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A flexible deflection sensor for elastic shaft with the capability of measuring the amplitude and direction of bending is introduced
in this paper. A thin force sensing resistors (FSR) film is taken as its basic material, which is sandwiched by an elastomer layer and a
printed circuit board (PCB) with detecting electrode grids. Two fix rings are used to fix the three thin components perpendicularly
to the longitudinal direction of the flexible shaft.When the shaft bends under forces, the fix rings will generate a normal pressure on
FSR, which will cause the change of the resistance. Therefore, the amplitude of bending can be got based on the value of resistance.
The electrode grid on the PCB is divided into four detection areas used to estimate the distribution of normal pressure on the FSR;
thus the bending direction of shaft can also be obtained. Test results of a prototype (140mm in length) show that the amplitude of
deflection can reach 30mmand the sensitivities of sensor are 40.37, 32.8, 37.77, and 39.47mV/mm in the four directions, respectively.
The proposed flexible deflection sensor can be applied in continuum robots or other applications, which require rapidmeasurement
of bending amplitude and direction.

1. Introduction

Control of a robot always involves solving the forward
kinematics problem in real-time as a means to compute the
desired twist (velocity) vector for the tip coordinate frame
[1]. For the conventional robots comprised of rigid links
and discrete joints, position or speed sensors are usually
integrated at the joints for the kinematic calculation. Contin-
uum robots, however, which obtain their shape through the
flexure of structural components, often requiremore complex
mechanics-basedmodels [2].Thus, a set of sensors positioned
along the longitudinal direction of the continuum robot are
always needed tomeasure the local curvature, fromwhich the
shape of robot can be computed in real-time.

Approaches to measuring the shape of a continuum
robot include image-based methods [3, 4], electromagnetic
tracking [5], force sensing in control tendons [6], and optical
fibers with fiber Bragg gratings (FBGs) [1, 2]. Despite the
fact that each of these approaches can work well in a certain
situation, they also have some shortcomings. For example,
image-based methods usually require computing intensively,
leading to low update rates [1]. Electromagnetic tracking

is sensitive to magnetic field distortions and often only
provides the location of robot tip rather than the shape of
the entire robot. Tendon force sensing is corrupted by tendon
sliding friction [1]. In reference [7, 8], a dynamic model of
the tend-driven elongated surgical robotic manipulator and
several impressive estimated methods for grip force, based
on Unscented Kalman Filter (UKF) and Gaussian Process
Regression (GPR), were proposed, to minimize the impact
from the friction and other factors (cable stretch, movement,
etc.). However, although these methods can be useful to
estimate the terminal state of the instrument, the detailed
information of the entire shape is still difficult to be provided.
Furthermore, the shape information can be directlymeasured
by optical fibers, but complex optical devices are needed to be
introduced, which will bring other inconvenience [2].

Since the deflection sensor (DS) can measure the angular
displacement between two points which lie on a common
substrate [9], the entire shape of the robot can be recovered
and monitored by measuring the displacement between a
series of consecutive points. The displacement corresponds
to the deformation of the substrate, so deflection may be
reflected by the stress or strain on the material arising
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from the deformation [10]. For a strain sensor, which is
expected to monitor a bending actuator without influencing
the strain field, it needs to bend easily with a large working
range (up to 10% strain) and be suitable for low frequencies
(<10Hz) [11]. Thus, the traditional strain gauges limited by
the elastic strain range are not fit for such kind of task, and
some new ideas of deflection sensor were conceived. The
polyvinylidene difluoride (PVDF) film has been adopted to
measure the deflection of bi-bellows actuator; however, it can
only bend at one direction without elongation [11]. Also, a
new contactless deflection sensor was proposed using LED,
but the application was still restricted to the measurement of
deflection at one direction [9].

