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A Lightweight Series Elastic Actuator With
Variable Stiffness: Design, Modeling,
and Evaluation

Chao Wang
Zhi-Qiang Zhang“, Member, IEEE, Gu-Qiang Li

Abstracit—This article proposes a lightweight variable
stiffness actuator (LVSA) driven by a novel mechanism
with four sliders on a shared crank (FS2C). The FS2C
mechanism allows the LVSA to simultaneously regulate the
preload of four springs using only one motor and hence
achieves a wider-range continuous stiffness adaption with
reduced weight. A cable transmission system is developed
to remotely place motors and further reduce the influence
of the LVSA on the mass distribution. A dynamics model is
established to study the torque-deflection and the stiffness-
deflection relations. Based on the model, a torque-stiffness
controller is proposed. Experiments are carried out to vali-
date the performance of the dynamics model, the controller,
and the LVSA. The results indicate that the LVSA provides
a range of stiffness from 0 to 988 Nm/rad with a weight
of 0.412 kg, and the controller is accurate in adjusting
the output torque and stiffness at relatively high speeds.
The proposed actuator provides a solution for actuation
systems that have to be lightweight with variable stiffness,
such as wearable robotics and assistive exoskeletons.

Index Terms—Bowden cable transmission, exoskeleton,
rehabilitation, series elastic actuator.
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[. INTRODUCTION

XOSKELETON robots have been developed to assist
Erehabilitation training in recent years [1], [2], [3], [4].
To achieve effective physical human—robot interaction (pHRI),
robot actuators should have compliance to address safety con-
cerns [5], [6], [7]. Two strategies are widely used to provide
compliance: 1) active strategy [8], [9], [10] and 2) passive
strategy [11], [12], [13]. The active strategy uses force/torque
feedback and control algorithms to emulate compliant behavior
without adding compliant components. However, the active
strategy cannot guarantee safe interaction when sensor fails [14].

Different from the active strategy, the passive strategy pro-
vides inherent compliance with low mechanical impedance by
introducing elastic components [11], [12], [13]. In addition, the
inherent compliance allows the force/torque control to be con-
verted to a position control, which can improve the force/torque
tracking performance. The existing passive compliant actuators
can be categorized into fixed stiffness actuators (FSAs) and
variable stiffness actuators (VSAs).

FSAs typically use a fixed mechanical configuration of rigid
segments and elastic elements with one single dc motor to
control the output, e.g., [15],[16], [17]. The compliant behaviors
of FSAs are normally designed based on a preset working
condition, which limits the response bandwidth, torque control
accuracy, energy storage capacity, and dynamical adaptability
with environments. Hence, VSAs are developed to address these
issues with an additional motor for stiffness regulation. There are
various stiffness regulation strategies used by VSAs: 1) chang-
ing preload of spring, e.g., MACCEPA 2.0 [13], SVSA [18],
JASR [14], and RVSA [19]; 2) changing the transmission ratio
between springs and the actuator output, e.g., AWAS-II [12],
[20], REGT-VSA [21], vsaUT-II [44], and [22], [23], [24]; and
3) changing the physical properties of the elastic element, e.g.,
“Jack-Spring” [25], S-Shaped Spring [26], and [27] Pneumatic
VSAs were proposed in the previous studies [28], [29]. The
stiffness is regulated by changing the pressure of gas which
is similar to changing the preload of spring. Variable stiffness
improves the adaptability of actuators to different scenarios;
however, additional mechanisms and a secondary motor are
required to adjust the stiffness, which increases the design
complexity and weight of VSAs compared with FSAs. Changing

1083-4435 © 2023 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the transmission ratio aims to adjust the moment arm vector
in the definition of torque, and VSAs based on this strategy
normally use ball screw or a group of gears to change the pivot
point, which makes the mechanism bulky and heavy. Changing
the physical properties of the elastic element can be achieved
in material and mechanism, while existing VSAs based on
strategy 1) and 2) demonstrated more advantages than those
with strategy 3) with regard to weight and size [30]. Among the
three strategies, VSAs based on changing preload are normally
lighter and have better compatibility and smoother stiffness
regulation than others. Nevertheless, the VSAs based on chang-
ing preload generally use a single elastic element, which may
limit its range of stiffness. Multiple elastic elements are adopted
by VSAs based on other principles, which however, increases
the complexity of the stiffness adjustment mechanism [26],
[31].

