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Abstract 
Redundancy facilitates some of the most remarkable capabilities of humans, and is therefore omni-present in our physiology. The 

relationship between redundancy in robotics and biology is investigated in detail on the Series Elastic Dual-Motor Actuator (SEDMA), an 
actuator inspired by the kinematic redundancy exhibited by myofibrils. The actuator consists of two motors coupled to a single spring at 
the output. Such a system has a redundant degree of freedom, which can be exploited to optimize aspects such as accuracy, impedance, 
fault-tolerance and energy efficiency. To test its potential for human-like motions, the SEDMA actuator is implemented in a hopping robot. 
Experiments on a physical demonstrator show that the robot’s movement patterns resemble human squat jumps. We conclude that robots 
with bio-inspired actuator designs facilitate human-like movement, although current technical limitations may prevent them from reaching 
the same dynamic and energetic performance. 
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1  Introduction 

Since Raibert presented his well-known work on 
legged robots[1], a remarkable amount of research on 
hopping and jumping robots has been published[2,3]. 
Vertical hopping, as a simple dynamic motion task, can 
provide understanding of biological concepts of loco-
motion, e.g., by template models[4,5]. The interest in this 
topic is explained by the fact that the repulsive, 
spring-like leg function in vertical hopping can be seen 
as a subtask of legged locomotion[6]. In robotics, hop-
ping can be used as a basis for the development of new 
hardware and control designs. 

Despite years of research, the agility and versatility 
with which humans and animals are able to move, is still 
unrivaled by current state-of-the-art robotic systems[7]. 
Inspired by biology, series springs have been imple-
mented in several hopping and jumping robots[7–10] in an 
attempt to close the gap. The spring’s function is to store 
and release energy during repulsive hopping cycles. 

Using the elasticity of the tendons and aponeuroses, the 
hopping motion – and locomotion in general – can be 
performed in a much more energy-efficient way[11–13].  
It is well-known that elastic tissues play a crucial  
role and shape the characteristics of jumping mo-
tions[14,15]. 

Another explanation for the exceptional capabili-
ties of humans is the fact that our physiology as well as 
our motor control system incorporates redundancy on 
multiple levels. It therefore comes as no surprise that 
redundancy has also been applied in several actuators 
and robots performing human-like tasks. Research in 
robotics has shown that redundancy can improve pre-
cision[16], enlarge the operating range of the actua-
tor[17,18] or the workspace of the robot[19], increase effi-
ciency of the robot[20–22] or the individual actuators[23–25], 
improve dynamic interaction[26–28] or provide safety[29]. 
In this work, we will focus on kinematic redundancy on 
a motor-level, which is present in biology in the con-
struction of myofibril within the human muscle. The 
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potential of this type of redundancy for bio-inspired 
motion in robotics is what we will explore in  
this work. 

The basis of our study is the kinematically redun-

dant Dual-Motor Actuator (DMA) which was introduced 

in Ref. [24]. To create a closer match with biology, a 

series elastic element is added to this actuator, creating a 

novel concept which we coin the Series Elastic 

Dual-Motor Actuator (SEDMA)[30]. The SEDMA has 

tremendous potential for reducing the energy consump-

tion of actuators performing typical human motions: 

simulations presented in Ref. [30] indicate that a 16% 

reduction in energy consumption can be achieved by 

replacing the series elastic actuator of an active ankle 

prosthesis by a SEDMA. In this work, the SEDMA’s 

ability to perform energy-efficient bio-inspired motion is 

verified in hardware by implementing it in a robotic 

demonstrator: a robot consisting of a two-link seg-

mented leg with actuated knee, performing 

low-frequency squat jumps. High-level control of the 

SEDMA is achieved by the biomimetic Virtual Model 

Control[31], using the well-known Spring-Loaded In-

verted Pendulum (SLIP) model[5] as a basis. The con-

troller also incorporates an actuator-specific low-level 

control algorithm for the SEDMA, which was intro-

duced and discussed in Ref. [32]. 

The aim of this work is to assess the potential of 

combining series elasticity with kinematically redun-

dant actuation for energy-efficient, bio-inspired motion 

in robotics, taking into account practical limitations of 

such a design. The contributions of the work are twofold. 