In this paper, we report a new flexible deflection sensor
with the capability of measuring the bending scope and
the direction of continuum robots, using the force sensing
resistors (FSR) as a basicmaterial.The sensor can bemounted
outside of the shaft perpendicularly to the longitudinal direc-
tion. When the shaft bends under the internal or external
forces, the normal pressure will be exerted on the FSR film
along the bending direction. According to the resistance
change of FSR film, the deflection and the bending direction
of the shaft can be detected. In the following sections of
this paper, the structure and the operation principle of the
sensor will be analyzed in detail first. Then the prototype
and the fabrication processes together with the method used
to measure the bending direction will be introduced. The
scanning method to eliminate the effect of the crosstalk
will be presented. Finally, the experimental results of the
developed prototype will be discussed.

2. Materials and Methods

2.1. Structure and Basic Operating Principle. The proposed
deflection sensor, composed of 5 concentric rings, is installed
on the outer side of a core shaft, as shown in Figure 1. The
FSR layer with a thickness of ∼0.5mm is located in the
middle of the sensor to measure the deformation of the core
shaft, according to the change of its own resistance under the
external pressure. An elastic rubber layer with appropriate
hardness and thickness is placed under the FSR film to endow
the sensor with the suitable filtering capacity of external
pressure, making the external force distributed uniformly on
the FSR film.The other side of the FSR film is in direct contact
with the electrode grids of a printed circuit board (PCB).
The electrode grids are divided into power supply electrodes
andmeasuring electrodes, which are alternatively distributed
around the circuit board. The three layers are fixed on the
shaft by two fix rings, which are also used to exert normal
stress (𝐹𝑛) on the FSR layer when the core shaft bends under
the force (F). Under the combined action of the supply voltage
and the external pressure, the change of FSR resistance
will be indicated by the change of the electrode current
accordingly. Therefore, the deflection of the shaft could be
obtained by detecting the current output from the measuring
electrodes on the circuit board. Furthermore, if a plurality
of sensors are mounted along the longitudinal direction of
the target robot, the shape of the entire robot body can be
gained.
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Figure 1: Conceptual diagram of the proposed deflection sensor.
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Figure 2: Mechanism of the proposed deflection sensor.

The basic mechanism of the proposed deflection sensor
is that the stress distribution and the force on the FSR,
which can be measured, are used to estimate the imposed
external forces and the deflection of the core shaft. In order
to measure the bending direction of the shaft, a specific
coordinate system is assumed to describe the distribution
of stress on the proposed sensor. As shown in Figure 2(a),
the 𝑋-𝑌 coordinate plane is defined to be perpendicular to
the center line and the 𝑍-axis is set to coincide with the
center line of the core shaft. The component of the force F
in 𝑋 direction (defined as 𝐹𝑥) will act on both sides of 𝑋-
axis on the 𝑋-𝑌 plane. The central angle will be restricted
within (−𝜋/4, 𝜋/4] or (3𝜋/4, 5𝜋/4], as shown in Figure 2(b).
Similarly, the component of the force in 𝑌 direction (defined
as 𝐹𝑦) will act on both sides of 𝑌-axis on the 𝑋-𝑌 plane. The
central angle will be restricted within (𝜋/4, 3𝜋/4] or (5𝜋/4,
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Figure 3: Prototype of the proposed sensor.

7𝜋/4], as shown in Figure 2(c). Therefore, the𝑋-𝑌 plane can
be divided into four measuring phases (phase 1∼phase 4), as
shown in Figure 2(d). The amplitude and direction of the
action force 𝐹 and deflection can be gotten by measuring the
resistors of FSR in each phase (R1∼R4).

Regarding the installation position of the sensor, the core
shaft can only bend in one direction at a given time, so the
force 𝐹𝑥 (or 𝐹𝑦) cannot act on both the positive and the
negative directions of 𝑋 (or Y) axis at one time. Therefore,
the 𝐹𝑥 and 𝐹𝑦 can be defined by

𝐹𝑥 =
{
{
{
𝑓1 (𝑉1) 𝐹𝑥 ≥ 0
𝑓3 (𝑉3) 𝐹𝑥 < 0

𝐹𝑦 =
{
{
{
𝑓2 (𝑉2) 𝐹𝑦 ≥ 0
𝑓4 (𝑉4) 𝐹𝑦 < 0,

(1)

where 𝑉1, 𝑉2, 𝑉3, and 𝑉4 are the voltages measured from
R1, R2, R3, and R4, respectively. 𝑓1, 𝑓2, 𝑓3, and 𝑓4 are the
functions between voltage and the external force in different
measuring phases, respectively.

