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Design and Control of a Hopper Robot with Series
Clutched Actuators

Prof. Dr. Ir Guillaume Crevecoeur, Dr. Ir. Frederik Ostyn, Eline De Groote

Abstract—Humanoid robots must be able to navigate com-
plex, unstructured terrain, requiring actuators with high torque
density and strong impact resilience, as well as robust control
strategies for stable locomotion.

This work presents the design and control of a planar hopping
leg—mimicking a humanoid limb—using newly developed series
clutched actuators. The goal is to create an underactuated 3-DOF
leg with improved impact resilience and jumping performance
compared to state-of-the-art systems.

The resulting 13.62 kg, 0.9 m leg integrates tailored trans-
mission and sensing systems. A three-phase control strategy
is used: PD control during flight, impedance control during
buffering, and energy shaping during lift-off. Simulation and
experimental validation reveal that linear rail friction signif-
icantly affects performance. A friction estimation experiment
yielded a dimensionless jumping height of 1.28. Notably, the
leg achieved a dimensionless stiffness of 14.25 under impedance
control, indicating enhanced impact resilience.

I. INTRODUCTION

Multi-legged robots, such as humanoids and quadrupeds,
are capable of navigating both structured and unstructured
terrain thanks to their high maneuverability. This requires
robust and precise control, combined with an optimized
mechanical design. As a result, research on multi-legged
robots spans multiple domains, including mechanical design,
actuation, foot-ground interaction, and control algorithms. To
test innovations in design and control, simplified monoped
hoppers are often used as experimental platforms.

Control strategies include model based and learning based
methods, as discussed in [1] . This thesis uses a model based
energy shaping approach, as learning based techniques are
more complex and beyond the scope of this work.

In hopper robot design, the primary goals are low weight,
minimal link inertia, and high impact resilience. Co-locating
the knee and hip actuators reduces inertia but requires a
transmission system. Key research areas include actuator
choice, transmission design, and sensor integration.

Conventional transmissions like belts and chains can
introduce speed ripples and creep, reducing control accuracy.
Alternatives such as five-bar mechanisms and cable drives
address these issues [2], [3]. Ground contact sensing also
varies widely, from simple contact switches to complex
force-mapping systems [3]–[6].

Actuator selection focuses on backdrivability and torque
density. Hydraulic drives offer both but are heavy and ineffi-

Fig. 1: Hopper setup

cient. Electromagnetic motors, used in series elastic actuators
and quasi-direct drives [3], are lighter and more efficient.
Series elastic actuators use high gear ratios to boost torque but
reduce controllability, while quasi-direct drives increase motor
air gap radius and use planetary gearboxes, though they pose
scaling challenges for humanoids [7].

To address these challenges, Dr. Ir. Frederik Ostyn devel-
oped a series clutched actuator (Figure 2), which enhances
torque density through a novel ring gear decoupling mecha-
nism while preserving backdrivability.

Fig. 2: Series clutched actuators [8]
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This work evaluates these actuators in a planar 3-DOF
hopper and investigates the following research questions:

How to design an underactuated hopping leg moving in the
2-DOF plane based on in-house developed series clutched
actuators, and how can the resulting hopper be controlled?
Is the resulting leg more impact-resilient, and can it jump
higher than the state-of-the-art?

Reference benchmarks include dimensionless stiffness
values (e.g., 10.8 in [4]) and dimensionless jump heights:
1.57 in [9], 1.14 in [10], and 2.4 in [7].

Section II describes the mechanical design, Section III
details modeling and control, Section IV covers simulations,
and Section V presents experimental validation.

II. DESIGN

This section details the design of the hopper robot, begin-
ning with the design criteria and concluding with the real-life
setup.

Fig. 3: Cross-section of hopper leg

A. Design Criteria

The hopper design was guided by three main criteria:
low weight for jumping efficiency, minimal leg inertia, and
sufficient structural robustness for impact forces. These often
conflicting goals were addressed using FEM simulations in
SolidWorks.

To support this analysis, force estimates were required.
Early simulations ran in parallel with the design process and
were used for ground reaction force estimations. Assuming a
maximum jump height of 1.5 m, a maximum ground reaction
force of approximately 750 N was used to evaluate critical
components in the FEM analysis.

B. General Design Description

The hopper consists of three primary links: the hip base,
the upper leg, and the lower leg.

The hip base, shown as the green plate in Figure 3, serves
as the structural interface between the hopper and two linear
rails via four low-friction guiding carriages. It also houses the
hip actuator and includes provisions for mounting additional
weights during testing, which may help evaluate actuator
performance limits.

The upper leg, depicted in red in Figure 3, is connected to
the hip actuator and holds the knee actuator on the same axis
to reduce upper leg inertia. It is constructed from two laser-
cut aluminum plates, reinforced with triangular bracing and
standoffs for structural rigidity.

The upper leg encloses the transmission system, which
comprises two rotating plates and a connecting rod. The
plates are mounted to the knee actuator and spaced apart
using spacers. A shoulder bolt connects the plates to the
rotating rod, which is itself linked to the tip of the lower
leg via another shoulder bolt. This configuration forms a
mechanical lever about the knee axis, with the lever arm at
the lower leg matching the radius of the rotating plates. This
system, illustrated in yellow in Figure 3, was chosen for its
rigid, fully mechanical linkage to ensure that impact loads are
directly transferred to the actuators—an essential requirement
for actuator performance evaluation.

The lower leg mirrors the structural concept of the upper
leg: two aluminum plates with triangular bracing connected by
standoffs. It also houses a sensing system located at the foot,
consisting of three contact switches arranged 45° apart. This
configuration ensures that one switch aligns with the y-axis
and one with the x-axis. Simple contact switches were selected
for their ability to detect ground contact without requiring
complex mapping systems. A rubber layer covers the switches
to protect them during impact.

C. Conclusions on Design

All components were successfully manufactured and as-
sembled. The final hopper leg measures 0.9 m in length and
weighs 13.62 kg, including the base plate and guiding carriages
(see Table I). Despite its greater mass, the upper leg has a
moment of inertia similar to the lower leg due to its center of
mass being closer to the joint. The full assembly is shown in
Figure 1.

TABLE I: Physical properties of the leg

Property Value Unit
Length 0.9 m

Total mass 13.62 kg
Length upper leg 0.45 m
Mass upper leg 5.382 kg
Inertia upper leg 0.1 kgm2

CoM – joint upper leg -40.36 mm
Length lower leg 0.45 m
Mass lower leg 0.96 kg
Inertia lower leg 0.06 kgm2

CoM – joint lower leg 178.63 mm

III. MODELING AND CONTROL

This section presents the kinematic model and resulting
equations of motion for the hopper robot, followed by a
description of the control approach.

A. Model of the Hopper Robot

As detailed in Section II, the hopper moves along linear
rails, with the vertical hip position as the first generalized
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coordinate. Combined with the hip and knee joint angles, the
system has three degrees of freedom (Figure 4) and assumes
each link has momentum only about the z-axis.

Fig. 4: Kinematic model of the hopper robot

Two distinct sets of equations of motion are applicable,
depending on whether the hopper is in contact with the ground.
During the flight phase, the hopper is treated as a free body
(neglecting friction), whereas during the stance phase, ground
reaction forces (GRFs) must be considered. The equations of
motion for the two phases are given by:

Mq̈+Cq̇+Kq = 0, (Flight phase)

Mq̈+Cq̇+Kq = JT
footFGRF, (Stance phase)

with M ∈ R3×3 the mass matrix, C ∈ R3×3 the damping
matrix, K ∈ R3×3 the stiffness matrix, Jfoot ∈ R2×3 the foot
Jacobian, q ∈ R3 the generalized coordinate and FGRF ∈ R2

the ground reaction force.
The needed model parameters are listed in Table I.

B. Control Algorithm

Fig. 5: Overview of the control algorithm

The control algorithm mirrors the structure of the model and
divides the hopping cycle into multiple phases, each governed
by a different control strategy. Two stance sub-phases are
distinguished:

• Touchdown phase: From the moment of contact with the
ground to the desired initial configuration for the next
jump.

• Lift-off phase: From the end of the touchdown phase to
the moment of take-off (loss of contact).

This segmentation is illustrated in Figure 5, which also
highlights the switching criteria. Ground contact detection
marks the transition from flight to stance, while the hip’s
velocity estimate determines the transition from touchdown
to lift-off.

Figure 5 also summarizes the control strategies used in
each phase, along with the key parameters to be evaluated in
the simulations discussed in Section IV.

The energy shaping controller used during lift-off calculates
the required torque based on the system’s current energy, the
desired jumping height, and the previous jump’s performance.
The two main parameters are the energy scaling factor
Emult ∈ R and the adaptive gain Krel ∈ R.

An impedance controller is applied both for regulating
hip height (leg impedance control) and foot position (foot
impedance control). This controller is based on a virtual
massless spring-damper system and is characterized by the
parameters of natural frequency ω and damping ratio ζ. These
can be mapped to physical spring-damper coefficients as
follows:

K = ω2mtot ∈ R, D = 2mtotωζ ∈ R

where mtot is the total mass of the system.

IV. SIMULATIONS

This section presents the simulation framework used to
achieve three primary objectives: (1) evaluating the perfor-
mance of the proposed control algorithm, (2) studying the
effects of various control parameters, and (3) determining
whether the results suggest improved performance compared
to state-of-the-art approaches.

A. Simulation Evaluation Criteria

To evaluate the control performance, several metrics are
employed. The first is the Normalized Root Mean Squared
Error (NRMSE) between the actual and desired jumping
heights, calculated as:

NRMSE =

√∑n
i=1(ydesired,i − yactual,i)2

ȳactual
∈ R

where ydesired,i and yactual,i are the desired and actual jump
heights at the i-th instance, and ȳactual is the average of the
actual heights. This non-dimensional metric provides a quan-
titative measure of deviation from the desired performance.
The quality of control is classified according to the following
NRMSE scale:

NRMSE < 10% Excellent
10% ≤ NRMSE < 20% Good
20% ≤ NRMSE < 30% Fair
NRMSE ≥ 30% Poor

In addition to NRMSE, a slipping criterion is introduced to
assess stability. A simulation is considered unstable if either
of the following occurs:

1) The robot makes ground contact with its knee.
2) The robot’s foot exhibits vibration upon landing.
If either condition is observed, the controller and its asso-

ciated parameter configuration are considered ineffective.
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B. Impedance Control Simulation

(a) GIF of trajectory following

(b) Trajectory heights

Fig. 6: Impedance control simulation

The initial set of simulations focuses exclusively on
impedance control in a trajectory-following scenario. A visual
example of such a simulation is shown in Figure 6a. To evalu-
ate robustness, the simulation was repeated with varying added
masses placed on top of the hopper. As shown in Figure 6b,
the results demonstrate that the impedance controller maintains
robust performance under varying payloads, namely 0 kg and
30 kg.

To determine the maximum dimensionless stiffness, defined
as k̄ = kl

mg (with m the total mass, k the virtual leg stiffness,
l the leg length and g the gravitational acceleration), the
experiment was modified to focus solely on the final step of
the trajectory with damping removed. By iteratively increasing
the added mass until the leg could no longer complete the step,
a maximum k̄ value of 14.25 was obtained—surpassing values
reported in existing literature.

C. Continuous Jumping Simulation

The full control algorithm was tested in a continuous
jumping simulation to assess maximum achievable heights,
robustness, and the influence of control parameters. A visual-
ization of this simulation is provided in Figure 7a.

(a) Continuous jumping GIF

(b) Maximum jumping heights

Fig. 7: Continuous jumping simulation

The robustness of the control strategy with respect to
friction was first evaluated. For well-tuned parameters and
jumping heights below the maximum limit, very low NRMSE
values were achieved (e.g., NRMSE = 0.00267). However,
maximum jump height decreased with increasing friction and
added mass, as shown in Figure 7b.

Next, the effects of various control parameters were ana-
lyzed. Simulations showed that:

• Larger hip starting angles (more bent postures) and
smaller hip flight angles (straighter postures) allowed for
higher jumps—consistent with human biomechanics.

• A smaller energy shaping parameter Emult resulted in
higher possible jumps due to the controller underestimat-
ing the current energy.

• A foot offset toward the knee provided more robust
control than an offset in the opposite direction. This
is due to the system’s center of mass being located
slightly toward the knee, making this configuration more
balanced—again aligning with natural human jumping
patterns.

The role of impedance control parameters (natural frequen-
cies and damping ratios) was also studied for both touchdown
and foot control. Observations included:

• Low frequencies resulted in slow responses.
• High frequencies induced oscillations.
• Low damping caused undamped oscillations.
• High damping led to overly slow responses.
To better interpret these effects, impedance control parame-

ters were translated into a virtual spring-damper model using:

Ktd = ω2
tdmtot, Dtd = 2mtotωtdζtd

Simulations indicated that achieving higher jumps required
greater virtual stiffness and stronger damping, reinforcing the
intuitive notion that higher jumps demand greater muscular
effort.

Finally, the dimensionless maximum jumping height, de-
fined as h̄ = maximum jump height

leg length , was analyzed under varying
levels of linear rail friction. For instance, under ideal (friction-
less) conditions, a value of h̄ = 2.8 was achieved, whereas
at a friction level of 1.5 Ns/m, h̄ decreased to 1.5. These
results highlight the sensitivity of jumping performance to rail
friction. Further analysis of the linear rail friction value is
required to determine whether the current hopper design can
consistently outperform state-of-the-art systems. This analysis
is given in Section V-A.

V. EXPERIMENTAL VALIDATION

To validate the system design and investigate improvements
with respect to the state-of-the-art, multiple experiments were
conducted. First, a simple position controller is applied to
experimentally estimate the linear rail friction. Secondly, a
second position control experiment was conducted with a
limited velocity of 200°/s. This last simulation was also
compared with its simulated counterpart. In both experiments,
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the hopper’s base follows a predefined trajectory: starting
from an almost fully bent position, moving to an almost
fully extended position, transitioning to a squat-like posture,
and finally returning to the initial bent configuration. This
trajectory is illustrated in Figure 8.

Fig. 8: Video screenshots of experiment 2

A. Experiment 1: Estimation of linear rail friction value

In the first experiment, a simple position control is applied,
as shown in Figure 8 and described in the paragraph above.
The data from the experiment is used to estimate the linear
rail friction value.

(a) Estimated linear friction
values

(b) Corresponding jumping
height

Fig. 9: Linear rail friction value estimation

Starting from the encoder data, a power balance is calcu-
lated:

Pact = PjointFrictions + PjointInertias + Pgravity + PrailFriction

with:
• Pact = Phip+Pknee = τhip · θ̇hip+ τknee · θ̇knee, the sum

of the powers delivered by the two actuators
• PjointFrictions = cact · (θ̇2hip + θ̇2knee), the sum of the lost

power in the actuators due to joint friction, with cact =
5Nms/rad the joint friction

• PjointInertias = Iact · (θ̈hip · θ̇hip + θ̈knee · θ̇knee), the sum
of the power going to the inertia of the actuators, with
Iact = 0.43 kgm2

• Pgravity =
dEgrav

dt , the power needed to change the hip base
height from one gravitational potential energy to the next

• PrailFriction = −brail · v2hip, the power lost to linear rail
friction with brail the linear rail friction value

At every timestep, the linear friction value can be estimated
using

brail,i = −
Pact,i − PjointFrictions,i − PjointInertias,i − Pgravity,i

v2hip,i

when vhip,i ̸= 0 and using brail,i = 0 when vhip,i = 0.

After applying smoothing techniques to reduce numerical
noise, the estimated rail friction is plotted in Figure 9a. The
average value is found to be 2.28Ns/m, which is subsequently
used in simulations to evaluate hopper performance. Using
simulations, the newly estimated maximum jumping height
is 1.15m, as shown in Figure 9b, yielding a dimensionless
jumping height h̄ = 1.15 m

0.9 m = 1.28.
Compared to the state-of-the-art, this value is average:

[7] reports h̄ = 2.4, [9] reports h̄ = 1.57, and [10] reports
h̄ = 1.14.