To minimize the influence of joint actuator on body mass
distribution, the weight of the actuator should be as light as
possible. Previous studies used dc motors with gears or hydraulic
mechanisms to directly drive human joints [32], [33], [34], [35].
However, installing dc motors or high mass mechanisms on
human joints will affect the body mass distribution and increase
the moment inertia, especially for the distal joints. Previous
studies showed that by employing the Bowden cable transmis-
sion with motors remotely placed, exoskeletons can achieve low
worn mass and high output torque [36], [37], [38], [39], [40],
[41].

In this study, we propose a cable-driven lightweight VSA
(LVSA) based on the principle of changing the spring preload.
The LVSA employs four parallel springs with a novel mecha-
nism with four sliders on a shared crank (FS2C) which achieves
wide-range stiffness adaption with one additional motor. The
contributions of this article are summarized as follows.

1) A novel mechanism named FS2C is proposed to adjust
the preload of springs, by which a light-weight VSA
is designed. Compared with the previous designs using
multiple elastic elements [26], [31], the proposed LVSA
adjusts the stiffness with a simpler mechanism, which
reduces the weight of the actuator.

2) A dynamics model is established to describe the torque-
deflection and stiffness-deflection relations of the LVSA,
which is implemented in the torque-stiffness control.
The torque-stiffness estimation accuracy of the model is
evaluated with a prototype.

3) A Bowden cable transmission system is developed for
the LVSA to reduce the actuator’s influence on the user’s
body mass distribution.

4) A torque-stiffness control method without force/torque
sensor is proposed for the LVSA, and the performance of
the controller is evaluated with a prototype.

The rest of this article is organized as follows: Section II
introduces the mechanical design and working principles of
LVSA. The modeling and analysis of LVSA are conducted in
Section III. Section IV presents the performance test setup. The
result of prototype test is reported and discussed in Sections V
and VI, respectively. Finally, Section VII this article.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

Il. DESIGN

The previous designs [13], [14] normally use one single elastic
element as multiple elastic elements require more complicated
mechanisms to ensure all the elastic elements can be adjusted
by one motor. In the design with multiple elastic elements [26],
[31], the stiffness adjuster generally employs multiple gears to
control the elastic elements, which increases the complexity and
weight of the actuator. This article proposed a novel mechanism,
FS2C, to adjust the springs’ preload, which reduces the weight
and complexity of the stiffness regulation unit. The structure
of the LVSA is shown in Fig. 1. There are two main units: 1)
the unit A (compliant actuator unit) and 2) the unit B (stiffness
regulation unit). The unit A has one FS2C consisting of four
slider-crank mechanisms (SCMs) and four springs providing the
actuator with inherent compliance. The rod A (shared crank of
the FS2C A) is coupled with an input cable pulley of the unit
A through the four springs. The unit B also has four SCMs
connected with the distal ends of the four springs, respectively.
All SCMs of the unit B are directly connected with one single
shared crank (Rod B) so that the preload of all springs can be
controlled together, which simplifies the mechanism of stiffness
regulation. The slider of each SCM is guided by a caged ball
linear guide to reduce friction. Two magnetic encoders are
utilized to measure the deflection angle between the base plate
and the rod A (output deflection angle, ), and the base plate and
rod B (unit B deflection angle, o). The range of stiffness of the
LVSA is adjustable through the springs with various stiffnesses.

Connecting torsion springs in series with the input pulley
can directly provide compliant actuation. However, this method
requires complex mechanisms to achieve stiffness regulation.
Previous studies use ball screws [20] and epicyclic gear [21]
for stiffness regulation and result in bulky and heavy systems.
In contrast, the FS2C of unit B enables simultaneously control
of multiple springs, and the FS2C of unit A can convert linear
motion of the springs to rotary motion of the output rod. Thus, the
LVSA can achieve wider-range stiffness regulation with reduced
weight.

