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Article

Novel SPECTA actuator to improve energy recuperation and
efficiency
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Bram Vanderborght 1 and Dirk Lefeber 1
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Correspondence: elias.saerens@vub.be

Abstract: The current state-of-the-art in compliant actuation has already good performance, but this
is still insufficient to provide a decent autonomy for the next generation of robots. In this paper,
a next step is taken to improve the efficiency of actuators by tackling and enhancing the SeriesParallel Elastic Constant Torque Actuation (SPECTA) concept, which has previously been analyzed
in simulations. In this work, the efficiency is increased further by decoupling the springs and their
driving parts through the use of locking mechanisms, such that the motors are not always loaded
and the springs can easily store energy from both in- or output. Simulations have been performed to
confirm this and they also showed that, in the SPECTA concept, it is always better to use high-speed
motors instead of high-torque motors, even with non-efficient gearing. In this paper, the SPECTA
concept is also validated experimentally with the use of a newly built test set-up. In the light of the
obtained results, showing an increase in efficiency for almost all working points, it can be said that
SPECTA is a promising new actuation technology that allows for an increase in energy recuperation,
efficiency, and autonomy.
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1. Introduction

Legrand, J. SPECTA. Actuators 2021, 1,

During the last years, robots and robotic devices have taken a more prominent stage
in society and industry, since they became less dependent from external power sources.
To facilitate the integration of robots into our daily lives, some major problems still need
to be tackled. One of those problems is their autonomy, which is still not sufficient. For
specific examples, one can look at the robots of Boston Dynamics. The Atlas robot has 60
minutes autonomy with a battery of 3.7kWh to move a body of 80kg [1,2], whereas Spot
can move without load for approximately 90 minutes with a battery of 605Wh [3]. Stretch,
on the other hand, which was released in early 2021, has 16 hours autonomy. This comes
from the large space available in its base although its total weight is 1200kg [4]. Looking at
these numbers, it can be concluded that the autonomy still needs to be improved, unless
when sacrificing weight and size, which in turn leads to other downsides like e.g. loss in
payload, reduction of safety, a decrease of sustainability, etc. [5].
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This poor autonomy is due to several factors: unoptimized power sources, the power
electronics that use a large chunk of the available energy, the actuators which still induce
Licensee MDPI, Basel, Switzerland.
a lot of losses, etc. For this last category, namely the actuation technology, already a lot
This article is an open access article
of innovation has happened throughout the years by introducing compliance into the
distributed under the terms and
actuation. Compliant elements are energy buffers providing an additional power path that
conditions of the Creative Commons
can be used to lower the losses of the actuator. A good example is motor regeneration: an
Attribution (CC BY) license (https://
electric motor can convert back mechanical power into electrical power but the power will
creativecommons.org/licenses/by/
first go through the transmission before going through the motor, which will cause losses.
4.0/).
If the energy is instead stored in a compliant element, placed between the load and the motor, the losses can be virtually
canceled.
Copyright: © 2021 by the authors.
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The energy can then be provided by the Compliant element to the load and this without losses once more. Different
compliant actuators have been developed for that purpose:
•
•

•
•

•

Series Elastic Actuators (SEA) [6–12]: actuators with a compliant element placed in series with the motor which
modifies the speed profile of the motor and hence reduces mainly the friction- and gearing losses.
Variable Stiffness Actuators (VSA) [13–25]: SEAs where the joint stiffness can actively be changed as, for a given
task, only a limited range of stiffness generally allows a reduction of the losses (outside this range, the losses can
even be higher than without a compliant element). This broadens the range of applicability of the actuator although
these actuators use a second motor that also consumes power, increases the weight, volume, and complexity of the
actuator.
Parallel Elastic Actuators (PEA) [8,26–30]: actuators with a compliant element placed in parallel with the motor
which modifies the torque profile of the motor and hence reduces mainly the Joule- and gearing losses.
Clutched PEAs (cPEA) [16]: PEAs where the parallel spring can be (de-)coupled from the output in case the power
path offered by the spring is not beneficial at a given moment. This also comes at the cost of a clutch which consumes
power and increases the weight, volume, and complexity of the actuator.
Series-Parallel Elastic Actuators (SPEA) [31–39]: these actuators combine both series and parallel compliant elements
to alter both the speed and torque profile of the motors and hence have the benefits of both the SEA and PEA. SPEAs
also have the added benefit of redundancy, which makes that the load can be divided among multiple motors. This
is especially useful to reduce the Joule losses since they scale quadratically with the load torque. In the light of
the above arguments, SPEA displays the most benefits for improving autonomy, but this at the cost of increased
complexity, weight, and volume.

It has, however, been shown in [40] that there is still room for improvement for the SPEA. In this work, which led to
the development of the initial Series-Parallel Elastic Constant Torque Actuation or SPECTA, the main goal was to design
an actuator that can solve the ’Torque loss’ issues of the SPEA by introducing an adapted topology that is no longer
prone to this. Since the torque loss originates from the deflection-dependent nature of the springs that are used in the
SPEA, it was proposed to replace these springs with a constant torque mechanism. This would allow it to keep its torque
when the motor angle is altered. As a consequence, this also enabled the spring to be used as a storage element, since the
(dis)charge of the spring would not have any influence on the produced torque. For this constant torque mechanism, it
was chosen to use so-called ’constant torque springs’, since they provide a decent amount of torque in a compact design
that also has a stable behavior. Implementing these in the +SPEA concept resulted in an actuator topology as shown in
Fig. 1.

Figure 1. Graphical view of the initial SPECTA concept [40].

In this topology, all q − 1 branches contain constant torque springs, which are the so-called discrete torque units.
Since continuous torque is necessary, the last unit uses a linear spring. The topology shown in Fig. 1, however, still
contains some non-ideal parts, although a large increase in efficiency was simulated when comparing to an equivalent
SPEA [40]. One of the main downsides is that a direct path between the motors and the output is present, leading to
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power consumption even when the load is driven from the output side. This can also lead to inefficient back-driving
behavior. The problem comes from the initial design of the +SPEA, as can be seen in Fig. 2 (b). It has already been
partially solved by the intermittent design of the iSPEA (depicted in Fig. 2 (a)), where only one motor is in contact with
the load, and by using holding brakes in the +SPEA, preventing the motors from being loaded. For the iSPEA, this
is, however, at the cost of speed, since it has to go through a cycle. For the +SPEA, it is at the cost of brakes that also
consume energy. A perfect solution would thus consist of the motor decoupling behavior of the iSPEA and the multiple
recruitment possibility of the +SPEA while avoiding the use of brakes when the motor is in stasis.
n
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Figure 2. Overview of the SPEA architecture which can be divided into iSPEA and +SPEA. (a) iSPEA schematic, consisting of parallel
branches with springs that can be variably recruited by one motor that moves using a dephased intermittent mechanism, represented
by the blue rectangle. (b) +SPEA schematic, which consists of parallel branches with each a motor that can variably recruit the spring,
present in their unit. Also, a Non-Backdrivable Mechanism (NBM) is added to lock the motor such that the spring can be tensioned
without drawing power from the motor. Adapted from [31].

