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Abstract— In this paper, we introduce a new type of compliant actuator named the Parallel Variable Stiffness Actuator
(PVSA) which consists of a variable stiffness spring placed
in parallel with a direct-drive motor. Parallel variable stiffness actuators provide (i) high-fidelity force control and (ii)
controllable energy storage, as they inherit the benefits of
direct-drive motors and variable stiffness springs. We present
a compact design of the PVSA using a flat motor connected
to an adjustable mechanical advantage torsional spring. We
show that this PVSA is (1) not subject to the fundamental
force control bandwidth limitation of series elastic and variable
stiffness actuators, and most notably, (2) enables resonant
energy accumulation despite the limited deformation of the
spring and the constrained motion of the load attached to
the actuator. The latter differentiates parallel variable stiffness
actuators from fixed-stiffness parallel elastic actuators. PVSAs
may be used with smaller direct-drive motors to match the peak
power of larger motors without compromising force control
fidelity. PVSAs may be used to implement resonant forcing
under joint angle limitations in walking, jumping, running,
swimming robots, or robotic exoskeletons used to augmented
human motion in the aforementioned tasks.

I. I NTRODUCTION
Compliant actuators have demonstrated potential in the
areas of industrial robot safety, rehabilitation devices, and
mobile robots [1]. One of the most common compliant
actuators is the Series Elastic Actuator (SEA); in its most
basic arrangement, the SEA is the addition of an elastic
element (e.g. a spring) between the load and the primary
actuator (e.g. a motor) [2]. The passive compliance of the
spring functions to protect the primary actuator (typically
highly geared) from shock loads, allow safe force control
of the load, and store elastic potential energy [3]. SEAs
can be found in devices such as as ankle prostheses [4],
knee prostheses [5], and powered arm exoskeletons [6].
One modification the SEA is the Variable Stiffness Actuator
(VSA), in which a Variable Stiffness Spring (VSS) is used
in place of a fixed-stiffness spring [7]. The variable passive
compliance allows for control of frequency response and
actuation speed, and has been used in ankle exoskeletons
[8], [9] and robotic joints [10]. However, series compliant
actuators have a few pitfalls that limit their practicality in human augmentation and robotic devices: (i) it is energetically
expensive to generate force without motion, (ii) all force
generated by the motor must first pass through the spring,
which limits the force control bandwidth of the actuator.
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Fig. 1.

Prototype parallel variable stiffness actuator.

Because of these limitations, SEAs and VSAs are not well
suited for high-energy tasks.
For most actuators, there is a trade-off between torque
density and compliance. Gears are typically used to increase
the torque density of electric motors, but come with the cost
of lower efficiency, reduced precision, and slower response
times [2]. Thus, it is desirable to minimize the gearing when
possible. Recent developments of torque-tense motors have
enabled the use of low gearing or even direct drive robotic
joints. For example, the MIT Cheetah [11] is a quadruped
robot which runs using highly backdrivable motors. Directdrive motors still have much lower torque density than
comparable gearmotors. One way to amplify output torque
of a motor without compromising efficiency or compliance
is to use a mechanical spring in parallel with the motor, i.e.
a Parallel Elastic Actuator (PEA). PEAs have demonstrated
lower energy consumption and peak power requirements as
compared to SEAs [12]–[15] Parallel elasticity especially
shows promise in assistive devices since the elastic elements
can offload force from the muscles; for example, a walking
exoskeleton [16] and a jogging exoskeleton [17], [18] utilized
parallel elastic elements to reduce metabolic energy cost.
One limitation for PEAs is the use of fixed stiffness springs;
fixed stiffness springs only promote efficient cyclic motion
at one resonant frequency and it is energetically expensive
to oscillate at different frequencies.
In this paper, we introduce a new class of Parallel Variable
Stiffness Actuators (PVSAs) which consist of a direct-drive
motor arranged in parallel with a variable stiffness spring
(Figure 1). The PVSA provides high fidelity force control
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Fig. 2. Compliant actuators driven by a large motor (M) that generates force and supplies energy and one small motor (m) that modulates the stiffness
of the spring in parallel variable stiffness actuators; q denotes the position of the load, x is the position of the small motor while qM is the position of the
motor in series elastic actuators.

