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Abstract—Stroke-induced motor impairment often results in
substantial loss of upper-limb function, creating a strong demand
for rehabilitation robots that enable safe and transparent physical
human-robot interaction (pHRI). Variable stiffness actuators are
well suited for such applications. However, in most existing de-
signs, stiffness is coupled with the deflection angle, complicating
both modeling and control. To address this limitation, this paper
presents a variable stiffness actuator featuring decoupled stiffness
and output behavior for rehabilitation robotics. The system inte-
grates a variable stiffness mechanism that combines a variable-
length lever with a hypocycloidal straight-line mechanism to
achieve a linear torque-deflection relationship and continuous
stiffness modulation from near zero to theoretically infinite. It
also incorporates a differential transmission mechanism based on
a planetary gear system that enables dual-motor load sharing.
A cascade PI controller is further developed on the basis of the
differential configuration, in which the position-loop term jointly
regulates stiffness and deflection angle, effectively suppressing
stiffness fluctuations and output disturbances. The performance
of prototype was experimentally validated through stiffness
calibration, stiffness regulation, torque control, decoupled char-
acteristics, and dual-motor load sharing, indicating the potential
for rehabilitation exoskeletons and other pHRI systems.

Index Terms—Rehabilitation robotics, variable stiffness actu-
ators, physical human-robot interaction, mechanism.

I. INTRODUCTION

TROKE-INDUCED neuronal damage significantly im-

pairs upper limb motor function, potentially resulting in
hemiplegia [1]. In recent years, rehabilitation robotics have
emerged as efficient and user-friendly tools for promoting
recovery [2], [3]. Since rehabilitation involves direct interac-
tion with individuals affected by motor impairments, actuator
safety and transparency are essential for effective physical
human-robot interaction (pHRI) [4], [5].

To enhance the performance in robotic devices, numerous
studies have focused on incorporating compliance into actu-
ators [6]. A well-established method is the active strategy,
which emulates mechanical compliance by integrating sensory
feedback with torque/force control [7]. However, ensuring its
robustness during interaction may be challenging, particularly
under conditions such as sensor failure or low sampling
frequency [8]. This limitation has motivated the development
of passively compliant actuators with inherent safety, including
Series Elastic Actuators (SEAs) and Variable Stiffness Actua-
tors (VSAs) [9]. By incorporating elastic elements, SEAs offer
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benefits including low mechanical impedance, reduced re-
flected inertia, passive energy storage, and enhanced tolerance
to impact loads [10]. Nevertheless, the fixed stiffness profiles
of these actuators create a trade-off between torque control
bandwidth and output impedance, restricting their dynamic
adaptability in complex tasks and varying scenarios [11]. In
contrast, the controllable stiffness of VSAs offers a promising
solution to overcome this limitation [12].

Due to the need for simultaneous torque transmission
and stiffness variation, VSAs typically adopt a dual-motor
architecture [13]. A common approach for varying stiffness
involves adjusting the spring preload, which generally requires
specialized components with curved or inclined surfaces for
spring compression, as exemplified by MACCEPA 2.0 [14],
TPS-VSA [15], and RVSA [16]. Furthermore, inspired by
the human musculoskeletal system, antagonistic systems are
employed for preload adjustment, utilizing opposing mo-
tors to collaboratively modulate stiffness and output torque
[17]. Although variable stiffness methods based on adjustable
preload are effective in practical applications, they have certain
limitations. First, the joint cannot achieve complete rigidity.
Second, when the spring is compressed or stretched, the stored
potential energy cannot be directly utilized at the actuator
output until the preload is released, significantly reducing the
actuator’s energy efficiency [18], [19].

The variable lever mechanism is another approach to im-
plementing variable stiffness. A typical lever consists of three
principal points: the spring point, the pivot point, and the
load point [20]. By integrating an additional motor in series
to adjust the lever ratio of the load point and spring point
relative to the pivot point, the spring compression resulting
from the output torque can be directly controlled [21]. Ex-
amples of actuators employing this design include AWAS
[19], HVSA [22], REGT-VSA [23], and CRM-VSA [24].
In this series configuration, the VSAs typically employ a
stiffness motor significantly smaller than the position motor
to improve compactness [25]. However, a notable drawback
is that the output power depends entirely on the capacity of
the position motor, which limit the overall performance of
the actuator. To overcome this limitation, a parallel linkage
mechanism has been adopted in [26], enabling both motors
to contribute simultaneously to output power. Moreover, as
maintaining stiffness does not consume additional energy, the
parallel configuration demonstrates superior energy efficiency
[91, [27].

