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Abstract: A torque-based optical fiber flow sensor has been designed and experimentally tested to assess its potential
for fluid flow measurement. The sensor utilizes an optical fiber strength modulation principle to achieve flow detection.
Detailed attention is given to the design of the sensor structure, including the sensor probe and fiber bundle probe, and
the working principle of the torque-based flow sensor is systematically described. A theoretical model of the sensor is
established, considering key parameters such as torque (m), radius (r), sensor joint stiffness (.5 7), refractive index (n),
and radius of curvature (R), which significantly affect its detection performance. Simulations are conducted to obtain
Q-M curves under varying parameter conditions, revealing the relationship between sensor output and fluid flow rate.
A gas flow detection experiment is subsequently performed on a custom-built experimental platform to evaluate the
sensor’s practical performance. The results indicate that the sensor output decreases monotonically with increasing
fluid flow for different parameter settings, demonstrating a good linear response within a specific detection range. It
is found that the sensitivity of the sensor is influenced by the selection of critical performance parameters and the
characteristics of the fluid being measured. For gas flow detection, the sensor output voltage shows an approximately
linear decrease with the increase in gas flow. The comparison between simulation and experimental data confirms that
both exhibit similar trends, thereby validating the sensor’s applicability in fluid flow detection. This study highlights
the potential of torque-based optical fiber flow sensors for accurate and reliable fluid flow measurements.
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1 Introduction

Flow sensors are widely used across various fields, including industrial production, energy measurement,
environmental monitoring, pipeline transportation, biotechnology, scientific experiments, and marine meteorology,
making them a critical component among sensor technologies. Due to their significance, research on flow sensors has
attracted substantial attention [1-4]. In parallel, optical fiber sensing technology has experienced rapid advancements
in recent years due to its numerous advantages, such as high sensitivity, resistance to electromagnetic interference, and
flexibility in harsh environments [5-19]. Consequently, there has been growing interest in applying fiber optic sensing
technology to flow sensors [19-22]. However, research in this area remains limited, the associated technologies are
not yet fully developed, and further in-depth and innovative studies are necessary to advance this field. In response
to these challenges, a torque-based optical fiber flow sensor structure is proposed in this study. This sensor design
utilizes the deflection of a torque body under fluid flow, coupled with a matrix-arranged fiber beam probe, to convert
fluid flow detection into the measurement of light intensity received by the fiber. This approach introduces a novel
method for applying fiber optic sensing technology to fluid flow detection and provides valuable insights for further
research and development of optical fiber flow sensors.

2 Sensor Design
2.1 Sensor Probe Design

The structure of the probe in the torque-based optical fiber flow sensor is illustrated in Figure 1. The sensor probe
is housed in a mechanical assembly comprising an external shell, a torque body, a corrugated sealing bag, bearings,
and rollers. The sensor’s outer shell consists of symmetrical left and right sections. The torque body, which is driven
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by fluid forces, is integrated into the shaft assembly hole via bearings. Separate assembly holes are provided for
securing the incident and receiving fiber probes, ensuring the proper alignment and reconnection of the incident fiber
probe, the receiving fiber probe, and the light transmission hole during the assembly process. The lower roller of the
torque body operates within a circular roller guide groove, which functions to support and position the torque body
accurately. At the bottom end of the torque body, the force plate is positioned centrally within the fluid detection
channel, enabling the detection of moments exerted by the flowing fluid. Figure 2 depicts the structural diagram of
the torque body, which includes components such as the upper rotating shaft, the upper neck, the light shield, the light
transmission hole, the lower neck, the lower rolling shaft, and the force plate. The light transmission hole, located in
the middle and upper sections of the light shield, is designed to match the geometric size and shape of the end face of
the optical fiber bundle. The force plate, circular in shape, experiences normal thrust under fluid action, causing the
torque body to deflect at a specific angle. The torque body reaches a new equilibrium position when the fluid pressure
balances the normal component of the torque force.
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(2) Section view (b) Shell section diagram

Figure 1. Sensor probe
Note: 1. Bearing; 2. Left shell; 3. Roller; 4. Right shell; 5. Shaft assembly hole; 6 and 7. Assembly holes for the incident optical fiber and the
receiving optical fiber; 8. Check the fluid channel
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(a) Main view (b) Left view