and controllable energy storage with inherent compliance.
For cyclic motions, the PVSA has the ability to amplify
the mechanical power of the direct-drive-motor by using the
spring as a mechanical energy storage reservoir. The VSS
has the unique ability to modulate the resonant frequency
of the system; this expands the power amplification space
to include frequency modulation, instead of the more typical amplitude modulation to accumulate energy. Frequency
modulation allows for kinetic energy accumulation under
motion constraints, such as in jumping , which is important
for robots and devices subject to joint angle limitations [19].
We present a compact design of a PVSA which has
high motor power to weight ratio, high energy storage to
weight ratio, and large range of stiffness change. Our design
features a modular architecture where the variable stiffness
mechanism is connected to a motor similar to how a gearbox
is connected to a motor, and where springs with different
energy storage capacity and stiffness can be interchanged
similar to gearboxes with different gear ratios.
II. PARALLEL VARIABLE S TIFFNESS ACTUATORS
The PVSA consists of two main components placed in
parallel: a variable stiffness spring (VSS) and a direct drive
motor (DDM). A conceptual model of a PVSA is shown in
Fig. 2a together with two alternative actuators: the parallel
elastic actuator (PEA) Fig. 2b, and the series elastic actuator
(SEA) Fig. 2c.
A. Mathematical Model
In this section, we present one of the simplest models
of PVSAs. The model consists of (1) a larger direct drive
motor (M) – pure force generator – that acts on the load,
(2) a variable stiffness spring that acts on the load, and (3)
the stiffness modulating mechanism driven by a small motor
(m). The equations that govern the dynamics of the load and
the stiffness modulating mechanism are given by:
M q̈ + k(x)q = F

(1)

1 dk(x) 2
(2)
q = Fm
2 dx
where M is the mass of the load, q is the position of the
load, k is the spring stiffness, x is the position of the stiffness
modulating motor, F is the external force acting on the load,
m is the mass of the stiffness modulating mechanism while
Fm is the motor force.
mẍ +

The relation between the stiffness of the actuator k and
the position of the motor x that modulates the stiffness of
the spring, depends on the stiffness modulating mechanism
[20]. For example, the following relations
c0
c0
(3)
k(x) = c0 + c1 x, k(x) = , k(x) = 3
x
x
define the stiffness of an antagonistic stiffness modulator
[21], [22] where x is the extension of the spring, a helical
spring [23], torsional leaf-spring [24] or a bending leafspring [25] where x is the length of the spring.
B. Force Control and Resonant Forcing
In this section, we demonstrate the main benefits of
PVSAs which are (i) high fidelity force control compared
to SEAs and (ii) resonant forcing under motion constraint
when compared to PEAs.
(i) High fidelity force control: In PVSAs, the force of
the driving motor F is directly applied to the load, similar
to direct-drive actuators. Consequently, assuming an ideal
feedback loop, the force control bandwidth is infinite. In
practice, finite sampling times limit the force control bandwidth of PVSAs (Fig. 2a) the very same way as they limit the
force control bandwidth of direct-drive actuators. However,
the bandwidth is only dependent on the time constant of the
motor current dynamics while it is independent of the time
constant of the motor position dynamics. The same does
not apply to series elastic actuators (Fig. 2c) or the more
general class of variable stiffness actuators [11] (not shown in
Fig. 2), as in both of these actuators, the motor force cannot
be directly applied to the load; it can only be applied through
the spring. As a result, the force control bandwidth in series
elastic and variable stiffness actuators is determined by the
time constant of the motor position dynamics which may be
three orders of magnitude larger (fraction of a second) than
the time constant of the motor current dynamics (fraction
of a millisecond). The difference between the force control
bandwidth of a PVSA compared to a SEA (or VSA) can be
best exemplified by a task that requires resonant forcing.
(ii) Resonant forcing: Let us assume that we aim to
generate oscillatory motion of a robot limb, similar to the oscillatory motion of the hip in human running or swimming. In
this task, we may assume that the oscillations start with low
frequency, corresponding to jogging or casual swimming,
while they end at a high frequency, as in sprinting. Also, we
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Fig. 3. Resonant forcing of a linear oscillator using (a) a parallel variable stiffness actuator, (b) a parallel elastic actuator, and (c) a series elastic actuator.
The actuators are assumed to have instantaneous force generation and stiffness modulation. In the case of the SEA, the force generation is filtered through
general closed-loop positioning dynamics of the motor.

aim to achieve this task using a weak, force limited actuator,
similar to a force limited muscle, and we aim to ensure that
the amplitude of the oscillatory motion does not exceed a
set constraint which may be interpreted as a motion range
or joint angle limitation in robots or humans.
Resonant forcing is a useful method of actuation using a
fast but weak actuator. These are the main characteristics of a
typical direct-drive motor. Here we assume that bandwidth of
the ideal motor is infinite while the motor can only produce
limited force:
F ∈ [−Fmax , Fmax ].

