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Abstract— The implementation of stable locomotion is a diffi-
cult task. This is complicated by the fact that there is no uniform
method for analyzing a robot and its control architecture
and for calculating indicators to quantify performance. We
propose the Increased Step Size Stability Assessment (I3SA) as a
testing protocol and standardized procedure for data collection
and evaluation of stability for locomotion on flat terrain. We
apply this test to the humanoid robot REEM-C. The biped
must cover a set distance of four meters with predefined step
sizes. The initial step size is defined as 20 % of the total leg
length of the robot. After three successful trials, the step size
is continuously increased. This inevitably leads to a fall as
soon as the robot can no longer accomplish the task under
the selected conditions. The recorded data are evaluated using
metrics known from the literature, such as the capture point,
foot placement estimator and the angular momentum acting
at the center of mass. We illustrate the experimental setup,
data collection and aggregation, the calculation of performance
indicators for several step sizes and the trial which resulted
in a fall of the robot. The trend towards decreasing stability
with increased step size and the available key assumptions are
reported.

I. INTRODUCTION

Performance testing and benchmarking will be as critical
to the field of robotics in the future as it currently is for
the automotive industry. A human-sized robot that loses its
balance and falls on a person could cause just as much
injury as a car accident. Benchmarking describes the process
of a standardized assessment of systems on the basis of
performance indicators. In order for a robot to operate in
a human environment, reliable locomotion is a crucial goal
for the design of humanoid robots [1]. Unfortunately, there
is no publicly available test that can be used to challenge a
robot’s balance and measure its response.

Current efforts dedicated to the assessment of a robot’s
performance are mostly determined using competition [2].
This type of evaluation is an important part of determin-
ing performance on goal-oriented tasks and is a driving
factor in robotics research [3]. Challenges such as the
DARPA Robotics Challenge [4], the Robot Soccer Cup
[5], the SciRoc challenge [6] or the Cybathlon event [7]
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Fig. 1.

REEM-C Robot performing the I3SA protocol.

are important holistic evaluations of robotic performance.
Unfortunately, competitions usually do not include a detailed
assessment and a quantitative evaluation of the many abilities
a robot needs to function.

Several research labs have begun to formulate tests to
evaluate walking stability on inclinations, balance recovery,
and efficiency. Dutta et al. analyze robot-body stability on
inclined surfaces [8]. A modular teststand for human posture
control and balance assessment is presented by Lippi et al.
[9]. Peng et al. evaluate the ability to enter a steppable state
from an unbalanced state of the humanoid robot DARwIn-
OP[10]. Walking efficiency is being investigated by Tacué et
al. using a statistical comparison of energy expenditure for
different pattern generators for bipedal robots [11]. While
this growing list of tests is important, the tests specifically
do not evaluate the limits of the robot’s stability by increasing
the difficulty of the test until a fall occurs. To date no
published evaluations of humanoid robots have made their
hardware designs and evaluation software open-source.

We propose the Increased Step Size Stability Assessment
(I3SA) consisting of a physical test that can be carried out in
any lab and provide open-source implementations as a part
of the EUROBENCH! project. To illustrate the utility of the
test, we apply it to the humanoid robot REEM-C (Fig. 1) and
increase the difficulty until REEM-C can no longer perform
the requested motion and thus falls.

In the following Section II, the routines for data collection
and aggregation, the experimental setup, and the computation
of implemented stability metrics are described. The results
of the metrics for increasing gait difficulty are presented

Uhttp://eurobench2020.eu/
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Fig. 2. Recording: Robot-specific data are queried directly from the
robot and, in the case of REEM-C (ROS based), stored in the rosbag file
format. Preprocessing: All rosbag files are batch processed into time series
files containing the sensory information. A preprocessing routine injects
the global translation and orientation of the robotic base link to the data,
fits cubic smoothing splines in order to calculate derivatives or uses inverse
dynamics to calculate joint torques. Calculation: Based on the standardized
format the metrics are calculated by segregation of gait phases based on
events and an aggregation of all gait phases and trials to obtain performance
indicators.

in Section III. Section IV elaborates on key findings from
the trials. In Section V, we conclude with the performance
evaluation of the robot and future work.