Figure 2. Torque body structure
Note: 1. Upper rotation shaft; 2. Upper neck; 3. Light transmission hole; 4. Shading plate 5. Lower neck; 6. Lower roll shaft; 7. Bearing plate

2.2 Design of Optical Fiber Probe

As illustrated in Figure 3, the cross-sections of both the incident fiber probe and the receiving fiber probe in the
sensor feature a rectangular array structure, comprising tightly arranged incident and receiving fiber bundles. These
bundles consist of multiple multimode fibers with small core diameters. The geometric shape and size of the two fiber
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bundles are identical, and the geometric parameters of the light transmission hole on the mask are also consistent with
these dimensions.

g

(a) Incident fiber bundle cross-section (b) Light transmission hole (c) Recetving fiber bundle cross-section

Figure 3. Cross section of optical fiber bundle
Note: 1, 4. Rectangular optical fiber bundle array; 2, 5. Optical fiber bundle cladding; 3. Light transmission holes

2.3 Working Principle of the Sensor

Figure 4 presents a schematic diagram illustrating the change in the effective receiving end face of the receiving
fiber bundle during sensor detection. In subgraph (a) of Figure 4, at the initial position, the light emitted from the
incident fiber bundle passes through the light transmission hole, fully illuminating the entire receiving end face of the
receiving fiber bundle. In subgraph (b) of Figure 4, when fluid flow is detected, the torque body generates torque due
to the fluid’s action, causing the light mask to partially block the receiving end face of the receiving fiber bundle. This
blockage alters the effective area of light intensity reception, resulting in a change in the output light intensity. By
measuring this change in light intensity, the angle of the torque body can be calculated, and subsequently, the fluid
pressure on the force plate is determined. Based on the quantitative relationship between pressure and flow, the flow
rate of the measured fluid can then be accurately calculated.
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Figure 5. Sensor modeling analysis diagram
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3 Mathematical Modeling

As shown in Figure 5, each analysis diagram required for sensor modeling calculation is shown. Subgraph (a) of
Figure 5 is torque body force diagram and subgraph (b) of Figure 5 is geometric calculation diagram of occluding area.

Assuming that the pressure exerted by the fluid on the torque body is P, the flow rate of the fluid is v, the density of
the fluid is p, the force area of the stress plate is Sp, and the radius of the stress plate is r, the following relationships
can be derived based on fluid mechanics:

P= k‘gv253 (D

where, k is the proportional coefficient, Sp = wre.,

And because the fluid flow rate is:
Q= Av 2)

In the formula, A is the annular gap flow area formed between the fluid detection channel and the gravity rod
bearing plate. Assuming the radius of the channel is R, then there is A = 7 (R2 — 7'2) then Eqgs. (1) and (2) can be
combined into:

Q- (#-r)

kpr? 3

As shown in subgraph (a) of Figure 5, let the mass of the gravity rod be m, and when the Angle of 6 is rotated
under the action of fluid pressure F', the component of its gravity in the normal direction is:
Fy =mgsind “4)

At this time, because the force is balanced, there are:

F=F &)

And there is P.wr? = mgsin 6.
So the rotation Angle is:

2
0 = arcsin (Pm“ ) (6)

mg

As shown in subgraph (b) of Figure 5, the effective receiving area of the receiving end face of the receiving fiber
bundle is:

Slea(b—ml) (7)

where, S 7 is the effective receiving area of the receiving end face of the receiving optical fiber bundle, m; is the
height at which the receiving end face of the receiving optical fiber bundle is blocked, b is the height of the receiving
end face of the receiving optical fiber bundle, and a is the width of the receiving optical fiber bundle.