However, the aforementioned VSAs commonly exhibit a
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significant drawback: a strong coupling between stiffness and
output torque [28]. Specifically, maintaining constant stiffness
during torque output requires continuous adjustment of the
stiffness setting, as the deflection angle inherently affects the
characterized stiffness [29]. This coupling complicates the
modeling and control processes, especially in applications
requiring stable and precisely maintained output stiffness. In

[22] and [23], the stiffness modeling process neglects the

influence of the deflection angle. While this simplification

might be acceptable for small deflection angles, the discrep-
ancy between actual stiffness and model predictions increases
significantly as the deflection angle grows.

To address these issues, this paper proposes a VSA with
decoupled stiffness and output characteristics, referred to as
the DSO-VSA, which integrates a novel Variable Stiffness
Mechanism (VSM) and a Differential Transmission Mecha-
nism (DTM). The main contributions of this paper are as
follows:

1) Design of a lever-based VSM that decouples stiffness from
the deflection angle via a variable-length arm and employs
a hypocycloidal straight-line mechanism to achieve linear
torque-deflection angle behavior and wide-range continu-
ous stiffness modulation.

2) A DTM based on a planetary gear system is developed,
which combines the power of two motors at the output
according to a predefined ratio, thereby enhancing power
density and output torque capability.

3) A cascade PI controller is proposed, in which the position-
loop term directly applied to stiffness and deflection angles,
thereby mitigating undesired stiffness fluctuations and out-
put disturbances.

The remainder of this paper is organized as follows. Section
IT describes the mechanical design of the DSO-VSA. The
design of the cascade PI controller will be introduced in
Section III. The prototype design and the hardware setup are
described in Section I'V. Experiments are conducted in Section
V to verify the performance of the DSO-VSA. Finally, the
discussion and conclusion are given in Section VL.

II. MECHANICAL DESIGN

The mechanical design of the DSO-VSA will be presented
in this section. The main concept of the DSO-VSA is a
variable stiffness actuator with decoupled stiffness and output
characteristics, as shown in Fig. 1. The innovative mechanical
design primarily consists of the VSM and the DTM. The VSM
incorporates a variable lever mechanism and a hypocycloidal
straight-line mechanism. The former utilizes a variable-length
arm to establish a linear torque-deflection angle relationship,
thereby simplifying modeling and control, while the latter
ensures a sufficient wide stiffness range. Moreover, the DTM
adopts a planetary gear system, allowing the rotation of both
motors to influence stiffness variation and torque output,
thereby combining power from both motors at the output
according to a predefined ratio.

A. Design of the Variable Stiffness Mechanism

The stiffness of the VSM is provided by the linear spring,
and its variation results from changes in the lever ratio caused
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Fig. 1. CAD model of the DSO-VSA.

by adjusting the pivot position, as shown in Fig. 2. The VSM
mainly consists of a pair of spring blocks, an output block, a
lever arm, and a hypocycloidal straight-line mechanism. Each
spring block is connected to the left end of the lever arm at
point A, while the output block is connected to the right end
at point B. Based on the characteristics of the hypocycloidal
straight-line mechanism, the pivot can move along the lever
arm from point A to point B, enabling continuous stiffness
variation from nearly zero to infinity, as shown in Fig. 2(b)
and 2(c).

In the VSM, the characterized stiffness ¢ is determined
by the spring stiffness k,, the pivot position [, the total
stroke of the pivot l;, and the reference circle radius of the
gear shaft r,. In the actual system, k,, [;, and r, typically
remain constant. Therefore, the characterized stiffness can be
regulated by adjusting /s based on the hypocycloidal straight-
line mechanism, which mainly consists of an internal gear
and a pivot gear with a pivot pin, as shown in Fig. 2(d). The
internal gear rotates around its own center, while the pivot
gear not only rotates independently but also revolves around
the center of the internal gear. To ensure that the motion
trajectory of the pivot pin follows the hypocycloidal straight-
line characteristics, the reference circle radius of the pivot gear
rg is set to half that of the internal gear Ry, i.e., Ry = 2r.
Therefore, I; can be expressed as follows:

ls =Ry (1 — COS Opi'uot) (D

where 0,0 is the revolution angle of the pivot gear relative
to the internal gear.

