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Abstract— Elastic torque sensors have been widely used for
small-scale robots such as hand exoskeletons to achieve torque
control. However, designing a miniaturized and lightweight elastic
torque sensor with human–machine interaction safety is still a
challenge. In this article, a novel miniaturized and lightweight
elastomer-based clutched torque sensor is presented. A rubber
spring is designed and used to reduce its volume and weight.
A wafer disk clutch is devised to improve mechanical safety. The
torque sensor is 29.5 mm × 18 mm × 24 mm in dimension
and weighs 23 g. Compared with the state-of-the-art elastic
torque sensors for hand exoskeletons, the volume-to-torque ratio
is reduced by 15.48%, and its weight is reduced by 23.33%.
Since the hysteresis characteristics of the rubber spring leads
to a nonlinear deformation–torque relationship, an improved
parametric Gaussian process regression (PGPR) method based
on the nonlinear autoregressive moving average structure with
exogenous inputs (NARMAX) is proposed. A combined kernel
function for the improved PGPR is designed to improve the fitting
performance. Finally, experiments have been conducted to verify
the mechanical safety and torque sensing performance. The force
caused by collision on the proposed torque sensor is less than
that on the torque sensor without the clutch (reduced by 51.78%).
The proposed hysteresis model can reduce the maximum absolute
modeling error to 7% compared with those of other intelligent
hysteresis models (the modeling error is 12.32%). Therefore, the
experimental results indicate that the proposed torque sensor
can improve the mechanical safety and achieve accurate torque
sensing.

Index Terms— Clutch, elastic torque sensor, hysteresis model-
ing, mechanical design, rubber spring.

I. INTRODUCTION

WEARABLE robots, such as hand exoskeleton
robots, have been widely developed and studied for

neuro-motor rehabilitation [1], [2]. Research has indicated
that force-control-based strategies are more conducive for
the rehabilitation of limbs [3]. To achieve force control,
human–machine interaction torques or forces need to be
measured by the piezoresistive sensors or the strain beams
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using the deformation of sensitive elements [4], [5]. However,
these devices are difficult to use in actual applications due to
undesired contact conditions or small strain that is difficult
to measure. Recently, elastic torque sensor has attracted
attention from the torque/force measurement community.
An elastic element is connected in series between the motor
and the output end, and its application can solve the contact
problem and enlarge deformation [6]. Torque or force can
be estimated by measuring the deformation of the elastic
element. Moreover, the elastic element provides inherent
mechanical compliance, and it is promising in the robotic
systems that physically interact with a human being [7].
However, there are still numerous design challenges for
the elastic torque sensors applied for hand exoskeletons
because of the limitations in terms of size, lightness, and
human–machine interaction safety [8]–[10].

Various miniaturized and lightweight elastic torque sensors
(also known as series elastic actuators in some references)
have been designed and applied for hand exoskeleton robots.
Generally, the elastic elements in these sensors use metal
springs, such as compression spring, helical torsion (HT)
spring, and structural spring. For example, Baldoni et al. [8]
and Marconi et al. [11] designed two different miniaturized
elastic torque sensors: cam-compression-spring-based sen-
sor and tangential-compression-spring-based sensor. Jo and
Bae [12] proposed a unidirectional force sensor with a
linear compressed spring for a hand exoskeleton robot.
Guo et al. [13] designed a linear force sensor with a wave
disk spring. Agarwal et al. [14] and Yun et al. [15] pro-
posed a Bowden-cable-based compression spring torque sensor
(LC-sensor) for an index finger exoskeleton. Furthermore,
the Bowden-cable-based torque sensor using two helical tor-
sion springs (HT-sensor) has been developed and tested [9].
Zhang et al. [6] also presented a Bowden-cable-based com-
pression spring torque sensor with application to a thumb
finger exoskeleton. Refour et al. [16] designed a bidirectional
torque sensor with two linear compressed springs placed
against each other. Bianchi et al. [17] designed an elastic
torque sensor with a structural spring through the innova-
tive topology optimization method. However, the weight-to-
stiffness and volume-to-stiffness ratios of these sensors are
high because of the large size of metal springs. The rubber
springs are of low weights and volumes, so the weight-to-
stiffness and volume-to-stiffness ratios of the torque sen-
sors with the rubber springs are much more desirable [18].
Moreover, rubber springs have inherent damping to reduce
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undesired oscillatory motion [19]. Therefore, how to design
an elastic torque sensor using rubber springs instead of metal
springs for hand exoskeleton robots needs to be further
explored. In addition, it is worth noting that the rubber springs
exhibit hysteresis nonlinearities, which makes torque sensing
complicated [20].

