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Abstract— Energy-efficient legged locomotion in robots de-
pends on exploiting passive dynamics, particularly with inte-
grated mechanical compliance. Traditional model-based con-
trol strategies that leverage these dynamics often encounter
challenges due to inherent model uncertainties. We propose
a novel model-free method for generating motor trajectories
in compliantly actuated monopods using teleoperation with
force feedback. This approach allows operators to detect
ground reaction forces and excite the robot’s natural frequency,
achieving highly efficient hopping. The method results in a
mechanical Cost of Transport (CoT) of 0.25 at 0.63m s−1 on
an articulated hopper. To further enhance energy efficiency and
adjust for hardware variations, these trajectories are refined
using Black-Box Optimization (BBO) directly on the hardware.
Experimental results confirm that these optimized trajectories
closely match the efficiency of those initiated by humans,
demonstrating the effectiveness of this method in exciting the
robot’s natural dynamics.

I. INTRODUCTION

The research in legged robot locomotion is of increasing
importance as mobile robots have proven to be valuable
assets in many areas including exploration or search and
rescue. These tasks are commonly in an uncertain and rough
terrain where wheeled robots can not navigate. Monopods,
i.e. one-legged robots, offer a way to reduce the complexity
in studying legged locomotion while still getting valuable
insight into controlling these robots.

Great advancements in the design and control of
monopods have been made with the introduction of dynamic
balance by Raibert [1]. Monopods controlled by dynamic
balance are equipped with elastic actuators and use passive
dynamics, such as the Atrias robot [2]. Intrinsic elasticity is
a key element in the design because it has useful dynamic
properties for legged locomotion. Elastic monopods are ro-
bust against impacts and can store and release energy which
results in an inherent oscillatory behavior.

These characteristics can be used to make legged loco-
motion energy efficient. A common metric for this is the
Cost of Transport (CoT) which relates traversed distance
and consumed energy of the robot. State-of-the-art elastic
monopods are the ARL Monopod I and II [3], [4] and
SPEAR [5]. Their respective CoT is shown in Fig. 1 in
comparison to the Quadruped MIT Cheetah [6].
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Fig. 1. Kármán-Gabrielli diagram for state-of the-art elastic legged robots.
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Fig. 2. Operator controlling the hopper by commanding motor trajectories
using teleoperation with force feedback to sense the ground reaction force.

In order to generate energy-efficient locomotion with these
systems, the controller should exploit the intrinsic elasticity
[7], [8]. To achieve this, many controllers are based on the
model of a Spring-Loaded Inverted Pendulum (SLIP) [9],
[10], [11]. This model is especially useful for analyzing
hopping and running [12]. The SLIP model can be used
to identify cyclic motions that use the passive dynamics
of the robot by analyzing nonlinear modes [13]. Strategies
such as offline optimization and inverse dynamics are popular
approaches to generate trajectories that use the passive dy-
namics of the robot [14], [15]. Many monopods are designed
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to be close to an ideal SLIP. For robots with articulated joints
the SLIP model can be applied by feedback model matching
[16], [17].

However, shaping the dynamics of a robot comes with
increased control effort, the need for an accurate model
and may not be feasible if the mechanical design deviates
much from an ideal SLIP model [18], [19]. The discussed
control approaches are model-based and results rely heavily
on hardware parameters such as friction and external forces.
This complicates the transfer on hardware and there is no
guarantee, that the resulting motion is energy efficient and
is leveraging the passive dynamics of the robot.

The main idea of this work is to generate motor trajectories
that exploit the passive dynamics of the monopod without
the need for a model or dynamic shaping. The approach
relies on the human’s capability to excite nonlinear dynamics
intuitively. We know this from experience, such as exciting
the eigenfrequencies of a long beam when held in the hand,
and experiments [20], [21]. We demonstrate an operator
can generate energy-efficient hopping gaits on a compliantly
actuated leg. To do so, adequate feedback is needed. We
present a teleoperation setup that lets an operator directly
control the robot’s foot tip via the motor positions while force
feedback is provided, which represents the robot’s actual
dynamics cf. Fig. 2.

