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Abstract—Recent studies proposed various robotic joint actua-
tors with variable stiffness to enhance the physical human-robot
interaction. However, these actuators were designed on the basis
of the planar dynamic models, which limited the optimization of
the structure and size of the actuator. This paper proposes a novel
concept of incorporating a three-dimensional dynamic model
in the design of variable stiffness actuators (VSAs), enabling
more compact design of VSAs. A design of VSA is presented
according to the proposed concept. The output torque and
stiffness are modelled based on the dynamics of the actuator
to identify the torque-deflection and stiffness-deflection relations.
Simulation is conducted to analyse the dynamic behaviour of
the proposed VSA. A prototype is created to evaluate the
performance of the proposed VSA through experiments. The
simulation results indicate that the proposed concept provides a
reasonable principle for stiffness variation of VSAs. The torque
estimation accuracy of the model is investigated by comparing the
estimated torque with the torque measured by a torque sensor.
The result illustrates that the model can estimate the output
torque of the proposed VSA accurately. The dynamic behaviour
of the proposed VSA is tested through the free vibration test.

I. INTRODUCTION

Compliance plays an important role in the safety of physical
human-robot interaction (pHRI) [1], [2]. To mitigate the risk
of injury to users, robotic actuators has introduced compliant
component with inherent compliance to ensure the intrinsic
safety of pHRI [3]-[5]. Most of the compliant actuators are
designed with fixed stiffness depending on a pre-determined
working condition. However, the increased complexity of
pHRI requires the stiffness of actuators to be adjustable to
improve the adaptability and robustness, enabling the actuator
to respond more effectively to different pHRI scenarios.

Recent studies proposed various designs for variable stiff-
ness actuators (VSAs). According to their structure, they can
be classified into two categories: antagonistic-type [6]-[8] and
series-type VSAs. Antagonistic-type VSAs are designed to
work similarly to the human body, using two opposing drivers
to change the stiffness and output torque. This design allows
for easy compensation of potential displacement between the
joint and the actuator in cable-driven systems, which can be a
common issue in robotics applications. However, this type of
VSA requires complex control algorithms to function properly
and consumes additional energy compared to other designs. In
contrast, series-type VSAs typically use two separate motors
for joint positioning and stiffness regulation [9], making them
easier to control and more energy-efficient.

The stiffness variation mechanisms of series-type VSAs can
be grouped as follows: 1) Changing the transmission ratio
between the output and the elastic element, e.g., AWAS-II
[10], [11] and [12]; 2) Changing the preload of the elastic
element, e.g., MACCEPA 2.0 [13], [14], and LVSA [15]; 3)
Changing the property of the elastic element, e.g., S?VSA
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Fig. 1. Prototype (left) and structure (right) of the proposed VSA. M1 and M2
are the DC motors controlling the main driver and spring preload, respectively.
Encoder A measures the deflection angle between the input and output rotor.
Encoder B measures the displacement of output rotor.

[16], pneumatic VSAs [17], [18], and [19]. VSAs using vari-
able leverage mechanism adjust the stiffness by changing the
force point and moment arm of the spring force, leading to a
direct change of torque produced by the passive motion of the
output without reducing energy storage capacity. However, the
transmission ratio change mechanism is usually bulky, com-
plex, and potentially less efficient. Changing spring preload
is simple and easy to control but may reduce energy storage
capacity. Changing elastic element properties is an interesting
way to change stiffness, but the actuators based on the previous
two principles have better performance than the state-of-
art actuators adjusting stiffness by changing elastic element
properties. Recent studies have proposed reconfigurability for
stiffness variation, but these actuators still can be categorized
into the first two groups [14], [20], [21].

