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Abstract—The development and control of Variable Stiffness
Actuators (VSAs) led to the capability of embodying physical
principles of safety and energy-efficiency compared to traditional stiff servomotors. However, the output torque range and
efficiency of servomotors and VSAs are still insufficient which
hinders the development of machines with performances comparable to a human. We have developed a novel compliant actuation
concept, Series-Parallel Elastic Actuation (SPEA), that addresses
these problems. The novelty being the variable recruitment of
parallel elastic elements and adaptive load cancellation. In this
paper we propose the use of multiple dephased mutilated gears
with locking ring and plate, as intermittent mechanisms, linked in
parallel to the motor. As a result, the motor torque requirements
can be lowered, as such the motor can be downscaled and
the efficiency can be drastically increased. After an abstract
description of the SPEA concept and an outline of the biological
basis, we present the first unidirectional SPEA Proof of Concept
(PoC) set-up. Experiments on this PoC set-up endorse the
feasibility of the SPEA concept. The results match the modeled
trend of a lowered motor torque and increased energy efficiency.
Index Terms—Compliant actuation, new actuators for robotics,
energy efficient actuators, high torque output, intermittent mechanism and SPEA

I. I NTRODUCTION AND PROBLEM ANALYSIS
Actuators are key components for moving and controlling a
mechanism or system. Servomotors are generally used for industrial robots. As they make the joint’s mechanical impedance
very high, they are ideal for precise position tracking with a
high bandwidth. Servomotors typically consist of an electric
motor connected to a gearbox to reduce the rotation speed
and to increase the torque. The dynamics of an actuator
influences the global control of the robotic system through
its mass, inertia, stiffness, etc. However, servomotors have a
bad trade-off between adaptability and performances, i.e. they
cannot simultaneously satisfy safety and, trajectory and energy
efficiency performances if output impedance is high.
A major step in this aim was the introduction of an actuator
having an elastic element in series with the motor. Such
an actuator is commonly named a Series Elastic Actuator
(SEA), as introduced by Pratt about 2 decades ago [1]. The
compliance enabled to decouple the inertia from one link to
the other over the spring, which is beneficial for safety and
shock-absorbance [2]. Furthermore, the spring is an energy
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Fig. 1. Actuator schemes to illustrate that Fmotor ∼
= Foutput for a stiff
actuator, a SEA and a VSA.