A. Schematic of Variable Stiffness

Fig. 2 shows the schematic of the LVSA. There are four pairs
of SCMs, and each pair has one SCM in the unit A and one SCM
in unit B. The two SCMs are coupled through a spring which
can generate torque against rod A when the output deflection
angle 6 # 0. The value of this torque is determined by 6 and
the preload of the springs. Each slider of the SCM is physically
restricted by two position limiters, (|O@| < 1p + 1p), thereby o
€ (0, imax)- By adjusting «, the output torque can be changed
without changing 6, which makes the stiffness of the LVSA
adjustable.

To reduce the weight of the LVSA, a Bowden cable transmis-
sion system is designed to deliver the torque for both the unit A
and the unit B. Two dc motors and gear boxes are used to drive
the cable pulleys, separately. Each pair of dc motors and gearbox
can provide 8 Nm continuously. All the segments are made by
computer numerical control machines using Aluminum 7075.
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Fig. 1. (a) Explode view of the LVSA. The unit A is the main compliant actuator unit. The unit B is the stiffness regulation unit. Rod A is the output
rod of the unit A. Rod B is the input rod of the unit B. Each slider is consist of one slider P1 and one slider P2. The P1 is attached to the P2 by
screws, and they are considered as a rigid segment as a whole. (b) Assembly views of the LVSA.

Position l——{‘ where (0, ) is the position of P in frame O.
X

; Limiter Pe The output torque of the actuator can be formulated as
a X,y
v

N

----------- - § T = Z (E@,i’req,i) 2

i=1

s Linkage A
Orig . . .
MM Rod A Slider ~ Rail ~ Spring  \ where N is the number of springs; Fl ; represents the force of
(2 Pogit I[,)(');:]‘:] the ith spring; 7, ; is the equivalent moment arm of F ; against
ositon .
Rod B Slider | imiter the output shaft, 7cq,1 = Teq2 = Teq3 = Teqa = Teq(a) [which

Rail is defined in (6)]. F ; can be obtained by

Fs,i = ks,ils,i (3)

where k,; and [, ; is the stiffness and stretched length of
the ith springs, respectively; ls1 = lso = ls3 = lsa = l5(0, ).
According to (1), [5 can be calculated as

Linkage B Q Spring

(b)

Fig. 2. Schematic of one branch of the LVSA. The rotation of the unit B
input rod changes the position of the distal fix point, by which the preload Is(0,0) =7y + 1y —Tqco80 — /12 — 12 sin 6 + s(a) @)
of the springs can be regulated. @ @

where s is the prestretched length of the springs which can be

The weight of the LVSA prototype is reduced to 0.412 kg. The calculated as

performance of the prototype will be evaluated in Sections V

and VL s(a) = rpcosa+ /17 — (rpsina)?

_ _ l2 _ 3 2 5
lIl. ANALYSIS OF LVSA "y eosao b~ (rosina) )

A. Stiffness Modeling where « is the initial deflection angle when the sliders of the unit
’ B reach the proximal position limiters. Thus, the output torque 7

To enhance the control of the LVSA, the torque-deflection  changes with a.. According to [42], the equivalent moment arm
and stiffness-deflection relations must be established. Thus, the  ¢an be calculated as

following assumptions are made to facilitate the modeling.

Assumption 1: All segments in SCMs are considered as rigid. Ta (Ta sinf cos 0 + sin /15 — (rosin )2>
Assumption 2: The stiffness of all springs are constant. Teq(0) = 2 002 - ()
Assumption 3: The friction is negligible. 2 — (rgsinf)
Let the length of Linkage A and B be [, and [, respectively. The equivalent rotational stiffness of output shaft k., is de-
The movement kinematics can be modeled as fined by
rZsin 0 + (y, — 74 cos0) = 12 (1) 0T = kieqdl. @)
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Let Fy, = ZZIL F ;, it follows that

0T 0F, O0Te
heq(0,0) = 55 = Tea~sg + Fapt
N
ol or
= ksi e - ls -4 . 8
- ’(”50+ 59) ®
Let f1 = req 59 , o= 6;‘1 , then
Okeq N 0fi  0fs
p— k — PR
50 ; <59 BT ©)

Skeq

Thus, let f3 = o the following relation can be found:

f3>0,
f3 <0,

for 0 € [0, Omax]

for 0 € [—Omax, 0] (10)

where 60« is the maximal output deflection angle, and this
means that the stiffness of the actuator increases with the rod
A’s absolute deflection angle. Similarly, it is easy to know that
the stiffness of the actuator increases with the prestretched length
ls,; and using (4) and (5)

do

where o, 1s the rod B’s deflection angle where the sliders of
the unit B reach the distal position limiters, and i, > O.

