[3] For the hydrodynamic
optimization of naval Autonomous Underwater Vehicles (AUVs), accurate WSS quantification is
critical to validating drag reduction strategies.[4], [5] Currently, various techniques have been
established to measure WSS. But these approaches suffer from inherent limitations that restrict their
practical applicability in underwater WSS measurement. Direct methods, such as floating element
balances, enable the provision of direct force measurements but are susceptible to pressure gradients
and mechanical vibrations. [6] Indirect methods, including Preston tubes and Stanton gauges, infer WSS
from the law of the wall, yet are intrusive and inevitably perturb the local flow field [7]. Optical
techniques like Particle Image Velocimetry (PIV) offer non-intrusive solutions [8]. However, they
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typically suffer from low spatial resolution in the near-wall region and require complex, expensive
optical setups.

Hot-film thermal shear stress sensors have emerged as a dominant technique for underwater wall
shear stress (WSS) measurement, due to their high sensitivity, high-frequency response, and low
intrusiveness. [9] Conventional hot-film sensors are mostly fabricated via Micro-Electro-Mechanical
Systems (MEMS) technology on rigid silicon substrates, and such sensors exhibit high measurement
precision and excellent operational performance [10]. However, these rigid-based sensors cannot
achieve conformal attachment to curved surfaces commonly found in hydrodynamic underwater
applications. Flexible electronics technology provides an effective solution to this mounting challenge
[11], and flexible sensors fabricated by MEMS technology have become a current research focus with
promising application performance. [12] MEMS technology has inherent shortcomings for fabricating
flexible sensors, including cumbersome fabrication processes, reliance on large and precision cleanroom
equipment, and potential environmental pollution caused by pollutants generated in certain preparation
steps. As a flexible electronics fabrication process, screen printing has been widely applied to the
development of various flexible sensors, due to its prominent advantages of low cost, simple operation,
and feasible large-scale fabrication. [13], [14] Although considerable progress has been made in the
research of screen-printed sensors, relevant studies on hot-film thermal shear stress sensors for
underwater working conditions remain relatively insufficient. The systematic research of screen-printed
sensors in underwater environments is still limited.

In this study, we present the fabrication and comprehensive characterization of a flexible hot-film
sensor for underwater applications. The sensor is fabricated using a screen-printing process with
conductive carbon paste as the sensing element on a flexible PI substrate. A low-cost fabrication process
and a reliable waterproof packaging scheme were developed to ensure stability in water. The sensor was
then integrated into a Constant Temperature Anemometer (CTA) circuit and rigorously calibrated in a
fully developed turbulent channel flow. The pressure drop method was employed to provide an accurate
WSS reference for establishing the calibration curve. Finally, the static and dynamic performances,
including minimum resolution, response time, and repeatability under cyclic loading, were
experimentally evaluated.

2. Flexible Hot-Film Sensors

2.1. Working principle
(a) (b)

-

Figure 1. Working principle of the sensor: thermal distribution diagram. (a) Schematic diagram of underwater
thermal film heat transfer. (b) Diagram of Underwater Heat Distribution Simulated by COMSOL.

The working principle of the sensor is illustrated in Figure 1(a). The sensor is based on the principle of
convective heat transfer. When a voltage is applied to the sensitive resistor of the sensor, the sensitive
material’s temperature rises due to the Joule heating effect. At this point, the heat dissipation of the
sensitive material is divided into three components: 1) convective heat transfer to the water flow; 2) heat
conduction to the substrate (essentially constant); 3) radiative heat transfer (negligible). In order to better
present the schematic diagram of the underwater thermal distribution, a COMSOL-based physical field
simulation was carried out to investigate the heat dissipation mechanism of the underwater hot-film
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sensor (see Figure 1(b)). It can be observed that most of the heat is transferred to the substrate via thermal
conduction and carried away by the water via thermal convection, while the heat removed by thermal
radiation is negligible. When the sensor operates under the constant-temperature mode and the water
temperature is fixed, the heat conducted to the substrate is nearly independent of the flow velocity. In
contrast, the heat removed by thermal convection increases with the rise of flow velocity. Therefore, the
voltage required to maintain the constant temperature increases with the increment of heat loss. Heat
loss via convective heat transfer is primarily related to the flow velocity boundary layer. In general,
under the constant temperature mode, the wall shear stress is related to the applied voltage as follows
[15]:
U?=A-t"3+B
wherein, A and B are the to-be-calibrated coefficients, T represents the wall shear stress, and U is the
voltage applied on the sensor. Specifically, A is related to the sensor structure, the Temperature
Coefficient of Resistance (TCR) of the sensitive material, and other relevant factors, while B is
associated with the preset conditions. The higher the TCR of the material, the better the sensor’s
resolution. To this end, the definition of TCR is presented as follows:
R, — Ry
TCR = ——
T = Ts
In the above equation, T;and T, denote temperatures, and R, and R, are the corresponding
resistances of the sensitive material at temperatures T and T, respectively.

