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A Twisting Mechanism with Parallel Springs for Series Variable

Stiffness Actuator

Chao Wang, Zhenhong Li, Member, IEEE, Bo Sheng, Member, IEEE, Tianzhe Bao, Manoj Sivan, Zhi-

Qiang Zhang, Member, IEEE, Sheng Quan Xie, Senior Member, IEEE, and Gu-Qiang Li

Abstract—This paper proposes a novel twisting mechanism
with parallel springs (TPS) employing eight parallel springs
in 3D configuration and a ball screw mechanism to achieve
space-efficient stiffness regulation. Based on TPS, a compact
VSA prototype, named TPS-VSA, is developed. Two models are
established to estimate the output torque of the actuator based
on deflection angles and angular speed. One is a conventional
model derived from the mechanical structure, and the other
is a 6-degree polynomial model fitted with experimental data.
Simulation and experiment studies are conducted to evaluate the
torque and stiffness regulation property of TPS-VSA, and the
performance of the torque estimation models. The experimental
results show that the proposed mechanism is effective in varying
the stiffness of VSAs. Both the polynomial and conventional
models performed well for estimating the output torque of the
TPS-VSA, but the polynomial model has an average error of less
than 0.0737 Nm, which significantly outperforms the conventional
model (which has an average error above 0.1167 Nm). The
dynamic behavior and frequency responses obtained through free
vibration test shows that the natural frequency of TPS-VSA can
be effectively changed by the proposed mechanism. The result of
stiffness regulation test demonstrates that TPS-VSA can achieve
the whole range stiffness variation within 0.9 s. The result of
trajectory tracking test indicates that TPS-VSA can accurately
track different trajectories with a simple PID controller.

Index Terms—Physical Human-Robot Interaction, Series Elas-
tic Actuator, Variable Stiffness.

I. INTRODUCTION

Many compliant robotic actuators have been developed for

safe physical human-robot interaction (pHRI) [1], [2], e.g.,
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Fig. 1. Prototype (left) and structure (right) of the proposed VSA. DC motors,
M1 and M2, control the output ring and spring preload, respectively. Encoder
A captures the deflection between the input and output rings. Encoder B
monitors the displacement of output ring.

series elastic actuators (SEAs) [3] and parallel elastic actuators

(PEAs) [4]–[6]. Most of the actuators are developed with fixed

stiffness based on a preset working environment. However,

the growing intricacy of pHRI necessitates the adjustable

stiffness of actuators to enhance its adaptability and resilience.

Impedance control has been developed to emulate variable

stiffness behaviors based on force/torque feedback [7]. It has

indeed made significant advancements in pHRI. Nonetheless, it

is essential to recognize that this approach may not guarantee a

robust interaction under all circumstances. One critical concern

is the system’s vulnerability in the event of sensor failure,

where the reliance on force and torque feedback becomes a

potential weakness [2], [8]. Additionally, by introducing elastic

element, the output torque/force of compliant actuators can be

estimated without force/torque sensors, reducing the size, and

cost [9], [10].

Depending on the structure, VSAs can be grouped into three

types, i.e., antagonistic-type [11]–[13], parallel-type [14], [15],

and series-type [16]–[18]. Antagonistic-type VSAs work simi-

larly to the human musculoskeletal system, using two opposing

operators to adjust stiffness and output torque. This principle

enables easy compensation of potential misalignment between

the joint and actuator, which is a typical issue in cable-

driven robotic systems [19]. Nevertheless, only one motor can

contribute to the maximal output capacity, and energy storage

from one spring if the actuator is not bidirectional limiting

the energy efficiency [19]. Additionally, the range of stiffness
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adjustment is determined by the motor with lower power,

which imposes constrains on the selection of suitable motors.

Parallel-type VSAs consist of an actuator in parallel with one

or more elastic elements such as springs working together.

However, the lower boundary of the stiffness adjustment is

limited due to the parallel structure [14]. Series-type VSAs

use two independent operators for output torque and stiffness

regulation. This feature facilitate a better motor selection to

precisely match required power, thus reducing size and weight.

Stiffness variation principles employed in series-type VSAs

design can be categorized as follows: 1) changing transmission

ratio, 2) changing property of elastic elements, and 3) changing

preload of elastic elements. The principle of changing trans-

mission ratio achieves stiffness regulation by adjusting the

effective length or position of the transmission components.