buffer, reducing the power rating of the motor by making it
work over a longer period of time [3] but with less power, or
by storing and releasing energy.
Many designs ensued with a mechanism with an extra motor
enabling to change the stiffness of the spring, referred to as
Variable Stiffness Actuators (VSAs)1 . VSAs allow to exploit
and adapt the natural dynamics of a system by controlling
the stiffness [7]. Examples are: pneumatic artificial muscles
[7], [8], MACCEPA [9], AMASC [10], AwAS [11], AwAS-II
[12], Floating Spring Joint [13] and many others described in
literature. An overview with classification of these actuators
is given in [14].
Numerous research projects emerged where intrinsic joint
elasticity is an essential design parameter. More recently,
SEAs found their way to the market too with for example
Mekabot [15] and Baxter from RethinkRobotics [16]. The
advances in VSA technology is paving the way towards new
application fields, such as industrial co-workers, household
robots, advanced prostheses, rehabilitation devices and other
autonomous robots [17].
Despite of the advances in both stiff and bio-inspired
compliant actuation schemes, the current actuation technology
is often still inadequate for (mostly novel) applications with
versatile output requirements and required autonomy (e.g.
exoskeletons, humanoids, prostheses, manipulators, etc.). The
1 Currently, these actuators are also referred to in literature as Variable
Impedance Actuators or VIAs (a more general name for active impedance
by control, inherent compliance and damping actuators [4], inertial and a
combination of them) [5], [6].
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main problem is that actuators (servomotor, gearbox and
possibly springs) with a wide output profile (torque, velocity
and power) are generally bulky, heavy and inefficient [6]
[18]. For example, a powered prosthesis for fast walking,
running or agile locomotion does not yet exist and in more
functional exoskeletons (such as the Raytheon XOS2), the
hydraulic power generation is anchored to the reference base
and transported by tubes to the joints. Other examples are the
biped Atlas and the horse-robot LS3 which have a mechanical
efficiency of 1% compared to a human or horse respectively,
limiting the use of the robots to only one hour [19].
On the contrary, the average specific power density of
a mammalian skeletal muscle (0.05 W/g) is an order of
magnitude lower compared to electric motors (0.5 W/g) [20].
The maximum efficiency of an electric motor (>80%) is also
higher than that of a muscle (<40%). Despite this higher
power density and motor efficiency, mechatronic systems
powered by electric motors are not yet able to offer the agility,
dexterity and versatility of biological muscles. Therefore, we
believe the way transmissions and springs are used needs
drastic innovation.
An abstract model of a servomotor is a motor connected
in series with a gearbox and the load. Likewise, all SEA setups can be schematized by a motor connected in series with a
gearbox, a spring (torsional for rotational joint and linear for
a prismatic joint) and the load. The most basic scheme of a
VSA is that of a SEA with an extra motor added to change the
stiffness as indicated in Fig. 1.C. The main disadvantage of
these serial designs (servomotor, SEA and VSA) is that all the
torque generated by the actuator, also stresses the motor that
controls the equilibrium position. As a result, a SEA or VSA
can only lower the required motor power profile by storing and
releasing energy in the spring and lowering the motor speed,
but not the motor torque or force. The antagonistic setups are
a subset of the VSAs. The torques and energy consumption on
the 2 motors of the antagonistic set-up are higher compared
to the serial set-up [21], later confirmed in [22]. Reason is
that the torque on the biggest loaded actuator is the sum of
the torque required at the output plus the torque needed to
generate the desired stiffness.
One method that modifies the range of external forces
or torques that can be applied to a mechanical system is
the use of a spring in parallel to a servomotor. This concept is referred to in literature as Parallel Elastic Actuation
(PEA) and is for example described by [23]. The idea is
that the parallel spring generates most of the nominal torque
required to follow a given trajectory and the actuator only
provides the difference. Statically balanced mechanisms for
gravity compensation, keeping the potential energy constant
in any configuration, often deploy a parallel spring [24], [25].
Deploying an elastic element in parallel with a servomotor,
however, leads to a stiff output, canceling the above mentioned
advantages of a compliant actuator. To overcome this, an
additional elastic element in series with the motor is required.
Another disadvantage of PEAs is that they limit movement
dexterity. As the parallel spring is always engaged and fixed
in the design phase, these actuators tend to recoil the stored
energy and induce joint motions that counter desired ones

in acyclic movements. For the specific case of a powered
ankle-foot prosthesis, this can be resolved by installing a unidirectional spring in parallel with a force controllable SEA
[26]. For more general applications, designs emerged with
a clutching mechanism connected to the parallel spring, like
the compact version of the Clutched Parallel Elastic Actuator
(CPEA) for example [27]. These designs however consume
power when engaged and become relatively large when the
torque range increases.
The novelty of this paper is that we propose a series-parallel
arrangement with variable recruitment of multiple parallel
elastic elements for compliant joint actuation and adaptive
load cancellation. We call this novel actuation concept: SeriesParallel Elastic Actuation or SPEA and we propose the use
of multiple dephased intermittent mechanisms, with internal
locking, linked in parallel to the motor. This paper is organized
as follows: after the SPEA concept is presented in section II,
the biological inspiration for the SPEA concept is elaborated in
section III. The Proof of Concept (PoC) set-up is presented in
section IV, followed by section V discussing the experimental
results of the PoC set-up. We conclude with a discussion of
the potential of the SPEA concept and possible future work.
II. C ONCEPT
A. General description of the SPEA concept
The SPEA presented in this work consists of a bundle
of parallel compliant elements (typically springs), for which
every spring can be tensioned in succession to increase the
output force or torque of the SPEA (in this section we will
use force schematics for simplicity). As shown in Fig. 2, each
parallel spring is connected with one side to the output link.
The other side of each spring is connected to the output of
one of the parallel dephased intermittent mechanisms. This
general SPEA concept is theoretically introduced in [18].
An intermittent mechanism converts a continuous (rotational)
input to 2 consecutive phases [28]:
1) Motion phase: the output is actuated by the input;
2) Dwell phase: the output is blocked while the input
rotates freely.
The idea now is to place n intermittent mechanisms in
parallel (one for each of the n parallel springs), dephase each
input relative to its predecessor and fix each input of the
intermittent mechanisms to the same shaft that is connected to
the output of a stiff servomotor. The output of each intermittent
mechanism is then connected to one of the n parallel springs.
As such, the total mechanism enables to tension and lock the n
parallel springs in the SPEA successively. This is indicated by
the servomotor in Fig. 2 (solid black circular motor symbol)
which can shift position (indicated by the shaded motor
symbols). A single spring of the SPEA can be in three phases
as shown in Fig. 2:
1) The unpretensioned phase: the intermittent mechanism
is in the dwell phase, the spring is at its rest length and
fixed to the ground link and the output link. All forces
that are exerted will not pass through the motor since it
is not present in the force path (shaded motor);
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Fig. 3. Schemes of a pair of mutilated gears in the dwell, transition and
motion phase. The potential blocking under load is illustrated by the two light
blue teeth in the transition phase.