First, the performance of the hopping robot driven by 

the SEDMA actuator and the bio-inspired controller is 

compared to the human leg and its biomechanics. This 

comparison reveals interesting similarities between the 

robotic implementation and its biological counterpart, 

but also highlights limitations arising from the specific 

mechanical implementation. Second, the paper presents 

test results on the SEDMA which are critically analyzed 

in terms of energy consumption, relating its perfor-

mance to the design parameters. The analysis leads to 

the interesting insight that the interplay between  

the DMA and the spring could result in decreased per-

formance of the system in the presence of friction. 
 

 

 

2  Demonstrator 

2.1  SEDMA 
A schematic of the SEDMA is depicted in Fig. 1. It 

consists of a DMA combined with a series spring. Series 
elasticity can bring many benefits to robots, e.g. intrinsic 
safety and cheap force sensing capabilities[33]. Here, the 
main purpose of the spring is to protect the DMA’s pla-
netary differential from the impacts at touchdown, which 
can be several times higher than the robot’s weight[34]. 
Furthermore, the spring can reduce the work required 
from the motor by absorbing energy during knee flexion 
and re-injecting it during the extension phase of the 
jump. 

The DMA is described in detail in Ref. [24]. It 
consists of two drivetrains coupled to a planetary diffe-
rential, constructed out of a 10: 1 Neugart PLFE 064 
planetary gearbox. The sun gear is driven by a 150 W 
Maxon RE40 DC motor with a planetary gear reducer of 
ratio 15: 1, and the ring gear by a 200 W Maxon 
EC-4pole motor, with a 15: 1 reduction provided by a 
planetary gearbox and an additional 3: 1 reduction pro-
vided by a spur gear pair. The output of the planetary 
differential is the carrier, just like in an ordinary plane-
tary gearbox. 

The series elastic element is an extension spring 

with a stiffness of 19.87 N·mm−1. An item KGT 20  20 

spindle gear (gear ratio 314 rad·m−1, efficiency 85%) 
converts the rotary output motion of the DMA into a 
linear displacement of the spring. 

All relevant specifications of the hopping robot and 
its drivetrain are listed in Tables 1 and 2. Friction coef-
ficients were obtained experimentally in prior work[24]. 
As shown in Ref. [28], the proposed model of the DMA 
provides a very good fit to dynamic measurements. 
 

2.2  MARCO Hopper II 
The MARCO Hopper II test bench on which the 

SEDMA was implemented is depicted in Fig. 2. The 
setup, introduced in Ref. [35], represents a human leg 
with an actuated knee. The robotic leg is approximately 
half the size of the human leg, and weights of the indi-
vidual parts were chosen to resemble the mass distribu-
tion in the human body[36]. Two links of equal  
length (ll = 250 mm) and mass (ml = 0.17 kg) correspond 
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Table 1  Specifications of the planetary differential 

Parameters Value 

Gear ratio 9: 1 
Efficiency of planetary differential 88% 

Inertia of the output (carrier) 12e−2 kg·m² 
Carrier viscous friction 1e−3  N·m·(rad·s−1)−1

Coulomb friction of output (carrier) 0.1033 N·m 
 

Table 2  Specifications of the drivetrains of which the DMA is 
composed 

Parameters Sun drivetrain Ring drivetrain 

Drivetrain inertia 1.6e−5 kg·m2 4.9e−6 kg·m2 

Viscous friction 
coefficient 

1.5e−5 N·m·(rad·s−1)−1 1.5e−12 N·m·(rad·s−1)−1

Coulomb friction  
coefficient 

0.0080 N·m 0.0061 N·m 

Motor Maxon RE40 Maxon EC-4pole 30 

Nominal power 150 W 200 W 

Nominal torque 177 mN·m 135 mN·m 

Maximum speed 12 000 rpm 25 000 rpm 

Terminal resistance 0.299 Ohm 0.102 Ohm 

Torque constant 30.2 mN·m·A−1 13.6 mN·m·A−1 

Gearbox Maxon GP42 Maxon GP42 

Gear ratio 91/6 91/6 

Gearbox efficiency 81% 81% 
 

to the shank and thigh. A mass of mH = 1.8 kg is attached 
to the hip joint in order to mimic the trunk; a mass of  
mF = 0.30 kg represents the foot. A cable between the 
trunk mass and foot has two functions: It prevents 
overextension of the knee, but also transfers kinetic 
energy from the trunk to the foot, aiding the foot to leave 
the ground. Furthermore, the trunk and foot are mounted 
on a linear bearing to ensure a purely vertical motion. 