P 2
mi=n <1 — cos arcsin ( il >) (8)
myg

The fiber intensity modulation model of the sensor can be expressed as the ratio of the effective receiving end area
of the receiving fiber bundle to the total end area:

 Sn _a (b—my) _ b—n (1 — cos arcsin (me;~2>) ©)

M= "=
SJ ab b
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where, S is the end area of the fiber bundle, and 7 is the distance from the center of the rotating shaft on the gravity
swinging rod to the lower edge of the light transmission hole.
It can also be obtained from Eq. (3) that:

kpr? Q 2
P= (Rz_2> 1o

By substituting Eq. (10) into Eq. (9), we have:

2 Q 2 2
kp?“ . (W) T
le—n 1 — cos arcsin !

b mg (i

The above Eq. (11) represents the sensing model of the sensor. It is evident from the formula that, once the
sensor’s package structure and geometric dimensions are fixed, the output value M is solely dependent on the flow
rate ) of the measured fluid. This indicates that the sensor’s output value effectively reflects changes in the flow rate
of the measured fluid.

4 Simulation Results and Analysis

Based on the sensor model discussed above, an analysis was conducted to determine the primary parameters
influencing the sensor’s detection performance. These parameters include the mass mmm of the torque body, the
radius 7 of the stress plate, the end face area S'; of the fiber bundle, the distance n from the rotation axis of the torque
body to the lower edge of the light transmission hole, the radius R of the fluid detection channel, and the density p of
the fluid, among others. Simulations were performed using software to generate () — M curves for different values of
each parameter. These simulations reveal the influence trends of each parameter on the sensor’s output, providing
insights into how each parameter affects the sensor’s characteristics.

During the experiment, () — M curves were generated for the parameters m, r, Sy, n, R and p by varying one
parameter at a time while keeping the others constant. The resulting Q) — M curves for different parameter values are
presented in Figure 6 to Figure 11, respectively.

From Figure 6 to Figure 11, it can be observed that the output values of the sensor decrease monotonically as the
flow rate of the measured fluid increases, with the rate of decrease accelerating at higher flow rates. This behavior
occurs because the initial output value of the sensor corresponds to the maximum received light intensity at the
receiving fiber’s end face, which, after normalization, is set to 1. During detection, as the light baffle rotates, a portion
of the receiving fibers becomes blocked, reducing the received light intensity. Following normalization, the output
value gradually decreases from 1. Additionally, the sensor demonstrates good linearity within a certain detection
range.
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Figure 6. () — M Curve with change of m value
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Figure 8. () — M Curve with change of b value

As shown in Figure 6, the ) — M characteristic curves of the sensor were generated for different torque body
masses mmm of 0.15 kg, 0.18 kg, 0.21 kg, and 0.24 kg. The remaining parameters used in the calculations were
set to 7=0.02 m, Sy = 5 x 10~°m?, n=0.06 m, R=0.05 m, p = 1 x 10® kg/m3. From the figure, it is evident that
the measurement range of the sensor is approximately 20 L/s. When m = 0.15 kg, the variation in the output value
M is about 0.45 , and the sensitivity is approximately 0.023 L/s. As the mass m of the torque body increases, the
variation in the output value M decreases, with the sensitivity reducing to about 0.008 L/s. Thus, the sensitivity at
m = 0.15 kg is roughly three times that at m = 0.24 kg. This indicates that changes in the torque body mass mmm
significantly affect the sensor’s sensitivity. Therefore, to enhance the sensor’s sensitivity, a lower torque body mass
should be selected in the design.

As shown in Figure 7, the () — M characteristic curves of the sensor were obtained for different radii r of the
stress plate: 0.02 m, 0.022 m, 0.024 m, and 0.026 m. The remaining parameters were kept constant at m = 0.15 kg,
S;=5x10""m?,n=0.06m, R=0.05m, p=1 x 10® kg/m>. The figure demonstrates that as the radius r of
the stress plate increases, the change in the sensor output value M becomes more pronounced, particularly when the
flow rate of the measured fluid ranges from12 L/s to 32 L/s. At radii of 7 = 0.024 m and 0.026 m, negative values
appear in the figure. This occurs because, with a larger radius r of the stress plate and a higher flow rate, the rotation
angle of the light baffle becomes large enough to fully block the receiving end face of the fiber bundle, causing the
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receiving fiber to stop receiving signals. Consequently, the output value M reaches zero. The negative values shown
in the figure are theoretical calculations and are included to illustrate the trend of the () — M characteristic curve; they
do not reflect actual measurements. When r = 0.02 m, the sensor’s sensitivity is approximately 0.023 L/s, whereas at
r = 0.026 m, the sensitivity increases to about 0.083 L/s—around 3.6 times greater. Therefore, to effectively enhance
the sensitivity of the sensor, designing a force plate with a larger radius is recommended.

