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Development of a Dual-Joint Harmonic Drive
Actuator Robotic Arms System for Compliant Motion
Control

Wen-Hao Chen, Yu-Han Tsai, and Chun-Yeon Lin, Member, RST

Abstract—This paper presents the development of a
dual-joint robotic arm with harmonic drive actuators (HDA) for
compliant motion control and accurate torque estimation. A
flexible joint model is proposed to estimate the dynamic motion of
the robotic arm. Torque and displacement (T-D) sensors are
developed and placed at the joints of the harmonic drive to
estimate the torque value by reading the output angle of the load
side, accounting for kinematic torsion compensation. Impedance
and admittance control strategies are investigated through
simulations to enhance safety during human-robot interaction,
and the effects of various parameters on the system are
investigated through simulations. The prototype of a robotic arm
has been developed. The robotic arm is given specific working
paths to simulate working scenarios in both simulations and
experiments. External disturbances are applied to observe the two
controllers’ compliance and position-tracking capabilities.

Index Terms—Harmonic drive, compliant motion control,
human-robot interaction

. INTRODUCTION

Harmonic drive actuators (HDA) employ a unique speed
reduction mechanism comprising circular and flex splines. The
wave generator actively induces deformation in the flex spline,
which in turn engages and drives the rotation of the circular
spline. The HDA, featured by its high precision, zero backlashes,
and compact design, is widely used in robotics arms [1]. Since
robotic arms are increasingly widely used in the working space
with humans, the safety of human-robot interaction rises.
Several techniques have been developed to address this
difficulty. Torque estimation is crucial in this situation. A
method with an optical torque sensor is developed, enabling
torque measurement in each joint [2]. In addition, another
strategy exploiting torque estimation can detect collisions to
enhance the safety of human-robot interaction [3]. Compliance
control is an approach that makes the system react to external
disturbances from the environment [4] instead of the given
positions. Several strategies are applied to achieve compliance
control, including neuron networks [5], stability-based [6], and
model-dynamic-based approaches [7]. Related applications
involve human-robot cooperation for lower limb exoskeletons
assisting human walking [8]-[11]. Huang et al. proposed a
position-based compliance control model for collaborative
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robots to correct the disturbance from external forces [12]. A
variable control framework based on virtual fixtures is proposed
to assist humans in heavy duties [13]. Gongming et al. have
developed a method based on compliance control to capture
targets with a multi-arm free-flying space robot [14].

A comprehensive dynamic model is necessary to precisely
estimate the torque and control HDA. Initially, Masoumi et al.
proposed a preliminary HDA dynamic model that does not
consider the soft effects of the HDA, which causes a lower
estimated value of transmitted torque than the actual value.
Subsequently, several scholars have considered the effects of
flexibility, friction, and hysteresis and formulated appropriate
mathematical models [15] — [18]. In addition, a more
sophisticated model concerns torsion-torque and nonlinear
friction [19]. This research applied dynamic models in [20], [21]
to estimate the energy consumption by the hysteresis effect
from the wave generator and the flex spline. The error caused
by the hysteresis effect that a disturbance observer can
compensate for was discussed in [22]. Moreover, the Kalman
filter can be incorporated to reduce measuring noise [23].

Torque meters are commonly used to measure the torque
generated by loads. However, this approach costs more and
requires more complicated robotic arms design. Several
estimation methods using strain gauges and encoders are
proposed as improved alternatives. These methods apply the
observation of the deformation from the flex splines. Another
method uses encoders to measure the torsional angles and then
estimates torque by a simplified linear model [24]. A
comparison study of strain gauge and encoder-based methods
has been conducted [25]. Estimation methods based on strain
gauges can be more robust under non-axial disturbance and
vibration. Nonetheless, analog to digital conversion is prone to
influence strain gauge sensors. Encoder-based methods only
need to consider the sampling rate of the encoders.

