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Abstract

10 In this study, flex sensors and Bluetooth wireless transmission technology were

O© 00 NO O B WN -

11  combined to fabricate a wireless sensing system for monitoring ground movement. A
12 typical hinge joint structure was designed and fabricated to embed flex sensors. A
13 number of these typical hinge joint elements were used to measure distributed ground
14  movement. Calibration tests show that minimum resolution, sensitivity, and
15 measurement range of flex sensors were 0.5°, 2.0~2.3 count/° and -30°~+70°,
16  respectively. In experimental study, five flex sensors were placed inside a slope model
17  for both soil settlement and horizontal displacement measurement. Calculated
18  settlement of the data measured from flex sensors were verified with the output data of
19  Linear Variable Displacement Transducer (LVDT), and the obtained maximum errors
20  were less than 0.5 mm when the maximum ground displacement was approached.
21  Besides, the calulated horizontal soil displacement from measurement of flex sensors
22 has proved that flex sensors can be applied for monitoring soil movement when large
23 ground deformation occurs.

24  Keywords: Flex sensors, Bluetooth, soil movement, large ground deformation

25 1. Introduction

26 A large number of researches focusing on the application of flex sensors in human
27  machine interface devices, rehabilitation investigation and security sensing systems
28  have been performed these years [1]-[7]. For instance, the sensors have been placed on
29  the user’s skin within singular sleeves [8], or inserted in an open wearable architecture
30  [9], or embedded into clothes [10], [11], or deposited onto textile fibers [12], or even
31  directly utilized as a sort of skin themselves [13]. Flex sensors were used to interpret
32  sign language by mounting them on gloves and interfacing with signal processing
33  circuits [14]-[16] as well.

34 Flex sensors have been widely used to reflect bend movement. Strain and flex
35  sensors have been applied in health monitoring to measure the muscle joint angle and
36  movement [17]-[19]. Flex sensors can be used to measure knee angle movements [20]
37  and finger bend movements [21]-[23]. By placing flex sensors at joint positions, the
38  flex sensors can be used to monitor the damage e condition of different types of joints.

39  However, limited studies have been reported using flex sensors to track internal ground
40 movement.

41 There are some conventional instruments for monitoring ground movements. For
42  instance, a global positioning system (GPS) can be used to measure ground surface
43 movement by providing time-series of 3D topographical data [24]. Besides, a
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conventional inclinometer system consists of a plastic casing that is installed in a near
vertical position underground, with a servo-accelerometer or electro-level sensor
inserted into the casing to measure the local tilt of the casing in response to ground
movement [25]. However, this GPS has low measurement accuracy, and the
inclinometer system has limitations, such as high cost, poor durability and reduced
accuracy operating under steeply inclined conditions [25]. In addition, Fiber Bragg
grating (FBG) is widely applied in the measurement of strain and temperature[26], [27].
For example, a FBG tilt sensor fabricated with fused deposition modeling method was
proposed to measure tension and compression strain resulted from different tilt angles,
which was used for monitoring the internal ground movement [28]. Though there are
several tilt sensors proposed based on FBG sensors, and most of these tilt sensors have
the characteristics of high accuracy, temperature independent, and small size [29]-[31],
these s are fragile and wired in actual monitoring tests, which is inferior to flex sensor,
which can be used over 1 million cycles and work under temperature range of -35~
+80°C.

This study proposes to use a flex sensor combined with Bluetooth wireless
transmission technology for soil movement monitoring. A flex sensor is installed in a
joint structure fabricated with a free joint and two sensing beams to measure ground
movements from tilt angles. The flex sensor was used to monitoring the internal
settlement and horizontal movement of a sandy slope model and compared with
conventional displacement sensor for validation. The present flex sensor is
characterized by a large number of typical advantages, such as ease of use, simple
structural design, highly flexible senor component, and comfort of embedding in the
soil for ground movement monitoring. Besides, it is stable in performance, continuous
output of real-time data, and simple working principle.