The output block consists of a gear shaft and a modified
rack. The gear shaft is optimally designed to engage with the
modified rack, thereby converting rotational motion of the gear
shaft into linear motion of the modified rack along the spring
compression direction. Assuming that under the external load
torque 7, the deflection angle between the compression state
of the gear shaft and the position of the internal gear is 6, =
0o — Opos, the translational distance of the modified rack hy,
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Fig. 2. The principle of the VSM. (a) The analysis of the decoupled stiffness
and output characteristics. (b) Zero stiffness with {5 = 0. (c) Infinite stiffness
with s = l¢. (d) The analysis of hypocycloidal straight-line mechanism.

and 7 can be expressed as follows:
hp - 07’ cTr (2)
T=F, 1, 3)

where I}, is the force acting on the modified rack, and the
corresponding compression length and elastic force of the
spring are denoted as hg and Fj, respectively. Additionally,
if w. and w, represent the effective lever arm length and the
total lever arm length, respectively, then based on the principle
of equilibrium moment at the fulcrum and the similar triangles,
the following two equations can be derived:
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where k,, is the equivalent compression stiffness of the mod-
ified rack. Therefore, 7 can be expressed as follows:

I, 2
T—FTT—TGk (6)
I — s

Thus, § can be expressed as follows:

2 Ls ’

0 =riks (lt —y > 7
because 6 = O7/00,. (7) indicates that the characterized
stiffness is proportional to 72 and ks but is independent of
0-. When r,, kg, and [; remain constant, the stiffness depends
solely on [s. Specifically, when [ = 0, the pivot position is
located at point A, and the stiffness is zero, as shown in Fig.
2(b). Conversely, when [, = [;, the pivot position shifts to
point B, and the stiffness is nearly infinity, as shown in Fig.
2(c). According to the spring selection principle proposed in
[30], a pair of compression springs with a stiffness of 81.7
N/mm and a maximum deflection of 6 mm is selected. Based
on these parameters, the curve of § as a function of /5 is shown
in Fig. 3(a).

Additionally, it is important to note that when the stiffness
is very small, a large deflection angle occurs for a given
load torque, which is unreasonable for robot joint constrained
by mechanical interference. The relationship between the
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Fig. 3. (a) The stiffness § versus ls. (b) The maximum deflection angle
07 masx versus ls, when ls < 26, 0r mas is limited by mechanical
interference, when 60 > ls > 26, 0+ maz is constrained by the maximum
deflection of the spring.
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Fig. 4. The mechanical composition of the VSM.

maximum deflection angle 6 ,,,, and [; can be expressed
as follows:

Iy — I
= h&maa: i (8)

Tr TZS
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where hy, e is the maximum displacement of the modified
rack, and hg maz 1S the maximum deflection of the spring.
In the proposed VSM, due to the constraints of a compact
mechanism, 6, q4 is set to 30°, corresponding to Ay mar =
7.85 mm for a minimum pivot position [, = 0. The relationship
between 0,4, and [s is shown in Fig. 3(b). When [, < 26
mm, 0 4, is limited by mechanical interference, whereas for
26mm < I, < 60mm, 6 4, is constrained by the maximum
deflection of the spring.

The mechanical composition of the VSM is shown in Fig. 4.
The key to achieving the characteristic of decoupling stiffness
from output lies in two aspects. First, during system rotation,
both the total lever arm length and the effective lever arm
length must be variable. Second, the rotation joint centers of
points A, B, and the pivot must be aligned with the direction
of the lever arm, as shown in Fig. 2(a).

The spring block consists of a linear compression spring, a
spring support, and a constraint shaft. One end of the spring
is fixed to the spring support, while the other end can be
compressed by the torque block along the torque guide. The
torque block is connected to the left end of the lever arm
through a pair of bearings, allowing free rotation of the lever
arm. The right end of the lever arm features a straight groove,
which engages with the bearing mounted at the top and bottom
of the modified rack to provide rotational and translational



constraints. Additionally, a pair of linear bearings is installed
at the right end of the modified rack, working with a pair of
constraint shafts to maintain linear motion along the spring
compression direction. Consequently, regardless of the gear
shaft’s rotation, the proposed VSM maintains a consistent lever
ratio, thereby decouple stiffness from deflection angle.

B. Design of the Differential Transmission Mechanism

In the VSM, the stiffness and output torque are governed
by two degrees of freedom (DoFs): the position of the internal
gear 0,5 and the revolution angle of the pivot gear relative to
the internal gear 6p;,0:. These two parameters correspond to
the dual outputs of the DTM, which is based on a planetary
gear system with differential drive. This configuration enables
both motors to contribute to stiffness variation and power
output, as shown in Fig. 5.