In this work, the direct-path problem of the SPECTA (i.e. the motor is always loaded) will be solved by placing
locking mechanisms at the input and output of the constant torque spring. The spring can thus both be (dis-)charged
by the motor and the output, without them interfering and hence avoiding back-driving motors. It should, however,
be noted that one of the case involves both clutches being open (i.e. the spring is completely decoupled from external
influence). In this case, all energy stored in the spring would be lost. As such, the final SPECTA topology will also
contain a locking mechanism to store the spring energy. Based on the analysis done in [41], electromagnetic clutches were
selected for the coupling between the motor and the spring as for the spring and the output branch respectively, ensuring
a reliable and easily controllable locking behavior. To store the energy in the spring, when both clutches are open, it was
opted to go for a more passive solution, namely a ratchet and pawl mechanism.
This paper is structured as follows: First, in section 1, the dynamic model of the actuator is described. Next, our
method is presented in Section 2. This comprises a task description, the selection of the specific actuation units and
topology as well as the description of the optimization strategy and the metrics used to compare the chosen SPECTA
actuator with a comparable stiff actuator. Based on these previous two sections, simulations and result discussions are
given in section 3. The theoretical gains of the SPECTA actuator in terms of energy efficiency are also discussed. To
validate the simulations, a test set-up is built, which is shown with all details in section 4. With the set-up being built,
experimental validation is performed and presented in section 5. At the end of the paper, a discussion is made in section 6
considering the simulations and experiments, together with conclusions that can be drawn from all the results regarding
the SPECTA.
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1. Construction of the dynamic SPECTA model
To start the development of the novel SPECTA, the ideas mentioned in the introduction will be added to the topology
of Fig. 1. This imposes that locking mechanisms, i.e. the electromagnetic clutches and ratchet and pawl mechanism, are
added in all constant torque units/branches of the SPECTA model. It is also chosen that the last branch is still stiff and
not compliant such that the output can be tracked more easily.
1.1. Model
The topology of this novel SPECTA is shown in Fig. 3, together with all used variables.

Figure 3. Overview of the SPECTA actuator for case 2. The blocks with ψ, λ and γ represent respectively the electromagnetic clutch at
the input, the ratchet and pawl system to lock the spring and the electromagnetic clutch at the output. The electromagnetic clutches are
represented by the red boxes, whereas the ratchet and pawl mechanisms by the blue boxes for clarity.

In this figure, the blue boxes with the λ variable represent a ratchet and pawl locking mechanism. The lockings have
only two possible states, namely locked and unlocked, and can be described by:
(
0
Ratchet locked
λi =
(1)
1
Ratchet open
The red boxes with the ψ or γ variable represent a clutch mechanism. The clutches have only two possible states,
namely on and off, and can be described by:
(
0
Clutch disengaged
ψi , γi =
(2)
1
Clutch engaged

Actuators 2021, 1, 0

5 of 29

The physical states of these boxes are clarified in Fig. 4.

Figure 4. Visualization of the different states of the used locking mechanisms. The blue boxes will always represent a ratchet and pawl
mechanism and the red boxes will always represent an electromagnetic clutch. Here the visualization of the ψ variable is not done
explicitly, but it is the same as for γ.

Now only the explanation of all symbols required to describe the SPECTA is still needed to make the dynamic model.
These are described in Table 1.
Table 1: Nomenclature of SPECTA concept.
Symbol

Explanation

Unit

Jm
ν
kt
R
θm /θi /θo
θ̇m /θ̇i
θ̇m /θ̇i
ψ/γ
λ
U
I
P
Tspring
Thyst
n
Cη
ηi

Inertia of motor and transmission
Viscous friction coefficient
Torque constant of the motor
Motor resistance
Motor/Spring/Output angle
Motor/Spring velocity
Motor/Spring acceleration
State of the clutch between (motor and spring)/(spring and output)
State of the ratchet and pawl mechanisms
Motor voltage
Motor current
Motor power
Torque level of the CT spring
Maximum hysteresis amplitude of the of the CT spring
Transmission ratio
Efficiency function of the transmission
Maximum efficiency of the transmission

kgm2
Nms/rad
Nm/A
Ω
rad
rad/s
rad/s2
/
/
V
A
W
Nm
Nm
/
/
/

1.2. Graphical simplification
Before we proceed with the analytical description of the SPECTA, it is also useful to provide a less abstract depiction
of the working of the SPECTA. This simplification is shown in Fig. 5. In this configuration, the spring of the first constant
torque unit (top branch) is charged by the motor, whereas the spring of the second constant torque unit (lowest branch) is
in direct contact with the load. In this example, the constant torque units are coupled to the output axis by a belt (gray
band) and, for both units, the ratchet and pawl are in their unlocked state. The stiff (continuous torque) unit, which is
shown in the middle branch, is coupled directly to the output (load).
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Figure 5. View of a specific configuration of the SPECTA actuator. In this configuration, the spring of the first constant torque unit (top
branch) is charged by the motor, whereas the spring of the second constant torque unit (lowest branch) is in direct contact with the
load. In this example, the constant torque units are coupled to the output axis by a belt (gray band) and for both units the ratchet and
pawl are in their unlocked state. The stiff (continuous torque) unit, which is shown in the middle branch is coupled directly to the
output (load).

1.3. Equations
1.3.1. Discrete part
The dynamics of the motor in the discrete part can be described by:
(

Jm,i θ̈m,i + νi θ̇m,i = k t,i Ii − ψi n TCi

i η,i

Ui = Ri Ii + k t,i θ̇m,i

(3)

The following behavior is desired:
Table 2: Overview of how the speed of the constant torque spring is defined for case 2 with respect to the clutch , ratchet,
and pawl variables. The value 0 represents the upper state of all colored boxes (in Fig. 3), whereas the value 1 represents
the lower state of the colored boxes. This explanation is also shown in Fig. 4.
ψi
0
1
0
0
1
1
0
1

λi
0
0
1
0
1
0
1
1

γi
0
0
0
1
0
1
1
1

θ̇i =
0
Not allowed
Not allowed
Not allowed
θ̇m,i /ni
Not allowed
θ̇in = nout θ̇out
Not allowed

This imposes that the kinematic relations for the discrete part are given by:
"
#
!
θ̇m,i
θ̇m,i
θ̇i = λi ψi
− γi nout θ̇out = λi ψi
− γi nout θ̇out
ni
ni

(4)

Note: One can see that from the output side, nothing changes in the equation in comparison with case 1. Only an extra
part iss added that describes the charging of the motor.
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Table 2 also imposes that the following boundary conditions are valid:
•

Ensure that the switching variables are always either 0 or 1:


(1 − ψi )ψi = 0
(1 − λ i ) λ i = 0


( 1 − γi ) γi = 0

•

(5)

Ensure that there is no mechanical blockage due to the ratchet (both on input- and output side):
(
(1 − λi )ψi = 0

(6)

( 1 − λ i ) γi = 0
•

Avoid charging the spring when it is connected to the output (otherwise motor directly coupled to the output):
ψi λi γi = 0

•

(7)

Avoid uncontrolled unloading of the spring (since this might cause breaking of the spring):

(1 − γi )(1 − ψi )λi = 0

(8)

Here, it is explicitly stated that the motor can only charge when the output is not connected to the spring.
Again, the clutches have only two possible states, namely on and off, so it can be described by:
(
0
Clutch disengaged
ψi , γi =
1
Clutch engaged
The ratchet and pawl system, on the other hand, shows the following behavior:
(
0
Ratchet closed (spring blocked)
λi =
1
Ratchet open
By incorporating the effects of both in- and output, the state-space form of the discrete part becomes:

h
i 
θ̇


λi ψi nm,i − γi nout θ̇out
d
d θi
i

= 
x =
Ti
1
dt i
dt θ̇m,i
k
I
−
ν
θ̇
−
ψ
t,i i
i m,i
inC
J
m,i

(9)

(10)

