Exciting passive dynamics in a versatile bipedal
robot

Daniel Renjewski*, Alexander Sprowitz, and Jonathan Hurst

Dynamic bipedal robots, which are capable of versatile
behaviour, are rare. Most bipedal robots are either versatile
and static or dynamic and limited to specific gaits. Over the
last twenty years the bio-inspired spring mass model became a
versatile template for bipedal walking and running gaits with
many studies motivated by its high potential for versatile robot
locomotion. However the characteristic dynamics have not yet
been demonstrated with human size robots.

We show that we can reproduce the dynamics of this versatile
template for locomotion in a human-size biped utilizing its
specifically designed natural dynamics. Spring mass walking
with characteristic double humped force profiles is demon-
strated over a range of speeds. Using the same controller, the
robot exhibits grounded running, walks over steps, and in an
natural outdoor environment.

The robot is an important step towards bipedal machines
capable to compete with animals in terms of efficiency, ro-
bustness and versatility and enables a better understanding of

fundamental biological movement principles.
Index Terms—passive dynamics, robot control, humanoid
robots, legged locomotion

I. INTRODUCTION

Walking and running animals are inherently energy eco-
nomic, agile and versatile. Natural locomotion with its im-
pressive dynamics relies on structural leg compliance for the
physical interaction with the environment [1]. The Spring-
Mass template model is the only reduced-order model that
reproduces the basic dynamics of human and animal walking
and running, including ground reaction forces and energy
cycles. We claim that designing the desired spring-mass pas-
sive dynamics into a machine enables the versatile and agile
behaviors observed in animals. In this paper, we demonstrate
some basic theoretically-predicted gaits on ATRIAS (Assume
The Robot Is A Sphere), a spring-mass, human-scale, bipedal
robot.

The complexity of natural locomotion neuromechanics gave
rise to reductionist models to identify basic locomotion prin-
ciples. Attempts were made to capture natural dynamics of
walking with models almost as simple as a rolling wheel
[2]. The spring mass template originally proposed for running
[3] was found to better resemble the oscillatory nature of
bipedal walking [4] exhibiting feasible walking gaits over a
wide parameter range. The model has been widely investigated
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for its dynamic properties [5]-[8] and its capabilities to
reproduce human walking and running [9], [10]. A number of
control strategies have been proposed in simulation studies,
primarily for running [11]-[14], but despite the frequently
stressed relevance for robotics, matching natural locomotion
with technical devices is an ongoing challenge.

In robotics, compliance is not commonly used in bipedal
machines as it complicates control by introducing additional,
non-actuated degrees of freedom. Rigid robots of two design
classes cluster at opposite ends of a spectrum spanning from
versatile to efficient. One end is occupied by highly eco-
nomical, underactuated bipedal robots utilizing their natural
dynamics passively which limits them to few, very specific
gaits [15]-[18]. On the other end, fully actuated advanced
humanoids are capable of versatile locomotion, e.g. Asimo
[19], Toyotas Humanoid [20] or HRP [21], but exhibit rather
static, inefficient gaits. We see little hope that either design
approach can combine versatility and efficiency as observed
in natural locomotion.

Only few robots have actually implemented passive mechani-
cal compliance in their legs to enable force control [22], [23]
or due to a biomimetic design approach [24]-[27]. To our
knowledge resulting locomotor dynamics from experiments
with robots have only been reported in [28]. Ground reaction
forces as exhibited by the spring mass model for walking
and running that represents animal locomotion has, to our
knowledge, not been demonstrated in robots before.

The bipedal robot ATRIAS was designed based on the physics
of the spring-mass model to resemble its dynamics (Fig-
ure 1) and to test theoretically proposed control strategies. We
demonstrate, that desired passive dynamics can be engineered
into versatile robots. The robustness with regard to changing
locomotion speed, gait types and environmental conditions
as predicted by the template is demonstrated on the robot.
The experimental results we present confirm the robots ability
to exhibit spring-mass-model dynamics and robust locomotor
behaviour.