The relatively high friction is likely due to early assembly
choices: the linear rails were mounted with only two bolts,
allowing midsection vibrations, and the cable routing was not
optimized for dynamic motion, adding resistance.

B. Experiment 2: Validation of improved dimensionless stiff-
ness

The second experiment is conducted to validate whether the
improvement in dimensionless stiffness found in the simula-
tions in Section IV-B is realistic. Due to the unavailability of
large masses, a massless experiment is performed and com-
pared with its simulated counterpart under identical conditions.

(a) Heights (b) Torques

(c) Powers

Fig. 10: Comparison between simulation and experimental
results

Figure 10 compares experimental and simulated results for
joint torques, powers, and hip heights. While the simulation
shows smoother torque transitions, both follow similar trends.
Experimentally, torque is more evenly distributed between
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the hip and knee, whereas the simulation suggests a higher
knee load—also reflected in the power profiles.

Although the simulated torques are slightly lower than
those measured experimentally, this difference may be partially
attributed to Coulomb friction present in the physical system,
which was not explicitly modeled in the simulation. The
simulation uses a viscous friction coefficient of 5 Nms/rad,
which may not capture the full resistive forces encountered
in the joints. The real system’s frictional effects could result
in higher measured torques, especially during low-speed or
direction-changing phases of motion. Despite this, the total
actuator power required in the experiment is found to be lower
than in the simulation, suggesting that the real system may
achieve similar or improved dimensionless stiffness values
compared to the simulated model. These findings support
the hypothesis that the newly developed actuators could of-
fer enhanced performance relative to existing state-of-the-art
solutions.

VI. FUTURE WORK

Future work could focus on improving the mechanical
design for greater performance and robustness and completing
experimental validation—especially for continuous jumping.

VII. CONCLUSION

This work presented the design and control of a hopper
robot optimized for low mass and inertia using series clutched
actuators. The resulting system demonstrated sufficient robust-
ness for experimental testing.

A three-phase control strategy was proposed and evaluated
through simulations, highlighting the impact of the different
control parameters. Experimental validation showed a maxi-
mum dimensionless stiffness of 14.25, exceeding the state-of-
the-art value of 10.8 [4], indicating enhanced impact resilience
during touchdown.

Friction estimation experiments yielded a dimensionless
jumping height of 1.28—comparable to existing designs (rang-
ing from 1.14 to 2.4 [10], [7],[9]). Reducing linear rail friction
could further improve performance. These results suggest the
proposed hopper has potential to outperform current designs
in both stiffness and jump height with further refinement.
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Chapter 1

Introduction

Multi-legged robots are capable of navigating both structured and unstructured terrain due to their high
maneuverability. Unlike wheeled and tracked robots, they can traverse obstacles and operate in chal-
lenging environments. However, their ability to execute complex movements requires robust, dynamic,
and precise control, along with an optimized design. Therefore, research on multi-legged robots spans
multiple domains, including design, mechanics, foot-ground interaction, and control algorithms.

Two primary control methodologies exist: model based control methods and learning based ap-
proaches [1, 2, 3]. Another essential focus of study is actuator design, as legged robots require actuators
with high torque density, impact resilience, and efficient torque and motion transmission [4, 5, 6, 7, 8].
Research on contact sensing further explores how sensor feedback enhances control strategies [9].

Many research projects employ a monoped experimental setup to validate their design and control
strategies. This allows researchers to, for example, experimentally assess newly developed actuators or
validate control algorithms. In this context, Dr. Ir. Frederik Ostyn developed series clutched actuators
with high impact resilience and large output torques, intended for future use in humanoid robots. Before
deployment in a full humanoid system, these actuators are evaluated in a hopper setup in this master’s
thesis and compared with the state-of-the-art.

The following sections will provide an in-depth discussion of the current knowledge and methodologies
for studying multi-legged robots, with a particular focus on the design, modeling, and control of a single
humanoid robot leg, as this is most relevant for this work.

1.1 Design in legged robots

The design of a humanoid leg should satisfy multiple requirements. First, the leg should be easy to
control. Secondly, the combination of the actuator and transmission system must be strong enough to
perform the hopping motions and to withstand impact. Next, the leg should be as light as possible and
the inertia of both parts of the leg should be as low as possible.

A common method to achieve low inertia is by centralizing most of the weight close to the joints. An
obvious choice is therefore to put both the knee-actuator and the hip-actuator on the same axis. This
necessitates the use of a transmission system. Although this transmission system adds complexity to the
system, this design choice seems to be used in most quadruped and humanoid leg designs, as exemplified
by [5, 10, 6, 11, 9].

To meet the aforementioned characteristics, design of legged robots involves key considerations related
to actuation, transmission systems and sensors. The following chapters summarize the current state-of-
the-art in each of these areas.

1.1.1 Actuation

Legged robots often demonstrate high-speed locomotion, which involves high accelerations and excessive
loading on the actuators, resulting from the ground-leg interaction. In many applications, this ground in-
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teraction is unexpected due to inaccurate state estimations. Therefore, the actuators should demonstrate
high robustness against impacts, meaning high backdrivability, and accurate controllability. In addition,
high torque density and transmission transparency are desired. To achieve this, multiple combinations
of actuators and transmission systems can be used [6, 4, 7, 5, 8, 12]. This section lists the most common
actuator types, and the next section explains different types of transmission.

With high torque density and high backdrivability considered as the most important requirements,
multiple types of actuators have been developed. In particular, three main types of actuation are used for
dynamic locomotion in legged robots, namely hydraulic actuation, quasi-direct drives and serial elastic
actuation. [12]

Hydraulic actuators can provide extremely high power density and are robust against impulsive loads.
The robustness to impulsive loads follows from the energy of the impulse being absorbed by the hydraulic
oil. In addition, this hydraulic oil allows accurate force controllability due to the high-frequency servo
valves with precise pressure sensors. However, hydraulic actuators tend to be used in large and heavy
robots, which is not the type of robot that will be studied in this thesis. Furthermore, hydraulic actua-
tors can be less energetically efficient than electrical actuators due to the fluid viscous loss and internal
leakage of the valves.[12]

A second actuation method is using electromagnetic (EM) actuators in direct drives. However, these
actuators have a very low torque density. Although torque density could be increased by increasing
reduction ratio of gears, this is often avoided due to the effects of this increased reduction ratio on the
backdrivability of the actuator. Both the quasi-direct drive and series elastic actuation compensate this
low torque output while still using electromagnetic motors. [12, 6, 7]

In serial elastic actuation the compensation is implemented by adding series elasticity to the con-
ventional systems where a high gear reduction is used to create a low speed/ high torque characteristic.
This method introduces a force-controllable actuator with low impedance and low friction, thus allowing
high-quality force control. Additionally, the elastic element can be used to store energy and increase
peak power when the servo motor and elastic element deliver power in the same direction. However, the
implementation of serial elastic actuation turns torque control into position control. This position con-
trol has a limited bandwidth and comes with a substantial amount of delay as a result of the elasticity. [12]

Similarly to the serial elastic actuators, quasi-direct drive (QDD) actuators aim to improve the torque
density of direct driving systems using electromagnetic actuators. In the context of the research on the
MIT Cheetah actuators, it was found that electromagnetic motors with a large air gap radius allow a
high torque output. This linear relation between air gap radius and torque output can be used in the
actuators of legged robots as it leads to a lower required reduction in gear-ratio. The resulting actuator
design is called a quasi-direct drive actuator, and it allows transparent transmission, good backdrivability
and a high torque output. Therefore, multiple researches have studied the best combinations between
motor choice and gear reduction choice for their legged robot applications. Though effective for small
quadrupeds, scaling quasi-direct drive actuators to larger humanoid robots presents challenges, particu-
larly in achieving sufficient torque while maintaining backdrivability and energy efficiency. [12, 6, 7, 4]

Figure 1.1: Series clutched actuators
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Inspired by the quasi-direct drive actuators, Dr. Ir. Frederik Ostyn developed series clutched actu-
ators, which integrate a planetary gearbox similar to the ones used in quasi-direct drives. However, the
usually stationary ring of the planetary gear box is connected to a decoupling system which decouples
when the output torque exceeds a certain threshold torque. This innovation, presented in Figure 1.1, en-
ables higher gear ratios without compromising for the safety of the gears, making it a promising solution
for humanoid robots. [8].

In this thesis, these series clutched actuators will be tested in a monoped hopper setup, evaluating
their performance as hip and knee actuators in hopping scenarios.

1.1.2 Motion transmission

The efficiency of the hopper movement depends not only on the chosen actuators, but also on the method
of transmission of torque and motion. Commonly used transmission methods are harmonic drives, plan-
etary gears, belts and chains, etc. Some of the listed methods are already incorporated in actuator
designs. However, transmission is also needed to transfer the torque and motion from the knee actuator,
located at the hip, to the knee joint. This chapter covers different possibilities for the actuator-joint
transmission and compares them with each other.

(a) Link transmission MIT Cheetah [6] (b) Chain transmission MIT Cheetah 3 [10]

(c) Belt transmission hopper DFKI [2] (d) Cable transmission system [5]

Figure 1.2: Transmission systems

The first option is a five-bar parallel kinematic system that mimics the main kinematic features of
the mammalian leg [6, 12]. An example of this is shown in Figure 1.2a. The main advantage of this
structure, which is also called a pantograph mechanism, is that it can maintain the relative angular
orientation between the actuator and the lower leg segments, allowing very precise control. However, the
pantograph also has drawbacks, such as limited angular movement and the weight of the link.

Secondly, chain drives can be used, as depicted in Figure 1.2b. An example of a robot using this, is
the MIT Cheetah 3 [10]. Compared to the linkage system, the chain drive provides more angular freedom
for the lower leg. However, the chain introduces some speed ripple at the lower link and adds impedance
between the actuator and the lower link making control more challenging.
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Similar to chain drives, belt drives can be used, as is for example the case in [9]. Another example of
the use of belt drives is illustrated in Figure 1.2c. Although belts are lighter than chains, they are more
likely to slip and suffer from creep, making control less accurate [5].

To avoid belt slippage and creep, a cable pulley system can be used as presented in [5]. The proposed
system is demonstrated in Figure 1.2d. The cable pulley system combines the light-weight properties of
belts with the non-slipping property of the stiff rod, while still having a large motion range. A disadvan-
tage of the cable pulley-system proposed in [5] is its size because of the relatively large pulleys required
for transmission.

All the aforementioned transmission systems are noncompliant. However, multiple researches also
focus on incorporating flexible elements in the transmission design. Flexible elements can be added in
the joints, such as in serial elastic actuators, or in the mechanical structures. Such designs are often
inspired by the bi-articular muscles in animals [13]. The introduced leg compliance facilitates long-
distance running and improves energy efficiency as the compliant elements are used for shock absorption
and soft landings [12]. Furthermore, the elastic elements can be used to store energy at the moment of
impact as is the case in serial elastic actuators.

1.1.3 Sensors

Accurate control of robots with legs requires feedback from the sensors employed in the robot. The
most common sensors in multi-legged robots are encoders, which are necessary for position and veloc-
ity measurements. Furthermore, current or torque sensors are often used for feedback in torque control.
Both encoders and current or torque sensors can be integrated into actuator designs, as exemplified by [8].

Additionally, sensors for ground detection or for ground reaction force measurements are often used
in legged robots. In some researches, those sensors are added to the ground plate in the setup to evaluate
a self designed force sensing mechanism or force estimations [14]. The choice of contact detection sensor
will have an influence on the controller and on the design of the hopper foot.

First, force sensors, which can measure forces in both normal and tangential directions, can be em-
ployed for ground detection. These sensors can be utilized at the bottom of the foot or connected to the
metal structures in the leg in the form of strain gauges. However, those sensors at the end of the leg
increase inertia due to their mass and are very prone to inertial noise as a result of the highly dynamic
movements of hopper robots.[15]

More simple options, which can only measure contact in one direction, are force sensing resistors and
contact switches. However, force-sensing resistors tend to fail under large contact forces, so these sensors
still need a relatively thick layer of protection. This thick layer of protection increases inertia of the
lower leg, which is not desired in legged robots. [16] solved the issue of force sensors by using the more
robust contact switches.

As a result of the limiting factors of conventional sensing systems, some more complex sensing mech-
anisms are designed. [14] designed a foot contact switch with a sensing rate of 270° utilizing a LED, a
light sensor and a spring-loaded aperture. The resulting system, illustrated in Figure 1.3a, has a mass
of 10 g and detects reliably at 3 Nm within 3 ms of contact.

[9] proposes the use of four piezo-resistive sensors all oriented at a 45 degrees angle from the vertical.
Additionally, the sensors are embedded in a rubber sphere to protect them. Inside this sphere, the four
sensors are oriented tangential to the surface of the sphere for optimal contact detection. The result is
shown in Figure 1.3b.

Lastly, in [15] a more complex force sensing foot is designed for quadrupeds in which a matrix of
pressure sensors is embedded in a layer of polyurethane rubber to achieve force mapping. The use of the
pressure sensors in combination with the rubber allows high sensitivity and accurate measurements up
to 300 N in the y-axis and 80 N in the x- and z-axis. The concept is displayed in Figure 1.3c.

Aside from using sensors for ground contact detection, ground can also be detected by torque sensors
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(a) Sensing system based on light
sensor [14]

(b) Sensing system based on
piezo-resistive elements [9]

(c) Sensing system based on pres-
sure sensors [15]

Figure 1.3: Sensing systems

or current sensors in the actuators by comparing the sensed torque or current with the expected torque
or current in case of ground-contact [2].

1.2 Modeling and control methods

For the control aspect of this master’s thesis, some insight into the commonly used models and control
strategies is useful. Therefore, this chapter will dive deeper into those topics.

1.2.1 Modeling

Although more complex models can be used, the most common models utilized for a hopper leg are
the knee extensor model, proposed in [4] and illustrated in Figure 1.4a, and its further elaborated form,
namely the spring-loaded inverted pendulum model (SLIP), applied in [17], represented in Figure 1.4b
and explained in [18].

(a) Knee extensor model [4] (b) SLIP model (spring-loaded inverted pendulum) [18]

Figure 1.4: Modeling methods

The knee extensor model assumes that the entire mass is concentrated at the hip joint, which moves
along a frictionless vertical rail. Additionally, the model neglects limb inertia and horizontal displacement
of the foot upon ground contact. Consequently, the hopper is dynamically simplified to a point mass.
The equations of motion are defined as follows:

mÿ +mg = 0, in flight phase
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mÿ +mg = Fy, in stance phase

where m ∈ R is the total mass, ÿ ∈ R is the vertical acceleration, g is the gravitational acceleration,
and Fy ∈ R is the vertical ground reaction force. [4]

Similarly, the Spring-Loaded Inverted Pendulum (SLIP) model assumes all mass is concentrated at
the hip and neglects limb inertia. In this model, the leg is represented as a massless spring with virtual
stiffness kleg ∈ R. Unlike the knee extensor model, the SLIP model allows movement in both the
horizontal and vertical directions, representing the hip position as a vector rhip ∈ R2. This leads to the
following equations of motion:

mr̈hip = Fg, in flight phase

mr̈hip = Fg + Fleg, in stance phase

Here, Fg ∈ R2 denotes the gravitational force, and Fleg ∈ R2 is the force exerted by the compressed
virtual spring. The spring force depends on the leg compression ∆y and the stiffness kleg. This model
is known for being self-stable and energy-efficient [18]. Additionally, it is well-suited for model based
control approaches and forms the foundation of impedance control strategies.

1.2.2 Control methods

There are two main categories of controllers used in the control of legged robots namely learning based
methods and model based methods.