(11)

i η,i

For the simulations that will be performed later in this paper, two cases will be treated. In the first one, the springs are
assumed to be perfect whereas in the other one the springs are considered to be real (hence the effect of hysteresis is
added). This is done to analyze the effect of hysteresis. As such, the torque generated by the springs is given by:
(
Tspring
When assuming an ideal spring
Ti =
(12)
Tspring + Thyst · sign(θ̇i )
When taking hysteresis into account
In all these equations, the efficiency function of the transmissions is needed, which can be described by:
(
ηi
if ( Ti θ̇i ) ≥ 0
Cη,i = 1
if ( Ti θ̇i ) < 0
η

(13)

i

Considering all of this, the current and voltage can be rewritten as:




Ii = k1 Jm,i θ̈m,i + νi θ̇m,i + ψi n TCi

i η,i

t,i






k2

Ui = kR Jm,i θ̈m,i + νi + Rt,i θ̇m,i + ψi n CTi
t,i

i η,1,i



(14)
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This implies that the power can be calculated as follows:
2
Pi = Ui Ii = Ri Ii2 + Jm,i θ̈m,i θ̇m,i + νi θ̇m,i
+ ψi

Ti θ̇m,i
ni Cηi

(15)

1.3.2. Continuous part
For the stiff unit, the dynamics are given by:
(

Jm,q θ̈m,q + νq θ̇m,q = k t,q Iq −

Tq
nq Cη,q

Uq = Rq Iq + k t,q θ̇m,q
With:

(

(16)

θ̇m,q = nq nout θ̇out
θ̈m,q = nq nout θ̈out

The power and state-space calculations are the same as for case 1 and will hence be omitted.
Output definitions
At last, the output torque can be defined as follows:
q

Tout = nout Cη,out

∑ γi Ti

(17)

i =1

The transmission equation is given by:
(
Cη,out =

ηout

if ( Tout θ̇out ) ≥ 0

1

if ( Tout θ̇out ) < 0

ηout

(18)

2. Set-up of the simulations
Now that the dynamic model is described we can continue by setting up all parts of the simulations, starting by
giving the task that will have to be performed.
2.1. Task description
The performed simulation (and later the experiments), done for both the SPECTA and a comparable stiff actuator,
consists of lifting a 1 DOF link (pendulum) that moves from 0◦ to a certain fixed angle θ ∈ [0◦ : 10◦ : 170◦ ] after 15s.
Then it starts to oscillate with a frequency dependent on the value of ∆θ ∈ [0◦ : 5◦ : 30◦ ] for 20s. Afterwards, the link
goes back to 0◦ , such that the complete task takes 50s. This task is chosen since it is basic enough such that engineering
intuition can be used as some sort of feedback loop to verify whether the used optimization behaves correctly or not. The
inertia, damping coefficient and gravitational torque of the link are respectively: Jout = 0.38 kgm2 , νout = 0.02 Nms/rad
and MgL ∈ [10 : 20] Nm. Here, different values are used for both θ, ∆θ, and MgL to evaluate the performance of the
actuators for all kinds of situations.
The output torque of the task is given by:
Tout = Jout θ̈out + νout θ̇out + MgLsin(θout )
To avoid confusion, an overview of all experiments that will be shown in this paper is given in Table 3.

(19)
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Table 3: Overview of the experiments that will be shown in this paper. For the simulations all details have been performed,
but only two working points are shown in detail in this paper to avoid repetition. All shown experiments have been
performed for a gravitational torque (Tg ) of 15 Nm.
SIMULATIONS
Case 1
θ
∆θ
[0◦ : 10◦ : 170◦ ] [0◦ : 5◦ : 30◦ ]

What is shown in paper
Energy consumption
Specific energy losses
+ θ,θ̇,T,λ and γ
EXPERIMENTAL TESTING
What is shown in paper
All relevant data
(Torque, velocity, voltage, current, energy consumption,...)

70
120

10
20

θ

∆θ

90

5

Case 2
θ
∆θ
[0◦ : 10◦ : 170◦ ] [0◦ : 5◦ : 30◦ ]
70

10

2.2. Selection of actuators and equivalent stiff motor
To identify clearly which kind of motor is preferred in certain cases, we will choose to use two constant torque units
(i.e. two branches with constant torque springs are used), both in the simulations as later for the real tests. From these
two units, one is driven by a high-torque motor (unit 1 in the simulations and tests) and one by a high-speed motor (unit
2). This way we kind derive from the optimal control simulations which one behaves better in which situation. For the
choice of a high-speed motor, a "Maxon EC-4pole 22, brushless motor, 120W" is selected, as a high-torque motor it is
chosen to use a "Maxon EC 60 Flat, brushless motor, 200W". Their characteristics can respectively be seen in Tables 4 and
5. For the last continuous branch/unit it is chosen to also use this Maxon EC-4pole.

Table 4: Characteristics of the selected high-speed motor (Maxon EC-4pole, Brushless motor, 120W, part number 311536)
and the corresponding gearbox (Maxon GP22HP, part number 370784).
HIGH-SPEED MOTOR
Jm
kt
ν
Tnom

=
=
=
=

9.1 · 10−7
0.0135
1.7 · 10−6
54.6

=
=

1 : 109
59

kgm2
Nm/A
Nms/rad
mNm

Umax
Inom
R
θ̇max

=
=
=
=

24
4.21
0.341
25 000

V
A
Ω
rpm

%

JGB
Tmax

=
=

0.4 · 10−7
3.5

kgm2
Nm

GEARBOX
i
ηmax

Table 5: Characteristics of the selected high-torque motor (Maxon EC 60 Flat, Brushless motor, 200W, part number 614949).
Since this is a high-torque motor no gearing is coupled directly to it.
HIGH-TORQUE MOTOR
Jm
kt
ν
Tnom

=
=
=
=

8.32 · 10−5
0.0525
5.8 · 10−5
536

kgm2
Nm/A
Nms/rad
mNm

Umax
Inom
R
θ̇max

=
=
=
=

24
9.28
0.293
6 000

V
A
Ω
rpm

Comparing compliant redundant actuators with stiff ones in a good way is difficult since different criteria can lead to
different results, as shown by among others Furnémont [42]. In that work, it has been posed that the best way of comparison is to have a comparable rated power since that gives for most actuators comparable characteristics. However, since in
this work the capacity of the motors is limited due to the inherent nature of the constant torque spring they are coupled to,
it is chosen to select a stiff motor with a comparable total torque since in this case this will lead to actuators with comparable characteristics (i.e. if SPECTA can do the required task, the equivalent stiff actuator should be able to do it as well). In
this work, the Maxon RE 50, Brushed motor, 200W has been selected as stiff comparison. For the real tests, this will thus be
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chosen to act as a load motor. Its characteristics, together with the ones of its gearbox (Maxon GP 62 A) are given in table 6.
Note: The comparison is not done with an actuator that has a similar structure, e.g. the +SPEA as the results vary a lot
depending of the chosen springs stiffness of the +SPEA.

