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ABSTRACT Developing robust benchmarking methods is crucial for evaluating the standing stability of
bipedal systems, including humanoid robots and exoskeletons. This paper presents a standardized bench-
marking procedure based on the Linear Inverted Pendulum Model and the Capture Point concept to normalize
the maximum angular momentum before falling. Normalizing these variables establishes absolute and rela-
tive benchmarks achieving comprehensive comparisons across different bipedal systems. Simulations were
conducted on two humanoid robots, COMAN and WALK-MAN, to validate the approach, demonstrating
its applicability to robots of various sizes and configurations. Furthermore, the same benchmarking method
was applied to the therapeutic exoskeleton H3, illustrating its potential to optimize mechanical design and
therapeutic performance. The results indicate that this standardized procedure provides a valuable tool for
assessing and improving the stability of anthropomorphic robotic systems, providing insights into both
hardware capabilities and control strategies.

INDEX TERMS Benchmark, Standing Stability, Humanoid Robots, Exoskeletons

I. INTRODUCTION /
A. SYNOPSIS Amax

Over the past decade, the issue of benchmarking the standing
stability of bipedal systems, such as humanoid robots and
exoskeletons, has become more prominent due to a growing
understanding of the importance of positively influencing me-
chanical design considerations [1]. Benchmarking is a critical
component in identifying the functional characteristics of a o ¢ to+T \J‘
robot after evaluating its inherent mechanical performance for
a specific task. The systematic standardization of metrics and
approaches developed through effective benchmarking allows
developers to focus on best practices, eliminating the need to
create substandard solutions to obscure problems caused by

(a) Impulsive disturbance

FIGURE 1: The proposed benchmarking test setup.

(b) Standing stability test

overlooked biomechanical design considerations [2].
Bipedal robots derive their name from their distinctive
anthropomorphic characteristics, making it clear that the pri-
mary goal of building these systems is to replicate a biological
solution. Thus, a method to synthesize a true benchmark from
bipeds to humans is quintessential; it will not only provide
an excellent indication of physical performance capabilities
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but also present an incentive to achieve optimal compliant
behavior [3]. Ho Hoang ef al. [4] demonstrated critical
benchmarking criteria when deriving quantities for bipedal
stability. Observe that stable bipedal walking is derived from
the balancing of angular momentum generated by the various
oscillating limbs; this indicates the same for standing stability
due to the use of the same biological quantities of motion [5].
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Benchmarking bipedal robots’ stability and comparing dif-
ferent designs has proved to be challenging despite their
human likeness [6]. This difficulty arises because designers
have differentiating metrics that include weight, height, joint
length, COM position, ifnextchar.etcetc., in which designers
do not have a standardized specification to consider dur-
ing production [2]. This means that developers have various
approaches when building humanoid or exoskeleton robots
based on their engineering intuition and experience over sys-
tematic practice. Subsequently, there is currently no single
regulatory and standardized standing stability benchmark-
ing method; despite engineers developing robots acquiring
exceptional static and dynamic stabilization characteristics.
This problem is also present when designing exoskeletons
for therapy or as augmentation systems [7]. The performance
of such systems when performing either balancing or other
tasks is evaluated considering human capacity and does not
provide a guide to the mechanical design by itself. In this
sense, applying various benchmarking criteria can help iden-
tify the best practices in the literature by enabling appropriate
comparisons. More specifically, when evaluating therapeutic
performance, as in [8], having metrics such as the one pro-
posed in this paper, might provide a clearer idea regarding
the effectiveness of the proposed therapy and used device.

B. RELATED WORK

The application of bipedal locomotion is undoubtedly in-
spired by human movement. Humans have unprecedented
standing stability, and thus human stability analysis is essen-
tial. However, the high non-linearity of human movement and
joint actuation makes this analysis difficult. Ho Hoang et al.
[4] developed a benchmarking scheme for bipedal locomotion
based on angular momentum. Another human stability/gait
analysis issue is comparing measurements to a single subject.
Hof [9] developed a table that presents dimensionless me-
chanical quantities concerning human gait analysis - shown
in Table I. The table’s practicality lies in its simplicity, yet it
is highly effective for comparing various subjects. This paper
leverages the table by incorporating quantities like angular
momentum to normalize the data.

To understand the requirements of the most intuitive bench-
mark for standing stability, particular tasks must be identified
from a common taxonomy [9]. Concerning static and loco-
motion, Fleishman ef al. [10] identified various sensorimotor
abilities which affect these skills. The classification of the
required bipedal motor skills is derived from the tasks and
the environment in which a humanoid operates. Hof ez al. [5]
reduced many of the unnecessary motor abilities and devel-
oped a subset focused on lower limb performance, which we
utilize in this work. The same paper also identifies various
benchmarks categorized by performance and human likeness,
both covered in segments of this paper. Toricelli ef al. [2]
further developed these ideas by stating various criteria that
can assess human-like robotic behavior such as measuring
the Center of Mass (CoM) displacement driven by manual
perturbations.