II. I3SA BENCHMARKING PROTOCOL AND
PERFORMANCE INDICATORS

The presented benchmarking protocol assesses the biped’s
stability during flat-ground walking as a result of the large
interest in these topics in the robotics literature [12]. Within
this protocol, the robot has to cover a fixed distance of 4
meters several times (Fig. 3). The step size, which is defined
by the maximum length between both ankles at the double
support phase, and the number of steps are fixed, beginning
and ending at rest. The initial starting condition requires the
robot to use 20 % of the robot’s leg length as step size
to cover the 4 meters. The step size is gradually increased
after every three successful trials, decreasing the required
step amount and eventually leading to a loss of balance. If
the robot cannot span the distance with the specified step
size within the three trials, the protocol is concluded. At the
end of each trial, the robot is returned to the same starting
point by means of a personnel lift. This experimental setup
also serves as a pilot project to integrate such assessments
into the EUROBENCH framework.

At low step numbers this test will become difficult even for
very athletic humans: the hardest version of this test requires
a standing long jump of 4 m, which exceeds even the current
world record of 3.73 m held by Byron Jones [13]. In the case
of the robot used, this results in five experiments (Tab. I)
with the individual step sizes, corresponding step numbers ,
step durations, complete gait cycles obtained, total distances
traveled, and the total experiment duration. The fall of the
robot occurred in the third trial at 40% of the total leg length,
which corresponds to a step size of 34.34 cm (Fig. 6).

TABLE I
I3SA - OVERVIEW OF TRIAL CONDITIONS

% Step Total

Leg Size Count | Time | Cycles | Distance | Time
20 17.17 cm 24 1.00 s 12 412 m 252's
25 | 21.46 cm 19 1.00 s 9 4.07 m 205 s
30 | 25.75 cm 16 1.00 s 7 412 m 16.1's
35 | 30.04 cm 14 1.04 s 6 424 m 145s
40 | 3434 cm 12 1.15s 5 412 m 13.8 s

The commercially available adult-sized humanoid robot
REEM-C (Fig. 1), manufactured by PAL Robotics, serves as
a platform for the experiment. The source of data for the
experimental evaluation originates from the internal sensors
of the robot. Therefore, no external measurement systems are
needed. Position and velocity information are obtained from
the robot’s motor encoders and the ground reaction forces
and moments from a 6-axis force-moment sensor on the sole
of each foot of the robot. Acceleration data are obtained by
deriving a cubic smoothing spline fit to the velocity data.
Global position and orientation are reconstructed from an
internal IMU located at the center of the robot’s pelvis seg-
ment providing acceleration, angular rates and the magnetic
field. We verified the accuracy of the provided data:

o The motor encoders were validated with a motion
capture system by analyzing the lower body segments:
the two systems are within 0.5° £ 0.39° of each other.

o The force-torque sensors were validated using a force
plate: We calculated and compared the center of pres-
sure during a crouching motion (1) and two static poses
where the robot stands on the left (2) and right (3)
foot. The two systems are within 1.13 +0.071 (1),
0.704+0.078 (2) and 0.86£0.027 (3) cm of each other.

o The IMU readings were captured with the robot at rest:
No significant drift of the sensors could be detected
during a one-minute recording.

The reconstructed motion is split into separate phases iden-
tified by the events of toe off and touch down of the left or
right foot (TDy /g, TOp g, respectively). We define TDy /g
to have occurred when the normal forces measured by the
robot’s force torque sensor to register equal or more than 10
N and TOp g less than 10 N. We analyze the complete gait
phase which is defined as a combination of the phases of
two legs between TOg(n) and TOg(n+ 1) containing the:

» swing phase of the right leg after TOg(n),

« double support phase after TDg(n),

« the swing phase of the left leg after TO.(n),

o and the double support phase after 7Dy (n), recorded
until the last time instance before TOg(n+ 1),

with n being the n—th gait phase. The reported results are
described according to the aggregated data of all complete
gait phases for all trials corresponding to the same step
size. For the trial in which the fall occurred, we report the
complete gait cycle up to the estimated time of tipping over.
The first and last half-step of the trajectory that lead into
and end a full gait cycle are discarded. In hopes of having



this test widely adopted, we have used open-source software
tools, such as the Robotic Operating System (ROS) for data
collection and the Rigid Body Dynamics Library (RBDL) for
assessment [14]. All file formats are generalized according
to the standardized EUROBENCH input file format> and all
metrics are calculated a posteriori regardless of the robots’
underlying control architecture (Fig. 2).