In learning based methods, no model is used and a neural network is trained to control the leg opti-
mally. [2] claims that the biggest challenges in model based methods are the detection of the different
phases, height estimation and hand tuning all parameters. Using a neural network would overcome these
issues. Additionally, [2] states that a reinforcement learning controller could be used for mapping actu-
ator positions and velocities onto a direct torque control. The proposed rewards include energy gain, a
height barrier penalty and a joint constraint penalty.

On the other hand, a controller could be based on a model. [14] proposes impedance control for a
2-DOF leg, using only joint angles as generalized coordinates while the leg is in contact with the ground.
In impedance control, the stiffness and damping of the foot with respect to the hip is controlled in
Cartesian space as follows:

τ = JT(K(rd − r)−Dṙ),

with rd ∈ R2 the set point of the foot with respect to the hip, r ∈ R2 the actual foot position with
respect to the hip, J ∈ R2×2 the foot Jacobian, K ∈ R2×2 and D ∈ R2×2 the desired leg stiffness and
damping matrices and τ ∈ R2 the actuator torques. This torque controller is based on encoder position
and velocity measurements and motor current measurements.

Figure 1.5: Phases in energy shaping [2]

A more advanced model based controller is the energy based control method explained in [2]. The
controller shifts between three phases namely lift-off, flight and touchdown, as illustrated in Figure
1.5. For both lift-off and touchdown a stance phase model is used and for the flight phase controller
a flight phase model is used. In every phase, a different type of control is applied. In touchdown, the
aforementioned impedance controller is used. Once the hip velocity starts increasing, it is assumed to
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start its lift-off phase and an energy shape controller is used. The energy shape controller is explained
in further detail in Section 4.1.2.

When no contact is detected, the controller transitions to a flight-phase PD controller. Upon re-
establishing contact, it switches back to the touchdown impedance controller.

1.3 Experiments

As this master’s thesis aims to analyze whether the new actuators outperform the state-of-the-art,
certain benchmark values are required for comparison. Two common experiments used in the literature
to evaluate the performance of hopper robots are vertical jumping and the application of a static vertical
force on the hopper to determine the maximum dimensionless stiffness, defined as

k̄ =
kl

mg
∈ R

where k is the virtual leg stiffness, l is the leg length, m is the mass of the leg, and g is the standard
acceleration due to gravity.

In the vertical jumping experiment, the dimensionless maximum jumping height is calculated by

h̄ =
maximum jump height

leg length
∈ R

Reported values for the dimensionless maximum jumping height are 1.14 in [19], 1.57 in [3], and 2.4
in [4]. For the dimensionless stiffness, [14] reports a value of 10.8. These dimensionless values will be
used for comparison with the performance of the hopper designed in this work.

1.4 Research question

As discussed in Section 1.1.1, commonly used actuator types each exhibit certain limitations when applied
in humanoid robots. For example, series elastic actuators introduce control delays due to their inherent
compliance, while hydraulic actuators tend to be heavy and less energy-efficient compared to electro-
magnetic motor-driven actuators. Quasi-direct drives are effective in quadrupeds but pose challenges
when scaling to larger humanoid systems, particularly with respect to maintaining backdrivability and
torque density. Furthermore, Section 1.1.1 highlights the potential of the actuators introduced in [8] as
a promising alternative for use in humanoid robots. To investigate this proposition, the central research
question of this thesis is formulated as follows:

How to design an underactuated hopping leg moving in the 2-DOF plane based on in-house
developed series clutched actuators, and how can the resulting hopper be controlled? Is the
resulting leg more impact-resilient, and can it jump higher than the state-of-the-art?

The subsequent chapters present the development and evaluation of a hopper incorporating the novel
series clutched actuators. Chapter 2 details the design, while Chapters 3 and 4 address system modeling
and control strategies, respectively. Chapter 5 then applies these methods in simulation to assess per-
formance, analyze the impact of various control parameters, and benchmark the hopper against existing
technologies. Finally, Chapter 6 integrates the findings into an experimental evaluation to determine
whether the proposed actuator concept delivers improved performance over conventional approaches.
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Chapter 2

Design

This chapter describes the design of the hopper robot developed for this master’s thesis. The design was
inspired by various approaches found in the literature, while also considering the specific characteristics
of the series clutched actuators and the objectives of this research. For instance, to accurately evaluate
the performance limits of the actuators, no additional elastic elements were included in the design, as
they would dampen the hopping dynamics. The only exception is a slightly elastic 3D-printed layer at
the foot, which was added to protect both the foot and the ground during impact.

2.1 Design criteria

Before starting the design process, it is essential to define the main criteria guiding the design choices.
First, the hopper must be as light as possible such that a minimal amount of energy is needed for

the hopping. This will primarily be achieved through the material choices and design features of the
different components.

Next, the different leg parts—namely, the upper and lower leg—should have the lowest possible
inertia. This is achieved by concentrating the mass of the leg parts near the joints. For example, placing
the knee actuator on the same axis as the hip actuator minimizes the upper leg inertia.

Additionally, the leg must move stably in the vertical direction with minimal friction. To accomplish
this, the hopper is connected to vertical rails via guide carriages.

Lastly, since this work focuses on identifying the performance limits of the actuators, an additional
feature was incorporated: a weight rod designed to hold multiple gym weights of up to 5 kg. For instance,
a total added mass of 15 kg can be used to simulate the load of a humanoid robot on the hopper.

2.2 General design description

Using the aforementioned criteria, the final design, which is displayed in Figure 2.1, is created. In gen-
eral, the hopper robot consists of three main parts: the hip base plate, the upper leg, and the lower leg.
However, several additional components are also included, such as a transmission system and a sensing
system. This section explains the full robot design.

Starting from the rails and moving down to the foot, the first elements encountered are the guide
carriages. These carriages connect the leg to the rails and ensure low-friction movement through the use
of recirculating ball bearings. Specifically, they are attached to the hip base plate, which carries the hip
actuator and the weight rod capable of holding gym weights. The weight rod is connected to the base
plate via a small block, referred to as the weight block in the bill of materials.

Next, one plate of the upper leg is mounted to the hip actuator axis. A spacer is used to ensure a
safe clearance between the base plate and the upper leg plate, while also aligning the hip joint with the
actuator axis. This side of the upper leg is then connected to the opposite side — which holds the knee
actuator — using standoffs.
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Figure 2.1: Hopper leg setup

On the knee actuator axis, a centering spacer, identical to the one used at the hip, is added to connect
the knee actuator to the rotating plates. These two rotating plates are separated by a different type of
spacer. Furthermore, the rotating plates are connected to the rotating rod via a shoulder bolt, which
also links the two rotating plates. To minimize friction, a bushing and two plain bearings are included
at the shoulder bolt connection.

Next, the rotating rod — the main torque and motion transmission element — is connected to the
highest point of the lower leg. Its purpose is to push or pull at this point, causing the lower leg to rotate
around the knee axis like a lever. For simplicity, the lever arm at the lower leg matches the radius of
the rotating plates. The knee axis is fixed at the end of the upper leg. To enable rotation, a hollow axis
connected to the lower leg is positioned around the knee axis with bushings in between. This hollow
knee axis, called the knee stability part in the bill of materials, is bolted onto both lower leg plates to
ensure a secure connection. Additional standoffs reinforce this lower leg assembly.

At the end of the lower leg, between its two plates, is the foot sensing mechanism. It consists of three
contact switches and a 3D-printed component that attaches them to one lower leg plate. To protect the
contact switches, a 3D-printed elastic cover is included. This cover also transmits displacement to the
controller by compressing one or more of the contact switches at the moment of ground contact.

All parts described above can be found in the bill of materials and with corresponding numbers on
the parts drawing, which are respectively given in Appendix A and B.

2.3 Designs of different components

Equally important to the overall design is the design of the individual components. This section out-
lines the design decisions made for each component and the manufacturing methods employed. Strength
analyses were performed on the most critical components to ensure structural safety, and the results of
these analyses are also discussed. The components identified as critical—those subjected to strength
analysis—include the upper and lower leg segments, various elements of the transmission system, and
the bolts used within this system.

Conducting the strength analyses required a rough estimation of the expected ground reaction forces.
As a result, the initial simulations and design process were carried out in parallel.
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2.3.1 Rails

A rough estimation of maximum jumping height led to selecting rails with a height of 1.5 m, as achieving
this hopping height would be considered highly successful. This rail height serves as the basis for an
initial estimation of the ground reaction forces.

First, the take-off velocity required to reach a given height can be estimated using the conservation
of energy:

1

2
mv2 = mgh ⇒ v =

√
2gh

with m the hopper mass, v the take-off velocity, h the given height to reach and g the gravitational
acceleration.

Assuming the lift-off starts from rest (v0 = 0), the following kinematic relations apply:

v = at, d =
1

2
at2 ⇒ t =

v

a
, d =

v2

2a
⇒ a =

v2

2d
=

gh

d

where d is the distance covered during lift-off and a is the required vertical acceleration while in
contact with the ground to reach the desired height h. The corresponding ground reaction force (GRF)
is then given by:

FGRF = Finertial + Fgravity = mtot(g + a)

Assuming the hip travels a vertical distance of approximately d = 0.5m (from 0.3m to 0.8m) during
lift-off and the total mass m = 13.62 kg is concentrated at the hip, as in the knee extensor model, we
compute:

a =
9.81m/s

2 · 1.5m
0.5m

= 29.43m/s
2

FGRF = 13.62 kg · (9.81m/s
2
+ 29.43m/s

2
) = 534.45N

Hence, the estimated ground reaction force required for the jump is approximately 534.45N. How-
ever, as detailed in Chapter 5, simulation results show higher peak ground reaction forces, as illustrated
in Figure 2.2. These peaks are likely influenced by numerical artifacts. From the simulation plot, a
conservative estimate for the maximum GRF is 750N, denoted by the orange reference line in the graph.

To ensure structural integrity under these loads, the finite element strength analyses in SolidWorks
apply a minimum load of 750N to all components. Depending on the criticality of each component, some
may be tested under even higher forces.

Figure 2.2: Ground reaction forces when hopping to 1.5 m
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2.3.2 Hip base plate

The hip base plate is the component that connects the leg to the rails via four guide carriages and
is depicted in Figure 2.3 as the green plate. It holds the hip actuator and the weight rod. To en-
sure structural stability while minimizing weight, the plate is made of aluminum and designed with a
thickness of 14 mm. Unnecessary material was machined away to reduce weight without compromis-
ing integrity. In addition to weight reduction, the plate required specific machining for efficient assembly.

First, the hole for the actuator must be perpendicular to the plate surface, with a maximum rough-
ness of 1.6 µm. The bolting holes connecting the actuator to the plate must not deviate by more than
0.2° in alignment, and the radius at which the holes are drilled must not deviate by more than 0.2 mm.

Furthermore, the mounting areas for the guide carriages must lie on the same plane on both sides of
the plate, also with a surface roughness of 1.6 µm or better. The reference edge used for carriage align-
ment must be completely straight and perpendicular to the mounting surface. Finally, the surface where
the weight rod connects via the weight block must be flat and parallel to the guide carriage mounting
surfaces, though it does not require a polished finish.

Additional manufacturing constraints and tolerances are detailed in the technical drawing provided
in Appendix C.

Figure 2.3: Cross-section upper leg

A technical drawing was also required for the weight block, which carries the weight rod. This drawing
is provided in Appendix D.

2.3.3 Hip joint

The hip joint, which can be seen in Figure 2.3, located on the hip actuator axis, consists of multiple
components, namely two types of spacers, two rotating plates, and the knee actuator.

The first type of spacers, displayed in the lighter blue on Figure 2.3, centralize the upper leg with
respect to the hip actuator and centralize the rotating plates with respect to the knee actuator. More-
over, they maintain a safe distance between the aforementioned components. These spacers, made of
aluminum, are manufactured by turning and require only parallelism and smoothness of the surfaces
connecting to the other parts. A technical drawing of the hip spacers is provided in Appendix E.

The second type of spacers, displayed in the darker blue in Figure 2.3, are designed to maintain a
fixed distance between the rotating plates. This distance equals the width of the rotating rod plus the
combined width of the two plain bushings. Three of these spacers are used to cover this width. These
components are laser cut from the same 5 mm aluminum plate as the upper and lower leg plates to
minimize manufacturing costs. The design features cut-outs for the bolts used to connect the rotating
plates to the knee actuator, which also holds the spacers in place.

Lastly, the two rotating plates are centered within the hip joint. They are part of the transmission
system, which will be explained in Section 2.3.4. The two rotating plates are identical and are laser cut
from the same 5 mm aluminum plate as the upper and lower leg plates to minimize manufacturing costs.
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Figure 2.4: Strength
analysis rotating
plates

A key design feature of the rotating plates is the radius at which the hole
is positioned for connection to the rotating rod. This radius was selected
to be short enough to fit within the upper leg while being as large as pos-
sible to maximize the lower leg’s angular motion range. This trade-off re-
sulted in a radius of 78 mm and an angular motion range of 116◦for the lower
leg.

Due to the high torque transmission through these components, they are con-
sidered critical, thus requiring a strength analysis. The finite element analysis in
SolidWorks, using an aluminum yield strength of 27.6 MPa and an applied force
of 750 N, produced the results shown in Figure 2.4. The analysis proves that
each rotating plate can withstand a force of up to 750 N. Assuming an equal load
distribution, the two plates can collectively withstand an impact force of 1500 N.

2.3.4 Transmission system

In addition to the rotating plates, the transmission system consists of a rotating rod, two shoulder bolts,
and the necessary bushings and plain bearings to minimize friction. One shoulder bolt connects the
rotating plates to the rotating rod, while the other connects the rod to the lower leg. This configuration
enables the lower leg to rotate around the knee axis, as described in Section 2.3.6.

The rotating rod is considered the most critical component of the transmission system and was there-
fore subjected to a finite element analysis in SolidWorks. A load of 2500 N was applied, and the yield
strength was set to 27.6 MPa, corresponding to the aluminum material used for the rod.

Since the rod is subjected to both compressive and tensile forces—during leg extension and bending,
respectively—two separate strength analyses were performed. The results are shown in Figure 2.5.

(a) Tension force (b) Compression force

Figure 2.5: Strength analyses rotating rod

The rod is manufactured by removing material from its center, creating an I-beam profile along the
middle section. This I-profile reduces mass while increasing bending stiffness. Additionally, the ends of
the rod are rounded to eliminate sharp corners and avoid potential safety hazards. A detailed technical
drawing of this component is included in Appendix F.

Other critical components of the transmission system are the shoulder bolts. The two bolts should
be able to withstand the ground reaction forces at the moment of impact. The chosen diameter was
based on the calculation shown below, using an impact force of 2500 N, a yield strength of 250 MPa and
a safety factor SF = 3.

σdesign =
σallow

SF
=

250 · 106 N/m
2

3
= 83.33 · 106 N/m

2
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Figure 2.6: Strength analysis shoulder
bolt

The bolts carry the rotating rod and connect it on both
sides to two surfaces, meaning the bolts are loaded under
double shear. The formula for double shear stress is:

τ =
F

2A
with A =

πd2

4

The bolt will fail when the Von Mises shear stress is ex-
ceeded, which equals

√
3τ .

√
3τ = σdesign =⇒ d =

√
4 · Fimpact ·

√
3

2 · π · σdesign

=⇒ d =

√
4 · 2500 N ·

√
3

2 · π · 83.33 · 106 N/m
2 =⇒ d ≈ 0.00575m = 5.75mm

As a result, an M8 shoulder bolt with a nominal shoulder diameter of 10 mm was selected. In
addition, the bolts were subjected to a finite element analysis in SolidWorks. The analysis considered
an impact force of 1000 N and a yield strength of 27.6 MPa, assuming that if an aluminum bolt could
withstand the impact, a steel bolt would definitely be sufficiently strong. The results, shown in Figure
2.6, confirm that the selected bolts meet the required strength criteria.