Thedeflection of the core axis can be calculated as follows:

𝑇 = 𝑓 (𝐹𝑥 + 𝐹𝑦) , (2)

where 𝑓 is the function of the pressure on the sensor and the
deflection of the shaft under test.

The sensor involves several components, including circuit
board, FSR layer, and elastic rubber layer. Since the FSR
layer and the elastic rubber layer have some nonlinear
characteristics, a proper calibration method is needed to
determine the five functions (i.e., 𝑓1, 𝑓2, 𝑓3, 𝑓4, and 𝑓).

2.2. Prototype and Fabrication Processes. A prototype sensor
is shown in Figure 3, and a slender cylindrical shaft (made
by polyurethane) is used as the core shaft of the sensor. The
length and diameter of the shaft are 140mm and 15mm,
respectively. The rubber layer, FSR film, and PCB plate are
fixed at one terminal of the shaft between two fix rings,
which are also made by polyurethane with the thickness
(along the shaft direction) and diameter of 15mm and 21mm,
respectively. When the core shaft bends under external force,
the stress on FSR will arise from the two fix rings, so the
thickness of the two fix rings is one of the key elements
relating to the sensitivities of the sensor. If the thickness is
too small, the pressure on the FSR will be minor even though
the adopted shaft is exactly the same.

Table 1: The typical characteristics of FSR material [13].

Item Value
Minimal actuation force ∼0.2N
Force sensitivity range ∼0.2N–20N
Force repeatability single part ±2%
Hysteresis +10% Average

The FSR ring, the sensing cell in the sensor, is provided by
the Interlink Electronics, USA [13]. FSR is a robust polymer
thick film (PTF) device that exhibits a decrease in resistance
with the increase of force exerted on the surface of the
sensor. The force sensitivity of FSR is optimized for the
use in human touch control of electronics devices, such as
automotive electronics, medical systems, and industrial and
robotics applications.The typical features of the FSRmaterial
used here are listed in Table 1, showing good sensitivity,
stable repeatability, and large measurement range of the FSR
material.

The silicone elastomer layer (rubber layer) is produced
by a local manufacturer (Shenzhen Mroow Electronics Co.,
Ltd, China). The elastomer layer is adopted to transmit
and filter forces. However, in practice the hardness of the
elastomer has a strong influence on the performance of the
sensor, especially the sensitivity and measurement range.
The variable thickness and hardness of this elastomer layer
make the theoretical estimation impossible. Therefore, the
silicon elastomer with a shore hardness ranging from 10A
to 70A has been tested on the effects of elastomer hardness.
Compared with the other variable hardness test results, the
hardness of 60A was determined to be used in this work,
and the thicknesses of the elastomer layers were fixed at
0.5mm.

In order tomeasure the bending deflection and direction,
a ring-shaped electrode grid circuit with four detection areas
has been designed in this paper. This is because the contact
force of the sensor is distributed along the circumference
of the shaft; the radial distribution modes of electrodes
can improve the accuracy of detection results. As shown in
Figure 4, the red ring outside is the supply power, consisting
of 72 electrodes, whereas a detection electrode is located
between the two power electrodes. The detection electrodes
are divided into four phases (indicated by different colors
in Figure 4), but they are connected to each other by the
inner ring in each phase. The four fan-shaped detection
areas are placed symmetrically along both the 𝑋-axis and
the 𝑌-axis, with the ranges of central angles of (−𝜋/4, 𝜋/4],
(𝜋/4, 3𝜋/4], (3𝜋/4, 5𝜋/4], and (5𝜋/4, 7𝜋/4], respectively.
In order to effectively reduce the contact resistance and
increase the oxidation stability, the metal electrodes with
a height of 35 𝜇m were treated by the process of surface
precipitation.