2. Design and fabrication of flex sensors combined with Bluetooth
wireless transmission technology

A flex sensor is a resistive sensor that converts physical energy into electrical
energy. It has different resistance values at different bending angles. The amount of
electrical signal output is used to reflect the bend angle change of the flex sensor. A
layer of carbon/polymer ink is printed on substrate of flex sensor, and fine micro cracks
present along the substrate. When bend angle of flex sensors increase, the micro cracks
open and also increase, so that the overall conductivity of the sensor decreases, and the
overall resistance increases.

Figure 1 shows basic structure of a flex sensor combined with Bluetooth wireless
transmission technology. The flex sensor is an element, which is connected to a
Bluetooth for data collection. A joint structure characterized by two sensing beams
connected by a free joint was fabricated to measure the relative angle change o between
the two beams as shown in Figure 1. Each time when the relative position between the
two beams is changed, the flex sensor embedded inside the two beams will exhibit a
corresponding single change, indicating the extent of bend angle change between the
two beams. These flex sensors used in this study were purchased from market, and the
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model of the sensors is FLEX Sensor 2.2", produced from company, Spectra Symbol.
A total length of a sensing beam is 70 mm (the length can be changed for different tests)
with a width of 10 mm and an external thickness of 5 mm. A small internal slot (7 mm
in width, 1 mm in thickness, and the same length as sensing beam) was created inside
each sensing beam for the placement of flex sensor. And the back side of flex sensor
was bonded inside the slot with double-sided tape to make sure that the sensors just
slide with no ripples during the bending. A steel bearing with a diameter of 5 mm is
installed between the two beams for controlling and reflecting the relative rotation
movement between two beams as shown in Figure 1. Finally, flex sensors will be placed
inside a slope model for monitoring the tilt angle change after vertical load is applied
on top surface of the slope model.

W" . Ste Sensing beam

Flex sensor )

Figure 1 A wireless flex sensor connected to a Bluetooth data collection system

3. Calibration test of flex sensors

A total of five flex sensors were used for monitoring the internal tilt angle change
of a slope model. These five sensors, namely A1~AS5, were designed according to the
designed schematic structure shown in Figure 1. The calibration test of the five flex
sensors was carried out in a laboratory. A positive tilt angle was defined as the tilt angle
of flex sensor rotating in a clockwise direction, as marked in Figure 1. The Bluetooth
data collection system connected with a softeware, XCOMV2.0®, was used to collect
all flex sensor data from Bluetooth wireless transmission technology.

A standard angle gauge was used to control the tilt angles of flex sensors with a
measurement resolution of 0.1°. The sensing beams were fixed entirely on the angle
gauge by a clamp. Inclination angle was applied on the beam step by step with an angle
increment of 5°, which can be directly observed from the angle gauge. The response
time of flex sensor is 0.2 s. The tilt angle range from the calibration test was -30°~+70°.
Figure 2 depicts flex sensor reading of the five flex sensors against tilt angle from angle
gauge. It is clear that the flex sensor readings are linearly proportional to the change of
tilt angle. This linear relationship can be used to obtain the occurred tilt angle using flex
sensors in applications. It should be noted that the minimum resolution and sensitivity
of the flex sensors were around 0.5° and 2.0~2.3 count/°, respectively. Therefore, flex
sensors can be used to monitor large tilt angles occurred inside ground.
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120 Figure 2 Calibration data of five flex sensors at different bend angles in calibration tests.
121 4. Hysteresis test and repeatability test for calibration of flex sensors
122 Ahysteresis test of flex sensor was carried out. In the hysteresis test, the flex sensor

123 was bended under angles of -30° and 30° for 100 times. Figure 3 presents the hysteresis
124 test data. It is clear that the obtained relationship between flex sensor readings and bend
125  angles are approximately linear.
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127 Figure 3 Hysteresis test data of a flex sensor.
128
129 Another flex sensor with sensing beams was fabricated. The calibration test of
130 this flex sensor was conducted. Figure 4 describes the test result, and it presents the
131 linearity between bend angle and flex sensor reading. Hence, the repeatability of
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the calibration test results can be assured. This phenomenon may be due to that the
bend position is a point on the flex senor rather than the whole sensor.
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Figure 4 Repeatability test result of the calibration test results.
5. Monitoring test of a slope model