2.2. Design and Fabrication
The hot-film sensor was fabricated through a screen-printing process. The fabrication consists of three
key steps: fabrication of silver conductive circuits, printing of carbon-based sensitive layer, and PI film
encapsulation, as illustrated in Figure 2.
Ag C
Hot- press

b By, £

Figure 2. Preparation process of flexible hot film sensor.

Firstly, a clean and dry 25-um-thick PI substrate was selected as a temporary carrier. Place a 25 um
PI film on a glass substrate to ensure the flatness and stability of each printed layer during the preparation
process. Silver paste (the silver paste (LY508) was purchased from Shenzhen Yilai Technology Co.,
Ltd.) with high conductivity was screen-printed on the 25 um-thick PI substrate through a pre-designed
stencil. The silver circuit served as the conductive wires and electrode circuits of the sensor. Then, the
silver layer was sintered at 90 °C for 30 min to enhance its adhesion and conductivity. Subsequently,
the carbon-based sensitive material (the carbon paste (CH50011F) was purchased from Shenzhen
Selihui Co., Ltd. and was screen-printed on the designated area of the silver electrode, forming the core
sensitive layer of the hot-film sensor. The carbon layer was then dried at 80 °C for 30 min to remove
the solvent and ensure the structural integrity of the sensitive layer. Finally, a PI film was hot-pressed
on the surface of the sensor to realize the encapsulation. The hot-pressing process was carried out at
150 °C with a pressure of 0.3 MPa for 20 min. The hot-pressing process achieved tight bonding between
the PI film and the sensor surface while avoiding damage to the sensitive layer.

To evaluate the feasibility and reliability of the carbon-based material as the sensitive layer of the
hot-film sensor, the measurement of the Temperature Coefficient of Resistance (TCR) of the carbon
material was carried out. The TCR of the carbon-based sensitive material was measured using a high-
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precision resistance tester (Keithley 2400 Graphical Series Sourcemeter) combined with a temperature-
controlled chamber. It can accurately control the ambient temperature and record the corresponding
resistance change of the carbon layer. The test temperature range was set from 0 °C to 80 °C. The range
of temperature covers the actual working temperature range of the sensor in underwater friction drag
measurement. And the temperature was increased at a rate of 2 °C/min to ensure the stability of the
resistance measurement. The test results show that the carbon-based sensitive material exhibits a stable
positive TCR characteristic(~3347 ppm/°C, as shown in Figure 3).
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Figure 3. Diagram of the TCR of the carbon layer.

3. Wall shear stress measurement

3.1. Experiment setting

To achieve the measurement of wall shear stress, it is first necessary to apply predefined wall shear
stress conditions. Therefore, the water tunnel setup, as shown in Figure 4, was adopted. A differential
pressure gauge was mounted above the water tunnel, and the actual pressure drop across the wall can be
derived from the readings of the differential pressure gauge.

Figure 4. Schematic picture of measuring friction using the pressure drop method.

According to the Darcy-Weisbach equation [16], the relationship between the pressure drop inside
the pipeline and the wall shear stress on the inner wall of the pipeline follows the following equation:
AP -b-h
T2+ hL
where b and h are the flow width and height of the rectangular pipe, respectively, and L is the axial
distance between pressure tapings. For a square cross-section pipe (b=h). In the experimental conditions,
the spacing L between the pressure taps connected to the differential pressure gauge is 400 mm, the
width b of the flow channel is 60 mm, and the height h is 6 mm. Subsequently, the experimental
conditions of the water tunnel were calibrated. After measurement, the pressure drops at every 0.1 m/s
interval within the flow velocity range of 0-2.1 m/s was obtained, and the corresponding wall shear
stress was calculated. Thus, the actual wall shear stress at different flow velocities has been obtained, as
presented in Figure 5.
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Figure 5. Curve graph of pressure drops and calculated wall friction stress at different flow rates.