Table 6: Characteristics of the selected load motor (Maxon RE 50, Brushed motor, 200W, part number 370354) and its
corresponding gearbox (Maxon GP 62 A, part number 110506).
LOAD MOTOR
Jm
kt
ν
Tnom

=
=
=
=

536 · 10−7
0.0385
1.5 · 10−5
405

=
=

1 : 139
70

kgm2
Nm/A
Nms/rad
mNm

Umax
Inom
R
θ̇max

=
=
=
=

24
10.8
0.103
9 500

V
A
Ω
rpm

%

JGB
Tmax

=
=

102 · 10−7
50

kgm2
Nm

GEARBOX LOAD
i
ηmax

To fill the last part of the topology of the different cases and to deliver enough torque, a gearbox (Neugart PLFE064,
ratio 1:10) is placed at the output.
The SPECTA will use two springs of 0.3Nm and a continuous torque motor that can produce 3.5Nm. The stiff load
motor can produce 39.5Nm. Taking the gearing of 1:10 into account between the SPECTA and the load motor one can see
that they have approximately similar torque making them equivalent.
2.3. Control strategy: optimal control theory
To verify the possible energetic improvement of SPECTA, simulations are performed using optimal control [43,44].
It has been chosen to use this control strategy since this method has already been shown to work well in finding the best
energetic performance for compliant redundant actuators [42]. To apply this control, an optimal control problem (OCP)
should first be formulated, based on the dynamics, constraints, control variables, and the cost function that should be
minimized.
2.3.1. Cost Function
In this simulation, the goal is to minimize the electrical consumption of the used motors. The cost function of the
consumed energy is given by:
!
JE =

Z t
f
t0

q

∑ Ui Ii

dt

(20)

i =1

2.3.2. Control Variables
to control the system, two types of variables are used, namely the motor current and the switching states. The control
variables are summarized under the vector u, which is given by:
ui = ( Ii

ψi

λi

γi ) T

(21)

2.3.3. Dynamics
To implement the dynamics of the SPECTA in the OCP, the mathematical descriptions of both the speed and
acceleration of each of the branches should be written down in the simulation software. These formulations can be found
back in section 1.
2.3.4. Constraints
In order to make sure that the simulations are realistic, some constraints need to be added in the OCP. In short we
can identify the following types of constraints:
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Torque-equality constraint
It needs to be imposed that the sum of the torques of each unit has to be equal to the output torque. The constraint is
intrinsic to the system for each case and is written as follows:
!
q

Tout (t) −

∑ Tspring,i

= h( x, t) = 0

(22)

i =1

•

Switching constraint
This comprises all the necessary constraints that are needed to make sure everything behaves as described in table 2.
In general, the form is as follows:
hs ( x, u, t) = 0
(23)

•

Boundary condition constraint
The begin- and end states should also be imposed (e.g. angle, speed, etc.). In this simulation, these are considered to
be zero:


x ( t0 )
= hc ( x, t0 , t f ) = 0
(24)
x (t f )

•

Inequality constraint
The inequality constraint makes sure that the motors do not saturate and overheat, the following inequality
constraints are imposed:
mmin ≤ m( x, u, t) ≤ mmax
(25)
With:
m( x,u,t)=(α1 ···αq

U1 ···Uq

I1 ··· Iq

ψ1 ···ψq−1

λ1 ···λq−1

γ1 ···γq−1

θ̇m,1 ···θ̇m,q )

T

(26)

The minimal and maximal values imposed, are retrieved from the motor and spring data sheet.
To perform an optimization of all control variables such that the most energy efficient trajectory can be found, the problem
is discretized into N1 points. In each of these points, the OCP is solved separately. While solving this, special attention
is given to the control variables of the locking mechanisms (λ, γ, and ψ). If the same level of discretization would be
applied to these control variables, we would get a rather ’jerky’ behavior. This is to be avoided since it will, first, not
always be physically realizable (due to the mechanical response time) and, second, not benefit the energy consumption.
Making use of longer time steps before the control variables can change would make sure that the optimization takes
optimal care of the benefits of these mechanisms. This can be done by defining a discretization with fewer points for λ, γ,
and ψ. By imposing that these control variables can only change N2 times (with N2 << N1 ) during the entire trajectory,
these control variables will stay longer in a certain state, which is exactly the desired behavior. The added benefit is that
the optimization itself will take a lot less time to calculate. This is similar to what was done in [42], except that in [42], the
larger time-step was only used for the break variable of the motor.
Note: The OCP is solved using AMPL in combination with the non-linear programming solver Knitro. The simulations in this chapter were performed using a 2.8GHz Intel Core i7-7700 HQ with Matlab R2021a. For the optimization
in AMPL the Crank Nicholson method was used for the discretization and some of the fixed boundary conditions, e.g.
Eqs. (5)-(8) were softened by turning them into inequality constraints to reduce processing time. This, however, did not
change the results. For all simulations described in this chapter, it is chosen to select N1 = 250 and N2 = 8, since this
provided the best trade-off between computation time and performance.
2.4. Comparison metric
To find the cause of why SPECTA is either more or less energy efficient, not only the total consumed energy should
be compared but also the specific losses. It has already been shown in [35,42] that the electrical power of a unit can be
written such that the individual losses become visible:
!


1
2
2 2
Pi = Ui Ii = RIi + νn θ̇i + Ti θ̇i
− 1 + Jm n2 θ̈i θ̇i + Ti θ̇i
(27)
Cη,i
From Eq. (27) one can see that four different terms contribute to
(RIi2 ), the
 the electrical power: the Joule losses
2
2
2
friction losses of the motor (νn θ̇i ), the gearing losses Ti θ̇i 1/Cη,i − 1 and the mechanical power Jm n θ̈i θ̇i + Ti θ̇i . By

Actuators 2021, 1, 0

12 of 29

integrating these terms over the task time, the energy related to each of them can be found. By doing so, both actuators
can be compared, in terms of specific losses and the total consumed energy.
3. Simulation results
Since everything is now described, the simulations can finally be performed and the results can be analyzed. To
separate the individual effects, we will, however, divide the simulations into two cases. Namely one in which the springs
are assumed to be ideal (case 1) and one case in which the hysteretic behaviour of the springs will be added (case 2).
3.1. Simulation results: Case 1
For this first case, we can start to compare the SPECTA with the equivalent stiff actuator, since now no charged
springs are already available. We are, however, still assuming ideal springs since we are in case 1. For these simulations,
the first unit is driven by the high-torque motor without any gearing, whereas the second unit is driven by the high-speed
motor with gearing. The results of the simulation of case 1 are shown in Fig. 6. Here the energy consumption for moving
a 1 DOF link at a gravitational torque of 15Nm is plotted for an entire range of θlevel and ∆θ for both the SPECTA and its
stiff equivalent.

Figure 6. Comparison of the total energy consumption for moving a 1 DOF link at Tg = 15Nm for an entire range of θlevel and ∆θ. The
left part represents the consumption of a SPECTA actuator, whereas the right figure represents the consumption of an equivalent stiff
actuator. In this simulation an ideal constant torque spring is assumed. Here all simulations point out that the most energetic optimal
SPECTA is the one where only one spring is recruited, namely the one that is connected to the high-speed motor.

One particular thing to note is that all simulation points show that the most energetic optimal SPECTA is the one
where only one spring is recruited, namely the one that is connected to the high-speed motor. To go deeper into this we
will first look at the comparison of the SPECTA with its stiff equivalent. At first glance, it is, however, not so easy to see
the exact difference between these two plots. To facilitate the comparison, an overview of the gain in energy consumption
is given in Fig. 7. In this surface plot, all regions that have z-values higher than zero represent the regions in which the
SPECTA displays a lower energy consumption than its stiff equivalent. The values lower than zero display logically the
opposite behavior.
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Figure 7. Overview of the gain in total energy consumption for moving a 1 DOF link at Tg = 15Nm for a SPECTA actuator in
comparison to an equivalent stiff actuator. In this simulation an ideal constant torque spring is assumed. The values of energy
consumption that are positive represent the regions where a SPECTA actuator uses less energy than the stiff equivalent for the same
task. In the regions where the value is lower than zero, the stiff actuator uses less energy.

