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Design of a novel intermittent self-closing mechanism for a
MACCEPA-based Series-Parallel Elastic Actuator (SPEA)

Glenn Mathijssen1, Raphäel Furńemont, Branko Brackx, Ronald Van Ham, Dirk Lefeber and Bram Vanderborght

Abstract— High-performance actuators are required for nu-
merous novel applications such as human-robot assistive de-
vices. The torque-to-weight ratio and energy efficiency of
current actuation technology is often too low, which limits
the performance of novel robots. Therefore, we developed a
Series-Parallel Elastic Actuator (SPEA) which enables variable
recruitment of parallel springs and variable load cancellation.
Finding suitable intermittent mechanisms for the SPEA is
however still challenging. This paper reports on the innova-
tive design of an intermittent self-closing mechanism for a
MACCEPA-based SPEA that can deliver bi-directional output
torque and variable stiffness, while minimizing friction levels.
Experiments on a one-layer intermittent self-closing mechanism
are conducted to validate the working principle and the pro-
posed model. A demonstrator of the MACCEPA-based SPEA
with intermittent self-closing mechanism is presented and the
experiments validate the modeled output torque and lowered
motor torque for different stiffness settings.

I. INTRODUCTION

Research towards high-performance actuators is of high
interest for the whole robotics community since this auto-
matically leads to robots with improved performance [1],
which are required for numerous novel applications such as
human-robot assistive devices.

Apart from advantages such as safety and robustness for
working in a dynamic environment by means of impedance
control [2] [3], Series Elastic Actuators (SEA) [4] and
Variable Stiffness Actuators (VSA) [5] [6] [7] have been in-
troduced to improve the performance in comparison with stiff
actuators by storing and releasing energy via the spring. A
recent review can be found in [8] . Firstly, this can be useful
for applications that require a high power burst (e.g. kicking,
hammering, etc. [9]). Secondly, in cyclic applications a SEA
can store energy in the spring during a period of negative
power and release the energy during a period where power
generation is required (e.g. ankle prosthesis, motions with
periodical deceleration, etc. [10]). In both cases, the speed
of the motor can be reduced [11], which means a reduction
in required mechanical power and required overall energy
per cycle. Although these characteristics are interestingfor
multiple applications [8], still numerous applications exist
where the unavailability of high-performance actuators limits
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the development (e.g. exoskeletons, prosthetics, manipulators
for human robot interaction etc.) [12].

The problem analysis presented in [13], concluded that a
major remaining problem resides in the fact that for either a
stiff actuator, a SEA or a VSA, the full output load always
stresses the motor since motor and load are in series. This
is indicated in Fig. 1 where the three linear schematics
clarify that the output force is proportional to the force which
loads the motorFmotor = Foutput. Furthermore, a robotic
joint typically operates at high torque and low speed, which
is opposite to the nominal operation of an electric motor.
Therefore, gear trains with high reduction ratios are required.
The energy losses, however, increase with the number of
stages and the weight increases with the maximum output
torque. High torque electric motors are also heavy since the
weight of electric motors is proportional to the maximum
continuous output torque of the motor [14]. Furthermore, the
quadrant of low speed and high torque is the most inefficient
quadrant in the energy efficiency contour of electric motors.
Therefore, electric motors in robotics often work significantly
below their maximum energy efficiency since the iron losses
are in quadratic relation with the current, which is in linear
relation with the motor torque. In general, one could state
that the low torque-to-weight ratio and low energy efficiency
are mainly limiting the performance of current actuator
technology driven by electric motors [13].

Fig. 1. The linear schematics of a stiff actuator, a SEA and a VSA clarify
that the output force is proportional to the force which loads the motor
Fmotor = Foutput.

In contrast to a SEA, a Parallel Elastic Actuator (PEA)
has a spring in parallel to the motor and can provide load
cancellation. If the stiffness of the PEA is well tuned, the
parallel spring can deliver most of the required output torque
while the motor should only deliver the difference [15].
Other authors also compared SEAs and PEAs [16]. One
disadvantage of a PEA is that it limits movement dexterity
since it is always engaged. Therefore, Haeffle et al. designed
a clutchable PEA (cPEA) where the parallel spring can be
connected or disconnected [17], and Au et al. implemented a
uni-directional parallel spring in their ankle prosthesis[18].



These solutions are, however, only binary solutions and thus
still limited to specific applications, while most robots need
to preform very versatile tasks.