2

TABLE I: Normalization of kinematic and dynamic variables,
adopted from [9]. mg overall mass, /i, leg length, g gravita-
tional acceleration, zy overall CoM height. Symbols with “A”
are dimensionless benchmarked quantities.

Normalization by /g

Quantity Symbol  Dimension (lo = ljeg OF 20)
Mass m M m= mﬂo
Time t T i= lt 5
0/8
Frequency f T! f= i
Ve/lo
i=L
Length l S = T
Velocity v ST =X
V&l
Acceleration a ST—2 a= %
Linear Momentum P MST—?! p= R
mo+/glo
Force F MST—2 F=g
2m—2 - T
Torque T MS“T 7= toglo
Inertial I MS? I=—15
molg
Angle 0 (already dimensionless)
Angular Velocity w T! w=-—Y
v/l
Angular Acceleration  w T2 W= g/ilo
Angular Momentum L Ms21-1 f=—=L
£ molo~/glo
Energy E MS2T—2 E= m(fglo
Power P Ms2T-3  p= P
mog+/glo

A qualitative approach, which comprises the robots’ actual
structural parameters, for robotic benchmark is inherently
difficult. Many arguments have been proposed for the use
of alternative approaches. For example, various researchers
proposed using competitions to analyze specific task per-
formance [11]. Stasse et al. [12] considered a task-based
high-level approach and tried to make the benchmark val-
ues more significant using a statistical performance analy-
sis. There have been many propositions for objective-based
performance benchmarking. However, these approaches are
impartial and do not articulate specific analytical design con-
siderations for the support of a better design. High-level task-
based methods are intuitive but unfortunately do not provide
a low-level biomechanical analysis, which an engineer can
exploit to gain a more detailed understanding of the robot’s
potential capabilities.

Due to the ability to intuitively analyze the subjects’ met-
rics and generate dynamics models, abstract modeling of a
biped leg and its support is one of the most conventional meth-
ods in the mathematical modeling of humanoid robots. A no-
table model that we use to evaluate our systems in this paper is
known as the Linear Inverted Pendulum Model (LIPM) [13],
which is widely used for legged locomotion [13], [14]. The
LIPM provides the ability to understand specific foot place-
ment strategies, without modeling the foot itself [15]. The ad-

VOLUME,



Juan A. Castano et al.: Benchmarking Standing Stability for Bipedal Robots

IEEE Access

vantages of the LIPM derive from the simplicity and linearity
of the model, and how the movement of the CoM can be de-
termined from a simple-form linear differential equation [16].

The Capture Point (CP) [17] is a concept used to compute
the required stepping location for a robot or human to remain
stable - based on a LIPM; thus now being one of the funda-
mental criteria for bipedal walking and stability control [18].
If the CP lies outside of the support polygon, the LIPM-
controlled robot will result in falling. Dynamic actions such
as stepping can be taken to enlarge the support polygon and
prevent falling. In this paper, we leverage the Capture Point
(CP) concept to develop a benchmarking scheme for standing
stability, given the practicality of this approach.

As studied in [7], these concepts have been used in various
exoskeleton technologies; however, a specific bench to com-
pare them has not been presented yet. In this regard, different
approaches have been released that analyze the performance
of the equipment from a practical point of view. In [19] for
example, the authors evaluated the performance of a low-
limb exoskeleton for ankle augmentation during a balance
task. The authors assess different metrics related to stepping
modification due to the use of the exoskeleton. Performance is
compared across different participants and overall results are
analyzed; however, no specific metrics are given, and results
cannot be easily extrapolated to similar technologies since
the tasks performed are subject-dependent and no normal-
ization is given. A similar study is considered in [20] where
a passive leg support system is evaluated during slippery
conditions evaluating the fall probability while wearing such
a system over 6 participants. Once again, no standardization is
given, and the protocols are subject-dependent. In [21], [22] a
back support exoskeleton’s performance is evaluated during
balancing and fall recovery. Once again, several trials with
different subjects are studied and gait metrics are compared.
However, these metrics will not provide comparison tools
against similar hardware.

The previous works are focused on augmentation exoskele-
tons; however, when referring to therapeutic exoskeletons as
in [23], the performance metrics are given on the patient
impact [8]. In this case, the authors present results over dif-
ferent training regimens with different subjects and exoskele-
tons. Although progress comparisons can be made, patient
dependence and therapeutic variability make it difficult to
compare hardware performance. In this regard, the present
benchmarking aims to provide a standardization tool when
analyzing the mechanical performance of the exoskeleton
from the balance point of view. Even though it has not been
tested with subjects in this work, validation of the method-
ology with different hardware is provided, showing positive
results for future studies.

