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In order to protect target objects from being destroyed, the torque exerted on finger joints should be
accurately measured and used for controlling the dexterous robotic hand. However, restricted by the
space of the finger joint, it is difficult to improve the sensitivity of the finger joint torque sensors. To solve
this problem, a novel joint torque sensor with floating beams and supporting beams is designed based on
an analysis of the traditional cross-beam torque sensor. The structure of the sensor is newly modeled and
analyzed. Then response surface methodology (RSM) is employed to optimize the sensor structural
parameters. A comparison of finite element analysis results and optimization results is used to estimate
the sensitivity of the proposed sensor and verify the optimized attachment positions for the strain
gauges. Finally, a finer joint torque sensor is fabricated and calibrated. The results show a good perfor-
mance of repeatability, nonlinearity, hysteresis and sensitivity.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The development of three- and five-fingered dexterous robotics
hands has become a focus in robotics research [1,2]. A dexterous
hand can perform multiple operations and complex movements.
To determine the characteristics of the manipulated object, it is
necessary to install a variety of sensors in a dexterous hand, includ-
ing tactile sensors and force sensors. Finger joint torque sensors
measure the moment of each joint in the dexterous hand and feed
it back to the control system. Ideally, the control system should
determine the force exerted on the target object by the dexterous
hand to prevent the target object from being destroyed or slipping
out during the grasping process [3–5]. A joint torque sensor with a
higher sensitivity can obtain more physical information about the
target object, which assists target recognition [6]. Because of the
limited space available for a dexterous finger joint, improving the
sensitivity of a finger joint torque sensor is very difficult [7–8].
To achieve high sensitivity, the structure and parameters of the
sensor must be optimized.

Previous studies on torque sensors are mainly based on strain
gauges. Pérez R U et al designed an ultra-low-cost torque sensor
with crossbeams, which improved the sensitivity of the torque
sensor by drilling around strain beams and reducing the width of
strain beams [9]. Sun Y developed a six-axis force/torque sensor
for the Chinese space robot, and employed RMS to get the optimum
parameters. They designed through-holes on the cross beam to
improve the sensitivity of the sensor [10]. Zhang HX et al devel-
oped a torque sensor using a 4-bar linkage shape to improve the
sensitivity [11]. But the diameter of the sensor is U150 mm. Yuan
C et al proposed a multi-axis force/torque sensor composed of two
connected cross-beams [12]. The size of the sensor is U50
mm � 12 mm and the sensor sensitivity is 813.6 lV/Nm, which
can be used in robot feet. Liang Q et al presented a 4-D fingertip
force sensor based on an E-type membrane elastomer and strain
gauges [13–14], which can measure the force Fx, Fy, Fz and Mz. It
is 30 mm in diameter and 35 mm in length with a good perfor-
mance in linearity. Besides, there are also other types of torque
sensors or multi-axis force/torque sensors to realize the measure-
ment of the moment acted on joints [15–17]. However, the size of
usual torque sensors is not suitable for robot finger joints. ATI
industrial automation designed a series of commercial off-the-
shelf six-axis sensors [18]. The size of the smallest one (Nano 17)
is U17 mm � 14 mm. But commercial torque sensors are expen-
sive, and specifications are inappropriate for finger joint
application.

Moreover, a variety of researchers developed miniaturized tor-
que sensors based on other measurement principles. Melchiorri C
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et al presented a novel force/torque sensor based on optoelectronic
components [19], which can be used in the finger of robotic hands,
but its error increases with the frequency of the input signal.
Kaneko M et al proposed a tension differential type torque sensor
for a finger actuation with tendons [20], which has a single body
compared with the conventional approach. However, it is only
suitable for particular finger joints. Lee D H et al presented a
capacitive-type six-axis force/torque sensor for robotic application
[21]. The size of the sensor is U25 mm � 19 mm. Based on simply-
supported beam and optoelectronics, Noh Y et al presented a
multi-axis force/torque sensor used for a continuum robot [22].
The size of the sensor is U24 mm � 12 mm. Jung K et al developed
a fingertip sensor based on the semiconductor strain-gage. It has a
size ofU26 mm � 18 mm and the accuracy of the sensor is 6% [23].
Hwang Y et al proposed a virtual torque sensor for commercial RC
servo motors based on dynamic system identification utilizing
parametric constraints [24], which can be used for robot finger
equipped with RC servo motors without the physical torque sensor.
However, the measurement is not precise enough, only fit for pro-
totype robots. Although there are many of toque sensors based on
different principles, they are not mature enough in measurement
properties or environmental adaptability.