Several disturbances must be considered to obtain a precise
torque estimation model. One is the additional torque by the
weight of the end-effectors. This disturbance can be reduced by
adding bearings. Another disturbance is caused by the vibration,
which originates from the sinusoidal effects of the flex spline
during rotation [26]. The Kalman filter filters out the redundant
torque ripples [27]. Another modified strain gauge
configuration built in the Wheatstone bridge is proposed to

minimize the oscillations [28]. The admittance and impedance

control are the common methods for the human-robot
interaction. Yamada et al. compared these two methods by
controlling a multi-finger-arm robot [29].

Dual-joint robots, which have two rotary joints in each of
their arms, offer unique advantages that enhance their
versatility, dexterity, and flexibility in various applications.
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This paper proposes a development process for developing a
dual-joint harmonic drive actuator robotic arms system and
implementing compliant control to slow down obstacle
collisions. The optical encoder measures the angular
displacement to estimate the torque.

The remainder of this paper provides the following:

- The dynamic model that describes the dual-joint HDA is
presented. A sensor-less torque estimation method used in
compliance control is developed and validated by the
torque sensor. Two compliance control methods are
discussed and implemented on the HDA robotic system.

- Numerical simulation of the dynamic model, torque
estimation method, and compliance control methods are
conducted. A self-designed dual-joint robotic arm based on
the HDA is utilized to validate the proposed methods
experimentally.

1. A DUAL-JOINT HARMONIC DRIVE ACTUATOR SYSTEM DESIGN

Fig. 1 illustrates the proposed design of a dual-joint robotic
arm design with a HDA. DC motors drive the robotic arm. A
side view of the designed system is shown in Fig. 1(a). The
rotary encoder is located at the joint of the robotic arms to
measure the torsion displacement. A torque sensor is installed
at the end-effector to derive the applied torque on the input
handle. The measurement from the torque sensor is used to
validate the torque estimation method. Fig. 1(b) shows the
system modules to realize compliance control and validate the
feasibility of the proposed dynamic model and torque
estimation method.

Input handle

B 2™ robotic ar mn
Designed torque
sensor
- 3 =5 1" robotic arm
— Torque sensor
| ] -
Optical table
“S—HDA& < DC motor base ——

[——"n——"= == =

(a) (b)

Fig. 1. A dual-joint system configuration. (a) Illustration of the location of the
sensors (b) System modules.

A. HDA system dynamic model & torque estimation

Fig. 2 illustrates the HDA model, composed of a wave
generator, flex spline, and circular spline. The relationship of
the angular displacement of wave generator Gy, flex spline 6,
and circular spline 0 is described by

0, =(N+1)0, —No, (1)
,where N is the reduction ratio between the wave generator and
flex spline.

Since the circular spline is fixed on the base, 0cs is zero. The
relationship between wave generator torque zw and flex spline
torque 7 is:

1
T, =——T;. 2
w Nf ()

N

Wave generator

[HW1 Tw \ ef'rf
~ |Flex spline

T Ocs

“L\Circular spline

Fig. 2. Illustration of the ideal HDA model mechanism.

Due to the flexibility of the wave generator and the flex
spline, the input and output angles in each component are
inconsistent. A more sophisticated model incorporating elastic
coefficients Ky, and K is introduced, as depicted in Fig. 3(a).
The model also considers the friction and hysteresis effects
between the wave generator and the flex spline to reflect
real-world conditions accurately.

Wave
generator

__ T
Osi \ O -V
BATEEE

Flex spline

@
Fig. 3. HDA dynamic model involving soft effect. (a) HDA mechanism. (b)
Hysteresis effect.

dr,

= dAg, 3
The definition of the elastic coefficients of Ky, and Ks are
shown in (3), where (e w, f . ¥is the hysteresis loss as shown

in Fig. 3(b). The hysteresis effect results in a variable elastic
coefficient Ky, which can be modeled as an exponential
function. The elastic coefficient Ky, is defined as (4); Kwo is the
initial elastic coefficient when the applied torque is zero; 6ui
and 6w, are the input and output angular displacements of the
wave generator

K, =K, (4)

(:(TW’ where A6, =0,,—6,, . (5)