The generated motor trajectories are evaluated based on
the CoT of the resulting gait. The performance of the human
generated trajectory is compared to a CoT optimal trajectory
obtained by Black-Box Optimization (BBO) with the human
generated motor trajectories as the initial value.

The paper is structured as follows. Section II will introduce
the robot and its properties while the control via teleoperation
and force feedback is described in Section III. Section IV
will focus on the optimization for CoT and Section V will
present the results. Conclusions are drawn in Section VI. A
video of the hopper during teleoperation can be found here:
https://youtu.be/NUeaZ4gpSnU

II. MECHANICAL PROPERTIES OF THE CONTROLLED
ROBOT

The considered robotic leg was developed as part of the
DLR quadruped Bert. The leg features biarticular actuation,
where the second joint is coupled through belts to make
the overall dynamics closer to a SLIP, as discussed in its
predecessor [22]. Its kinematics are depicted in Fig. 3 with
basic parameters in Table I.

Throughout this paper, link coordinates are denoted by
qu ∈ R2. The vector xb ∈ R2 describes the position of the
floating base frame B w.r.t. the world frame W . The robot
is free to move in the Wx,z-plane with its rotation about the
By-axis locked. The frame F is attached to the foot tip of the
robot, with the same configuration independent orientation as
B. The position of the foot tip w.r.t. B is denoted by xf .

The dynamics of the robot are described by the equations
of motions for floating base robots:

M

[
ẍb

q̈u

]
+C

[
ẋb
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]
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Fig. 3. Kinematics of the considered hopper with biarticular and serial
elastic actuation.

TABLE I
ROBOT PARAMETERS

Degrees of freedom: Robot: 2 Base: 2
Robot mass m: 0.99 kg

Link length: 120 mm
Motor inertia b: 0.02 kgm2

Spring stiffness K: diag(2.95, 3.10) Nm rad−1

where the inertia matrix M(qu) ∈ R4×4 determines inertial
forces and torques on the robot’s base and joints. The Cori-
olis/centrifugal matrix is denoted by C(qu, q̇u) ∈ R4×4 and
the gravity vector by g(qu) ∈ R4. These are configuration-
dependent. Throughout this paper, the arguments are omitted
for brevity. External forces acting on the robot’s joints and
base are denoted by Qu,j and Qu,b ∈ R2, respectively and
τj ∈ R2 denotes the spring torques in both joints.

The joints are driven by Serial Elastic Actuators (SEAs)
where the links and motors are decoupled by a mechanical
spring. This makes the robot more robust against impacts
and the kinetic energy stored in the springs can be used for
energy-efficient locomotion. To this end, the joint torques
follow the dynamics described by:

Bq̈a + τj = u+Qa , (2)

with
τj = K (qa − qu) , (3)

where the motor coordinates are denoted by qa ∈ R2 and
the diagonal matrices B and K ∈ R2×2 contain the motor
inertias and joint stiffnesses, respectively. The vector Qa ∈
R2 denotes motor friction. Motor torques are represented
by u ∈ R2. They are commanded using a PID controller,
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following the control law:

u = −80 (qa − qa,d)− 0.5 q̇a − 0.01

∫
(qa − qa,d)dt . (4)

The gains were empirically tuned to best realize the desired
motor positions qa,d ∈ R2 on the system.

Several aspects make model-based control of this system
challenging. The link inertias are extremely low and hard to
determine accurately. Therefore M and C have a high uncer-
tainty. The motor friction Qa dominates the motor dynamics
and has a high load dependency with a significant stick-slip
effect. This is partly compensated by using the motor PID
controller of (4) with maximum possible gains. However,
many control methods rely on accurate torque control which
cannot be implemented on this system. Moreover, the robot’s
intrinsic stiffness between the base and foot tip changes with
its configuration, in contrast to the hopper by Raibert [1]. It
is softer when the leg is more contracted and stiffer as the
leg straightens [12]. This makes the natural frequency of
the robot dependent on configuration and forward velocity.
An ideal motor trajectory would excite the robot with this
frequency and use its passive dynamics. It is our assumption,
that such a trajectory leads to energy-efficient locomotion.