The planetary gear system primarily consists of four parts:

the ring gear, the sun gear, the planet gears, and the carrier. In
the proposed DTM, the ring gear is designed with both internal
and external teeth, where the internal teeth mesh with the
planet gears, and the external teeth are driven by a driving gear
mounted on the shaft of Motor 1 (M1). The sun gear, driving
shaft, and pivot platform are coaxially fixed via a mortise-
and-tenon structure, enabling them to rotate synchronously
under the drive of Motor 2 (M2). Driven simultaneously by
the ring gear and sun gear, the planet gears exhibit both
self-rotation around their own axes and revolution around
the sun gear. The carrier, connected to multiple planet gears
via bearings, converts the planet gears’ revolution into the
carrier’s rotation. The kinematical diagram of the planetary
gear system’s transmission is shown in Fig. 5(b). Therefore,
the rotation radius of the planet gears r, and the carrier 7,
can be expressed as follows:
R2 T,rC:R;T )
where R and r are the reference circle radii of the internal teeth
of the ring gear and the sun gear, respectively. As shown in Fig.
5(c), since the planet gears mesh with both the ring gear and
the sun gear, the rotation angles of the ring gear 6,., sun gear
05, planet gears 6,,, and carrier 6. are not entirely independent.
Based on the principle of gear transmission, which states that
the arc length of the contact points of two meshing gears is
equal, the following constraint can be obtained as follows:

rp =

0. R =0.rc+0prp
{ Osr = Ocrc — Oprp (10)
Then, 0, and 0. can be expressed as follows:
0.R—0sr 6,R—0sr
0 — T S — T S 1 ]
P 27y, R—r (an
0, R+0sr 60,R+6,r
0. = = 12
2r, R+r (12)

(12) indicates that the rotation angle of the carrier is a
weighted average of the rotation angles of the ring gear and
the sun gear, with weights proportional to their respective
reference circle radii. Additionally, it should be noted that the
coordinate system of 0, is absolute. Therefore, when taking
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Fig. 5. Basic concept of the DTM. (a) CAD model. (b) The kinematical
diagram. (c) The schematic.

the sun gear as the reference coordinate origin, the relative
rotation angle of the planet gears 6., can be expressed as

follows:
R (6, — 0y)

R4

Therefore, when the rotations of the ring gear and sun gear
serve as Input 1 and Input 2 of the DTM, the two outputs
of the DTM-corresponding to the two DoFs of the VSM-are
linearly coupled, as follows:

oc,s = 0(; - 05 = (13)

Opos | b | | a 1l-a 0,
el R P [ B
h
where R s
R4

Similarly, the torque distribution of the planetary gear
system can be derived. Assuming the input torques of the
ring gear and the sun gear are 7, and T, respectively. When
the system is in equilibrium, the following constraint can be
obtained as follows:

Tr — F BR = 0
{ - F AT = 0

where F4 and Fp are the forces exerted on the planet gears
by the ring gear and the sun gear, respectively. Assuming the
output torque of the carrier is 7., since the rotation of the
planet gears and the carrier are in equilibrium, the condition
F4 = Fp must hold, and the sum of the external forces acting
on the carrier must be zero, as follows:

(16)

Te
< 4 FA+Fp=0

c

7)

Therefore, the torques acting on the ring gear, sun gear, and
carrier satisfy the proportional relationship as follows:
Te=—R:—r:(R+r)

Since the rotation of the carrier follows (12), the power
distribution of the DTM is as follows:

P.:P,:P.=QR:wr: (QR+wr)

(18)

Tr + Ts -

(19)

where P, Ps;, and P, are the output power of the ring
gear, the sun gear, and the carrier, respectively. 2 and w
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Fig. 6. Block-diagram of the proposed cascade PI controller.

are the rotation velocities of the ring gear and the sun gear,
respectively. (19) indicates that the output power of the carrier
is distributed between the ring gear and sun gear in a designed
ratio. This ratio depends not only on the reference circle
radii of the ring gear and sun gear but also on their rotation
velocities. Therefore, based on the planetary gear system,
the DTM enables both motors to jointly contribute to power
output, endowing the DSO-VSA with dual-motor load sharing
capability.

III. TORQUE CONTROLLER DESIGN

When the DSO-VSA is in the compliant state (I; < 60
mm), a modified cascade PI controller incorporating feedback
from each motor is designed. Unlike traditional cascade PI
controllers that directly generate control signals based on the
feedback stiffness and torque signals, the modified cascade
PI controller proposed in this paper utilizes the established
kinematic model to equivalently transform stiffness and torque
regulation into position control tasks, as shown in Fig. 6.