2.3.5 Upper leg

The transmission system described in the previous section is enclosed in the upper leg. The upper leg
structure consists of two upper leg plates and multiple standoffs connecting them to each other. In addi-
tion, it has cutouts for connection to the two actuators and the knee joint. The two plates are similarly
designed with some differences in the connection places for the actuators. The plates are laser cut, have
a thickness of 5 mm and are made of aluminum. To lower the mass, triangular shaped elements are
removed. The triangular structure was chosen due to its force distributing properties.

As the knee joint is directly connected to this upper leg, it is assumed that the upper leg will also be
subjected to large forces. Therefore, a SolidWorks finite element strength analysis is performed in which
the upper leg is subjected to a 750 N impact and the yield strength is set equal to 27.6 MPa.

Figure 2.7: Strength analysis upper leg

The results demonstrate that the yield strength is exceeded at several locations, which can be observed
by the red areas in Figure 2.7. However, upon evaluating these stresses, it becomes clear that they occur
either in the standoffs themselves or at the points where the standoffs meet the plates. The stresses at
the standoff-plate junctions are a result of modeling the upper leg as a single component, which causes
stress concentrations at the sharp corners where the standoffs meet the plates. In the actual system,
this connection will not be fixed, so these stress concentrations will not be present. Furthermore, the
exceeding stresses in the standoffs themselves are not expected to cause problems in the real setup. While
the standoffs are modeled in aluminum here, in reality, they are made of steel, which has a higher yield
strength than the aluminum used in the model.
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2.3.6 Knee joint

The knee joint consists of a knee axis, which is connected to the upper leg, and a knee stability part,
which is connected to the lower leg. Between the knee stability part and the knee axis, two flanged
bearings minimize the friction in the knee joint.

Both the knee stability component and the knee axis were manufactured from aluminum. Technical
drawings were created for their production and are included in Appendix G and H respectively. For the
knee axis, the tolerance on the inner diameter of the flanged bushing was critical. On the contrary, for
the knee stability component, the tolerance on the outer diameter of the flanged bushing was essential.
Additionally, for the knee stability part, the axis had to be perpendicular to the surfaces used to connect
it to the lower leg plates.

Figure 2.8: Knee axis strength analysis

As the knee axis will be subjected to the ground impact forces, a finite element analysis in SolidWorks
was executed. In the analysis, it was subjected to a force of 1000 N and the yield strength was set to
27.6 MPa. The results, displayed in Figure 2.8, prove that the axis is strong enough.

The bolts connecting the knee axis to the upper leg were dimensioned based on an assumed impact
force of 2500N, distributed over two bolts. The selected bolt material has a yield strength of 250MPa,
and a safety factor of SF = 3 is applied.

σdesign =
σallow

SF
=

250 · 106 N/m
2

3
= 83.33 · 106 N/m

2

The bolts are primarily subjected to shear stress τ , with the corresponding Von Mises stress approx-
imated as σVM = 3τ for conservative design. The shear stress is given by:

τ =
F

A
, where A =

πd2

4

Solving for the required bolt diameter d under the Von Mises criterion yields:

σvM = σdesign ⇒
√
3τ = σdesign ⇒ τ =

σdesign√
3

F
πd2

4

=
σdesign√

3
⇒ d =

√
4F

√
3

πσdesign

Using F = 1250N per bolt, the required diameter is:

d =

√
4 · 1250 N ·

√
3

π · 83.33 · 106 N/m
2 ≈ 0.00575m = 5.75mm

To be safe, two standard M8 bolts are selected.
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2.3.7 Lower leg

The lower leg consists of two identical lower leg plates, multiple standoffs to maintain a fixed distance
between the plates, and a sensing system, described in Section 2.3.8. The plates are manufactured by
laser cutting a 5 mm thick aluminum sheet and, like the upper leg plates, they feature a triangular
structure.

Figure 2.9: Lower leg strength analysis

At the top of the lower leg, a hole is included to connect the rotating rod from the transmission
system, as described in Section 2.3.4. The lever up to this hole is designed to match the radius of the
rotating plates. This choice was made for simplicity, as it eliminates the need for reduction calculations
for the motion and torque transmitted by the knee actuator.

The lower leg is also considered a critical component in the hopping process, and therefore a strength
analysis has been performed. For the analysis, the lower leg is subjected to a load of 750 N, and the
yield strength is set to 27.6 MPa.

Similar to the strength analysis of the upper leg, the yield strength is exceeded in certain areas, as
demonstrated on Figure 2.9. This appears to be the result of modeling the lower leg as a single component,
as the problematic stresses occur at the intersection of two parts, creating stress concentrations. These
stress concentrations will not be present in the real system, as the lower leg is not a single component.
Therefore, it can be concluded that the lower leg is strong enough.

2.3.8 Sensing system

The sensing system, shown on Figure 2.10, is located at the lowest point of the lower leg. It consists
of three contact switches, connected to a 3D-printed component and protected by an elastic 3D-printed
component.

Figure 2.10: Sensing system

The choice of using simple contact switches was based on
the fact that a more complex sensing mechanism was not nec-
essary for this master’s thesis. While mapping the forces at
the foot at the moment of impact could be useful for under-
standing the forces involved, it is not required for basic control
and, therefore, was not incorporated into this design. The con-
troller only needs a sensing mechanism to detect whether con-
tact is made, and contact switches are sufficient for this pur-
pose.

The contact switches should be glued onto the 3D-printed blue part,
which is attached to one side of the lower leg. The black 3D-printed
part is made from a more elastic material and is designed to compress
one or more of the contact switches upon impact. To ensure adequate
coverage for ground detection, the three sensors are positioned at a 45°
angle relative to each other, with the leftmost sensor aligned with the
y-direction and the rightmost sensor aligned with the x-direction.
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2.4 Conclusion on design

2.4.1 Leg properties

The resulting design is shown in Figure 2.1, and its properties are listed in Table 2.1. The most notable
properties are the leg length, which is 0.9 m, and the leg mass, which is 13.62 kg. This total mass includes
all the described components, such as the base plate and guide carriages, but excludes the rails. In other
words, the total mass of 13.62 kg represents the mass that the actuators will need to move during the
experiments. Additionally, the inertia of both leg segments is relatively low, with the values being quite
similar for the upper and lower limbs. This is because, in the upper leg—which has a greater mass—the
center of mass is positioned closer to the joint, while in the lower leg—which has a smaller mass—the
center of mass is located farther from the joint.

Table 2.1: Physical properties of the leg

Property Value Unit

Length 0.9 m

Total mass 13.62 kg

Mass upper leg 5.382 kg

Inertia upper leg 0.1 kgm2

CoM – joint upper leg -40.36 mm

Mass lower leg 0.96 kg

Inertia lower leg 0.06 kgm2

CoM – joint lower leg 178.63 mm

2.4.2 Assembly of the design

Figure 2.11: Sensing system
real setup

After the design was completed, all components were ordered, and the
leg was assembled. During the assembly process, it became clear that
some design choices could have been improved and should be avoided
in future work.

Initially, gluing the contact switches onto the 3D-printed part
proved problematic. Specifically, the adhesive caused the switches to
become stuck in the open or closed position. As a result, a mechani-
cal fixation method was implemented, as shown in Figure 2.11. How-
ever, this solution is likely not robust enough to withstand dynamic
hopping motions. In addition, the elastic 3D-printed layer covering
the foot was too thin. As a consequence, the contact switches fail to
activate when the foot is compressed. Therefore, a redesign of this
component is necessary to ensure reliable activation of the foot contact
sensors.

Another issue with the design of the sensing system is that if a problem arises, the entire leg must
be disassembled. This makes it labor-intensive to address damage to one of the sensors. In future design
iterations, this should be avoided, as sensors are fragile and problems are most likely to occur during the
dynamic motions of hopping.

Secondly, the knee axis is currently connected to the upper leg by a single bolt on each side. However,
since the axis can freely rotate within the knee joint, this single-bolt attachment makes it difficult to
tightly secure the knee axis. As a result, the knee joint is not as stable as it could be, which may lead
to vibrations in the leg during hopping.
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Despite these issues, the resulting design was easy to assemble. The final assembly is shown in Figure
2.12.

Figure 2.12: Setup result
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Chapter 3

Model of the hopper robot

Figure 3.1: Kine-
matic model of hop-
per robot

Kinematically, the hopper is modeled as a 3 degree of freedom (DOF)
system as demonstrated in Figure 3.1. It has three generalized co-
ordinates, namely the hip height, the hip angle and the knee an-
gle. Only two of those coordinates are actuated, making the hop-
per robot an underactuated robot. The model consists of three main
links, namely the hip base, the upper leg and the lower leg. It is
assumed that links only have a momentum around the z-axis for sim-
plicity. Furthermore, the hip only moves along the y-axis, because it
is connected to a linear rail via guide carriages as described in Chap-
ter 2.

The kinematic design is used to calculate the equations of motion. By ignoring
friction in the flight phase, the hopper can be modeled as a free body with no
external forces. On the contrary, during stance phase, there will be an external
force, namely the ground reaction force. As a result, the system needs two sets
of equations of motions:

Mq̈+Cq̇+Kq = 0, in flight phase

Mq̈+Cq̇+Kq = JT
footFGRF , in stance phase

with M ∈ R3×3 the mass matrix, C ∈ R3×3 the damping matrix, K ∈ R3x3 the stiffness matrix, q ∈
R3 the coordinate vector, Jfoot ∈ R2×3 the foot Jacobian and FGRF ∈ R2 the ground reaction force.
The transpose of the foot Jacobian is equal to

JT
foot =


lupp cos(θhip) + llow cos(θhip + θknee) lupp sin(θhip) + llow sin(θhip + θknee)

0 1

llow cos(θhip + θknee) llow sin(θhip + θknee)

 (3.1)

with lupp the length of the upper leg, llow the length of the lower leg and θhip ∈ R and θknee ∈ R
the joint coordinates.

When friction is considered, an external friction force is introduced at the hip base during both the
stance and flight phases. This force arises from the linear rail along the vertical (y) axis and is computed
as:

Fy,fr = −brail ·
(
−luppθ̇hip sin(θhip)− llow(θ̇hip + θ̇knee) sin(θhip + θknee)

)
This expression is derived from the vertical position of the hip:

yhip = lupp cos(θhip) + llow cos(θhip + θknee) (3.2)
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⇒ vy,hip =
dyhip
dt

= −luppθ̇hip sin(θhip)− llow(θ̇hip + θ̇knee) sin(θhip + θknee) (3.3)

⇒ Fy,fr = −brail · vy,hip
with brail in

N ·s
m . The resulting friction force vector becomes:

Ffr =

 0

Fy,fr

 ∈ R2

This modifies the equations of motion, which now incorporate the friction force via the Jacobian at
the hip:

Mq̈+Cq̇+Kq =

{
JT
hipFfr, flight phase

JT
footFGRF + JT

hipFfr, stance phase
(3.4)

where Jhip is the Jacobian mapping forces at the hip base to generalized coordinates:

Jhip =

0 0 0

0 1 0

 ∈ R2×3

This ensures that the friction force is correctly applied in the vertical direction through the hip
constraint.

3.1 Model parameters

The model defined in Equation 3.4 is employed in Chapter 5 and Chapter 6 for both simulations and
experimental validation. The associated model parameters are summarized in Table 3.1.

The first column of the table lists the parameters for the hopper located in Ghent, which is utilized
in all simulations and in the experiments described in Section 6.1. The second column provides the
parameters for the hopper at the Deutsches Forschungszentrum für Künstliche Intelligenz (DFKI) in
Bremen, which is employed in a separate set of experiments discussed in Section 4.2 and 6.2.

Table 3.1: Model parameters

Parameter Ghent DFKI Unit

Length upper leg 0.45 0.15 m

Length lower leg 0.45 0.14 m

Mass hip base 6.66 0.913 kg

Mass upper leg 5.57 1.28 kg

Mass lower leg 0.97 0.13 kg

Inertia upper leg 0.11 0.0016 kgm2

Inertia lower leg 0.06 6.3·10−5 kgm2
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Chapter 4

Control algorithms

This chapter describes the different control algorithms used to control the hopper robot designed in
Chapter 2. First, the general control approach is explained. Next, a possible expansion of the control
algorithm is proposed, namely the control of the hopper on an elastic ground support. Later, in Chap-
ter 5, the effect of changing different control parameters will be studied by evaluating them in simulations.

All the proposed control algorithms in this thesis are torque controllers, which is a type of control
algorithm designed to directly regulate the torque output of an actuator, rather than controlling position
or velocity.

4.1 General control method

Inspired by the multiphase control algorithm proposed in [2], a control architecture consisting of three
phases is used, as illustrated in Figure 4.1.

Figure 4.1: General control architecture

The three distinct phases are flight phase, touchdown phase and lift-off phase. Depending on the
phase, a different control method is used. Additionally, the control architecture incorporates a state
machine to determine the transition between the different phases.

The flight phase uses a simple PD control towards the desired flight angle, using

τ =

 τhip

τknee

 = Kp

 θhip,des − θhip

θknee,des − θknee

+Kd

 0− θ̇hip

0− θ̇knee


with Kp ∈ R, Kd ∈ R and τ ∈ R2.

The touchdown phase, also called the buffering phase, which is the phase between the moment of
touchdown and the start of lift-off, uses an impedance control as explained in 4.1.1. Lastly, the lift-off
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phase, between the leg being at its lowest point (exertion point) and the moment of take-off, uses an
energy shaping controller, as explained in 4.1.2. By alternating between these three control methods, an
advanced controller is formed allowing accurate control of the hopper robot.

The next sections describe the different controllers and the methods used for determining phase
changes.

4.1.1 Impedance control

Figure 4.2: Impedance
control model

The concept of the impedance control method is depicted in Fig-
ure 4.2. The controller assumes that all the mass of the hop-
per is concentrated at its base and that a virtual spring-damper sys-
tem the base to the hopper foot connects, similar to the spring
system in the SLIP-model explained in [18]. In addition, a vir-
tual spring-damper system can be added between the foot and a vir-
tual wall to have impedance control over the foot position with re-
spect to the y-axis. Both spring-damper systems can be tuned
such that the hip and foot go to desired positions, namely a de-
sired hip height and a desired foot offset. The control parame-
ters for the combined impedance controller are: ωleg, ζleg, desired
angle for lift-off (θlift−off,des), ωfoot, ζfoot and desired foot offset
(e).

The first two parameters, namely ωleg and ζleg, are converted into a
virtual spring and damper. The spring stiffness is calculated as Kleg =
ω2
legmtot, and the damping coefficient as Dleg = 2mtotωlegζleg, with mtot the

total mass of the hopper. These values are used as the proportional and
derivative gains, respectively, in a PD controller.

The desired hip angle at lift-off, denoted θlift-off,des,hip, is specified, and the desired knee angle is
defined as θlift-off,des,knee = −2θlift-off,des = −2θlift-off,des,hip.

The leg impedance controller is implemented in joint space, leading to the following expressions for
the required joint torques used in torque control:

τ leg = Kleg

 θlift-off,des,hip − θhip

θlift-off,des,knee − θknee

+Dleg

 0− θ̇hip

0− θ̇knee


with Kleg ∈ R, Dleg ∈ R and τ leg ∈ R2.

Similarly, ωfoot and ζfoot can be converted into a corresponding spring-damper system, with stiffness
Kfoot = ω2

footmtot and damping coefficient Dfoot = 2mtotωfootζfoot. However, this controller is imple-
mented in the Cartesian space. Therefore, the transpose of the foot Jacobian, given in equation 3.1 is
also required.

The torques needed for the foot-impedance controller are:

τ foot = S

(
JT
foot

(
Kfoot

−lupp sin(θhip)− llow sin(θhip + θknee)− e

0


+Dfoot

−luppθ̇hip cos(θhip)− llow(θ̇hip + θ̇knee) cos(θhip + θknee)

0

))
with Kfoot ∈ R, Dfoot ∈ R and

S =

1 0 0

0 0 1

 ∈ R2×3 (4.1)
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Combining the foot and leg impedance control results in the torque calculation for the impedance
torque controller:

τ impedance = τ leg + τ foot ∈ R2

The proposed impedance controller is used in the touchdown phase of the jumping control algorithm.
However, it can also be used for trajectory following on the ground as demonstrated in Section 5.3.