<0, for & € [min, Q0]

an

B. Stiffness Range Reconfiguration

From Section III-A, the boundary of stiffness of the com-
pliant actuator is determined by four linear factors kg ; and
two nonlinear factors fi, f>. Reconfiguring springs (change the
equivalent paralleled stiffness, vaz | ks.4) will change the lower
and upper stiffness boundary of the actuator, which indicates that
the LVSA can be adapted to different working environments
simply by replacing springs. Thus, theoretically, the stiffness
range is from 0 to co. However, due to the physical limitation of
the material, the maximal output stiffness of the VSA is around
988 Nm/rad. In this study, the following two spring configura-
tions will be tested: 1) kg1 = ks = ks 3 = ks 4 = 3010 N/m;
2) ks = ks = ks 3 = kg4 = 7000 N/m.

C. Output Torque Estimation

Output torque estimation is important for torque control with-
out force/torque sensor. Since the assembly error of the springs
is inevitable, the model in Section III-A is modified for output
torque estimation. The following assumption is adopted.

Assumption 4: The change of assembly errors of the springs
are negligible.

Let the springs’ assembly error be sy, s3, 3, s4. The average
assembly error is defined as

12)
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Torque-Deflection Stiffness-Deflection

E ~
z 2 E5
& £]
E] £
go z3
& 72
= $1
22 £
g
S 04 7
% 0 N
o (rad) -0.4 0 (rad)
Fig. 3. Torque-deflection and stiffness-deflection relation from simula-

tion when the springs’ inherent stiffness ks = 3010 N/m.

Thus, the compensated stretched length of springs can be ob-
tained by

leomp,i (0, ) = ls(c, 0) + 54 (13)
so that the output
T= / kege (v, 0)dO (14)
where Ky is the compensated equivalent stiffness. Thus
comp i 5req
eqc = Z ks i | Teq + lcomp,iﬁ . (15)

Then, when the stiffness of the four springs are the same, the
following equation can be found:

eqc—Zk(

N
ol 0Teq
_z::ks (Teqée‘f'ls 60)

i=1

comp7

ore
+ lcomp,i :;0(1>

5req Z

Oreq
= keg + kst N'se

Therefore, for the compensated model, only the average assem-
bly error s, needs to be determined when the stiffness of springs
are the same.

(16)

D. Torque-Stiffness Control

Based on Section III-A the output torque 7 and joint stiffness
keq are determined by « and 6. Fig. 3 illustrates the simulated
relationship between the output torque and the deflection angles.

Thus, the output torque and stiffness can be controlled by
controlling the two deflection angles which can be determined
by solving the following equations:

{keq(aa 9) = keq, des

T(a, 0) = Tes- a7

Fig. 4 depicts the paradigm of the torque-stiffness controller,
where the PID controller A is used to control the rod B’s
deflection angle, and the PID controller B is used to manage
the rod A’s deflection angle. Both PID controllers are based on
aninner closed-loop speed control of the motor, and the feedback
only considers the real-time «, 6.
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a

real

PID Controller A

PID Controller B

0

real

Fig. 4. Torque-stifiness controller paradigm of the LVSA. 74¢s and
keq,des are the desired output torque and desired equivalent stiffness,
respectively. ages and Oqes are the desired deflection angles. ayey and
Oreal are the measured deflection angles.

To reduce the computational cost of solving (17) and achieve
a better real-time torque stiffness tracking, the following poly-
nomials are used to approximate (17)

keg(,0) = po + p10 + paa + p3a® + ps6?
+psha + psa’ + pr0° + psa’l + poad?
= qo + @10 + Qo + gza® + q46?
+gs0a + gsa’ + ¢10° + gz0?0 + goard”.
(18)
Based on the torque-deflection-angle and the stiffness-
deflection data p;, and ¢; in (18) can be identified. Solving (18)
can be converted to a nonlinear least-squares problem

7(c, 6)

arg miél f(a,0) = (keq — keq,deS)z + (7 - Tdes)z

S.t. Qpin < a <

- emax < 0 < emax- (19)

Then, this optimization problem is solved using the Gauss—
Newton method.

