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Abstract—Direct-drive motors (DDMs) have been increasingly
used for robot actuation because they provide high-fidelity torque
control, but they typically have low torque density. Gearing can
be used to increase the torque density of motors, but gearing
decreases the power density of the actuator. Parallel elastic
actuators (PEAs), composed of a spring attached in parallel
to a motor, can increase both the torque and power density of
the actuator without jeopardizing torque control fidelity. Parallel
elastic actuators can also generate efficient oscillatory motion by
applying the torque of the motor through resonant oscillations.
However, conventional fixed stiffness springs used in PEAs only
enable efficient oscillatory motion at a fixed resonant frequency
defined by the stiffness of the spring. In this paper, we present a
parallel variable stiffness actuator (PVSA) consisting of a direct-
drive motor connected in parallel to a variable stiffness spring.
Parallel variable stiffness actuators retain the torque control
bandwidth of DDMs and PEAs and can be used to amplify
the torque and power of the motor over a range of oscillation
frequencies. We present a compact design of a PVSA where a
direct-drive motor, a high energy density composite spring, and
a variable stiffness mechanism are arranged in a conventional
cylindrical geometry, similar to a motor-gearbox assembly. We
foresee the use of PVSAs in mobile robots and wearable devices,
where energy efficient oscillatory motion at different frequencies,
along with high torque and power density is indispensable.

I. INTRODUCTION

The endeavor to advance the performance and autonomy
of robots has been limited by the lack of high-performance
actuators [1]. One of the most commonly used actuators
in robots are electric motors. State-of-the-art electric motors
generate peak power when operated under nominal conditions:
high speed and low torque. However, in most typical robot
control tasks, such as pick and place tasks or locomotion tasks,
the robot has to produce high torque at low speeds.

The traditional solution to address the aforementioned issue
is to add a gearbox to the motor in order to reduce the speed
and increase the torque. However, gearing also reduces the
power density of the actuator, because gearing adds weight
without increasing the power output of the actuator. Further-
more, the efficiency of an electric motor is task dependent;
for example, electric motors are significantly less efficient in
oscillatory tasks compared to non-oscillatory constant-speed
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Fig. 1. Prototype parallel variable stiffness actuator (PVSA).

tasks. High torque density, power density, energy efficiency,
and torque control fidelity are all important features for mobile
and wearable robots. However, designing an actuator that
displays the majority of these features has been a challenge.

Motors with low gear ratios have been used in applications
where high gearing could compromise power density, for
example, in bipedal walking [2], quadruped robot jumping
and running [3], pick-and-place manipulation [4], and human
assistive devices [5], [6]. However, the low torque density of
direct-drive motors (DDMs) necessitates the use of a large
motor to provide the torque required for pick-and-place, ma-
nipulation, and locomotion tasks. Unlike gearing, springs can
provide both torque and power amplification to enhance the
performance of motors. For example, in dynamic oscillatory
tasks, such as the arm swinging to throw or the leg swinging to
walk, run, and jump [7]-[15], springs can be used to amplify
the torque and power of a relatively small motor.

One way to incorporate a spring into an actuator is to
couple the spring between the motor and the load. This is
a typical arrangement, reminiscent of series elastic actuators
(SEAs) [16] and variable stiffness actuators, or more precisely,
serial variable stiffness actuators (SVSAs) [17]-[19]. Series
elastic actuators can be found in arm exoskeletons [20] and
lower limb prostheses [21]-[23], while SVSAs can be found
in ankle exoskeletons [24], [25] and robotic joints [9], [26].
Series elastic actuators and SVSAs are commonly used in
the aforementioned applications due to their ability to track a
desired motion similar to motors but with added compliance.
However, since the force of the spring transfers through the
motor in SEAs and SVSAs, these actuators require a large
motor or an efficient, high-ratio gear reducer to generate large
torques [27].

Another way to incorporate a spring into an actuator is to
couple the spring to the load in parallel with the motor. Parallel
elastic actuators (PEAs) have been widely used in static tasks.
An example of a static task is gravity compensation, where the
parallel spring can provide force at no energy cost to offload



the motor [28]. However, to provide gravity compensation at
a desired position for different loads, PEAs require switchable
springs or springs with changeable stiffness [29], [30].

In addition to static tasks, PEAs show significant promise in
dynamic tasks. An example of a dynamic task is locomotion,
where parallel springs have been used in assistive devices to
passively offload force from human muscles; for example,
the walking exoskeleton [10] and the jogging exoskeleton
[11] utilized springs to reduce human metabolic energy cost.
Parallel elastic actuators have been also used to reduce the
energy needed to decelerate a load and to increase the peak
power of a motor [31]-[37]. However, PEAs provide the
most effective force and power amplification at the resonant
frequency of the actuator and the load, or a narrow band of
frequencies around the resonant frequency of the actuator and
the load [38]. Therefore, to provide effective force and power
amplification at variable desired oscillation frequencies, PEAs
may tune the resonant frequency of the actuator and the load
by means of switchable springs [39] or a variable stiffness
mechanism.

In this paper, we introduce a parallel variable stiffness actu-
ator (PVSA) which consists of a direct-drive motor arranged in
parallel with a variable stiffness spring, shown in Fig. 1. The
actuator has a compact design in which a DDM, a high-energy
density composite spring, and a variable stiffness mechanism
are arranged into a conventional cylindrical geometry, similar
to a geared motor. The actuator retains the torque control
bandwidth of DDMs, and can be used to maximize the output
power over a range of oscillation frequencies. In Section II,
we theoretically predict that PVSAs operated at resonance
are faster and more energy efficient at accumulating energy
than PEAs operated away from resonance, and are more
effective at amplifying torque and power than both PEAs
and DDMs. In Section IV, we experimentally validate our
theoretical prediction by comparing a PVSA with a PEA and
a DDM during an oscillatory task, where all three actuators
are used to swing a robot-leg. We find that, because PVSAs
can operate at a range of resonant frequencies, they provide
a compliant alternative of controllable-speed geared motors,
similar to PEAs providing a compliant alternative of constant-
speed geared motors.

This paper extends our recent work [40], that introduced
the concept of PVSAs, in three important ways: (i) first, we
theoretically show the key benefit of PVSAs in oscillatory
motion compared to PEAs and DDMs in Section II, (ii)
second, we detail the prototype design and experimentally
characterize the proposed PVSA in Section III, and (iii) finally,
we experimentally verify the theoretically predicted benefits of
our prototype PVSA compared to a PEA and a DDM in Sec-
tion IV. We end the paper in Section V, where the results are
discussed along with the limitations and further implications
to create a compact and modular compliant actuator which can
generate efficient oscillatory motion over a range of oscillation
frequencies.