In order to ensure that the central angle of the FSR region
bearing stress always keeps 90∘ under the action of external
force in any direction, the relationship between the inside
radius (𝑟) of the circuit board and the outside radius (𝑅) of
the fix ring should meet (3), as shown in Figure 5(a).The area
bearing stress (𝑆) of FSR can be calculated by (4):
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Figure 4: The circuit board and the distribution of the electrodes.
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Figure 5: Schematic diagram of the FSR area under stress.

𝑟 = 𝑅 cos(𝜋4 ) (3)

𝑆 = (𝜋 − 2) 𝑅2
4 . (4)

As a result of the geometric constraints mentioned above,
the FSR region under stress distributes only in one or two
detection phases. The sum of the pressure measured in the
two phases is equal to the total pressure acting on the sensor.
Supposing that the angle between the direction of force acting
on the sensor and the +𝑋-axis is 𝛿 (𝛿 ∈ (0, 𝜋/2], see
Figure 5(b)), the stress area in the first and second phases (i.e.,
𝑆1 and 𝑆2) can be computed by

𝑆1 = 𝑅2 [𝜋 − 1 − 2𝛿 − tan (𝜋/4 − 𝛿)]
4

𝑆2 = 𝑅2 [2𝛿 − 1 + tan (𝜋/4 − 𝛿)]
4 .

(5)

Supposing that the normal stress distributes uniformly
within the area of S, the value of resistance per unit area (𝑆0)

Vdd

RFSR

Rref

Vout

+

−

Figure 6: The simplified structure of measurement circuit for the
FSR voltage.

is uniform, defined as 𝑅0. The resistance of 𝑆1 and 𝑆2 can be
obtained by

𝑅FSR_1 = 𝑅0𝑆0
𝑆1

𝑅FSR_2 = 𝑅0𝑆0
𝑆2 .

(6)

In order to get a voltage proportional to the area of FSR
region under stress, an amperometric measurement circuit
has been adopted, as shown in Figure 6. The output voltage
(𝑉out) of the sensor is shown in

𝑉out = −𝑅ref ⋅ 𝑉dd
𝑅FSR

, (7)

where 𝑅FSR is the resistance of FSR under test and 𝑉dd is
the constant power supply. 𝑅ref can be used to adjust the
sensitivity of the sensor. Thus, the output voltage of 𝑆1 and𝑆2 can be defined as follows:

𝑉out_1 = −𝑅ref ⋅ 𝑉dd
𝑆0 ⋅ 𝑅0 ⋅ 𝑆1

𝑉out_2 = −𝑅ref ⋅ 𝑉dd
𝑆0 ⋅ 𝑅0 ⋅ 𝑆2.

(8)

The areas of 𝑆1 and 𝑆2 can be obtained through the mea-
sured voltages 𝑉out_1 and 𝑉out_2. Also, the bending direction
can be calculated on the basis of 𝑉out_1 and 𝑉out_2.

𝛿 = 𝑓5 (𝑉out
1

, 𝑉out
2

) . (9)

2.3. ScanningMethod. In general, to get the entire shape of an
elongated continuum robot, a number of deflection sensors
will be needed. Thus, the number of lines for data collection
should be cut down to minimize the integration circuit.
Figure 7 presents the schematic diagram of a deflection
sensor array, which is composed of six deflection sensors.
If a constant current source or voltage source is used, the
numbers of row lines and column lines to extract each
component of force without interference are four and six,
respectively.That is to say, a row line is connected to six force
sensors simultaneously. A column line is connected to the
power electrode of one deflection sensor. All of these lines
should be connected to the processor, always at one end of
the robot, which is responsible for A/D conversion and data
collection.
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Figure 8: Schematic of crosstalk between adjacent elements [12].

Since an array of electrodes are used, the crosstalk
between the adjacent deflection sensors becomes an impor-
tant issue that needs to be considered. The basic principle of
crosstalk is shown in Figure 8. In theory, when the scanning
circuit scans the 𝑖-row electrode and the j-column electrode
(the path of current is indicated by the solid arrows), only the
resistance 𝑟𝑖,𝑗 will be measured. However, the series pathway
formed by 𝑟𝑖,𝑗−1, 𝑟𝑖+1,𝑗−1 and 𝑟𝑖+1,𝑗 (indicated by the dashed
lines with arrows) is also incorporated into the measurement
loop, which will affect the measurement precision of the
resistance 𝑟𝑖,𝑗.