The open-loop dynamics of the VSA for torque control is sim-
plified as a mass-damper-spring model. The transfer functions
are identified using the Matlab System Identification Toolbox
with a variance-accounted-for factor of 88.67%. The PID con-
trollers are then designed based on the identified model.

[V. PROTOTYPE EXPERIMENTS SETUP

Fig. 5 left shows the prototype of the LVSA. The right side is
the test setup for the performance evaluation, where the torque
is transmitted through the Bowden cables to reduce the moment
inertia of the actuation system. For both the unit A and B, there
is one end fixer on the motor side and one on the LVSA side. The
related modules are fixed on an aluminium framework, and all
fixers are 3-D printed, including the motor base, Bowden cable
fixed ends, and the VSA fixer. The rod A is coupled with a torque
sensor which measures the real-time output torque at 500 Hz. In
this study, three types of Bowden cable transmission systems are
tested: 1) fishing wire and plastic Bowden tube; 2) steel wire and
plastic Bowden tube; 3) steel wire and rubber Bowden tube with
spiral sheaths. With type ¢ Bowden cable, the motors achieved
the control of the deflection angles with the shortest time and
highest accuracy. Hence, the LVSA performance evaluation is
based on type ¢ Bowden cable transmission.

To evaluate the LVSA’s performance, the PID controllers
for the deflection angles control are assessed at first. Then,

Fig. 5. Left: prototype of the VSA. Right: setup for performance test.
_edes _em —~ _ades _am
6 <6
o 3
s %
<5 E 5
g g
E 4 g4
<« -]
E CE
0 02 04 06 08 0 02 04 06 08
Time(s) Time(s)
Fig. 6. Test result of the two PID controller in regulation the deflection
angels.

there are five groups of test in the static evaluation to assess
the torque-deflection angle 6 relations for the rob B deflection
angle « at 0°, 10°, and 20° for k£, = 300 N/m, and at 0°, 3°,
and 6° for k; = 7000 N/m, respectively. Each group contains
four repetitive tests, and for each tests, the output torque and
deflection angles are recorded. Finally, the dynamic test is taken
to evaluate the dynamic torque estimation and torque-stiffness
tracking accuracy, the controller is required to track a sinusoidal
desired torque with a constant desired stiffness.

V. RESULTS
A. Deflection Angle Control

The deflection angles are controlled by two PID controllers
separately, which is the basis of the performance evaluation.
Thus, the PID controllers are first tested in regulating the deflec-
tion angles. The result is shown in Fig. 6, where the rise time of
both PID controllers is around 200 ms.

B. Compensation Evaluation

As mentioned in Section IV, the static evaluation contains
five groups of test, which aim to identify the torque/deflection
angle relation and compare it with the estimated result. For each
group of the test, one test data will be used to approximate
compensation parameters in Section III-C. Thus, the model

Authorized licensed use limited to: University of Leeds. Downloaded on March 25,2023 at 13:00:55 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6
1.5
L 'Tm - Tes,l Tes,Z
E 0 5 ~’,‘.“"I.‘\r
g 0 \Nx"\
< N
205 *ALX
a8 e
- \ﬁ
-1.5
0 5 10 15 20
Time(s)
Fig. 7. Comparison of the output torque estimation between the com-

pensated and noncompensated model. 7, is the measured torque, 75,1
and 7., > are the torque estimated by the compensated model, and the
torque estimated by the noncompensated model, respectively.
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Fig. 8. Output torque estimation of the LVSA, solid lines represent the
model’'s estimation and the shaded area is the range of the measured
torque. ks = 3010 N/m in (a), and ks = 7000 N/m in (b).

presented in (14) and (16) can be identified. Fig. 7 shows the
comparison between the ideal model and the compensated model
in output torque estimation.