In recent years, research on torque sensors has mainly focused
on miniaturization and structural integration. Kim T K et al. inte-
grated a torque sensor into a robot finger frame, and calibrated
the sensor after assembling the finger [25]. Jung B J et al. attached
strain gauges to a flexible wheel with split harmonic deceleration
to measure the joint moment [26]; their design reduced both the
required space and cost. However, because the flexible wheel
deforms during the operation of the harmonic decelerator, the
measured data must be filtered, reducing the measurement accu-
racy. Mouri T et al. designed a space-efficient torque sensor based
on the tensile and compressive strains on a motor mounting seat
[27], which used the space efficiently. Kim D H et al. designed
two types of moment sensor, namely one- and two-axis torque
sensors, to measure the moment of a finger joint and the joint
between a finger and the palm, respectively [28]. The one-axis
force sensor adopted a conventional four-beam structure, and the
two-axis torque sensor adopted a bending beam structure.

Most finger joint torque sensor designs focus on miniaturiza-
tion. Performance optimization of miniature torque sensors is sel-
dom conducted. In this paper, we increase the measurement
accuracy of a finger joint torque sensor by improving the structure
of the sensor after a detailed analysis of the measurement principle
of a conventional joint torque sensor. Response surface methodol-
ogy (RSM) is used to determine the optimal structural parameters
Fig. 1. Three-fingered de
for the sensor. The purpose of this work is not only to design a tor-
que sensor for a dexterous hand, but also to find a way to optimize
a torque sensor based on the strain gauge.

2. Structural design of the finger joint torque sensor

2.1. Three-fingered dexterous hand

The proposed finger joint torque sensors were installed on a
three-fingered dexterous hand. The hand was composed of a bot-
tom base and three fingers, as shown in Fig. 1. The total length of
the hand was 229 mm, and the length of each finger was
142 mm. Each finger had two finger joints driven by a DC motor
and a harmonic reducer, which were connected by a synchronous
belt. The output torque of each finger joint was 2 N�m. The torque
sensors were installed at the output position of the harmonic redu-
cer. The driving torque of each joint was output through the torque
sensor, to ensure that the torque sensor measured all the torque for
the finger joint. A magnetic coder, which fed the rotation angle of
the joint back to the control system, was installed on the other side
of the joint. To match the size requirements for the finger joint, the
outer diameter of the torque sensor was less than 31 mm, and the
central block that was connected to the harmonic reducer was lar-
ger than the harmonic reducer output axis. The measurement
range of the torque sensor had to meet the maximum grip force
requirement of the dexterous hand.

2.2. Measurement principle of the torque sensor

The design of the elastomer plays a critical role in a torque sen-
sor based on the strain gauge [10]. The structure of a conventional
elastomer is shown in Fig. 2. The main components are a rim ring B,
four strain beams L1–L4 and a central block O. The strain-type elas-
tomer used in the torque sensor usually has a symmetrical struc-
ture to ensure measurement linearity. Four strain gauges are
bonded to both sides of the two symmetrically distributed strain
beams to form the full-bridge circuit shown in Fig. 3. When the
sensor is working, the rim ring is fixed and load torque is applied
to the central block. The tensile or compressive strains on the
strain beams are measured by the strain gauges and used to calcu-
late the load torque.