AG, =

Using (3), Afy is written into the integral form, represented
as (5). By substituting (3) into (4), Ay is obtained b
AHW — SIgn(z—w) (1_e*0w‘fw‘) ) (6)
c K

w w0
The friction between the flex spline and the wave generator
causes the hysteresis effect, as shown in Fig. 3(b). A6,
represents the total deformation of the HDA used to model the
hysteresis effect, which is given by (7). The hysteresis effect

allows the torque generated by the flex spline 7 estimated by
AG, = AO, —AG,IN ; )
r, =d,Af, +d,A6,°, (8)
where di and ds are constants to be determined.
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The relationship of A8y and A&s is shown in (7). Since the
derivative of A&, is the same as A&. K; is derived by
differentiating (8) with A@;, which is shown as follows:

dz, 2
K, :@:Kfo[H(cf@) } )

f
where ¢t and Ky denote the constant to be determined.
Using (4) and (9), A& is derived by (10). A&y is derived in
(11) by substituting (7) and (10) into (3)
arctan(c, z,)

AY, =—— =, where 40, =6, —6,,; (10)
Cf KfO
arctan(c,z;) sign(r o lr
g, = i%¢) Sig (z.) (l—e Cul w\) (11)
Cf KfO CWNKWO

where the constants of ¢, cw, Kro, Kuo are provided by the HDA
manufacturer.

Conventional methods integrate torque sensors within the
wave generator and the flex spline, increasing the system's cost
and complexity. This proposed method eliminates the need for
additional torque sensors. The torsional angles (A6h, Bwo, &)
within the HDA system are not directly measured. The known
angular displacements (6wi, 6) are used to overcome this
difficulty. The total torsional angle A& of the HDA is obtained,
which is shown as follows:

AG :0f0+%; (12)

N
where 6 is equal to the output angle from the motor, measured
from the motor's encoder; 6, is obtained from the optical
encoder from the end-effector. While the motor is rotating, a
periodical angular displacement fluctuation occurs [30]. The
phenomenon originates from the tolerance of the motor
assembly. To accurately determine the pure movement of the
HDA represented as kinematic torsion, a fifth-order polynomial
of the end-effector's angular displacement is used to model the
actual angular displacement by filtering out other torsion
variation, as shown as follows:
5

AG, = l(Zé)akék (13)
where coefficients of the polynomial ax are derived by fitting
the experimental data from the torsional angle of the
end-effector.

The HDA deformation Aéh is derived by subtracting
kinematic torsion Aé; from the total torsional angle A8

AG = AO-AG,. 14)
With (14), (7) is rewritten as:
A6,
AO, =A6, — A6, +ka (15)

Then substituting (15) into (10), the estimated torque of the
flex spline is obtained

tan {[A@k -G, +Aﬁ“kjcf Km}

Cy

(16)

Tf:

In (16), the torsional angle of the wave generator (Afy) is
known. (6) provides the relationship between 7, and A8y to
determine A6y The function for calculating z is given by

Tn = Thr T > T

Ty =3Tm T s

w 2-m < Tfs . (17)

7. IN, 7,=1,4

As illustrated in Fig. 3(a), the wave generator connects to
both the step motor and the flex spline. When the motor drives
the wave generator, 7y depends on the motor torque zm, which
can be obtained from reading the values of the motor chip and
the torque caused by friction zs, which opposes the motor
torque. If the motor torque is balanced, namely = equals to .
the flex spline drives .

B. Model of the HDA Robotic Arm

Fig. 4 illustrates the developed model, which includes the
DC motors and HDA. The robotic arm consists of two parts: the
first is driven by a DC motor, and the second arm serves as an
end-effector. Jn and Ja represent the inertia of the motor and
arm, respectively. k denotes the k™ robotic arm. The torques
provided by the DC motor and flex spline are given by

Tk = ‘]mgwok + rmewok T~ Tk s (18)
o,
Tg = Ky (G + ‘;(;)k) (19)

where 0,y =0y + A0, .
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Fig. 4. Dynamic model of the dual-joint HDA arms.

C.Inverse kinematic of the HDA system

The proposed HDA robotic arm consists of two segments,
which can be modeled as the RR robot depicted in Fig. 5. The
motion trajectory of the dual-joint robotic arm is parallel to the
ground, and gravitational effects are not considered. The
robotic arm attempts to perform compliance control when an
external force is applied at point p.