The following section describes the experimental methods
used including the robot and experiment setup, controllers as
well as data acquisition and processing. Section III describes
the experimental results. In Section IV we discuss the impli-
cations of our results for robot design and control as well as
for investigating locomotion in nature.

We conclude that spring-mass walking can meet its theoret-
ical potential on real systems. We demonstrate a variety of
dynamic walking gaits, robust to the environment, and energy
economic, enabled by template-driven machine design, and a
controller that excites the passive dynamics.
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Nomenclature

o Sample X Horizontal position Fion  Tangential leg force PAs Segment angle A

t Time y Vertical position k Spring stiffness ¥Bs Segment angle B

m Mass CoM Center of mass v Average velocity ©VAm Motor angle A

v Velocity CoT  Cost of transport F, Froude number ©vBm  Motor angle B

P Power GRF  Ground reaction force I, Motor current ©md Desired motor angle

1 Leg length LTP  Lowest turning point £, Proportional gain %) Angular velocity

F,, Legforce F, Horizontal force kq Derivative gain @wAapa Anterior extreme angle
T Torque F, Vertical force g Gravitational acceleration @pg4 Posterior extreme angle
U Voltage S Segment length K Rotational spring stiffness ¢ Leg angle

]

Fig. 1: Schematic representation of the center of mass (CoM) dynamics of a walking gait (A), and a grounded running gait (B).
A) The CoM (black and white circle) of a walking human or animal describes an oscillating motion (dashed orange line) with
a maximum around mid-stance. Four instants of leg transition (two for the swing leg touching down and two for the stance leg
taking-off) are shown. The smooth oscillation through the lowest turning point (LTP) during the distinct double support phase,
while transitioning support from one leg (green) to the other (black), are key characteristics of compliant walking. The double
support phase is emphasized by horizontal bars indicating ground contact of the respective leg. The vertical ground reaction
forces (GRF, shaded background areas) show a double-peak profile during the leg’s stance phase. B) For grounded running, a
single-peak, GRF is visible, somewhat similar to the force profile of running (not shown). However, double leg support phases
exist and no aerial phases occur. The CoM shows a minimum around mid-stance, and an out of phase motion with the CoM.
Experimental GRF and CoM motion plots of the ATRIAS robot corresponding to these two gaits can be found in Fig. 7 and
Fig. 9. Figure modified from [29].

II. METHODS

In our experiments, we tested the robot in a controlled
experimental setup for its capabilities to utilise its natural leg
compliance to generate compliant gaits.

A. Robot background

All experiments were executed on the bipedal robot
ATRIAS, a machine of 1.70m height and 60kg weight.
The mass of the robot is concentrated in the trunk, one leg
accounts for about 5 % of the total weight. Six motors power
the robot, two in parallel on each leg and one for each hip.
The ATRIAS robot neglects the morphology of biological legs
to implement the dynamic functionality of a compliant leg as
proposed by the spring mass model for walking and running.

A four-bar mechanism gears the dynamic interaction between
two parallel series elastic actuators (SEA) and the supporting
substrate (Fig. 2). Although the leaf springs of the SEAs
have a nearly linear torque-angle relation (x), the linkage
system induces a nonlinear spring stiffness for the entire leg
(k). The motors attached to each spring (MF0150010-X0X,
Allied Motor Technologies, Tulsa, OK, USA) are rated for
532W continuous power, geared with a 50:1 harmonic drive
and deliver a theoretical stall torque of 300 Nm at the gear
output end. Four 32-bit optical encoders (RL32BAT001B30F,
Renishaw, Wotton-under-Edge, UK) measure the motor
positions ¢ 4,, and ¢p,, and the segment positions ¢ 4; and
@ py relative to the trunk’s anteroposterior axis (Fig. 2). Based
on measured angles, robot states such as leg angle, spring
deflection and leg forces were calculated (Tab. I). More