From the specific perspective of balancing, as reported in
[24], the use of exoskeletons in working environments affects
the response capability of workers against different scenarios.
In that paper, the authors evaluate workers falling risk while
performing carpentry-related tasks. The effects that wearing
and exoskeleton have are also studied in [25] where the
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authors analyze the impact of wearing industrial exoskeletons
over different manufacturing phases and analyze their poten-
tiality as well as the negative effects that might be introduced.
As discussed by the authors by wearing these elements,
certain manufacturing phases might be improved, however,
awareness of new sources of musculoskeletal disorders and
accidents should be addressed considering the user familiar-
ization with the hardware since long use periods might lead to
new musculoskeletal disorders while occasionally use is more
likely to produce accidents due to the cognitive load on the
exoskeleton usage that can affect negatively the motor control
performance including balancing [26]. The falling risk is
analyzed when wearing an active back-support exoskeleton
by studying the foot behaviors under different conditions,
however, balancing under external disturbances itself is not
reported, though should be considered as a fundamental capa-
bility in both therapeutic and occupational exoskeletons. This
is reflected in [27], where several exoskeletons are bench-
marked under different task scenarios including dynamics and
isometric ones. In that work, no metrics are provided and
balancing capabilities are not considered. On this matter, [28]
developed the “Benchbalance” which is a push device that
allows recording the disturbance data to facilitate the repeata-
bility when disturbing a subject wearing or not exoskeletons.
Results show the applied impulses at different body parts and
the subjects’ reactions to them. However, no metrics on the
static balancing are given.

C. CONTRIBUTION

This work presents an ideal approach to a standardized bench-
marking procedure regarding the maximum standing stability
of any bipedal robot, which can be simplified by a LIPM,
through the absolute and relative normalization of the inher-
ent angular momentum required to initiate the falling of a
robot. The proposed benchmark aims to institutionalize the
level of standing stability that a bipedal robot inherits from its
nominal design characteristics. Given the robot’s elementary
structural parameters, the primary focus is on bipedal robots
of any size. The robots are subject to examinations from
two perspectives to ensure full practicality and rationality of
the benchmark evaluation. First, the robots are benchmarked
against absolute human data to generate a quantitative un-
derstanding of how they perform relative to ourselves; and
second, their relative normalized LIPM data so the perfor-
mance can be quantified against themselves. In addition, the
benchmark can test software components, such as balancing
algorithms and how they perform against their respective
models. The benchmark presented is also applied to a real
exoskeleton, demonstrating its generality and applicability
beyond bipedal humanoid robots.

We first describe the relative human parameters in Section
II, in which the normalization procedures for benchmark-
ing are also given. The simulated and analytical results of
two humanoid bipedal robots with distinctive dimensions are
presented with various controllers and structural parameters
respectively in Section III. Later, in Section IV, the proposed
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benchmark is applied to the H3 therapeutic exoskeleton, both
in simulation and real hardware. The precedence, value, and
limitations of the benchmarking procedure are discussed in
Section V and conclusions are given in Section VI.

Il. ANALYTICAL BENCHMARKING PROCEDURE

In this section, we design the bipedal standing stability bench-
mark test and identify the required implementation criteria.
To do so, this work considers that humanoid robots and
exoskeletons have very similar bio-mechanical structures to
humans but very diverse full-body metrics. Therefore, we
can intuitively use human parameters as a means of absolute
comparison. This implies that using humans as a benchmark
will hold very pragmatic and real stability characteristics,
providing a performance index in a self-relational quantity.
For this purpose, we need to define the nominal values relative
to the LIPM. For our nominal human normalization data
presented in Section III, Table II, the mass, CoM height, and
foot length must be defined. The average mass and foot length
of a human is estimated to be 60.2 kg and 0.26 m, respec-
tively [29]. We assume that the adult’s average CoM height
is 1.0 m, approximately 10% of the average leg length [30]
over the hip. With these parameters, data analysis can be
performed based on a normalized set of parameters that allow
proper comparisons.

The test is designed based on an impulsive disturbance
applied to the subject’s CoM in the sagittal plane, as shown
in Fig. 1(b). By applying an external impulsive disturbance,
we can accurately determine the angular momentum and
effectively impart velocity to the CoM, enabling us to de-
velop our CP and LIPM-based approach. We exploit the CP
and LIPM to derive normalization of various kinematic and
dynamic parameters based on Table I. To intuitively analyze
the standing stability, we use a capture ratio, « (detailed in
Section II-C), which complements the normalization process
with the consideration of biped’s foot size.

A. IMPULSIVE DISTURBANCE
We define the disturbance as an impulsive force Fimp(f) acting
on a standing robot during a period #,, which generates an
impulsive torque Timp(#) about the feet, resulting in a change
of angular momentum.