The output voltage of the full bridge circuit is expressed as:

Vout ¼ R4 þ DR4

R1 � DR1 þ R4 þ DR4
� R3 � DR3

R2 þ DR2 þ R3 � DR3

� �
Vin ð1Þ
xterous hand model.



Fig. 2. Schematic diagram of the strain gauge elastomer.

Fig. 3. Full-bridge circuit diagram.

Fig. 4. Force diagram for elastomer in conventional torque sensor.
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In an ideal sensor, the four strain gauges have the same
resistance and symmetrical attachment positions. Therefore,
R1 ¼ R2 ¼ R3 ¼ R4 ¼ R and DR1 ¼ DR2 ¼ DR3 ¼ DR4 ¼ DR ¼ RKe,
where R is the resistance of the strain gauge, K is the strain
constant of the strain gauge and e is the strain at the attachment
position. Eq. (1) can be simplified to:

Vout ¼ DR
R

Vin ¼ KeVin ð2Þ

The sensitivity of a sensor is typically defined as the ratio of the
output voltage to the input voltage at full range. The sensitivity G
of the finger joint moment sensor can be defined as:

G ¼ Vout

Vin
¼ KeFS ð3Þ

where eFS is the micro-strain at the strain gauge attachment
position at full range. Eq. (3) shows that the sensitivity of the sen-
sor can be improved by increasing the micro-strain eFS for a given
strain gauge and a given attachment position.

2.3. Problems in miniaturizing the classical torque sensor

Because the sensor elastomer has rotational symmetry, the
strain distribution can be determined by analyzing one of its quad-
rants [29]. The force analysis diagram for the elastomer is shown in
Fig. 4. Considering that the strain on the elastic body occurs mainly
on the cross beam, rim ring B and central block O are assumed to
be rigid bodies, and the deformation of the strain beam is assumed
to be within the allowable range.

According to the stress-strain principle and the force-balance
principle of a simply-supported beam, the micro-strain e on the
surface of the strain beam can be obtained as:

e ¼ Mb
8EI

l2 þ 3lr � 3l þ 6rð Þx
2l2 þ 6lr þ 6r2

" #
ð4Þ

whereM is the moment applied to the elastomer, E is the elastic
modulus of the elastomer, I is the moment of inertia of the strain
beam, and r, l, b and x are the geometric parameters shown in
Fig. 2.

According to Eq. (4), when x is less than l2 þ 3lr
� �

= 3lþ 6rð Þ, the
micro-strain on the strain beam is positive; otherwise, it is nega-
tive. Choosing a different value of l/r, the transformation between
tensile stress and compressive stress on the same side of the strain
beam takes place at 1/3to1/2 the length of the beam l. Due to the
limitations on the space of the finger joint structure, the length
of the strain beam is limited by the shape and size of the central
block. In practical applications, a chamfer is incorporated to con-
nect the ends of the strain beam and the rim ring or central block,
which further reduces the length of the strain beam. It is difficult to
improve the sensitivity of a miniature joint torque sensor, even for
a small gauge.

2.4. Novel finger joint torque sensor

We developed a miniature finger joint sensor with high sensi-
tivity that is suitable for a dexterous hand. The proposed finger
joint torque sensor is shown in Fig. 5. The torque sensor consists
of rim ring T, supporting beams L2 and L4, strain beams L1 and L3,
floating beams L5 ~ L8, connecting block P, and central block O.
The supporting beams are parallel to the Y-axis, connected to the
rim ring and central block. They increase the Y direction stiffness
of the sensor and reduce the interference between the Y direction
pressure and the measurement result. The strain beams are paral-
lel to the X-axis, with one end connected to the rim ring and the
other end connected to the two floating beams via the connecting
block. The floating beams enable flexible deformation between the
central block and the connecting block, reducing the restriction of
central block on the end of strain beam. The sensor has four float-
ing beams that parallel to the Y-axis. The coordinate origin is at the
center of the structure.