II. THEORETICAL PREDICTION

In this section, we (i) show the simplest mathematical model
of parallel variable stiffness actuators (Section II-A), (ii) define

a typical oscillatory task that could benefit from the use of
PVSAs (Section II-B), (iii) list the practical limitations of
PVSAs (Section II-C), (iv) discuss the benefit of using parallel
springs over series springs for oscillatory tasks (Section II-D),
(v) establish the benefit of adaptable stiffness over fixed
stiffness spring actuation (Section II-E), and (vi) analyze the
energy cost of stiffness adaptation in PVSAs (Section II-F).

A. Mathematical model

The model of a parallel variable stiffness actuator is shown
in Fig. 2. The model consists of a direct-drive motor (red),
load (blue), variable stiffness spring and the motor used to
modulate the spring stiffness (green).
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Fig. 2. (a) Parallel variable stiffness actuator. (b) Model of the actuator.

The simplest mathematical model of the PVSA is repre-
sented with the governing equations that describe the dynamics
of the load and the dynamics of the mechanism used to change
the spring stiffness,

(m+mp)G+bqg+k(x)qg =F, (1)
. 1 dk(x) ,
mgx = FS Eidx q, (2)

where my is the mass of the load, mp is the mass of the direct-
drive motor, g is the position of the motor and the load, b is the
damping of the motor and the load, k is the spring stiffness,
F is the force provided by the direct-drive motor to move the
load, myg is the mass of the mechanism that modulates the
spring stiffness, x is the position of the stiffness modulating
motor, while Fy is the motor force used to modulate the spring
stiffness. The relation between the spring stiffness and the
motor position k = k(x) can be linear or non-linear depending
on the design of the actuator [41].

In the remainder of this section, we present a simple
theoretical analysis using the following two assumptions: (A1)
The relation between the motor position and the stiffness of the
spring is linear: k(x) o< x. Based on (A1), we use the stiffness
as the control variable in (1). (A2) The spring stiffness is
only modulated when the spring does not store energy, and as
such, when the spring does not impart force on the stiffness
modulating motor: g ~ 0. Based on (A2) and (1), we consider
the energy cost of changing stiffness negligible compared to
the energy stored by the spring [41], [42]. We will substantiate
the theoretical predictions made using assumptions (Al) and
(A2) with experimental data presented in Section IV.



B. Using PVSAs for oscillatory tasks

Consider a typical oscillatory task, for example, a loco-
motion task such as walking, where the leg swings forward
and backward, see Fig. 3. In this task, performance, such as
speed, is directly related to the swing frequency. Consequently,
an actuator that can increase swing frequency using a torque
limited direct-drive motor while keeping the maximal joint
angle the same could potentially improve performance (such
as increasing walking speed). A similar argument may be
extended to a pick and place task or other oscillatory tasks.
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Fig. 3. (a) Model of walking. (b) Model of the hip, augmented by a PVSA.
(c) Leg-angle, motor force, and spring stiffness versus time as the oscillation
frequency increases.

In order to demonstrate to use of a PVSA, we aim to
increase the frequency of oscillations (Fig. 3c) using a limited
force provided by the direct-drive motor F while keeping the
motion of the load ¢ limited:

Fe [*meFm] and g€ [*QmaxJZmax]- 3

Increasing the oscillation frequency, while the amplitude of
the oscillator is limited, can be achieved by increasing the
mechanical energy of the load.

The theory of linear (and non-linear) oscillators suggests
that we can maximize the amount of energy provided by the

direct-drive motor to the load by using the following switching
control law:
ref

where the motor force is limited, and the switching between
the positive and negative force is performed when the oscilla-
tory motion changes direction, see Fig. 3c (red). However, (4)
alone would not keep the amplitude of the oscillatory motion
limited to ¢ € [—¢max, max)-

In order to keep the amplitude of the oscillatory motion
limited, we change the stiffness of the spring from &, to k|
at each half oscillation cycle n € N, see Fig. 3c (green). The
change in stiffness is defined by the work-energy principle.
For a linear un-damped oscillator, we obtain:

1

E(kn-&-l - kn)qunax = 2Fnqmax, )

where we assume that the stiffness changes instantaneously
when the spring does not store energy g = 0 (assumption
(A2) in Section II-A). According to (5), we find the following
stiffness adaptation law:

—F,

if ¢g<0

if g>0 @)

4F,
kni1 = kn+Ak and Ak = —" (6)

Qmax

where the increment in the spring stiffness Ak depends on the
force applied by the direct-drive motor F,,, and the maximal
amplitude of the oscillations gmax, see Fig. 3c (green).

Using the force control law (4) and stiffness adaptation law
(6), we obtain the following results:

(i) For any Ak > 4F,/qmax, the motion of the un-damped
linear oscillator will remain feasible, while for Ak = 4F,, /gmax.
the amplitude will be maximized in every oscillation cycle, as
shown in Fig. 3c (blue):

Vi € (0,00) 1 (1) =0, |q(1)| = gmax;
(i) The stiffness of the spring increases according to the
following relation, see Fig. 3c (green):
_ 2F,

Gmax

ky (1+2n); (7
(iii) The combined force of the spring and the motor is
amplified according to the following relation:

Fy

Fp

(iv) The elastic potential energy stored by the spring accu-
mulates proportional to the work done by the motor at each
oscillation cycle E,;, = 2F,,qmax:

‘Fn|:|Fm|+knCImax = =344n; ()

E,
E, =2F,qmaxn = EJ =n; &)
m

(v) The frequency of the load is increased according to:

1 kn
ﬁ 2w\ mprmp _ %m’

S Fin
32(mp+mp)gmax

(10)

where f,, is the frequency of a square-wave force required to
generate oscillatory motion with amplitude gmax in absence of
the spring.



(vi) The average mechanical power of the spring per oscil-
lation cycle is amplified according to the following relation:

Enfn 3 /5

Pm Enfw T

In (8)—(11), F;, is the maximal force, E,, is the maximal
energy, f,; is the maximal frequency, and p,, is the maximal
power if the direct-drive motor is used alone to oscillate the
load under the amplitude limitation given in (3). Consequently,
(8)—(11) can be used to compare the parallel variable stiffness
actuator and the direct-drive actuator in the considered task.