The impulsive force (in both continuous and discrete
forms) applied at the CoM will impart linear momentum
given by:

timp k F, k
Pimp = / Fimp(t)dt — M_ (1)
0 Limp
Thus, the corresponding angular momentum at the CoM w.r.¢
foot, Limp, is:

Limp = Pimp20; )

where 7 is the CoM height.
Assuming a half-sinusoidal profile for the impulsive distur-
bance, as illustrated in Fig. 1(a), with a maximum amplitude

4

Aimp and period fiyp, the linear momentum can be calculated
by integrating over time using (1):

timp t 24 mpt;
Pimp = / A Sin(——)dp = =2meime 3y
0 timp ™

B. LIPM DYNAMICS

A standing humanoid robot’s CoM dynamics can be simpli-
fied as a LIPM [13], which consists of a point CoM and a
massless telescopic leg. The dynamics of the LIPM describe
the movement of the CoM by

i=Sy, @)
20
where x is the CoM position in the local frame at the support-
ing foot according to the axial direction.

Solving (4) for x leads to:

t L. t
x(t) = X0 COSh(Tc) —+ TC.XO Slnh(i), (5)
. X0 . t . t
x(t) = ?(i smh(?c) + Xo cosh(i), (6)

where T. = \/zo/g is the time constant of a LIPM and x, and
Xo is the initial position and velocity respectively.

C. DISTURBANCE NORMALIZATION

To analyze the occurrence of instability, we define the max-
imum CP location. We use the maximum displacement limit
which the CP has to emulate to remain stable, after the

directional movement of the CoM at the instantaneous state
just before falling [18], [31]. The CP, xp, is defined by

xcp:x—i—,/Z—o)‘c:x—ch)'c. (7
g

Falling will happen when the CP goes outside of the sup-
port polygon; therefore, considering the sagittal plane, the
maximum distance that the CP could travel without losing
balance is formulated as

Xep = Iy — xo, ®)

where Iy is the foot length, x is the initial CoM position. Con-

sidering the maximum CP among the static model, instability
occurs when the following is satisfied:

x+,/%0x>x2;“, 9)

which will result in falling, due to the CP exceeding the sup-
port polygon. Using CP and LIPM makes it difficult to derive
the position and velocity directly from the disturbance input.
However, designing the test this way is the most effective
approach due to the experimental constraints. As shown from
the denominators in Table I, one unit of change in velocity
causes one unit change in momentum in reverse. Therefore,
in the standing test, a nominal disturbance is defined and
applied to the humanoid, resulting in a proportional change
in the robot’s normalized velocity. After a certain time .y,
the location of the CP will relocate to a region of instability.
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Therefore, we must derive the CP dependent on ¢, thus
substituting (5) and (6), into (7) we obtain the following:

xepltep) = (0 + Tc)'co)(cosh(t;—p) + sinh(%)). (10)

For the standing test, xp = 0 because the robot is initially
stationary, therefore, (10) becomes:

o7 = Yanller) (11)
TC)CQ
Solving for z.,,, (11) becomes:
Xep(tep)
tep = Teln | =222 ) 12
=1 (2l (12

Respective of a defined length, [, we can define a new equa-
tion for xg;™:
max

Xep = aly. (13)

where, « is the capture ratio. The capture ratio is defined by
the maximum CP location within a stable region, relative to
the distance of measurement, /. [y is a length measurement
generalization and could substituted for leg length or CoM
height. We use the CoM height zy for the normalization in
this paper.

Therefore, substituting (13) into (12), the maximum initial
CoM velocity x3'®* that will not cause falling can be obtained
at when #, = 0, so that

max
- max cp

X aly 18
= = = alg,/—=. 14
X0 T, T, Qlo % (14)

Normalizing (14) by substituting the CoM height, zg, for
lp, then x§™ = «,/Z0g, thus, according to Table I, the
normalized velocity can be calculated as:

)'Cmax
e (15)
V%08
where the quantity X§'* is the normalized value. Therefore, if
we use the caption ratio o with the normalization denomina-

tors in Table I, a new set can be defined by

Dy, = amg./g20,
Dy,,, = amozo./8z0,
Dp. = ampg,

D

smax
X

(16)

= azoMmpg,

Timp

where my is the robot total mass, g is the gravitational con-
stant, D, is the LIPM based normalization quantity denomina-
tor of the variable v. Thus, the normalized angular momentum
we use for our benchmark is determined by

) o Limp o Limp (17)
"Dy, amozon/8%0

where L;,,, is the impact angular momentum at CoM w.r.t
foot. The same can be completed for the human model where

: : [H TH H
the respective variables are denoted as Liy, Ly, and D, .

L
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(a) (b) (©
FIGURE 2: Three steps for benchmarking tests initialization.
(a) the initial resting position, (b) the legs are bent to 90% of
the total leg length and (c) moving pelvis to align the CoM at
the center of the support polygon.