Fig. 2. Principle scheme of a SPEA with dephased intermittent mechanisms
in parallel. In comparison to the actuators in Fig. 1, Fmotor is only a fraction
of Foutput for a SPEA.

2) The pretensioned phase: the intermittent mechanism is
in the dwell phase, the spring is fully extended and fixed
to the ground link and the output link. All forces that
are exerted will not pass through the motor since it is
not present in the force path (shaded motor);
3) The pretensioning phase: the intermittent mechanism is
in the motion phase, the motor controls the length of
the spring and brings it from unpretensioned phase to
pretensioned phase or back. The forces that are exerted
will pass through the motor since it is present in the
force path (solid black motor).
Only the forces that are exerted on the spring in the pretensioning phase will go through the motor. Since most of the
springs are in the unpretensioned or in the pretensioned phase
and only one or a few are in the pretensioning phase, only a
fraction of the total force exerted on the output link will be
felt by the motor as indicated by the force vectors in Fig. 2.
Through this virtue, the SPEA concept enables to reduce the
force or torque requirements of the motor and to increase the
efficiency.
B. Realization of the SPEA concept
An intermittent mechanism with internal locking (during
the dwell phase) can be achieved with different mechanical
principles [28] [29]. Most designs are based on ratchets or cam
mechanisms (e.g. the Geneva drive). The preferred designs
should not require an extra motor and should not induce
large friction levels or shocks. This paper proposes the use
of mutilated gears for the first SPEA PoC, which is described
in section IV. The basic concept of mutilated gears consists
of removing a number of teeth of the driver of a pair of (spur)
gears. As a result, the continuously turning driver only drives
the driven output when the teeth interact, which results in an
intermittent motion. The placing of a locking ring and plate
ensures that the driven output is locked during the dwell phase.
Pairs of mutilated gears in dwell phase, the transition from