7

Y

Fig. 5. Dual-joint robotic arm diagram.

The theory of compliance control is established in a
Cartesian coordinate system. fy, fy represent the external force
measured at the end effector in X, y directions; 1, 7> are the
estimated torque at the first and second joints derived in the
torque estimation method. The estimated torque from the flex
spline calculates the force applied by the external source:
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[fx}:[lzsine2 I2+Ilcos¢92}1[rl] 20)
f, 0 I 7,

The inverse kinematic is achieved with the aid of equation
(20). The angles between each arm 6, - are given as

p ) ( ny f2+f7+17 1,7 (21
=arctan| — |—arcos a
' f, 20,17+ 1)
£+ £ =17 -1,
6, = arcos o . (21b)
172

D. Compliance control of the HDA system

The compliance control methods can be divided into two
categories: impedance control and admittance control. The
entire HDA robotic arm system is modeled as a mechanical
impedance system involving variables such as mass (M),
damping (B), and spring constant (K). When an external force is
applied, the actual displacement of the robotic arm does not
align with the expected trajectory. This discrepancy is
equivalent to changes in the system's M, B, and K values. The
differential equations modeling is described by

F, =M, + Bx, + Kx,, wherex, =[x, -x,y,—-y]"; (22
7, = M0, +BO, + K, . (23)

(x4, Ya) and (x, y) denote the desired trajectory input and
actual position; Fe, Xe represent the errors in the desired force
and position, respectively. 7., 8. denote the torque and position
errors in rotational coordinates. The end effector receives the
external force in the proposed HDA system. The system
dynamic model is simplified to a one-degree-of-freedom
system. The equation of motion at the point p is denoted as
follows:

mX=F+F, (24)
where F is the force input from the impedance compliance
control, and Fe is the external force; m is the mass of the end
effector. Using (22) and (24), the input force for the impedance
compliance control is derived as

F:(%—lJFe+mxd—%(Bxe+Kxe) (25)
where Xq is the desired position.

Similar to the impedance compliance control method, the
admittance compliance control method handles the difference
between the expected and actual position. The transfer function
of the admittance compliance control method is defined as
follows:

1

X (8)=—F——
(%) Ms? + Bs+ K

F.(s). (26)

E. Dual-joint HDA system design

Fig. 6 illustrates the dual-joint HDA system composed of a
DC motor, HDA, sensor mechanism, bearing, and arm
connected to the flange shaft. The flange shaft rotates the arm
while the flex spline rotates. The components are made by 3D
printing except for the sensor mechanisms, which require high
precision. The selection of bearings is based on the load
conditions to which they are subjected. Because bearings must
withstand axial and radial forces, common ball bearings cannot

be used. Instead, designs capable of handling composite loads,
such as cross-roller bearings, are required. After considering
the load conditions and bearing life calculations, the THK
RU66UUCCO modular bearing is chosen.

Fig. 7(a) illustrates the experimental setup of the angular
displacement and torque sensor in the torque estimation
experiment. The flange shaft is employed to output the twist
angle of the flexible spline, which is connected to an optical
disc. Angular displacement information is obtained through an
optical encoder reading head. Fig. 6(c) illustrates the force
sensor module mounted on the end joint during the dual-joint
compliance control experiment. The force applied to the handle
can be obtained via the six-axis force and torque sensor and
compared with the torque estimation results. Fig. 7(a) shows
the side view of the dual-joint HDA, featuring components
such as the optical table motor mounting bracket, bearing, arm,
and handle, all manufactured using 3D printing. Fig. 7(b)
provides an internal view of the angular displacement and
torque sensor, where the optical disc and optical encoder are
fixed within a specific distance for accurate measurement. The
components are fabricated from metal to ensure precision.
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DC motor
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sensor
(b) (c)

Fig. 6. Schematics of the dual-joint HDA system. (a) Explosive figure of HDA
arm. (b) Exploded view of the displacement and torque sensors. (c) Torque
sensor module.
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Fig. 7. The setup diagram of the dual-joint HDA robotic arm. (a) Robotic arm.
(b) The internal structure of the angular displacement and torque sensor.