3.2. Result
Subsequently, the sensor was mounted inside the water tunnel, and constant temperature measurement

of the hot-film sensor was achieved via the constant temperature feedback circuit, as presented in Figure
6.

Figure 6. Schematic and physical diagram of a constant temperature circuit.

The AD620 instrumentation amplifier was adopted as the detection unit of the constant temperature
bridge, since it features an extremely low offset voltage that can enhance the resolution under the
conditions of low flow velocity and small signal differences. A feedback resistor of 10 Q was selected
for the AD620, yielding an amplification gain of 5000 times, which is sufficient to amplify the bridge
output under the constant temperature difference condition. However, the AD620 has a relatively low
load capacity; thus, the 2N3904 and 2N3905 transistors were configured to form a Darlington pair,
which enables the achievement of a high load capacity even when the AD620 outputs a small current.
Subsequently, the sensor was tested at different water flow velocities with a sampling time of 2 min,
and the time-domain signal of the sensor was acquired. The time-domain sampling data for each segment
were averaged to determine the sensor output. The abscissa represents the wall shear stress
corresponding to each flow velocity, and the calibration curve of the sensor was thereby obtained (as

shown in Figure 7).
1

@ sensor
fitting
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Figure 7. Diagram of the calibration of sensors.
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The calibration curve was fitted, yielding U = \/38.9679 + 31.363371/3 with a determination
coefficient R? = 0.971, which is generally consistent with the law expressed in Equation 1 above. In
addition to calibrating the fabricated sensor, we characterized its fundamental performance (as shown
in Figure 8). The first index is the minimum resolution of the sensor, which represents its ability to
detect the minimum wall shear stress. According to our test results, at a flow velocity of 0.4 m/s (the
minimum rotational speed of the water pump), the wall shear stress calculated from the differential
pressure gauge increased from 0.10 Pa to 0.15 Pa, and the sensor exhibited a clearly distinguishable step
response. Therefore, the minimum resolution is determined to be 0.05 Pa. Besides the minimum
resolution, the response speed of the sensor is also an important characteristic, reflecting its sensitivity
to rapid changes in wall shear stress. During our tests, the response time At of the sensor was measured
to be 0.35 s. This value corresponds to the sensor detecting the variation in wall shear stress caused by
the change in wall flow velocity. Considering that the adjustment of the pump rotational speed also
requires a certain time, the actual response speed of the sensor is in fact faster than 0.35 s. Finally, the
cycling performance of the sensor was evaluated. Maintaining a stable baseline without drift and a
consistent response after several identical cycles is a crucial indicator of the sensor's stability. In this
study, the sensor was subjected to three cycles between 0.1 Pa and 1.4 Pa. It was found that the baseline
of the sensor remained nearly unchanged, and the sensor output was also highly consistent under the
same wall shear stress conditions. These results demonstrate the good stability of the as-fabricated
Sensor.

sensor of — sensor sensor

1.4Pa

0.35s 75 0.1Pa

7.2

T v v v 1 7.2 T T T T 1 .
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Figure 8. Basic performance characterization of sensors. (a) minimum resolution of sensors; (b) response time of
sensors; (¢) cyclic characteristics of sensors.

4. Conclusion

This paper presents an underwater wall shear stress hot-film sensor, which is fabricated on a flexible PI
film via a low-cost screen-printing process combined with conductive carbon paste. The basic structure
of the sensor is prepared by screen printing, and the temperature coefficient of resistance (TCR) of the
carbon paste is measured to be 3347 ppm/°C. Subsequently, a water tunnel capable of providing reliable
wall shear stress is established. The relationship between wall shear stress and pressure drop based on
the pressure drop method is analyzed, and the sensor is calibrated in the water tunnel to obtain its
calibration curve. Finally, the fundamental performance of the sensor is characterized. The sensor
achieves a minimum resolution of 0.05 Pa and a response time of less than 0.35 s. After a period of
cyclic operation, the sensor still maintains a stable output, demonstrating its excellent performance.
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