Specifically, based on (14), the desired stiffness angle
Opivot,a and the desired deflection angle 6, 4 = (6o — Opos)d
can be calculated according to the desired stiffness §; and
the desired output torque 74. The cascade PI controller is to
control the rotation of the two motors based on the established
kinematic model to track 0;,0t,¢ and 6, 4. However, the set
point control method introduced in [22] lacks consideration of
velocity variables during rotation, which may lead to undesired
stiffness variations and torque fluctuations, posing potential
safety risks. Therefore, the proposed controller directly applies
the position-loop control term to stiffness angle and deflection
angle regulation processes, as shown below:

A ks i
Hpivot,d = (kstp + St ) (Hpivot,d - epivot) (20)

97’,11 = <kpp + k?) (GT,d - 07‘) 21
where s is the Laplace operator. 0.m-wt7d and 9.”1 are the
desired stiffness variation velocity and desired rotation ve-
locity, respectively. In the DTM, the synchronous rotational
component of the ring gear and the sun gear generates the
output torque, while their differential component causes stiff-
ness variation. Therefore, the two motors must proportionally

allocate the rotation velocity adjustments induced by torque
generation and stiffness variation. The specific relationship is
as follows:

wm1,a = n1flq = Ny (@,d - épivot,d) (22)
. ro.
WM2,d = NoWq = N2 (97,(1 + E@n‘wt,d) (23)

where n1 and no are the transmission ratios from the ring
gear to M1 and from the sun gear to M2, respectively. The
velocity-loop PI controllers for the two motors are as follows:

kvi

up = (k'upl + 81) (Wnp1,d — wart) 24
kv’iQ

U = | kyp2 + p (Whr2,d — war2) (25)

where wpr1,q and wpr, as well as waroq and wpre, are
the desired and actual rotation velocities of M1 and M2,
respectively. Then, the control laws for the two motors can
be expressed as follows:

kvi k 7
Uy = (kvpl + 81) {711 |:(:Z€pp + g) (97—7d — 97-)

k .
- (kstp + ?) (Hpi'uot,d - apiwot):l — WMm1

kyi ki
Uz = <kvp2 + 82> {n2 |:(k;pp + g) (ar,d - 07’)

r ks i
+E (kstp + ;) (epivot,d - 9piv0t)j| - W]WQ}

(26)

27)

IV. PROTOTYPE DESIGN

The prototype of the DSO-VSA, which features decoupled
stiffness and output characteristics, is shown in Fig. 7(a). This
prototype consists of a VSM and a DTM. Within the VSM,
stiffness is provided by a pair of rectangular springs, each
possessing a stiffness coefficient of 81.7 N/mm. Due to the
constraints of a compact mechanism design, the internal gear’s
reference circle radius is set at 30 mm, which also defines the
maximum stroke of the pivot. In the DTM, the reference circle
radii of the ring gear and sun gear have a ratio of 2:1 (36 mm
: 18 mm), indicating that under constant stiffness conditions,
their contributions to the output power also follow this 2:1
proportion.
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Fig. 7. The prototype of the DSO-VSA and the experimental setup.

To provide sufficient torque, the total transmission ratio
between the 150W M1 (EC Frameless DT50-M, Maxon Motor
AG, Sachseln, Switzerland) and the ring gear is set to -100:1,
whereas the transmission ratio between the 80W M2 (EC60
Flat, Maxon Motor AG, Sachseln, Switzerland) and the sun
gear is 50:1. Driven by these two motors, the DSO-VSA
delivers a nominal torque of 55.5 Nm and a nominal rotation
velocity of 43 RPM. Two encoders, each with a resolution of
8.8x 1072 °/pulse, measure the positions of the driving gear
and the driving shaft. All characteristics of the DSO-VSA are
summarized in Table I.

TABLE I
DSO-VSA CHARACTERISTICS

Parameter Value Unit
Nominal torque 55.7 N-m
Range of motion (fpos) +180 deg
Spring stiffness (k) 81.7 kN/m
Range of stiffness (d) (0, o) Nm/deg
Max. deflection angle 30 deg
Nominal rotation velocity 43 rpm
Stiffness variation time 0.82 S

Max. elastic energy 1.47 J
Weight (without motors) 1.24 kg

V. EXPERIMENTS AND RESULTS

To evaluate the performance of the DSO-VSA, an experi-
mental platform was established, as shown in Fig. 7(b). The
platform consists of a DSO-VSA prototype, an RIO device, a
DC power supply, an output link, a force/torque sensor and two
drivers. The experiments include stiffness calibration, stiffness
regulation, torque tracking and step response, and evaluation of
the decoupled characteristics and the dual-motor load sharing
capability. Five trials were done for each setup.