dwell to motion phase, and in motion phase are presented
in Fig. 3. The different components of the mutilated gears
are indicated as well. Mutilated gears offer design freedom
regarding the motion curves since the length of the dwell
phase depends on the number of teeth removed. Furthermore,
multiple dwell and motion phases can be easily obtained by
alternating sections of the driver gear where teeth are removed
and where teeth are not removed, and the length of each dwell
and motion phase can be chosen individually as well. Finally,
since mutilated gears are adapted normal gears, the gear ratio
can still be chosen. The main disadvantage is the impact
produced at the start of every motion phase. An important
issue regarding the use of mutilated gears in the SPEA, is the
blocking of the mechanisms at the transition from the dwell
phase to the motion phase, when the output load (torque in
this case) is in the same (rotational) direction as the input
motion. This is indicated in Fig. 3 by means of the lower
light blue tooth that should follow the arrow in order to avoid
blocking of the mechanism. Due to the output load (indicated
by the arrow and explanation mark), however, the two light
blue teeth interact and the mechanism blocks. In other words,
the intermittent mechanism skips a tooth. This problem, of
blocking when the driven output is under load, is common
to most intermittent mechanisms. To bypass this problem, the
spring is connected to a lever arm, which is fixed to the driven
output. The dephased mutilated gear mechanisms tension each
spring successively from the singular position of no torque at
the lever arm at 0◦ , to the next singular position at 180◦ . This is
indicated in Fig. 4 where the first two springs are pretensioned
and thus φ1 and φ2 are equal to 180◦ . As a result, the transition
from dwell phase to motion phase is without any load on the
output due to the singular position, and the mechanism does
not block. For a perfect transition, the driving shaft of the
mutilated gears is notched more than half. As such, a small
torque opposite to the direction of the driver input ensures the
mechanism does not block. A second advantage of locking in a
singular position of no torque at the lever arm, is the reduction
of friction levels in the dwell phase between the locking ring
and plate.
III. B IOLOGICAL INSPIRATION
The development of variable stiffness actuators [17] and
extend impedance control as humans [30] is strongly inspired
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by the working principle of skeletal muscles, where the elasticity plays a major role during motion [31]. The use of elastic
elements is presented in the systems engineering perspective
of a purely mechanical muscle model in, for example, Hills
macroscopic three element elastic muscle model. It consists
of a Contractile Element (CE), a Series Elastic Element
(SE) and a Parallel Elastic Element (PE) [32]. The similarity
between these three elements and the current state of the art
of compliant actuation concepts is clear. The CE and SE can
be linked respectively to the stiff motor and serial spring of
current SEAs and VSAs. The more recent designs with a
parallel spring, the PEAs, can be linked to the PE of Hill’s
three element model. A combination of all three elements can
be found for example in the powered ankle-foot prosthesis of
Hugh Herr [26].
We found inspiration for our SPEA concept beyond Hill’s
macroscopic three element model, in the biological muscle,
which consists of a large set of parallel and series motor units
in connection with neurons. The force produced by a single
motor unit is partly determined by the number of muscle
fibers in the unit. A muscle can be progressively activated
by successive motor unit recruitment [33]. This means that
by changing the number and size of motor units triggered, a
muscle can change its strength of contraction. In order to lift a
light object only a small number of motor units are recruited,
whilst more and more motor units are recruited to lift a heavier
object. The difference with our novel SPEA concept is that not
all springs in the SPEA need their own motor unit (generally
an electric motor). Instead, a single motor with an intermittent
mechanism controls the engagement of several parallel springs.
These biological foundings provide a logic amenability for the
study of variable recruitment of parallel compliant elements
for reduced motor torque and energy requirements.

Fig. 4.

All relevant SPEA parameters indicated on a scheme of the PoC.

see that these will be subject to friction. Reducing friction
between the locking ring and locking plate of the mutilated
gear mechanisms is accomplished by locking the springs, in
both unpretensioned and pretensioned phase, in a singular
position of no torque at the lever arm. This means that each
of the lever arms should be turned over 180◦ . Since the PoC
consists of 4 lever arms that each should turn over 180◦ , the
gear ratio of the mutilated gear mechanisms should be ǫ = 12
so that the driver shaft of the mutilated gear mechanism turns
through 360◦ in order to tension all 4 springs.
The springs in the PoC are turned to the pretensioned phase
one by one in order to increase the generated torque TSP EA .
In Fig. 4, the most important angles, torques and parameters
of the PoC are shown. It is important to note that in this
agonistic set-up the springs in the unpretensioned phase clearly
sag. The unpretensioned springs are at rest length at φi = 0.
When the output angle ψ 6= 0, the unpretensioned springs sag.
As a result, the stiffness regarding the output is smaller than
n nk = k. The effect of sagging springs will be implemented
in the theoretical model here underneath.

IV. P ROOF OF C ONCEPT
This section describes the PoC built in order to validate the
feasibility of the SPEA concept with intermittent mechanism,
and the reduction in motor torque and energy requirements as
a function of increased number of parallel springs. A scheme
of the PoC is provided in Fig. 4 and an overview picture in
Fig. 5.A.
A. PoC mechanical set-up
The PoC consists of 4 springs. This is enough to show the
working principle, while more springs would further decrease
the maximum motor torque. Each spring is connected by
means of wires to one of the lever arms on the input side,
and to one of the drums on the output side. Since the wires
are wrapped around one side of the drums, the output torque
is unidirectional. The driver of each parallel mutilated gear
mechanism is fixed to the input shaft, which is connected to
a servomotor. The drivers of the mutilated gear mechanisms
are mutually dephased and each have one dwell phase and
one motion phase. The driven outputs of the mutilated gear
mechanisms are connected to the lever arms and rotate freely
around the lever arm shaft. A locking plate and locking ring are
installed to provide locking in the dwell phase. One can easily