IIl. SIMULATIONS ON HUMANOID ROBOTS

In this paper, we compare COMAN [32], a child-size hu-
manoid robot, and WALK-MAN [33], an adult-size humanoid
robot, to benchmark their standing stability performance. The
nominal quantities of normalization of angular momentum
of each robot are determined, using the CP and LIPM-based
approach in Section II A sagittal push-based simulation is
conducted, illustrated in Fig. 1(b). An incremental impulsive
disturbance is applied to the rear of the robot pelvis until
falling occurs. Subsequently, the impact angular momentum
is determined from the required tipping force. Successively,
the robots’ angular momentums are normalized by the hu-
mans and their respective nominal normalization quantity.

A. SIMULATION SETUP
To conduct the simulation itself, impulsive forces with a fixed
duration

timp = Tc/2, (18)

and an incremental amplitude F;,,, are applied to the pelvis
of the robot along the sagittal plane, that is, the positive axis
x. According to the location of the application of the external
perturbation, the equivalent force at the CoM is computed as:

T = Fi*r‘nplitnp = FimpZ07 (19)
where F;,  and [7, . are the impulsive force and location,

respectively. F'y,,, is the equivalent force at the CoM.

Fig. 2 demonstrates how we set up the simulation. Fig.
2(b) shows how the initial kinematic state was modified by
bending the knees by a factor of 0.9 of the total leg length to
avoid singularities for balancing controllers. Fig. 2(c) demon-
strates the final step, where the pelvis is moved to ensure
that the CoM is aligned with the center of the foot, so that
Xt = %lf,. Thus the capture ratio o can be calculated
using (13). This regulates the approach so that results remain
consistent and reproducible.

B. RESULTS

First, a total of nine simulations were carried out on the two
humanoid robots to evaluate the effectiveness of the proposed
benchmarking approach. Both robot models were modified
by half-reducing the length of the feet accordingly. In addi-
tion, three balancing controllers were used in the COMAN
simulations:
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TABLE II: Standing stability benchmarking tests data of COMAN (C), WALK-MAN (W), and Exo-H3 (H3).

Quantity Symbol | Human | €1 €2 G G G5 G| Wi W Ws | H3  H3, H3; H3, Hy Hl, H3  Hig
Mass - kg mo 60.2 30.9 — < — < 4 123.4 — — 15.4 4 < < < < — <
CoM height - m 20 1 0.492 — — — — — 0.952 — <« | 0.567 — — — — — — —
max. CP traveling distance (8) azop 0.15 0.1 — — — 0.05 0.2 0.16 0.08 0.32 0.15  0.077 0.08  0.085 0.09 0.085 0.077 0.15
max. CP traveling ratio (13) « 0.15 | 0.203 — — < 0.102 0407 0.168  0.084 0.336 | 0.264 0.136  0.141 0.15  0.159 0.15  0.136 0.264
Time constant - s Te 0.319 | 0.224 — — — — — 0.312 — — 0.24 — — — — — — —
Nominal ang. mom. (16) Dy,,, 24.80 6.79 — — — 3.40 13.6 60.3 30.2 120.7 54 2.8 29 3.1 32 3.0 2.8 54
Impact height - m Linp 0.498 <~ — <~ — <~ | 1.0712 — <~ | 0.787 <~ — <~ — — — —
Foot length - m Iyt 0.2 — — — 0.1 0.4 0.32 0.16 0.64 03 0227 023 0235 024 0235 0227 0.3
Impact duration - s timp 0.112 — — — — — 0.156 — <+ | 0.193 0.2 — — — 0.12 0.12 0.2
Impact force amp. - N Frop 2563 2465 2738 308.1 1242 5299 | 7415 3518 1536.8 376 376 3872 4159 4428 6266 5595 69220
Equi. force at CoM (19) Fimp 2594 2495 2772 3118 1257 5364 8343 3959 17292 | 5212 5212 5306 5765 6138 86.87 7757 95961
Impact lin. mom. at CoM (3) Pimp 18.5 17.8 19.8 222 8.96 382 82.7 374 163.3 6.4 6.6 6.7 713 7.8 6.6 59 122
Impact ang. mom. at CoM to foot (2)  Limyp 9.1 8.7 9.7 109 44 18.8 78.7 35.6 155.4 3.63 3.76 3.83 4.16 443 3.76 3.36 6,933
Normalized ang. mom. to LIPM (17) i,m,, 1.34 1.29 143 1.61 1.30 1.38 1.30 1.24 1.35 0.68 1.34 1.32 1.35 1.36 122 1.203 1.207
Normalized ang. mom. to Human [g" " 1.0 0.32 0.31 0.34 0.39 0.16 0.66 2.78 1.32 577 0.15 0.15 0.16 0.17 0.18 0.15 0.13 0.28

<

618 0s

(a) Normal COMAN, Cy

(d) Cy with stepping, C4

(g) Normal WALK-MAN, W
T BT

% dL7% LN

(j) H3 Exoeskeleton Experimental set up H3;

(b) C; with stabilizer, C2

(e) C1 with half foot length, Cs2

3
o

6845

(c) C1 with foot tilting controller, C3

(f) C1 with double foot length, Cg3

j

o
3
2
By

7105

(i) W1 with double foot length, W3

—
Os 2.16s

(k) H3 Exoeskeleton Simulation set up H32

FIGURE 3: Snapshots showing the incrementally applied disturbance to determine maximum impact force, Fiyp.