Fig. 2: Schematic representation of ATRIAS’ leg geometry, and force transmission. A) Schematic abstraction of the mechanical
leg design: B) Four-bar leg mechanism (thick lines) and attached springs (thin lines) connected to separate motors: motor A
and motor B. Dash-dotted lines indicate the angle at the motor output projected to the hip joint. The virtual leg is indicated by
the red dashed line. C) Angle definitions: ¢ 4; — side A segment angle, ¢ 4, — side A motor angle, ¢; — virtual leg angle, p g,
— side B segment angle, ¢p,, — side B motor angle; D) Force projection: F — spring reaction force on spring attachment
and projected onto joint, F}, — spring reaction force projected on lower segment, I, — reaction force along leg axis resulting

from spring deflections of spring A and spring B.

technical details are available in [30]. The robot’s CoM is
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TABLE I: Derived kinematic and dynamic robot states.

located approximately 12cm above the hip joint and for the
small weight of the segments in motion does not move much
itself. Therefore, the trunk’s position is a good representation
of the CoM and the virtual leg and axial forces correspond to
the respective properties of the spring mass model.

Like any other physical system, this robot did not operate
in an energy conserving manner. Mechanical energy has
been dissipated, for example through friction and non-elastic
collisions. To restore dissipated mechanical energy, hip
torques were generated. These result in tangential leg forces,
which are not present in the standard energy conservative
template model.

Fig. 3: Experimental setup: robot mounted to the boom, remote
control computer and graphical user interface visible in the top
left corner. When operating, the robot was always carrying its
own weight. The suspension only acted as a fail-safe, and was
carefully adjusted to stay slack during experimental operation.

B. Experimental setup

Three types of experiments were executed: (E1) steady gait
experiments in a laboratory environment, on flat ground, (E2)
step down experiments onto flat ground and (E3) steady gait
experiments in a natural environment.

The experimental setup consisted of the robot attached to
a boom restricting the robot’s motion to its saggital plane
while moving on a circular track [31]. For all flat ground
experiments the ground was covered with rubber mats. The
boom was fixedly attached to the trunk and constrained pitch.



Encoders on the boom measured its horizontal and vertical
displacement. To minimize unintended interference during
the experiments, the boom was designed with low rotational
inertia and rotational friction.

For the (E2) trials a set of steps was constructed to elevate
the robot above level ground. The resulting drop had a height
of 7.8cm (8.6 % leg length). The controller has not been
modified nor was the obstacle sensed by the robot. The control
parameters are listed in Tab. II.

(E3) experiments were executed on a natural lawn, where the
boom was placed and suspended from a tree. The surface
was irregular and differed in structure and compliance. No
modifications have been made to the robot’s mechanics or the
controller.

C. Control

Two main tasks had to be addressed by the controller
— facilitate the robot to walk with minimally affecting its
passive dynamics and recirculating the leg during swing. The
challenges were to ensure sufficient support and propulsion
continuously and developing a strategy for leg swing. To
enable the robot’s passive dynamics, only the motor position
was used for control allowing the springs to deflect freely
depending on the physical interaction of the robot with the
ground. The controller (Fig. 4) is an adapted version of the
equilibrium point controller used in [28]. Phase driven swing
leg control is an extension of the concepts proposed in [32]
and [33].

This controller ensures that the key functions of locomotion,
i.e. support and propel the body, are achieved. In order
to maintain support, a reference position of the motors is
calculated based on the current leg angle and a desired leg
length assuming no spring deflection. The deviation of the
current motor position from the desired motor position is
used to calculate motor currents (Eq. 2). The motor current
for motor B is than offset by a constant value to generate a
hip torque (Eq. 3).