Using ω (natural frequency) and ζ (damping ratio) for tuning the impedance controller, rather than
directly adjusting the proportional (P) and derivative (D) gains, provides a more intuitive and systematic
approach. The parameter ω directly influences the system’s response speed, while ζ governs the damping
behavior, allowing for more intuitive tuning.

4.1.2 Energy shaping control algorithm

Energy shaping is the control strategy employed during the lift-off phase of the general controller. Based
on the desired height, the current energy, and the previous jump height, the controller calculates the
energy and corresponding torques that must be provided by the actuators to reach the target height in
the next jump.

Since direct measurement of height is not possible due to the absence of a linear sensor, a height esti-
mation method is used. To compensate for potential inaccuracies in this estimation, a control parameter
Emult ∈ R is introduced in the calculation of the current energy in Step 1 of the controller calculations
listed below. Additionally, a dynamic control parameter Krel ∈ R is used to slightly adjust the target
energy based on height estimations of previous jumps. The controller follows these steps:

Step 1: Energy calculations

Ecurrent = Emult

(
mtot · yhip · g +

1

2
·mtot · ẏ2hip

)
Eprevious = mtot · ylast peak · g

Edesired = mtot · ydesired · g

with mtot the total mass of the hopper, g the gravitational acceleration, yhip the current position of
the hip, ylast peak the maximum hip height during the previous jump and ydesired the desired jumping
height.

Step 2: Calculation of Krel

Krel =
Edesired

Eprevious

Step 3: Calculation of the needed leg force

Fstep = Krel
Edesired − Ecurrent

ylift−off,desired − yhip

Step 4: Calculation of the corresponding torques

τES = SJT
foot

 0

Fstep

 ∈ R2

with S given in Eq. 4.1 and JT
foot given in Eq. 3.1.
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Step 5: Cartesian space control of foot to desired position, same as in impedance control (see Section
4.1.1)

τ foot = SJT
foot

Kfoot


0− lupp sin(θhip)− llow sin(θhip + θknee)− e

0

0



+ Dfoot


0− luppθ̇hip cos(θhip)− llow(θ̇hip + θ̇knee) cos(θhip + θknee)

0

0


 ∈ R2

Step 6: Calculation of needed torque for torque control

τ control = τ foot + τES ∈ R2

The above proposed control strategy requires height estimations during both the stance and flight
phases. During the stance phase, forward kinematics are used to compute the hip height and velocity, as
in Equation 3.2 and 3.3. In the flight phase, the height is estimated using the free-body motion equation:

yhip = y0 + v0(t− tlo)−
g

2
(t− tlo)

2

with yhip the hip height, y0 the hip height at the moment of lift-off, v0 the vertical hip velocity at
the moment of lift-off, t the current time, g the standard acceleration of gravity and tlo the time at the
moment of lift-off.

However, this estimation does not account for friction in the rail system, which introduces errors. To
compensate for these inaccuracies, the parameter Emult was introduced in Step 1 as a correction factor.

4.1.3 Phase transitions

As explained at the beginning of this chapter, the control algorithm alternates between three control
modes. Therefore, it must incorporate a state machine to determine when to switch between these
phases. Ground contact is detected using contact switches embedded in the hopper’s foot, allowing the
system to distinguish between the flight and stance phases—specifically, to detect transitions from flight
to touchdown and from lift-off to flight.

However, during the stance phase, a distinction must also be made between the touchdown and lift-off
phases. This is achieved by estimating the vertical velocity of the hip using the deriviation starting from
the hip position as a function of actuator angles (see also Equation 3.2 and 3.3):

yhip = lupp cos(θhip) + llow cos(θhip + θknee)

⇒ ẏhip = vy,hip = −lupp sin(θhip)θ̇hip − llow sin(θhip + θknee)(θ̇hip + θ̇knee)

When the vertical hip velocity goes below 0.5 m/s, the leg is assumed to have reached its lowest point
and is considered ready for lift-off.

4.2 Control method for jumping on trampoline

The control algorithm described above can be extended when it is known that the hopper is jumping
on an elastic surface, such as a trampoline. The goal of studying this extension is to determine if a
future design would benefit from using a spring under the foot. The extended controller incorporates
the elasticity of the ground into both the energy shaping controller and the impedance controller.
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Figure 4.3: Control architecture for jumping on trampoline

In the impedance controller, the parameter ωtd can be recalculated from its desired value while taking
into account the stiffness of the trampoline spring, as indicated in the yellow box in Figure 4.3. This
formula is attained by using the formula for two springs in series, namely

1

Kleg,des
=

1

Kleg
+

1

Ktramp

with Ktd,des ∈ R the desired equivalent spring stiffness for the new system, Kleg the virtual spring
stiffness of the leg and Ktramp ∈ R the real ground stiffness.

In the energy shaping controller, the calculation of the current energy must also be modified to
account for the trampoline’s spring compression. Assuming all potential energy at the previous peak is
converted into spring energy and gravitational potential energy at the moment of maximum compression,
the spring compression can be calculated from the energy balance:

1

2
·Ktramp · x2

compression +mtot · ycurrent · g = mtot · ylast peak · g, with ycurrent = htramp + yhip − xcompression

with htramp the unloaded height of the trampoline and yhip, calculated using Equation 3.2, the height
difference between hopper hip and hopper foot.

Rewriting this leads to the quadratic equation:

x2
compression − 2 ·mtot · g

Ktramp
xcompression +

2 ·mtot · g
Ktramp

(htramp + yhip − ylast peak) = 0

Solving the equation results in:

xcompression =
mtot · g
Ktramp

(
1 +

√
1− 2

Ktramp(htramp + yhip − ylast peak)

mtotg

)

This expression is highlighted in the red box in Figure 4.3.
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Chapter 5

Simulations

In this chapter, the model described in Chapter 3 and the control algorithms presented in Chapter 4 are
integrated within the simulation environment.

All simulations take into account the torque and velocity limits of the actuators. In the physical
setup, when the torque exceeds the maximum value of 270Nm, the decoupling system will slip until the
torque falls back below this threshold due to the properties of the series clutched actuators. Accordingly,
in the simulations, any torque that exceeds 270Nm is clipped to this maximum value. Actuator velocity
is similarly limited to 57 rpm, consistent with the hardware constraints.

Furthermore, the code accounts for the fact that the effective maximum torque may be lower in
practice due to actuator inertia Iactuator = 0.43 kgm2. This is modeled using the following relation:

Tmax = 270Nm− Iactuator · q̈ = 270Nm− 0.43 kgm2 · q̈

where q̈ is the motor acceleration.

In what follows, the simulation methodology is explained. Next, various experiments are conducted
with three main objectives: (1) to evaluate the proposed control strategies, (2) to analyze the impact
of different control parameters, and (3) to assess whether the newly developed series clutched actuators
improve performance compared to the state-of-the-art.

5.1 Simulation methods

During this master’s thesis, two different simulation methods were used. In the initial design phase,
a basic self-written simulator was employed to obtain a first estimation of the jumping height and
ground reaction forces. However, to evaluate the control algorithms more accurately, a more advanced
simulation environment was needed. For this purpose, the PyBullet library in Python was utilized. The
two simulation methods differ in their approaches to modeling the equations of motion and in how they
integrate motion from a given initial condition.

5.1.1 Self-written simulator

Initially, a self-written simulator was used to perform basic simulations. The mass matrix and forcing
matrix were derived using the Euler-Lagrange formulation, with symbolic computation facilitated by
the SimPy library in Python. The resulting equations of motion were integrated using a fourth-order
Runge-Kutta method. To model ground contact and prevent foot penetration below the ground plane,
a virtual spring was implemented beneath the surface.

While this spring-based ground model produced qualitatively realistic jumping motions, it introduced
challenges in accurately evaluating control algorithms. Specifically, the presence of a virtual ground
spring, which is absent in real-world rigid ground conditions, made direct comparison with physical
experiments difficult. Consequently, a more realistic simulation framework was required for control
evaluation.
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5.1.2 PyBullet simulator

Figure 5.1:
Denavit-
Hartenberg
axes

The second simulation method utilizes the PyBullet library in Python. Py-
Bullet employs a Unified Robot Description Format (URDF) file to define the
robot’s structure and automatically computes the mass matrix and forcing terms.
It uses the Euler method for numerical integration and includes built-in func-
tionality for contact detection between multiple objects, as well as the abil-
ity to model friction in joints. This simulation framework enables significantly
more realistic and accurate simulations compared to the self-written simula-
tor.

As noted above, PyBullet simulations require a detailed URDF file of the
robot. In this file, properties of individual links and joints are specified, includ-
ing link masses, inertias, and actuator constraints such as torque and velocity lim-
its. The URDF connects the physical links by importing STL files and defin-
ing their spatial relationships using the robot’s Denavit-Hartenberg (DH) parame-
ters.

The DH parameters used in the model are presented in Table 5.1, and the associated
coordinate axes are illustrated in Figure 5.1.

Table 5.1: Denavit-Hartenberg parameters

Link di [mm] θi [rad] ai [mm] αi [rad]

1 lupp + llow + yhip 0 0 π
2

2 0 θhip − π
2 lupp 0

3 0 θhip 0 0

Furthermore, PyBullet allows the inclusion of dynamic properties in the simulation. This is par-
ticularly useful for modeling joint friction. In all subsequent simulations, unless stated otherwise, the
friction values are set to 0.5Ns/m for the rail—modeled as a prismatic joint—and 5Nms/rad for the
rotational joints. The rail friction value was chosen based on an estimation of the low-friction behavior
expected from guiding carriages. The joint friction value was based on a friction analysis of the actuators
conducted by Dr. Ostyn prior to the start of this thesis.

5.2 Criteria used to evaluate simulations

Before conducting the actual simulations, it is crucial to establish an evaluation method. The simulations
are intended to assess the hopper’s potential performance, but certain behaviors must be avoided. The
following sections outline those criteria.

5.2.1 Normalized Root Mean Squared Error (NRMSE)

The first criterion for evaluation uses the Normalized Root Mean Squared Error (NRMSE) to compare
the actual jump height to the desired height. The NRMSE is calculated as follows:

NRMSE =

√∑n
i=1(ydesired,i − yactual,i)2

ȳactual
∈ R

where ydesired,i and yactual,i are the desired and actual jump heights at the i-th instance, and ȳactual
is the average of the actual heights. The result is a non-dimensional value that quantifies the deviation
between the desired and actual performance. The NRMSE is used to evaluate the control method
according to the following scale:
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
NRMSE < 10% Excellent

10% ≤ NRMSE < 20% Good

20% ≤ NRMSE < 30% Fair

NRMSE ≥ 30% Poor

5.2.2 Slipping condition

(a) Slip condition: knee touches ground

(b) Slip condition: foot vibrates when in contact with ground

Figure 5.2: GIF’s of slipping conditions

In addition to the NRMSE, a slipping criterion is used to evaluate the system’s performance. The
system is considered to slip if one of the following two cases occurs:

1. The robot touches the ground with its knee, as demonstrated in Figure 5.2a.

2. The robot’s foot vibrates during landing, as illustrated in Figure 5.2b.

If either of the above conditions occurs during the simulation, it is assumed that the applied controller
with those specific control parameters is ineffective, and the control performance is deemed poor.

5.3 Simulation impedance control

For the first simulation, only the leg impedance controller is employed to evaluate this specific part
of the control algorithm. Additionally, the simulation is used to identify the impedance limits of the
actuators. First, the controller is tested in a trajectory-following task. Then, the same controller is used
to determine the maximum achievable dimensionless stiffness.

5.3.1 Position control: following predetermined trajectory

This simulation applies the impedance controller described in Section 4.1.1 for position control. The
desired position trajectory is defined in Cartesian space as:

ydesired =


0.6m 0 ≤ t < T

3

0.35m T
3 ≤ t < 2T

3

0.8m 2T
3 ≤ t < T

where T is the total duration of the simulation.

Since the impedance controller operates in both joint space and Cartesian space, the Cartesian foot
position controller can be directly applied. However, for the joint space controller, the desired vertical
trajectory must first be translated into joint angles. The following equations are used, assuming a foot
offset e = 0.0m:
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θhip, desired = arccos

(
ydesired
2lupp

)
θknee, desired = −2θhip, desired

(a) GIF trajectory following (b) Height plot trajectory following

Figure 5.3: Trajectory following simulation

Figure 5.3a presents selected frames from the simulation GIF, while Figure 5.3b illustrates the
trajectory-following performance. As demonstrated in Figure 5.3b, the controller performs accurately
and remains robust even when an additional mass of 30 kg is added to the hopper base.

5.3.2 Maximum impedance

Figure 5.4: Step response in no
damping simulation

To enable a comparison between the developed actuators and
the state-of-the-art, the maximum dimensionless stiffness is de-
termined. In [14], a dimensionless stiffness k̄ = kl

mg =
10.8 was achieved in an experiment without damping. This
thesis aims to evaluate whether the hopper design can match
or exceed this performance. Therefore, the previously de-
scribed trajectory-following experiment is simplified to a single
step—from 0.35m to 0.8m—without leg damping. Additionally,
the added weight is varied to identify the actuator limits in simu-
lation. The maximum impedance is defined as the highest added
weight for which the hopper can still reach the 0.8m target
height.

Due to the absence of damping, some oscillations occur in the
system. However, as long as the normalized root mean square error

(NRMSE) remains below 0.2, the performance is considered acceptable. Table 5.2 presents the simula-
tion results, while Figure 5.4 illustrates the oscillations observed in the experiment with a 30 kg mass,
caused by the lack of damping. The stiffness values listed in Table 5.2 correspond to those used in the
simulation experiments.

Table 5.2: Results of the dimensionless stiffness experiment

Mass [kg] Stiffness [N/m] Dimensionless Stiffness [-] NRMSE [-]

0 121 0.815 0.0612

15 289 1.94 0.07

30 484 3.26 0.0707

45 1444 9.72 0.0999

50 2116 14.25 0.134

Table 5.2 demonstrates that the achievable dimensionless stiffness with the newly designed series
clutched actuators is 14.25, which is better than the state-of-the-art.
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5.4 Simulation of continuous jumping

Once the performance of the impedance controller has been evaluated, the simulation framework is ex-
tended to incorporate the full control algorithm. This expanded simulation serves three main purposes:
(1) to determine the maximum achievable jumping height of the hopper robot, (2) to analyze the ro-
bustness of the controller under varying friction levels and added mass, and (3) to study the influence
of different control parameters on performance. An illustration of this simulated experiment is shown in
Figure 5.5.

Figure 5.5: GIF of continuous jumping experiment

5.4.1 Maximum jumping height

The maximum jumping height of the hopper robot is a key performance metric. To investigate this, a plot
is generated showing the maximum achievable jump height as a function of both linear rail friction and
angular joint friction, without any added mass. In this analysis, the slip criterion, explained in Section 5.2,
is not considered. The results, shown in Figure 5.6, serve to validate the friction implementation in
PyBullet. As anticipated, increasing either form of friction results in a reduced maximum jumping
height, confirming the expected behavior.

Figure 5.6: Effect of friction on maximum jumping height
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Figure 5.7: Maximum jumping height of hopper robot as a function of friction and added mass

Since the previous plot does not account for slip, it cannot be used to fully evaluate the controller’s
performance. To address this, an additional analysis was conducted to determine the maximum con-
tinuous jumping height of the hopper. In this experiment, the desired jumping height was set to 3m,
and the hopper’s ability to repeatedly reach a certain maximum jumping height without slipping was
evaluated. This analysis was repeated for multiple values of linear rail friction and varying amounts of
added mass, namely 0 kg and 15 kg. The resulting maximum jumping heights are shown in Figure 5.7.
As expected, an increase in linear rail friction results in a lower jumping height, and the addition of more
weight further reduces the maximum jumping height.