To achieve accurate torque sensing, it is necessary to have
a well-defined sensor model. Generally, the existing hystere-
sis models can be classified into two categories: physics-
based models and data-based phenomenological models. The
physics-based models include Hooke’s law [21], [22], Maxwell
model [23], Kelvin–Voigt model [23], standard linear solid
model [24], and Burgers model [25]. These models may lack
an explicit expression of hysteresis nonlinearity. In contrast,
the data-based phenomenological models can better describe
the hysteresis characteristics because they treat hysteresis
nonlinearity by a clearly structured model. The data-based
phenomenological models for rubber spring are mainly tra-
ditional parametric hysteresis models, such as exponential
loading model (ELM) [26], polynomial model [27], non-
linear backlash model (NBM) [28], improved NBM [18],
and improved Prandtl–Ishlinskii (PI) model [19]. The above
methods consider either the amplitude characteristics or the
frequency characteristics of the training data to establish the
hysteresis models. However, both the amplitude and frequency
characteristics have an influence on the hysteresis characteris-
tics, which should be considered simultaneously [18], [19].

Some machine learning methods are introduced to model
hysteresis nonlinearity since they have a strong capability of
modeling nonlinear systems. For example, based on the non-
linear autoregressive moving average model with exogenous
inputs (NARMAX), Cheng et al. [29] designed a neural net-
work (NN) model to model piezoelectric actuator’s hysteresis,
and they also proposed a long short-term memory (LSTM) NN
to model pneumatic artificial muscle’s hysteresis [30]. How-
ever, these models are designed for specific applications and
lack a guided way to determine the components of the model.
As an alternative, kernel-based methods, such as Gaussian
processes (GPs), can be used because of their flexibility [31].
Tao et al. [32] proposed a GP model to model the hysteresis of
pneumatic end-effectors. Unfortunately, it is computationally
expensive for large datasets due to its O(N3) complexity.
A parametric GP regression (PGPR) method has been proven
to able to deal with large datasets [33]. Therefore, whether
the PGPR-based method is able to model the hysteresis can
be further studied.

Another research point about the elastic torque sensor is
the safety. After the maximum deformation of the elastic
element, an excessive human–machine interaction torque can
be generated due to controller malfunction or external impacts
caused by collision. To achieve the human–machine interaction
safety, a possible solution is to introduce a clutch in the design
of the torque sensors. A clutch is defined as a device that
disengages and engages two bodies of the clutch [34], and it
can control the human–machine interaction force not to exceed
the safety threshold. Woo et al. [10] designed a compact rotary
torque sensor with a mechanical clutch that automatically
disengages transmission when its threshold is reached. The
threshold value can be adjusted by a linear compression

spring [10]. Zhang and Huang [35] designed an elastic torque
sensor with a mechanical clutch that automatically disconnects
the transmission between the exoskeleton and the human
through an additional motor. However, an additional motor
or linear compression spring may make the system heavy and
cumbersome. Therefore, how to design a miniaturized clutched
elastic torque sensor needs to be further studied.

In this article, a novel elastomer-based clutched torque
sensor for hand exoskeleton robots is proposed. An improved
PGPR model with a combined kernel function based on the
NARMAX structure is established to model hysteresis charac-
teristics. The contributions of this article can be summarized
as follows.

1) An elastomer-based torque sensor is developed to
achieve miniaturization and lightness. Compared with
the state-of-the-art elastic torque sensors for hand
exoskeletons, the volume-to-torque ratio of the proposed
torque sensor is reduced by 15.48%, and its weight is
reduced by 23.33%.

2) A wafer disk clutch is integrated into the torque sensor,
and it can limit the torque between the motor and
the output end. The force caused by collision on the
torque sensor with the clutch can be reduced by 51.78%
compared with that of the torque sensor without the
clutch.