The theoretical results predict that a parallel variable stift-
ness spring can amplify force similar to a (3+4n) : 1 gearbox
(8), but unlike a gearbox, it can also accumulate energy (9),
increase the frequency (10), and amplify the power of the
motor (11). However, (8)—(11) do not show the limitations of
a PVSA in increasing force, energy, frequency, and power, as
the number of oscillations increases, shown in Fig. 3(c). We
discuss these limitations in the next section.

Pn _

(1)

C. What limits a parallel variable stiffness actuator?

In this subsection, we list three main practical limitations
of a parallel variable stiffness actuator:

(L1): In Section II-B, we neglected the time required to
change the motor force in (4), the time delay in detecting the
sign change of the velocity in (4), and the time required to
change the spring stiffness k in (6).

We can neglect these effects by assuming that each half-
cycle of the oscillatory motion (Fig. 3c) takes at least an order
of magnitude longer than the time-constant of the direct-drive
motor 7, (Fig. 2b red), the time-delay in detecting zero velocity
Ot in (4), and the time-constant of the closed-loop position
dynamics of the stiffness adjusting motor 7, (Fig. 2b green):

Th<l, 6tf, <1, nf, <1 (12)

(L2): The ability of a PVSA to accumulate energy is
restricted by the limited amplitude of the oscillatory motion
q € [—¢max,gmax] and the finite stiffness of the spring:

_2F,

dmax

kn

(1+2n) € [kmin, kmax]- (13)
Using (13) and (6), we find the upper bound on the number of
oscillation cycles that can be used to accumulate energy 7max
within the limited amplitude of the oscillator (see Fig. 3c):

1 [ kmax
0<n< == —1].
> 1S Nmax ) (kmin >

(L3): The ability of a PVSA to accumulate energy is also
limited by energy dissipation; the work done by the motor
in each half-cycle of the oscillatory motion must be greater
than the energy dissipated during the same half-cycle of the
oscillatory motion:

(14)

1
2fn
2FGmax > b /0 (1)t (15)

We estimate the integral in (15) assuming a small energy
loss compared to the energy stored by the spring; we as-
sume a small damping ratio § = b/4xnf,(my + mp) < 1,

and use the velocity of the un-damped oscillator ¢, () =
27 fqgmax cos (27 f,t) and the frequency of the un-damped
oscillator f, = ﬁ kn/(mp+mp) (10), where k, is defined
in (7). As a result, we obtain an upper bound of the minimal
force for the direct-drive motor:

Fm > ”72 b2 qmax

14 2n).
- 8mL+mD( + I’l)

(16)

Using (16) and (8), we find that the presence of damping
limits the maximal number of oscillation cycles ny,x during
which energy can be accumulated:

1(8Fm(mL+mD) 1>.

0<n<nmx~z
2 nzbZQmax

a7

In summary, (14) and (17) reveal that the maximal force
amplification of a variable stiffness spring is limited by the
maximal stiffness range and the internal damping of the
actuator. Therefore, increasing the stiffness range and reducing
the internal damping are two important ways to increase the
force, energy, frequency, and power amplification capability
of a parallel variable stiffness actuator.

D. What is the benefit of parallel versus series springs?

To explore the difference between parallel and series spring
actuators in the context of a resonant oscillatory task, we
examined the ability of these actuators to emulate a spring.

For an ideal spring-mass system, the maximal energy trans-
ferred to the load E; and the maximal energy stored by the
spring Eg are equal during constant-amplitude and constant-
frequency oscillations; Ej/Es = 1 (steady-state portion of
Fig. 3c). In Section VI-A, we derived the same energy ratio,
denoted by E;/Es|p and Ep/Es|s for optimally tuned direct-
drive PVSAs (or optimally designed PEAs) and optimally
tuned geared SVSAs (or optimally designed SEAs) that use
an ng : 1 gear reducer between the motor and the spring
(optimally designed and tuned means that the spring stiffness
is chosen such that the actuator is operated at resonance):

2 mp
B _ 1 E| _ Mo

= = —k_, 18
Eslp 1470 Esls  1+4ngik (18)

According to (18), a direct-drive parallel spring actuator can
behave similar to an ideal spring, as it can transfer almost all
the energy stored by the spring to the load, assuming the motor
mass is much smaller than the load mass (mp < my). The
same applies to series spring actuators if the gear reduction
ratio between the motor and the spring is high enough (ng >
my/mp). While (18) shows that series spring actuators can
reach even higher energy transfer ratios than parallel spring
actuators (lim,; ... E;/Es|s = 1), (18) also shows that series
spring actuators must use a large gearbox (ng > my/mp) to
efficiently transfer the energy stored by the spring to the load.
A large gearbox introduces added mass, lower power density,
longer transient time to accumulate energy (transient portion
of Fig. 3c), and may also increase energy dissipation.

We note that, in some cases, the increased energy dissipation
due to gearing can be minimized in series spring actuators by
holding the motor stationary [43], [44] — assuming that the



small motor force F € [—F,,,+F,]| acting through a large ng : 1
gearbox can counteract the spring force ngF;,; > kygmax- Such
scenario only applies to a spring-mass system that oscillates
at constant-amplitude and constant-frequency with no load-
side damping, as in that case, the motor is not required to do
work. During transient energy accumulation (transient portion
in Fig. 3c) or in the presence of load-side damping (b > 0
in (16)), the motor must move to do work, and as such it is
subject to increased energy dissipation due to gearing.

E. What is the benefit of stiffness adaptation?

If the motor is used to oscillate the load with the desired am-
plitude at a non-resonant frequency, then the energy supplied
by the motor will be more than the energy supplied by the
motor at resonance. In order to quantify the energetic benefit
of resonant versus non-resonant oscillations, we estimate the
maximal mechanical efficiency of parallel spring actuators 1p;,
by using the maximal kinetic energy of the load divided by
the maximal elastic potential energy stored by the spring and
the minimal energy that must be supplied by the motor:

1 )
E; ~ ML max

~ 1

B i+ 7 IFgla

To compute the minimal amount of energy supplied by the
motor, Ep, we neglect Joule losses and assume that the direct-
drive motor does not regenerate negative work; the motor
supplies energy to both accelerate and decelerate the load. As
such, the energy supplied by the motor is estimated using the
absolute value of the mechanical power.
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Fig. 4. Mechanical efficiency of parallel elastic actuators (dashed lines) and
parallel variable stiffness actuators (solid lines) at different damping ratios &.