International Journal of iRobotics 5
Vol. 7, No. 2, 2024

I1l. NUMERICAL VALIDATION OF THE DUAL-JOINT HDA
SYSTEM

The dual-joint HDA system can be validated with numerical
simulations with three focuses: The calculation of model
parameters, numerical validation of torque estimation, and
compliance control.

A.Model Parameter Calculation

Parameters of the HDA are determined to establish a correct
model. Fig. 8 illustrates the behavior of the stiffness of the
HDA. The HDA_ s modeling parameter refers to the
manufacturers' technological report [31]. The elastic coefficient

K is divided into three regions to simulate the hysteresis effect.
Fig. 8 determines the coefficients c¢s and Ky for numerical

validation.
.

>
ST
=
x|
i
1
Yo

Fig. 8. Stiffness curve of the HAD.

The value of elastic coefficient K depends on the applied
torque intervals, marking as z1€[0, T1], zee [T1, T2], and zsze
[T2, ] as shown in Fig. 8. The elastic coefficient K can be
obtained by the (27), which derived by substituting = and =
into (9)

K, =K, [1+(cfA0fn )2} wheren =1,2,and 3. 27

(28) reveals the solved ¢t is determined through the solution
of (27):

K1 — Kz
Cy = 2 2
Kfo(AefZ _Agfl)
With (9), at the starting point, where = is zero and zy is the

stiction torque ignoring the hysteresis effect term, Kyo is
determined as follows:

(28a)

27 -
wo Nl// . ( )
Ady is derived by (5), which is expressed as follows:

1

A6, = ) 30

c,NK,, (30)

Therefore, the coefficient cy, is determined as

2

C, = : 1

l//NKWO (3 )

B. Numerical Validation of Torque Estimation

The parameter of the model is listed in Table I. The
sinusoidal and step input responses of the DC motor are
compared.

TABLE |
PARAMETERS OF THE VALIDATION MODEL

Jm (kgm?) 1.21x10* 7is (Nm) 0.037

J,, (kgm?) 0.079x10 N 100

J, (kgm?) 0.876 ¢, (1L/Nm) 27.027
K, ,o(Nm/rad) 2.5517 K| (Nm/rad) 10000
K, (Nm/rad) 9743.94 C, (1/Nm) 0.0831

g (M) 0.15

Fig. 9 demonstrates the results of the numerical validation by
providing step and sinusoidal inputs to the motors. Peak
currents of 2A are applied to the DC motors. The sinusoidal
input has a frequency of 1 rad/sec. The torque estimation values
are compared with the measurements. The results indicate that
the output torque from the first arm is twice as large as the

second arm, as the second arm is part of the load for the first
arm.

Step input Sinusoidal input
— Input current
6&. — Torque 1 6
[} Est. Torque1 |
g 4:3‘ . — Turquezq z 4
> 2? - _ - / Est. Torque 2 = .
o 3 3 N g
s ?’ —1 N\ / N
= — o N
| - . y
S -2 v =2 N
4 { i 4
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)

@ (b

Fig. 9. Numerical validation results for the dual-joint HDA robotic arm. (a)
Step input. (b) Sinusoidal input.

C.Numerical Validation of Compliance Control

The parametric effects of applying impedance and
admittance compliance control are numerically investigated.

Fig. 10 shows the flowchart to evaluate the compliance control
methods.

Add
—»| simulation
controller

Tune
controller
parameters

Build dynamic
model

| | Input desired |__,| Add external
trajectory force

—»

No

convergence

Compare
controller
parameters

Tune
controller
parameters

END

[Evaluate torque

est

result

Fig. 10. Illustration of the numerical validation process
The performance of two compliance control methods is
compared under identical conditions. The robotic arm executes
to follow a circular trajectory with a radius of 5 cm. External
forces are applied along the X coordinate from the third to the
fourth second and the Y coordinate from the sixth to seventh
second.

0.3 Wi ; 0.3 . .
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Giving external force in §-0 ’ Giving extdrnal force in M- o
0 y-direction M =00001 o | y-direction Moo
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Time (s) Time (s)
(@) (b)
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Fig. 11. Responses of the admittance compliance control of adjusting M, B, K
parameters. (a)-(b) Adjusting values of M. (c)-(d) Adjusting value of B. (e)-(f)
adjusting value of K.