For example, the SVSA-II integrates symmetrical stiffness

transmission mechanism with two adjustable pivot lever arms

driven by Archimedean spiral gear [20], while this design

introduces a significant friction to the force transmission

system. Similarly, the CompAct-VSA employs a gear-rack and

a cam mechanism to adjust the pivot point [21]. There are

also many other typical VSAs based on the same principle

including AwAS-II [16], [17], VSSEA [18], and [22]. How-

ever, the transmission ratio adjustment mechanisms are bulky,

complex, and potentially less efficient in regulating stiffness.

Alternatively, there are actuators modifying the properties

of elastic elements to adjust stiffness. They achieve this by

manipulating the characteristics of the materials or changing

the structures used as compliant components. Examples of

such actuators include S3VSA [24], [25], and [31]. Similarly,

the fluid-based actuators changes the status of fluid to regulate

the stiffness, e.g., pneumatic [26]–[28], hydraulic [29], [30],

and also the magnetorheological actuators [39]–[41]. These

actuators normally have a high power-to-weight ratio, while

the high non-linear characteristic brings big challenges to

control. The principle of changing preload adjusts the stiffness

by modifying the initial deformation of elastic elements using

independent mechanisms and motor, and the structure of these

actuators is simple and easy to control, e.g., MACCEPA 2.0

[23], LVSA [9], and the recently proposed various reconfig-

urable actuators [10], [24], [32].

Early studies simplified the dynamics of both antagonistic-

type and series-type actuators as planar models since both

force and moment arm vectors reside in two parallel planes

[9], [32]–[37]. Consequently, these actuators require additional

transmission mechanisms, e.g., linkages and belt, in the design

to ensure that the dynamics model matches the mechanical

structure better, which limits the optimization of structure, and

size of the actuator.

This study proposes a novel twisting mechanism for stiff-

ness regulation by expanding the force and moment arm

of elastic elements to three dimensional space. A VSA is

designed by on the proposed mechanism, whose output torque

and stiffness are controlled by two independent DC motors,

see Fig. 1. A ball screw mechanism is employed to adjust

the distance between the two rings, thereby the preload of

springs can be changed to regulate the stiffness. The main

contributions of this paper are threefold.

1) A twisting mechanism with parallel springs, TPS, is pro-

posed for stiffness variation of SEAs. In comparison with

the VSA mechanisms proposed in previous studies, the

presented mechanism is distributed in a three-dimensional

space, offering advantages in terms of structure and size

optimization. Moreover, the TPS mechanism provides

a larger tolerance for safe pHRI compared to irregular

springs. Importantly, it directly couples the input and

output rings, enhancing energy efficiency in contrast to

indirect methods such as a cam mechanism.

2) A torque estimation approach based on polynomial model

is established to estimate the output torque of the VSA

based on the deflection angles and its change rate. By

comparison, a torque estimation model based on the

mechanical structure of the proposed VSA is established

to estimate the output torque as well.

3) A prototype of the proposed VSA is created to evaluate

the torque estimation accuracy of the proposed method,

stiffness regulation speed, and dynamic behavior. Then, a

position tracking test is demonstrated with the prototype.

The remaining paper is organized as follows: Section II

introduces the TPS mechanism and stiffness variation principle

of the proposed VSA. Section III establishes the torque-

deflection and stiffness-deflection relationships, including a

conventional and polynomial model for output torque estima-

tion. Experiments setup of performance test is described in IV.

Performance test result is presented and discussed in Section

V, and VI, respectively. Section VII concludes this paper.

II. DESIGN

A. Working Principle

VSAs based on planar models can be simplified as Fig. 2

(a) [9], [10], [16], [23], [32]. This structure requires the VSA

leave enough space for the output ring and the elastic element.

As a result, the dimensions of the actuator along this direction

need to be bigger to increase the range of stiffness adjustment

and output torque.