B. PoC theoretical model
In this section all equations needed to calculate the motor
torque Tmotor and motor velocity ωmotor w.r.t. a certain
required torque Treq and angular velocity ωreq profile at the
output will be derived. The following list contains all relevant
parameters of the PoC as indicated in Fig. 4:
• n = number of springs in parallel;
• φ = motor input angle;
• ψ = output angle;
• φi = angle of lever arm i;
• k/n = spring constant of one spring in a SPEA set-up
with n springs;
• Llever = input lever arm length;
• Dout = output drum diameter;
• H = horizontal distance between driver shaft and lever
arm shaft;
1
• ǫ = 2;
• Tmotor = motor torque;
• ωmotor = angular motor velocity;
• TSPEA = torque applied by the SPEA.
If the angle on the motor side is φ, then all input drums are
positioned at specific angles φ1 to φn . The angular position
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A

Fig. 5.

B

Overview picture of the SPEA PoC (left) and a close-up of the mutilated gears (right).

of the input drum that is actuated by the motor at a certain
moment, φActual , depends on the motor angle φ and on the
design of the mutilated gears. The angular position of any
input drum can be found by φi . Both expressions can be
found in (1) and (2). Abs(x) stands for the absolute value
returns x for x > 0 and returns
of x. Furthermore, x+abs(x)
2
are used in (1) and (2) to
0 for x ≤ 0. Variations of x+abs(x)
2
equal specific terms to 0, once they are bigger or smaller than
a certain limit value. Fix(x) rounds x to the nearest integer
towards zero.
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As φactual and φi were defined for the angle φ, Extactual and
Exti are defined for the spring extensions in (3) and (4).
Extactual (φ, ψreq ) =


ψreq Dout 1
L (−ǫφactual (φ)) + Llever − H +
2
2


ψreq Dout 1
− abs L (−ǫφactual (φ)) + Llever − H +
2
2
(3)
Exti (φ, ψreq ) =


ψreq Dout
L (φi (φ, i)) + Llever − H +
2


1
ψreq Dout
−abs L (φi (φ, i)) + Llever − H +
2
2

(4)

All the above mentioned parameters will now be used to
calculate the motor angular position φmotor , the motor angular
velocity ωmotor and the motor torque Tmotor as a function of
the desired output torque Treq at ψreq . The motor angular
position φmotor can be found by iteration. φmotor is equal to
the value φ that matches (5):

Treq =

n
X
i=1

−

k Dout
Exti (φ, ψreq )
n 2

(5)

Derivation of φmotor leads to ωmotor . The motor torque
Tmotor can now be found by means of (6) here underneath
and the knowledge of φmotor from the iteration of (5):
1 k
ǫ n
sin (β(−ǫ φactual (φ))) Llever Extactual (φ, ψreq )

Tmotor =

(6)

C. PoC realization
An overview picture of the PoC and a close-up of the
mutilated gears, designed and built for this paper is presented
in Fig. 5.B and a sketch in Fig. 6.C. Apart from some
machined aluminum connectors and the shafts, all parts are in
MDF (Medium-density fiberboard) and Plexi, and cut by laser.
This allows rapid prototyping and significantly reduces the
production costs. By leaving enough space between the springs
and using Plexi sides, a set-up where the working principle is
clearly visible is obtained. Moreover, the configuration can
be altered for making a setup with 2 parallel springs or a
single spring. Dimensions can be reduced for implementation
in different applications. An Arduino board with customdesign PCB is used to control the device and preform the
measurements. A current sensor (ACS712 fully integrated,
Hall effect-based linear current sensor IC) is installed over
the DC motor poles as well as a voltmeter, to measure the
electric motor power. The measured current is used to calculate
the motor torque. The gravitational output torque can be
calculated indirectly since the output angle ψ is known by
measurement, as well as the mass connected to the output
arm and the length of the output arm. The servomotor that
drives the PoC SPEA with 4 springs is a HITEC HS-5955TG
coreless digital servomotor with a 4-stage titanium gearbox.
The servomotor is modified to enable continuous rotation.
The documented parameters are: gear ratio 347:1, R = 1.4 Ω,
Istall = 4.2 A and Tstall = 2.35 N m. Finding the other motor
parameters for a Hitec servomotor is difficult. That is why
for the following parameters we made estimations via electric
m
,
motors of comparable size and power: ν = 12 10−7 Nrad
sec
−7
2
M = 4.4 10 Kgm and a gearbox efficiency of 50%. Each
spring in the PoC SPEA with 4 springs has a stiffness of 350 N
m
and rest length 0.05 m.
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In order to compare the experimental results of the SPEA
PoC with 4 springs, the PoC is converted to 3 other set-ups.
A stiff set-up which is driven by the same HITEC servomotor
as the PoC with 4 springs (a scheme in Fig. 6.A). An SPEA
set-up with only 2 springs of which the stiffness is doubled to
N
700 N
m (practically realized by combining 2 springs of 350 m in
parallel). An SEA set-up with spring stiffness is quadrupled to
N
1400 N
m (practically realized by combining 4 springs of 350 m
in parallel). The servomotor is again the same HITEC. The
experimental results will be discussed in section V.