Figure 4 shows the efficiency (19) of a PVSA (solid lines)
and a PEA (dashed lines) as a function of the oscillation
frequency f/fpea, wWhere fpga = ﬁ\/kaA/ (mg, +mp), and
the damping ratio is small, { < 1. According to Fig. 4, the
PVSA is able to maintain peak efficiency for a large range
of frequencies f € [fmin, fmax|, determined by the stiffness
range of the variable stiffness spring k € [kmin, kmax], While the

PEA can only reach peak efficiency at one frequency fpga,
determined by the fixed stiffness of the spring kppa. However,
tuning the stiffness of a PVSA to different resonant frequencies
costs energy. We will next show that the energy cost of tuning
the stiffness of PVSAs is negligible compared to the energy
supplied by the direct-drive motor and stored by the spring.

F. What is the energy cost of stiffness adaptation?

Up to now, we have assumed that the stiffness of the spring
is changed when the spring stores no energy g = 0, such that
the energy cost of changing the spring stiffness can be kept
negligible compared to the energy supplied by the direct-drive
motor — because in this case, the stiffness adjusting motor
does not need to do work against the spring. In practice,
changing the spring stiffness cannot be done instantaneously,
and therefore, it can only be done when the spring stores
some energy g ~ 0. Consequently, it is of interest to investigate
whether the energy cost of changing the spring stiffness each
half-cycle of the oscillatory motion can be kept negligible
compared to the energy supplied by the direct-drive motor
during the same half-cycle of the oscillatory motion.

In order to estimate the energy cost of changing the spring
stiffness during one oscillation cycle, we compute the maximal
amount of energy to increase the spring stiffness by Ak > 0,
as the spring deforms from ¢ =0 to ¢ = Ag < gmax,

1
AE; < EAkqu.

Subsequently, we define the ratio between AE} and the energy
supplied by the direct-drive motor AE, = 2F,qmax = 3Akq2a
(5) during the same half-cycle of the oscillatory motion:

AE Ag \?
k< ( el ) < 1.
AE, dmax

Inequality (20) suggests that the energy cost of increasing the
spring stiffness while the spring is deflected by Ag < gmax 18
negligible compared to the energy supplied by the direct-drive
motor. In Section VI-B, we estimated the energy to accelerate
(and decelerate) the stiffness adjusting motor, as required to
change the spring stiffness. We found that with a properly
designed stiffness modulating mechanism, the energy cost
of accelerating (or decelerating) the motor can be negligible
compared to the energy supplied by the direct-drive motor.
Our experiment corroborates these theoretical predictions (see
Section IV, Fig. 12).

(20)

III. DESIGN OF THE PROTOTYPE

In this section, we present a prototype parallel variable
stiffness actuator. The design of the actuator is shown in
Fig. 5. The actuator fits into a cylindrical geometry similar
to a motor-gearbox assembly. The actuator consists of three
main components: the direct-drive motor, the custom-built
composite spring, and the variable stiffness mechanism. The
main specifications of the prototype are given in Table I.

In the following, we detail the design of each component.
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Fig. 5. Design of the prototype parallel variable stiffness actuator. (a) Top view. (b) Section view. (c) Exploded view.

TABLE I
ACTUATOR PARAMETERS
Name Value Unit
Diameter 152 (mm)
Width 142 (mm)
Total mass 1.9 (kg)
Maximum deflection + 45 (deg)
Stiffness range [1.9, 29.3] (Nm rad™")
Average rate of stiffness change 28.7 (Nm rad='s™1)
Maximum torque of the drive motor 1.6 (Nm)
Maximum torque of the actuator 18 (Nm)

A. Direct-drive motor

The actuator is driven by an Allied Motion MF0127008
brushless frameless motor shown in Fig. 6. The motor weighs
0.5 kg and provides 1.6 Nm of continuous torque. The motor
is supported by the aluminum housing shown in Fig. 5c. The
rotation angle of the motor shaft is measured by an AMS
AS5304A offset-axis magnetic encoder and a 64-pole RLS
MRO045 axial magnetic ring shown in Fig. 5c. The direct-drive
motor was driven using an Allied Motion SXD drive.

In a PVSA, the maximal motor torque defines the number
of oscillation cycles to reach the desired oscillation frequency.
However, to reach the desired frequency, the motor must also
generate enough torque to overcome the energy loss while
moving the load (17). In PVSAs, the motor torque does not
define the maximum output torque and the motor power does
not limit the maximum output power of the actuator; both can
be amplified if the spring has a large enough energy storage
capacity (13).

Stator

127 mm !

Fig. 6. Direct-drive motor.

B. Torsional spring

The actuator embodies two torsional composite springs
shown in Fig. 7. The springs are connected to the shaft
through the stiffness modulating mechanism and are fixed at
the aluminum housing shown in Fig. 5.

The springs were 3D printed via a Markforged Mark Two
printer. The print was reinforced with 20% continuous strands
of fiberglass (Fig. 7b). The springs weigh 227 g each, can
be deflected by 95 deg, and provide a maximum of 3 Nm of
torque. The combined energy storage capacity of the springs
is5 1.

With continuous fiber reinforced 3D-printing, strands of
fiberglass, carbon fiber, or Kevlar can be laid along the length
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Side View
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Fig. 7. 3D printed torsion spiral spring. The right figure shows the continuous
fiberglass layout of the 3D printed spring. The top-down view shows the two
concentric fibers. The side view shows the distribution of layers reinforced
with fiberglass (blue) and the layers made of Onyx (a mixture of plastic and
chopped carbon fiber) material.

of the spiral spring [45]. The fiberglass material used to create
the torsional spring has an elastic strain energy density of
685 J/kg in flexion as compared to 86 J/kg for AISI 1095
spring steel. We leveraged this 3D printing technology to cre-
ate high-energy density springs with customizable mechanical
properties adjusted by increasing the fiber infill, thickness, and
length [46].

We use a spiral form factor because of the ease of 3D
printing as well as a relatively large volumetric energy density.
The relation between the torsional stiffness of a spiral spring
and the geometric and material properties of the spring are
given by [47]:

Ebh?

kspring = ﬁa 21

where E is Young’s modulus of the spring material, b is the
spring width, % is the spring thickness, while L is the length
of the spring. The torsional stiffness of the two printed spiral
springs was estimated to be 5.85 Nm/rad.

Flat spiral springs do not necessarily have the same prop-
erties in counterclockwise rotation as in clockwise rotation.
One way to account for the asymmetry in the torque-deflection
curve is by de-clutching one of the two springs experiencing
extension [48]. However, this results in reduced energy density,
since one spring is disengaged at all times. Another way to
account for the asymmetry in the torque-deflection curve is to
mount two springs in opposite configurations such that one is
in extension while the other is in compression. In this setup,
the torque-deflection curve will be symmetric in compression
and extension. Such arrangement is used in our device.