Fig. 2. (a) Working principle of the VSAs based on the planar models. (b)
Working principle of one branch of TPS mechanism: θ is the deflection angle
between the input and output rings; P is the initial position of the coupling
point between spring and input ring, P ′ is the position of the coupling point
when deflection angle between the two rings is θ; O is the central position
of output ring; Q is the position of the coupling point between the output
ring and the spring; r1, and r2 are the radius of input and output rings,
respectively; h is the distance between the two rings.
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In this study, a mechanism, TPS, is proposed for stiffness

variation of SEAs, see Fig. 2 (b). There are two rings in

TPS mechanism, i.e., input and output rings, coupled through

springs. The projection of spring force on the output ring is

along the radial direction of the ring at the initial position,

denoted as P , implying zero output torque. The spring force

produces torque along the z-axis with the passive movement

of output ring, and the value of the output torque is related

to deflection angle θ, distance between the two rings h, and

spring stiffness ks. Variation of h changes preload of springs

which determines the output stiffness. Besides, the stiffness

can also be adjusted by reconfiguring the number and inherent

stiffness of the springs.

B. Mechanical Structure

The design of TPS-VSA is shown in Fig. 1. The actuator has

two units: main driver and stiffness adjuster. The main driver

controls the output torque, rotational speed and position of

the VSA via regulating θ. The stiffness adjuster regulates the

distance h and change the preload of springs. The position of

the input gear is fixed. As shown in Fig. 3, the ball screw

nut is rigidly fixed to the input ring, and the nut will rotate

along with the input ring. This will induce a change in h. The

input gear is rigidly connected with eight bars (linear slider

rail) which is coupled with the input ring through eight linear

sliders. Therefore, the rotation of the ball screw changes the

position of the input ring along the z-axis, and the deflection of

input gear drive causes the same deflection on the input ring.

Consequently, the rotary motion and the displacement along

the z-axis of the input ring (stiffness regulation) is decoupled.

Fig. 3. The structure of the main driver and the connection between the input
gear and input ring.

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 ring to measure the deflection angle

between the magnetic ring and output ring which reflects the

deflection angle between the input and output rings θ in Fig.

2 (b). The encoder B is fixed on the external cased of the

TPS-VSA to capture the output ring deflection angle related

to the case, which is defined as γ. The displacement of the

input ring along the z-axis is controlled by M2 through the ball

screw which is rigidly joined with M2. Thereby, the deflection

angle of the ball screw is considered as the same as M2. The

magnetic encoder in M2 is used to measure the ball screw shaft

deflection angle and calculate the distance between input and

output rings, i.e., h in Fig. 2 (b).

III. METHODOLOGY

A. Stiffness Modeling

To model the stiffness and estimate output torque of the

TPS-VSA, the following assumptions are made.

Assumption 1. All the components of TPS-VSA are considered

as rigid except the elastic elements.

Assumption 2. The two ends of every elastic element are

rigidly connected with the two rings, respectively.

The kinematics of the system can be formulated as:

cosα =
x′

1
− x2√

(x′

1
− x2)2 + y′2

1

x′

1
= r1 cos θ

y′
1
= r1 sin θ.

(1)

Let the angle between
−−→
QP ′ and the xOy plane be β, the

following can be found

sinβ =
h√

(r1 cos θ − r2)2 + (r1 sin θ)2 + h2
. (2)

Let the original length of the springs and the minimal

distance between the two rings be l0, and hmin (hmin ≥ l0),

respectively. The spring stretched length can be obtained by

∆l =
√
(r1 cos θ − r2)2 + (r1 sin θ)2 + h2 − l0. (3)

Then, the spring force can calculated as

Fs = ks∆l (4)

where Fs is the force produced by a single spring, ks is the

stiffness of one springs, h can be obtained by

h = h0 +∆h1 +∆h2 (5)

where h0 is the initial value of h, ∆h1, and ∆h2 are the change

of h contributed by θ and rotation of M2 λ, respectively, which

can be computed by

∆h1 =
θ

2π
d

∆h2 =
λ

2π
d

(6)

where d is the lead length of the ball screw.

The output torque of the actuator can be computed by

τ = NFxyr (7)
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where Fxy is the projection of the spring force on the xOy
plane, N is the number of springs, and r is the moment arm

of Fxy , which can be calculated by

r = r2 sinα

=
r1r2 sin θ√

(r1 cos θ − r2)2 + (r1 sin θ)2
(8)

and Fxy can be calculated by

Fxy = Fs cosβ

=
ks∆l

√
(r1 cos θ − r2)2 + (r1 sin θ)2√

(r1 cos θ − r2)2 + (r1 sin θ)2 + h2
.