A

B

D. DC motor model
At equilibrium (i.e. constant voltage, load and motor speed)
the equations of motion of a DC motor are:
V = RI + kb ωmotor

(7)

Tmotor = kt I − νωmotor

(8)

C
Fig. 6. The SPEA set-up with 4 springs in C, equivalent SEA in B and stiff
set-up in A.

A. Motor torque measurements
With R the motor resistance, kt the motor’s torque constant,
kb the motor’s back emf constant, ν the motor’s viscous
friction constant, M the rotor’s moment of inertia, ωmotor
the rotor’s angular velocity and Tmotor the applied external
load. The electric motor power is equal to the product of
motor current and motor voltage. Assuming an instantaneous
electric response for the transient behavior, the motor current
and voltage can be calculated as a function of the motor
acceleration, speed and load as follows:
I=

V =

ν
1
M
ω̇motor + ωmotor + Tmotor
kt
kt
kt

(9)

ν R
R
M R
ω̇motor +
ωmotor +kb ωmotor + Tmotor (10)
kt
kt
kt

Equations (9) and (10) will be used in section V to compared
the modeled and measured electric motor power in Fig. 8.C.

V. E XPERIMENTAL RESULTS
In sections V-A and V-B, we aim to match the described
SPEA model with motor torque and motor power measurements and as such validate the working principles of the SPEA.
The required servomotor position is precalculated as a function
of the required output position and torque via the model of
section IV-B. The experiments are open-loop since only the
servomotor position is PD-controlled and no damping control
to avoid oscillations on the output is implemented. Therefore,
the experiments in sections V-A and V-B are conducted at relatively low output speeds. In section V-C, however, the output
angle ψ is kept constant and the output torque bandwidth of
the SPEA PoC and the SEA are compared. In sections V-A,
V-B and V-C the performed experiments and measurements
are described. In section V-D the results of the experiments
are discussed.

The first experiment concerns three set-ups, namely, the
SPEA set-up with 4 springs, the equivalent SEA (kSEA =
4kSP EA ) and equivalent stiff set-up as shown in Fig. 6. The
aim is to show the lowered motor torque for the SPEA,
compared to the SEA and stiff actuator, while producing the
same output torque. The output load (equal for all three setups) is a mass of 0.26 kg with its center of mass at 0.3 m from
the output shaft. This load requires 0.77 Nm of output torque
to statically hold the load at an output angle of ψ = 90◦ .
The motor torque required to hold at each position between
ψ = 0◦ and ψ = 90◦ is calculated for each of the three set-ups
and shown in Fig. 7. Since the motor of both the SEA and
stiff set-up in Fig. 6.B and A, is in series with the load, the
maximum motor torque is almost the same for both set-ups
as can be seen in Fig. 7. Both maxima are about twice the
maximum output torque, which is 0.77 N m, since the set-ups
all have the extra ǫ = 12 . The stiff curve goes from 0 Nm to the
maximum torque in a sinusoidal way as expected. The SEA
curve starts and ends at 0 Nm since the spring is locked in a
singular position of no torque at the lever arm. The modeled
SPEA motor torque is clearly lower than both serial set-ups.
The modeled red dotted curve in Fig. 7 consists of 4 humps
that logically resemble a scaled SEA curve since each of the
4 lever arms is locked in a singular position of no torque at
the lever arm. The last hump is lower than the first hump due
to the sagging of the springs.
In order to validate the modeled SPEA curve, the motor
torque was measured approximately every time the output
angle increased by 1◦ and plotted on top of the modeled curve.
Each measurement is done at constant motor angle, which
means the measured motor current I is directly related to the
motor torque since ωmotor = 0 in (8). Fig. 7 clearly shows that
the measured SPEA motor torque follows approximately the
model. The total torque produced by the pretensioned springs
(yellow stripe dotted line in Fig. 7) rises and equals the total
output torque when the output angle is at 90◦ and all springs
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Fig. 7. The motor torque of the SPEA with 4 springs is clearly lower than the
motor torque of the equivalent stiff and the SEA set-up. The measurements
clearly match the modeled trend of reduced motor torque compared to the
stiff and SEA set-ups.