The novel compliant actuation concept SPEA addresses
these problems by variable recruitment of parallel elastic
elements. The concept is introduced in [19] by means of
a first demonstrator with mutilated gears as an intermit-
tent mechanism. The experiments showed the feasibility
of lowering the motor torque requirements and drastically
increasing the energy efficiency. In this paper we present
a novel intermittent self-closing mechanism, that solves the
drawbacks of the previous design with mutilated gears. More
specifically it allows for bi-directional output torque, reduced
friction levels and has the potential of variable stiffness.

After a brief repetition of the general SPEA and schemat-
ics of the The Mechanically Adjustable Compliance and
Controllable Equilibrium Position Actuator (MACCEPA),
section II presents the concept of a MACCEPA-based SPEA.
Section III presents the innovative model of the intermittent
self-closing mechanism and validates its working principle.
Section IV describes and validates the model of the input and
output characteristics of the MACCEPA-based SPEA with
intermittent self-closing mechanism. Section V presents the
experimental results on a one-layer self-closing mechanism
and on a four-layer MACCEPA-based SPEA demonstrator.
Section VI concludes the paper.

II. CONCEPT OF A MACCEPA-BASED SPEA

As shown in the schematic in Fig. 2, the SPEA consists
of one motor (solid black circular motor symbol) which
can shift position (shaded motor symbols) to variably ten-
sion and lock each successive parallel spring. This vari-
able recruitment results from multiple dephased intermittent
mechanisms in parallel that position the motor from spring
to spring, represented by the blue dotted rectangle. This
allows to tension each parallel spring of the SPEA from
unpretensioned to pretensioned phase (or vice versa) during
the pretensioning phase. As a result, the motor of a SPEA
with n springs is only loaded by the force of one spring of
which the stiffness isn times lower than the stiffness of the
spring in an equivalent SEA. In [19] we proved that as such,
the motor torque is only a fraction of the output load.

The original MACCEPA design [5] is shown in Fig. 3.A. It
consists of a motor, fixed to the ground link, which actuates a
lever arm (red) of length B that rotates around the joint axis.
A spring is connected to the lever arm and to the output link.
The equilibrium positionϕ is the position where the actuator
generates zero torque. The output torqueToutput is a function
of the deviation angleα. By increasing the pretension P of
the spring with a second motor, the stiffness of the joint can
be independently varied. Since only a single linear spring is
required, the MACCEPA allows for a straight-forward non-
complex design. Due to these virtues the MACCEPA is used
in many applications (e.g. [5] [20]).

To design a MACCEPA-based SPEA, a novel altered
MACCEPA is required that enables to disconnect the motor
arm (red) from the spring when the motor arm angle|ω|

Fig. 2. The SPEA schematic shows that the output force equals the sum
of the forces exerted by all springs, while the motor is only loaded by the
force of the pretensioning spring.

Fig. 3. A: the original MACCEPA schematic and nomenclature. B:
schematic and nomenclature of the novel MACCEPA with guide (blue)
and tensioner (green), which shows that the motor arm (red) disconnects
from the spring at|ϕend|. C and D: Practical arrangement of motor arm,
tensioner, guide and spring.

exceedsϕend, and then locks the spring atϕend as presented
in Fig. 3.B. Henceforth, the motor arm angle is defined as
ω and the equilibrium angleϕ. As such, this results in an
intermittent mechanism which can be expressed as (1).

ϕ =







ϕend ω > ϕend

ω if | ω |≤ ϕend

−ϕend ω < −ϕend

(1)

The intermittent MACCEPA mechanism is realized by
means of a motor arm (red) that drives a tensioner (green),
which is fixed to a spring and positioned between 2 guides
(blue). This is shown in Fig. 3.C & D. Whenϕ = ω,
the motor arm (red) drives the tensioner who’s trajectory
is defined by the model of the guide. Friction between the
guide and the tensioner is minimized by using bearings as
followers for the guide. The self-closing ends of the guides
ensure that the lever arm automatically decouples from the
tensioner at the end of the guide.

The idea for the MACCEPA-based SPEA is to stack
multiple self-closing intermittent mechanisms, shown in Fig.
3.D, in parallel. The motor arms, which are fixed to the motor
axis, are dephased with respect to each other. As such, a
motor that continuously drives the motor axis can tension and



Fig. 4. By positioning the tensioners (indicated by the red stars), the
equilibrium position of the MACCEPA-based SPEA can be altered. In A and
C, the maximum equilibrium angle is achieved, while for B the equilibrium
angle is 0◦.