Fig. 11(a)-(f) shows how the parameters (M, B, and K)
influence the system response. Fig. 11 (a), (c), and (e) reveal the
response in the x-direction, and the others are in the y-direction.
The results reveal that a smaller M value and a larger B value
result in faster response and less overshoot. When K increases,
the system overshoot decreases. However, K does not affect the
settling time. A larger K provides more stiffness, leading to
worse compliance performance. The result of Fig. 11 provides a
primary method for experiment parameter tuning.

Fig.12(a)-(f) demonstrate the numerical validation results of
the compliance control. The results indicate the two compliance
control methods have similar trends for adjusting parameters B
and M. It is noteworthy that the increase of parameter K leads to
a smaller maximum overshoot, which functions similarly to the
spring constant in the system. The value of K should be reduced
to increase compliance performance, and the value of B should
be increased to reduce system overshooting and adjust the
compliance performance of the system. Lastly, the parameter M
is fine-tuned in the control system to achieve a more stable
control.
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e < L £ A
> 0.2 & / i ,;.\ i 7 =0.2 N\ ™ }
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Fig. 12. Responses of the impedance compliance control of adjusting M, B, K
parameters. (a), (b) Adjusting value of M. (c), (d) Adjusting value of B. (e), (f)
adjusting value of K.

IV. EXPERIMENTAL VALIDATION OF THE DUAL-JOINT HDA
SYSTEM

The HDA model, CSG-17-100-2UH-LW from Harmonic
Drive Company, was used in the experiment, which has a ratio
of one hundred to one and a lightweight design. The Maxon EC
60 flat brushless motor is produced by MAXON and is
equipped with a Hall sensor and cable. The Hall sensor acquires
motor output angular displacement, velocity, and acceleration
information. The relevant parameters of the motor can be
referred to in Table 1l. The EPOS4 Compact 50/15 CAN
controller is paired with the motor, and the Communication is
established via CANopen. The six-axis force and torque
sensors manufactured by G4 Technology is utilized to measure
force and torque by measuring the angular displacement
between the upper and lower parts of the sensor. The angular
displacement and torque sensor require an accurate reading of
the output angle of the HDA’s end. An optical disc is selected
as the device for output angle measurement, and a read head is
employed to capture digital displacement signals. Both
components need to maintain a distance of 2.5 cm. National
Instruments (NI) compactRio is used as the controller.

TABLE I
PARAMETERS OF THE DC MOTOR

Motor inertia Input current

Jn (gem?) 835 lo (MA) 493
Torque constant Motor speed
ko (MN-m/A) 52.5 o (rpm) 3730
i i Maximum efficienc
Maximum radial load 110 y 85

Fmax (N) max (%)

A. Experimental Validation of Torque Estimation

The experiment’s objectives include: 1) Investigating the
influence of kinematic torsion on torque estimation. 2)
Validating equations (22) and (23), converting the measured
force at the endpoint into torque, and comparing it with the
estimated torque values for each axis. The experimental setup
used in this section is illustrated in Fig.13.

Fig. 13. Dual-jint Torque Estimation Experiment Setup

1) Kinematic torsion

Tolerance occurs in the HDA and DC motor assembly. As a
result, the kinematic torsion results in periodic variations in the
total twist angle of the HDA during rotation. Different
magnitudes and directions of input torque are applied to the
motor to investigate the kinematic torsion. The experimental
results of kinematic torsion and flexible spline output angle are
used to fit in the curve. The results are depicted in Fig. 14(a)
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and (b). Torques of 0.025(Nm), 0.03(Nm), and 0.035 (Nm) are
applied clockwise and counterclockwise for the flex spline to
rotate one revolution. The curve fitting coefficients for
kinematic torsion are [ao, a1, az, as, as, as]'=[6.57x10%, 0.0018,
0.0032, -0.0017, 2.68x10*, -1.27x10#]" and [bo, b1, bz, bs, ba,
bs]'=[1.72x10%, 9.47x10*%, -0.0017, 3.47x10*%, 7.94x10%
-3.67x10“]". Fig. 14 shows that the kinematic torsion and the
flexible wheel output angle remain the same under different

input torques.

x107 x10°

8

Curve fitting L DV Curve fitting
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Fig. 14. Comparison of kinematic torsion and flexible wheel output angular
displacement. (a) First-axis HDA. (b) Second-axis HDA.