A sandy slope model was prepared in a laboratory instrumented with the new flex
sensor array and the linear variable displacement transducer (LVDT) array, as shown in
Figure 5. The measurement range and resolution of LVDT is 0~25mm and 0.0001mm,
respectively. The sand material used in the test is medium coarse sand with an average
unit weight of 17 kN/m? and internal friction angle of 32°. A model box with an inner
dimension of 600%280x400 mm (length % width x height) was used to establish the
sandy slope. The maximum height of the slope model was 330 mm, and the length and
height of slope toe were 30 mm and 130 mm, respectively. Vertical loading test was
carried out by continuously applying vertical load on the top surface of the slope at a
velocity of 0.8 kN/min until slope collapse. The loading area was 3900 mm?* with a
corresponding loading rate of 205 kPa/min.

According to Figure 5, five flex sensors, namely Al, A2, A3, A4, and A5 were
used to monitor the slope model in laboratory. The sensing structure for measuring
ground settlement was anchored at the left edge of the model box, and the other one for
monitoring horizontal movement was anchored at the bottom of the model box. Lengths
of three sensing beams connecting A1 and A2 were 65, 105 and 105 mm, respectively;
and, lengths of four sensing beams connecting A3, A4 and A5 were 75, 75, 75 and 40
mm, respectively. Flex sensor A1 was located at the distance of 65 mm from the left
edge of the model box; flex sensor A2 was at the distance of 105 mm from Al; flex
sensor A5 was placed at the distance of 40 mm from the bottom of the model box; and
flex sensors A4 and A3 was located at the distances of 75 mm and 150 mm, respectively,
from AS. There were three test points, namely T1, T2 and T3 as shown in, where were
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installed with the traditional sensors, LVDTs. All LVDTs were perpendicular to the flex
sensors mounted inside the slope model. LVDT B1 was at a distance of 117.5 mm from
the left edge of the model box; LVDT B2 was at a distance of 157.5 mm from B1; and
LVDT B3 was at a distance of 265 mm from the bottom of the model box. It is noted
that the measurement range and resolution of LVDT are 0~25mm and 0.0001mm,
respectively. The photos of the model slope installed with flex sensor array and LVDTs
are as shown in Figure 6.
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Figure 6 Photos of (a) LVDT, (b) Flex sensors combined with Bluetooth wireless transmission

technology, (c) the model slope installed with flex sensors and LVDTS

6. Test data and analysis
6.1 Principle of data processing measured from flex sensors

Figure 7 (a) presents the initial sensing structure of flex sensors for monitoring
ground movement, and Figure 7 (b) shows the structure of flex sensors with tilt angles.
The obtained tilt angle of each sensing beam can be directly used to calculate soil
settlement at different positions. Assuming the tilt angle of the n+1 sensing beams from
left to the right are 6;, 6>, -, 6, and length of each section is L;, L2, ‘-, Ly, respectively.
When the test position of the sensing structure is /, where [ € (XiL;, Y51 Li4q), the
ground movement (S) of the test position can be calculated as follows:
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where, x=1, 2,---i. It is noted that negative settlement values indicate upward ground

movement.
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Figure 7 (a) The initial sensing structure of flex sensors

(b) A schematic diagram of ground movement calculation (unit: mm)

6.2 Settlement data and analysis
The data obtained by two flex sensors (Al and A2) were processed to obtain the

tilt angle against time by using a calibration relationship from the calibration test.