(9)

The equivalent stiffness of the actuator is defined as

keq =
δτ

δθ

= r
δFxy

δθ
+ Fxy

δr

δθ
= Nδlksr1r2(
−r2

1
sin (θ) cos (θ) + r1 (r1 cos (θ)− r2) sin (θ)

)
sin (θ)

(
h2 + r2

1
sin2 (θ) + (r1 cos (θ)− r2)

2
) 3

2

+
Nδlksr1r2 cos (θ)√

h2 + r2
1
sin2 (θ) + (r1 cos (θ)− r2)

2

.

(10)

B. Elastic Element Reconfiguration

By reconfiguring the material, size, and number of the

elastic elements, the upper and lower boundary of the stiffness

range of the actuator can be adjusted, making the VSA

adaptable to different working conditions. Theoretically, the

proposed VSA can achieve a stiffness range from zero to rigid

if the input and output rings are coupled through rigid bars.

In this study, the actuator is tested with spring stiffness ks =
3300 N/m. Fig. 4 illustrates the stiffness-deflection and torque-

deflection relations for ks = 3300 N/m, based on Eqns. (7),

and (10), respectively. ks is calculated based on the material

and dimensions of the spring.

Fig. 4. The stiffness-deflection (left) and torque-deflection (right) relation
from simulation for the inherent stiffness of springs, ks = 3300 N/m.

C. Torque Estimation

1) Friction-Compensated Torque Estimation Model: An

important advantage of elastic actuator is that the output torque

can be estimated without additional torque/force sensors re-

ducing the size, weight, and cost. Previous studies established

torque estimation models based on the mechanical structure,

which estimates the output torque with deflection angles and

angular speed. Friction compensation is utilized to improve

the estimation accuracy [10], [38], which is established based

on the following assumption:

Assumption 3. The friction is related to the rotational speed,

ωθ, between input and output rings, and it produces a resis-

tance torque τf = kfωθ.

Then, the estimated output torque of friction-compensated

model can be found as

τo,f = τ − τf .

= NFxyr − kfωθ

(11)

where τo,f is the estimated output torque of the friction-

compensated model. The value of kf can be determined by

minimizing the least-squared error between the estimated and

the measured output torque.

2) Polynomial Torque Estimation Model: Besides the

friction-compensated model, this study also establishes a poly-

nomial model to estimate the output torque. By incorporating

high-dimension factors and considering the non-linearity, the

polynomial model surpassed the simplified assumptions of

Hooke’s law, resulting in better torque estimation. The poly-

nomial model is defined as a 6th degree polynomial model,

which is written as

τo,p =p0 + p1θ + p2λ+ p3ωθ + p4θ
2 + p5θλ+

p6θωθ + p7λ
2 + p8λωθ + p9ω

2

θ + ...+ p84ω
6

θ

(12)

where τo,p is estimated output torque of the polynomial model.

The parameter matrix P = {p0, p1, p2, ..., p84} is determined

by minimizing the least-squared error between the estimated

and measured output torque.

IV. EXPERIMENTS SETUP

To evaluate the performance of the proposed VSA, a test

platform is build as shown in Fig. 5(a). The values of θ
and λ are recorded by the encoders at a frequency of 1000

Hz. Kalman filters are implemented to reduce measurement

noise in the deflection angles. ωθ is obtained by applying a

tracking-differentiator to the filtered deflection angles [42].

Additionally, the output torque of the actuator is monitored

using a torque sensor, operating at a frequency of 250 Hz.

Five groups of test are carried out to evaluate the torque

estimation models Eqns. 11 and 12 at three different λ, with

ks = 3300 N/m. PID controllers are developed to achieve the

control of θ and λ. The control diagram is shown in Fig. 5(b).

V. RESULT

A. Torque Estimation

The deflection angle, θ is tested from θmin to θmax for

three different spring preload conditions, set λ as λ1 = 50◦,
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Fig. 5. (a) Experiment setup of the performance test; (b) The control diagram for the performance test. ωM1,d and ωM2,d are the desired speeds of M1 and
M2, respectively. θm and θd are the measured and desired value of θ, λm and λd are the measured and desired value of λ

Fig. 6. (a), (b), and (c) show the comparison between output torque measured by the torque sensor and estimated by the friction-compensated model for λ
= λ1, λ2 and λ3, respectively. (d), (e), and (f) demonstrate the corresponding error between the estimated and measured output torque.