A. Applied Performance Indicators

Quantifying dynamic stability is challenging. We refer
to commonly used indicators in robotics and evaluate the
dynamic stability of the robot during the experiment by the
following:

Center of Pressure (CoP) / Zero Moment Point (ZMP):
As described by Sardain and Bessonnet [15] the two forces
acting on the biped can be divided into the categories of
forces exerted by contact and forces transmitted without
contact, which are described by the CoP and the ZMP,
respectively. Both are typically used to achieve dynamic sta-
bility by controlling the dynamic equilibrium of the biped. As
described by Sardain and Bessonnet [15] and Vukobratovic
et al. [16], the ZMP location (rz) is coincident with the
CoP location (rp) as long as the robot is dynamically stable,
referring to this point as CoP-ZMP. The CoP-ZMP is the
point on the ground at which the tipping moment acting on
the robot is zero due to gravity and inertial forces. When the
CoP-ZMP reaches the edge of the base of support (BoS), the
contact cannot be maintained and the biped begins to tip over
the edge of the BoS, causing the system to become unstable.
Since r; is always an approximation based on the inertia
information, the quality of r, is highly model dependent.
Instead of calculating r,, we use the force torque sensors
on both the robot soles to calculate rp, since the sensory
information seems more reliable and also serves as basis
for the walking controller used, being well aware that both
locations should ideally coincide. To verify the assumption
that the foot of the stance leg is flat on the ground, i.e. the
sole is parallel to the ground-plane, we verify whether the
angular velocity about the horizontal axes of the stance foot
Wfoor Temains small.

Capture Point (CP): The CP defines the point on the
ground where the robot must step in order to come to
a complete stop [17] assuming its center of mass (CoM)
trajectory follows a straight line. The CP location (r) allows
the humanoid to control the angular momentum acting on
the CoM and calculates where the foot should be placed
with respect to the CoM to reach a statically stable standing
position. By constraining the CoM to travel in a straight line
the CP assumes that the orbital energy is conserved [18].

Foot Placement Indicator (FPE): The FPE improves upon
the CP by considering both linear and angular momentum.
The location of the FPE (ry) can be used to describe the
dynamic stability margin relative to the BoS, considering
the specific foot position and the dynamics of motion [19].
Both, r¢, rp also allow to assess situations where rp already

Zhttps://eurobench.github.io/sofware_documentation/latest/

reached the edge of the BoS and indicates a tipping-over
moment. The FPE assumes that the state the biped’s body
can be projected on the vertical plane without information
loss. This is the case if the angular momentum of the robot
acting in the vertical direction when evaluated by the ground
projected CoM, stays low. The projection error depicts the
percentage of the vertical component of the angular momen-
tum and thus the rate of failure of this projection. We evaluate
the dynamic margin of stability by calculating the distance
between each of these points and the nearest BoS edge (dpp,
dpc, dpr, respectively) and use a positive sign to indicate
that the point is within the BoS. The physical interpretation
of these distances is the same for both the dgr and dpc:
as long as the distance is positive the robot is dynamically
stable; if the distance is negative the robot needs to take a
step to catch its balance and prevent a fall. In contrast, dgp
must be greater than zero for the robot to be dynamically
stable: a distance of zero indicates that rp is on a foot edge
and the robot is going to fall. A robot that displays a superior
ability to balance will be able to to walk with dgp > 0 and
tolerate larger negative excursions of dpc and dpr and higher
velocities without falling than a robot with a poorer sense of
stability.