« astabilizer, based on active compliance regulation of the
CoM [34],

« an active foot tilting controller [35] that reacts to distur-
bances by tilting the feet to lift the CoM,

« a stepping maneuver [36],

to verify the simulation results due to the higher degree of
stability introduced by the use of the balancing controllers.

In Fig. 3, the panels (a) to (i), show the performed sim-
ulations. C; represents the standard COMAN robot with all
joints stiffly controlled in position. In C,, the compliant sta-
bilizer [34] is enabled. In Cs, the foot tilting controller [35]
is enabled. In Cy4, the stepping maneuver [36] is enabled. Cs
and Cg represent configurations with half and double the foot
length, respectively.

W denotes the standard WALK-MAN robot with all joints

stiffly controlled in position, while W9 and W3 represent con-
figurations with half and double the foot length, respectively.

Table II presents the final benchmarked data regarding
each robot. When comparing the COMAN and WALK-MAN
directly, it can be seen that the WALK-MAN could withstand
a much higher disturbance. W; can endure up to an absolute
normalized angular momentum of 3.175. Compared to C;
with 0.367, and 1.0 for a human, W; shows almost 8 times
more absolute stability than C;, which is reasonable consid-
ering its larger foot size and heavier mass. However, W, ’s rel-
ative stability, 1.305, is smaller than C;’s 1.341 if normalized
w.r.t their LIPM. These results emphasize the importance of
having a proper bench to compare the hardware designs from
the stability point of view regarding the robot dimensions.
Cs shows the robot’s behavior when a compliant stabilizer
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is enabled. The robot’s stability decreased, both absolutely
and relatively, due to the balancing capability being traded
off for compliant behavior [34] introduced by the controller.
Cs, which uses a foot tilting controller [35] on the other hand,
generates higher stability due to its active effort to maintain
balance. C4, which inherits a stepping maneuver [36], has
the highest stability of all COMAN subjects, thanks to the
step completing counteracting the falling action. C; and Cgq
also demonstrate intuitive results due to the decrease and
increase in normalized angular momentum of both models
respectively, with W5 and W3 commends this result.

IV. EXPERIMENTAL RESULTS ON THE THERAPEUTIC
EXOSKELETON H3

The proposed benchmark was further tested on the H3 ex-
oskeleton (Exo-H3), both in simulation and on real hardware.
The Exo-H3 is a wearable lower limb exoskeleton that pro-
vides bilateral traction with six degrees of freedom, three in
each leg, actuated by brushless direct current motors. These
motors enable hip, knee, and ankle rotations in the sagittal
plane. Each joint is equipped with position and force sen-
sors, as well as two pressure sensors on each foot. Designed
specifically for research purposes, the Exo-H3 permits the
implementation of new algorithms and control strategies [37].
The hardware can be adapted to the user’s anthropometric
characteristics by adjusting its geometry. When wearing it,
a person with complete or incomplete spinal cord injury
affecting the lower extremities can walk using their legs with
the aid of crutches or similar support elements and/or with the
help of a health professional. The Exo-H3 weighs 15.384 kg,
with a CoM height of zg = 0.567 m, and a foot sole size of
0.3 m. Given these quantities, we can obtain the time constant

T. = +/20/g = 0.24 s, and x;;™* = 0.15 m.

A. SETUP

To apply the proposed benchmark to the Exo-H3, the robot
was positioned with the knees partially bent, at 10% of the
leg length, and the CoM placed in the center of the support
polygon in agreement with Fig. 2. As seen in Fig. 4 the robot
was hung from a static structure and secured through a hold-
ing system to prevent damage during falling. The system, re-
ported in [38], was designed as an Ambulatory User Support
Gait Rehabilitation Robot under the Spanish National Project,
Nimble. In addition, a force-sensing resistor (FSR) sensor was
calibrated and placed at the back of the pelvis to measure the
applied impulse with [ = 0.787 m. A frontal holder was
used to prevent the pelvis from spreading keeping the desired
position during the experiments. The force data were captured
at 100 Hz and processed in Matlab. Subsequently, a series of
separate experiments were conducted, in which the Exo-H3
either fell or did not. The robot was pushed manually applying
an impulse force directly on the sensor. It is important to
note that the experiments considered were those where the
tilting performance was at its limit: soft or overly powerful
impulses were discarded. Additionally, we only considered
experiments in which the measured maximum force was
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FIGURE 4: Experimental setup for the H3 exoskeleton.

greater than 30 N with an impulse duration #;,, < 0.24s. This
approach ensured the collection of sufficient statistical data
to evaluate the Exo-H3’s performance under the proposed
benchmark. As shown in Fig. 5, the considered experiments
are close to each other, providing an adequate perspective
on the proposed data analysis, with a total of 149 recorded
experiments.