The stiffness of a system can be adjusted by changing
the transmission ratio and preload of an elastic element,
which in turn affects the two factors that determine a torque:
moment arm and force. Previous studies have simplified the
dynamics of both antagonistic-type and series-type actuators
as planar models because both the force and moment arm
vectors reside in two parallel planes [21]-[26]. However, this
limits the optimization of structure, size, and the placement
of other components. Expanding the force and moment arm
vectors to three-dimensional space may provide opportunities
for optimizing actuator design.

In this paper, we propose a novel principle of modelling and
designing a VSA in three-dimensional space. Then, a VSA is
designed based on the proposed principle. The output torque
and stiffness are controlled by two independent DC motors,
respectively. Eight springs are used to provide compliance for

760



the actuator. A dynamic model is established to identify the
torque-deflection and stiffness-deflection relations. Simulation
is conducted to analyse the proposed principle of stiffness
variation. Then, a prototype of the proposed VSA is created
to test the performance. The results reveal that the proposed
principle is an effective way of stiffness variation for the VSA,
and the proposed model can estimate the output torque of the
actuator with promising accuracy.

II. DESIGN
A. Working Principle

Fig. 2 (a) shows a widely used structure of VSAs (both
for VSAs adjust stiffness by changing transmission ratio and
preload). This structure requires the design of the VSA leave
enough space for the output rotor and elastic element. As a
result, the dimensions of the actuator along this direction need
to be bigger to increase the stiffness and output torque. In this
study, a novel 3-D dynamics model is established to support
the design of the VSA.
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Fig. 2. (a). Working principle of the VSAs proposed in the previous studies
based on the planar dynamic model. (b). Working principle of the VSA
proposed in this study.

Fig. 2 (b) shows the structure of the dynamics model. There
are two rotors coupled with springs, which are the input and
output rotors. The projection of spring force on the output
rotor is along the radial direction of the output rotor when
at the initial position, thereby the output torque is zero. The
spring force produces torque along the z-axis with the passive
movement of output rotor, and the value of the output torque
is related to physical properties of the springs. Change of the
distance between the two rotors of the actuator changes the
preload of springs which adjusts the stiffness of the actuator.
Besides, the stiffness of the actuator can also be adjusted by
reconfiguring the number and stiffness of the springs.

B. Mechanical Structure

The mechanical design of the proposed VSA is shown
in Fig. 1. The actuator has two units: main driver unit and
stiffness adjuster unit. The main driver unit controls the
deflection angle between the input and output rotor to control
the output torque. The stiffness adjuster unit controls the ball

screw to adjust the position of the input rotor which lead to
the change of spring preload. The position of the input gear is
fixed. As shown in Fig. 3, the ball screw nut is bonded together
with the input rotor. The input gear is rigidly connected with
eight bars (linear slider rail) which is coupled with the input
rotor through eight linear sliders. Therefore, the rotation of
the ball screw changes the position of the input rotor along
the z-axis, and the deflection of input gear drive causes the
same deflection on the input rotor. Consequently, the rotary
motion and the displacement along the z-axis of the input
rotor (stiffness regulation) is decoupled.

The magnetic ring is immovably connected with the eight
bars, thereby the input gear, the eight bars and the magnetic
ring is considered as a rigid body. The encoder a is fixedly
joined with the output rotor to measure the deflection angle
between the magnetic ring and output rotor. Therefore, the
outcome of encoder A is considered as the deflection between
the input and output rotors. The displacement of the input
rotor along the z-axis is determined by the rotary motion of
M2. The ball screw is rigidly joined with M2, thereby the
deflection angle of the ball screw is considered as the same
as M2. Thus, the magnetic encoder in M2 is used to measure
the deflection angle of the ball screw.
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Fig. 3. The connection between the input gear and input rotor.

IIT. METHODOLOGY

A. Ideal Model of Stiffness

To enable the torque control of the actuator, the
torque/deflection and stiffness/deflection relations need to be
quantified. Then, the following assumptions are made to
facilitate the modelling

Assumption 1. All the segments in the actuator are considered
as rigid except the elastic elements.