A. Stiffness Calibration

The pivot position of the VSM can be regulated between 0
mm and 60 mm, corresponding to a theoretical stiffness range
from O to nearly infinity. In the stiffness calibration experi-
ment, the relationship between output torque and deflection
angle was measured, with the pivot position adjustment step
set to 5 mm within the defined boundary conditions. Since the
maximum deflection angle described in Section II, is limited

by the mechanical interference or the maximum deflection
of the spring, the desired deflection angle under each pivot
position step is set to 80% of the maximum deflection angle.
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Fig. 8. Stiffness calibration experiments. (a) Torque-deflection angle curves
of the DSO-VSA across 5 selected stiffness values. (b) Characterized stiffness
varies with the change in pivot position.

For clarity, 5 out of 11 experimental curves were selected
for display, as shown in Fig. 8(a). The dashed lines represent
experimental data, while the solid lines indicate theoretical
results. The experimental results show that the output torque
exhibits an approximately linear relationship with the deflec-
tion angle, primarily due to the decoupling characteristics
between stiffness and output torque. Additionally, when the
torque variation trend reverses (e.g., from increasing to de-
creasing), slight hysteresis and deviations appear in the curves.
This phenomenon is likely caused by component frictions,
while machining errors and gear backlash may also contribute
to it.

Fig. 8(b) show the stiffness variation at different pivot
positions. The red circles represent stiffness values calculated
from the slope of the torque-deflection angle curve for each
fitted dataset. The experimental curve is fitted while the theo-
retical curve is derived from (7). The close correlation between
experimental results and theoretical predictions verifies the
accuracy of the model. Therefore, in future applications with
different spring configurations, the stiffness curve of the DSO-
VSA can be directly predicted based on the theoretical model
without the need for experimental validation.

B. Stiffness Regulation

The stiffness of the DSO-VSA is determined by the pivot
position. To clearly demonstrate the capability of the DSO-
VSA to vary stiffness across its entire operational range,
I, is selected as the stiffness characteristic index, where
the movement of [; within the range of 0 mm to 60 mm
corresponds to a stiffness variation from O to infinity. Fig. 9(a)
and 9(b) show the sinusoidal signal tracking and step response
of I, respectively. The amplitude of the sinusoidal signal is
30 mm with a frequency of 0.5 Hz. Meanwhile, the input step
of the step response is 60 mm, representing the adjustment
range from the minimum stiffness to the maximum stiffness.
In the sinusoidal signal tracking experiment, the root mean
square (RMS) error of /5 is 0.09 mm. In the step response
experiment, the 90% rise time is 0.824 + 0.028 s (mean +
s.d.). In addition, after the step response rises to 60 mm, a
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Fig. 9. The stiffness regulation experiment, where [, is selected as the stiffness
characteristic index, with the movement of /5 from 0 to 60 mm corresponding
to a stiffness variation ranging from 0 to infinity. (a) Sinusoidal signal tracking.
(b) Step response.

slight drop in pivot position followed by a rapid return to
the set value is observed. This phenomenon is attributed to
the motion characteristics of the hypocycloidal straight-line
mechanism, which induce a reversal in the overshoot direction
of the pivot position.

C. Torque Control Performance

The torque control performance of the DSO-VSA equipped
with the modified cascade PI controller is evaluated through
the sinusoidal torque tracking and the step response, as shown
in Fig. 10. To explore the effect of different stiffness param-
eters on torque control performance, two stiffness levels are
set as experimental conditions: low stiffness (s = 30 mm,
6 = 0.321 Nm/°) and high stiffness (s = 45 mm, § = 2.888
Nm/°). Under these two stiffness conditions, sinusoidal torque
tracking and step response are conducted, respectively. In the
torque tracking experiment, a sinusoidal torque signal with an
amplitude of 7 Nm and a frequency of 0.5 Hz is applied, while
in the step response experiment, the step input is set as 7 Nm.

The results of torque tracking experiment are shown in
Fig. 10(a). Under the low stiffness condition, the RMS error
of the sinusoidal torque tracking is 0.32 Nm, whereas under
the high stiffness condition, this error increases to 0.89 Nm.
This significant increase primarily due to the elevated stiffness
amplifies the torque error caused by the system response time
and assembly clearance. Fig. 10(b) shows the results of the
step response. Compared with the low stiffness condition,
where the 90% rise and fall times are 0.208 + 0.012 s and
0.154 + 0.016 s, respectively, these times are reduced to 0.116
£ 0.008 s and 0.078 £ 0.011 s under the high stiffness condi-
tion. This decreased trend is mainly attributed to the reduced
deflection angle required to reach the same desired torque with
increased stiffness, thereby shortening the necessary motion
time. Additionally, the fall time is significantly shorter than
the rise time, which may be attributed to the system needing
to overcome the load torque during the step-up process.