Fig. 7. (a), (b), and (c) show the comparison between the output torque measured by torque sensor and estimated by the polynomial model for λ = λ1, λ2

and λ3, respectively. (d), (e), and (f) demonstrate the corresponding error between the estimated and measured torque.
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TABLE I
COMPARISON OF THE OPERATING SPECIFICATIONS OF SERIAL VSAS.

Name
Mass

(Kg)

Range of

Stiffness

(Nm/rad)

Stiffness

Regulation

Time (s)

Range of

Motion

(◦)

Range of

Deflection

(◦)

Nominal

Torque

(Nm)

Peak

Torque

(Nm)

Size

(W×H×L)

(mm)

Volume

(10−3/m3)

Power

(W)

PV

(103/m3)

PW

(W/Kg)

TPS-VSA 0.86 0∼rigid 0.9 ±150 ±30 6.0 20 90×95×126 2.01 200 99.50 232.56

MACCEPA [23] 2.4 5∼110 2.6 ±150 0∼60 50 70 - 4.80 200 41.67 83.33

AwAS-II [16], [17] 1.1 0∼rigid 0.8 ±150 ±17 10.75 80 130×270 3.43 56 16.33 50.91

RVSA [10] 2.0 3.5∼549 0.38 ±135 ±20 19 66.6 639×137×137 - - - -

S3VSA [24] 0.87 12.12∼rigid 0.1 0∼360 ±12 7.56 22.7 125×125×118 2.24 200 89.29 229.89

LVSA [9] 0.41 0∼988 0.22 ±180 ±25 2.5 3.8 140×140×65 1.27 100 78.74 243.90

λ2 = 410◦ and λ3 = 770◦, respectively. During the test, θ,

ωθ and λ are recorded by the encoders. Output frame of the

VSA is coupled with the torque sensor which monitors the

output torque, and is fixed to the test bed. A set of data is

utilized to identify the kf of Eqn. (11), and P of Eqn. (12).

The two estimation models are utilized to predict the output

torque based on the deflection angles, and angular speed. Figs.

6 and 7 show the comparison between estimated and measured

torque, and estimation error of the two models, respectively.

Root-mean-squared error (RMSE) is used to quantify

estimation accuracy of the torque estimation models, which

is defined as

RMSE =

√√√√ 1

N

N∑

i=1

(τi − τ̂i)
2

(13)

where τi is the measured torque, and τ̂i is the torque estimated

by the model. Table. II summarizes the RMSE values for both

λ = λ1, λ2 and λ3.

TABLE II
RMSE VALUES FOR QUANTIFY TORQUE ESTIMATION ACCURACY.

Model RMSEτ,1(Nm) RMSEτ,2(Nm) RMSEτ,3(Nm)

Eqn. (12) 0.0663 0.0737 0.0580

Eqn. (11) 0.2933 0.1167 0.2279

B. Free Vibration Test

To explore and analyze the dynamic behavior of the actua-

tor, free vibration tests are conducted for three different spring

preload with a pendulum, i.e., λ = λ1, λ2 and λ3, respectively.

The pendulum is released from the initial position θ = 20.0◦,

and the subsequent motion is captured by the encoders. Fig.

8 shows time history of the three tests, and the frequency

responses obtained by Fast Fourier Transform (FFT).

C. Stiffness Regulation Test

Stiffness regulation test is performed to evaluate the speed

that the VSA can adjust its stiffness, i.e., stiffness regulation

time. During the test, the deflection angle, θ, is kept constant,

and output torque of the VSA is recorded by a torque sensor

to identify the change of stiffness. λ is set to change between

its lower and upper boundaries to regulate the output stiffness.

Fig. 9 illustrates the recorded change of θ, λ, output torque

measured by the torque sensor, and the stiffness change

estimated by Eqn. (10).

Fig. 8. (a) time history of θ of the free vibration; (b) frequency responses
obtained from the test.

Fig. 9. Result of stiffness regulation test: (a) Time history of θ between the
output and input rings, θ; (b) Deflection regulation of stiffness adjuster, λ; (c)
Measured output torque during the stiffness regulation; (d) Stiffness change
during the test.