The leg is actuated through a Bowden cable, con-
nected to a pulley (radius 4.3 cm) at the knee joint (mass 
mK = 0.23 kg). With this configuration, only an exten-
sion torque can be applied to the knee – flexion torques 
are not required for hopping to match to the SLIP mod-
el[5]. The other end of the Bowden cable is connected to 
the series spring of the SEDMA, described previously. 

The robot is equipped with Bürster potentiometers 
(S/N 8709-5250) measuring the distance between the hip 
and foot, as well as the position of the foot relative to the 
ground. The extension of the spring is measured with 
another Bürster potentiometer (S/N 8709-5150). A 
SCAIME ZF100 sensor is used to sense the force in the 
Bowden cable. Finally, the position and speed of the 
spindle is inferred from the two incremental encoders 
(500 CPT) on the motors of the SEDMA. 

2.3  Control 
The control framework, depicted schematically in 

Fig. 3, was presented in previous work[32]. In this section, 
we only give a condensed overview of the control 
strategy. 

The high-level controller is implemented as a state 
machine, which distinguishes between the flight phase 
and the stance phase. In the flight phase, the robot is 
allowed to move freely in the air, and the commanded 
force is zero. As soon as the leg reaches a certain min-
imum length, the stance phase is initiated. At this point, 
the hopper is controlled by means of Virtual Model 
Control (VMC)[31]. In this control strategy, the com-
manded spring force is calculated by replacing the dy-
namics of the robot with that of a single-mass harmonic 
oscillator. It is commonly accepted that this model, 
known as the Spring-Loaded Inverted Pendulum (SLIP) 
model, describes the dynamics of running and hopping 
well[5]. In previous work, the VMC-based control strat-
egy was successfully applied to the MARCO Hopper II 
with a traditional motor-gearbox as actuator[35,37] and 
with the SEDMA[32]. The approach was also proven to 
be successful on other robotic legs, e.g. Ref. [38]. 

The mass mv of the virtual harmonic oscillator is set 
to 1 kg, leaving the virtual stiffness kv to determine the 
hopping pattern. According to Ref. [35], the minimum 
virtual stiffness required for hopping is: 

v
v

0 0

2
140

m g
k

l x
 


 N·m−1 

where x0 = 26 cm is the length of the virtual spring at its 
maximum compression and l0 = 40 cm is the maximum 
(extended) length of the virtual spring. In our experi-
ments, we met this requirement by choosing  
kv = 175 N·m−1. 

The force control is performed with a cascaded 
controller, consisting of an inner speed loop and an outer 
force loop. A crucial part of the speed control loop is the 
control allocator, whose purpose is to translate the de-
sired output speed to a set of motor speeds. The solution 
chosen by the control allocator is the one which leads to 
a minimal electrical energy consumption. In practice, 
however, it is hard to achieve this optimal speed distri-
bution at all times due to the dynamics of the system[32]. 
Finally, the  low-level  controller  converts  the  desired 
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Fig. 1  Schematic of the SEDMA and the MARCO Hopper II. 

 

 
Fig. 2  The SEDMA on the MARCO Hopper II setup. 

 

motor speeds to the required currents for both motors. 
These currents are used as set points for the Maxon 
EPOS3 drives in the sun and ring branch, which are both 
operated in Cyclic Synchronous Torque (CST) mode. 

3  Experiments 

In this section, we present experiments on the 
Marco Hopper II actuated by the SEDMA. We start by 
discussing the hopping pattern generated by the 
bio-inspired virtual model control. Next, we analyze the 
force-length characteristic of the hopper and the wor-
kloops of the SEDMA. Finally, the energy-efficiency of 

the actuator is discussed. 
 

3.1  Hopping pattern 
Fig. 4 shows the first ten seconds of a hopping trial, 

which is also shown in the video added as supplementary 
file to this manuscript. A constant hopping height of  
24 mm could be achieved after only a short transient. 
This height is in line with the experiments previously 
presented by Oehlke et al.[35], although the hopping 
frequency is lower (1.02 Hz compared to 1.5 Hz). This is 
due to limitations in the actuator’s bandwidth resulting 
from high friction and its interplay with elasticity, as 
explained in section 4.2. An important difference be-
tween the work by Oehlke et al. and this work is the way 
how friction is compensated. In Ref. [35], this is done by 
increasing the virtual spring stiffness during the upward 
motion. As a result, the resulting energy injection may 
be higher than strictly needed for compensating the 
friction, and lead to an increase in hopping frequency. In 
this work, friction is compensated through a friction 
model, so that the injected energy corresponds to the 
actual energy lost during the motion. 
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Fig. 3  Control schematic. 
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Fig. 4  Foot and hip position for the MARCO Hopper II. Hopping 
is initiated from a squat position (hip height 200 mm), meaning 
that the virtual spring is loaded at the beginning of the trial. After a 
short transient, the hopping height converges to a constant value 
of 24 mm, at a hopping frequency of 1.02 Hz. 
 