(a) Jumping heights (b) Ground reaction forces

Figure 5.8: Comparison of two continuous jumping experiments with different friction values

Next, two simulations are compared in greater detail: the experiments with 0 kg of added mass and
friction values of 0.5 Ns/m and 1.5 Ns/m, respectively. Figure 5.8 presents the jumping heights and
ground reaction forces for both experiments. A key observation is that, although the jump with 0.5
Ns/m friction is higher, both jumps take nearly the same amount of time. This is due to the higher
friction, which results in lower velocities for the 1.5 Ns/m case. Additionally, as shown in Figure 5.8b,
the touchdown ground reaction force is highest for the 0.5 Ns/m case. This can be attributed to the
hopper’s greater downward acceleration in this scenario resulting in a larger ground reaction force.

5.4.2 Robustness of controller with respect to friction

Continuing with the continuous jumping controller, the performance for a desired height of 1.5 m is
analyzed. Initially, by ignoring linear rail friction, the controller is tuned to reach a height of 1.5 m
with a resulting NRMSE of 0.00267, as shown in Figure 5.9a. Next, the same simulation is run without
retuning, but with a linear rail friction of 0.5 Ns/m. The resulting simulation shows a higher NRMSE
value, specifically NRMSE = 0.244, as illustrated in Figure 5.9b. Finally, the experiment is repeated
with friction, but this time with the parameter Emult retuned. The result, depicted in Figure 5.9c,
demonstrates a performance similar to the first experiment without friction, with an NRMSE of 0.00547.
In conclusion, the controller proves to be robust with respect to friction when properly tuned.
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(a) No friction (b) Friction, no change in Emult (c) Friction, change in Emult

Figure 5.9: Robustness of controller with respect to friction

5.4.3 Effect of energy shaping parameter Emult

Emult is the main tuning factor in energy shaping, together with the desired jumping height. In the
previous section, it was implied that changing Emult influences the jumping height during tuning. This
is because Emult is used in the calculation of the current energy. A very small value of Emult leads
to a significant underestimation of the current energy during lift-off phase, which in turn results in the
controller calculating higher required torques. This effect is demonstrated in Figure 5.10.

Figure 5.10: Needed values of Emult to reach a certain desired jumping height

Figure 5.10 indeed illustrates that higher desired jumps require a lower value of Emult. Additionally,
the figure demonstrates that for higher linear rail friction, the decrease in the needed value of Emult

is more pronounced. This is because higher friction introduces more difficulty in reaching the desired
heights, necessitating an even lower Emult to compensate.

5.4.4 Effect of leg impedance control parameters

The three parameters for leg impedance control are the frequency, damping ratio, and the desired angle
at lift-off. As explained in Section 4.1.1, the frequency and damping ratio are recalculated into a virtual
spring-damper system, which controls the hip to the desired position for lift-off. In the following, the
optimal values for these parameters will be studied, and the necessary values for continuous jumping will
be analyzed.

Figure 5.11 shows how ωtd and ζtd influence the NRMSE of the continuous jumping experiment. The
graph in Figure 5.11a was generated with a fixed value of ζtd = 0.2, while the graph in Figure 5.11b was
generated with a fixed value of ωtd = 1.0.
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(a) Effect of ωtd on NRMSE (b) Effect of ζtd on NRMSE

Figure 5.11: Effect of ωtd and ζtd on the NRMSE of actual jump height compared to desired jump height

In general, if the frequency is too low, the system responds too slowly, while if the frequency is too
high, oscillations are induced. Similarly, a low damping ratio results in oscillations that are not damped,
while a high damping ratio leads to a slow response. Figure 5.11a demonstrates that ωtd only results in
good NRMSE values within a limited range. However, lower values of ωtd do not seem to cause significant
issues, likely because the low frequency, combined with the low damping ratio (ζ=0.2), results in a stable
system. A similar optimal range for ζtd is evident in Figure 5.11b. When ζtd is too low, oscillations are
prominent, whereas excessively high values lead to a slow response, as expected.

Next, the leg stiffness (Ktd = ω2
tdmtot) and damping (Dtd = 2mtotωtdζtd) are analyzed. Figures 5.12a

and 5.12b respectively show the leg stiffness and damping used in simulations to achieve the maximum
continuous jumping heights, as presented in Figure 5.7.

(a) Needed values of Ktd (b) Needed values of Dtd

Figure 5.12: Needed values of Ktd and Dtd for continuous jumping experiments

A lower friction coefficient results in a greater continuous jumping height, leading to a higher max-
imum gravitational potential energy at the peak height. This energy must be transformed into virtual
spring energy during buffering, with some portion dissipated through damping. Consequently, higher
jumps require both a stiffer virtual spring and a stronger virtual damper. These increased stiffness
and damping values demand higher torques from the actuators, aligning with the intuitive notion that
jumping higher or landing from greater heights requires more muscle energy. Similarly, when additional
weight is applied, even greater muscle effort is needed.

This trend is evident in Figures 5.12a and 5.12b, where larger virtual spring stiffness and damping
values correspond to larger jumping heights and added weight.

5.4.5 Effect of the desired angles in different phases

Besides the desired jumping height, there are three other general desired values in the control algorithm:
the foot offset (analyzed in Section 5.4.6), the flight angle, and the start angle. The flight angle refers to
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the angle of the hip during the flight phase, while the start angle is the desired angle of the hip at the
moment of switching from the touchdown phase to the lift-off phase.

Figure 5.13 shows the normalized root mean squared error (NRMSE) of the actual jumping height
compared to the desired jumping height for a continuous jumping experiment. The graph clearly indicates
that a small start angle results in large discrepancies between the actual and desired jump heights, as re-
flected by high NRMSE values. This observation aligns with intuition: smaller hip angles—corresponding
to nearly straight legs—impede effective jumping. Analogous to human jumping behavior, higher jumps
are typically achieved by bending the knees, which corresponds to larger start angles. Accordingly, the
lowest NRMSE values are observed for the highest start angle value.

Furthermore, the graph reveals an interesting pattern: combinations of small start angles and large
flight angles tend to yield lower NRMSE values than a combination of both small start and flight angles.
In these scenarios, the leg transitions from an almost straight position to a significantly bent posture
during flight, and then extends again for takeoff. Although it is an improvement over the other solutions
for small starting angles, it still leads to an NRMSE value of 0.9.

Figure 5.13: Effect of desired angles on NRMSE of actual jump height compared to desired jump height

Additionally, the figure suggests that smaller flight angles generally lead to better NRMSE values
than larger ones. This trend is intuitively explained by the fact that landing with straighter knees pro-
vides more time for energy buffering. However, at the largest flight angle, the NRMSE improves again.
This occurs because the start and flight angles are equal, allowing a jump at constant angle. This is
conceptually similar to crouched jumping.

In conclusion, the optimal performance—represented by the lowest NRMSE—is achieved with the
largest start angle and the smallest flight angle, as illustrated in Figure 5.13. Additionally, Figure 5.13
shows that the NRMSE is more sensitive to variations in the start angle than in the flight angle.

5.4.6 Effect of foot impedance control parameters

The foot impedance control, as described in Section 4.1.1, is governed by three parameters: a frequency,
a damping ratio, and a desired foot offset.

Figure 5.14 illustrates the effect of foot position on controller performance. As shown in the graph,
there exists a limited range of stable foot offset values, and the influence of linear rail friction appears to
be minimal. The stable region, indicated by the lighter dots in the plot, spans from approximately −2.5
cm to 5.0 cm. This suggests that positioning the foot closer to the knee is generally more stable than
shifting it in the opposite direction. Intuitively, this behavior can be explained by the hopper’s center of
gravity being slightly biased toward the knee side. As a result, the stable interval appears to be centered
around the hopper’s center of gravity in its fully bent configuration. This behavior mirrors human
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biomechanics, where stability during jumping and landing is achieved by balancing mass distribution
around the contact point.

Figure 5.14: Effect of foot offset on NRMSE of actual jump height compared to desired jump height

A virtual spring-damper system, characterized by the frequency ωfoot and damping ratio ζfoot, is
employed to control the foot’s position during the buffering and lift-off phases, preventing slipping. As
is typical with spring-damper systems, a low frequency results in a slow response, while an excessively
high frequency introduces oscillations. Similarly, a low damping ratio fails to adequately suppress these
oscillations, whereas a high damping ratio leads to a sluggish system response. The effects of these
parameters are clearly observable in the simulations: a slow foot response due to low ωfoot, as well as a
fast foot response caused by high ωfoot, both contribute to increased slipping and, consequently, higher
NRMSE values, as illustrated in Figure 5.15a. Similarly, Figure 5.15b shows that an overly damped
system leads to performance degradation, which is again reflected in increased NRMSE.

(a) Effect of ωfoot on NRMSE (b) Effect of ζfoot on NRMSE

Figure 5.15: Effect of ωfoot and ζfoot on NRMSE of actual jump height compared to desired jump height

5.5 Simulation of trajectory following

The continuous jumping controller described in Section 5.4 can be extended to follow a desired height
trajectory. This trajectory tracking simulation provides valuable insights into the control parameter
Krel, which is dynamically updated using the following relation:

Krel =
Edesired

Eprevious
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Figure 5.16: Trajectory following simulation visualized as a GIF

The desired jumping height trajectory for this simulation is defined as:

ydesired =


1.1 m, 0 ≤ t < T

3

1.5 m, T
3 ≤ t < 2T

3

1.3 m, 2T
3 ≤ t < T

with T the duration of the simulation.

(a) Jumping heights during trajectory following
simulation

(b) Krel values during trajectory following simula-
tion

Figure 5.17: Jumping heights and Krel in the trajectory following simulation

In the animation (Figure 5.16), the hopper first jumps to the red dot (1.1m), then to the blue dot
(1.5m), and finally to the green dot (1.3m). The resulting jump heights and corresponding Krel values
are shown in Figures 5.17a and 5.17b, respectively.

As observed in Figure 5.17a, the abrupt step change in desired jumping height causes one overshoot,
where the actual height temporarily exceeds the desired value. While this could be avoided by using a
smoother reference trajectory, such a modification is not essential for the purpose of analyzing Krel.

Figure 5.17b further reveals that higher desired jumping heights correspond to higher values of Krel.
Additionally, the plot shows that the controller makes small real-time adjustments to Krel to better
track the desired height.
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5.6 Simulation maximum drop height

Figure 5.18: GIF of maximum drop height simulation

This simulation aims to determine the maximum height from which the hopper can be dropped such
that it can land and perform a controlled jump afterward—meaning the hopper should touch down
without slipping. The simulation varies the initial value of yhip and fixes the desired jumping height at
1.5m. Multiple experiments were conducted with different linear rail friction values and added masses.
Table 5.3 summarizes the maximum drop heights obtained under these conditions. Figure 5.18 illustrates
simulation number 3 from the table, with a dropping height of 4m.

Table 5.3: Experimental results of maximum drop height simulations

Nr. Linear rail friction [Ns/m] Mass [kg] Max drop height [m] Used drop height [m]

1 0 0 3.2 3.2

2 0 15 1.5 1.5

3 0.5 0 ∞ 2.5

4 0.5 15 ∞ 2.5

5 0.5 32 1.5 1.5

Figure 5.19: Velocity profile for different linear
friction values

A key observation from Table 5.3 is that increased
linear friction allows for a significantly greater max-
imum drop height compared to the no-friction case.
Without linear rail friction, the falling velocity con-
tinuously increases, and the impact velocity is directly
given by vimpact =

√
2ghinitial. Consequently, a higher

initial drop height requires more energy to be con-
verted from kinetic energy into virtual spring energy
during the buffering phase. However, in the presence
of nonzero linear friction, the velocity saturates at a
terminal value determined by the system’s mass and
friction. As shown in Figure 5.19, this leads to a lower
impact velocity compared to the frictionless case, even
when dropped from greater heights.

To reduce the need for extreme heights, added mass is introduced to reach higher impact energies
within reasonable drop heights. This also serves to test the limits of the actuators, as they must absorb
more energy during buffering.
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(a) Energy breakdown per experiment (b) Average power during buffering phase

Figure 5.20: Analysis of maximum drop simulations

The energy and average power plots in Figure 5.20 provide further insight into the system’s behavior.
In each experiment, the initial gravitational potential energy is transformed into energy stored in the vir-
tual spring-damper system, energy dissipated through friction, and the remaining gravitational potential
energy at the lowest point. For cases where the drop height could theoretically be increased indefinitely,
a drop height of 2.5m was selected for the subsequent analysis. In all other cases, the maximum feasible
drop height was used. These values are also presented in the last column of Table 5.3.

In Experiments 1 and 2, the initial gravitational potential energy is nearly the same: Experiment 1
uses a higher drop height, while Experiment 2 compensates with greater mass. Minimal energy is lost to
friction, as both have zero rail friction. Minor losses shown are most likely due to phase distinction errors
and numerical errors. The average power during buffering is near the actuators’ maximum, indicating
the drop height was well-tuned.

Experiment 3 introduces friction without added mass. The lower initial energy and reduced impact
velocity result in less absorbed energy and a lower amount of needed average power during buffer-
ing—suggesting the actuator limit was not yet reached.

Experiment 4 builds on this with a 15 kg mass. Although velocity is still capped by friction, the
added mass increases kinetic energy at impact. This requires greater energy absorption, reflected in a
higher average buffering power.

In the final experiment, an additional 17 kg (32 kg total) is added, further raising the initial energy.
The buffering system absorbs the highest energy yet, with average power nearing actuator limits—thus
identifying a practical limit for safe landing and controlled jumping.

5.7 Simulation continuous jumping on trampoline

Figure 5.21: GIF of maximum drop height simulation
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This simulation is used to evaluate the extended control algorithm proposed in Section 4.2 and its effects
on various control parameters. Figure 5.21 shows the GIF of a continuous jumping simulation performed
on a trampoline, with the red dot being the desired height.

5.7.1 Evaluation control algorithm with added spring

Figure 5.22: Jumping height when
applying extended controller

Once the trampoline is incorporated into the control algorithm
as described in Section 4.2, the continuous jumping experiment is
repeated. The resulting animation is shown in Figure 5.21, and
the corresponding jumping heights are depicted in Figure 5.22.
As demonstrated in Figure 5.22, the desired jumping height is
tracked with high accuracy, indicating that the modified controller
for jumping on a trampoline (or linear spring surface) performs as
expected. This simulation is further repeated for various values of
trampoline spring stiffness, and the resulting maximum jumping
heights are compared to those achieved on rigid ground. The
outcomes are presented in Figure 5.23, which shows a clear trend:
as spring stiffness increases, the improvement in jumping height
also increases. The improvement characteristic is calculated by

percentage of improvement =
max height trampoline - max height ground

max height ground
· 100

with max height trampoline the maximum jumping height of the hopper on a trampoline and max
height ground the maximum jumping height of the same hopper on the ground.

Low spring stiffness leads to larger trampoline displacements upon contact. For displacements ex-
ceeding x = mg

k = 0.2m, the leg touches the ground. To maintain a safety margin of 10 cm—i.e., al-
lowing a maximum trampoline displacement of 0.1m—the minimum required stiffness is approximately
k = 1336N/m. This value closely corresponds to the point where the improvement curve transitions to
positive values. Additionally, at lower stiffness values, the contact time between the leg and the tram-
poline is longer. This results in a lower peak contact force, causing the leg to lose energy to the spring
instead of efficiently utilizing it within the energy shaping control framework.

Although the ground is theoretically modeled by infinite stiffness (and one might expect the improve-
ment curve to eventually decline), this trend was not observed in the simulation. Instead, higher stiffness
values continued to yield better jumping performance. This anomaly could stem from simulation errors
or the use of a time step that is too large. A smaller simulation step size would allow for more accurate
ground contact detection and help prevent the leg from sinking below the surface between simulation
steps. Nevertheless, such numerical inaccuracies are inherent and cannot be completely eliminated, even
with minimal time steps.