Angular Momentum (AM): People seem to minimize their
AM during walking [20], making this quantity a valuable
source of information. Therefore, we report the normalized
angular momentum about the CoM by m-[> about the
longitudinal axis AM,, lateral axis AM,, and vertical axis
AM_, with m being the mass of the robot at 77.5 kg and !/
as total leg length from sole to the base link in null pose
at 85.85 cm. Moreover, this information becomes even more
valuable when the maximum angular momentum is calcu-
lated, which allows to obtain information on the reserved
angular momentum left to perform push recovery motions
[21].

In addition, we evaluate the key assumption mentioned for
each indicator as it is currently not clear which method is
best suited for analyzing robotic movements.

III. EXPERIMENTAL RESULTS

Across all successful trials the robot has the smallest mar-
gin of stability between 7Oy g and TDy g, and the highest
margin of stability at mid stance of each double support
phase (Fig. 4). A decrease in stability can be observed for the
34.34 cm step size as dpp does not recover as quickly after
TDg (with rp being closer to the BoS). Therefore, a trend
can be observed at dpp for the 17.17 cm step size recovering
the earliest with 25.75 cm step size following closely. The
34.34 cm step size can not validate this trend and therefore
dpp is more than 2 cm smaller at mid double support phase.
This results in a worse performance of the 34.34 cm step
size in the pre-mid phase of the second swing after TO;.
This culminates in the fall trial with the lowest values for
dpp of all trials during the double support phase. Therefore,
no recovery was achieved and the robot tips over during the
first double support phase which is also underlined by the
high values of the angular momentum around all axes (Fig.
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Fig. 3. Complete gait cycle within the 25.75 c¢m step size trial. The swing phase of the right leg followed by double support phase at 0.0 — 1.0 corresponds
to 0—0.51 (Fig. 4) and the swing phase of the left leg followed by double support phase at 1.0 —2.0 corresponds to 0.52 — 1.0 (Fig. 4).
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Fig. 4. All plots show three representative walking trials from the five experiments conducted and the falling trial. All trials with respect to a step size
and all associated phases TOg(n) to TOg(n+ 1) are normalized. The two double support phases between the swing phases of the right and left leg are
indicated in gray. The data in the plots are surrounded by a 95 % confidence area. The estimated moment of no return which results in a fall of the robot
is indicated at x with the respective value at the time of fall. From the top left to the bottom right we visualize the calculated distances from points of
interest to the BoS: dgp, dpr and dpc in cm, followed by the angular momentum normalized by m-[% in 1/s about all axes, AM,, AMy, AM;, and the
angular velocity of the stance foot @y, about all axes in ° /s.
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Fig. 5. Angular velocity of @y, about all axes in °/s to verify the assumption that the foot of the stance leg is flat on the ground.



Fig. 6.

Complete experiment at step size of 34.34 cm which resulted in tipping over of the robot by a rotation about the lateral axis in gait direction.

The period from 1.5 s to 2.5 s (tipping over point) corresponds to the fall trial in the data plots (Fig. [4, 5, 7]).
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Fig. 7. Two plots visualize the projection error and the orbital energy to

clarify assumptions for three representative step sizes and the falling trial.

4). For the successful trials at a step size of 34.34 cm, the
robot could recover after the mid-phase of the second swing
phase (after TOr) and even improve upon the smaller step
sizes in the following double support phase (after 7Dy) with
17.17 cm being at the lowest stability margin. By comparing
min(dpp) (Tab. II) however, we could not identify a clear
characteristic between all the different trials.

The behavior is different for all step sizes by analyzing
dpr and dpc, which also closely match (Fig. 4). dpc shows
a more choppy behavior for the fall trial during the first
single support phase (after 7Og). During both swing phases
the indicators become negative after mid-phase for all step
sizes indicating that the robot needs to take a step not to
lose balance. The comparison of the step sizes at min(dpc)