In this plot, one can see that SPECTA is superior in almost all rather static cases (i.e. ∆θ ≈ 0◦ ) and especially for the
values close to θlevel = 90◦ , since these tasks are even more static. It could already be assumed that SPECTA behaves
especially well for the Joule losses because SPECTA is a redundant actuator. From this, we can conclude that the other
losses become more dominant than the Joule losses in the regions in which the SPECTA consumes more energy than its
stiff equivalent. Since the simulations show that the most energetic optimal SPECTA is one that only uses the spring
that is coupled to the high-speed motor (i.e. motor 2, not the high-torque motor, nor a combination of both), it can be
assumed that this comes due to the friction losses which become too dominant. The conclusion can be made that the
gearing losses are not the main driving force for this behavior, since motor 1 has no gearing and hence no gearing losses.
Therefore, its bad performance must come from other losses. An explanation for this can be found when looking at the
friction losses (νn2 θ̇ 2 ). The only difference between the high-torque motor branch and the high-speed motor branch is
the friction coefficient (ν). The high-torque motor has a friction coefficient that is 34 times higher than the one of the
high-speed motor, which is most likely the reason behind the dominance of the friction losses.
The comment can be made that it is expected from a first point of view that the influence of the gearing losses is
more dominant than that of the friction losses since motor 2 has a gearing with a rather poor maximal efficiency (59%).
To see the behavior of the SPECTA in detail we will look to two working points. One where SPECTA is better than
the stiff one (θ = 70◦ , ∆θ = 10◦ ) and one where the stiff equivalent actuator consumes less energy for the same task
(θ = 120◦ , ∆θ = 20◦ ).
•

θ = 70◦ , ∆θ = 10◦ :
This working point is one where the SPECTA behaves better than its stiff equivalent. In Fig. 8 some details of this
working point are shown, like (a) the angle, (b) the rotational speed, and (c) the torque are shown for each of the
different units, together with (d) the switching variables λ of the ratchet and pawl mechanism and (e) the switching
variables γ of the electromagnetic clutch.
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Figure 8. Overview of (a) the angle of each of the units, (b) the rotational speed of the units, (c) the torque of each unit, (d) the states of
the ratchet and pawl mechanism of each unit and (e) the states of the output clutch mechanism of each unit. These simulations were
performed for a task angle θ = 70◦ with a variation of ∆θ = 10◦ for a SPECTA with an ideal constant torque spring that is not charged
yet.

In (a) one can see that only the second spring, i.e. the one driven by the high-speed motor, is being charged. This
charging by the motor only happens in the first and last of the 8 time frames in which the states of the locking
mechanisms can change. The ψ variable which decides when the motor is coupled to the spring is not shown
explicitly in Fig. 8 since its value is already known when you know the values λ and γ, which are respectively
shown in (d) and (e), in combination with the constraints shown in table 2. In (a) we can also see that the spring
is charged just enough by the motor to complete its complete cycle. The optimal control approach makes it even
that the constant torque spring works shortly in its rising region instead of its constant torque region, which can be
witnessed in (c), since there you see some small interruptions in the constant torque profile that the spring delivers
(orange line). These interruptions, which represent the spring being in its rising region, are shown in Fig. 9. It
should, however, be noted that this region is practically not viable to use since it is unpredictable what the exact
torque value will be for a certain angle.

Figure 9. Torque-angle plot of the constant torque spring behavior used in the simulations.
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When looking at the losses for this task, shown in Fig. 10, it starts to become clearer why the friction losses are the
most dominant in deciding which spring to use. Here the values seem small (SPECTA: 3.1J and Stiff: 0.2J), whereas
the gearing losses result in much higher losses (SPECTA: 33.3J and Stiff: 18.5J). The dominance of the type of loss
is, however, made with the difference between the SPECTA and stiff. For the friction losses, this difference is 2.9J,
whereas the gearing losses show that the SPECTA has 14.8J more losses than the stiff one. However, when taking
into account that the friction coefficient of the high-torque motor is 34 times higher, one can see that the friction
losses will start to outweigh the gearing losses.
It is true that for the friction losses only the beginning and end parts of the losses are delivered by the motor that is
in connection with the spring (the losses in the middle region come from the last stiff unit), but it is still enough to
let the difference in friction coefficient weigh through. This is especially true when considering that for the gearing
losses most losses actually come from the stiff motor (continuous branch) which is there always no matter which
motor is used for the recruitment of the springs.
Note: When comparing the losses it can be calculated that for SPECTA 24% of the losses are due to Joule losses,
6.5% due to friction losses, and 69.5% due to gearing losses. This indicates that the gearing losses are dominant,
but this can be easily avoided when selecting a gearing with a decent efficiency (since the gearing of SPECTA has
59% efficiency, which is rather poor). A quick calculation shows that if the efficiency of the gearing increases to
approximately 70%, SPECTA has already lower gearing losses than its stiff equivalent.

Figure 10. Overview of the different types of losses. These are (a) the Joule losses, (b) the friction losses and (c) the gearing losses.
These simulations were performed for a task angle θ = 70◦ with a variation of ∆θ = 10◦ with an ideal constant torque spring.

•

θ = 120◦ , ∆θ = 20◦ :
As shown in Fig. 11, the behavior of SPECTA is rather similar to the one of the previous working point, despite it
being a working point in which the stiff equivalent has a lower energy consumption than SPECTA. In (a) we can see
again that only the spring driven by the high-speed motor is used and is again only charged just enough to fulfill the
entire task. In order to track the torque profile correctly, the motor to drive the spring is again only used in the first
and last time frame, which can be deduced from (d) and (e).
In (c) it can, on the other hand, be seen that the interruptions in the constant torque profile (orange line) are a bit
steeper than in Fig. 8, which indicates that the simulation lets the spring unwind even further beyond its reliable
constant torque zone. It should be noted that these spikes in the torque profile might be beneficial according to the
simulations, but in practice these cannot be used due to the instability/unpredictability of the torque in that rising
region. The continuous unit (yellow line) has to deliver again the major part of the load, which is shown in (c). For
this task, the behavior of the continuous unit changes rather fast, which will induce extra losses.
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Figure 11. Overview of (a) the angle of each of the units, (b) the rotational speed of the units, (c) the torque of each unit, (d) the states of
the ratchet and pawl mechanism of each unit and (e) the states of the output clutch mechanism of each unit. These simulations were
performed for a task angle θ = 120◦ with a variation of ∆θ = 20◦ with an ideal constant torque spring. In these plots the subscripts
"CT,1" and "CT,2" indicate respectively the first and second constant torque unit, the subscript "3" indicates the last (continuous) unit.

This increase in losses becomes clear when looking at Fig. 12. One can see that the Joule losses themselves do
not change much (from 11.5 J to 12 J), but its influence on the total losses of the SPECTA almost halves (from 24%
to 13.4%. The reason being that Joule losses are always reduced significantly for SPECTA, but in more dynamic
situations the friction and gearing losses increase drastically. Here the influence of the friction losses rises to 12%,
which is almost the same influence as the Joule losses. As such, the friction losses become double as important as for
the previous working point. The gearing losses also increase drastically, but not so much in terms of influence (from
69.5% to 74.6%). Considering the explanation that was already given surrounding the friction coefficient, one sees
clearly why it is preferred to use only the spring that has been coupled to the high-speed motor as before.

Figure 12. Overview of the different types of losses. These are (a) the Joule losses, (b) the friction losses and (c) the gearing losses.
These simulations were performed for a task angle θ = 120◦ with a variation of ∆θ = 20◦ with an ideal constant torque spring.

3.2. Simulation results: Case 2
As mentioned the influence of hysteresis will be added in case 2. To see this influence we can look at Fig. 13. In
this figure, the difference in energy consumption for a SPECTA with ideal springs and a SPECTA that has springs that
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have 10% hysteresis is shown when performing the same task. Here the values of energy consumption that are positive
represent the regions where the ideal spring SPECTA actuator uses less energy than the one that has hysteresis. It can be
noted that the value of 10% hysteresis is chosen since this gives a rather accurate representation of the actual value, which
can be found in datasheets. When looking to Fig. 13 one can see that the entire working range is better for a SPECTA with
ideal springs. Hence, it can be safely said that at least for this type of task, hysteresis is not beneficial. This is a logical
result since hysteresis imposes losses on a material level.