3.2  Force-length characteristic of virtual leg spring 

In section 2.3, we explained that the controller was 
designed upon the assumption that the dynamics of the 
hopping robot resemble those of a single-mass harmonic 
oscillator. To verify to what extent the hops are truly 
spring-like, we estimated the ground reaction force 
based on the acceleration of the hopper’s center of mass 
and plotted this force as a function of the compression of 
the virtual leg spring (Fig. 5). In contrast to what one 
would expect at hopping frequencies preferred by hu-
man subjects, the relationship is very non-linear and 
definitely not spring-like. The force profile exhibits a 
peak force at minimal compression, i.e. when the leg 
reaches maximum extension. This force occurs due to 
the engagement of a mechanical end stop at the knee, 
which prevents it from extending above 165˚. The en-
gagement of this knee stop results in an impulsive force, 
seen in the estimated ground reaction force. A second 
peak force, which occurs halfway through the downward 

motion, is less easily explained. There is no force in the 
Bowden cable at this point in time, nor is there a clear 
relationship with the kinematics of the jumping motion. 
It must however be noted that a similar force peak is 
observed in data from human low-frequency jumps, as 
we will discuss in section 4.2. Finally, friction forces, 
which are not accounted for in this estimation, explain 
the negative force at the end of the upward motion and 
the onset of the swing phase. 
 
3.3  Workloop analysis 

In order to study the contribution of different ele-
ments or the whole leg, workloop analyses are a com-
mon tool in biomechanics[39–42]. For the Marco Hopper II, 
the workloop of the load side encloses a big area in 
which positive energy is generated in the system (grey 
area in Fig. 6, total energy 8.5 J). This is due to the 
hopping pattern, as no active cable pull is generated 
during the compression phase. Here, the friction of the 
system (e.g. friction in bearings) dissipates energy in 
order to decelerate the leg. 

Around mid-stance, the actuator starts pulling in 
order to create an extension knee torque. In this phase, 
most of the energy is generated. The inertia of the dri-
vetrain and the delayed detection of the flight state cause 
a prolonged knee extension, such that the cable force 
rises when the leg is already leaving the ground. This can 
explain the different shape of the hopper’s actuator work 
loop compared to simulation models of hopping[42] and 
long jumping[39], both with a similar leg and mus-
cle-tendon unit structure. Due to the deflection of the 
spring, the motor side of the spindle has to move over a  
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Fig. 5  Force-length characteristic of the virtual leg spring for 
three consecutive jumps. Force is normalized by body weight, i.e. 
body mass multiplied by gravitational constant. The spring force 
(ground reaction force) is estimated based on the acceleration of 
the hopper’s center of mass. Friction forces, which are not ac-
counted for in this estimation, explain the negative force at the end 
of the upward motion and the onset of the flight phase. 
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Fig. 6  Workloops of spring (green, estimated from the spring 
deflection), DMA unit (red) and the entire SEDMA, equivalent to 
that of the load (black). Force is normalized by body weight, i.e. 
body mass multiplied by gravitational constant). 
 

larger distance than the load side in order to generate the 
desired cable pull. This shifts the workloop of the 
SEDMA actuator (red line) to the left. 

 

3.4  Energy-efficiency 
Despite the successful implementation of the con-

troller, the energy consumption is surprisingly high. An 
overview of the hopper’s energy and work balances is 
given in Table 3. For an extensive analysis of the con-

troller’s ability to distribute power among the actuators 
in the most energy-efficient way, we refer to Ref. [32]. 
Below, we discuss four important components which 
have an impact on the actuator’s energy efficiency: the 
spring, friction, the inertia of drivetrain components and 
the resistive losses. As we will discuss in section 4.2, it is 
the interplay between these components and losses that 
leads to a high overall energy consumption. 