3) An improved PGPR model with a combined kernel
function based on NARMAX structure is proposed to
achieve accurate torque sensing, and the root mean
squared modeling error (RSME) is less than 1.86%.
By comparisons with other intelligent hysteresis mod-
eling results (the maximum absolute error (MAE) is
12.32%), the MAE of the proposed modeling method
can be reduced to 7%.

The rest of this article is organized as follows. In Section II,
the elastomer-based clutched torque sensor is introduced,
and the hysteresis characteristics of the rubber spring are
investigated. Section III presents the improved PGPR mod-
eling method for the proposed torque sensor. In Section IV,
experimental verifications are conducted. Section V gives the
conclusion and future work.

II. MECHANISM DESIGN AND HYSTERESIS PHENOMENON

A. Overall Design

As shown in Fig. 1, an elastomer-based clutched torque sen-
sor has been designed. The torque sensor uses a ring-shaped
rubber spring instead of metal springs, which makes it minia-
turized and lightweight. A wafer disk clutch is connected in
series between the input end and the rubber spring to limit the
transmissible torque. Its dimension is 29.5 mm × 18 mm ×
24 mm, and its weight is 23 g. Its maximum measured torque
can be up to 0.5 Nm. Table I shows the comparison of the
proposed sensor and some existing torque sensors applied to
hand exoskeleton robots. Compared with these state-of-the-
art torque sensors, the volume-to-torque ratio of the proposed
sensor can be reduced by 15.48%, and its weight is reduced by
23.33%. The force caused by collision on the torque sensor
with the clutch can be reduced by 51.78% compared with
that of the torque sensor without the clutch. In addition to
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TABLE I

PROPERTY COMPARISONS BETWEEN THE PROPOSED TORQUE SENSOR AND SOME EXISTING TORQUE SENSORS

Fig. 1. Dimension and mechanical structure of the proposed elastomer-based
clutched torque sensor. (a) Critical dimension. (b) Overall mechanical design.

Fig. 2. Prototype of the proposed elastomer-based clutched torque sensor.

the rubber spring and the clutch, the torque sensor is mainly
composed of the input end, the output end, and an encoder.
The angle encoder is located on the side of the output end
to measure the position of the output end. The input end
is connected with a motor by a cable-driven mechanism for
actuation applications, and its position can be measured by
an angle encoder placed at the end of the motor. The angle
measurement error caused by the elongation of the steel cable
is negligible since it is tiny. By subtracting the input position
from the output position, the angle deformation of the rubber
spring can be calculated, and the output torque of the torque
sensor can be estimated. The elastomer-based clutched torque
sensor prototype has been fabricated based on the CAD model,
which is shown in Fig. 2.

The principle of the proposed torque sensor is described
in Fig. 3. Fig. 3(a) shows that the clutch and the output end
remain stationary when the input end does not rotate. The

Fig. 3. Principle of the elastomer-based clutched torque sensor. (a) Staticstate.
(b) No-loadstate. (c) Load is less than the transmissible torque. (d) Load is
greater than the transmissible torque.

measured output torque of the torque sensor is zero. As shown
in Fig. 3(b), the input end, the clutch, and the output end
rotate counterclockwise simultaneously when the input end
rotates but no load is applied to the output end. The measured
output torque of the torque sensor is still zero. The input end
and the clutch still rotate counterclockwise when a load (the
measured output torque) less than the transmissible torque
of the clutch is applied to the output end, which is shown
in Fig. 3(c). It is worth noting that in this case, the rubber
spring deforms, and the torque generated by the deformation
reflects the load. Fig. 3(d) shows that only the input end rotates
counterclockwise (the motor rotates continuously) when the
load is greater than the transmissible torque, and the stator
and the rotor of the clutch slide relative to each other. The
measured output torque of the torque sensor represents the
transmissible torque of the clutch.

B. Rubber Spring Design

A 3-D model of the ring-shaped rubber spring is shown in
Fig. 4. The output torque of the rubber spring can be estimated
by its torsion deformation. The dimension parameters of the
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Fig. 4. Diagram of the axonometric and sectioned views of the rubber spring.

rubber spring should be chosen reasonably to avoid fatigue
failure and high encumbrance. Therefore, an optimization
design approach is proposed and explained as follows.