C. Static Evaluation

The data of the rest three tests of each group is utilized to
estimate the output torque with the compensated model [(14)
and (16)]. To evaluate the model’s estimation accuracy, the es-
timation results are compared with the measured output torque.
Fig. 8 shows the comparison between the model estimation and
the measured output torque for two different configurations of
springs. The torque estimation accuracy is quantified by the
root-mean-squared error (RMSE) which is defined as

1 N ~\2
RMSE = \/N > (ai—a)

(20)

IEEE/ASME TRANSACTIONS ON MECHATRONICS

TABLE |
MEAN RMSE VALUES BETWEEN THE MEASURED TORQUE AND
ESTIMATED TORQUE

ks (Nm) | RMBSE, RMSE, | RMSE; Average
3010 0.0564 0.1143 0.1176 0.0961
7000 0.0353 0.0450 0.0447 0.0417

All values are in Nm

RMSE;: a = 0° for both ks = 3010 N/m and ks = 7000 N/m
RMSE,: a = 10° for ks = 3010 N/m, o« = 3° for ks = 7000 N/m
RMSE;: o = 20° for ks = 3010 N/m, o« = 6° for ks = 7000 N/m

1.5

— 61'1'2

Torque (Nm)

0 5 10 20 25 30

15
Time (s)
(a)

Torque (Nm)

) 5 10

15 20 25 30
Time (s)

(b)

Fig. 9. Torque tracking test. 7,,: measured torque, 7ges: desired
torque, 7.s: estimated torque, err;: error between the measured and
desired torque, err,: error between the measured and estimated torque.
ks =3010N/min (a), and ks = 7000 N/m in (b).

where a; is the measured torque, and @; is the torque estimated
by the model. Table I summarizes the estimation accuracy for
different tests.

D. Torque Tracking Test

In the torque tracking test, the LVSA is set to track a sinusoidal
desired output torque with constant stiffness. As mentioned in
Section III-D, the solver will calculate the desired deflection
angles with the desired torque and stiffness. Then, the inner loop
PID controllers control the motors to achieve the desired deflec-
tion angles, and the torque sensor measures the real-time output
torque. The comparison results between the real-time torque and
desired torque for both sets of springs are illustrated in Fig. 9.

It is difficult to measure the real-time output stiffness of the
actuator, and thereby the output stiffness is calculated using
(16) based on the measured deflection angles. Fig. 10 illustrates
the comparison between the estimated stiffness and desired
stiffness.
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Fig. 10. Stiffness tracking test. keq,es and keq qes are the estimated
and desired equivalent stiffness, respectively. err;, is the error between
the desired and estimated equivalent stiffness. ks = 3010 N/m in (a), and
ks = 7000 N/m in (b).

TABLE Il
RMSE VALUES FOR QUANTIFY THE TORQUE TRACKING ACCURACY,
DYNAMIC TORQUE ESTIMATION ACCURACY AND THE STIFFNESS
TRACKING ACCURACY

ks (N/m) RMSE 1(Nm) RMSE 2(Nm) RMSE ;, (Nm/rad)
3010 0.1222 0.1046 0.0561
7000 0.1829 0.1723 0.1128

The RMSE between the measured and desired output torque is
identified as RMSE; ;. Then, the RMSE between the estimated
and measured torque is calculated to quantify the dynamic
torque estimation accuracy RMSE; ,, and the RMSE between
the estimated and desired stiffness is computed to quantify the
stiffness tracking performance RMSE. Table II summarizes the
RMSE values for the two sets of springs.

E. Stiffness Regulation Evaluation

In pHRI, the environmental changes require the change of
stiffness to ensure the safety and robustness, and the stiffness
regulation speed is the crucial feature reflecting how fast the
actuator can respond the environmental changes. Thus, the stiff-
ness regulation test is taken to evaluate the respond speed of
the proposed LVSA. In this test, the desired stiffness is rapidly
changed, and the controller is required to respond immediately
to reach desired stiffness. The result is shown in Fig. 11 where
the regulation time of the stiffness is around 220 ms for (a) ks =
3010 N/m, and is around 420 ms for (b) ks = 7000 N/m.

