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Abstract— This paper proposes a torque estimation technique
for the harmonic drive actuator (HDA) robotic arm. The
dynamics of the robot arm equipped with the harmonic Drive
are modeled. To determine the torsion change generated by the
external torque, the effects of the dynamic torsion are considered
when the harmonic Drive actuator is rotating. The dynamics
modeling of a harmonic Drive actuator connected to a single arm
is proposed. The estimations of the link-side torque by the
proposed method is numerically validated. The proposed
technique, along with the developed sensor, has been
experimentally verified.

motor-side and the link-side. Godler proposed a torque
control with built-in sensing [7]. The accuracy of the built-in
torque sensing was improved in [8]. Zhang proposed a new
method to modeling the torsional compliance and the
hysteresis behaviors in [9].
Motivated by the need to develop a torque estimation
technique for the harmonic driver actuator robotic arm, the
dynamics system of the HDA robot arm is modeled, and a
sensor for simultaneous estimations of the torque and angular
displacement is proposed.
The remainder of this paper provides the following:

I. INTRODUCTION
Torque estimation for the harmonic driver actuator (HDA)
is important because joint torque feedback control is a
considerable control method for improving robot arm
performance [1], [2]. The feedback torque accuracy is
significant in influencing the response of the control system
[3]. Aghili designed a positive joint torque feedback method
to suppress the effect of the output-side torque. However, if
joint feedback control is implemented, reliable joint torque is
needed. One of the methods to obtain the joint torque is to
measure it with the joint torque sensor [4]. However, adding a
flexible element in the system causes the system less stiffness.
Moreover, the accuracy of torque measurement depends on
the sensitivity between the strain and the load torque. When
the same torque is applied, lower stiffness results in larger
strain, which means higher sensitivity. However, low stiffness
is undesirable for a robot arm. Thus, Godler proposed the
torque sensing method by measuring the deformation of the
joint with the strain gauges [5]. Three strain gauges were
applied to the flexspine, which is a part of the harmonic drive.
Harmonic drives have been designed and widely used in
robotics due to their high gear ratio, light weight, and almost
zero backlash. The complex dynamics, such as hysteresis,
which results from the influence of the nonlinear flexibility of
the flexspline and friction is needed to be considered in the
modeling of the harmonic drive. In addition, minute
deviations cause a significant torque ripple, and the periodical
maintenance of strain gauges is an issue. To avoid adding an
extra elastic element to measure joint torque,
Zhang proposed a joint torque estimation method based on
the harmonic drive compliance model [6]. The deformation of
the harmonic drive is measured from the encoders on the
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— The dynamics system of the HDA robotic arm, which
considers the dynamic torsion, is modeled. The torque
estimation method of the link-side torque is numerically
validated by the simulation.
— A sensor that utilizes the rotary optical encoder to
simultaneously estimate the torque and angular displacement
of the HDA robotic arm is proposed. The proposed sensor is
integrated into the HDA robotic arm. Two experiments of the
constant angular displacement and torque inputs of the motor
are conducted to demonstrate the effects of the torque
estimation technique.
II. TORQUE ESTIMATION TECHNIQUE FOR HARMONIC DRIVE
ACTUATORS
Figure 1 illustrates the design concept of the torque
estimation technique for the harmonic drive actuator (HDA)
robotic arm. As shown in Figure 1(a), the optical encoder is
integrated with the harmonic drive actuator, which consists of
the brushless DC motor and harmonic drive, to simultaneously
measure the link-side torque and angular displacement. Figure
1(b) illustrates the proposed sensor. The rotary disc is fixed on
the connector and rotates with the flange shaft for the optical
encoder fixed on the shell through the fastener to measure the
change of rotary disc to obtain the angular displacement of the
robotic arm in the harmonic drive output-side. Figure 1(c) is
the schematic of the dynamics of the HDA robotic arm. DC
motor and arm are the rigid bodies. The harmonic drive has
two compliant elements for the wave generator and flexpline
and a gear ratio. The wave generator is driven by the motor,
and the flexspline is connected to the arm through the flange
shaft.

Harmonic Drive
DC Motor

Rotary disc

T/D Sensor

Gh(s)

Connector

Shell
Flange shaft

 fs

Fastener

Optical encoder

(a)

m  m J m rm
DC Motor

(b)

Wave generator

Flexpline

 fi

wi K w
wo
 fs
w

Kf

N
Harmonic Drive

(c)

f



 fo

+
+

m
1
J m s2 + rm s

-

+

wo 1
N

w

+

+

Kf 
f

1
J s2



1
N

Fig. 2. Block diagram of the harmonic drive actuator system

B. Link-side Torque Estimation
Frist, The torsion angle is the deformation of the wave
generator in (3) and the flexspline. The flexspline torsion
 f is determined by


J
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Fig. 1. Illustration of torque estimation technique for an HDA robotic arm. (a)
An HDA robotic arm. (b) Developed sensor. (c) Schematic illustration of the
dynamics.