A. B. C.

Fig. 5. A: the parameters that fully constrain the model of the guide. B:
forces acting on the tensioner. C: illustration of the difference in motor arm
angleω when locking (ωin) or unlocking (ωout) the tensioner.

lock each of the parallel springs in succession. The stiffness
of the actuator can be varied by changing the pretension
of each of the parallel springs, similar the MACCEPA. The
neutral position of the MACCEPA-based SPEA is obtained
by positioning half of the parallel springs atϕend and the
other half at−ϕend, as shown in Fig. 4.B. The maximum
equilibrium angle can be achieved by positioning all springs
at ϕend or at−ϕend, as shown in Fig. 4.A & C.

III. MODEL OF THE INTERMITTENT
SELF-CLOSING MECHANISM

The characteristics of the intermittent self-closing mecha-
nism are determined by the model of the guide. The guide
presented in this paper consists of 2 main sections as shown
in Fig. 5.A:

• The middle section (blue): this geometry determines the
extension of the spring, and as such it determines the
output torque profile.

• Both outer sections (red): this geometry determines
the range of equilibrium angles[−ϕend, ϕend] and the
range of output angles where the locking is guaranteed
[−Ψunlock,Ψunlock].

The geometry of the middle section of the guide is circular.
As such, the mechanism is similar to a MACCEPA. The
geometry of the end of the guide needs to be designed as
such that the locking of the spring is guaranteed. Figure 5.A
shows the parameters that fully constrain the model of the
guide: D,Θ, R, and r.

The parameters R and r can be chosen first:

• r: is the radius of the bearing. The bearing should be
chosen so that it does not fail due to the forces exerted
on the tensioner by the spring.

Fig. 6. The four different possible combinations of normal forces when the
tensioner is locked. For a certain orientation and magnitudeof the force of
the springFs, only combination for which both normal forces are positive
in the calculations is valid.

• R: in first approximationR+r is equal to the motor arm
length B. As such, R can be chosen to obtain a certain
ratioC/B which determines a certain required stiffness
profile, as was done for the standard MACCEPA in [5].

The two remaining parameters D andΘ are still undeter-
mined. From Fig. 5.A one can see that D andΘ define the
end of the guide. It should be verified for any combination
of D and Θ, whether the motor angle at which the motor
arm disconnects from the tensioner,ωout, is greater than the
motor angle at which the motor arm reconnects with the
tensionerωin. This is indicated in Fig. 5.C.

In order to calculate the range of output angles where the
locking is guaranteed[−ψunlock, ψunlock], we assume the
contact between the bearings and the guide to be frictionless.
Since friction will only improve the locking, this assumption
can be considered as a safety margin. As a result, the reaction
forces between the bearings and the guide are normal to the
guide. The free body diagram shown in Fig. 6 of the tensioner
is considered which consists of 3 forces: the two reaction
forces ~N1 and ~N2 between the bearings and the guide, and
the force of the spring~Fs. The analysis of the locking is
based on the static equilibrium of the tensioner (2) (moment
equilibrium around the contact point of bearing 2 and the
guide).







Fs,x + 2N1,x + 2N2,x = 0
Fs,y + 2N1,y + 2N2,y = 0
~fe× ~N1 + ~fb× ~Fs = ~0

(2)

It is important to note that the factor 2 in (2) is a result of
the fact that each tensioner is positioned between 2 guides.
Furthermore, it is important to note that the geometry of the
guide is included in (2) since the forces are projected in the
XY frame. The projection ofF s, for example, yields to (3).

Fs,x = Fs(xb(ϕ)− xc(Ψ))/l

Fs,y = Fs(yb(ϕ)− yc(Ψ))/l
(3)

With l =
√

xb(ϕ)− xc(Ψ))2 + (yb(ϕ)− yc(Ψ))2 and Fs

the amplitude of the force of the spring. As described
before, the geometry parameters R, and r are fixed. If we
now select a value for theΘ and D, the geometry is fully
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Fig. 8. The experiments of the locking region of 18 guides withdifferent
design variablesΘ andD approximate the modeled locking region.

constraint. The following reasoning will then determine the
locking range[−Ψunlock,Ψunlock]. Since the geometry is
fixed, and since the reaction forces are normal to the guide,
the orientation of~N1 and ~N2 is known. As such, it is clear
that (2) has 3 unknowns: the magnitude of the reaction
forcesN1 andN2, and the output angle of the linkΨ (which
in turn determines~Fs when the tensioner is locked). The
static equilibrium of (2) can be solved since it consists of
3 equations and 3 unknowns. This calculation can be done
for the 4 different combinations of contact points between
the bearings and the guide, as illustrated in Fig. 6. The
solution where bothN1 andN2 are positive is the correct
solution and thus corresponds to the correct configuration
of contact pointsf and e. The valueΨ obtained by this
correct solution, equals the unlocking angleΨunlock. The
locking region is therefore limited to output anglesΨ which
are smaller thanΨunlock.