C. Variable stiffness mechanism

The prototype PVSA embodies a variable stiffness mech-
anism shown in Fig. 8a. The mechanism embodies a lead
screw, with length of 84 mm and lead of 1.6 mm, driven by a
10 W Maxon DCX22L motor. The motor is controlled using
a Maxon ESCON 50/5 drive.

The variable stiffness mechanism consists of three linkages:
the shaft link (orange), the intermediate link (green), and the
spring deflection link (blue), shown in Fig. 8b. The shaft link

(orange) is rigidly connected to the main shaft and rotates the
intermediate link (green) about the pivot point (the position
of the pivot point is denoted by x). The pivot point is moved
by the lead screw (gray). As a result, the intermediate link
(green) rotates the spring deflection link (blue) to create an
angular deflection on the spring (light blue). By regulating
the position of the pivot point x via a linear actuator, the
mechanical advantage of the spring is adjusted, and therefore,
the stiffness of the spring seen from the shaft link (orange) is
controlled.

The mechanism is a rotary version of the variable pivot-
point lever arm mechanism used in the AWAS-II actuator [49].
To convert the variable pivot point lever arm from a linear
spring to a torsional spring setup, two linkages are added to
relate the shaft angle 0 to the spring deflection angle o, as
depicted in Fig. 8b. The geometric relationship between the
shaft angle 0 and the spring angle « is defined by computing
the tangent of the intermediate link angle 8 (Fig. 8b) for each
side of the pivot point:

B dsin 6 _
~I—x+dcos®

Isinq

tanff = ——
anp x—Il+Ilcosc

=/ out(a)v

(22)
where d is the length of the shaft link, / is the length of the
spring link, while x is the position of the pivot point. Using
(22) as an implicit relation between the shaft angle and the
spring angle a = o(0,x), we define the shaft torque:

df;‘ée)
T= m kspringa(67x)a
d

fin(6)

(23)

o

where Kgpring is the torsional stiffness defined by (21) and
X € [0,xmax] = [0,1+d] is the position of the pivot point. The
torque-deflection curves corresponding to different pivot point
positions, different x € [0,xmax], are shown in Fig. 8c.

The stiffness of the mechanism is defined by the slope of
the torque deflection curves at the origin in Fig. 8c, and can
be obtained by linearizing (23):

2
X
9—0 spring I+d—x

The theoretical stiffness range of the mechanism is & € [0, 0]
where x = 0 provides zero stiffness while x =/ +d leads to
infinite stiffness. The usable range of the pivot point position is
X/xmax = [0.25,0.75], and consequently, the practical stiffness
range of the mechanism is k/Kgpring € [0.1,9].

We use a motor and lead screw assembly to quickly move
the pivot point when the spring is near equilibrium 0 ~ 0 and
does not impose a large force to the motor. In this case, the
friction force of the lead screw is minimal, and the stiffness
can be adjusted rapidly as if the spring would be disconnected
from the actuator [41].

When deflected, the spring imposes a significant force
on the lead screw used to change the pivot point position.
However, because of the self-locking behavior of the lead
screw [50], the motor does not experience any of the spring
force, and does not require energy to hold a given pivot point
position.

ot

k(x) = 38

(24)
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Fig. 8. (a) Prototype parallel variable stiffness actuator showing the motor-driven lead screw assembly. The position of the pivot point is labeled with x. (b)
Variable stiffness linkage mechanism. The shaft link is orange. The spring link is blue. (c) Torque versus input deflection (shaft) angle 6 for different pivot
point positions. The feasible torque range achievable by the mechanism is shown with solid lines (the theoretical limits are shown with dashed lines).

D. Characterization

In order to validate the predicted torque deflection charac-
teristic of the PVSA (Fig. 8c), we experimentally measured
the torque of the actuator. In the experiment, the shaft of
the actuator was deflected at least £30 deg at five different
pivot-point positions x € [20,30.25,40.5,50.75,61] mm. The
restoring torque was meanwhile measured using a load cell
(Transducer Techniques MLP-50). The measurements were
done quasi-statically; the spring was slowly deflected up to
+30 deg for each pivot point setting.

Measured Torque-Deflection of PVSA

20
Measured Predicted

15 X =20mm ]
—_— x =30.25mm

10k x =40.5mm ]
—— x =50.75mm
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Fig. 9. Torque-deflection curves of the PVSA across five different stiffness
values. The measured torques are shown with solid lines while the theoreti-
cally predicted torques are shown with dashed lines. The shaded loops show
the energy loss during an extension-compression work cycle.

Figure 9 summarizes the experimental data: the solid lines
show the measured torques while the dashed lines show
the theoretically predicted torques. We observe a reasonable
match between the measured and the theoretically predicted
curves. The measured torques match the theoretically predicted
torques to an average difference of 15% while the estimated

stiffnesses match the theoretically predicted stiffnesses to an
average difference of 22%. We notice that the measured torque
values are generally lower than the predicted torque values.
The difference becomes more prominent under higher loads,
and can be largely attributed to the finite structural rigidity of
the actuator. Namely, the pivot point tends to move towards
the lower stiffness configurations as the frame deforms under
load, which leads to decreased stiffness.

In Fig. 9 we observe a hysteresis-loop between the torque-
angle data in each loading cycle. The area inside the loop
formed by the torque deflection curves represents the amount
of energy dissipated by the actuator per loading cycle. In order
to quantify the energy dissipation, we divided the amount of
energy dissipated per loading cycle with the total energy stored
by the spring per loading cycle. As a result, we calculated a
20% energy loss largely independent of the stiffness setting
of the actuator. We found that the main source of energy dis-
sipation is the composite spring and not the variable stiffness
mechanism. This was confirmed by a free swing experiment
where the spring was decoupled from the actuator, and no
significant energy dissipation was observed.

IV. EXPERIMENTAL VALIDATION

In this section, we evaluate the performance of the prototype
PVSA. We introduce the experimental setup, present the
controller used to perform the experiment, and summarize the
results.