Assumption 2. The two ends of every elastic element do not
change with the deflection.
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The kinematics of the system can be formulated as:

_ z)—x2
Cosx = T
V (@] —x2)2+y]
x} =rycosf (D

y) =risind

—
Let the angle between QP’ and the Oy plane be f3, the
following can be found
h
V/ (r1cos@ —r9)2 + (ry sinf)2 + h2

Let the original length of the springs be [y, the spring
stretched length can be obtained by

sin 8 =

2

6l =+/(r1cos@ —ry)2 + (risin)2 +h2 -1y (3)
then, the spring force can calculated as
Fy = kol “)

where F is the force produced by a single spring, ks is the
stiffness of the springs, h can be obtained by

h = ho+ Ahy + Ahy )

where hg is the initial value of h, Ah; is the increased value
of h caused by the deflection between the plate A and the
VSA housing, and Ahs is the increased value controlled by
the worm gear, they can be computed by

Ahy = icl
o (6)
AhQ == %

where d is the lead of the ball screw, and A\ is the deflection
angle of the worm gear.
The output torque of the actuator can be computed by

7= Fyyr @)

where F, is the projection of the spring force on the xOy
plane, and r is the moment arm of F,,, which can be
calculated by

r =TosSina
B r179 sin (8
V/(r1cosf —12)2 + (r1sin6)?2

and F, can be calculated by

Fpy = Fscosf8
 kgOl\/(r1cosf — ry)? + (rysin6)? 9

V/ (r1cos — )2 + (rq sinf)2 + h2

The equivalent stiffness of the actuator is defined as

ot
Fea = 59 10
e, o (10)
Y 50

B. Elastic Element Reconfiguration

Beside changing the preload of the elastic elements, the
proposed design allows users to replace the elastic elements.
Reconfiguring the material and number of the elastic elements
will change the upper and lower boundary of the range of
stiffness of the actuator, which makes the VSA adaptive for
different working conditions. Theoretically, the stiffness range
of the proposed VSA is zero to rigid if the plate A and B is
coupled through rigid bars. In this study, the actuator is tested
with spring stiffness, ks = 2500 N/m.

C. Experimental Setup

To evaluate the performance of the proposed VSA, a proto-
type is created and tested. The deflection angles, 6 and \ are
measured through the encoders at 1000 Hz. A torque sensor
is utilized to monitor the output torque of the actuator at 250
Hz. Then, there are five groups of test to assess the torque-
deflection relation for A at , k;, = 2500 N/m. A basic PID
controller is developed to achieve the control of the deflection
angles, € and \. The whole structure of the controller is shown

in Fig. 4.
cO],me.\' 01[ .
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Fig. 4. The structure of the PID controller for the performance test.

IV. RESULT

Before the prototype test, the performance of the proposed
VSA is analysed in simulation to evaluate the proposed work-
ing principle of VSA. Figs. 5 and 6 illustrates the theoretical
stiffness-deflection and torque-deflection relations for ks =
2500 N/m.

The output torque of the proposed VSA is tested and
compared with the estimation of the dynamic model, equation
(7). The deflection angle, 6 is tested from -18.0° to 18.0°
for two different spring preload conditions, A = A\; and Ao,
respectively. During the test, there are four stages: STAGE 1.
0 increase from 0.0° to 18.0°; STAGE 2. 6 decrease from
18.0° to 0.0°; STAGE 3. 6 decrease from 0.0° to -18.0°;
STAGE 4. 6 increase from -18.0° to 0.0°. Fig. 7 shows the
comparison between the torque measured by the torque sensor
and estimated by the model, equation (7).