 
3.4.1  The role of the spring 

The main motivation for the series spring was to 
protect the mechanical components in the drivetrain – in 
particular, the gearbox – against shocks during 
touch-down. But how does the spring affect the hopper’s 
power consumption? The power profiles in Fig. 7 
represent the powers on the motor side (i.e., the power 
delivered by the motor) and the load side of the spring 
(i.e., the power delivered to the knee). The difference 
between both is the power absorbed or released by the 
series spring. Fig. 7 demonstrates the well-known pow-
er-enhancing capabilities of the series spring. By storing 
energy in the spring (2.3 J per cycle), a large part (0.68 J 
or 30%) already before the start of the upward motion, 
the work delivered by the drivetrain is spread out over a 
larger timespan. The result is a reduction of the motor’s 
peak power: a peak of 64 W is delivered to the knee 
while the drivetrain’s output power does not exceed  
51 W. 

If peak power is reduced by the spring, then what is 
the explanation for the inefficiency observed in the 
workloop analysis (section 5.2)? Fig. 7 reveals that the 
spring is used somewhat inefficiently during the flight 
phase (grey area). While the knee power is zero during 
this phase, the motor power is not. This indicates that 
some of the energy stored in the spring is not fully 
converted to work on the hopper, but instead absorbed 
by the motor, temporarily stored as kinetic energy in 
drivetrain components, or dissipated as heat by friction. 

Furthermore, the hopping frequency of 1.02 Hz is 
below the antiresonance frequency of the hopper 
(1.30 Hz). The antiresonance frequency far can be de-
rived from the system’s equations of motion during the 

stance phase, by linearizing around a reference angle eq  

and imposing a motor angle of zero. This results in the 
following expression: 



 
Verstraten et al.: Redundancy in Biology and Robotics: Potential of Kinematic its Interplay with Elasticity 

 

701
 

 

 

 

eq2
s pulley H K l l

ar/stance
eq2 2l

H K K l

(2 2 ) sin1 2 ,
2π

(4 2 )cos
2 3

k r m m m gl
f

m
m m m l





  


 
   

 

                                                   (1) 

 
where ll is the length of a leg link, rpulley is the radius of 
the knee pulley, ks is the stiffness of the SEDMA’s series 
spring and mH, mK and ml are the masses of the hip, knee 
and robot links, respectively. Filling in the system’s 
parameters, specific in section 2, we find a stance phase 
antiresonance frequency far/stance = 1.62 Hz. The antire-
sonance frequency far can then be determined by ac-
counting for a flight phase duration of 150 ms, in ac-
cordance with the experiments. This results in the value 
of far = 1.30 Hz mentioned above. 

Systems with series springs are known to be most 
energy-efficient at this natural frequency, where motor 
speed is minimal[43]. In other words, the MARCO 
Hopper would consume less energy at hopping fre-
quencies higher than far, or if the spring stiffness – hence 
the antiresonance frequency – would be decreased. In 
Ref. [44], the authors drew similar conclusions from 
their experiments on a hopping robot with a parallel 
spring: they found the energy-efficiency of the hopper to 
be strongly related to its natural (resonance) frequency. 
At this frequency, theoretically, the knee torque is pro-
vided passively by the parallel spring[43]. 

 

3.4.2  The role of friction 

One of the main advantages of the spring is that it 
can store the excess gravitational potential energy  
and   kinetic  energy in  the  compression  phase  (when 

 

Table 3  Average estimated energy losses of the Marco II hopper 
during one hop, normalized by the hopper’s total mass (2.723 kg). 
Friction losses experienced by the hopper (through contact with 
the ground and sliding of the linear bearings along the vertical rail) 
are equal to the mechanical energy provided by the knee. Friction 
losses of the DMA are calculated by means of friction coefficients 
estimated in Ref. [24]. Transmission losses (gearboxes, spindle, 
Bowden cable) and losses incurred by the spring make up the rest 
of the losses. 

Parameters Value (J·kg−1) 

Friction losses (hopper) 2.94 ± 0.09 

Friction losses (motors) 10.3 ± 0.1 

Resistive (Joule) losses 4.3 ± 0.1  

Electrical energy 31.6 ± 1.7  

downward motion takes place). However, Fig. 7 shows 
that this is not the case for the SEDMA. No power is 
stored in the spring during the compression phase. In 
fact, there is no force acting on the spring at all, and the 
mechanical power is zero on both sides. The cause for 
this behavior is friction. As can be inferred from the 
relatively long duration of the compression phase in  
Fig. 7, the hopper experiences strong damping due to 
mechanical friction during its downward motion. In 
experiments where friction compensation was decreased, 
the hip position did not fall below the position where 
VMC was initiated, and the hopper got stuck in its ex-
tended position. 