A. Model of the HDA Robotic Arm
The dynamic models of the DC motor and arm are
formulated in (1) and (2), where J m ,  m , J ,  denote the
motor side and link side inertia and angular displacement. The
definition of the wave generator torsion  w is in (2). The
model of the wave generator torsion and torque estimation
from the angular displacement of the flexpline are described
by (A.1) and (A.2) in [10].  wo ,  fo represent to output
angular displacement of the wave generator and flexspline.
 m ,  w ,  f ,  d ,  fs denote the torque of the motor side, the
torque of wave generator, flexspline, external torque, starting
torque. rm refers the viscous friction, which can be obtained
by (B1) from the motor manufacturer [10]. N is the gear ratio,
and Kf is the stiffness of the flexspline. The compliance of the
harmonic drive causes the deformation between input and
output of the wave generator. The output angular
displacement of the wave generator is the angular
displacement of the motor plus the wave generator torsion.
The link side torque is transmitted by the torque of the
flexspline with the external torque in (3). The flexspline is
considered as a spring in (4). The block diagram of the model
is shown in Fig. 2.
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Where  fi and  fo are the input and output angle of the
flexspline, respectively. However,  wo and  fi can’t be
measured directly but can be determined by using the effect of
the gear ratio and rotates as

wo = − N fi

 w = wo −  wi
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The torsion of the harmonic drive is the difference of the
input angle of the wave generator and the output angle of the
flexspline can be described by

 h =  fo +

 wi
N

()

By substituting (2), (5), (6) into (7), the torsion angle of the
harmonic drive   h is expressed as

 h =  f −

 w
N

()

The kinematic torsion   k accounted for the angle of the
harmonic drive while the motor is rotating without any
external torque is independent with the motor velocity and
direction of rotation which can be approximated by a nth-order
polynomial of θ as
k =

where  wo =  m +  w

()
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The torsion angle  is to subtract the kinematic torsion
from the torsion angle of the harmonic drive and can be
determined by
 =  h −  k

()

From (8), (10) the torsion of the flexspline is expressed as


 f = K f   fo +
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By substituting (11) into A.2, the estimated torque is
obtained by

 est


= tan( +  k + w + C f K f 0 ) / Cf
N

IV. EXPERIMENTAL RESULTS
()

The block diagram of the torque estimation for the HDA
robotic arm is shown in Fig. 3.
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Fig. 3. Block diagram of the torque estimation for the harmonic drive
actuator robotic arm.

III. NUMERICAL VERIFICATION
To validate the torque estimation method, the numerical
investigations are performed. The block diagram of Fig. 3 is
simulated by the Simulink in MATLAB. Table I lists the
parameters of the HDA system which is given by the
manufacturer. The coefficients of the kinematic torsion, which
is obtained by applying the curve fitting method on a 5th order
polynomial on the experimental data are listed in Table II.
TABLE I.

Two experiments were conducted to validate the proposed
torque estimation technique for the HDA robotic arm using
the experimental setup, as shown in Figure 5. The first
experiment regulates the DC motor in the same position. The
second experiment gives a constant torque to rotate the motor
a revolution. The external torque is applied on the link. Figure
5(a) shows the experimental setup of the testbed. The
developed sensor for simultaneous estimations of the torque
and angular displacement is fixed on HDA. The six-axis force
sensor is utilized for verification and the arm for applying the
torque. The developed sensor used for the simultaneous
measurements of the torque and angular position is shown in
Figure 5(b). The optical encoder is attached to the shell, and
the optical disk is connected to the flange for reading the
angular displacement of the link-side motor. As shown in
Figure 5(c), the National Instrument cRIO is utilized as the
controller to generate the input signal and acquire data.
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COEFFICIENTS OF THE KINEMATIC TORSION CURVE

(b)

a0
-6.5719×10-5
a1
0.0018
a2
0.032
a3
-0.0017
a4
2.6840×10-4
a5
-1.2686×10-5
TABLE II.
PARAMETER VALUES OF THE HARMONIC DRIVE ACTUATOR
SYSTEM
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As shown in Fig. 4(a), (c), step and sinusoid inputs are
used in simulation. Fig. 4(b), (d) compares the simulated (  f )
and estimated torque (  est ).  f ,  est are obtained from the
block diagram in Fig. 3. The close agreements between the
estimated and measured torque validate the torque estimation
method.
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Fig. 4. Torque estimation with different inputs. (a, b) Step input, and
simulated and estimated torque; (c, d) Sinusoid input and simulated and
estimated torque. (a, c: input, b, d: simulated and estimated torque)
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Fig. 5. Experiment setup. (a) Torque estimation testbed for the HDA robotic
arm. (b) Optical sensor for estimating angular displacement and torque. (c)
Controller.