The design method described here above is experimentally
validated and the results can be found in Fig. 8. The
experiment consists of measuring the locking region of 18
guides with differentΘ andD, produced by laser cutting.
This was practically realized by increasing the output angle
until the tensioner unlocked atΨunlock. In total we tested
the locking region of 9 guides with increasingΘ (from 3.5◦

to 43.5◦.) and 9 guides with increasingD (from 34.5 mm
to 44 mm). Each experimental data point in Fig. 8 is the
average of 5 experiments on one of the 18 guides. The
standard deviation is smaller than the marker size. The
results indicate that for an increase inΘ, the locking region
increases while the reverse is true for D. More important,
however, is the fact that the measuredΨunlock clearly
approximates the modeled values. As a result, the guides
can be designed, with a locking region according to the
requirements of a certain application, based on our model.

IV. MODEL OF INPUT AND OUTPUT
CHARACTERISTICS OF THE MACCEPA-BASED

SPEA WITH INTERMITTENT SELF-CLOSING
MECHANISM

A. General equations

A MACCEPA-based SPEA withn self-closing mecha-
nisms in parallel is considered. For each layer, an equilibrium
angleϕi and a deviation angleαi are defined. It is important
to note that due to (1), a specific motor angleω corresponds
to a certain set ofϕi’s. This is due to the fact that at a
certain motor angleω, the tensioner of each layer will be
in a specific position. Since the spring of each self-closing
mechanism is connected to the output of the MACCEPA-
based SPEA, the output angleΨspea equals the output angle
of each layer. This results in (4) for each of then layers.

ψspea = ϕi + αi (4)

Comparable toϕi and αi as defined for each layer, the
MACCEPA-based SPEA itself is a compliant actuator as well
and therefore an equilibrium angleϕspea and deviation angle
αspea are defined and related according to (5)

ψspea = ϕspea + αspea (5)

Logically, when the output torqueTspea is equal to 0, the
equilibrium angleϕspea is equal to the output angleΨspea.
As previously reasoned with regard toϕi, the equilibrium
angleϕspea is dependent on the motor angleω.

B. Motor and output torque of one layer

Apart from the pretensionP and the geometrical con-
straints, the output torque of a standard MACCEPA is
dependent on the deviation angleα. The equation for the
output torque of the self-closing MACCEPA is similar to
the one of the standard MACCEPA. The only difference is
that for the self-closing MACCEPA,B (the distance between
a and the contact point of the motor arm and the tensioner)
is dependent on the equilibrium angleϕi, since the spring is
connected to the tensioner, which slightly moves relative to
the motor arm. The details of this difference are out of the
scope of this paper. The output torque generated by a certain
layer Ti can be calculated according to (6):

Ti(ϕi, αi) = kB(ϕi)C sinαi
(

1 +
P+ | B(ϕi = 0)− C |

√

B(ϕi)2 + C2 − 2B(ϕi)C cosαi

)

(6)

Similar to the reasoning in section III, the motor torque
Tmotor of the MACCEPA-based SPEA can be calculated by
solving the static equilibrium of the forces acting on the
tensioner, as shown in Fig. 5.B. Additional to the forces~N1,
~N2, ~Fs in Fig. 6, the force of the motor arm~Fmotor on the
tensioner is also present in the free body diagram. Since the
anglesϕi are determined for a certainω, the spring forceFs

is known as well. Therefore, the only unknowns areN1, N2

andFmotor, which can be determined by solving the system



Fig. 7. A and B: 3D drawing and a picture of the MACCEPA-based SPEA with 4 layers. B: close-up on the tensioner and the guide.

of 3 equations (7) (moment equilibrium around the origin in
point a):






Fmotor x + Fsx + 2N1x + 2N2x = 0
Fmotor y + Fsy + 2N1y + 2N2y = 0

~ae× ~N1 + ~af × ~N2 + ~ab× ~Fs + ~ag × ~Fmotor = 0
(7)

WhenFmotor of the lever arm is determined,Tm is deter-
mined by means of ~Tmotor = ~ag × ~Fmotor. One can note
that | ~ab× ~Fs| is equal to (6).

C. Motor settings for a required output profile

The motor torqueTmotor and motor angleω can be
calculated based on a required output torqueTspea and
positionΨspea, which we will further refer to asTreq and
Ψreq.