The proposed finger joint torque sensor is manufactured from a
single block to avoid the measurement delay caused by the clear-
ances between separate components. The proposed torque sensor
is symmetrical about the X and Y-axis. According to the force char-
acteristics of the finger joint, the torque sensor bears the pressure
in the Y direction and the moment in the Z direction. The pressure



Fig. 5. Model of proposed finger joint torque sensor.
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in the Y direction is borne by the supporting beams, and the
moment in the Z direction causes a bending deformation in the
supporting beam and the strain beam. The moment in the Z direc-
tion is measured by strain gauges attached to the strain beam.

A force analysis of the proposed finger joint torque sensor was
carried out assuming that rim ring T and central block O are rigid
bodies and that only the strain beam and the supporting beam
are subjected to elastic deformation. Because the improved
elastomer is symmetrical about the X and Y axes, only 1/2 of the
elastomer structure needs to be analyzed to obtain the symmetric
strain on the whole elastomer. A force analysis diagram of the
finger joint torque sensor is shown in Fig. 6.

According to the force analysis of the strain beam L1, the
supporting beam L2 and the floating beam L5, the displacement
at the end of the beam L1 x1 and the deformed angle at the end
of the beam L1 h1 can be obtained as:

h1 ¼ 2M1 l1�F1 l
2
1

2EI1

x1 ¼ 3M1 l
2
1�2F1 l

3
1

6EI1

8<
: ð5Þ
Fig. 6. Force analysis diagram of proposed finger joint torque sensor.
The displacement at the end of the beam L2 x2 and the
deformed angle at the end of the beam L2 h2 can be written as:

h2 ¼ 2M2 l2�F2 l
2
2

2EI2

x2 ¼ 3M2 l
2
2�2F2 l

3
2

6EI2

8<
: ð6Þ

The displacement at the end of the beam L5 x5 and the
deformed angle at the end of the beam L5 h5 can be written as:

h5 ¼ 2M5 l5�F5 l
2
5

2EI5
þ h2

x5 ¼ 3M5 l
2
5�2F5 l

3
5

6EI5
þ h2l5

8<
: ð7Þ

where F1, F2 and F5are the force applied to the strain beam L1,
the supporting beam L2 and the floating beam L5,M1,M2 andM5are
the moment applied to the strain beam L1, the supporting beam L2
and the floating beam L5, I1, I2 and I5 are the moments of inertia of
strain beam L1, supporting beam L2 and floating beam L5, respec-
tively. l1, l2 and l5 are the geometric parameters shown in Fig. 5.

According the force-balance principle of the central block and
the connecting block, we obtain

F1ðR� l1Þ þM1 þ F2ðR� l2Þ þM2 ¼ M
2

ð8Þ

M1 þ F1
b5

2
¼ 2F5

b1

2
þ 2M5 ð9Þ

where M is the moment applied to the elastomer, b1, b5 and R
are the geometric parameters shown in Fig. 5.

As we assume that the connecting block and the central block
are rigid bodies, the relationship of deformed angles can be
expressed as

�x1 ¼ R� l1ð Þh2 � F1 l5
2EA5

h1 ¼ h5
x2 ¼ �h2 R� l2ð Þ
x5 ¼ �h5

b1
2

8>>>><
>>>>:

ð10Þ

where A5 is the cross-sectional area of the floating beam.
According Eqs. (5–10), F1 and M1 can be respectively expressed

as:

F1 ¼
3
2Kl

2
1l

3
2I2A5M

2l31I2A5þ3l21I2A5 R� l1ð Þþ3I1I2l5
h i

2P l22�3Rl2þ3R2
� �

þKl32
h i

ð11Þ

M1 ¼
Kl32ðl31I2A5� 3

2 I1I2l5ÞM
2l31I2A5þ3l21I2A5ðR� l1Þþ3I1I2l5
h i

2Pðl22�3Rl2þ3R2ÞþKl32
h i

ð12Þ
where

P ¼ 2l21I1I
2
2A5ðl1 þ 3

4 b5Þl53 þ 3I21I
2
2l5l

5
3

3b2
1 þ 4l25 þ 6l5b1

� ðl41I2A5 þ 6I1I2l1l5ÞI2I5 ð13Þ

K ¼
I1I5 3l21I2A5Rþ 3I1I2l5

h i
2l25 þ 3l5b1

� �
3b1 þ 4l25 þ 6l5b1

ð14Þ

The surface strain on strain beam L1 can be calculated as:

e¼ b1
2EI1

F1 l1�xð Þ�M1½ �

¼
Kl32I2b1 l21A5 l1�3xð Þþ3I1l5

h i
M

4EI1 2l31I2A5þ3l21I2A5ðR� l1Þþ3I1I2l5
h i

2Pðl22�3Rl2þ3R2ÞþKl32
h i

ð15Þ
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where x is the distance from the strain attachment position to
the rim ring, and b1 is the width of strain beams.

According to Eq. (15), when x < l31A5 � 3I1l5
� �

=3l21A5, the micro-

strain e is a positive value. We can ensure that the strain gauge
attachment position has the same strain sign by designing the
parameters of the strain beam and floating beam. Eq. (15) also indi-
cates that x and the elastic modulus of the elastomer E are nega-
tive for the strain value. because the parameters of the elastomer
have a complex relationship with strain value, a parameter opti-
mization method is used to maximize the sensitivity of the torque
sensor.
Fig. 7. Flowchart of optimization process.
3. Design optimization

3.1. Optimization method

Researchers usually choose alloy steels or aluminum alloys to
manufacture the elastomer of torque sensors, because they have
a good linearity under the yield limit and isotropy property.
According to the design requirements of the dexterous hand, the
maximum range of the sensor is ± 2 N�m. We expected to find a
material with low elastic modulus, high yield limit, good corrosion
resistance and easy to machine. After evaluating several proposals,
the torque sensor was manufactured from 7075-T6 aluminum
alloy, whose material characteristics are shown in Table 1.

Because the strain beam was very short, a small strain gauge
was selected to increase the average micro-strain at the attach-
ment point of the strain gauge. The parameters of the strain gauge
are shown in Table 2. To maximize the sensitivity of the sensor in a
limited space and ensure that the maximum stress on the sensor
remains below the allowable stress of the material, it is necessary
to optimize the parameters that affect the sensitivity of the elas-
tomer. Eight parameters affect sensitivity: height h1, length l1
and width b1 of the strain beam, width b3 and length l3 of the float-
ing beam, and width b2, length l2 and height h2 of the supporting
beam. Because there are many interdependent parameters, RSM
was used to optimize the design of the joint torque sensor.

In RSM, appropriate test points for experiments are selected,
and a mathematical model is developed for the optimization prob-
lem [30]. Then, the parameters corresponding to the optimal
results are obtained by finding the optimal solutions to the derived
expressions. A flowchart of the optimization process for the pro-
posed sensor is shown in Fig. 7. The key stage is the design of
experiments (DOE), which determines the efficiency of the tests
and the accuracy of the prediction model equation [31]. There
are many methods for designing the test points, including central
composite design (CCD), Box-Behnken design, and orthogonal
array design. The Box-Behnken method was chosen because it
avoids the appearance of extreme points, which can lead to failure
or instability of the test results and is highly suitable for mechan-
Table 1
Characteristics of 7075-T6 aluminum alloy.

Property Density (g/cm3) Young’s Modulus (MPa) Poisso

value 2.80 71.7 0.33

Table 2
Strain gauge specifications.

parameters substrate dimensions gauge dim

contents 3 mm � 2 mm 1 mm � 1
ical size optimization [30,32]. The ranges for parameters required
for the joint torque sensor to remain within the overall size limita-
tions are shown in Table 3. For the three-level eight-factorial Box-
Behnken experimental design, a total of 120 experiments were
designed using the software Design-Expert. Each group was mod-
eled and analyzed using finite element method (FEM) software.
The micro-strain and maximum stress were recorded.
n’s Ratio Yield Strength Sy (MPa) Ultimate strength Su (MPa)