Figure 13. Overview of the gain in total energy consumption for moving a 1 DOF link at Tg = 15Nm for a SPECTA actuator that is
ideal in comparison to a SPECTA actuator that has springs which showcase 10% hysteresis. The values of Energy consumption that are
positive represent the regions where the ideal spring SPECTA actuator uses less energy than the one that has hysteresis for the same
task.

It is however visible that the difference in energy consumption becomes clearly more apparent in the cases where
θlevel and ∆θ increase. This can be explained by the fact that in those working points the trajectory becomes more dynamic
(change of rotational direction for the spring), which in return imposes more losses. To analyze the effect of hysteresis
even better, we will go into detail to one of the previously discussed working points such that a comparison can be made.
•

θ = 70◦ , ∆θ = 10◦ :
To start, a look can be given at the torque plot of Fig. 14. In (b) the hysteretic behavior can clearly be seen in the
curve of the recruited spring (orange). The constant shifting to a certain upper- and under limit in the torque profile
comes from the constant shift of the direction of rotational speed, which can be seen in (a). There the rotational
speed shifts rapidly from sign, which is inherent due to the behavior of the pendulum task. It can be assumed that
the losses which are related to torque are influenced as well due to this hysteresis.
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Figure 14. Overview of (a) the rotational speed of the units, (b) the torque of each unit, (c) the states of the ratchet and pawl mechanism
of each unit and (d) the states of the output clutch mechanism of each unit. These simulations were performed for a task angle θ = 70◦
with a variation of ∆θ = 10◦ with a constant torque spring that has 10% hysteresis. In these plots the subscripts "CT,1" and "CT,2"
indicate respectively the first and second constant torque unit, the subscript "3" indicates the last (continuous) unit.

This influence is shown in Fig. 15, where only the Joule losses (from 11.5J to 12.1J) and the gearing losses (from 33.3J
to 33.8J) for the SPECTA have changed in comparison with case 1 (the case without hysteresis). The friction losses
show no difference.

Figure 15. Overview of the different types of losses. These are(a) the Joule losses, (b) the friction losses and (c) the gearing losses.
These simulations were performed for a task angle θ = 70◦ with a variation of ∆θ = 10◦ with a constant torque spring that has 10%
hysteresis. In comparison with case 1, only the Joule losses and gearing losses have changed (increased).

For the Joule losses, this is logic, since the torque is directly proportional to the current (T ∼ I) and for the gearing
losses, this is logic since the term Pmech is actually torque times velocity, which makes that a change in torque also
changes the mechanical power and hence the gearing losses. This can also be correlated with the observation that
increasing levels of θlevel and ∆θ result in higher losses. This is because an increase in θlevel increases the overall
output torque and an increase of ∆θ results in a more dynamic character. These both things increase the energy
consumption. Since this working point already explains everything, no more working points will be shown in detail
for case 2.
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4. Design of a SPECTA actuator
In this section, the construction of the test set-up will be tackled for each separate unit consecutively. For the test
set-up, it is chosen to use two branches with constant torque springs and one variable torque branch, which is coupled
directly to the output. After these branches are tackled, the entire assembly will be handled where not only the separate
units are combined, but also the load side is shown.
4.1. Constant Torque unit with high-speed motor

(a) Panoramic view of the constant torque unit with high-speed
motor.
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(b) Side view of the constant torque unit with high-speed motor.
Figure 16. Different views of the constant torque unit that is driven by a high-speed motor (EC4-Pole motor). This unit consists
out of (1) a DC motor (2) a torque sensor (3) an electromagnetic clutch on motor side (4) a supporting piece for the encoder reader
(5) an optical encoder disc (6) a constant torque spring (7) a ratchet and pawl system (8) a supporting piece with solenoid (9) an
electromagnetic clutch on load side (10) a pulley (11) an auxiliary axis for the constant torque spring.

The constant torque unit with the high-speed motor, which is shown in Fig. 16, is shown first (despite it representing
the second unit in the simulations) since this unit is constructed from the most parts. All these distinct elements are
denoted with a specific number indicated in Fig. 16 (b). This number will also be mentioned when explaining the
construction of this unit. The motors that have been described in section 2 are taken here as well in order to get a good
comparison. Because of this, we can see at the left of Fig. 16 that this unit uses the high-speed motor (Maxon EC-4pole,
Brushless motor, 120W, part number 311536) to drive the constant torque spring (6), which is dimensioned to produce
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0.29Nm (Ondrives SR89). The characteristics of this motor (1) and its coupled gearbox (Maxon GP22HP, part number
370784) can be found back in Table 4. The position of this motor can be tracked by the Maxon HEDL-5540 encoder (500
PPR, part number 110516) that is integrated into the design of the motor. The motor can be decoupled from the axis of the
constant torque spring by using a clutch as already mentioned in previous chapters. For this set-up, an electromagnetic
clutch (3) is used, since this provides an easy coupling/decoupling behavior, which is beneficial for the control. More
specifically the Electromagnetic Clutch Coupling 2.83Nm, M.0713.2411 from Warner Electric Europe. This one is chosen
since it is both small enough and more than powerful enough to drive the constant torque spring. On the output of
this unit, another electromagnetic clutch is placed (9), namely the Electromagnetic Clutch Shaft 2.83Nm, M.0113.2411
from Warner Electric Europe. This one is slightly different than the previous one, since it is made to couple or decouple
parallel axes, which is necessary in this case because we want to be able to decouple the spring from the output axis.
This coupling is done by a pulley (10) with a timing belt on it instead of spur gears since a belt can deal easier with
misalignment of the axes it connects.
To know the exact angular position of the constant torque spring also an optical encoder disc (5) is attached to the
axis of the spring. This encoder can be read by the US Digital transmissive module which is put in place with a 3D
printed piece (4). It is also made possible to lock the spring in a certain position even when none of the clutches are active
due to a ratchet and pawl system (7). This ratchet and pawl are made with a CNC based on our own design. In order
to draw the pawl into place, a solenoid is used (RS PRO Linear Solenoid, 12 V, RS-stocknr. 177-0139). This solenoid is
held in place by a 3D-printed part (8). It can be noted that the storage drum of the constant torque spring is held in place
using an auxiliary axis (11). To measure the exact behavior of the constant torque spring, this link is also equipped with a
torque sensor (DR-2477, 0-2Nm, Lorenz Messtechnik GmbH) that is placed between the motor and the spring. It has a
measuring range of 2Nm in order to measure precisely the spring and makes it possible to identify the gearing losses.
This sensor (2) can easily be recognized since it is the blue part that is placed between the motor and the spring.
4.2. Constant Torque unit with high-torque motor

Figure 17. Panoramic view of the constant torque unit that is driven by a high-torque motor (EC Flat motor). Only encoders are
included in this unit as measuring tools, no torque sensors.

The constant torque unit that is driven by the high-torque motor (unit 1 in the simulations), which is shown in Fig.
17 uses a Maxon EC 60 Flat, Brushless motor (200W, part number 614949) without any coupled gearbox, but with an
integrated encoder (Maxon Encoder MILE, 2048 PPR, part number 651166). In this branch no torque sensor is placed,
since the high torque motor does not need any gearbox and hence the torque can simply be measured by the motor
current. Except for a change in motor and the absence of a torque sensor, this entire unit is similar to the constant torque
unit which is driven by the high-speed motor and hence will not be explained again in detail.
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4.3. Continuous Torque unit and output load

(a) Panoramic view of the output branch (variable torque unit and
output load).
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(b) Side view of the output branch.
Figure 18. Different views of the output branch, which contains both the variable torque unit and the output load, which are linked
together. This unit consists out of (1) a DC motor that is driving the variable torque unit (2) a connection piece (3) the output axis (4)
two pulleys to couple the other units to the output axis (5) a connection piece (6) a gearbox (7) bellow couplings (8) a torque sensor (9)
the load motor.