Relationships of tilt angle changes of the two sensors against elapsed time during

loading test of the slope model are presented in Figure 8. When the tilt angle value was

positive, the flex sensor was clockwise bended concerning the initial plane. The

measured tilt angle value of flex sensor, A1, increases smoothly in general, approaching

maximum tilt angles of around 3°, while the measured tilt angle value shows a smooth

fall, approaching minimum tilt angles of around -1.5° for flex sensor, A2.
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Figure 8 Tilt angle against time processed from measured data of two flex sensors

The settlements of test points (T1 and T2) calculated from the data measured from
flex sensors were named as S; and S>, respectively. The schematic diagram of the
settlement calculation for these flex sensors is converted from Figure 7, and the detailed
information is as shown in Figure 9. All dimension values are marked in Figure 9 for
better identification of all sensor positions.
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(a) (b)
Figure 9 (a) The initial sensing structure of flex sensors,
(b) A schematic diagram of settlement calculation (unit: mm)

Assuming the tilt angle of the two flex sensors from left to the right of the sensing
beams are 4; and 6., respectively, then a settlement of each test point (T1 and T2
respectively) can be calculated according to Eq. (1), combined with the data of relative
position depicted in Figure 9.

Figure 10 presents the calculated ground settlement data monitored from flex
sensors and the settlement values measured from LVDTs. With the load increases, the
settlement of test points, T1 and T2, measured from two LVDTs decreased
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monotonically, and the amount of settlement on the measuring point of T2 was smaller
compared with T1. The settlement values of T1 and T2 were -2.6 mm and -8.3 mm,
respectively, when the test time was 600s. It is also clear that the relationships between
settlement and time of the test points measured from flex sensors are entirely consistent
with the settlement data from LVDTs. The settlement calculated from flex sensors
decrease quickly against elapsed time with the maximum settlement of -2.8 mm and -
8.6 mm for the test points of T1 and T2, respectively. It could also be found that the
absolute value of the maximum settlement error of test point T1 between flex sensors
and LVDT is around 0.3 mm, and the absolute value of maximum settlement error
between FSS and LVDT is approximately 0.5 mm. But with the load decreases, the
absolute value of tilt angle of flex sensor increases, the settlements measured from flex
sensors are more close to the measurement data from LVDTs. It is also found that the
settlement error of test point T1 between flex sensors and LVDT is around -0.2 mm at
600 s, and the settlement error between flex sensors and LVDT is around -0.3 mm at
600 s, indicating that flex sensors have reliable monitoring performance.
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Figure 10 Calculated settlements of test points against time from LVDTs and flex sensors
6.3 Horizontal displacement and analysis

It should be noted here that the LVDT, B3, was misaligned caused by the occurred
large soil deformation during the loading test. Hence, there were no accurate
measurement data for B3. Figure 11 shows calculated tilt angle change against time of
three flex sensors from the measurement data of flex sensors. It is clear that all tilt
angles are varied within a range between -24° and 68°. The tilt angles of two flex
sensors, A3 and A4, descended with time going, and the tilt angle of A3 decreased faster
than that of A4. The tilt angle of A3 and A4 eventually approached the maximum tilt
angles of around -24° and -14°, respectively. However, the tilt angle of A5 raise slowly
at the first 200 s’ period, and it increased linearly to around 68° from about 200 s to 400
s. Dramatically, the tilt angle of A5 ascended and descended smoothly and slowly to 62°
eventually. The soil in present model was found to move in two opposite directions.
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Therefore, flex sensors can be used to evaluate the underground movement conditions
in terms of measurement data of flex sensors.
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Figure 11 Tilt angle against time processed from measured data of five flex sensors

Assuming the horizontal displacement of test point (T3) calculated from the data
measured from flex sensors as S3, Figure 12 (a) and (b) give the exact sizes and positions
of sections from flex sensors and LVDT and the schematic diagram of displacement
calculation for these flex sensors, which is converted from Figure 7.

(a) (b)
Figure 12 (a) the initial sensing structure of flex sensors,
(b) A schematic diagram of horizontal displacement calculation (unit: mm)

According to Figure 12 (b), the tilt angles of the three flex sensors from bottom to
the top of the flex sensors are &, 64 and 6, respectively, and S3, S4, and S5 represent
horizontal displacements of the test points T3, T4 and T3, respectively. The horizontal
displacements of T3, T4 and TS5 measured from flex sensors can be calculated according
to Eq. (1) and Figure 12.