VI. DISCUSSION

According to Fig. 6, the PID controller for both the unit A and
B can control the machine to the desired deflection angles in a
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Fig. 11.  Stiffness regulation test: the actuator is required the change
between two different equivalent output stiffness. ks = 3010N/m in
(a), and ks = 7000 N/m in (b).

promising time period within a reasonable range. It indicates that
the controller is adequate for the performance evaluation test.
Section V-B assesses the compensated model’s performance in
output torque estimation. The result reveals that the compensated
model improves the estimation accuracy significantly, which
means that the compensated model can effectively reduce the
impact of the assembling error.

The result of the static evaluation demonstrates that the output
torque for the same deflection angle can be adjusted, which
means that the stiffness adjustment can be achieved by the
proposed design. The shaded error range indicates that our model
can accurately estimate the output torque based on the deflection
angles for different spring configurations. However, from Fig.
8(a), the output torque is only tested from —2 to 2 Nm; the reason
is that the components holding the two ends of the springs are
made of Aluminium 7075 whose yield strength is small so that
it cannot carry too much load. Similarly, for ks = 7000 N/m,
the output torque is tested from —1 to 1 Nm, which is smaller
than that for ks = 3010 N/m. This is because the stiffer springs
can produce the same stretch force with a smaller stretch length
so that the stiffer spring can reach maximal secure force at a
smaller deflection angle.

The inherent torque-stiffness-deflection relations of the LVSA
and the encoders allow the controller to estimate its output
torque and stiffness, which makes the torque-stiffness control
without force/torque sensor possible. The caged ball linear guide
mechanisms are employed to work with the SCMs to reduce
the friction’s impact on the output torque and stiffness. Fig. 9
illustrates the LVSA torque tracking for two different sets of
springs. For ks = 3010 N/m, the RMSE of torque tracking is
about 0.1222 Nm; and for k5 = 7000 N/m the torque tracking
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TABLE IlI
COMPARISON OF THE OPERATING SPECIFICATIONS OF SERIAL VSAS
Name Mass (kg) Range of Stiffness Stiffness Regulation Range of Range of Nominal Peak
g (Nm/rad) Time (s) Motion (o) Deflection(o) Torque(Nm) Torque(Nm)

MACCEPA 2.0 [18] 2.4 5~110 2.6 +150 0~60 50 70
AwAS-II [20] 1.1 0~o0 0.8 +150 +17 10.75 80
vsaUT-II [44] 2.5 0.7~948 - +28.6 +40.1 21.8 60
SVSA [24] 1.57 1.7~150 0.4 +180 +45 9.46 22.1
RVSA [19] 2.0 3.5~426 0.38 0~135 +20 19 66.6
LVSA 0.41 0~988 0.22 +180 +25 2.5 3.8

RMSE is about 0.1829 Nm. The RMSE values for both sets
of springs are relatively low, which indicates the LVSA can
track the desired output torque and stiffness accurately with
two encoders. However, the err, lines in Fig. 9 indicate that
the error is position-related, and the error is significantly higher
than the error presented in the static evaluation. This may be
caused by the deformation of the 3-D-printed fixed end of
the Bowden cable and the LVSA housing segment. From the
performance test setup, it is easy to know that the force on the
Bowden cable is applied to the LVSA housing, which may cause
noticeable deformation. This deformation should be related to
the value of the force applied by the Bowden cable. In the
static evaluation, the torque and deflection angle are measured
in the static positions, while in the torque tracking test, the
two input shafts are running at a relatively high acceleration,
which means that the force on the Bowden cable is higher than
the static evaluation. Therefore, the deformation in the torque
tracking test is higher, which causes a larger decentration for the
LVSA performance evaluation setup. Combining err; and err,
the torque tracking error is larger than the dynamic estimation,
which is reasonable as the dynamic estimation is the basis of
torque tracking. However, this also indicates that the controller
needs to be improved to respond quickly. It is difficult to measure
the online stiffness of the LVSA, thus the estimated stiffness is
only compared with the desired stiffness, the result is obtained
in Fig. 10 and Table II, the RMSE value for stiffness tracking is
0.0561 and 0.1128 Nm/rad for ks = 3010 N/m and ks = 7000
N/m, respectively. Even the result demonstrates that the pro-
posed controller can achieve stiffness tracking with promising
accuracy. However, the torque tracking error for stiffer springs
is higher than for softer springs. The reason is that the maximal
deflection angles decrease with the raise of spring stiffness;
thus, the error rate of deflection angle measurement is increased
with stiffer springs, which decreases the estimation accuracy.
Hence, it is important to improve the accuracy of deflection
angle measurement, such as using high-resolution encoders and
strain gauges.