D. Trajectory Tracking

Trajectory tracking test is carried out to demonstrate the

tracking accuracy of the VSA with a basic position controller.

The output frame of the actuator is coupled with a 1.5 kg load.

Fig. 10(a) shows the setup of the tracking test.

The test involves three different sinusoidal reference tra-

jectories. Fig. 10(b) shows comparison between the desired

and recorded position of output frame of TPS-VSA during

the tests. To quantify the tracking accuracy, RMSE values for

all the tests are calculated and summarized in Table. III.

VI. DISCUSSION

The simulation result in Fig. 4 illustrates that the proposed

actuator can produce a torque related to θ and λ, up to about
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Fig. 10. (a) Experiment setup of the position tracking test; (b) illustrate the trajectory tracking result for the test conducted with three different sinusoidal
desired trajectories. γm and γd are the measured and desired position of the output ring. Error is the error between γm and γd.

TABLE III
RMSE VALUES FOR QUANTIFY TRAJECTORY TRACKING ACCURACY.

RMSE1(deg) RMSE2(deg) RMSE3(deg)

1.2181 2.7858 6.0058

RMSE1, RMSE2 and RMSE3 represent the tracking accuracy of

the test shown in Fig. 10(b)-(i), (ii) and (iii), respectively.

6.0 Nm. It also shows the stiffness-deflection relation which

indicates that the stiffness of the actuator can be adjusted

through changing λ. This validates the proposed mechanism

an effective way of stiffness variation for series VSAs.

Figs. 7 and 6, and Table. II show that both the poly-

nomial and friction-compensated models can estimate the

output torque of the VSA with good accuracy. However, it

is clear that the average estimation accuracy, i.e., RMSE,

of the polynomial model is significantly lower than that

of the friction-compensated model. This indicates that there

might be high-dimensional factors influencing the estimation

result, thereby causing the polynomial model, with its higher

complexity, to outperform the friction-compensated model.

For example, the torsion deformation of spring leads to non-

linearity in the spring force. To tackle this problem, the torque

estimation model needs to consider the non-linearity or high-

stiffness springs should be used to reduce torsion deformation

by limiting θ. Although the polynomial model shows good

performance in torque estimation, there are several issues in

incorporating such a model into the controllers. Firstly, the

computational cost of this model is much higher than that of

the friction-compensated model as it involves many complex

terms. Secondly, the first derivative of the polynomial model

cannot be used to estimate the stiffness of the output frame,

which means an additional model is required for stiffness

estimation. Finally, considering angular speed can compensate

for the non-linearity in the system, while this may bring

challenges in torque control as it introduces an optimization

problem, and it is difficult to control the deflection angle

and the speed together with only one input. Additionally,

for different λ, the maximal error of the polynomial model

is about 2∼3 times to the average error, while the maximal

error of the friction-compensated model reaches about 1 Nm

which about 3∼8 times to the average error. This also validates

that the polynomial model is more reliable than the friction-

compensated model.

Fig. 8 demonstrates the dynamic behavior and frequency

responses of the VSA in the free vibration test. As can be

seen, the increase of λ increases the stiffness of the output

frame of TPS-VSA, which is also validated by the change of

natural frequency of the VSA with different λ, see Fig. 8 (b).

Table. I shows the comparison between the TPS-VSA and

the typical actuators proposed by earlier studies. It is clear

that the proposed weight and size of the proposed VSA is

relatively lower and smaller, and with promising range of

stiffness and output torque. However, the range of motion

is relatively smaller than other actuators. The reason is that

the off-axis encoder A is connected with output ring, thus

the cables of encoder A restricted the movement of other

components. This restriction can be completely removed by

placing encoder A on the inner side of the external case of

TPS-VSA to detect the absolute displacement of the input ring

which can be defined as θabs. Therefore, θ can be obtained by

calculating the difference between the absolute displacement

of input and output rings, i.e., θ = θabs − γ.

As it is hard to measure the stiffness of output frame

directly, a torque sensor is employed to monitor the output

torque change during the test to validate the variation of

stiffness. As shown in Fig. 9, the stiffness regulation time

is about 0.9 s, which is relatively slow compared to other

actuators listed in Table. I. Therefore, there is a need to

improve the stiffness regulation speed in order to enhance the

actuator’s responsiveness to environmental changes. There are

three different ways to achieve this: 1) using ball screw with

larger lead length d, which will reduce the required deflection

angle of stiffness regulation motor λ for same change of spring

pre-compression ∆h2; 2) using shorter springs and increasing

the radius of output ring, which, however, will reduce the range

of deflection θ since the safe travel length of spring decreases

with its length; 3) replacing the gear box of M2 with lower

reduction ratio so that M2 can move the ball screw nut faster.