Despite the impact of the friction experienced by 
the hopper on the overall energetic performance of the 
device, its direct contribution to the overall energy is 
limited (2.94 J or 9.3% out of a total electrical  
energy consumption of 31.6 J). Friction and other 
speed-dependent losses in the motor account for a higher 
percentage of the total energy consumption (10.3 J or 
33% of the total energy consumption). This observation 
is a telling example of how a relatively small amount of 
friction losses in a mechanical setup can lead to high 
losses upstream in complex actuators such as the 
SEDMA, compromising their energy-efficiency. 

 

3.4.3  The role of inertia 
All moving components have a certain inertia, 

which can have a large influence on the resulting power 
profile. This is especially the case if high gear ratios are 
used or if the required output acceleration is high[45].  
Fig. 8 shows four relevant power flows which can easily 
be measured. In addition to the electrical power (blue) 
and the mechanical power available at the output shaft of 
the DMA (purple), the power stored in the inertia of the 
drivetrain components (spindle, gearboxes and motors) 
is plotted in red. The message in this figure is clear: most 
of the electrical power is used for accelerating the actu-
ator’s drivetrain components. In other words, the inertia 
of the drivetrain is poorly matched with that of the load 
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Fig. 7  Power delivered by the motor (blue) and delivered to the knee (red) for three consecutive jumps. The difference between both 
powers is the power in the spring. Different phases of the hopping motion are denoted by shaded areas. The spring improves the peak 
power output of the SEDMA. 
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Fig. 8  Power flows for three consecutive jumps. Different phases 
of the hopping motion are denoted by shaded areas. Inertia is the 
main power flow in the actuator and strongly determines the 
electrical power profile. In comparison, the power dissipated as 
resistive losses in the motors’ windings and the power transferred 
to the load are small. 
 
and the required output accelerations. It is well-known 
that this can lead to high energy consumption in dynamic 
applications[46]. The effect can also be seen in Fig. 9, 
where the position of both ends of the spring (load- and 
motor side) is shown. During the flight phase, the 
load-side position remains fairly constant. The mo-
tor-side position, however, continues to move due to the 

inertia of the drivetrain components. The result is a 
gradual increase in spring length or, in other words, 
energy being stored in the spring. 

 

3.4.4  The role of resistive losses 
Also shown on Fig. 8, in yellow, is the power dis-

sipated in the motors’ winding resistance. Compared to 
the power profile of the drivetrain inertia, resistive losses 
only account for a minor part of the total electric power, 
i.e. the power measured at the motor terminals. Around 
20 W – 25 W is dissipated during upward motion, flight 
and loading of the spring. Still, in terms of energy con-
sumption, the energy lost through the windings is con-
siderable: around 11.3 J is dissipated as heat, which is 
more than the energy that is actually transferred to the 
knee (8.5 J). 

4  Discussion 

4.1  Biomechanical perspective 
The results reveal a number of differences between 

the actuator-driven leg function and human hopping 
patterns,   but   also   some   similarities.  After  a   brief 
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Fig. 9  Positions of both ends of the spring. Different phases of the 
hopping motion are denoted by shaded areas. The difference 
between both lines indicates the extension of the spring. 
 
discussion regarding the kinematics and dynamics of 
both, we explain how these differences and similarities 
can be related to the design of the leg and the mechanical 
properties of the setup. 

 
4.1.1  Comparison to human jumping 

Most recognizable in the dynamics of the MARCO 
II hopper was the lack of an eccentric stretching during 
leg compression. In human jumping, eccentric stretching 
would store energy in the spring element that can be 
released during leg extension, resulting in a more effi-
cient jumping performance[14,47]. In the process, the 
muscles also build up a high level of force before 
shortening. This enables them to produce more work 
over the first part of their shortening distance, further 
enhancing hopping performance[48,49]. In contrast to 
human hopping, on the Marco Hopper II, no spring ex-
tension was generated during the compression phase 
because the friction of the system (e.g. friction in bear-
ings) dissipated all the energy available from the dece-
leration of the leg. As a consequence, the robot could not 
benefit from these energy-saving mechanisms, resulting 
in a strong increase in its energy consumption. 