A. Setup

Figure 10 shows the experimental setup: the robot leg and
the PVSA. The leg is part of a human-driven robot introduced
in [51]. The leg was coupled to the PVSA with a friction
clamp. The PVSA was used as a hip spring in this setup to
oscillate the robot leg. To characterize the performance of the
actuator during the experiments, we measured the angle of
the leg O and the position of the pivot point x that defines
the stiffness. We have also estimated the torque and power
of the direct-drive motor and the power of the motor used
to adjust the stiffness of the actuator. Finally, we computed



the net actuator torque Tpysa by separating the gravitational
torque contribution of the load:

TPVSA(t) = Jlege(t) + mzegglcm sin 6<l)7

where Jg is the moment of inertia of the leg, m,, is the mass
of the leg, I., is the distance from the shaft to the center of
mass of the leg, while 8(¢) is the acceleration computed from
the measured leg angle 0(¢).

Side View

PVSA Mounting
, E bracket

Front View

= 1.78 kgm?
m,_ =85kg

1

Fig. 10. Experimental setup. Front view: Robot leg. Side view: Parallel
variable stiffness actuator. The leg has a total length of 0.95 m and a mass
of 8.5 kg. The moment of inertia of the leg about the hip is 1.78 kg m?.

B. Controller

In order to demonstrate the constant amplitude resonant
actuation discussed in Section II-B, two controllers were de-
veloped. One of the controllers implemented resonant forcing
(4) using the direct-drive motor (Fig. 6). The other controller
implemented the stiffness adaptation law (6) using the small
motor that changes the pivot point of the stiffness modulating
mechanism (Fig. 8). The block-diagram of these controllers is
shown in Fig. 11.

The controller used to adapt stiffness is represented by
the green blocks in Fig. 11. The reference input to this
controller is the desired stiffness. The desired stiffness k;
was converted into the desired pivot point position x; using
(24). The position of the pivot point x was regulated with a
PD controller when the direct-drive motor was close to zero
deflection 6 € [—5,5] deg.

The controller used to move the direct-drive motor is
represented by the orange blocks in Fig. 11. The reference
input to this controller is the desired maximal shaft angle
Omaxd- The controller first estimated the maximal shaft angle
Omax and then calculated the error between the estimated and
desired maximal shaft angle. Based on the error, the controller
either increased or reduced the constant motor torque used
in each motion cycle 7yp. The motor torque is subsequently
compensated by taking into account the change in the stiffness
of the actuator; increasing stiffness necessitates more torque
(Atp > 0) while decreasing stiffness necessitates less torque
(A1) < 0) to achieve the same oscillation amplitude. The
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Fig. 11. Block-diagram of the controller. The controller was implemented in a
custom dsPIC33F breakout board using Simulink Real-Time with a sampling
frequency of 1 kHz.

compensation term AT, was calculated assuming a linear
torque deflection relation at the output shaft. The total torque

T = (7o + ATp)sgn(6) was used to implement the resonant
control (4) of the direct-drive motor.

C. Results

In the experiments, the PVSA was used as a hip spring to
oscillate the robot leg. In the first experiment, the robot leg
was moved with constant amplitude but increasing frequency
(as would be required in walking to increase speed while
maintaining constant step length). In the second experiment,
the robot leg was moved with constant frequency but increas-
ing amplitude (as would be required in walking to increase
speed while maintaining a constant stepping frequency). The
actuator was able to store the same amount of energy in both
experiments.

The experimental data is shown in Fig. 12. The left column
of Fig. 12 shows the experiment performed with the PVSA
while the right column shows the experiment performed with
the PEA. The top row of the figure shows snapshots of the
robot leg; the second row shows snapshots of the stiffness
adjusting mechanism.

Figures 12(a-i), 12(a-ii), and 12(a-iii) show the position of
the robot leg O, position of the pivot point x that defines
the stiffness of the PVSA, and the frequency of oscilla-
tions. The PVSA maximized the amplitude of oscillations
0 € [-30,+30] deg within three cycles. The stiffness was
incrementally increased from 1.9 to 29.3 Nm rad~! within the
limited window of adjustment around the equilibrium position
of the spring 6 € [—5,+35] deg, see Fig. 12(a-i,ii) (green area
and green dashed lines). We also see that the incremental
change in stiffness — as proposed in (6) — resulted in a 32%
increase of frequency, from 0.65 Hz to 0.86 Hz.

Figures 12(b-i), 12(b-ii), and 12(b-iii) show the experimen-
tal results for the PEA. The PEA operated with minimal
amplitude and maximal stiffness in each oscillation cycle, as
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Fig. 12. Experiment. (a) The left column shows the results for the PVSA; the video of the experiment is provided in the supplementary material. (b) The
right column shows the corresponding results for the PEA. The top rows show the oscillation of the leg. The second row shows the stiffness modulating
mechanism, and the change of the pivot point during the experiment. In the PVSA, (a) the stiffness was changed from its minimum to its maximum value. In
the PEA, (b) the stiffness was kept at its maximum value; the energy storage capacity of the actuator was the same during both experiments, (a) and (b). For
each experiment, we show the (i) shaft angle, (ii) position of the pivot point, (iii) oscillation frequency, (iv) motor and actuator torque, (v) electrical power
consumption of the direct-drive motor, and the motor used to modulate the spring stiffness.

opposed to the PVSA which operated with maximal ampli-
tudes and minimal stiffness in each oscillation cycle. Also,
without stiffness adaptation, the PEA required more cycles to
achieve the maximal amplitude compared to the PVSA (12
cycles compared to 3 cycles), shown in Fig. 12(a-i). Finally,
we note that, while the stiffness of the PEA was not varied,
see 12(b-ii), the frequency of the leg was not constant, see

Fig. 12(b-iii). This effect is due to the amplitude-dependent
frequency of nonlinear oscillators; oscillators with weakening
force-deflection characteristics (Fig. 9) display decreasing fre-
quency at increasing amplitudes, see Fig. 12(b-iii).

Figures 12(a-iv) and 12(b-iv) show the torque of the direct-
drive motor, and the actuator torque of the PVSA and the
PEA, respectively. We observe that the actuator torque is



progressively amplified — as predicted by (8) — from the
maximal motor torque of 1.6 Nm (red lines) to the maximum
actuator torque 11.6 Nm (orange lines). A comparable motor
torque amplification would require a gearbox with a 7.25: 1
gear ratio.