In contrast to the spring mass model, leg recirculation has
to be facilitated by active control serving a number of
objectives: sufficient ground clearance to prevent tripping,
smooth transitioning from stance into flight and vice versa,
as well as timely completion. For motion timing a virtual
constraint is introduced to tie the swing leg motion to the
stance leg motion [34].

Transitioning and phasing of the two legs are critical for
successful walking. A state machine is controlling the
assignment of stance and flight leg and transitions based
on the virtual constraint when the stance leg reaches the
predefined posterior extreme angle.

Stance phase: Keeping the center of mass (CoM) suffi-
ciently high above the ground is a fundamental task of legged
locomotion. Both motors of the stance leg were commanded
to maintain a constant angular deviation from each other that
corresponds to a desired leg length not considering any spring
deflection. This angle was centered off the current virtual
leg angle as calculated based on sensor readings (Table I).
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Fig. 4: Schematic presentation of the controller implemented
for experiments with the ATRIAS robot. A state machine
triggers the transition from stance to swing, and from swing
to stance when the stance leg reaches its preprogrammed
posterior extreme angle (AEA). The motors are kept at a
constant angle from each other representing a desired leg
length without spring deflection. A current offset for one motor
induces a hip torque. The phase of the stance leg drives desired
leg length | and desired leg angle ¢ of the flight leg which
are fed into a PD controller that generates the required swing
leg motor current commands. During the first part of swing
phase, the leg is protracting (dark grey background). At the
end of swing phase, the leg is retracting, before it reaches
touch-down (swing leg retraction, light grey background).

Deviations from desired motor angles (¢.,q4, Eq. 1) were
corrected by PD control, which generated the motor control
signal in terms of motor current (I,,,, Eq. 2).

l
Omd = @1 = acos(Q—S) (D
Ly =kp - (¢ — ©ma) + ka - (), (2)

where ¢ denotes the desired position. The reference to the
current leg angle preserved the leg’s momentum rotating
posteriorly. To account for losses of mechanical energy an
additional hip torque was induced by reducing the commanded
current of the posterior motor (B) by a constant amount (I,



Eq. 3).
ImB - I’m - IT (3)

Flight phase: Leg recirculation consisted of three phases
enabled by piecewise, phase-based functions (Fig. 4): transi-
tion from stance into flight, bringing the leg into an anterior
position, and transition into stance. The timing of these phases
was based on a virtual constraint (c,, Eq. 4) related to the
virtual stance leg angle (y;). The timing was controlled such
that the swinging leg reached the desired touch down position
when the stance leg reached its desired posterior extreme
angle.

Ppea — LI (4)
Sopea - ‘paea

During the first phase the kinematic chain with both feet on the
ground had to be resolved such that no constraining forces im-
peded the gait. Therefore the posterior motor was commanded
to keep the deflection of spring B smaller than the deflection
of spring A (¢ps < vas) while both motors shortened the leg.
The leg then followed a predetermined, hyperbolic trajectory
parametrised with respect to the virtual constraint using PD
control on swing leg position based on motor orientation. Due
to the lightweight nature of the distal segments, the spring
dynamics could be neglected during flight. This brought the
leg to an anterior position, first compressing then extending it
to its full length (Fig. 6). In final swing, the leg was retracted
toward touch down. As soon as the now trailing stance leg
reached the predetermined posterior extreme angle the legs
state machine transitioned the leg assignments and the leading
leg gradually took over body support. This resulted in a double
support phase, when both legs were in contact with the ground
at the same time until the trailing leg broke contact.

The controller had been implemented in C++ and was ex-
ecuted at a 1kHz control rate on an onboard computer.
Control parameters were altered remotely using a graphical
user interface. A detailed description of the electronics and
control system can be found in [35].