III. TELEOPERATION SETUP AND HUMAN CONTROL

A. Control Input

To design an adequate control input for the operator, we
chose to control the position of the foot tip xf w.r.t. B.
This resembles controlling the tool center point of a robot
in cartesian space. An alternative would be to control the
robot’s base xb w.r.t. F . This may be intuitive if the robot
is making ground contact, but during the flight phase the
base can not be manipulated, so it was rejected. Instead,
the chosen control simulates a pushing contact, e.g. pushing
one’s feet into the ground for liftoff.

As a haptic input device a force dimension® omega.3
with free movement in the xz-plane, cf. Fig. 4a is used.
The resulting desired positions of the foot tip xd are then
calculated by:

xd = SAT
(
KS xo,d +

[
0

0.22m

])
. (5)

The function SAT(·) saturates the commanded positions from
the omega.3 device xo,d within the workspace of the robot.
Further, a diagonal gain matrix KS is scaling the input
and a z-offset compensates for the height of the robot and
defines the zero position. The corresponding joint positions
qx,d are then derived by inverse kinematics. Note that the
desired positions xd are commanded on the motor side,
while the actual foot tip position xf depends on the link
side measurements. With highly elastic systems these two
positions differ with a deflected spring, especially during
compression. Therefore xd will not necessarily match xf

during hopping, as the robot will be subject to elastic and
link-side dynamics. Consequently, saturated xd does not im-
ply that xf is on the edge of the workspace. When the hopper
is in compression and about to apply thrust, the saturation of
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Fig. 4. Fig. 4a shows the omega.3 haptic input device used by the operator
to send desired positions xo,d. Fig. 4b shows schematically the saturated
input xd, distance ro between xo,d and xd and actual foot tip position
xf .

−KP xo,d
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−KD ẋo,d

Fig. 5. Schematic of the force feedback signal with virtual spring and
damper, and ground reaction force fext.

xd hinders explosive movements. Energy is transferred from
the motors to the links via the spring torques. Limiting the
motor positions limits spring torque. Conversely, thrust can
be increased by increasing spring deflection. This is done
by calculating the distance between the saturated xd and
unsaturated input xo,d. This is schematically presented in
Fig. 4b. The distance is called ro and added to qx,d. The
desired positions for the motor PID controllers in (4) are
calculated by:

qa,d =

[
−ko ro + 1 0

0 ko ro + 1

]
qx,d , (6)

where ko is a positive gain. This feature significantly in-
creased the achievable jumping height and made controlling
the robot easier as the operator can choose to inject more
energy into the system.

B. Force Feedback

As the operator controls the robot’s foot tip, the ground
reaction force on the foot tip fext is chosen as feedback. It
conveys the dynamics and behavior of the robot, as it gives
information about the compression and thrust of the robot
and coincides with the hopping period.

External forces are unknown without extra sensors. There-
fore Qu,j

∼= −τj is used as an estimation. This estimation
holds with small link inertias and masses and no external
forces acting on the base, cf. (1). Projecting τj in F by
the inverse jacobian JF yields an estimation of the ground



reaction force:

fext
∼= −

(
JT
F
)−1

τj . (7)

A virtual spring is added to pull the end effector position
of the force feedback device xo,d to its zero position. This
gives the operator a feel of their position in the workspace
of the haptic device. Additionally, a virtual damper ensures
stability. Taken together, the force feedback is calculated by:

fΩ = KF fext −KP xo,d −KD ẋo,d , (8)

where the force feedback is scaled by the positive diagonal
gain matrices KF , KP and KD ∈ R2×2.