The force-length relationship, described in section 
3.2, visualized another difference between human  
and robotic hopping. The relationship of the 
SEDMA-actuated Marco Hopper II was found to be very 
non-linear, in contrast to normal human hopping. Inte-
restingly, Farley et al.[50] showed that, in humans hop-
ping at lower frequencies, the typical spring-like beha-
vior disappears as well. Instead, the force profile exhi-
bits a peak force midway during the downward motion. 
The Marco Hopper II displays the exact same behavior, 

its force-length characteristic having an appearance 
which is strikingly similar to the ones recorded by Farley 
et al.[50] for low-frequency (1.2 Hz) human hops. There 
is however no common cause or explanation for this 
phenomenon. Considering the lack of tension in the 
Bowden cable, we believe the force peak is caused by 
position-specific friction in the Marco Hopper II (e.g. a 
defect in the linear bearings), something which is not 
relevant in human hopping experiments. 

While hopping motion does not describe the dy-
namics of the Marco Hopper II well, squat jumps (i.e., 
jumps starting from a squatting position) exhibit more 
similarities. Workloop patterns of leg extensor muscles 
without eccentric stretching have, for instance, been 
observed in experimental studies on human squat  
jumps [14,41,51]. Here, the contractile component of the 
triceps surae muscle shortened already in the isometric 
phase (i.e., before plantar flexion of the ankle) giving it 
more time to do the required work. As such, the con-
tractile component can shorten at a lower and more ef-
ficient speed. The same behavior was observed in the 
Marco Hopper II. As shown in section 3.4.1, the work 
delivered by the drivetrain is spread out over a larger 
time span by extending the spring already before the 
start of the upward motion. In the robotic system, this 
leads to a reduction of the motor’s speed and, conse-
quently, to a lower power requirement. 

 

4.1.2  Influence of the design of the robot 
As explained in section 2.2, the Marco Hopper II 

was intended as a simplified mechatronic representation 
of the human leg. Some of the observations presented in 
this manuscript can be related to this simplified design. 

The Marco Hopper II consists of two segments with 
only one actuated joint, namely the knee joint. In human 
hopping the main stiffness determinant for hopping at 
the preferred hopping frequency (around 2.1 Hz) is the 
ankle joint[52]. This indicates that the design of the 
Marco Hopper II is not particularly adapted to this type 
of motion. However, at lower hopping frequencies, the 
knee becomes relatively more important[53]. It therefore 
makes more sense to study low-frequency jumping mo-
tions on this setup. 

Furthermore, in biomechanics, the coupling of the 
ankle and knee joint through the biarticular Gastrocne-
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mius (GAS) muscle plays an important role in synchro-
nizing the knee and ankle joints and in redirecting the 
kinetic energy of the deaccelerating shank and thigh 
segments to the ankle joint during the last phase of push 
off[15,54,55]. With GAS, the knee joint can be fully ex-
tended in preparation of take-off. The high rotational 
energy in thigh and shank can be transferred by the GAS 
to an extension of ankle joint. As the foot is about per-
pendicular to leg axis, it translates the energy transferred 
by the GAS to foot extension and, consequently, to leg 
extension. Here, only small energy losses will occur due 
to rotational energy in the lightweight foot (mass of 
around 1 kg). 

While the Marco Hopper II misses these structures, 
the acceleration of the foot was achieved through a 
mechanical end stop (knee stop), implemented as a steel 
string. When the hip is accelerated upwards, the foot 
remains on the ground until the string, which is slack 
during leg compression, prevents the knee from ex-
tending above 165˚. As a consequence, the resultant 
impulse accelerates the foot segment vertically. The end 
stop limit thus defines the take-off and landing posture 
of the leg limiting the range of motion of the knee and 
consequently the range in which the hip segment can be 
accelerated (during the extension phase). An increased 
knee angle at take-off would therefore result in an im-
proved hopping performance. Compared to human 
hopping, the mechanical knee end stop did not represent 
an almost fully extended knee (around 175˚) at ta-
keoff[15,56]. 

Finally, there is the zig-zag architecture of the hu-
man body, which allows to negotiate the forward and 
backward accelerations of the body segments during the 
stance phase of hopping[57]. This is different to the 
Marco II robot, where the leg segments will accelerate 
backward during the second half of ground contact. This 
translational energy is not used for upward acceleration 
of the body, making the overall motion less efficient. An 
extension of the robot with a trunk and a foot segment 
could resolve this issue. 