(4)

Resonant forcing also requires a spring with sufficient energy
storage capacity. The energy storage capacity of a typical
linear spring is defined by its stiffness and the maximum
allowable deflection of the spring E ≤ Emax = 12 kq2max . Here
we assume that the stiffness of the spring can be changed in
a finite range and that the deflection of the spring is limited
k ∈ [kmin , kmax ] and q ∈ [−qmax , qmax ].

(5)

In resonant forcing, the motor force F = ±Fmax is applied
as a constant, where the direction of the force changes at
every peak of the load position q (see Fig. 2a). In this way,
the amplitude will grow without bound (assuming no energy
dissipation), thereby, the constraints on the load position
q(t) ∈ [−qmax , qmax ] may not be maintained at all times t.
However, we may limit the amplitude of the oscillator to
ensure the second condition in (5), or even maintain the
amplitude of the oscillator at every cycle
max q(t) = qmax and min q(t) = −qmax ,
t

t

(6)

by changing the stiffness of the spring when it does not store
energy q ≈ 0. The energy balance of the system shows the
relation between the stiffness kn , external force Fn , and the
maximum amplitude of oscillations qmax :
1
1
En+1 = En + Fn qmax ⇒ kn+1 q2max = kn q2max + Fn qmax (7)
2
2
From (7), a relationship between amplitude, resonant forcing,
and stiffness is established:
2Fn
.
(8)
kn+1 = kn +
qmax

where n and n + 1 denote the current and the next half
oscillatory cycles. Assuming k0 = kmin and kn < kn+1 , the
frequency of the oscillations will increase according to the
following relation:
!−1
1
1
1
√ +q
(9)
fn = √
π m
kn
kn + 2Fn
qmax

Therefore, by changing the stiffness of the spring kmin ≤
k0 < k1 < ... < kn < ... < kN ≤ kmax , we may reach a desired
frequency fd in finitely many oscillations N, and maintain the
desired frequency using zero force and the optimal stiffness:
fd = fN , FN = 0, kN =

4
π 2m

1
≤ kmax .
fd

(10)

Increasing the frequency of the oscillations while the amplitude is maintained constant (6) leads to energy accumulation
Emin ≤ E0 < E1 < ... < En < ... < EN ≤ Emax . Maintaining the
constant amplitude condition (6) is possible if the minimum
amount of energy exceeds a lower limit E0 ≥ 12 kmin q2max while
the maximum amount of energy does not exceed the energy
capacity of the spring EN ≤ 21 kmax q2max .
In this section we have demonstrated the principle of
constant amplitude resonant forcing achievable by a PVSA
by assuming the simplest linear spring and no energy dissipation. The same principle extends to weakly dissipative
nonlinear oscillators [26], and may be useful to accumulate
energy – increase the frequency of an oscillatory limb motion
subject to joint angle limitation – in robots driven by small
motors.
C. Comparison to Other Compliant Actuators
In order to compare PVSAs to PEAs and SEAs, we assume
that all three have the same energy storage capacity, and
that the maximum motor force is also the same in all these
actuators shown in Figs. 2 and 3.
Compared to PVSA (Fig. 3a), the ability of a SEA to
accumulate energy is tied to the closed loop position control
bandwidth of the motor. SEAs typically use highly geared
motor drives with position control in order to create a
position differential between the load and the motor. The
maximum work done by SEA depends on its position control
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Fig. 4. (a) Top down view of the PVSA prototype. (b) Cross-sectional CAD view of the PVSA prototype. (c) Back view of the constructed prototype.
(d) Model of the variable stiffness mechanism (VSM).

bandwidth which may be three orders of magnitude lower
than the force control bandwidth of the motor. Because of
this, the SEA take more cycles than the PVSA to accumulate
the same amount of energy (Fig. 3c).
Compared to the PVSA (Fig. 3a), the PEA can do less
work in every cycle, and thereby, needs more cycles to
accumulate the same amount of energy (Fig. 3b). The maximum work done by PEA is Fmax qmax,n ≤ Fmax qmax where
the amplitude can only gradually increase according to
qmax,n+1 = qmax,n +