460 530

ensions Gauge Resistance gauge factor

mm 120 ± 2 X 2.0



Table 3
Parameter ranges for proposed joint moment sensor.

variable h1 h2 l1 l2 l3 b1 b2 b3 eFS rFS

range 3 ~ 4.2 2 ~ 4.2 5.2 ~ 6.2 3 ~ 5.6 3 ~ 5.6 1.4 ~ 4 1.6 ~ 5 0.5 ~ 1.3 Maximum �101Mpa
Optimal Results 3.00 3.16 6.00 3.00 4.97 1.40 1.68 0.50 1282.47 101

Fig. 8. Response surface for micro-strain vs independent variables. Fig. 9. Response surface for maximum stress vs independent variables.
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Table 4
Values and residuals form ANOVA.

p values R2 Adjusted R2 Predicted R2 Adequate precision

micro-strain ＜0.0001 0.95 0.94 0.91 41.69
maximum stress ＜0.0001 0.94 0.92 0.89 31.99
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3.2. Optimized results

A comparison of linear, two-factor interaction, quadratic, and
cubic equations [33], showed that the quadratic equation best
approximated the relationship between the independent parame-
ters and the response surface. The regression coefficient of the
quadratic equation, with insignificant terms neglected, was
obtained using least squares. The micro-strain eFS and maximum
stress rFS are respectively expressed as:

eFS ¼ 1042:89� 188:64h1 � 58:21h2 þ 280:95l1 þ 198:47l3

þ 90:18b1 � 3017:97b3 þ 32:15b2 þ 20:31h1b2

þ 49:32h2b3 � 44:67l1b1 þ 110:96l1b3 � 38:41l1b2

� 15:57l3b1 þ 59:14l3b3 � 14:41l3b2 þ 209:57b1b3

þ 19:93b1b2 þ 143:47b3b2 � 13:49l23 � 24:01b2
1

þ 239:85b2
3 � 5:98b2

2 ð16Þ

rFS ¼ 686:35� 108:36h1 � 23h2 � 71:01l1 þ 11:47l2

� 45:13l3 � 29:11b1 � 54:22b3 � 7:89b2 þ 13:08h1l1

þ 3:47h1l3 þ 3:52h1b1 � 2:35h2l2 � 1:4h2l3

þ 10:05h2b3 þ 4:88h2b2 þ 3:93l1l2 þ 5:57l1l3 � 4l1b2

þ 1:44l2l3 � 2:75l2b1 � 5:61l2b3 � 4:33l2b 2

� 1:21l3b2 þ 1:59b1b2 þ 8:98b3b2 þ 2:25b2
1 þ 2:27b2

2 ð17Þ
The relationships between the independent variables and the

micro-strain and maximum stress are shown in Figs. 8 and 9,
respectively. The sensitivities of the input parameters are shown
in Fig. 10. As shown, the micro-strain is very sensitive to b3, b1,
and b2 and the maximum stress is sensitive to b1. The input param-
eters l1 and l3 have a positive effect on eFS and rFS, whereas the
parameters h1, h2, b1, b2, and b3 have a negative effect. The input
parameter b1 has almost the same effect on eFS and rFS, whereas
parameter l2 has a positive effect on rFS, but a negligible effect
on eFS.

Analysis of variance (ANOVA) was conducted for the approxi-
mate models of eFS and rFS. The results are shown in Table 4. For
both models, p less than 0.0001, R2 > 0.9, and the adjusted values
Fig. 10. Sensitivities of input parameters.
are close to the predicted values. The precision is above 4, which
is adequate. these results show that the mathematical models for
micro-strain and maximum stress established based on Eqs (16)
and (17) are stable and reliable. These equations can thus be used
to optimize the models.