 
4.2  Technical perspective 

While the SEDMA and its controller succeeded in 
its main goal of generating a repeatable hopping pattern, 
its performance-enhancing capabilities remained mostly 

unexploited in the tests. The design process of the 
SEDMA involves the proper selection of the series 
spring stiffness and the optimal composition of the re-
dundant drivetrain (DMA) – two design challenges 
which are the subject of ongoing research[24,25,43,44]. 

We identified several aspects which are crucial for 
the mechanical design of high-performing hopping 
machines with elastic-redundant actuators. Firstly, fric-
tion needs to be avoided at all costs in spring-enhanced 
drivetrains, as it reduces the amount of energy which can 
be stored and re-injected by the spring. Secondly, a less 
appropriate selection of the spring constant will com-
plicate the excitation of the natural dynamics of hopping. 
Finally, although the motions of the composing drive-
trains of the redundant actuator can be optimized in 
control, sizing their components to the task at hand still 
remains important. This was a relevant problem for the 
SEDMA studied in this work. Initially designed for 
high-torque operation in steady-state conditions[24], the 
DMA’s reflected inertia was relatively high for the dy-
namic hopping task in this work. To mitigate this prob-
lem, a series spring was inserted into the drivetrain. In 
such an arrangement, the spring reduces the speed re-
quirement and, consequently, the acceleration required 
from the motor, enabling the SEDMA to operate at 
higher frequencies. However, because friction prevented 
the spring from storing a reasonable amount of energy, 
the series spring did not fulfill this function. As a result, 
high accelerations were demanded of the DMA’s motors, 
so that a large fraction of their input torques was needed 
to accelerate their own inertia. This strongly reduced the 
torque that could be transferred to the hopper and, ulti-
mately, limited the hopping frequency to suboptimal 
values (i.e. below the antiresonance frequency). 

The results presented in this paper demonstrate that 
traditional design strategies fall short when applied to 
complex actuators combining elastic elements with re-
dundant motors. One of the main issues is dealing with 
unpredictable deviations from the expected task re-
quirements, such as friction. When sizing servomotors, 
one anticipates friction by oversizing the drivetrain by a 
small margin. In the SEDMA, however, the effect of 
friction can be amplified through the interplay of the 
elastic element and the redundant motors. If the level of 
friction is significant, as was the case in our experiments, 
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this can result in a surprisingly strong decrease in per-
formance of the actuator. We expect that the actuator’s 
versatility granted by its redundant degrees of freedom[28] 
could be utilized to mitigate this problem. This would, 
however, require novel control and design strategies 
capable of dealing with the redundancy of the system, 
the interplay of the motors with the elastic element and 
the impact of uncertain loads. At present, this complex 
problem forms a bottleneck for the adoption of elas-
tic-redundant actuation concepts in robotics. 

5  Conclusion 

In this paper, we discussed and investigated how 
the principles of redundancy and series elastic actuation 
can be combined in bio-inspired robots. We focused on 
kinematic redundancy on a motor level which, in hu-
mans, is found at the myofibril level, one of the deepest 
levels of construction of the human muscle. With the 
goal of studying the potential of this actuation principle 
for bioinspired motion, we presented a hopping robot 
actuated by the kinematically redundant SEDMA. Ex-
periments showed that the actuator was able to generate 
consistent jumps at low frequency, resembling human 
squat jumps. 

We argue that bio-inspired designs incorporating 
series compliance and redundant actuation provide a high 
potential for efficiency improvements in human-like 
motions. However, the design and control of such actu-
ators is strongly complicated by their large number of 
parameters as well as the complex dynamics induced by 
the redundant drivetrains and the compliant element. 
Typically, this issue is resolved by relying heavily on 
known information regarding the motion task. In this 
regard, friction – which is hard to model and quantify a 
priori – poses a relevant problem. In the hopping motions 
studied in this paper, high levels of friction prevented 
energy storage in the compliant element of the SEDMA. 
This drastic change in the dynamics of the motion task 
and, therefore, in the actuator requirements, resulted in 
hopping frequencies below the expected values. We 
conclude that, although complicated, it is of utmost im-
portance to anticipate uncertainty in the specific demands 
of the motion task during the mechanical and control 
design of an actuator combining redundancy and elastic-
ity. Further research in this direction is thus needed to 

exploit the full potential of this class of actuators. 
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