The material of the rubber spring should be determined
first, and the selection is natural rubber. The stiffness of the
rubber spring should meet the maximum output torque Tmax =
0.5 Nm and the maximum angle deformation θmax = 15◦
requirements, and it is expressed as

πG
(
r1

4 − r2
4
)

2L
= Tmax

θmax
(1)

where L is the length of the rubber spring, r1 and r2 are the
outer and inner radii of the rubber spring, respectively. G is the
shear modulus of the rubber spring, and G = 0.117 e0.034HS,
where HS stands for the shore hardness of the rubber spring,
and it is predetermined here (HS = 60◦). To avoid fatigue
failure, the stress of the rubber spring under the maximum
output torque should be less than its required torsional stress
[σ ] = 0.7 MPa, which can be expressed as

2Tmaxr1

π
(
r1

4 − r2
4
) ≤ [σ ]. (2)

The constraints on the length, outer, and inner radii of the
rubber spring can be expressed as{

L lb ≤ L ≤ Lub

rlb ≤ r2 ≤ r1 ≤ rub
(3)

where Lub = 4 mm and L lb = 10 mm stand for the upper
and lower bounds of the length, respectively, and rlb = 0 mm
and rub = 10 mm represent the upper and lower bounds of the
outer and inner radii, respectively.

Since the proposed sensor is designed for the hand exoskele-
ton, the dimension characteristic and the output torque perfor-
mance of the proposed torque sensor can be evaluated by the
volume-to-torque ratio. Its length should also be reasonably
selected to suit the width of the finger. Therefore, the nonlinear
optimization problem is formulated as follows:

min f(r1,r2,L) = aπ
(
r1

2 − r2
2
)
L

Tmax
+ bL

s.t. (1), (2) and (3) (4)

where a = 0.8 and b = 0.2 represent the weight factors of
the volume-to-torque ratio and the length in the design of
the rubber spring, respectively. The local optimal solutions
have been searched using MATLAB’s fmincon function. The
length, outer, and inner radii of the rubber spring are finally
determined to be 4, 10, and 8.2 mm, respectively.

Fig. 5. Clutch design. (a) Mechanical design of the clutch. (b) Schematic
of the clutch.

C. Clutch Design

A wafer disk clutch has been proposed and designed
to improve the human–machine interaction safety. Fig. 5(a)
shows the mechanical structure of the wafer disk clutch. A lock
bolt can deform a Belleville spring by tightening, and the
Belleville spring can provide a driving force to a pressure
plate. The pressure plate is used to compress two thin disks
that are coupled to the rotor and the stator of the torque limiter.
The transmissible torque between the rotor and the stator is
the sum of the residual static friction torque and the active
clutching torque [36]. However, the residual static friction
torque is ignored here because only few numbers of disks
are coupled together. The transmissible torque is determined
by some design variables, which are shown in Fig. 5(b).
The relationship of the transmissible torque and the design
variables can be expressed as

Tl = 2μZ Fn
(
R0

3 − R1
3
)

3
(
R0

2 − R1
2
) (5)

where R0 = 7.5 mm and R1 = 4.5 mm represent the outer
and inner radii of the thin disks, respectively. μ = 0.2 is the
coefficient of friction between the rotor and two thin disks, and
Z = 2 represents the number of the disk interfaces. Fn stands
for the normal force applied between the rotor and the two thin
disks, and it can be provided by a Belleville spring. The normal
force can be changed by changing the deformation of the
Belleville spring, and then the maximum transmissible torque
can be changed. To achieve the maximum transmissible torque
of 0.5 Nm, the normal force should be 204 N. A Belleville
washer (Lee Spring M00620-0060-01200-C) has been chosen,
and its calculated load at the flat is 699 N.