D. Decoupled characteristics

To validate the advantages of the decoupled stiffness and
output characteristics of the DSO-VSA, we reproduced the
HVSA prototype described in [22] and conducted comparative
experiments, as shown in Fig. 11. In contrast to the original
study, the modeling process for the reproduced HVSA in this
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Fig. 10. Experimental results of the torque control performance under low
stiffness (left) and high stiffness (right). (a) Sinusoidal torque tracking with
frequency of 0.5 Hz and amplitudes of 7 Nm. (b) Step response with step
input of 7 Nm.

work did not neglect the influence of the deflection angle
on stiffness. Both prototypes were controlled under the same
controller described in Section III, with constant stiffness,
and tasked with tracking a sinusoidal torque signal of 7 Nm
amplitude and 1 Hz frequency. During the experiment, motor
positions were recorded in real time to calculate the moment
arm (pivot position) and deflection angle, as shown in Fig. 12.

Fig. 11.

The prototype of the HVSA (left) and the DSO-VSA (right).
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Fig. 12. Experimental validation of decoupled characteristics, where the
moment arm (pivot position) and deflection angle during output are compared
between (a) HVSA and (b) DSO-VSA.

Fig. 12(a) shows the experimental results of the HVSA.
Due to the inherent coupling between stiffness and output,



the deflection angle variations compel the moment arm to
adjust in order to maintain constant stiffness, resulting in
frequent torque fluctuations. Meanwhile, dynamic variations
in the moment arm significantly influence the deflection angle,
causing it to exhibit an approximately triangular waveform. In
contrast, the DSO-VSA, which features decoupled stiffness
and output characteristics, exhibits smoother and reduced
torque fluctuations due to its constant pivot position. These
results further confirm that the decoupled characteristics en-
hances the stability of torque control.

E. Dual-Motor Load Sharing

For a VSA whose output depends exclusively on the posi-
tion motor, the nominal output power is typically much lower
than the motor’s power due to inherent transmission efficiency
losses. To verify the dual-motor load sharing capability of
the DSO-VSA, experiment was conducted in which the DSO-
VSA rotated within its maximum deflection angle range at an
extremely low velocity while maintaining constant stiffness.
Throughout the experiment, motor currents were continuously
monitored. The corresponding input torques for the ring gear
(RG-T) and sun gear (SG-T) were calculated by applying
the torque constants and accounting for the total transmission
ratio. Fig. 13 shows the data of RG-T, SG-T, and the torque
measured by the F/T sensor, along with the ratio of RG-T to
SG-T. The experiment results shows that as the output torque
increased, both RG-T and SG-T increased proportionally,
which is consistent with theoretical expectations. Notably, the
sum of RG-T and SG-T was significantly higher than the
measured output torque (F/T Sensor). This discrepancy can
be primarily attributed to two main factors: first, mechanical
friction caused the motors to bear additional torque loads.
Second, part of the motor current was consumed to overcome
internal motor energy losses, including copper loss, iron loss,
and other inefficiencies.
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Fig. 13. Verification of the dual-motor load sharing capability, where RG-
T and SG-T denote the calculated torques of the ring gear and sun gear,
respectively. The torque ratio is defined from RG-T to SG-T.

VI. DISCUSSION AND CONCLUSION

In this paper, a variable stiffness actuator with decoupled
stiffness and output characteristics, called DSO-VSA, is pro-
posed for rehabilitation robotics. The mechanism of the DSO-
VSA mainly consists of a VSM and a DTM. The proposed

VSM utilizes a linear cycloidal mechanism, allowing continu-
ous stiffness variation from zero to nearly infinity by adjusting
the pivot position. Crucially, the VSM fully decouples stiffness
from output characteristics, significantly enhancing stiffness
control and torque output performance. Meanwhile, the DTM,
employing a planetary gear system, provides the DSO-VSA
with dual-motor load sharing capabilities, thereby overcoming
the limitations inherent in single-motor configurations. DSO-
VSA is guided by a series of mechanical objectives, as shown
in Table L.