Since then layers actuate the output in parallel to each
other, the output torque of the MACCEPA-based SPEA can
be calculated as the sum of the output torque generated by
each layeri, as depicted in (8):

Tspea =
∑

i

Ti (ϕi, αi) (8)

Based on (4) and (8), we can write (9):

ψreq = ϕi + αi

Treq =
∑

i

Ti (ϕi, αi)
(9)

By iteratively solving equations (9) forϕi and αi, the re-
quired motor angleω is known since a certainω corresponds
to a certain set ofϕi. By means of (7) the required motor
torqueTmotor can then be calculated.

V. EXPERIMENTAL RESULTS

The demonstrator presented in this section V consists of 4
parallel springs and thus 4 parallel self-closing MACCEPAs.
The motor arms of each parallel self-closing MACCEPA are
fixed to the same motor axis, and are dephased by approxi-
mately 90◦ (as can be seen in Fig. 7.A). The motor should
be able to tension all 4 springs from−ϕend to ϕend in 360◦

since otherwise the first motor arm will coincide with its
tensioner after turning 360◦. The range of equilibrium angles
[−ϕend, ϕend] of the demonstrator is therefore maximum
[−45◦, 45◦]. As indicated in Fig. 7.B, the MACCEPA-based
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Fig. 10. The motor torque and output torque, of one layer, are similar
in the central section of the guide and differ at the extremities where the
tensioner is locked. The experiments clearly match the model.

SPEA has also the possibility of pretensioning the springs to
change the stiffness of the actuator.

The demonstrator, shown in Fig. 7.A, consists of 4 springs
with a stiffnessk of 510 N/m. The distance from the motor
axis to the connection of the springs to the output link,C
is equal to 130 mm. The radius of the bearingsr is 5 mm
andR is 25 mm. Furthermore, the distance to the end of the
guide D is 35.5 mm and the angle to the end of the guideΘ
is 23.5◦. These values were tuned according to the procedure
described in section III to ensure the locking is guaranteed.

In order to validate the working principle of the
MACCEPA-based SPEA and to validate the models of
section IV, the motor torque and the output torque were
measured and compared with the models. The main goal
of these experiments is to show the lowered motor torque
compared to the output torque and to validate the models.
For this experiment, the output of the actuator is blocked
at 0◦ and two force sensors (one at each side) measure the
output torque generated by the output link of the MACCEPA-
based SPEA. The motor angleω was measured together
with the motor torqueTmotor, which was measured with
a Messtechnic torque sensor.

The results of the experiments on 1 layer are presented in
Fig. 10. The experiment was repeated 10 times, the average
values are presented. The standard deviation is smaller than
the marker size. It is clearly shown that the measurements
match the model.Tmotor and Tout are similar during the
central section of the guide. This is due to the fact that the
central section of the guide is modeled as a MACCEPA, and
Tmotor and Tout of a MACCEPA are similar. The experi-
ments confirm that|Tmotor| decreases at the extremities of
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Fig. 9. Tmotor is approximately 4 times lower thanTout. Increasing the pretension increases the stiffness and themaximumTout.

the guide where the tensioner is locked. Fig. 10 also clearly
shows that when|ω| ≥ 55◦, the motor torque drops to zero
while the output torque remains at its maximum.

Finally, the results of the experiments on the complete
MACCEPA-based SPEA are presented in Fig. 9. The exper-
iments are repeated for 5 mm, 10 mm and 15 mm pretension.
The measurements clearly match the model and the standard
deviation is smaller than the marker size. Furthermore, the
motor torque is indeed lowered compared to the output
torque. The increase in pretension by 10 mm changed the
stiffness of the actuator by 32%.

VI. CONCLUSION

In this paper a novel MACCEPA-based Series-Parallel
Elastic Actuator with a self-closing mechanism is presented,
that consists of a guide and a tensioner. A model was
proposed to guarantee a certain output angle range in which
the tensioner is locked. The model is validated on 18 different
guides. Furthermore, a model is presented to calculate the
required motor action for a certain required output profile.
The experiments on a one-layer self-closing MACCEPA,
and the experiments on a 4 layer MACCEPA-based SPEA
validated the model. Furthermore, the experiments proved
the main virtues of this actuator, namely the lowered mo-
tor torque by recruitment of parallel springs, bi-directional
force output and variable stiffness. Future work consists of
producing metal guides and optimizing the size and weight
of the actuator. The complexity of the SPEA increases indeed
compared to VSAs. However, this becomes feasible due
to the technological developments in the field of additive
manufacturing techniques. Our study regarding the SPEA is
an exploratory study towards innovative novel actuators for
improved torque-to-weight ratios and energy efficiency.
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