Figure 5.23: Improvement of maximum jump height for different values of ground stiffness
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5.7.2 Effect of ground stiffness

As mentioned in Section 5.7.1, a smaller ground stiffness results in a longer contact duration between the
leg and the trampoline. This effect is also clearly illustrated in Figure 5.24. A higher ground stiffness
leads to a larger ground reaction force concentrated over a shorter time span, while a lower stiffness
results in a smaller force distributed over a longer period. This phenomenon is depicted in Figure 5.24a.
Figure 5.24b further supports this observation by displaying the relative duration of different control
phases for various ground stiffness values. It is evident that as ground stiffness increases, the proportion
of time spent in the touchdown and lift-off phases—i.e., the phases involving ground contact—decreases.

(a) Ground reaction forces for different values of ground
stiffness

(b) Phases for different values of ground stiff-
ness

Figure 5.24: Characteristics of interaction between leg and trampoline

5.7.3 Effect control parameters impedance control

Similarly to the analysis in Section 5.4, the effect of different control parameters can be evaluated. This
paragraph focuses on the evaluation of the impedance control parameters during touchdown, namely ωtd

and ζtd, using their recalculated forms Ktd and Dtd. This choice is made because it is more intuitive to
compare the effects of the virtual spring-damper parameters to results obtained without an elastic ground.

As concluded in Section 5.4, higher jumping heights require more energy for both jumping and
landing. This observation is reaffirmed in the present analysis, as illustrated in Figure 5.25. Moreover,
Figure 5.23 demonstrated that higher ground stiffness results in higher achievable jumps. Consequently,
the required values of the virtual spring constant Ktd and damping coefficient Dtd also increase with
ground stiffness to adequately manage the increased energy during touchdown.

(a) Effect of Ktd (b) Effect of Dtd

Figure 5.25: Needed values ofKtd andDtd for continuous jumping experiments on trampoline for different
values of desired jumping height and ground stiffness
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5.7.4 Effect control parameter Emult

Next, the effect of the control parameter Emult on the trampoline control algorithm is studied. In the
case without a trampoline, lowering Emult led to higher jumping heights. Figure 5.26 illustrates that the
same effect occurs in the presence of a trampoline. However, for higher spring stiffness values, reaching
the desired heights becomes easier, and thus no underestimation of the energy during the lift-off phase
is necessary. On the contrary, for lower stiffness values, achieving the desired jumping heights requires a
significant decrease in Emult.

Figure 5.26: Effect Emult

5.7.5 Effect start and flight angle

This paragraph studies the effect of the leg angles. In the case without an added spring under the foot,
it was observed that a larger start angle improved jump control, while lower flight angles contributed to
more stable landings. However, the influence of the flight angle was considerably smaller compared to the
effect of the start angle. This analysis is now repeated by evaluating the maximum controllable jumping
height for different combinations of start and flight angles, under ground stiffness values of 2000 N/m
and 10000 N/m.

Figure 5.27a and Figure 5.27b illustrate the effects of the start and flight angles in the case of an added
spring. The analysis demonstrates that for both considered stiffness values, the maximum controllable
jump height increases with increasing start angle and decreases with increasing flight angle. Intuitively,
this behavior aligns with human jumping dynamics: initiating a jump with more bent knees enables
greater propulsion, while landing with slightly bent knees provides a longer duration for buffering the
impact.

(a) Effect start angle (b) Effect flight angle

Figure 5.27: Effect of start and flight angle on maximum jumping height
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5.8 Conclusions from simulations

The goal of the simulations was to evaluate the control algorithms, analyze the effects of different con-
trol parameters, and assess whether the newly designed actuators could outperform the state-of-the-art.
The results showed that increased friction, smaller starting angles, and larger flight angles led to lower
jumping heights. On the contrary, decreasing Emult resulted in higher jumping heights. Furthermore,
higher jumping heights required larger values of Ktd and Dtd, while also considering the stable intervals
of ωtd and ζtd. The foot position during control should ideally be underneath the hip or slightly moved
toward the center of gravity, in the direction of the knee. For this control, the stable intervals of ωfoot

and ζfoot should also be taken into account. All these findings hold true for both control scenarios, with
and without the trampoline.

When compared with the state-of-the-art, the maximum jumping height relative to leg length could
be either higher or lower, depending on the specific friction value. Therefore, simulations alone cannot
conclusively determine this measure unless the linear rail friction is precisely known. Nevertheless, the
maximum dimensionless stiffness determined in the simulations was 14.25, which is larger than the
maximum value reported in the literature. This suggests that the newly designed actuators may provide
superior buffering performance compared to the current state-of-the-art.
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Chapter 6

Experimental validation

The goal of the experimental part of this thesis is to validate the results found in simulation. The
experiments are executed on two setups: one designed in Chapter 2 and the other at the Deutsches
Forschungszentrum für Künstliche Intelligenz (DFKI) in Bremen. The first setup is used to validate the
improved value of dimensionless stiffness with respect to the state-of-the-art and to determine the limits
of the newly designed actuators. The second setup is used to evaluate whether a spring would indeed
increase the jumping height.

6.1 Experimental setup Ghent

The experimental setup consists of the hopper designed in Chapter 2, controlled by a programmable
logic controller (PLC). The PLC, implemented using Twincat Beckhoff, connects with the robot leg and
operates at a control frequency of 1 kHz. It translates structured text code into actuator movements.
The actuators are powered by a 230 VAC source, which is converted to a single-phase power. This entire
setup is connected to an emergency stop button for safety.

As the code is written in structured text, no simulations can be run on the hardware. Therefore,
several steps were taken to avoid unsafe situations. Initially, a position control experiment was conducted
using two dummy motors. Subsequently, one of the dummy motors was replaced with an actual actuator
connected to the hopper, but without the full leg attached. The same experiment was then performed
with the complete leg assembly, where the two actuators were placed at the center of the rails with the
leg hanging. Finally, the leg setup was placed on the ground, and experiments for comparison with the
state-of-the-art were conducted.

In what follows, the results of the multiple position control experiments will be analyzed. Further-
more, an experiment is utilized to analyze the linear rail friction. Next, the final experiment will be
compared with a position control simulation, such as the one described in Section 5.3.2, to validate those
simulation results.

6.1.1 Experiment 1: two dummy actuators

The first experiment is a position control test of two dummy actuators each connected to a lever, as
shown in Figure 6.1a.

Figure 6.1b shows the different joint positions during the experiment. Initially, the levers are pro-
grammed to move to a starting position, which later serves as the initial position for the actuators such
that the leg lifts off from its resting point. The levers then transition to a first desired position, followed
by a second, and finally return to the initial position. This sequence mimics the final position control
logic to be used with the complete leg setup: transitioning between predefined positions, with the final
one held until interrupted via the control code.

The control system is programmed to move on to the next target only if both levers have reached
their current desired positions. For the first target, the system proceeds immediately; for the second, it
must hold the position for several seconds. The final target (which is the same as the initial one) is held
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(a) Setup (b) Joint positions (c) Joint torques

Figure 6.1: Experiment 1: position control using two dummy actuators

indefinitely until explicitly stopped.

This final holding phase is critical to test the safety features of the system. As previously mentioned,
the multi-step validation process ensures safe operation before moving to the full actuator setup. To
complement the emergency stop button, additional software safety measures are implemented and tested
in this and the following setups. These include position, velocity, and torque limits.

To validate the torque limit function, the knee lever is manually pulled while in the final position,
simulating a scenario where the leg encounters unexpected resistance. The torque threshold for this test
is set to 10 Nm. Figure 6.1c confirms that the actuator output torque drops to 0 Nm when the threshold
is exceeded, demonstrating that the safety system is functioning as intended and that the experimental
setup is safe to be upgraded.

6.1.2 Experiment 2: one dummy actuator and one actual actuator

Figure 6.2 depicts the upgraded experimental setup. In this configuration, the hip dummy actuator
is replaced by the actual actuator intended for use in the final leg assembly, while the knee joint still
employs a dummy motor.

Figure 6.2: Setup 2

As in Experiment 1, the actuator and dummy motor are programmed
to follow a predefined position pattern, starting and ending at a de-
sired initial state. In this setup, the dummy motor is connected to
a lever, and the actual actuator drives half of the upper leg struc-
ture. This arrangement is used to test whether exceeding the torque
threshold triggers the correct safety response, specifically ending the con-
trol.

An additional improvement in this experiment is the synchroniza-
tion of the movements of the hip and knee actuators. Synchroniza-
tion is essential in the final configuration to ensure stable and coordi-
nated leg motion. Figure 6.3a confirms the synchronized joint trajecto-
ries.

To test the torque safety function, the maximum torque of the hip actuator
is set to 1 Nm. During the final hold phase of the position pattern, the upper
leg is manually pulled, causing the measured torque to exceed this threshold. As
a result, both joints are commanded to apply 0 Nm torque, deactivating further
control actions. This behavior is confirmed in Figure 6.3b, verifying that the
implemented safety mechanism operates as intended.

6.1.3 Experiment 3: two actual actuators

Figure 6.5 shows the upgraded experimental setup, in which both actuators are those intended for the
final leg design, while the leg remains suspended from the rails.
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(a) Joint positions (b) Joint torques

Figure 6.3: Setup 2 experimental results

As in the previous setups, the actuators are programmed to follow a predefined position trajectory,
beginning and ending at a desired initial state. The leg first moves to an almost fully stretched position,
followed by a transition to its most bent configuration. Subsequently, it moves to an intermediate
position before returning to the initial, nearly fully extended state. During the entire motion, the two
actuators operate synchronously to ensure coordinated leg behavior. Figure 6.4a illustrates this smooth
and synchronized position control.

(a) Joint positions (b) Joint torques

Figure 6.4: Setup 3 experimental results

Figure 6.5: Setup 3

To verify the torque safety mechanism, the maximum torque limit for
both actuators is set to 1 Nm. During the final position hold, an ex-
ternal disturbance is applied by manually pulling the lower leg. This
disturbance causes the measured torque to exceed the predefined thresh-
old, which correctly triggers the safety mechanism and results in both
joints being commanded to 0 Nm. Figure 6.4b confirms this behav-
ior.

The successful activation of the safety response in this final configuration,
combined with the validated results of the previous setups, demonstrates the
reliability and robustness of the control algorithm. In particular, it confirms that
the system is safe for progression to the final experimental phase.

6.1.4 Experimental analysis of linear rail friction

In Section 5.8, it was stated that no conclusive statement could be made regarding
the improvement of the dimensionless jumping height due to the unknown linear
rail friction. To address this, data from a position control experiment is used to
estimate the linear rail friction. The objective of the experiment was to determine
whether a simple position control strategy could enable the hopper to jump by
increasing acceleration and jerk without exceeding a torque limit of 200 Nm for
safety.

47



The highest actuator acceleration obtained without exceeding the torque limit was 199000°/s² at
the motor output. Despite this, the hopper did not achieve lift-off, making this dataset suitable for
estimating the linear rail friction. This estimation can subsequently be used to predict the achievable
jumping height and assess whether it surpasses the performance of state-of-the-art systems.

(a) Base height (b) Joint velocities

(c) Joint accelerations (d) Joint torques

Figure 6.6: Data ground test for linear rail friction estimation

As in previous experiments, the actuators follow a predefined position trajectory. The initial posture
is a low, bent configuration near the ground to ensure safety—any instability would lead to downward
collapse, minimizing mechanical risk. This pose also corresponds to the passive configuration under
gravity. The trajectory involves extending the leg to a nearly straight position, moving into a squat-like
pose, and returning to the fully bent state.

Figure 6.6 presents the data from this experiment. Unlike previous sections, which reported motor
output data, the plots here reflect values at the actuator output, accounting for the gear ratio of 1:19.
The conversions are given by:

positionact =
positionmotor

19

velocityact =
velocitymotor

19

accelerationact =
accelerationmotor

19
torqueact = torquemotor · 19

The hip base height and vertical velocity are computed as (see also Equation 3.2 and 3.3):

yhip = lupp cos(θhip) + llow cos(θhip + θknee)

vy,hip = −luppθ̇hip sin(θhip)− llow(θ̇hip + θ̇knee) sin(θhip + θknee)

Using this data, a power balance is performed:

Pact = PjointFrictions + PjointInertias + Pgravity + PrailFriction

with:
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� Pact = Phip+Pknee = τhip · θ̇hip+τknee · θ̇knee, the sum of the powers delivered by the two actuators

� PjointFrictions = cact · (θ̇2hip + θ̇2knee), the sum of the lost power in the actuators due to joint friction,
with cact = 5Nms/rad the joint friction

� PjointInertias = Iact · (θ̈hip · θ̇hip + θ̈knee · θ̇knee), the sum of the power going to the inertia of the
actuators, with Iact = 0.43 kgm2

� Pgravity =
dEgrav

dt , the power needed to change the hip base height from one gravitational potential
energy to the next

� PrailFriction = −brail ·v2hip, the power lost to linear rail friction with brail the linear rail friction value

When for every timestep those powers are calculated, an estimation of the linear friction value is
made at every point in time by:

brail,i = −Pact,i − PjointFrictions,i − PjointInertias,i − Pgravity,i

v2hip,i

when vhip,i ̸= 0 and using brail,i = 0 when vhip,i = 0.

After applying smoothing techniques to reduce numerical noise, the estimated rail friction is plotted
in Figure 6.7a. The average value is found to be 2.28 Ns/m, which is then used in simulation to estimate
the hopper’s performance. The resulting maximum jumping height is 1.15 m, yielding a dimensionless
jumping height of:

h̄ =
1.15m

0.9m
= 1.28

The relatively high friction can be attributed to several assembly choices. In the first assembly,
the linear rails were mounted using only two bolts, leaving much of the middle section free to vibrate.
Additionally, the cable routing was not yet optimized for dynamic motion, introducing further resistance.

(a) Estimation (b) Simulated maximum height

Figure 6.7: Linear rail friction estimation

The value of 2.28 Ns/m will be used in subsequent simulations to assess improvements in dimensionless
maximum stiffness relative to the state-of-the-art.

6.1.5 Experimental validation of simulation results

To compare the performance of the newly developed actuators with the state-of-the-art, the maximum
achievable impedance limits must be determined experimentally, following a similar approach as de-
scribed in the simulation study in Section 5.3.2. However, due to the unavailability of weights up to
50 kg, a direct comparison under full loading conditions is not feasible. Instead, validation is performed
by comparing the impedance control simulation without added mass to an experimental position control
scenario under the same unloaded condition.
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Figure 6.8: Screenshots from video experiment

A similar experiment to the one described in Section 6.1.4 is performed, in which the position con-
troller begins from a bent configuration, transitions to an almost fully extended posture, and then returns
to the initial bent position. A short pause is introduced in the squatted and extended configuration. To
ensure safe and stable operation during the entire trajectory, the maximum commanded joint velocity is
constrained to 200◦/s at the motor shaft.

Figure 6.8 shows screenshots taken from the video of the experimental execution. The same motion
trajectory is replicated in simulation to allow for comparison of joint torque profiles and hip height
evolution.

(a) Heights (b) Torques

(c) Powers

Figure 6.9: Comparison between simulation and experimental results
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Figure 6.9 presents a direct comparison between the experimental and simulated results, including
joint torques, joint powers, and hip base heights throughout the trajectory. While the simulation demon-
strates smoother transitions in joint torque, the general trends of torque increase and decrease closely
match those observed in the experiment. Notably, the experimental data shows a more balanced torque
distribution between the hip and knee joints, whereas the simulation results suggest a greater load carried
by the knee joint. This distinction is further reflected in the power plot, where power generation in the
simulation is dominated by the knee joint, while in the experiment, both the hip and knee contribute
significantly.