Cy=1—

D. Experiments

The series of (E1) experiments aimed at investigating i)
the capability to control series compliant legs to generate
steady walking, ii) quantifying the achieved gaits in terms
of dynamics and energetics and iii) assessing the robot’s
morphology and actuation for their suitability to generate
dynamic bipedal locomotion. Experiments of type (E2) and
(E3) were conducted to assess the robot’s potential to cope
with uneven terrain for future controller extensions.
Experiments were carried out to test a number of differ-
ent control parameters generating walking gaits at different
speeds. At the beginning of each experiment a number of
control parameters where altered, mostly affecting step length
and hip torque (Tab. II). All parameters were determined
experimentally.

Each experiment started with the robot suspended in the air.
When the motors were powered and the robot enabled, ATRIAS
initialised to a default position before being lowered onto the
ground until it supported itself. Initially the robot was standing

supported by both legs, one leg at its predefined anterior
extreme angle (p4p4) and one at the posterior extreme angle
(¢pEa)- The gait was then initiated by manually triggering a
phase switch operating the leading leg as stance leg and the
trailing leg as swing leg. The hip torque retracted the stance leg
and accelerated the robot into a walking gait. For all reported
experiments, the robot achieved a nominal forward speed and
settled into a steady gait after a few steps.

For outdoor experiments the entire experimental setup includ-
ing the supporting boom was moved outdoors (Figure 11).
Data of the robot motion has been recorded at 1kHz. All
data has been synchronised and checked for timing errors.
Kinematic and dynamic time-series were calculated based on
recorded sensor data(Tab. I).

E. Data processing

Sensor data of the robot has been recorded and processed
for use in Matlab (2012b, The Mathworks, Natick, MA,
USA). Electrical and mechanical power and cost of transport
were calculated from experimental data. Sensors measured
the current (HASS 50-S, LEM USA Inc., Milwaukee, WI,
USA) through the robot’s power supply cables and the supply
voltage. The voltage signal was filtered using a single pole
recursive low-pass filter. For comparability three steady state
strides of each experiment were selected, starting and ending
with apex. One stride was defined to consist of stance and
flight phase for one leg. The mean over the trial for both
current and voltage was calculated. The electrical power results
in

P,=U-1I. (5)

where U and I denote the average voltage and current over
the trial respectively. The electrical cost of transport (CoT) is
defined as

i’v , (6)

m-g-v

COTel =

with m being the robot’s mass, g being the gravitational
acceleration and v being the average forward velocity. The me-
chanical power generated for forward locomotion was derived
from the calculated leg forces (F) and instantaneous velocity

v) .
1
P’mech:7§ Fi'vi ’ (7)
g
=1

with s denoting the number of samples in a trial. The mechan-
ical cost of transport was calculated accordingly

P, mech

—_—. (3)
m-g-v

For better comparison the Froude number, a dimensionless

characteristic velocity was calculated as

COTmech =

772

="
g-lo
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III. RESULTS

The robot has demonstrated dynamic gaits on compliant
legs over a wide range of step length, and hip torques (Tab.
III). Speeds between 0.5m/s and 1m/s were achieved at a



Stance Flight
# papa wreAa Ir | lieg Ky kq lieg  kp kq
[rad] [rad] [A] | [m] [Afrad] [As/rad] | [m] [A/rad] [As/rad]
1 1.34 1.8 30 | 0.9 1500 20 0.65 200 10
2 1.34 1.74 30 | 0.9 1500 20 0.65 200 10
3 1.4 1.8 30 | 0.9 1500 20 0.65 200 10
4 1.34 1.74 40 | 0.9 1500 20 0.65 200 10
5 1.34 1.8 60 | 0.9 1500 20 0.65 200 10
6 1.38 1.8 40 | 0.9 1500 20 0.65 200 10
7 1.42 1.8 40 | 0.9 1500 20 0.65 200 10
8 1.4 1.85 45 | 0.9 2000 20 0.7 400 10
9 1.4 1.8 50 | 0.9 1500 20 0.65 200 10
10 1.4 1.8 50 | 0.9 1500 20 0.65 200 10
11 1.33 1.75 70 | 0.9 2000 20 0.7 200 10
drop 1.42 1.85 45 | 0.9 2000 20 0.65 200 10
outd. 1.4 1.85 45 | 0.9 2000 20 0.7 200 10