Fmax
≤ qmax .
kmax

Because of this, the PEA takes more cycles than the PVSA
to accumulate the same amount of energy (Fig. 3a,b).
The higher number of cycles could be detrimental for tasks
with collision and hysteretic energy losses. Depending on the
system natural frequency, the ability of the motor to apply
force may be attenuated as well since the system is always
operating at the spring resonant frequency. In some tasks,
the limitation on the range of motion by stiff springs may
cause instability problems; for example, a higher stiffness
ankle exoskeleton as developed in [16] actually increased
metabolic cost, likely due to an interference with muscle
coordination. Researchers have mitigated these problems in
parallel elasticity to some extent by using a nonlinear dualstage spring [14]; however, the spring resonance must be
optimized for a specific task. The PVSA would work best for
tasks that (i) need full range of motion while accumulating
energy and (ii) are subject to disturbances and variance.
III. D ESIGN OF THE PVSA
In this section, we present a prototype PVSA (Fig. 4a).
The prototype is composed of the variable stiffness spring
mechanism, a custom made fiberglass spring, and a direct
drive motor (Fig. 4b). The prototype was designed based on
the following four objectives:
1)
2)
3)
4)

Maximize energy storage capacity of the actuator.
Minimize energy losses of the actuator.
Maximize volumetric efficiency; similar to a gearbox.
Make a modular design, such that the spring can easily
be interchanged to fit system requirements.

A. Variable Stiffness Spring Mechanism
The variable stiffness mechanism (Fig. 4c,d) is based on an
adjustable mechanical advantage design such as the AwAS
[27], AwAS-II [28], HDAU [29], and vsaUT-II [30]. We have
chosen the variable pivot point design to keep the energy
storage of the device independent of the stiffness. This is not
true for VSS mechanisms where the effective length of the
spring is changed to modulate stiffness [31]. If the pivot point
drive train passively locks, then the VSS is able to maintain
a certain stiffness passively. This is why an antagonistic VSS
setup was also not chosen, as it requires increasing energy
to maintain a given stiffness [7], [32].
Assuming small-angle deflections, the stiffness of the
variable pivot point spring (Fig. 4d) can be represented with
the following equation:
x 2
)
(11)
k(x) = kspring (
l −x
where kspring is the stiffness of the spring, x is the position
along the lever arm, and l is the length of the lever arm.
According to this equation a large range of stiffness is
achievable; theoretically the range of achievable stiffness is
[0, ∞] (if the pivot point is placed at the ends of the lever
arm).
The equation of motion for the small stiffness modulating
motor (2) is the following:
x
mẍ = −kspring l
q2 + Fm
(12)
(l − x)3
This equation shows that when the deflection of the spring
is zero (when the spring does not store energy) a small
motor can change the stiffness of the spring without working
against the spring. If the device is self locking, such as with
a lead-screw, the force required to maintain position by the
motor Fm is zero. Because of these two features, a small and
lightweight motor can be used to drive the VSS mechanism.
Because the modulation motor must be operated at a small
range around zero deflection, ±θinc , the modulation drive
must be fast enough to increment position within this range.
Given a maximum load frequency ωmax and amplitude A, the
desired positioning time ∆t (the time it takes to increment
stiffness kn to kn+1 ) must satisfy ∆t < 2θinc /(Aωmax ).
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To convert the lever arm mechanism from a linear displacement mechanism to an angular displacement mechanism, two linkages were added at each end to relate input
angle to the spring deflection angle as depicted in Fig. 4d.
Since the link at each end of the lever arm both connect
back to the same axis of rotation, the center of a torsion
spring can be mounted about an arbor on the main shaft. This
arrangement also allows the linkages to fit into a cylindrical
footprint.
A lead screw drive was chosen as the pivot positioning
actuator since it is self-locking. A direct driven Maxon DCX22L motor was used for the lead screw modulator. The
range of mechanical advantage adjustment of this spring was
found through a geometric analysis of the linkages. In the
specific mechanism design as shown in Fig. 4d, the range
of mechanical advantage achieved was [0.39, 2.8].
B. Spring Design
Because the variable stiffness mechanism uses an adjustable mechanical-advantage design, any torsion spring
form factor would work. The main design goals of the
spring are to (1) maximize energy storage per volume, (2)
demonstrate low hysteresis, and (3) be easily manufactured.
We selected a spiral torsion spring, these springs demonstrate
large volumetric energy storage densities as a long length of
spring can be coiled in a compact manner. The base torsional
stiffness kspring can be modeled as the following [33], [34]:
Ebh3
(13)
12L
where E is Young’s modulus, b is the spring width, h is the
spring thickness, L is the effective length of the spring.
The spring will operate in the elastic regime for small
deflections. If the spirals are spaced far enough at this deflection, the spring also avoids colliding with itself which causes
nonlinear stiffness effects and reduced efficiency. Flat spiral
springs do not have the same properties in counterclockwise
rotation as in clockwise rotation, one way to account for
this is by de-clutching the springs during extension [35].
However, this results in a lower energy density since one
spring is disengaged at all times. Another way is to mount
two springs in opposite configurations such that one is in
extension and one is in compression. In this setup, the
stiffness will average out for both directions.
Another advantage of spiral torsion springs is the ease
of manufacturing; the flat design is ideal for 3D printed,
rolled, or cast materials. With the development of continuous
fiber fabrication (CFF), strands of fiberglass can be laid along
the length of the spiral spring. We use continuous fiberglass
to fabricate the springs shown in Figure 4a,b. 3D printed
continuous fibers demonstrate similar mechanical properties
to 6061 Aluminum alloys with the design freedom of 3D
printing.
kspring =