The stiffness regulation test aims to evaluate the response
speed of the actuator and controller to environment changes.
The results show that the output stiffness is quickly regulated
for both k; = 3010 N/m and k; = 7000 N/m. However, for the
stiffer springs, the regulation time is longer. The reason is that the
output torque of the motor is very close to its allowed maximal
value, and the motor cannot run at the speed set by the PID
controller. Consequently, the rise time of the stiffness regulation
for stiffer springs is significantly longer. Beside, the Bowden
cable transmission system of unit B produces a resistance torque

against the shaft on the base plate, which limits the stiffness
adjustment range and output torque of the LVSA. Therefore, to
improve the performance of the LVSA, the power transmitted
from motor B to the adjuster should be increased, and the
power producing the resistance torque should be minimized.
A potential solution is designing a decoupling mechanism for
unit B, by which the the Bowden cable always points toward the
center of base plate shaft resulting zero resistance torque.

In addition, if the external torque exceeds the holding torque
of motor B, unit B will be moved passively. In this study, we
employed a dc motor with a high holding torque for unit B
and the output of motor A is limited in software to ensure the
external torque will not exceed the holding torque of motor B.
A self-locking mechanism can be further added to remove the
requirement on the holding torque.

With a weight of 0.412 kg, the LVSA can be potentially used
in the actuation of rehabilitation exoskeletons. The lightweight
of the LVSA has small influences on the body mass distri-
bution, which reduces the risk of developing abnormal motor
patterns [16]. A wider-range stiffness adaption and torque con-
trol can contribute to safe human-robot interaction and flexible
training strategies.

VIl. CONCLUSION

In this article, a lightweight VSA was proposed on the basis
of a novel mechanism named FS2C. The FS2C consists of four
sliders on a shared crank, which allows the LVSA to simultane-
ously adjust the preload of the springs using one single motor.
Hence, the LVSA achieved a wider-range stiffness adaption with
a light weight, 0.412 kg, which is extremely low compared
with the recently proposed VSAs, see Table III. The dynamics
of the LVSA were modeled to study the torque-deflection and
stiffness-deflection relations. The accuracy of the torque esti-
mation of the dynamics model was evaluated, and the results
showed the average accuracy (identified by the RMSE) for
ks = 3010 N/m is about 0.0961 Nm and for k; = 7000 N/m is
about 0.0417 Nm, see Table I. A torque-stiffness control method
without force/torque sensor was proposed on the basis of the
dynamics model, and its performance was evaluated with the
prototype. The results demonstrated that the proposed LVSA
achieved high-speed stiffness regulation (0.22 s for ks = 3010
N/m, and 0.45 s for ks = 7000 N/m), and the torque-stiffness
tracking tests showed an encouraging accuracy, see Table II.
Our study showed that the LVSA has several limitations: 1)
the nominal output torque is relatively limited; 2) unit B might
be moved passively if the external torque exceeds the holding

Authorized licensed use limited to: University of Leeds. Downloaded on March 25,2023 at 13:00:55 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

WANG et al.: LIGHT-WEIGHT SERIES ELASTIC ACTUATOR WITH VARIABLE STIFFNESS 9

torque of motor B; 3) the tendon force of the Bowden cable
of unit B not only produces a driving torque for the stiffness
adjuster but also generates a resistance torque against the base
plate shaft, which reduces the energy efficiency of motor B
and limited the stiffness adjustment range. Future work will
be adding velocity feedback for antidisturbance and advanced
control and optimizing the mechanical structure of the LVSA
to improve the performance of the actuator, such as developing
a self-locking mechanism for motor B, designing a decoupling
mechanism, by which the tendon force of Bowden cable of unit B
always points to the rotary center of the base plate shaft resulting
in zero resistance force and higher energy efficiency of motor B.
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