A. Constant Angular Displacement
For the experiments of regulation for the angular position,
a zero angular displacement is applied on the DC motor, and
an external torque is applied on the link-side arm. The step
and periodic external torques are applied on the arm by hand.
Figs 6(a, b) and (c, d) demonstrate the experimental results for
step and periodic external torques, respectively. Fig 6(a)
compares the estimated torque by (12), measuring torque
using the six-axis force sensor. The mean and maximum
absolute differences are (0.46, 2.54) Nm. Fig. 6(b) shows that
the angular displacement measured by the optical encoder, as
well as the regulated angular displacement, is in the range
(-0.068˚, 0.056˚). As shown in Fig. 6(c) and (d), the mean and
maximum absolute differences are (0.62, 2.8) Nm for the
periodic external torques, and the regulated angular
displacement is in the range (-0.099˚, 0.0855˚). The
differences between the estimations and measurements may
be caused by the backlash between the flange shaft and the
output load.
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B. Constant Torque
Fig. 7 shows the kinematic torsion with different input
torques of the DC motor. Fig. 7(a) shows the estimated and
measured kinematic torsion with a constant torque of 4.14 Nm
in clockwise and counterclockwise directions. Fig. 7(b) shows
the kinematic torsion with a constant torque of 5.25 Nm in
counterclockwise direction and the curve-fitting. The results
show that the kinematic torsion is unique and can be
approximated by the curve-fitting method.

V. CONCLUSION
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Fig. 8. Experimental results for constant torque. (a)(b) Step external torque;
(c)(d) Periodic extremal torque. (a, c: torque estimation; b, d: angular
displacement)
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A torque estimation technique for the HDA robotic arm has
been proposed. The dynamic torsion is considered in the
modeling of the HDA robotic arm. The torque estimated from
the model is numerically validated. To implement the method
on the hardware, a sensor that utilizes the optical rotary
encoder to simultaneously estimate torque and angular
displacement is integrated into the HDA robotic arm. The
experimental results show the feasibility of utilizing this
technique to estimate the torque of the HDA robotic arm.
APPENDIX A
MOTOR VISCOUS FRICTION
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The viscous friction of the motor rm is given in A.1, where
k m , I 0 , and n0 denote torque constant, no load current, and no
load speed, respectively [9].

Fig. 7. The kinematic torsion for different inputs. (a) estimation and
measured. (b) curve fitting. (CW: clockwise, CCW: counterclockwise)

For the experiments of constant torque, the DC motor
generates a constant torque of 4.14 Nm, and an external torque
is applied on the link-side arm. The step and periodic external
torques are applied on the arm by hand. Figures 8(a, b) and (c,
d) demonstrate the experimental results for step and periodic
external torques, respectively. Figure 8(a) compares the
estimated torque and measured torque. The mean and
maximum absolute differences are (1.27, 5.89) Nm. The
difference may be caused by the vibration of the encoder
attached on the shell. Figure 8(b) shows the angular
displacement measured by the optical encoder. The measured
angular displacement that deviates from an incline line curve
is caused by the applied torque. As shown in Figure 8(c), the
mean error and maximum absolute differences are (1.33, 4.5)
for the periodic external torques, and the regulated angular
displacement are in the range (-0.099 ˚, 0.0855˚). Figure 8(d)
shows the angular displacement.

rm =

30km I 0
n0

(A.1)

APPENDIX B
HARMONIC DRIVE COMPLIANCE MODEL
In the wave generator compliance model [10], the wave
generator’s torsional angle is given in (B.1), where  is the
hysteresis loss.

 w =

sgn( w )
−c 
(1 − e w w )
cw K w0

where cw =

(B.1)

2T fs
2
, K w0 =
NK w0
N

The torque estimation method described by [6] is given in
B.2, where C f and K f 0 can be determined from the

parameters provided by the DC motor manufacturer.

 est 0 =

tan( f C f K f 0 )
Cf

(B.2)
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