TABLE II: Control parameters for flat ground (1-11), drop, and outdoor experiments (outd.).

mechanical cost of transport between 0.1 and 1 (values for
human walking are reported around 0.05 [36, Sec. III-A]).
Generated force profiles indicate compliant leg operation and
resembled force profiles observed in animal walking as well as
the spring-mass model. The robot was able to exhibit grounded
running, a hybrid gait with no aerial phases but typical running
force profiles (Sec. III-B) that, to our knowledge, has not
been reported for bipedal robot locomotion before. The robot
succeeded to walk over stairs and negotiate a drop without
controller adaptations (Sec. III-C). In an outdoor environment
the robot was able to generate walking gaits without sensing
the properties of the substrate (Sec. III-D).

A. General results

Parameter sets that resulted in steady walking gaits were

considered for presentation in this article. Successful gaits
were achieved in a range of 0.5m/s to 1 m/s. Body support
and propulsion was consistently achieved, leg recirculation
resulted in smooth transitions from stance into flight and back.
Although the robot did not sense ground contact, the compliant
leg allowed for soft touch-down after it retracted as intended
by the controller (Fig. 6). Speed and power consumption, both
mechanical and electrical are reported in Tab. III.
For a representative trial (#9), the force peak observed during
stance was 792N, the cycle time from one touch-down (TD)
to the next TD of the same leg was 893 ms, stance time of
one leg took 566 ms resulting in a duty cycle of 0.63. The
touch-down angle was fairly constant at 69.7° and the average
walking speed was 0.84 m/s, resulting in a Froude number of
0.09.

B. Leg forces

Leg forces measured during steady state walking experi-
ments are based on spring deflection and showed the charac-
teristic, double-humped force profile during stance. Distinct

# v F. P, CoT,, P, CoT,
[m/s] [1] [W] (1] [W] [1]
1 0.53 0.03 145 0.49 392.8 1.31
2 053 0.03 1357 045 4088 1.35
3 0.58 0.04 130.1 040 4238 1.29
4 0.61 0.04 1747 0.51 481.2 1.40
5 0.63 0.05 2057 0.57 5403 1.51
6 0.68 0.05 167.8 043 546.3 1.41
7 0.68 0.05 1184 0.31 504.3 1.31
8 0.83 0.08 70.7 0.14 503.4 1.06
9 0.84 0.09 98.0 020 5152 1.08
10 093 0.1 209.6 0.40 6183 1.17
11 099 0.12 54.0 0.10 547.1 097
drop 0.85 0.09 79.8 0.16 5412 1.12
outd. 0.54 0.03 876 0.29 4392 143

TABLE III: Experimental results for individual experiments,
average speed (v), Froude number (F;.), mechanical power
(P,,), mechanical cost of transport (C'oT,,), electrical power
(P.) and electrical cost of transport (C'oT}).

double support phases were observed (Fig. 7). The maximum
leg force during steady state walking was as high as 783N
+ 180N and was similar in both legs. During swing phase,
oscillations about the resting angle of the springs are observed.
In trial 4 the robot settled into a dynamically different gait
exhibiting single-humped force profiles with peaks of 941 N
(Fig. 9) with clear double support phases. This gait called
grounded running has been predicted by the spring mass
model, and has been found in animal locomotion. The spring
mass model predicted grounded running at the same energy
levels as walking with slightly increased angles of attack [37].
The average angle of attack observed in this trial was 70.3°.
To our knowledge, this gait has not been observed in robots
before. For both gaits the robot’s CoM exhibited an oscillatory
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Fig. 8: Force profile and direction: Panel A shows the ground reaction forces in vertical (Fy) and horizontal (F) direction
(for definition see Panel B) during stance. Panel C shows the average deviation from the leg axis in degrees during stance.