Root-mean-squared error (RMSE) is used to quantify the
error between the estimated and measured torque, which is
defined as

1 o
NZ(Ti—Ti)

=1

RMSE = (11)
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Fig. 5. The torque-deflection relation from simulation for the inherent stiffness
of springs, ks = 2500 N/m.
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Fig. 7. Comparison between the output torque measured by the torque sensor
and estimated by the model, equation (7). 71 mes and 71 es¢ is the measured
and estimated torque for A = A1, and 72 ;mes and T2 ¢s¢ i the measured and

estimated torque for \g, respectively.
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where 7; is the measured torque, and 7; is the torque estimated Time(s)
by the model. Table. I summarizes the RMSE values for both

A= A1 and As.

TABLE I
RMSE VALUES FOR QUANTIFY TORQUE ESTIMATION ACCURACY.
ks (N/'m) | RMSE:1(Nm) | RMSE: 2(Nm)
2500 0.1983 0.1088

To evaluate the dynamic behaviour of the VSA, the free
vibration tests are conducted for two different spring preload,
A = A; and A, respectively. The pendulum is released from

the position # = 18.0 °. Fig. 8 shows the result of the free
vibration tests.

V. DISCUSSION

The simulation results in Figs. 5 illustrates that the proposed
actuator generates a torque related to the deflection angle,
6, up to about 3.5 Nm. Fig.6 shows the stiffness-deflection
relation which indicates that the stiffness of the actuator can be
adjusted through changing \. Therefore, the proposed structure

provides a reasonable principle of stiffness variation for the
actuator.
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Fig. 8. Time history of free vibration for ks = 2500 N/m.

Fig. 7 shows the comparison between the output torque
measured by torque sensor and estimated by the dynamic
model. The results for demonstrates that the proposed model
can estimate the output torque of the actuator with promising
accuracy for both A = )\, and \9. Nevertheless, there is a
clear difference between the torque measured from STAGE 1
and 2, and STAGE 3 and 4. Theoretically, the measured torque
for STAGE 1 and 2 should be very close, as well as STAGE
3 and 4. The difference shown in Fig. 7 means that there
might be a difference in the mechanical structure between
STAGE 1 and 2, and STAGE 3 and 4. A possible reason is
the bending deformation of spring, which lead non-linearity of
spring force. To solve this problem, the coupling mechanism
between the spring and the input and output rotor needs to be
improved to minimize the bending deformation. Besides, the
accuracy of the estimation model for A = Ao is higher than
A = Ag. The reason can be: 1). the preload of A = )\ is higher
than A\ = )y, which lead to the increase of the friction between
the output rotor and the ball screw. 2). the deflection between



the input and output rotor leads to the bending deformation
of springs which affects the output torque. To improve the
estimation accuracy, the dynamic model needs to be modified
to consider more factors influencing the output torque, e.g.,
friction compensation.

Fig. 8 demonstrates the dynamic behaviour of the VSA
in the free vibration test. For A = )y, the amplitude of the
position is higher than for A = A5, and the vibration frequency
for A = )1 is higher. The reason might be that the increase of
spring preload makes the energy stored in the springs higher
for the same deflection of 0, thereby the amplitude decay speed
is slower.

VI. CONCLUSIONS AND FUTURE WORK

This study proposes a novel concept of stiffness variation
mechanism for VSAs. A compact VSA is designed on the
basis of the concept. The physical property of the VSA is
analysed in simulation, and the results in indicated that the
VSA designed on the proposed concept provided a reasonable
principle of stiffness variation of VSAs. A prototype of the
proposed VSA is made and tested, and a dynamic model is
established to estimated the output torque of the VSA based on
two deflection angles, § and A. The output torque estimation
model is validated by comparing the estimated torque with
the torque measured by a torque sensor. The results of the
comparison illustrated that the proposed model can estimates
the output torque with the RMSE value as 0.1983 for A\ =
A1, and 0.1088 for A = Ao, respectively. However, the output
torque for the same deflection of 6 is different when at different
stage (STAGE 1 and 2, and STAGE 3 and 4). The future work
will be modifying the torque estimation model to achieve a
higher torque estimation accuracy, and improve the design of
the coupling mechanism between the springs and the input and
output rotor to avoid bending deformation of springs.
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