2) Dual-joint robotic arm torque estimation

The experimental setup of dual-joint torque estimation is
shown in Fig. 15(a), with force applied to the endpoint handle.
Fig. 15(b) shows the experimental results of two scenarios. In
the first scenario, no current is input to the motor of the second
axis, and an external force is applied to the handle. The
estimated torque follows a consistent trend with the twist angle.
The points where the twist angle is zero correspond to moments
when no force is applied. The torque estimation and twist angle
curves exhibit similar peak noise, with noise appearing at
relatively flat portions of the curve. That may be caused by the
twist angle approaching zero when the torque remains constant,
and the high resolution of the optical encoder makes it difficult
to conduct interpolation. In the second scenario, a torque of 0.4
Nm is applied to the motor to initiate rotation, and an external
force is applied to the endpoint handle, which is demonstrated
at the bottom of Fig. 15(b).
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Fig. 15. Illustration of the dual-joint torque estimation and results. (a)

Experimental setup. (b) Static and kinematic torque estimation. (c, d)
Comparison of the estimated and actual torque for the first and second arm.

The six-axis force and torque sensor acquire the actual
external force magnitude at the end-effector. The torque for
each axis is determined through the force transformation in (22)
and (23). Fig. 15(c) and (d) compare the estimated and actual
torque estimation results when the motor gives 4 Nm of torque.
Initially, there are significant errors, possibly due to the
tolerance between the optical encoder and the optical disc,
leading to inaccurate twist angle readings. However, after the
system is stable, the overall torque estimation results closely
match the actual values. It is observed that the torque estimation
results for the second axis follow a similar trend to the actual
values. Therefore, the torque estimation results of the dual-axis
arm can be used as feedback signals for compliant control.

B. Experimental Validation of Compliance Control

The experimental setup of the robotic arm, angular
displacement and torque sensors, and six-axis force and torque
sensor are depicted in Fig. 16. The torque estimation values and
the angular displacement information obtained from the optical
encoder are input into the impedance controller. The
parameters of the admittance and impedance compliance
control used in the experimental validation are listed in Table
I11. In the experiment, the robot arm is disturbed by external
force in X and Y-directions. The results of the compliance
control experiment are shown in Fig. 16.

0.1f e — = 0.1F - — .
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Fig. 16. Result demonstration of the compliance control. (a) impedance control.
(b) compliance control.

TABLE 1l
PARAMETERS OF THE COMPLIANCE CONTROL
FOR EXPERIMENTAL VALIDATION

Impedance compliance Admittance compliance

control control
M (kg) 0.001 1000
B(Ns/m) 1010 0.5
K(N/m) 10 10

TRACKER software is utilized to track the trajectory by
recording experiments. The robotic arm is commanded to draw
a circle with a radius of five cm three times. No external force is
applied during the first and third experiments, while an external
force is applied during the second experiment. The comparison
of trajectories before and after applying the force is
demonstrated in Fig. 17. Figs. 17(a) and (b) depict the
position-tracking results for impedance compliance control,
and Fig. 17(c) and (d) are for admittance compliance control.
Table IV presents the tracking errors. Both controllers exhibit
similar position-tracking results and can successfully track
back to the circular trajectory.
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TABLE IV
PARAMETERS OF THE COMPLIANCE CONTROL
FOR EXPERIMENTAL VALIDATION

Impedance compliance | Admittance compliance
control control
X Y X Y
axis(mm) axis(mm) axis(mm) axis(mm)
Max error 3.1 3.6 3.4 3.7
Mean error 15 0.3 0.4 15
std 2.4 1.8 1.7 0.8

Three sets of parameters listed in Table V for each controller
are utilized to investigate the impact of the controller parameters
experimentally. Fig. 19(a) and (b) display the trajectory along
the x-axis, and y-axis for admittance compliance control. The
results suggest that Controller 3 exhibits higher compliance. By
reducing the system's elasticity, larger displacements can be
achieved. B is increased to prevent these larger displacements
from affecting the arm's convergence to the original trajectory.