To validate the initial impulse defined in Section II-A (see
Fig. 1(a)), we extracted the mean linear momentum obtained
from the experimental data using (3). Consequently, we se-
lected the mean peak force value that caused the robot to fall,
Fip = 37.6 N, and the associated mean impact duration
time #mp = 0.193 s. Using the equivalent force at the CoM,
computed with (19), Fimp = 53.2 N, we calculated the linear
momentum pjy,p, = 6.53 Ns using (3). This value represents
the mean linear momentum required to make the Exo-H3 fall
when subjected to a pure sinusoidal impulse.

The linear momentum variation for the falling cases when
using (3) is seen in Fig. 6. The abscissa indicates how the
momentum was computed: either using a pure sinusoidal
impulse (3) or using the integral over the recorded disturbance
(1). Falling cases are shown in red, while non-falling cases are
shown in blue. As seen in the first box plot, the momentum
ranges from a minimum value of 4.1 Ns to 8.1 Ns. Comparing
this with the non-falling cases, where the linear momentum
was calculated using (3) (shown in Fig. 6), we see that the
mean value is pjmp = 6.14 Ns, which is smaller than the
6.53 Ns obtained for the falling cases. However, there are
instances where the linear momentum of a single experiment
exceeds 6.53 Ns without causing the robot to fall. This occurs
due to the interaction between the robot and the applied
disturbance, requiring a larger linear momentum for faster
disturbances, as will be analyzed later. When calculating the
linear momentum over the recorded disturbance using (1),
with a sampling time of 0.01 s, we can verify the consistency
in the analysis validating the definition in Section II-A for
applying the proposed benchmark.
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FIGURE 5: Applied forces during experiments. Record Ex-

periments with t,, < T, and Ajp, > 30 N on the H3
exoskeleton.

B. RESULTS

Table III reports the number of Falling Cases for Exo-H3
for the recorded force applied on the real hardware, and
corresponding median linear momentum p;,,, before falling,
calculated as in (1). H3; refers to the real Exo-H3. H35 to H35
correspond to simulations using various lengths of the foot
soles: 0.227 m, 0.23 m, 0.235 m, and 0.24 m, respectively. In
H34, we compute the foot size such that the linear momentum
corresponds to that of H3;, but with a shorter impact duration
of timp = 0.12 s. In H37 an impulse with #;,, = 0.12 s
and a p;,, equal to the one on H3, was used, later, the foot
length was continuously increased till reaching the tilting
point which is 0.235 m. Finally, H3g corresponds to the
simulation of the H3 exoskeleton when using a rigid sole of
0.3 m as in H3;.

We evaluated the performance of the simulated robots us-
ing a model built in SimMechanics® [23]. In this model, the
foot sole is rigid, which leads to interaction forces with the
ground that differ from those of the real robot, resulting in
better balance performance than the actual hardware. Conse-
quently, it is necessary to simulate the robot while adjusting
the sole size to more accurately reflect the balance behavior
observed in the experimental scenario. For this purpose, we
used a simulated impulse, as shown in Fig. 1(a), with mean
values obtained from the experimental data, i.e., an impulse
duration fi,, = 0.197 =~ 0.2 s and an applied force at
the hip F;;,, = 37.6 N. With the applied impulse, the foot
length that mimics the real robot’s behavior during falling
was found to be 0.227 m. This results in a total CoM travel
distance of 0.077 m, in contrast to the 0.15 m travel distance
of the real robot when the CoM is in the midpoint of the
original feet before impact. This implies that a non-rigid sole
can be modeled with a shorter rigid sole. From a different
perspective, the proposed benchmark can be enhanced in the
real robot by using more rigid sole materials.
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FIGURE 6: Applied momentum calculated using (3) and (1)
to the H3 exoskeleton for Falling Cases (in red) and Not
Falling Cases (in blue). Case H3;.

In Fig. 7, we evaluate the linear momentum generated by
the applied force data obtained in the experiments. These data
were applied to the simulated Exo-H3 using different sole
sizes, considering only those cases where the simulated robot
fell. These simulations illustrate how modifications to the
foot sole, or equivalently the sole material, affect the overall
robot’s performance. The linear momenta were calculated by
integrating the recorded disturbance F (k) with a sampling
time of 0.01 s.