According to Eqn. (10), the stiffness-deflection profile of the
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TPS-VSA is nonlinear. Therefore, achieving linear stiffness

tracking control in practice poses a challenge. One effective

approach is to develop an accurate real-time stiffness estima-

tion model and implement an advanced controller, such as

adaptive control or model predictive control, to compensate for

the nonlinearity. Additionally, increasing the speed of M2 is

recommended to reduce mechanical stiffness regulation time,

which can enhance the stiffness compensation performance.

Finally, if the desired stiffness keq,d is lower than the real-time

stiffness keq , it is possible to emulate keq,d using algorithms.

This can serve as a complementary stiffness regulation method

alongside mechanical adjustments.

Trajectory tracking result shown in Fig. 10(b) demonstrates

that the TPS-VSA with a basic position controller can track

different reference trajectories with good accuracy, see Table.

III. However, the tracking error increases with the frequency of

the sinusoidal reference trajectory obviously. To solve this, the

spring stiffness should be increased to expand the bandwidth of

the actuator. Also, the position controller needs to be further

improved by adding more feedback, such as angular speed,

and acceleration.

Fig. 11. Illustration of two solutions to optimize the structure of TPS-VSA.
The input and output rings are coupled with parallel springs for both solutions.

Finally, the presented design of the Variable Stiffness Actu-

ator (VSA) can still be optimized to reduce size and weight.

For instance, the input ring can be directly driven by a hollow

shaft DC motor, eliminating the need for bevel gears and

M1, resulting in a significant reduction in dimensions and

increased power transmission efficiency. Figure 11 illustrates

two potential solutions for optimizing the actuator’s structure

by replacing M1 with a hollow shaft DC motor. In solution

(a), the DC motor is positioned on top of the input ring. In

solution (b), the DC motor is placed below the input ring

to reduce the overall height of the actuator. If the radius

of the input ring is the same in both solutions (a) and

(b), solution (b) typically requires a smaller radius for the

DC motor. In other words, the actuator’s capability can be

enhanced by increasing the radius of the input ring in solution

(b). Furthermore, as per Equation 7, the ratio r2/l0 can be

further optimized to achieve comparable performance with a

smaller size and lighter weight. However, this optimization

necessitates a balance between the output capacity and the

deflection range, considering that the maximum safe travel

length of a spring decreases with its original length.

VII. CONCLUSIONS AND FUTURE WORK

This study proposes a novel twisting mechanism with

parallel springs, named TPS, for series VSAs, which enables

the optimization of the structure and size of VSAs. A series

VSA is designed based on the TPS mechanism and evaluated

with a prototype, TPS-VSA. The stiffness and output capacity

of the design are analyzed through simulation. A friction-

compensated model and a polynomial model are established

to estimate the output torque of TPS-VSA based on the

deflection angles and angular speed. The accuracy of both

models is validated through experiments by comparing their

torque estimations with measurements from the torque sensor.

The results illustrate that both models can estimate the output

torque accurately, but the estimation error of the polynomial

model is lower than 0.0737 Nm, significantly outperforming

the friction-compensated model, see Table II. The dynamic

behavior and frequency responses of TPS-VSA demonstrate

that the proposed mechanism can effectively regulate the

stiffness, which is also validated by the stiffness regulation

test. Finally, the trajectory tracking result indicates that the

actuator can accurately track different trajectories with the

controller. However, our study also reveals several limitations

of TPS-VSA: 1) The torsion deformation of springs introduces

non-linearity in torque estimation, limiting torque estimation

accuracy. 2) The trajectory tracking ability of TPS-VSA is

limited. 3) The values of r2 and l0 need to be further optimized

to increase the output capacity and reduce the weight and size.

Further work will involve exploring better dimensions of the

mechanical components to optimize the performance of TPS-

VSA, incorporating angular speed and acceleration feedback to

improve controller performance, and incorporating non-linear

compensatory terms to enhance torque estimation accuracy.
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