As shown in Figure 8, the () — M characteristic curves of the sensor are plotted for different values of the fiber
bundle end area S;. According to Eq. (5), the sensor’s output value M is determined by the ratio of the effective
receiving area of the receiving fiber bundle to its total end area. Notably, the parameter a, which represents the width
of the receiving fiber bundle’s end face, does not affect the change in the output value M it only influences the
light intensity received by the receiving fiber bundle. Therefore, when analyzing the () — M characteristic curves,
only the change in the receiving end height b of the fiber bundle needs to be considered. In this analysis, the values
for b are 0.005 m, 0.006 m, 0.007 m, and 0.008 m, while a is fixed at 0.01 m. The remaining parameters are set
tom = 0.15kg, r = 0.02m, n = 0.06 m, R = 0.05m, and p = 1 x 10% kg/m3. The figure indicates that the
sensitivity of the sensor decreases as the height b of the receiving fiber bundle’s end face increases. Specifically, when
b = 0.005 m, the sensor sensitivity is approximately 0.023 L/s, whereas at b = 0.008 m, the sensitivity decreases to
about 0.012 L/s, which is roughly half the former value. To improve the sensor’s sensitivity, a smaller receiving end
height b should be selected once the fiber bundle end width a is determined. However, it is important to note that a
smaller b value reduces the amount of light intensity coupled into the receiving fiber bundle, thereby diminishing the
output light intensity signal, which could complicate subsequent signal processing. Therefore, while designing the
sensor, b should not be too small.
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Figure 9. () — M Curve with change of n value

As shown in Figure 9, the Q — M characteristic curves are presented for different values of the distance n from
the axis center of the rotating shaft on the gravity swing rod to the lower edge of the light transmission hole, with n
set to 0.06 m, 0.07 m, 0.08 m, and 0.09 m. The remaining parameters are kept constant at m = 0.15 kg, r = 0.02 m,
S; =5 x107° m?, and R = 0.05 m. It can be observed from the figure that the sensitivity of the sensor increases
with an increase in the value of n. When n = 0.06 m, the sensitivity is approximately 0.023 L/s, whereas for
n = 0.09 m, the sensitivity rises to about 0.033 L/s, which is approximately 1.43 times higher. Therefore, to enhance
the sensitivity of the sensor, a larger value of n can be considered in the design.

As shown in Figure 10, the Q — M characteristic curves are plotted for different radii R of the flow channel of
the measured fluid, with R set to 0.05 m, 0.06 m, 0.07 m, and 0.08 m. The remaining parameters are kept constant
atm=0.15kg,r=0.02m, S; =5 X 107® m2, and n = 0.06 m. Changes in the flow area affect the flow range
detected by the sensor. This set of curves primarily illustrates the trend in the output value M of the fluid detected
by the sensor at different flow rates when the structural parameters are fixed. The figure shows that a larger radius
R of the flow pipe results in an increased sensor range but a decreased sensitivity. For R = 0.05 m, the range is
approximately 20 L/s, with a sensitivity of about 0.023 L/s. In contrast, when R = 0.08 m, the range extends to
around 45 L/s, and the sensitivity decreases to about 0.01 L/s. Therefore, the detection range of the sensor can be
enhanced by increasing the radius of the flow channel.

As shown in Figure 11, the () — M characteristic curves are plotted for different densities p of the measured fluid,
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respectively p = 1 x 103 kg/m?, p = 1.1 x 10% kg/m?, p = 1.2 x 10® kg/m3, and p = 1.3 x 10® kg/m>. The
remaining parameters are set to m = 0.15 kg, = 0.02m, S; =5 x 107° m?2, n = 0.06 m, and R = 0.05 m. The
figure indicates that the sensor’s sensitivity increases with the density of the measured fluid. When detecting a fluid
with a density of p = 1 x 10 kg/m3, the sensitivity is approximately 0.023 L/s, whereas for a fluid with a higher
density p = 1.3 x 103 kg/m?3, the sensitivity increases to about 0.038 L/s, which is approximately 1.65 times greater.
Therefore, sensors with the same structural parameters exhibit higher sensitivity when detecting fluids with higher
densities.
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In summary, to effectively enhance the sensitivity of the sensor in the design of its structure, the following
considerations should be made: a gravity swing rod with a smaller mass should be selected; a bearing plate with
a larger radius is preferable; once the fiber bundle end width a is determined, a smaller fiber bundle receiving end
height b should be chosen, although b should not be too small to avoid signal processing issues; and a larger value for
n should be used. Additionally, to increase the sensor’s range, the radius of the flow pipe can be enlarged.
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5 Detection Experiment