The shaded grey area indicates a deviation of less than 10°.
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Fig. 5: Cost of transport plotted over forward speed. The
dark patch represents the mechanical cost of transport, the
lighter patch the electrical cost of transport. Measured data
points (Table III) are indicated by * and * for electrical and
mechanical CoT, respectively.
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Fig. 6: Mean toe trajectory and standard deviation from 18
consecutive steps. The trajectory was calculated relative to
the robot’s CoM based on leg angle and length. Four distinct
phases can be identified, i.e. stance, take-off, swing and leg
retraction (retr.).

trajectory.

The tangential leg force caused by the generated hip torque
is required to power the gait. This was found to lead to a
deviation (Ay) of leg axis and overall force of less than 10°
for most of the gait cycle (Fig. 8C). The tangential leg force
in average accounted for 0.6£19.3 % of the axial leg force
over one stance phase. Despite this deviation from the template
model the axial leg force accounts for the characteristic ground

Fig. 7: Center of mass (CoM) motion (top panel) and leg forces
(bottom panel) from experimental data for steady walking. Top
panel: the robot’s center of mass position is indicated above
the leg motors, direction and magnitude of the instantaneous
leg force for the stance leg is indicated by a red line. Bottom
panel: axial leg force in kN is plotted over the robot’s CoM
position (indicated by dashed red line), the left leg’s force is
indicated in blue, the force of the right leg in green.

reaction forces as indicated by comparing Fig. 7 and Fig. 8A.

C. Step down experiments

The robot walked for several steps on flat ground to settle
into a steady gait, then ascended steps of 2.1cm height and
stepped down the drop. Leg forces show that it took two steps
to recover from the drop and exhibit steady gait force patterns
again (Fig. 10). Interestingly, the second step after the drop
showed a clearly increased force peak. Steps and drops were
traversed with an average speed of 0.84 m/s, the electrical cost
of transport was slightly increased in comparison with a level



Fig. 9: Experimentally measured CoM trajectory and force
profiles. The robot exhibited dynamics clearly different from
walking trials (compare Fig. 7). Single humped force profile
indicate running dynamics, though no aerial phases were
observed. The dynamics of one stance phase are indicated by
the shadowed area.

Fig. 10: Schematic and force traces of a drop step experiment.
The robot ascended three steps and steps down the drop with
the right leg (green force profile). Axial force profiles are
plotted over CoM trajectory, in blue for the left leg, in green
for the right leg. The robot steps on the first step with the right
leg (green), ascends onto the second step with the left leg and
hits the third step with the right leg again. The associated force
profiles show increased peak-forces, as well as the forces of
the two steps after the drop are increased. From the third step
after dropping down, the force profiles return to steady state.

ground trial at the same speed, whereas the mechanical cost
of transport showed a slight decrease (Tab. III).

D. Outdoor experiments

On unpredictable ground, the robot settled into a slow
gait with clearly increased cost of transport (Tab. III). The
robot walked continuously for more than 20 steps in several
experiments. Although ground contact in terms of substrate
position and rigidity was unpredictable, ensuring sufficient

Fig. 11: ATRIAS walking outdoor on a plain, natural lawn.

ATRIAS human ASIMO C. Ranger
CoTl,, 04+£0.26 0.05 1.6 0.055
CoT, 134017 0.2 3.2 0.2

TABLE IV: Cost of transport references for human walking
[36], the ASIMO humanoid and the Cornell Ranger [18]

grip on the ground druing contact to generate propulsion was
not a problem.