C. Controlling the Robot

During operation, the robot is mounted on a boom. This
enables translational movement in the robot’s xz-plane with
fixed rotation of the base. The robot is in sight of the
operator and standing in initial configuration, cf. Fig. 2. With
increasing input magnitude, the robot starts to jump in place.
The jumping height can be controlled by the magnitude of
the input while the force feedback guides the operator to the
right frequency. With force feedback enabled, the robot can
be easily excited with its natural frequency.

Although the foot tip can only be controlled indirectly
through the motor positions, the operator still has a high level
of control over the robot. By moving the input slightly in the
x-direction while jumping, the operator changes the foot tip
position relative to the robot’s center of mass. This results in
a controlled forward motion of the robot. Thus the operator
does not need to directly control the foot tip, but rather makes
the intuitive connection of position in x-direction and forward
speed. With training the operator begins moving the input
more in a circle than simply up and down. This results in
trajectories that seem to be natural to the system.

IV. OPTIMIZING FOR ENERGY-EFFICIENT LOCOMOTION

The operator had the goal of achieving locomotion and
generating a desired motor trajectory qa,d(t) for the robot.
To save, replay, evaluate and optimize this trajectory, it is
fitted to a periodic function and parameterized. To this end,
qa,d(t) is cut into n periods and their mean is fitted to a
fourth-order Fourier series. The resulting function is called
traj0(t, ω, φ) ∈ R2 and has a modifiable base frequency ω
and phase between the two motors φ. This function is plotted
and compared with its origin in Fig. 6.

For the optimization, additional scaling A and offset
parameters d are introduced:

traj(t,Θ) =

[
A1

A2

]
traj0(t, ω, φ) +

[
d1
d2

]
, (9)

Θ = {A1, A2, d1, d2, ω, φ} . (10)

The set Θ contains all six tunable parameters.
The mechanical CoT is used as a measure of energy-

efficient locomotion. It is defined by:

CoT =
E

mg d
, (11)
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Fig. 6. Recorded motor position trajectory from the operator during
hopping and approximation by fourth-order Fourier series.
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with the mass of the robot m, gravitational acceleration g
and traveled distance d. For the energy measurement, the
combined mechanical output energy of both motors over n
periods of length T is used. For SEAs, this is calculated by:

E =

∫ nT

0

τj,1 q̇a,1 + τj,2 q̇a,2 dt . (12)

This measurement makes the CoT calculation independent
from motor dynamics such as motor friction. Mobile systems
tend to have a CoT that is depending on the forward velocity
v. Thus optimizing only for CoT without taking v into
account makes the results less comparable. Therefore the
deviation from the initial forward velocity v − v0 is added
as a soft weight in the cost function:

CoTv0 = CoT k−1 max (k, ṽ) , (13)

ṽ =

(
v − v0
2 v0

)2

, (14)

where the max function saturates ṽ on the lower end at
k = 0.01. Therefore, for small deviations from v0 and ṽ ≤ k:
CoTv0 = CoT and the minimum of the cost function is at
min (CoT). For larger deviations, the cost function is rising
as depicted in Fig. 7.

V. RESULTS

This section evaluates the performance of the human-
generated trajectory in terms of CoT. To this end, it is
compared to an optimum of velocity-weighted CoT reached
by BBO.
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Fig. 8. Snapshots of the hopping monopod with the approximation of the
human generated trajectory traj0(t, ω, φ).
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A. Evaluation of the Initial Trajectory

Fig. 6 shows a consistent base frequency with the recorded
trajectory qa,d(t). It is fitted well by the approximation
traj0(t, ω, φ) while fluctuations in the amplitude are leveled
out. The approximated trajectory is replayed on the robot.
It is used as the initial trajectory for the optimization with
the parameters Θ0. A series of snapshots of the resulting
hopping gait is presented in Fig. 8.