The variable 𝑟V is defined as the sum of 𝑟𝑖,𝑗−1, 𝑟𝑖+1,𝑗−1, and𝑟𝑖+1,𝑗; thus the actual resistance between the electrodes of 𝑖 and
𝑗 can be obtained through (11). If 𝑟V ≫ 𝑟𝑖,𝑗, then 𝑟𝑚𝑖,𝑗 ≈ 𝑟𝑖,𝑗; else
there will be a relatively large interference current through
the measurement loop, which will bring bad affection on the
accuracy of measurement [12].

𝑟V = 𝑟𝑖,𝑗−1 + 𝑟𝑖+1,𝑗−1 + 𝑟𝑖+1,𝑗 (10)

𝑟𝑚𝑖,𝑗 = 𝑟VU𝑟𝑖,𝑗 =
𝑟V ⋅ 𝑟𝑖,𝑗
𝑟V + 𝑟𝑖,𝑗 . (11)

In order to eliminate the effect of crosstalk, different
methods have been proposed in the literatures, which can
be broadly divided into two categories: the voltage feedback
method [14] and the zero-potential method [15, 16].The basic
mechanism of these two types of methods is to form an equal
potential zone to eliminate the effect of crosstalk. However,
the performance of zero-potential methods seems better
than any circuit based on voltage feedback method, if the
resistance values of the selectedmultiplexers and switches are

Switch 1

Switch 2

i

j

+

Vdd

Rref

Vout −

j − 1 j + 1

i − 1

ri,j

i + 1

Figure 9: Simplified circuit based on the zero-potentialmethod [12].

Oscilloscope Height rulerSensorDividing head
of machine

Figure 10: Experimental system for calibration.

proper [17]. Therefore, the zero-potential method has been
adopted in this paper for the need of using an amperometric
measure scheme. The simplified circuit based on the zero-
potential method is shown in Figure 9. The resistance 𝑟𝑖,𝑗 is
placed into the measurement loop through the single pole
double throw (SPDT) switches (i.e., switch 1 and switch 2).
The driving voltage 𝑉dd is applied on the current scanned
driving electrodes (the 𝑖-row electrodes) by switch 1, while
the current scanned sampling electrodes (the 𝑗-column
electrodes) are connected to the inversion input pin of the
operational amplifier (op-amp) through switch 2. The two
ends of the reference resistance (𝑅ref ), which also determines
the sensitivity and measurement range of sensor, connect
the inversion input pin and the output pin of the op-amp
together. Furthermore, the noncurrent scanned electrodes
are connected to the ground by two SPDT switches.

3. Experimental Study

3.1. Experimental System. To test the performance of the
developed sensor, a calibration system has been built (Fig-
ure 10), which consists of a height ruler, a dividing head
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Figure 11: Input-output relationship for the force components in four directions. (a) +𝑥, (b) +𝑦, (c) −𝑥, and (d) −𝑦.

of machine with three-jaw chuck, and an oscilloscope. The
height ruler with the measurement accuracy of 0.02mm is
used to fix the suspending end of the shaft and measure its
deflection.The dividing head is used to fix the base of sensor,
helping to adjust the direction of the force imposed on the
FSR easily with the resolution of 10.The oscilloscope is used
to measure the output voltage of the sensor.

3.2. Bending Deflection Test. To obtain the relationship
between the deflection of the sensor’s suspending end and
the output voltage, the calibration process is elaborated as
follows:

(a) Measure the output voltage of the sensor without
exerting any load.

(b) Fix the base of the sensor using the three-jaw chuck.

(c) Adjust the angle of the chuck, letting the +𝑥 (or
+𝑦, −𝑥, −𝑦) direction of the sensor face vertically
downward.

(d) Exert a force on the suspending end of the sensor by
adjusting the height ruler.

(e) Record the deflection and the output voltage of the
sensor at the same time.