TABLE V
PARAMETERS OF THE COMPLIANCE CONTROL EXPERIMENTAL VALIDATION

The method for designing controller parameters for
impedance and admittance compliance controllers involves
applying parameters obtained from simulations. LabVIEW
software is utilized to monitor experimental data. A collision
experiment, as depicted in Fig. 18, has been conducted to assess
the compliance controllers' compliance performance after
parameter adjustments. The experiments involve providing the
arm with a circular trajectory with a radius of five centimeters
and placing an obstacle along the path. The obstacle is a
six-liter water bottle, simulating a scenario where a person is
standing on the arm's trajectory, resulting in a new trajectory to
accommodate the obstacle. Fig. 18(a) shows a side view of the
experimental setup, while Fig. 18(b) depicts a plan view.
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Fig. 17. Experimental results of the trajectory tracking. (a)-(b) impedance
compliance control in X and Y-direction. (c)-(d) admittance compliance control
in X and Y-direction.

Fig. 18. Collision experimental setup for compliance control methods. (a) side
view. (b) top-down view.
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Fig. 20 shows the experimental results of impedance
compliance control. Increasing the damping coefficient B and
decreasing the spring coefficient K allows for better arm
compliance and reduces arm vibration.
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Fig. 20. Collision experimental results for impedance compliance control. (a)
X-direction. (b) Y-direction.

From the results shown in Fig. 19 and Fig. 20, in the
x-direction, there is a more noticeable error at the beginning
with control operations due to the influence of the starting
torque on the harmonic drive, causing significant vibration in
the arm. As the arm's compliance increases, the vibration's
amplitude becomes more significant. The angular displacement
after collision using the impedance controller is less significant
than the admittance controller. Fig. 21 compares the positions
when the compliance effects of impedance and admittance
control are similar. The parameters for the impedance controller
are (M, B, K)=(0.0015kg, 107" N-s/m, 10*2 N/m) and (M, B, K)
= (500 kg, 1 N-s/m, 10 N/m) for the admittance controller,
Collision experiments were conducted with the parameter set.
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When colliding with obstacles, the position tracking results of
both controllers are similar, with an average position error of
0.135 mm. An approximate inverse relationship can be observed
through experimentation, but the actual relationship between the
two parameters requires further consideration of other factors
affecting the system.

admittance
— — - impedance

0.05 0.1

X-axis(m)

0.15

Fig. 21. Comparison of the compliance results from the impedance and
admittance compliance control methods.

V.CONCLUSION

The development of a dual-joint HDA robotic arm system for
compliant motion control is presented. This system can control
motion and estimate torque, making human-robot interaction
safer. The robotic arm system is modeled and verified through
numerical simulation and experiments to validate the
impedance and admittance control.

The developed torque estimation sensors can more
accurately represent the flexible model of the harmonic drive,
reducing interference in torque estimation through
improvements in the mechanism. The torque sensing technique
reduces overall arm production costs, simplifies arm
complexity, and reduces overall weight. In addition to robotic
applications, the estimation method can be used in automation
equipment and machine tool industries. The fifth-order curve
fitting is performed to compensate for the dynamic torsion
angle. The compliant control methods are implemented in the
dual-joint HDA robotic arm through the design of impedance
and admittance controllers integrated into the dual-joint HDA
arm model.

The parametric effects of the controller parameters are
investigated. The dual-joint HDA robotic arm system is given a
specific working path in simulation and experiments. External
force is applied to observe the two controllers' compliance and
position-tracking capabilities. To reduce the cost of
development and verification, the mechanism hardware in this
research is produced using 3D printing and has low stiffness. In
the future, higher-stiffness materials, such as aluminum and
iron, can be considered to reduce the backlash during the arm
assembly process and decrease vibration during rotation. The
estimation can be more accurate, and the robotic arm control
can be improved. In addition, the proposed dual-joint HDA
robotic arm system can be extended to multi-axis motion for
more applications.
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