To further validate the capabilities of the proposed proto-
type, a comparison between the DSO-VSA and several well-
known VSAs is given in Table II. Similar to AWAS-II [31],
the DSO-VSA provides stiffness range from zero to infinity.
However, unlike AWAS, the DSO-VSA achieves decoupling
between stiffness and deflection angle by configuring a vari-
able total length of the lever arm while maintaining a constant
rack motion direction. This decoupling characteristic results
in a linear torque-deflection angle relationship, significantly
simplifying system modeling and control complexity. It is
worth noting that the stiffness-pivot position curve can be
easily modified by adjusting certain design parameters (e.g.,
spring material and elastic coefficient, pivot’ total stroke, etc.)
to accommodate different application scenarios.

An essential motivation behind designing this VSA is to
facilitate easier driving of rehabilitation exoskeleton joints.
Accordingly, the nominal torque of the DSO-VSA is 55.7
Nm, and the nominal velocity can reach up to 258 deg/s.
Since the nominal torque can be increased by using a larger
ratio reducer, even when considering the need for nominal
velocity, motors with greater power ratings can be utilized. To
effectively evaluate motor efficiency in terms of their contribu-
tions to output power, we define the Power Transmission Ratio
(PTR) as the ratio between the nominal actuator output power
under constant stiffness conditions and the combined nominal
output power of both motors. All VSAs are compared using
this parameter. Benefiting from the dual-motor load sharing
capability enabled by the DTM, the DSO-VSA achieves a PTR
of 97.8%. This indicates that, when the product of nominal
torque and nominal velocity is used as a performance metric,
the DSO-VSA exhibits a 96% improvement over the HVSA
under identical total motor power conditions. Moreover, this
performance advantage becomes even more pronounced when
the HVSA employs a larger motor dedicated to stiffness
variation.

Moreover, since the rotation of each motor simultaneously
affects both stiffness variation and torque output, traditional
set position control method lack dynamic consideration of
state variables during the rotation process. To address this
limitation, we designed a cascade PI controller wherein the
position-loop control term directly regulates both the stiffness
and output torque. Subsequently, a series of experiments
were conducted to validate the actuator’s stiffness calibration,
stiffness regulation, torque control performance, and dual-
motor load sharing capability.

Despite the promising results, the proposed DSO-VSA
has several limitations. Firstly, due to the trade-off between
achievable output torque and the mechanical strength required



TABLE 11
COMPARISONS OF DIFFERENT VSAS

Actuator RS(Nm/°) PTR(%) RM(°) RDA(°) NT(Nm) SVT(s) MES() DSO
SVSA [21] 0.030-2.628 83 +£180 +£45 9.46 - 3.7 No
HVSA [22] 0.070-2.200 50 +£45 +£30 8.5 0.16 0.86 No
REGT-VSA [23] 0.349-41.225 78.9 £180 £10.7 22 0.5 4.1 No
AWAS [19] 0.524-22.689 - £120 14 10.75 2.5 35 No
AwAS-II [31] 0-00 - £150 £17 10.75 35 5.8 No
vsaMGR [32] 1.414-10.594 93 £180 +35 15 1.1 1.1 No
vsaUT-II [33] 0.7-948 88 +£28.6 +£40.1 15 0.78 0.19 No
DSO-VSA 0-00 97.8 +£180 +£30 55.7 0.82 147 Yes

Note: RS: Range of stiffness, PTR: Power transmission ratio, RM: Range of motion, RDA: Range of deflection angle, NT: Nominal torque, SVT: Stiffness
variation time, MEE: Maximum elastic energy, DSO: Decoupled stiffness and output.

of internal components, the overall weight of the DSO-VSA
is relatively high. Secondly, positioning the pivot point closer
to the load contact point significantly increases the stiffness
variation rate but leads to a notable reduction in resolution,
mainly due to the motion characteristics associated with the
variable lever ratio. Although this issue can be partially
mitigated by increasing the pivot’s total stroke or selecting a
spring with alternative stiffness properties to shift the desired
stiffness into a higher-precision region, extending the pivot
stroke substantially prolongs the stiffness adjustment time.
Additionally, the designed DSO-VSA prototype inherently
demonstrates low-velocity, high-torque output characteristics,
which is suitable for rehabilitation applications. However, for
scenarios demanding extensive stiffness adjustments and rapid
position tracking, this limited velocity restricts the actuator’s
performance. This limitation can be effectively addressed by
reducing the gear ratio or utilizing a higher-power motor. Con-
sequently, The core contribution of this work lies in proposing
a unified solution that achieves stiffness-output decoupling and
enables generalized dual-motor load sharing via a planetary
gear mechanism.

In future work, we will focus on parameter optimization and
modular design to further enhance the DSO-VSA’s overall per-
formance. Additionally, we plan to investigate its integration
into exoskeleton systems for shoulder and elbow rehabilitation.
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