Figure 13 shows the calculated horizontal displacements at three test points of T3,
T4, and TS respectively, against time from flex sensors. This soil deformation was
initially small. According to two test points T4 (115 mm in slope depth) and T5 (190
mm in slope depth) was initially moving outside of the slope slowly and smoothly, but
the initial horizontal soil displacement direction of test point T3 (190 mm in slope depth)
was to the inside of the slope during the first 120 s. Such horizontal displacement
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phenomenon could hardly be measured by traditional inclinometer. The maximum
horizontal displacement in the slope inside direction of T3 was -11 mm at around 80 s.
The cumulative horizontal displacements remain vary almost linearly against time with
maximum displacement of around 210 mm, 135 mm, and 70 mm for the slope depth of
0 mm, 115 mm and 190 mm, respectively, from approximately 200 s to 420 s. Between
around 200 s and 420 s, the horizontal displacements of all these three test points raised
linearly against time, with at the rate of about 0.7 mm/s, 0.5 mm/s, and 0.3 mm/s for
T3, T4, and TS5, respectively. It is clear that the soil of smaller slope depth was in greater
disturbance. The soil deformation increases with the rise of vertical load applied above
the slope model. Since the upper slope soil was affected by the slope load the most, the
horizontal displacement of T3 appeared the largest. After T3 reached the highest
deformation, it started to drop quickly at the rate of around -0.2 mm/s. Besides, the
horizontal soil displacement of T4 and T5 decreased slowly at the rate of around 0.08
mm/s and 0.02 mm/s, respectively. The speed of residual soil deformation of lower
slope depth is quicker. This phenomenon was attributed to the soil’s being compacted
greater with the load increasing after the soil reached the maximum deformation, and
the soil of lower slope depth hold more soil compaction change. As a result, flex sensors
could be used to monitor the large deformation of slope.
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Figure 13 Calculated horizontal displacements of three test points against time from flex sensors

7. Conclusion

This paper proposed a wireless monitoring system of using flex sensors for
measuring ground movement. Flex sensors of the wireless monitoring system were used
to measure both soil settlement and horizontal ground movements of a sandy slope
model due to continuous loading test in a laboratory, and the following conclusions can
be drawn from the present study:
(a) A wireless monitoring system of using flex sensors was designed and fabricated
combined with Bluetooth wireless transmission technology. This new system is
characterized by high flexibility, large measurement range, ease of fabrication,

11
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continuous output of real-time data, and quickly processing sensor data.
(b) Calibration tests indicate that flex sensors exhibit reliable measurement
performance with a minimum resolution, sensitivity, and measurement range of 0.5°,
2.0~2.3 count/® and -30°~+70°, respectively. The calculated tilt angles in terms of
physical parameters agree reasonably well with measured angles from angle gauges.
(c) A sandy slope model was built up and used to exam the measurement performance
of FSS. Ground settlement of the sandy slope can be obtained from the measured tilt
angles and calculated cumulative displacement from flex sensors. The measured data
from flex sensors agree fairly well with the obtained displacement data from LVDTs
with the maximum errors of less than 0.3mm and 0.5 mm, respectively when the
maximum vertical displacements were approached.

(d) In terms of the horizontal ground movement monitoring, three flex sensors were

mounted at three different sections along the sensing beams, forming an inclinometer.

Horizontal ground displacement of the sandy slope can be observed from the measured

tilt angles and calculated cumulative displacement from this FSS. The horizontal

displacement calculated from the measurement data of flex sensors indicates the
internal soil movement distribution of the slope model.

(e) It is noted that the flex sensor has limited measurement resolution, and hence it may

be difficult for flex sensors to reflect small soil deformation. In this study, the authors

carried out limited studies using FSS to monitor ground movement. More monitoring
tests will be performed to exam the measurement performance of flex sensors in field,
such as foundations, excavations, and different types of retaining walls.
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