During the experiments, the bending deflection at the
suspending end of the core shaft increases from 0mm to
30mm first (regarded as upload) and then decreases back
to 0mm (regarded as download) by adjusting the height
ruler with an interval of 2mm. The relationships between
the deflection and the output voltage in the four directions
are shown in Figure 11, where the red solid line is the fitting
straight line averaged from the upload date and the download
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date with the same deflection. From the test data, it can be
found that there is good linearity between the output voltages
and the deflections in the four directions. The sensitivities of
the prototype sensor are 40.37, 32.8, 37.77, and 39.47mV/mm
for the +𝑥, +𝑦, −𝑥, and −𝑦 directions, respectively. The
nonlinearities in the +𝑥, +𝑦, −𝑥, and −𝑦 directions are 5.4%,
2.2%, 5.8%, and 2.7%, respectively. The hystereses of the
sensor in the +𝑥, +𝑦, −𝑥, and −𝑦 directions are 7.1%, 12%,
11.7%, and 13.2%, respectively. The sensitivity, nonlinearity,
and hysteresis are defined as follows:

Sensitivity = max (𝑉out)
max (Deflection)

Nonlinearity = max (𝑉out − 𝑉𝐹)
max (𝑉out)

Hysteresis = max (𝑉up − 𝑉down)
max (𝑉out) .

(12)

3.3. Bending Orientation Test. The second experiment is
designed to validate the feasibility of estimating the bending
direction using the voltages from the two adjacent measuring
phases. Taking phase 1 and phase 2 as an example, the
experimental process is elaborated as follows:

(a) Adjust the dividing head and let the +𝑥 direction of
the sensor face vertically downward.

(b) Set the deflection of the core shaft to 10mm by
adjusting the height ruler.

(c) Turn the dividing head to the +𝑦 direction and record
the output voltages (𝑉out-1 and 𝑉out-2) of the two
measuring phases simultaneously with interval of 5∘.

As defined in Figure 5, the variation range of 𝛿 is (0, 𝜋/2].
The test results are shown in Figure 12, where the red line
indicates the relationship between 𝑅𝑠 (area ratio: 𝑆1/𝑆) and 𝛿,
whereas the blue line indicates the relationship between the
measured value𝑅V (𝑉out-1/(𝑉out-1+𝑉out-2)) and 𝛿.The normal
stress is fully imposed on phase 1 at the starting point, but the
normal stress turns to be fully imposed on phase 2 when 𝛿
equals to 𝜋/2. The experimental results show that Rv seems
almost consistent with the theoretical calculation value 𝑅𝑠.
That is, the angle 𝛿 can be reliably obtained on the basis of
the measured voltage from two adjacent detection phases.

4. Discussion and Conclusions

A new two-dimensional deflection sensor, taking FSR as its
basic material, has been proposed and demonstrated in this
work. The sensor consists of five concentric rings and is
mounts vertically to the axis of the target shaft. When the
bending of shaft occurs at the position where the sensor
is mounted, the normal pressure will be imposed on the
FSR film, thereby causing the change of FSR’s resistance.
A printed circuit board with electrode grids (divided into
four measuring phases) and an integrated circuit with the
ability of eliminating the crosstalk effect are designed to
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Figure 12:The relationship between the bending angle and the area
ratio.

measure the output voltages of FRS film. Based on the specific
calibration method, the deflection and the bending direction
of the target shaft can be obtained from the measured
voltages.The experimental results based on a prototype of the
proposed deflection sensor show a good consistence between
the theoretical value and the measured value. For a shaft with
the length of 140mm, the measurement range of deflection
can reach to 30mm. For the four measuring phases of the
prototype sensor (in +𝑥, +𝑦, −𝑥, and −𝑦 directions), the
sensitivities are 40.37, 32.8, 37.77, and 39.47mV/mm, the non-
linearities are 5.4%, 2.2%, 5.8%, and 2.7%, and the hystereses
are 7.1%, 12%, 11.7%, and 13.2%, respectively. Furthermore, the
estimated bending direction is in good agreement with the
actual direction. The proposed sensor can be used in many
practical applications where the measurement of large and
multidirection bending is required.
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