Although the simulated torques are slightly lower than those measured experimentally, this difference
may be partially attributed to Coulomb friction present in the physical system, which was not explicitly
modeled in the simulation. The simulation uses a viscous friction coefficient of 5 Nms/rad, which may not
capture the full resistive forces encountered in the joints. The real system’s frictional effects could result
in higher measured torques, especially during low-speed or direction-changing phases of motion. Despite
this, the total actuator power required in the experiment is found to be lower than in the simulation,
suggesting that the real system may achieve similar or improved dimensionless stiffness values compared
to the simulated model. These findings support the hypothesis that the newly developed actuators could
offer enhanced performance relative to existing state-of-the-art solutions.

6.1.6 Challenges in experiments

Several challenges arose during the experimental phase. Firstly, determining an appropriate maximum
torque value proved difficult. A compromise had to be made between ensuring safety and providing
sufficient acceleration to reach the desired joint velocities. Secondly, achieving consistent synchronization
between the two leg segments was particularly challenging. Precise coordination is crucial for stable and
symmetric movement.

6.2 Experimental setup DFKI

(a) Original setup (b) Adapted setup

Figure 6.10: Different setups at DFKI

To validate the performance improvement provided by placing a spring (trampoline) under the foot,
experiments were conducted using the setup at DFKI. The original DFKI configuration, shown in Fig-
ure 6.10a, consists of a single vertical rail supporting a hopper robot. The actuators used are two
quasi-direct drives (mjbots qdd100 ) located at the hip, with motion transmitted to the knee joint via
a belt. Communication between the actuators and the control system is handled through CAN cables.
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Additionally, each actuator is equipped with a position encoder and a torque sensor. The model param-
eters for the DFKI hopper are listed in the second column of Table 3.1. The most notable parameters
are the mass, which is equal to 2.32 kg, and the hopper height, which is equal to 0.29 m.

Since the setup lacks a linear encoder, absolute jumping heights could not be directly measured.
However, visual markers were added to the rail at 5 cm intervals to provide a rough estimation of
jumping height. This method was used to compare three different experimental configurations:

1. The hopper on the ground with the original energy shaping control algorithm, as described in [2].

2. The hopper on a trampoline but still using the ground control algorithm.

3. The hopper on the trampoline with a modified controller adapted to account for the trampoline
dynamics.

Before conducting trampoline-based experiments, it was necessary to estimate the trampoline’s stiff-
ness. Two methods were used, as shown in Figure 6.11. In the first method (Figure 6.11a), large weights
were placed on the trampoline, and deflection was measured. This yielded an almost linear deflection-
mass relationship, suggesting that the trampoline behaves linearly. To confirm this in the operating range
relevant to the 2.32 kg hopper, a second test using smaller weights was performed (Figure 6.11b). This
method confirmed the linear behavior and yielded similar results. The estimated stiffness was 2564 N/m
from the large-weight method and 2560 N/m from the precise method, as summarized in Figure 6.11c.

(a) Measuring method large
weights (b) Precise measuring method (c) Stiffness estimation

Figure 6.11: Trampoline stiffness measurement methods

The results from the jumping experiments are displayed in Figure 6.12a and are as follows:

� On the ground with the original controller, the hopper achieved a maximum height of 30 cm, almost
equal to its initial standing height.

� On the trampoline, using the same controller, the hopper reached 40 cm—a noticeable improvement.

� Finally, with the adapted control algorithm on the trampoline, a maximum jump height of 42.5 cm
was achieved.

While the increase from 40 cm to 42.5 cm is modest, it still indicates a performance gain. This
improvement is also visible in Figure 6.12b, where the hopper uses the ground-tuned controller for the
first five jumps and the adapted trampoline controller for the last two. The increased jump heights in
the final two jumps clearly illustrate the benefit of accounting for the trampoline in the control strategy.

However, the experiments were not without challenges. A notable issue was the discrepancy between
the estimated and visually observed jumping heights. These inconsistencies, combined with challenges
related to ground detection due to the lack of ground detection sensors, presented significant difficulties
during testing.
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(a) Experimental results hopper DFKI (b) Jumping heights trampoline experiment

Figure 6.12: Experimental results DFKI
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Chapter 7

Future work

Future work could expand on several aspects of this master’s thesis.

Firstly, improvements to the mechanical design may enhance performance and robustness. As dis-
cussed in Chapter 2, certain challenges regarding the sensing system remain and should be addressed
in future iterations. Additionally, reinforcing the connection between the knee axis and the upper leg
could reduce unwanted vibrations during the high-dynamic motions of hopping. Based on the results
observed when using compliant ground surfaces, integrating a spring element into the foot could also be
a promising design direction to further optimize energy storage and return. Furthermore, improving the
rigidity of the linear rail attachment is expected to reduce the linear friction value, thereby enhancing
system performance.

Secondly, future work should focus on completing the experimental validation of the simulated scenar-
ios investigated in this thesis. In particular, experiments related to maximum drop height and continuous
jumping could be further developed and executed to assess performance more comprehensively and verify
the simulated predictions.

Lastly, future work could address the challenges encountered during the experiments, such as devel-
oping an improved state estimation method.
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Chapter 8

Conclusion

This master’s thesis presented the complete design and control process of a hopper robot, including
the implementation of newly designed series clutched actuators. The work progressed from conceptual
design, as outlined in Chapter 2, to the successful experimental validation of the system.

The proposed mechanical design, with a mass of 13.62 kg and height of 0.9m, was fully assembled
and validated through experiments. However, for future iterations, improvements are recommended in
the mechanical integration of components. Specifically, a more robust method for attaching the contact
switches to the foot should be considered, as well as a more stable connection between the knee axis and
upper leg to ensure structural stiffness. Despite these minor challenges, the assembled design demon-
strated reliable performance during testing.

The control strategy combined impedance control during touchdown, energy shaping during lift-off,
and a PD controller for the flight phase. These were first implemented in simulation, allowing for thorough
investigation of the effects of various control parameters. Simulations showed that lower values of the
energy multiplication factor Emult and lower friction coefficients led to increased jumping heights. Ad-
ditionally, combinations of small flight angles, large start angles, and small foot offsets towards the knee
resulted in lower normalized root mean square errors (NRMSE) between desired and achieved jumping
heights. As expected from human jumping dynamics, achieving higher jumps required increased virtual
leg stiffness and damping.

In continuous jumping simulations, jumping performance was found to vary significantly with rail
friction. Thus, a definitive comparison to the state-of-the-art required an estimation of the linear rail
friction. Using experimental data, an estimated linear rail friction value of 2.28 N s/m was determined.
In simulations, this value corresponds to a maximum jumping height of 1.15 m and a maximum dimen-
sionless jumping height of 1.28. Although this value is lower than some found in the literature—such
as 2.4 in [4] and 1.57 in [3]—it still outperforms other setups, like the 1.14 reported in [19]. Therefore,
it can be concluded that the linear rail friction must be reduced through improved assembly choices for
the system to consistently surpass the state-of-the-art, though it already performs better than certain
existing implementations.

When using only the impedance controller in simulation, a maximum dimensionless stiffness of 14.25
was achieved. This surpasses the current state-of-the-art value of 10.8, as reported in [14], indicating a
meaningful improvement in actuator performance. Experimental validation of these simulation results
was conducted via several tests. A position control experiment was compared to an impedance control
simulation, showing similar torque profiles and lower power profiles, which supports the simulation claim
of improved dimensionless stiffness.

Simulations involving a trampoline beneath the hopper showed that jumping height improved when
the trampoline stiffness exceeded a certain threshold. While theory suggests an optimal stiffness exists
(with the ground being the limiting case of infinite stiffness), numerical instability in the simulation
made it challenging to identify this optimum. Experiments with the hopper placed on a trampoline
confirmed this increase in jumping height when an elastic surface was used. This insight presents a
potential avenue for future design enhancements, suggesting the inclusion of compliant elements under
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the foot could further improve performance.

To summarize, the answer to the research question ”How to design an underactuated hopping leg
moving in the 2-DOF plane based on in-house developed series clutched actuators, and how can the
resulting hopper be controlled? Is the resulting leg more impact-resilient, and can it jump higher than
the state-of-the-art?” is as follows:

The design of a hopper robot with series clutched actuators should prioritize low weight and
low-inertia links while ensuring sufficient structural strength to withstand impacts during
dynamic hopping motion. This can be achieved by positioning both actuators at the hip joint,
using a rigid link to transmit motion, and enclosing the system in an aluminium frame with
triangular cutouts to reduce mass.

The resulting system can be controlled through multiple phases, each using a different control
strategy: a PD controller for the flight phase, an impedance controller for the touchdown
phase, and an energy-shaping controller for the lift-off phase. By combining this design and
control architecture in simulations and experiments, several conclusions were drawn. First,
due to a relatively high linear rail friction value of 2.28 N s/m, determined experimentally, the
maximum dimensionless jumping height h̄ = 1.28 is moderate compared to the state-of-the-art,
where [4] reports h̄ = 2.4, and [19] reports h̄ = 1.14.

On the other hand, a significant improvement in dimensionless stiffness was observed, with
the new design achieving a value of 14.25, compared to the state-of-the-art value of 10.8 in
[14]. This suggests the proposed hopper design performs better during the touchdown phases
of jumping, offering enhanced impact resilience. This conclusion is supported by experimental
validation, further indicating the effectiveness of the proposed approach.
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Chapter 9

Societal reflection

This chapter provides a societal reflection on the work carried out during this master’s thesis, including
its potential applications. It covers sustainability considerations, ethical implications, and the alignment
of the thesis with various Sustainable Development Goals (SDGs).

9.1 Sustainability considerations

The most significant impact on sustainability in this thesis lies in the design of the robotic system.
Specifically, material choices and production methods were key factors that influenced the environmental
footprint of the design.

9.1.1 Used materials

The majority of the components in the robot are made from aluminum. Although aluminum extraction
is an energy-intensive process with a high carbon footprint, aluminum is highly recyclable. Nearly 100%
of aluminum can be recycled, and the recycling process consumes far less energy than primary extraction.
Furthermore, aluminum can be recycled indefinitely without any loss of quality. This makes aluminum
an excellent material for sustainable product design.

While the specific aluminum used in the project may or may not have been previously recycled, all
components of the design are recyclable at the end of the system’s life cycle. This contributes to the
overall sustainability of the design.

9.1.2 Production methods

The production of the robot components involved two primary manufacturing processes: laser cutting
and turning.

Laser cutting is the more sustainable of the two methods. It generates minimal material waste due to
its precision and efficiency. Furthermore, by cutting all components from the same plate, material waste
was reduced even further. However, laser cutting does require significant power consumption, which is a
consideration from an energy use perspective.

Turning, on the other hand, generates more material waste. Additionally, turning requires the use
of water, which poses an environmental concern. Despite this, any leftover aluminum material can be
recycled, thus minimizing waste.

9.1.3 Series clutched actuators

Another sustainable feature of the design is the use of series clutched actuators. These actuators include
a decoupling system that protects the gearbox from impacts beyond its capacity. By incorporating this
feature, the lifespan of the actuators is increased, reducing the risk of premature failure and electronic
waste (e-waste). This contributes to the sustainability of the hopper system by extending its operational
life.
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9.2 Ethical considerations

The primary ethical considerations of this master’s thesis revolve around the potential future applica-
tions of the technology, particularly in humanoid robots. The integration of humanoid robots into society
could lead to significant ethical dilemmas.

On one hand, humanoid robots might replace human workers, potentially leading to job displacement.
This raises concerns about the ethics of using robots to replace humans in certain industries, particularly
if it leads to unemployment or social inequalities.

On the other hand, humanoid robots could be employed in roles that are hazardous or unhealthy
for humans. For example, robots could perform tasks in dangerous environments, such as working in
toxic environments or undertaking high-risk rescue missions. In these scenarios, humanoid robots could
significantly reduce the risks to human workers and could help to save lives in emergency situations.

9.3 Links with Sustainable Development Goals (SDGs)

This thesis is closely linked to several Sustainable Development Goals (SDGs), which aim to promote a
better and more sustainable world:

� SDG 9 - Industry, Innovation, and Infrastructure: The advancements made in the field of robotics
through this thesis contribute to innovations in humanoid robot design and the broader field of
robotics.

� SDG 12 - Responsible Consumption and Production: The use of aluminum, a highly recyclable
material, ensures that the design is durable and minimizes waste. This supports more responsible
consumption and production practices.

� SDG 8 - Decent Work and Economic Growth: The development of robotics opens new job oppor-
tunities in robotics-related industries. Furthermore, humanoid robots could help improve economic
growth by taking on tasks that are dangerous or undesirable for human workers.
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Chapter 10

Use of Generative AI in this
master’s thesis

During this master’s thesis, Generative AI was used for five main purposes:

1. During the research phase of the thesis, ChatGPT and Copilot were utilized to assist in plotting
methods and in selecting the most useful plots to extract meaningful information from.

2. During the experimental phase, ChatGPT helped with solving errors from the code.

3. During the writing phase, ChatGPT was employed to correct grammar and spelling mistakes in
the written text.

4. During the writing phase, ChatGPT helped improve writing style.

5. During the writing phase, ChatGPT helped convert information into LaTeX writing style, such as
tables and equations.
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Appendix A

Bill Of Materials (BOM)
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ITEM NO. PART NAME DESCRIPTION QTY.
1 CPGA In house 2
2 LowerLeg LaserCut 2
3 ProtectionFoot 3D-print 1
4 ConnectingRodsLowerLeg1 Buy 8
5 ContactSensorSupport 3D-print 1

6
Countersunk screw 
ISO 10642 M5x12 
51060_050_012(High)

Buy/In house 46

7 KneeStabilityPart Turning 1

8
Countersunk screw 
ISO 10642 M4x10 
51060_040_010(High)

Buy/In house 16

9 TurningCircleHip LaserCut 2
10 TurningRod Turning 1
11 HipConnectorPlate Turning 1

12a
LLTHCS15A1T0-
82P5D011-BODY

- 4

12b
LLTHS15A1-82011-
SUPPPLATE

- 8

12 LLTHZ15NIPPLE Buy 4
15 LinearGuideRail Buy 2
16 AlExtrusions Buy 2
17 M8ShoulderBolt1 Buy 2
18 Glijschijf Buy 4
19 LegHip LaserCut 1
20 LegHip - kopie LaserCut 1
21 ConnectingRodsUpperLeg Buy 15
22 weightblock Turning 1
23 WeightRod In house 1

24
Cylinder head screw 
DIN 912 M5x22 
51050_050_022(High)

Buy/In house 6

25
Cylinder head screw 
DIN 912 M5x14 
51050_050_014(High)

Buy/In house 12

26
Cylinder head screw 
DIN 912 M6x20 
51050_060_020(High)

Buy/In house 16



27

Hexagon head 
screws ISO 4014 (DIN 
931) M5x40 
55000_050_040(High)

Buy/In house 16

28 SpacerHip Turning 2

29
Countersunk screw 
ISO 10642 M5x25 
51060_050_025(High)

Buy/In house 16

30 SpacerHip5mm LaserCut 3

31
Countersunk screw 
ISO 10642 M5x14 
55060_050_014(High)

Buy/In house 12

32 Bushing101212 Buy 2

33
Hexagon nut DIN 
934 M8 
01300_080_001(High)

Buy/In house 2

34
ibh_H1FM-1416-
12_20241210_161_m
odel

Buy 2

35 Axis Turning 1

36
Countersunk screw 
ISO 10642 M8x18 
55060_080_018(High)

Buy/In house 2

37
Hexagon nut DIN 
934 M4 
01300_040_001(High)

Buy/In house 3

38

Hexagon bolts  
ISO4017_DIN933 
M4x12 
51010_040_012 
(High)

Buy/In house 3

39 ContactSensor Buy 1
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Parts drawing
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Appendix C

Technical drawing - hip base
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Appendix D

Technical drawing - weight block
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Appendix E

Technical drawing - hip spacer
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Appendix F

Technical drawing - turning rod
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Appendix G

Technical drawing - knee axis
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Appendix H

Technical drawing - knee stability
part
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