D. Testing Rig

A testing rig for the proposed torque sensor has been
designed and fabricated to collect data for identifying the
hysteresis characteristics of the rubber spring, which is shown
in Fig. 6. A Faulhaber motor (Faulhaber 2250S012BX4 with
incremental encoder IE3-1024, 51:1 planetary gearhead) is
used as the motion source. Its displacement can be trans-
mitted to the input end through a cable-driven mechanism
(the material of steel cable: 304 stainless steel, the diam-
eter of steel cable: 0.8 mm), and it is controlled by a
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Fig. 6. Testing rig for the proposed torque sensor.

Fig. 7. Hysteresis characteristics of the proposed elastomer-based clutched
torque sensor.

motion controller (MCBL3002S, Faulhaber). A torque sensor
(DYJN-104, Freud) is used to measure the output torque of
the rubber spring, and it is tightly connected to the output
end. The deformation of the rubber spring can be directly
obtained according to the position sensor placed at the end
of the motor. In addition, a DSpace (MicroLabBox RTI1202)
is used to exchange position data with the motion controller,
and it is also connected with the torque sensor for reading the
output torque. The deformation and output torque data of the
rubber spring are uploaded and stored on a personal computer.

E. Hysteresis Characteristics and Training Dataset

Different excitation sinusoidal signals are used to investigate
the characteristics of the rubber spring. The frequencies of
the sinusoidal signals are 0.4, 0.7, and 1 Hz, respectively,
and their amplitudes are 4◦ and 5◦, respectively. Fig. 7
shows the torque–deformation curves under signals of different
frequencies and amplitudes. The important feature of the
curves is that their shapes change with the frequency and
amplitude. Therefore, a force sensor model that takes both the
frequency-dependent and amplitude-dependent characteristics
into account should be designed to achieve accurate torque
sensing. To model the hysteresis characteristics and calibrate
the proposed torque sensor, more comprehensive excitation
sinusoidal signals are used to collect the training data. The
frequencies of the sinusoidal signals are 0–1 Hz with an

increment of 0.05 Hz, and their amplitudes are 4◦–9◦ with an
increment of 0.5◦. The hardware constraints of the testing rig
determine the upper bounds on the frequency and amplitude.

III. SENSOR MODEL

A. Hysteresis Model

The NARMAX model can predict the current output in
terms of past inputs and outputs. It has a strong approximation
ability and is an effective method for modeling nonlinear
systems [29]. Therefore, the NARMAX model is applied to
describe the hysteresis characteristics of the rubber spring, and
it can be expressed as

y j = f
(
x j

)
(6)

where x j = [y j−1, . . . , y j−ny+1, u j , . . . , u j−nu+1] ∈ R
ny+nu−1,

y j ∈ R stands for the predicted output torque at the current
time instant j , and u j represents the deformation at the
current time instant j . ny and nu denote the orders of the
output and input variables, respectively. f (·) stands for a
nonlinear mapping between the model’s input and output
variables.

According to the NARMAX model, the training dataset
of input–output pairs can be determined as D = {X, y} =
{x j , y j}Hj=1, where H represents the number of the training
data, which is approximately 40 000. Therefore, the train-
ing dataset D is a sufficiently large dataset to consider the
frequency-dependent and amplitude-dependent characteristics.
The PGPR method has been proven to have a good ability
of using a series of basic Gaussian functions to approximate
large dataset. Therefore, an improved PGPR method is used
to realize nonlinear mapping f (·) representing the training
dataset D in (6).

B. Improved Parametric Gaussian Process Regression

The improved PGPR model includes two GPs: a classical
GP and a parametric GP. The classical GP is used to implement
f (·) in (6) by conditioning on a hypothetical dataset, and the
parametric GP is used to update the hypothetical dataset which
is defined in the next paragraph.

Here, assume the existence of a hypothetical dataset {z, p}.
z = {zi}Mi=1 and p ∈ R

M , where M denotes the number of
hypothetical data. The hypothetical data zi are the center of
the i th cluster among M clusters obtained using the k-means
clustering algorithm on X , and it is invariant throughout the
algorithm. p is the following stochastic vector whose mean
value and covariance matrix are estimated by the parametric
GP described in Section III-B2:

p ∼ N (m, S) (7)

where m ∈ R
M is the mean of p, and S ∈ R

M×M denotes the
covariance matrix of p.