Figure 12 shows the experimental prototype of the sensor. The setup primarily consists of an air source device, a
gas storage tank, a flow control valve, a throttle valve, a sensor probe, a photoelectric converter, a signal processing
module, and other components. During the experiment, the gas flow entering the sensor detection channel is varied by
adjusting the opening of the flow control valve in the pneumatic circuit. The exhaust throttle valve is then adjusted to
stabilize the gas flow through the detection channel. The gas flow is maintained at approximately 1.5 L/s, 1.8 L/s, 2.1
L/s,2.4 L/s, 2.7 L/s, and 3.0 L/s for flow detection. The optical fiber probe utilizes a custom-made 5x5 rectangular
array fiber bundle, consisting of 25 multimode fibers with a core diameter of 50 pm, to obtain the output detection
signal at different flow rates. The resulting AQ) — H curve is shown in Figure 13.

Figure 12. Sensor experimental prototype
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Figure 13. AQ — H curve

As shown in Figure 13, the output signal H (in volts, V) decreases as the measured gas flow rate increases, and
the AQ — H curve exhibits an approximately linear relationship. The fitted linear equation is provided below:

y = —0.172z + 3.1287 (12)

From the figure, it is observed that the sensor’s sensitivity is approximately 0.172 V/(L/s), with a linearity of about
4.7%. The experimental results closely align with the theoretical analysis curves presented earlier, thus validating the
accuracy of the theoretical analysis process. This outcome also demonstrates that the new method of measuring fluid
flow by combining the torque method with a rectangular array optical fiber bundle is effective.

99



6 Conclusions

A novel torque-based optical fiber flow sensor has been designed and experimentally evaluated in this study. (1)
The sensor operates on the principle of optical fiber intensity modulation and is primarily composed of two parts: the
mechanical package and the optical fiber bundle probe. The mechanical package includes an external shell, torque
body, corrugated sealing bag, bearings, rollers, and other components, allowing the torque body to rotate freely within
the shell when detecting fluid flow. The optical fiber bundle probe is divided into an incident fiber bundle and a
receiving fiber bundle, both arranged in a rectangular array of multiple multimode fibers with small core diameters.
The geometric shape and size of the two fiber bundles are identical, and the size of the light transmission hole on
the torque body is consistent. (2) A sensing model for the sensor was established, and a simulation analysis was
conducted based on this theoretical model. The analysis examined the effects of key parameters on the sensor’s
detection performance, including the mass m of the torque body, the radius r of the stress plate, the end area .S; of
the fiber bundle, the distance n from the rotation axis of the torque body to the lower edge of the light transmission
hole, the radius R of the fluid detection channel, and the density p of the fluid. ) — M curves for each parameter
were generated, and their influence on the sensor’s performance was analysed. The results suggest that to effectively
enhance the sensitivity of the sensor, a gravity swing rod with a smaller mass should be selected, along with a bearing
plate with a larger radius. For a fixed fiber bundle end width a, a smaller fiber bundle receiving end height b is
recommended, provided that b is not too small to avoid complications in signal processing. Additionally, a larger value
of n should be chosen. To increase the sensor’s range, the radius of the flow pipe can be enlarged. (3) The pneumatic
system and the custom-made sensor probe were used to measure gas flow, and the sensor’s () — M characteristic
curve was obtained, followed by fitting a linear equation. The sensor demonstrated a sensitivity of approximately
0.172 V/(L/s) and a linearity of about 4.7%. The experimental results corroborated the theoretical analysis and
demonstrated the effectiveness of the new method of measuring fluid flow by combining the torque method with a
rectangular array optical fiber bundle.
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