IV. DISCUSSION

The successful mechanical implementation of a biologically
relevant template model for dynamic gaits in a full size bipedal
robot marks a milestone in dynamic robotics developments. In
our experiments we were able to demonstrate, that the passive
compliance of the robot can be combined with actuation in a
sensible way to facilitate sustainable, versatile locomotion.
The reproduction of typical GRFs observed in the spring-mass
model for walking and running over a range of locomotion
speeds indicate a dynamic match of model and robot. This
lays the foundation for the application of control concepts
proposed by studies of the spring mass model to negotiate
different kinds of terrain and limit structural dynamic loads.
Andrada, Nyakatura, Miiller, et al. [38] pointed out the po-
tential of grounded running as a fast and adaptable gait for
robots, a fact that has been widely overlooked by roboticists.
The grounded running observed in the experiments presented
here consolidate the potential benefit of specifically designing
the passive dynamics of a robot to facilitate gait versatility.
The demonstration of the robot’s passive dynamics reproduced
a number of model predictions. The leg compliance made
the robot very robust to changes in terrain as shown in the
drop step and outdoor experiments. The smooth swing to
stance transition of the legs has been enabled by ground speed
matching through leg retraction as proposed in [11].

Energy efficiency is one of the key factors required for loco-
moting machines, as they have to carry their source of energy.
Different levels of autonomy, versatility and performance make
it hard to directly compare robots. In our experiments the
cost of transport varied with control parameters, indicating
that some gaits match the robot’s natural dynamics better
than others. The achieved mechanical cost of transport of
0.4+£0.26 and electrical CoT of 1.26 +0.17 however indicate
a high potential for efficient locomotion, advertising the use of
compliant structures. For reference, human walking is reported
to have a cost of transport of 0.05 (mech.) and 0.2 (metabolic).
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In general we found that compliant legs remove the need
to actively control the impact to avoid structural damage to
the robot and therefore largely relaxes control. Furthermore,
collisional losses are reduced by recovering kinetic energy
from potential energy stored in the springs.

Considering the fact, that the majority of simulation studies
assume a steady gait, the proposed controller constitutes a
feasible way to settle into a steady gait from a standing
position.

Comparison to natural systems

Template models like the spring mass model are often

used to discover basic principles in animal locomotion. The
declaratory nature of model findings not tested in the real
world has been criticised in [39]. While the inverted pendulum
found its real world representation in a number of robots, only
few technical devices were engineered to reproduce spring
mass dynamics, leaving a heap of model findings in the realms
of simulation.
Recent experiments on birds negotiating obstacles lead to the
conclusion that birds constrain peak leg forces in a drop step
[40]. The force profile recorded in our experiments (Fig. 10)
shows similar dynamics in the drop step, i.e. the peak force
hits the same magnitude as in the steps before. Interestingly,
the second step after the drop shows an increased peak and
it takes until the third step to settle back into a steady gait
indicating a wider time frame for drop negotiation dynamics.
The successful deployment in a realistic outdoor environment
of our robot that, to our knowledge, is not very common for
modern bipeds, will further enhance the robot’s capabilities to
produce valuable insights into the applicability of simulation
driven insights.

Next steps

The demonstrated dynamic capabilities open the doors for

a number of control concepts to be implemented. The robot’s
ability to directly control the ground reaction forces based
on measured spring deflection allows for a more rigorous
enforcement of desired dynamics, i.e. matching particular gaits
derived from the spring-mass-template. Control strategies de-
veloped based on computer simulations, e.g. swing leg policies
for ground height disturbances proposed by [41], negotiation
of compliant ground as described by [13] or strategies for trunk
stabilisation [12], will be adapted for walking, implemented
and tested.
Although the robot has been capable of hopping [30], insuffi-
cient electric power supply did prevent sustained running until
now. New commercial amplifiers with higher power ratings
will solve this shortcoming in the near future, adding to the
dynamic capabilities of the robot.

In conclusion we identified a high potential in combining
engineered passive dynamics and active control in a bipedal
robot. The successful demonstration of dynamic matching
between robot and template strongly accents the applicability
of proposed control strategies .
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