The CoT is evaluated in trials. Each trial lasts n = 25
periods. The first five periods are not evaluated to exclude
effects from the previous trial. Fig. 9 shows the mean CoT
and forward velocity v over five trials with initial parameters
Θ0 and different optimizations. The error bars are corre-
sponding to the minimal and maximal values. The trajectory
with initial parameters has a CoT of 0.25 at v0 = 0.63m s−1.
Fig. 1 puts this in comparison with other state-of-the-art
robots.

During the experiments, the foot tip of the robot was
damaged and changed for a stiffer one. This had a significant
impact on the CoT and deteriorated it by 21%. The generated
feed forward trajectory is optimal for the hardware it was
created on and sensitive to change. However, changes in
stiffness, friction parameters and joint coordinate offsets
inevitably occur over time. BBO can be used to maintain
optimality.
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Fig. 10. Optimization history for minimizing CoTv0 on hardware.

TABLE II
OPTIMIZED PARAMETERS OF THE DESIRED MOTOR TRAJECTORY

A1 A2 d1 [rad] d2 [rad] ω [Hz] φ [s]
Θ0 1.00 1.00 0.00 0.00 2.04 0.20

ΘCoT 1.11 0.85 0.01 −0.05 1.91 0.21
ΘCoTv0

1.03 1.03 0.02 −0.05 1.96 0.19
ΘSim 0.86 1.11 0.10 −0.02 2.19 0.18

B. Optimization Setup

The tree-structured parzen estimator algorithm [23] is
used, with its implementation from the optuna library [24].
This algorithm was initially developed for hyperparameter
optimization. It is sample efficient and therefore suitable
for learning on hardware and has shown success on elastic,
legged robots [25].

The optimization was performed with the new foot tip.
The tunable parameters Θ of the motor trajectory are op-
timized for minimizing the CoT and for minimizing CoT
with weighted velocity CoTv0. The velocity from Θ0 is
used as v0. An additional third optimization was performed,
minimizing CoTv0 in simulation with a final evaluation on
the hardware. Each optimization was done with 50 trials.
Each trial evaluates the cost function for one parameter
set. The BBO algorithm finds several good candidates, as
depicted in the optimization history in Fig. 10.

C. Evaluation of the Optimization

The results of the optimization in Fig. 9 show, that the
margin for improving CoT over the initial trajectory is slim.
However, the deterioration of CoT due to hardware changes
is compensated. Optimizing for the velocity-weighted cost
function CoTv0 with the new foot tip brings the CoT and
forward velocity v in close vicinity to the initial values
with the old foot tip. Whereas optimizing only for CoT
results in a slower v, underlining the need for the combined
cost function. Sim to real transfer was not successful for
this system as indicated by a high CoT with ΘCoTv0 in
simulation. This shows the need for either an accurate model
or optimizing directly on the hardware. The latter is useful
if an accurate model can not be obtained as was done in this
work.



The best parameter set of each optimization is presented
in Table II with the cost function denoted in their respective
indices. The parameters for the different optimizations are
in proximity to the initial values. They have a frequency
around ω ≈ 2Hz and differ slightly in scaling A and offset
d. We conclude that the initial parameters are already energy
efficient and ω matches the natural frequency of the system
for hopping for v ≈ v0. Further, the CoT and v are sensitive
to these parameters.

VI. CONCLUSION

For the first time, a method of controlling an elastic hopper
by teleoperation was presented to generate motor trajectories.
By using an approximation of the ground reaction force as
force feedback, the operator is guided to match the trajectory
to the natural frequency of the hopper. These generated motor
trajectories, when replayed on the robot, produce a hopping
gait that is close to optimal in terms of cost of transport.
Optimality was confirmed by black-box optimization. Slight
hardware changes affect the optimality of the initial trajec-
tory, which is compensated by the optimization.

We plan to use the presented method on other highly
elastic mobile robots such as hoppers with built-in structural
elasticity and elastic snakes. Future works may also inves-
tigate reinforcement learning methods to transfer the results
on the broader class of monopods that have an unlocked hip
rotation.
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