Figure 12(a-v) shows the power consumption of both the
direct-drive motor (yellow line) and the motor used to change
the stiffness of the PVSA (green line). During the transient
period (¢ € [0,17.5] s), the average power consumption of the
PVSA was 39 W; the dip in the power plot is explained
by the slight overshoot in Fig. 12(a-i) at ¢ € [5,10]. During
the transient period, the motor used to change the stiffness
consumed an average 0.35 W power to incrementally increase
stiffness from 1.9 to 29.3 Nm rad ! over 14 seconds, account-
ing for less than 1% of the total energy required to oscillate the
robot leg. This result demonstrates the benefit of the PVSA to
amplify force as required to oscillate a load by leveraging the
proposed method to adapt the stiffness of the actuator at low
energy cost. Figure 12(a-v) also shows that, during steady-state
oscillations (¢ € [17.5,25] s), the PVSA consumed an average
power of 52 W. This power consumption is mainly due to the
energy dissipated by the 3D-printed composite spring (Fig. 9).

Figure 12(b-v) shows the power consumption of the direct-
drive motor when the actuator was operated as a PEA.
During the steady-state oscillations (¢ € [17.5,25] s), the PEA
consumed 56 W average power, which is approximately the
same as the steady-state power of the PVSA. During the
transient period (¢ € [0,17.5] s), the PEA consumed 64 W
average power, which was 64% higher than the transient
power consumption of the PVSA. The difference between
the transient power consumption of the PVSA and PEA can
be attributed to the differences in the torque of the direct-
drive motor. There are two main reasons for the differences in
torques of the PEA compared to the PVSA: (i) the increased
internal energy dissipation due to the higher stiffness during
the transient period of the PEA compared to the lower stiffness
during the transient period of the PVSA (see Fig. 9), and (ii)
the time delay in switching the motor torque (4). Although a
time delay 6¢, mentioned in Section II-C (12), affects both
the PVSA and the PEA, it affects the PEA more because
the PEA operates with higher transient oscillation frequencies,
see Fig. 12(a,b-iii), and the ability of the motor to do work
decreases with higher oscillation frequencies.

Figure 12(a,b-v) shows that the PEA and PVSA have
approximately the same steady-state power consumption while
oscillating the leg with the same amplitude (+30°) and the
same frequency (0.86 Hz). This result is consistent with the
theoretical prediction illustrated in Fig. 4, where we show that
the PEA and PVSA have the same efficiency when the PEA is
operated at the resonant frequency. Figure 4 also shows that
the efficiency of the PEA decreases if there is a mismatch
between the oscillation frequency and the resonant frequency.
To experimentally demonstrate the latter prediction, we re-
peated the experiment shown in Fig. 12(b) while offsetting the
stiffness modulating motor from x = 60 mm (corresponding to
the resonant frequency 0.86 Hz) to x =55 mm (representing
a 20% decreased non-resonant frequency), see Fig. 9.

Figure 13(a) shows the result of using the PEA with the non-

resonant stiffness (x =55 mm as opposed to x = 60 mm). We
observe that the PEA was able to achieve the desired resonant
frequency (0.86 Hz) of the oscillatory motion, see Figure 13(a-
iii), but was unable to achieve the desired amplitude (+307)
of the oscillatory motion, see Figure 13(a-i). This observation
indicates a lower efficiency of the PEA when used at a non-
resonant frequency compared to that of a PEA or PVSA used
at the resonant frequency. This result supports our theoretical
prediction shown in Fig. 4.

Finally, we tested whether the direct-drive motor alone
could achieve the steady-state oscillatory motion shown in
Figure 12(a,b-i) without the spring. To answer this question,
we repeated the experiment while the spring was decoupled
from the load. Figure 13(b) shows the experimental data. We
observe that the motor was unable to oscillate the robot leg
with the desired frequency (0.86 Hz) and the desired amplitude
(£307). This result demonstrates the benefit of using the 3D-
printed composite spring.

V. DISCUSSION AND CONCLUSION

This paper presented a compact and modular design of a
parallel variable stiffness actuator and showed the potential
benefits of parallel variable stiffness actuation in amplifying
the torque, energy, and power output of a relatively small
motor in cyclic tasks. We detailed the design of a parallel vari-
able stiffness actuator, which embodies a motor, a composite
spring, and a mechanism to adjust the stiffness of the actuator.
Finally, we experimentally verified the predicted benefits of the
parallel variable stiffness actuator in an oscillatory task where
a robotic leg was oscillated at limited amplitudes but increas-
ing frequencies. The experiment showed that parallel variable
stiffness actuation can provide significant force amplification
together with an appreciable energetic benefit if the energy
required to adapt the stiffness of the actuator is minimized.

In the remainder of this section, we discuss the limitations
and future works to make PVSAs an energy efficient alterna-
tive to motors with gearboxes for oscillatory motion.

A. Composite Spring Design

One of the common limitations of compliant actuators,
including PVSAs, is the low energy storage density of con-
ventional steel springs [52]. Fiber reinforced 3D printing
technology offers a convenient method to manufacture high
energy-density composite springs such as the fiberglass spring
used in this study. The added benefit of the 3D printing
technology is to allow customization of spring geometries that
are easier to integrate into a compact actuator.

While composite springs are lighter, easier, and cheaper
to custom-make, they have a higher level of energy loss
than traditional metal springs [53]. Creating energy efficient
composite springs could enable the design of efficient high
mass-energy density compliant actuators.

B. Energy regeneration

Instead of springs, electrical energy regeneration could be
used to improve the efficiency of cyclic tasks [54]. Some
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Fig. 13. Experiment with a detuned parallel elastic actuator and the direct-drive motor alone. (a) The PEA oscillates the leg at same frequency used in
Fig. 12 (0.86 Hz) but uses a different stiffness (observe that here x =55 mm instead of 60 mm in Fig. 12). (b) The direct-drive motor oscillates the leg with
the spring disconnected. For each experiment, we show the (i) shaft angle, (ii) position of the pivot point, (iii) oscillation frequency, (iv) motor and actuator
torque, (v) electrical power consumption of the drive motor. The plots are shown after 30 seconds of transient oscillation such that they can be compared to

the steady-state data shown in Fig. 12.

motor-driven robotic joints have demonstrated an energy cap-
ture efficiency of 63 % [55]. However, when accounting for
both the energy capture efficiency and the efficiency of sup-
plying the regenerated energy, the estimated overall efficiency
may be no more than 40 % [36].

Furthermore, motors cannot regenerate energy during static
tasks, and they require energy to generate torque even if they
do not do mechanical work. Consequently, when a task is
energetically passive, springs can be more efficient at storing
and returning energy than motors [56]. Springs have the ability
to passively generate torque, which is especially useful for
systems with significant static loading [57]. However, in os-
cillatory tasks, fixed-stiffness springs are the most efficient in

amplifying force and energy around their resonant frequency,
which limits their practicality compared to motors, which are
capable of energy regeneration at a wide range of frequencies.
In order to efficiently store and return energy over a range of
frequencies, an actuator with variable stiffness capability is
required.