1) Classical Gaussian Process: According to [33], a GP is
defined to describe f (·) in (6). Let x∗ be the input of (6).
Then the joint distribution of the hypothetical data p and the
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predicted output p∗ = f (x∗) can be obtained and expressed
as

[
p
p∗

]
∼N

⎛
⎜⎜⎜⎝0,

⎡
⎢⎢⎢⎣

cov
(
z1, z1

) · · · cov
(
z1, zM

)
cov

(
z1, x∗

)
...

. . .
...

...
cov

(
zM , z1

) · · · cov
(
zM , zM

)
cov

(
zM , x∗

)
cov

(
x∗, z1

) · · · cov
(
x∗, zM

)
cov(x∗, x∗)

⎤
⎥⎥⎥⎦

⎞
⎟⎟⎟⎠

� N
(

0,

[
K q(x∗)

qT (x∗) cov(x∗, x∗)

])
(8)

where cov(s, s′) ∈ R (s, s ′ ∈ {z1, z2, . . . , zM , x∗}) stands for
the symmetric covariance function which is defined by the
following kernel function:
cov

(
s, s ′

) = kSE
(
s, s ′

)[
kLin

(
s, s ′

)+ kPer
(
s, s′

)
kRQ

(
s, s′

)]
(9)

where

kSE
(
s, s ′

) = θ2
1 exp

(
−

(
s − s ′

)T (
s − s′

)
2θ2

2

)
(10)

kLin
(
s, s ′

) = θ2
3 (s − θ4)

T
(
s′ − θ4

)
(11)

kPer
(
s, s ′

) = θ2
5

(
− 2

θ2
6

(
sin

(
π

s − s′

θ7

))T (
sin

(
π

s − s′

θ7

)))

(12)

kRQ
(
s, s ′

) =
(

1+
(
s − s ′

)T (
s − s ′

)
2θ8θ

2
9

)−θ8

(13)

where θ = [θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9]T ∈ R
9 are the

hyperparameters of the GP. One contribution of this article is
to propose the above combined kernel function which includes
some basic kernel functions such as the squared exponen-
tial (SE) function, the linear (Lin) function, the periodic (Per)
function, and the rational quadratic (RQ) function, while the
original PGPR model proposed in [33] only uses one basic
kernel function.

Based on the joint Gaussian prior distribution (8), the
distribution of p∗ on conditioning p is

p∗ = f (x∗) | p ∼ N (
q(x∗)T K−1 p,

cov(x∗, x∗)− q(x∗)T K−1q(x∗)
)
. (14)

Therefore, in practice, f (·) in (6) can be determined by the
mean value of p∗. That is,

f (x∗) = E(p∗) = q(x∗)T K−1 E(p) = q(x∗)T K−1m. (15)

According to [33], the hyperparameter θ in (9) can be
updated by the stochastic gradient descent method. Assume we
have a sample (xn, yn) from the training set D. Then, by [33],
the updating law for θ can be determined as follows:

θn+1 = θn − η

2σ 2
n

[
−2(yn − μn)

∂μn

∂θn
+ ∂�n

∂θn

]
(16)

log
(
σ 2

n+1

) = log
(
σ 2

n

)+ η

2σ 2
n

[
(yn − μn)

2 + �n
]− η

2
(17)

where θn is the estimation of θ at the nth updating step, η >
0 is the learning rate, σn is the estimation of the unmodeled

part, and

μn = qT (xn, θn)K−1(θn)mn (18)

�n = cov(xn, xn, θn)− qT (xn, θn)K−1(θn)q(xn, θn)

+ qT (xn, θn)K−1(θn)Sn K−1(θn)q
T (xn, θn) (19)

where q(·, θn), cov(·, ·, θn) and K (θn) are defined in (8) with
θ being θn. mn and Sn denote the estimations of m and S in
(7) at the nth updating step, respectively.

2) Parametric Gaussian Process: According to [33], the
parametric GP is used to update pn in the hypothetical dataset.
Assume we have a sample (xn, yn) from the training set D.
Then, by [33], the updating law for the mean value mn and
the covariance matrix Sn can be determined as follows:

mn+1 = mn + qT (xn, θn)�
−1
n (yn − μn) (20)

Sn+1 = Sn − qT (xn, θn)�
−1
n q(xn, θn). (21)

The entire training process of the improved PGPR can be
summarized in Algorithm 1.