C. Direct Drive Motor
The direct drive motor should be selected based on geometry and power requirements; generally, the torque capability

of a motor is proportional to its diameter [36]. The function
of the drive motor in the PVSA is twofold: (1) it must
generate enough torque to overcome system damping and
(2) it must apply torque to change stiffness kn+1 − kn ∝ Fn
according to (8). Therefore, the minimum motor torque in
PVSA is defined by system damping, while the maximum
motor torque defines the transient time required for the
system to reach the desired oscillation frequency. Unlike in
a direct drive actuator, the motor torque does not define the
maximum torque of the parallel variable stiffness actuator .
We use an Allied Motion MF0127008 brushless frameless
motor (Fig. 4a,b) which has a continuous torque rating of
1.6 Nm and a motor constant of 0.296 Nm/A. The housing
both supports the stator of the motor and the springs. The
springs and stiffness modulator mechanism were attached to
the back of the motor shaft while the output of the actuator
is at the front of the shaft. An AMS AS5304A offset-axis
magnetic encoder and axial magnet were placed inside of the
rotor for precise position measurements.
D. Overall Design
The mechanical design (Fig. 4) satisfies all of the initial
design objectives by (1) using torsion spiral springs, (2)
using a self-locking stiffness modulator, (3) having little
unused space within the actuator volume, and (4) allowing
easy swapping of the three components, motor, spring, and
stiffness modulator depending on task.
IV. E VALUATION
The analytical investigation presented in Section II was
based on several simplifying assumptions, such as instantaneous force generation of the motor, instantaneous stiffness
change, and zero damping. In this section we investigate the
performance of our PVSA actuator using a simple experiment that is not subject to the aforementioned assumptions.
In the experiment, a pendulum (0.4m long and 2kg) was
attached to the PVSA, and the actuator was used to speed
up the oscillation of the pendulum from its natural frequency
of 0.9Hz to a desired frequency of 2Hz while maintaining an
amplitude of ±30deg. This experiment was used to emulate
the speeding up of leg swing from walking and running.
A controller was implemented to switch the direction
of the drive motor’s torque based on the motion of the
pendulum, such that the motor always applies torque in
resonance with the motion of the pendulum. The stiffness
modulator was set to increment stiffness within a range
of ±5deg and used a simple PD controller to regulate the
position of the pivot point, see Fig. 4c,d.
The results are shown in Fig. 5 for the position, motor
input, spring stiffness, PVSA torque, and electrical power
consumption during a representative trial. The motor torque
was calculated by multiplying the instantaneous drawn motor
current by the torque constant. The PVSA torque was estimated by separating out the gravitational torque contribution
of the pendulum τPVSA ≈ ml 2 θ̈ + mgl sin θ , where m is the
mass of the pendulum and l is the distance from the shaft
to the center of the weight Fig. 5a. The electrical power
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(a) Experimental Setup

consumption was calculated by multiplying the consumed
current by the motor voltage. Figure 5 shows that the PVSA
is able to (i) accumulate energy within a set motion range
limitation by increasing the frequency of the oscillations
with negligible energy cost from the stiffness modulator
(Fig. 5b,c,e-green), (ii) amplify the torque produced by the
actuator 15 times within 16s (Fig. 5d), and (iii) maintain fast
oscillations with a steady state power consumption of 37 W
(Fig. 5b,e-red). This power is required to compensate for the
hysteretic energy losses and motor inefficiency.

PVSA

±30°

0.4 m

V. C ONCLUSION
This work presented a parallel variable stiffness actuator,
which has the ability to accumulate energy in resonance
while regulating a desired amplitude. A modular and compact
actuator was designed such that it can be incorporated into
a range of cyclic tasks. The actuator was tested in an
experiment to demonstrate the feasibility of the resonant
energy accumulation under motion range limitations and
realistic timing and damping conditions. In future work, we
aim to use the PVSA concept in a novel hip-joint exoskeleton
to increase swing leg frequency where the spring assistance
torque is modulated as a function of the user’s walking or
running speed.
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