TABLE I
RESULTS FOR THE RIGHT SWING AND DOUBLE SUPPORT PHASE

Indicators Step Size (cm)
17.17 | 21.46 25.75 30.04 34.34
min(dgp) [om] | 169 | 2.66 213 | 222 | 186
min(dgc) [em] | -5.93 | -6.99 | -10.841 | -14.95 | -32.58
min(dgr) [cm] -6.06 | -7.09 -10.70 | -14.72 | -33.75
max(d, (dgr)) [cm/s] 4.01 3.90 4.78 5.34 6.80
max(|AMy|) [1/s] | 0.035 | 0.039 | 0.036 | 0.044 | 0.046
max(JAM,|) [1/s] | 0.046 | 0.059 | 0.067 | 0.090 | 0.162
max(|AM:]) [1/s] | 0.010 | 0.009 | 0012 | 0019 | 0.016

and min(dpr) also reflects this trend. More interestingly we
observe different recovery speeds during first double support
phase after TDgr and an increasing delay for greater step
sizes which eventually is leading to a fall. This observation is
supported by max(%(dgp)) which is steadily increasing for
greater step sizes. Again, the two smaller step size trials agree
more closely whereas the larger step size diverges further
from a fast recovery rate. The AM around the CoM indicates
symmetrical movements for the swing phases of both legs.
A trend towards greater AM, can be observed at max(|AM,|)
for increasing step sizes.

Three different quantities ®y,,;, projection error, and or-
bital energy were selected to assess how well the assumptions
were met that are made during indicator calculation: The
mean @,y over the gait cycles remains under 15 °/s
throughout the whole gait cycle for all successful trials
indicating only a small twisting and turning of the stance
foot. For the fall trials, the angular velocity of the foot
reaches 40 °/s showing a clear tipping over of the robot
(Fig. ??). The projection error of the FPE shows two spikes
for 34.34 cm step size but only one spike at the beginning
of the swing phase after TOg for smaller step sizes (Fig.7).
Otherwise, it remains low (under 0.1 %) for the gait cycle
justifying the approximation made during the calculation of
rr. The orbital energy is not constant but positive during
breaking and making contact and stays the most negative
until mid-stance for a step size of 17.17 cm (Fig. 7).

IV. DISCUSSION

Our work demonstrates that the I3SA protocol is a suitable
procedure to generate data and to evaluate the performance
of robot stability by means of a uniform and basic setup. The
position and force reconstruction using motor encoder data,



IMU, and force torque sensors works accurately and reliably.
Thus, it is possible to record a robotic system without the
addition of external measuring devices, after the internal
sensors have been verified against such devices once. The
generalized file format further supports the analysis of data
from different sources, be it robot internal sensors or external
measurement systems.

The I3SA results illustrate trends in performance by ana-
lyzing the outputs of the methods presented, but also limita-
tions of the latter. Overall, it can be observed that although
the trend of the metrics, clearly indicates a deterioration of
the stability, the results cannot predict a fall of the robot with
certainty.

Nevertheless, interesting properties of the robot’s gait
could be identified: A slight rotation of the stance leg around
all axes exists across all step sizes, which also triggered the
fall. A weight shift between the legs started early on, even
before the stance foot was aligned parallel to the ground. This
behavior already occurred in functioning trials, but this fact
is compensated by the foot shape of REEM-C, which allows
a roll-off similar to human gait due to its rounded shape at
the heel and front of the foot. The AM behaves similar to
humans as well. Similar signatures to the curves resembling
those of human gait [20] can be recognized. The walking
controller used in this experiment utilizes a stabilizer that
implements minimal motion compensation accommodating
slight mechanical inaccuracies or small irregularities on the
ground. However, it is far from being able to compensate for
bigger disturbances or to perform push recovery. For this pur-
pose, the analysis of the angular momentum becomes even
more important in the further course of our research: When
controllers which implement advanced recovery strategies, it
is important to know the reserves of angular momentum for
possible compensation movements.

V. CONCLUSIONS

With the evaluated stepping controller, the results of the
I3SA protocol indicate that REEM-C is able to accomplish
steps of various sizes, some of which amount to 40% of
his total leg length. The performance degradation to the
last possible step size is low and the angular momentum
symmetrical, which speaks for the reliability of the controller
and robot. Future work will include the analysis of more
advanced walking controllers with the same methods, but
also different robots with different types of actuators and
additional performance indicators that also take into account
kinetic properties to allow a broad comparison of bipedal
locomotion.
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