are tensioned and locked.
B. Motor power measurements
The second experiment concerns three set-ups, namely, a
SPEA set-up with 4 springs, a SPEA set-up with 2 springs and
a stiff set-up. The aim is to show the decrease in electric motor
power for a SPEA compared to the stiff set-up and to indicate
the difference between a SPEA with 2 springs and a SPEA
with 4 springs. The gravitational load is the same as for the
torque measurements. Both the SPEAs (with 2 and 4 springs)
need to track the same required output profile, namely the
output profile of the stiff actuator (i.e. required output torque
Treq and output velocity ωreq ). The average measured output
angle, out of 5 measurements, for the three set-ups is shown in
Fig. 8.A. The three average curves are approximately the same.
The standard deviation of each average curve is smaller than
the linewidth and thus not plotted. The current and voltage of
the motor in the three set-ups are measured and their product
gives the measured electric motor power to deliver the output
angle profile of Fig. 8.A. For each of the three set-ups the
experiment is repeated 4 times and the average electric power
of each set-up is plotted in Fig. 8.B. The standard deviation
is plotted around the average curves with thin lines.
For the SPEA the equations (5) and (6) can be used to
obtain the required motor torque and velocity based on the
required output profile of Fig. 8.A. Next, the motor model
of section IV-D enables to model the required motor electric
power based on the required motor torques and velocities. The
modeled electric motor power for the SPEA with 4 springs is
plotted on top of the measurements in Fig. 8.C.
C. Output torque tracking
By means of this third experiment the output torque bandwidth of the SPEA PoC and the SEA (shown in Fig. 6.C
and b) are compared. The SPEA and SEA are required to
track a certain reference output torque trajectory while the
output angle ψ is kept constant at 0◦ . The reference consists
of 3 step responses with different maxima. The output torque
is measured by means of a DRBK torque transducer with
a measurement range of 20 Nm and a maximum combined
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Fig. 8. A: The measured output angle for the three set-ups of the motor
power experiment is comparable. B: The decrease in measured electric motor
power as a function of parallel springs in the SPEA is clearly illustrated. C:
The modeled electric motor power in a SPEA with four springs approximately
matches the measurements.

error of 0.1 Nm. The control is open-loop since the required
servomotor profiles are precalculated, based on the tracking
reference, by means of the model described in section IV-A. In
Fig. 9.A the measured output torque of the SEA (black solid
line) and SPEA (red dashed line) are plotted and compared
with the reference trajectory (black dotted line). Fig. 9.B, C,
D and E shows the measured motor angle φ, motor voltage,
motor current and motor electric power respectively. All data
shown in Fig. 9 is averaged over 5 measurements. The standard
deviation is plotted in thin lines around the measurements.
D. Discussion of results
The static motor torque experiment validates that the SPEA
significantly lowers the motor torque compared to the equivalent stiff and SEA set-up. The maximum motor torque for the
SPEA with 4 springs is not exactly 4 times lower as for the
SEA with 1 spring but a bit higher. This is due to the sagging
of the unpretensioned springs when output angle differs from
0◦ . The measured data clearly matches the model. Adding
more springs in parallel in the SPEA will further decrease
the motor torque, as indicated by (6) where an increase of n
results in a reduction of Tmotor .
Regarding the transient power measurements in Fig. 8.B, the
conclusion follows that when more springs are used in parallel
the power consumption decreases, while the mechanical power
generated at the output link is for the different cases the same
(since they track the same output profile as shown in Fig. 8.A).
The integral of the three power curves in Fig. 8.B equals the
energy required for each set-up: 320 J for the stiff set-up,
170 J for the SPEA with 2 springs and 34 J for the SPEA
with 4 springs. This means the SPEA with 2 springs only
requires 53% of the energy needed for the stiff set-up. For the
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Fig. 9. Open loop output torque tracking experiments of the SPEA PoC and
SEA with the output angle ψ constant at 0◦ . The measured output torque is
given in A. The measured motor data is given in B,C,D and E.