Algorithm 1 Training Method of the Improved PGPR
1: Initialize the cluster number M , the hypothetical data z;

θ0 = [ln(0.3), . . . , ln(0.3)]T , m0 = [0, . . . , 0]T , S0 =
K (θ0), η = 0.1, σ 2

0 =
∑

(y j−ȳ)2

H−1 , ȳ =
∑

y j

H , H = 4.4554×
104, nmax = 2× 105.

2: for all n ≤ nmax do
3: Select one sample (xn, yn) from the training dataset D;
4: θn+1 is updated by (16),

log(σ 2
n+1) is updated by (17);

5: mn+1 is updated by (18),
Sn+1 is updated by (19);

6: n ← n + 1;
7: end for
8: θ ← θn, m ← mn , S← Sn .
9: Given x∗, f (x∗) in (6) can be calculated by q(x∗)T K−1m.

C. Parameters Selection

To accurately estimate the measured value of the torque
sensor, the parameters of the proposed sensor model need to
be determined. They can be divided into two types: optimized
parameters and predetermined parameters. The optimized
parameters consist of the hyperparameter θ of the improved
PGPR model, and it can be trained by Algorithm 1 on the
training dataset D. The predetermined parameters include the
orders of the output and the input variables in (6), and the
number of the clusters M . They can be manually determined
by the trial-and-error method to minimize the following two
criteria (the RMSE and the MAE):

RMSE =
√√√√ 1

Q

Q∑
i=1

(yi − ŷi)
2 × 100% (22)

MAE = max
i
|yi − ŷi | × 100% (23)

where Q = 2 × 103 is the number of the testing data
which are selected from the training dataset D, and yi and
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TABLE II

VALUES OF PARAMETERS IN THE PROPOSED SENSOR MODEL

Fig. 8. Measurement results for the angle displacement of the motor and the
output torque of the rubber spring at a low speed.

ŷi (i = 1, . . . , Q) are the actual and the predicted torques,
respectively. Here, the predetermined parameters are deter-
mined when the RMSE and the MAE on the testing data are
2.83% and 7.67%, respectively.

Using the parameter selection experiment, the parameters of
the proposed sensor model have been finally determined and
are listed in Table II.

IV. EXPERIMENT

In this section, the experiments are conducted to achieve
three objectives: 1) to verify the working principle and the
maximum measured torque of the proposed torque sensor;
2) to evaluate the safety performance of the proposed clutched
torque sensor, i.e., the magnitude of the force caused by
collision; and 3) to assess the measurement performance of
the proposed sensor model.

A. Principle Verification

An experiment has been performed to verify the working
principle of the proposed torque sensor based on the testing
rig described in Section II-D. It is worth noting that the
principles described in Fig. 3(a) and (b) are obvious, so only
the principles described in Fig. 3(c) and (d) are verified. The
motor rotates at a low speed (1 rad/min) in the clockwise
(positive direction) and counterclockwise (negative direction)
directions from the starting position. The starting position is
defined as the position where the deformation of the proposed
torque sensor is zero. The angle displacement of the motor and
the output torque of the proposed torque sensor are recorded.
The angle displacement of the motor can be regarded as the
deformation of the rubber spring when the load is within
the maximum transmissible torque. The experimental results
are shown in Fig. 8. It can be found that the rubber spring
deforms below the maximum transmissible torque, and its
deformation can reflect the load due to its change in a single
direction. When the maximum transmission torque is reached,
the stator and the rotor of the clutch slide relatively, which
limits the transmission torque. Then the output torque of the

Fig. 9. Testing platform for simulating external impact caused by collision.

rubber spring remains constant at the maximum transmission
torque. It is worth noting that the magnitude of the output
torque of the torque sensor decreases when the stator and the
rotor of the clutch slide relatively, and it is caused by the
change from static friction to dynamic friction. In addition,
it is observed that the maximum measured output torque of
the torque sensor can be approximately up to 0.5 Nm, and
the angle deformations in the two directions are 12.4◦ and
−11.3◦, respectively. The deformation–torque relationship of
the rubber spring is asymmetric, and a similar result is also
found in [18].