To ensure that the elastomer is not destroyed, the condition
rFS 6 rs=S must be satisfied, where rs is the material yield
strength shown in Table 1 and S is the safety factor. Because the
sensor is affected by forces other than the torque in the direction
of measurement, a safety factor S was set to 4.5. The optimization
objective that will maximize micro-strain eFS can be expressed as
rFS 6 101Mpa. The optimal parameters shown in Table 3 were
obtained using a search algorithm. Table 3 shows that the micro-
strain was 1282.47 and the maximum stress was 99.54 MPa after
optimization. The optimization model is shown in Fig. 11.

4. Strain analysis

MSC/Patran was used to mesh the optimized model. The finger
joint torque sensor using conditions allowed the degrees of free-
dom of the node at the bottom of the rim ring to be set to zero.

Torque was applied via the three screw holes in the central
block. Since the sensor works under the yield limit, it is assumed
that the deformation of the elastomer is linear. The finite element
mesh model is shown in Fig. 12. The corresponding material
properties were input into the finite element model and the
stress was calculated with MSC/Nastran. The strain nephogram
of the sensor in the direction of attachment of the strain gauge
is shown in Fig. 13, which shows that the strain gauge had the
largest strain near the fixed ring, consistent with the theoretical
analysis. Fig. 14 shows Strain distribution on surface of the strain
beam. Because of the machined chamfer the strain gauge was
attached at a position 0.5 mm away from the fixed ring. Consid-
ering the substrate dimensions were larger than the gauge
dimensions the average strain on the strain beam at a distance
of 1–2 mm from the rim ring was used to calculate the strain
on the strain gauge.
Fig. 11. Optimized joint torque sensor model.



Fig. 12. FEM mesh used for the finger joint torque sensor.

Fig. 13. Strain nephogram in direction of beam strain.

Fig. 14. Strain distribution on surface of the strain beam.

Fig. 15. Prototype finger joint torque sensor.

Fig. 16. Calibration platform.

Fig. 17. Loading curve for finger joint torque sensor.
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The average value of the micro-strain at the attachment posi-
tion was 1288 and the maximum stress was 100 MPa, these values
are close to the results for the response surface. This verifies that
the optimized parameters can be used to manufacture the pro-
posed finger joint torque sensor.

5. Calibration test

5.1. Calibration method

A prototype of the torque sensor was fabricated and the strain
gauges were attached in accordance with the FEM results. The fin-
ger joint torque sensor shown in Fig. 15 has a torque range
of ± 2 N�m, and dimensions of U31 mm � 4.2 mm. To obtain the
performance of the designed finger joint torque sensor accurately,
it was necessary to calibrate the torque sensor. The calibration
platform is shown in Fig. 16. The torque was applied alone based
on the pulley-weight principle. The signal output by the strain
gauge was amplified by a strainmeter and sent to a computer via
a data acquisition board.

5.2. Calibration results

Five loading and unloading tests were carried out in the range
of ± 2 N�m. Ten sets of data were obtained for each moment point.
A comparison of these 10 sets of data at each loading point, indi-



Table 5
Sensor sensitivity.

Sensor sensitivity (mV/V)
FEM Exp Error (%)

2.48 2.44 1.64

Fig. 18. Hysteresis curve of proposed sensor.

Fig. 19. Load in the direction of the supporting beam.
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cated a sensor error of 1.84% full scale (F.S.). The least squares
method was used to obtain a linear fit for the loading curve for
the finger joint torque sensor. The results are shown in Fig. 17.
From the loading curve and the distribution of points, the linearity
error of the finger joint torque sensor was calculated to be
0.62% F.S. The mean residual error distribution was 2.4 � 10-6
Table 6
Compared with other torque or force/torque sensors.

Work Axes Technology Torque range (N�m) Si

Liang Q et al. [14] 4 strain gauges ±1 U
Mouri T et al. [27] 1 strain gauges ±0.4 U
Yuan C et al. [12] 6 strain gauges ±10 U
Sun Y et al. [10] 6 strain gauges ±98 U
Lee D H et al. [21] 6 capacitive ±1 U
Pérez R U et al. [9] 1 strain gauges ±1 U
Noh Y et al. [22] 3 optoelectronic ±0.09 U
Kashiri N et al. [16] 1 strain gauges ±150 U
Zhang H X et al. [11] 1 strain gauges ±40 U
Khan H et al. [17] 1 strain gauges ±60 U
Ours 1 strain gauges ±2 U
and the standard deviation of the normal distribution was
0.0017, which indicate that the sensor has good linearity and
repeatability.