SPEA with 4 springs this is only 11%. The main reason for
this drastic increase in efficiency is the fact that the output
torque TSP EA = Tf ix + Tvariable , where Tf ix is delivered
by the locked springs and only Tvariable should be delivered
by the motor. Since a lowered motor torque means a lowered
current drain, the copper losses I 2 R decrease as well. Fig. 8.C
clearly shows that the modeled and measured power curves for
the SPEA with 4 springs are approximately the same which
validates our model.
Fig. 9.A shows that the SEA cannot deliver the reference
output torque of the first 2 step responses while the SPEA can
deliver all 3 step responses. In general, a SPEA with n springs
in parallel can deliver approximately n times the maximum
output torque of the SEA (for the PoC n=4). On the other hand,
the motor angle in Fig. 9.B and step response rise time of the
SPEA is approximately n times bigger compared to the SEA.
It is important to note that the PoC results are determined by
the maximum servomotor speed of 67 RPM. Fig. 9.E indicates
that the SPEA electric motor power is lower than for the SEA.
Moreover, when the output torque of the first step response is
reached, the electric motor power equals 0 W due to the fact
that all 4 springs are in pretensioned phase and no spring is
in pretensioning phase. As such, all forces that are exerted
to generate the output torque will not pass through the motor
since it is not present in the force path. For the last two step
responses, one spring remains in pretensioning phase and as
such, the electric motor power is different from 0 W, though
lower than the SEA.
VI. C ONCLUSION AND FUTURE WORK
In this paper, we introduced the novel SPEA compliant
actuation concept based on an intermittent mechanism where

parallel springs are tensioned and locked successively. The
experiments showed that the SPEA concept can drastically
lower the motor torque and energy requirements compared
to a stiff actuator or a SEA, while maintaining the inherent
compliance.
Currently mutilated gears are installed in the PoC as an
intermittent mechanism. This can be further improved, since
mutilated gears have some disadvantages such as the shocks at
the transition between dwell and motion phases, the potential
blocking of the mechanism and friction during the dwell phase.
Moreover, the set-up currently only allows unidirectional
torque output. We are investigating an improved intermittent
mechanism which eliminates friction during the dwell phase,
avoids potential blocking and shocks, and allows bidirectional
torque output. Another interesting idea is to investigate, as was
done for SEAs, the potential of variable stiffness in the SPEA.
Undiscussed so far is the increase in complexity and the
potential increase in mass and volume of the SPEA as potential
drawbacks, compared to stiff actuators and SEAs. We believe
that these issues can be resolved since modern production
techniques (such as 3D multi-material printing) are evolving
at a speed which eliminates an increase in complexity as
bottleneck. Furthermore, a SPEA with n springs will not
necessarily weigh more than a SEA. There are indeed n
dephased intermittent mechanisms, but these can be downgraded compared to the SEA mechanism since they are only
subjected to a fraction of the total output torque. Furthermore,
the motor and gearbox of the SPEA can be downgraded due
to the reduced motor torque requirements, which means a
reduction in size and weight as well, as calculated for the
example of a transtibial prosthese in [18]. Future work consists
in developing an optimization strategy for the SPEA design.
Currently, the size and weight of the PoC are unoptimized.
Since a change of the output angle ψ of the SPEA tensions
all parallel springs, the output behavior of the SPEA is identical to a SEA and the SPEA has practically the same overall
output stiffness as an equivalent SEA. Therefore, the different
control strategies developed for compliant actuators can also
be used for the SPEA, for example to avoid oscillations by
damping control, exploit natural dynamics for cyclic motions,
etc., depending on the targeted application.
We hope that this novel actuation concept, which is biologically inspired by the variable recruitment of parallel muscle
fibers, can contribute to the research towards more efficient
actuators for the robots of tomorrow.
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