B. Mechanism Safety

A testing platform simulating external impact caused by
collision is designed and fabricated, which is shown in Fig. 9.
A dumbbell weighing 2.5 kg is fixed at one end of a link.
It can drive the link from the horizontal position to the vertical
position. A force sensor (DYZ-100, Freud) is installed in front
of the dumbbell to measure the interaction force caused by
collision. The torque sensors with and without the clutch are
fixed on a base, and their installation position needs to ensure
that the dumbbell collides with the torque sensor at the vertical
position. To prevent the input end of the torque sensor from
moving during collision, the input end is fixed by a motor
or other clamping device. The dumbbell is released from the
horizontal position, and it collides with the torque sensor at
the vertical position. Fig. 10 shows the interaction forces of
the torque sensors with and without the clutch, and they are
8.82 and 18.29 N, respectively. Compared with the torque
sensor without the clutch, the interaction forces generated on
the torque sensor with the clutch can be reduced by 51.78%.
Therefore, it is obvious that the torque sensor with the clutch
can improve the mechanical safety.

C. Sensor Model Validation

A new validation dataset is collected using a combined
excitation sinusoidal signal in the testing rig described in
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Fig. 10. Comparison of the forces caused by collision on the torque sensors
with and without the clutch.

Fig. 11. Sensor modeling performance comparison between the proposed
method and some existing methods on the validation dataset.

TABLE III

COMPARISON ON THE ESTIMATION ERROR OF DIFFERENT

SENSOR MODELING METHODS

Section II-D. The combined excitation sinusoidal signal can
be expressed as

h =
k∑

i=1

Ai sin 2π fi (24)

where k is the number of the sinusoidal functions, and Ai and
fi are the amplitude and frequency of the sinusoidal functions,
respectively.

For comparative studies, the NN model, the LSTM model,
and the PGPR model proposed in [29], [30], and [33] have
been trained using the same training dataset. In addition, the
GP model designed in [32] has also been trained by partial
data of the training dataset because of hardware limitation.
Fig. 11 shows the torque measurement results of the proposed
sensor model and the aforementioned models on the validation
dataset, and their RMSE and MAE are calculated and given
in Table III. The RMSE and MAE of the proposed method
are approximately 1.86% and 5.24%, respectively, while the

maximum RMSE and MAE of other methods are approxi-
mately 5.26% and 12.32%, respectively. Therefore, compared
with these existing methods, the proposed method can improve
the measurement accuracy of the rubber spring output torque.

V. CONCLUSION

In this article, a novel miniaturized and lightweight
elastomer-based clutched torque sensor is proposed for hand
exoskeleton robots. A rubber spring is designed and applied
to reduce the volume and weight of the torque sensor, and its
dimensions are optimized. Compared with the state-of-the-art
torque sensors for hand exoskeleton robots, the volume-to-
torque ratio of the proposed torque sensor can be reduced by
15.48%, and its weight is reduced by 23.33%. A wafer disk
clutch is used to limit the excessive interaction force due to
possible external impacts caused by collision. Furthermore,
based on the NARMAX structure, the improved PGPR model
has been proposed and trained to model the hysteresis non-
linear characteristics in the proposed torque sensor. Finally,
the experiments have been conducted to verify the mechanical
safety capability and the torque sensing performance. Com-
pared with the torque sensor without the clutch, the interaction
force generated on the torque sensor with the clutch can be
reduced by 51.78%, which can further improve the mechanical
safety. The RSME and MAE of the improved PGPR model
on the validation dataset are 1.86% and 5.24%, respectively.
The proposed hysteresis model can improve the MAE by up
to 7% compared with those of other intelligent hysteresis
models. The experimental results indicate that the miniaturized
clutched torque sensor can improve the mechanical safety,
and ir can achieve an accurate torque sensing based on the
proposed sensor model.

In the future, the proposed torque sensor is to be integrated
into a hand exoskeleton robot to further verify its performance.
Some control methods based on the proposed force sensor
model have to be designed and verified to achieve precise
force control as well.
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