Table 5 compares the sensitivity calculated using finite element
analysis with that measured by experiment. The error between the
analysis results and the experimental values is 1.64%. The main
reason for this error is that the actual attachment positions and
directions of the strain gauges were different from the theoretical
positions and directions, which resulted in the strain measured by
the strain gauge being less than the analytical value. The sensitivity
of the sensor can be improved by further improving the positioning
accuracy of the strain gauges.

The average values were calculated for five points in the loading
process and five points in the unloading process. The hysteresis
curve of the sensor is shown in Fig. 18. As shown, the loading curve
coincides with the unloading curve. The hysteresis error for the
sensor of less than 1.48% F.S.

The finger joint moment sensor mainly bears the measurement
moment and the force in the direction of the supporting beam. To
determine whether there was any interference from the force in
the direction of the supporting beam on the measurement results,
the test platform was improved and a tension force was applied in
the direction of the supporting beam, as shown in Fig. 19. For the
test, 21 loading points were evenly distributed in the range of
0–20 N, but the measured output of the torque sensor remained
unchanged, indicating that the force in the direction of the sup-
porting beam did not interfere with the measurement results.

Table 6 compares the finger joint torque sensor we designed
with other torque or force/torque sensors, which shows that the
sensitivity of the torque sensor we designed is higher than most
of other sensors except literature [11]. However, the diameter of
the sensor introduced by literature [11] is U150, and the structure
of 4-bar linkage shape is difficult to achieve the miniaturization.
Literatures [14], [21], [22] and [27] have a smaller size, but there
is no introduce about the sensitivity. Moreover, hysteresis of liter-
atures [22] and [27] is too high to realize the precise measurement.
In summary, the torque sensor introduced by this paper has an
advantage in sensitivity, under the consideration of volume. At
the same time, torque range, linearity, and Hysteresis can fit for
the torque measurement of finger joints very well.
6. Conclusion

This study proposed a joint torque sensor with floating beams
and supporting beams. The size of the sensor is U34mm � 4.2 m
m, which can meet the space requirement of finger joints. The
structural parameters of the sensor were optimized using RSM to
maximize sensor sensitivity. The optimized model was analyzed
by FEM, and a prototype sensor was fabricated and calibrated.
The results show that the sensitivity of the sensor was 2.44
mV/V which is higher than most of the torque sensors, the linearity
ze (mm) Sensitivity (mV/V) Linearity (%F.S.) Hysteresis (%F.S.)

30 � 35 – 0.2 –
13 � 1.5 – 2.3 9.3
50 � 12 2.26 0.62 0.73
224 � 32.4 1.55 0.37 0.28
25 � 19 – 1.07 0.93
65 � 6 2.01 1.27 3.54
24 � 12 –- – 22.6
63 1.26 –- –
150 2.75 1.5 –
40 � 15 1.7 0.23 –-
34 � 4.2 2.44 0.62 1.48



10 K. Han et al. /Measurement 152 (2020) 107328
error was 0.62% F.S., hysteresis error less than 1.48%F.S. and the
repeatability error less than 1.84%F.S.. We verified that the force
in the direction of the supporting beam did not interfere with
the torque measurement. The sensor performed exceptionally well
in testing and can be used for moment feedback in the finger joint
of a manipulator. The analysis and optimization methods adopted
in this paper can be applied to other sizes and types of torque
sensors.

In the future, semiconductor strain gauges will be tested on the
torque sensor of finger joint, as they have a smaller size and higher
gauge factor, which are beneficial to improve the measurement
sensitivity further. At the same time, the signal process circuit will
be designed to enhance the signal-to-noise ratio.
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