C. Series variable stiffness actuators

Similar to PVSAs, SVSAs can also be used to generate
oscillatory motion over a range of frequencies. However, the
ability of a SVSA to supply energy to the load during resonant
oscillations depends on the reduction ratio of the gearbox
placed between the motor and the spring. Without a large



gear reduction ratio, the motor must accelerate and decelerate
rapidly to generate large inertial forces that compensate the
spring force. As the motor moves rapidly, a large portion of
the energy stored in the spring is transferred to the motor rather
than the load. This limits the ability of SVSAs with low gear
ratios to supply energy to the load compared to direct-driven
PVSAs, see Section II-D (18).

One way to mitigate the mentioned issue is to use a gearbox
with a large gear reduction ratio. However, a gearbox with a
large gear reduction ratio adds mass and consequently lowers
the power density of the actuator (aside from introducing a
long transient to accumulate energy and increasing energy
dissipation). One could also use a clutch to lock the motor,
thereby helping to counter the spring force without using the
motor [22], [58]. However, the motor must be unlocked to
supply energy during the process of energy accumulation or
to compensate for load-side energy dissipation, where a large
gear reduction ratio is also needed. Therefore, SVSAs cannot
simultaneously achieve a high energy transfer ratio between
the spring and the load and high power density.

In Section II-D we have seen that PVSAs are not subject to
the aforementioned limitation. However, PVSAs are limited
in the motions they can generate compared to series spring
actuators due to their fixed equilibrium position.

D. Parallel variable stiffness actuators

Design modifications are required to expand the energetic
benefits of PVSAs to tasks that require modulation of the
spring equilibrium position. For example, it may be benefi-
cial to add a clutch that engages and disengages the spring
mechanism [32] in order to control the timing of energy
storage and release. This would allow the PVSA to effectively
switch between a parallel variable stiffness spring (appropriate
for elastic potential energy storage and return) and a DDM
(appropriate for force and position control). In cyclic tasks
with holding periods — pick-and-place tasks — the energy costs
could be reduced by locking the spring, since it is not efficient
to use the motor to compensate the spring force during the
holding periods [59], [60].

A combination of both a spring-disengage clutch and a
spring-lock clutch [61] would allow fully controllable energy
storage and equilibrium control of the PVSA. Such PVSA
could be used in mobile robots, where the robot may switch
between tasks such as walking and lifting, which require
different spring equilibrium positions and different timings to
lock and release the energy stored by the spring. With these
modifications, we aim to build PVSAs which can replace
gearboxes in oscillatory tasks, without compromising power
density and energy efficiency.

VI. APPENDIX
A. Energy transfer in parallel and series spring actuators

For parallel spring actuators, we have the following energy
conservation law for unforced constant amplitude and constant
frequency oscillations,

1 1

Consequently, the energy ratio of a parallel spring actuator is:

1, .2
EL|  aMigmax = mp 1
) - - mp -
Eglp ikqmax my +mp 1+ my

For series spring actuators, where the actuator has an ng : 1
gearbox between the motor and the spring, we have the
following linear momentum and energy conservation laws for
unforced constant amplitude and constant frequency oscilla-
tions,

Mrgrmax +16GMpGpmax = 0,
1 2 .2 1 2 -2 (25)
E = EkAlmax = EquLmax + EnGmDCIDmaxv

where Alpax is the maximal deflection of the spring. Using
(25), we find the energy ratio of series spring actuators:

1 -2 2 2 mp
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VN 2 o 2 mp *
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B. Energy cost of stiffness modulation

To estimate the energy cost of changing the stiffness of the
actuator k(x) (24), we assume that the mechanism that changes
the stiffness is non-backdrivable such that holding the motor
position x requires no energy (this is ensured by the lead screw
in our design, see Fig. 8). Also, we assume a high transmission
ratio (provided by the lead screw), such that Joule losses
are negligible compared to the cost of rapidly accelerating
and decelerating the motor that changes the spring stiffness.
Finally, we assume that there is no energy regeneration, and
that the motor must supply energy to do both positive and
negative work.

Given the aforementioned assumptions, we estimate the
energy cost of changing stiffness AEy,, by multiplying (2)
with %, taking the absolute value of the resulting expression
(because we assume that the motor has to supply energy to
do both positive and negative work), and then integrating the
result from ¢ to 1+ At,

t+At ot+At 1 dk 2 t+At
/ \Fsldr < / |+ / ms|&xlde,  (26)
t Jt 2 1dx t

AEyy

AE, AE,

where At is the short time for the oscillator to move from
q(t) =0 to g(t + At) = Ag < gmax at each half-cycle.

The upper bound for AE} is defined by (20). In order to
compute the upper bound for AE, we assume that the motor is
speed limited |%| < %pnax and has a critically damped dynamics,
characterized by the time constant 7, used in (12), such that
the maximal acceleration of the motor is,

xmax

Xmax =2 pt
X

27)

Using the second integral on the right-hand side of (26),
and assuming that the motor moves with maximal constant
acceleration (27) from ¢ to ¢+ Ar, we find
(28)

max

1
AE, < Emsjcz AP,



We aim to compare AE, with the energy supplied by the
direct-drive motor during each half-cycle of the oscillatory
motion (5),

1
[AE,| = 3 |AK| ginax: (29)

In order to compute the change of the spring stiffness Ak in
(29), we assume k = k(x) as used in (24), and consider the
constant acceleration (27) used in (28), to obtain:

dk(x) 1 ’ dk(x)

|Ak| = Fmax AL (30)

dx — 2| dx

Based on (28)—(30), the ratio between the energy required
to accelerate (decelerate) the motor AE,, and the energy
supplied by the direct-drive motor during each half-cycle of

the oscillatory motion is:
AEx 2msxmax
AE,| = L dk(x) 2
| n| T —ix 9max

)Cq:()

*g=0 ‘ *g=0

€29

Relation (31) shows that reducing the motor mass and the
inertia of the stiffness modulating mechanism (smaller myg)
could reduce the energy cost of acceleration and deceleration,
while increasing the speed (larger Xmax) and reducing the
time constant (smaller 7,) would increase the energy cost of
stiffness modulation. In general, (31) can be used to guide the
design of the stiffness modulating mechanism in order to keep
the energy cost of changing the stiffness of the actuator low
compared to the energy supplied by the direct-drive motor.
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