The last branch, which provides continuous torque (variable torque unit) and is coupled axially to the output
load is shown in Fig. 18. For this last branch, again some numbers will be indicated throughout the explanation of
the individual parts. Those numbers correspond to the ones that are indicated in Fig. 18 (b). On the left, we see
again the EC4-Pole motor (1) and its gearbox. To couple this motor to the output axis (3), a connection part (2) is 3D
printed that on the motor side has a set-screw to attach and on the output axis side a special shape, such that it is
rigidly connected. This rigid connection with the output axis can be made because it has a slotted design. This makes
it also possible to easily fix the belt pulleys (4). After this, the output axis is coupled to a gearbox (6) with another
coupling piece (5), this time in aluminum. The gearbox itself (Neugart PLFE064, ratio 1:10) makes it possible to produce
the entire output load, since the output of this gearbox, i.e. the region between (6) and (8), is also the output of the SPECTA.
For the load, one motor is added in combination with a gearbox (9), these are more specifically a RE50, 200W DC
Maxon motor and the Maxon GP 62A gearbox with a transmission ratio of 1:139. The details of these components are
listed below in Table 6. In order to measure correctly the torques that occur at the output of the SPECTA also a torque
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sensor (8) is added that has a range of 50Nm (DRBK Model-II, 0-50Nm, ETH Messtechnik GmbH), which is coupled to
the rest of the set-up by means of metal KB4 bellow couplings (7).
4.4. Complete assembly

Figure 19. Panoramic view of the complete test bench, which contains both constant torque units and the variable torque unit with
output. In this set-up one of the constant torque units is turned such that both can deliver positive torque.

When combining all parts, attention should be given to the direction in which the constant torque delivers positive
torque. For this set-up, it is chosen to turn constant torque unit 1 such that both constant torque units can deliver positive
torque. This can be seen in Fig. 19 where the entire mechanical part is shown.
4.5. Control system
The test set-up consists not only of the mechanical part, but also of the control part. This control is done as shown
schematically in Fig. 21 Briefly it can be said that each of the 4 motors is driven by an ESCON servo controller because this
is the only Maxon motor controller that can work with analog signals (which is necessary when working with Speedgoat).
The specifically used controllers are the Maxon ESCON 50/5 (part number 409510) for the stiff, continuous torque motor,
and the Maxon ESCON 70/10 (part number 422969) for all the other motors. All these motors are position-controlled,
except for the load motor which is torque controlled, with the use of the output torque sensor. For the driver of the stiff
motor, current control is used as a control method, whereas the other drivers are velocity-controlled. The control mode
of the stiff motor and the load motor must be different, otherwise they will just work against each other when a small
measurement error occurs.
The analog signals that can come from these motor controllers are coupled to the Speedgoat Real-Time pc by
connecting them to the IO133 Module. This same module is also used to send signals in the other direction to control the
motors. Another module is also connected to the Real-Time pc, namely the Speedgoat IO306-25k module, which is used
as quadrature encoder for all encoder signals in the set-up in order to get an accurate representation of each position
that’s being measured. In the last phase, the Real-Time PC is coupled to a simulink scheme, which will be tackled more
elaborately in the following section. In this simulink scheme, the control is made to interact with the physical set-up. The
complete set-up, hence both mechanical and control parts, are shown in Fig. 20.
In Fig. 21 the simulink script is shown that has been used for the tests. In this scheme, some white blocks can be
seen, these are data files that are generated by the simulations (in order to have an optimal trajectory). This data is given
as input on several parts of the simulink scheme such that the correct inputs are given. To determine the state of the
clutches, the data blocks ’Psi_1’, ’Gamma_1’, ’Psi_2’ and ’Gamma_2’ are used. For the positions of the SPECTA motors
and the torque of the load motor, the blocks ’Theta_M1’,’Theta_M2’,’Theta_Mstiff’ and ’Torq_Mload’ are used.
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Figure 20. View of the experimental SPECTA set-up.

In simulink every motor has been tuned with a PID controller such that they could work properly at their operational
speed. To do so the working frequencies have been retrieved with an FFT that was applied to the input data that was
generated by the simulations. For all motors related to the SPECTA, position control was used with a quadrature encoder
signal as feedback. The load motor was torque controlled, where the feedback was given by the torque sensor of 50Nm,
which also measured the output.

Figure 21. Overview of the simulink script that was used to perform the tests. All motors have been separately tuned and some safety
mechanisms have been added.
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In this simulink script, some safeties have been added to exclude potential breaks of the system. So aside from the
conventional emergency stop also a safety was placed such that the constant torque springs could not turn in the other
direction when they were completely unwound and a safety was also placed on the output torque.
5. Experimental validation
5.1. Hysteresis test of the springs
Constant torque springs have some hysteresis, which needs to be tested to see its influence. This hysteresis is usually
around 10% as shown in Fig. 22. In this figure, the torque-deflection curve has been experimentally measured for a
constant torque spring of 0.3Nm.
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Figure 22. Experimental tests of the working range of a constant torque spring that is dimensioned to deliver 0.3Nm. This theoretical
value is indicated in orange whereas the measured torque is indicated in blue.

This figure also shows that some ripple is always present on the data, which is unavoidable for each constant torque
mechanism. In Fig. 22 it can be seen that, in the beginning, an upgoing curve is present where the value of the constant
torque spring is difficult to predict. This is, however, not something bad, cause it is always recommended to only use a
constant torque spring in its region after 1.25 turns (=450◦ ).
5.2. Trajectory tracking
To validate the built set-up and simulations, tests were performed for a pendulum task at Tg = 15Nm with a task
angle θ = 90◦ and a variation of ∆θ = 5◦ . For these tests, it is chosen to show a task when only the high-torque motor
works (i.e. unit 1).
In Fig. 23 the results can be seen for this test. Here the torques for each of the driving units, i.e. motor 1 (which is the
high-torque motor) and the stiff motor (which is the motor of the continuous output unit), are shown together with the
torque and velocity values at the output. From these plots, it can be seen that the output is tracked rather well, even
though only a PID controller was placed for the torque control of the load motor. The flanks of the trajectory are tracked
rather nicely, but the values in the middle are not exactly the same. This performance could, however, not be improved
with only PID control.
When looking at the individual motors it can be said that motor 1 tracks its given trajectory well, but the same
cannot be said of the motor at the output branch (Msti f f ). This is because this motor is position-controlled and hence
already takes the effect of the constant torque spring into account, which most likely shows a different hysteretic behavior
than included in the simulations. However, a part of the lower generated torque also comes from the fact that at the
output the measured torque is also slightly lower than what was simulated. To analyze the electrical energy consumption,
the following equation should be used as a basis :
!
Z
E=

tf

t0

q

∑ Ui Ii

i =1

dt

(28)
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Figure 23. Overview of the motor torques (after the gearbox) of (a) the first (high-torque motor) unit and (b) the last (continuous
torque) unit, together with (c) the torque and (d) velocity values at the output. For each plot both the simulated (orange) and measured
(blue) data have been put. These data have been retrieved when performing/simulating a pendulum task for a task angle θ = 90◦ and
a variation of ∆θ = 5◦ .

It is shown in Fig. 24 that the individual voltages and currents of the simulated motors correspond rather well
with the experimental data. For motor 1 the behavior seems similar, but due to the fact that only peaks needed to be
generated (the spring is in this trajectory mainly charged by the output), every little change has a big impact on the total
consumption. When looking in detail it can be seen that for the current values (a), the peaks of the measured data go until
8.6 A, whereas the simulated currents only go till 6.6 A. This indicates that the real spring delivers a bit more torque than
the simulated one, which will lead to higher energy savings in the middle area of the task trajectory (where the spring is
connected to the output). On the other hand, the measured voltage of motor 1 (b) is slightly lower than its simulated
counterpart (2.2 V peak vs 4.2 V). This indicates that the motor was charging the spring less fast before it was coupled to
the output. This difference in peak values, especially for the voltage, together with some disturbance at the end of the
trajectory makes that one can see in (c) that the consumed energy of the experimental set-up is lower than the simulated
one. After the short, initial motor charging the measured motor has consumed 6.6 A, whereas the simulated one has
consumed 20.2 J. At the end, when the spring is released from the output, one can also see that the experimental data
shows that motor 1 gains 2.3 J from the output, whereas the simulated motor consumes the same amount. This is most
likely due to the fact that, at that specific moment, the clutch of the experimental set-up does not open instantly, wich
makes that the load and the motor make contact at an unplanned moment. This cannot happen in simulations since they
represent ideal cases.
When looking at the current and voltage values of Msti f f (d)-(e), it can be seen that the curves fit well, although the
experimental values are always slightly lower, which most likely comes due to a bad prediction of the exact torque value
of the constant torque spring. This in turn results in a lower measured energy consumption of the stiff motor unit (f)
than expected from the simulations (18.8 J vs 35 J). As energy recuperation already happens for motor 1 during the test
(and not during simulation), the stiff motor recuperates less energy at the end of the trajectory in comparison with its
simulated counterpart.
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Figure 24. Overview of (a) the motor current and (b) voltage of the first unit, together with (c) its electrical energy consumption. The
(d) motor current, (e) voltage and (f) electrical energy consumption of the last (continuous torque) unit are also shown. For each plot
both the simulated (orange) and measured (blue) data has been plotted. These data have been retrieved when performing/simulating
a pendulum task for a task angle θ = 90◦ and a variation of ∆θ = 5◦ .

After putting all these individual consumptions together, the total consumed energy can be calculated, which is
shown in Fig. 25. Since both motors have consumed less than their simulated versions, the total energy consumption also
decreases for the experimental values.
For the measured SPECTA (a), the total energy consumption has become 21.8 J and that of the simulated (b) 57.5
J. To draw some more in-depth conclusions about the practical working of the SPECTA and to retrieve some detailed
efficiency and energy recuperation data, the design should first be optimized before it is tested. Otherwise, some false
conclusions could be made due to the consequences of a non-ideal design. This is, however, for future work.

Figure 25. Overview of both the measured (a) and simulated (b) energy losses of the individual units together with the total consumed
energy. These data have been retrieved when performing/simulating a pendulum task for a task angle θ = 90◦ and a variation of
∆θ = 5◦ .
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6. General conclusions and discussion
6.1. Conclusions from the simulation results
Based on the simulations that were performed considering a pendulum task for a broad range of values (variation in
θlevel , ∆θ and Tg ) it was found that SPECTA behaves better than its stiff equivalent in a lot of cases and especially for
increasing values of the gravitational torque. The only exceptions to this are the most dynamic tasks (i.e. high θlevel , and
∆θ).
It is surprising that SPECTA was indeed better for a lot of cases since it was not optimized, on a hardware level, for
the tasks it had to perform. The hardware was not optimized due to the fact that we wanted to investigate which type
of motor (high-torque or high-speed) would be preferable in this actuator. This led to the choice of using two constant
torque units, from which one uses a high-torque motor without any gearing (such that the gearing losses would be
excluded) and the other uses a high-speed motor with a gearing that has poor efficiency (to see what happens when
gearing losses are as bad as they can be).
From the simulations done in this paper, it was found that the high-torque motors are not preferred due to two
reasons. First of all, high-torque motors have a friction coefficient, ν, which is inherently significantly higher than the one
of high-speed motors. This results in friction losses which become more dominant in the total losses in comparison to the
gearing losses of the high-speed motor, even though the gearing efficiency of the used high-speed motor was rather low.
Secondly, high-torque motors need to use a higher current to reach the same torque level, which immediately results
in higher Joule losses. It could be stated that in the simulations that were performed the high-speed motor could deliver
more torque in combination with its gearbox than the high-torque motor, which would result automatically in lower
Joule losses. However, when making the calculation with a gearing that corresponds exactly to what the high-torque
motor produces, the necessary current will still be lower for the high-speed motor than for the high-torque one.
As a result, the simulations always pointed out that it is preferred to only use the spring that is being charged by the
high-speed motor. This implies that the SPECTA actuator is performing even better than initially thought, because the
equivalent stiff motor was actually not equivalent due to the fact that one of the constant torque units was not used.
It was also found out that the overall effect of hysteresis on the energy consumption is minor and it becomes only
noticeable for highly dynamic situations. This is logic, because highly dynamic situations imply a lot of changes in
the rotational direction of the spring and hence the torque it produces. It can also be noted that hysteresis only has an
influence on the Joule- and gearing losses and not on the friction losses. The reason behind this can be easily found when
looking at the equations that describe each of the separate losses.
6.2. Conclusions from the experimental results
The influence of the hysteresis in the constant torque springs has also been studied by measuring the torque-angle
characteristics of the used constant torque springs.
This validated that the hysteresis stayed indeed almost always in the theoretical 10%-range. The behavior is, however,
less flat than what was put in the (theoretical) simulation analysis, which might in some very dynamic cases give a slight
change in what was predicted for the simulations. This less flat behavior in itself is most likely due to some minor friction
that can come from e.g. the bearings. Especially with a spring that has relatively low torque, these influences are visible.
Hence it is assumed that in constant torque springs with a higher torque level, the hysteresis curve will be flatter and
hence will become more in line with the simulation results.
Regarding the experiments of the actuator itself, it can be said that the experiments showed a good agreement with
the simulated input data. The main observed differences between simulations and experiments are two-fold. First, the
torque value of the constant torque spring slightly differs from the simulations. This led to a different need in motor
power when charging the spring. Secondly, the switching times of the clutches could not be regulated as strictly as in the
simulations. The load was thus briefly in contact with the driving motor of the spring during (dis-)engagement. This
changed the energy consumption from the predicted behavior.
This could e.g. be solved by implementing a more sophisticated control, i.e. some form of hysteresis compensation,
or by making sure that all equipment has a decently high bandwidth, such that the motors can track the input data even
better. This is, however, rather for future work.
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6.3. Discussion
Throughout this work, the need for a novel compliant actuation technology, together with the mathematical development of the SPECTA and eventually its practical build, has been explained and realized. From all the experiments, results,
and analyses, it can be stated that SPECTA is an energetically interesting actuation technology to use, especially in high
load situations, since then the Joule losses are dominant. It is also found that the best performance for these actuators can
be achieved when using high-speed motors with efficient gearing. Hence, everything is developed to start comparing
SPECTA with the best current compliant actuators.
Future work should consist in optimizing, both practically and theoretically, the current SPECTA model, such that it
can be compared in a good way with the current generation of compliant actuators such as SPEA. In [40] it has already
been proven throughout simulations that the idea of using constant torque springs is beneficial. However, since now in
this work also clutches are added to the SPECTA idea, an even higher gain should be expected. This is, however, to be
verified.
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