Comparing the performance of the simulated robot with
a foot sole of 0.227 m to the original case, as shown in
Table III, it is notable that the robot falls in ten additional
experimental trials. However, there is less dispersion in the
corresponding linear momenta, leading to a slightly higher
mean value: 7 Ns for the real robot and 7.13 Ns for this
case. As the sole size increases, the mean linear momentum
also increases, as expected, and the number of falling cases
decreases. With a sole size of 0.24 m, no experimental data
caused the robot to fall in simulation. When applying a sinu-
soidal disturbance with #;,, = 0.2 s and increasing the applied
force until reaching the stability limit, we obtained a linear
momentum of pim, = 7.81 Ns, which is smaller than the
linear momentum of some of the existing experimental data.
This occurs because a shorter impulse requires larger forces
and, consequently, a larger overall linear momentum to affect
the robot equivalently. This can be seen in the following two
cases. The first case examines the required foot size to achieve
a linear momentum of pjy, = 6.637 Ns, corresponding to the
angular momentum for H35 in Table II, but with an impulse
duration of #,, = 0.12 s instead of the original 0.2 s. The
second case investigates the required force on the hip and the
linear momentum p;n,p necessary to cause the robot to fall with
a sole size of 0.227 m (the same as in H35 in Table II), but
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TABLE III: Number of Falling Cases for real Exo-H3. p;,,
represents the median linear momentum.

Case | Number of Falling Cases | pipy (Ns)
H3, 84 7.02
H3- 94 7.13
H33 59 7.29
H34 25 7.55
H35 0 7.81
] ]
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FIGURE 7: Falling Cases for real the robot and different sole
sizes in simulation. H3 cases from H3; to H35.

using an impulse duration of #;,, = 0.12 s, corresponding to
(T./2) as in (18).

The resulting scenarios are reflected in Table II for the
cases named H3g and H37, respectively. For H34 and H3,,
the Linp = 3.76 Nms; however, the travel distance in H3¢ is
0.085 m, while in H35 it is 0.15 m. This indicates that a faster
impulse requires a larger sole to be absorbed by the simulated
Exo-H3. On the other hand, when comparing H37 and H3s,
the travel distance in both cases is 0.077 m. However, the
linear momentum pjy, for H37 is pimp = 5.9 Ns, which is
smaller than the linear momentum in H33 of pjm, = 6.6 Ns
obtained from the data. These cases, H3g and H3, imply that
a faster impulse with the same amplitude introduces greater
variations in the linear momentum of the hardware, which
must be considered when applying the benchmark.

As shown in Table II, the experiments indicate that the
Exo0-H3 has an angular momentum benchmark of I:ffnp =
0.15 relative to a human. However, an important result from
the simulations reveals that the mechanical structure has the
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FIGURE 8: Benchmarked robot maximum standing stability

by angular momentum (I:imp and I:fnp in Table II).

potential to increase this benchmark to I:gnp = 0.28 by
modifying the rigidity of the sole, which in the simulations
corresponds to having a full-size sole. From this perspective,
the proposed benchmark might help adjust the level of static
balancing capabilities of the hardware.

This can also be used therapeutically by modifying the
comfort level in the standing position of a patient according
to their remaining abilities. By adjusting the inner exoskele-
ton’s capability, rehabilitation therapy can provide the patient
with either more or less stable hardware, promoting active
balance training. Another interesting result from the present
benchmark is that it allows us to determine the maximum
external stimuli that a patient might experience while wearing
the robot to maintain static stability. To achieve this, set-
up experiments with the patient wearing the exoskeleton are
required, but this case is not considered in the present work.

V. DISCUSSION

A graphical comparison of the normalized angular momen-
tum for the different robots is presented in Fig. 8. The hori-
zontal axis shows the robots’ balancing capabilities compared
to an average human model (ifnp), while the vertical axis
represents I:frlnp normalized by their respective LIPM.

The figure reveals that the WALK-MAN exhibits superior
balancing capabilities compared to the average human model
but shows relatively lower performance compared to other
robots. In contrast, the COMAN demonstrates the opposite
trend. Additionally, the Exo-H3 shows improved relative sta-
bility, although its performance relative to the human model
does not increase significantly.

It is essential to further investigate the benchmark for the
Exo0-H3 when used by a human and to evaluate its potential to
offer additional balance assistance to a hypothetical patient.
Finally, in comparison to humanoid robots, the Exo-H3 is less
stable. However, it is designed to be worn rather than used
as an independent walker as a humanoid. Additionally, the
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emphasis on keeping the equipment as lightweight as possible
affects its balance performance.

Despite the flexibility and ease of application of the pre-
sented benchmark across different hardware, it is important
to note its susceptibility to different disturbances characteri-
zation, as previously discussed. This sensitivity necessitates
extensive experimentation to ensure that similar disturbances
are obtained when using experimental data. Furthermore,
normalizing using human quantities may require new param-
eterization depending on the application, particularly when
using wearable systems, where benchmarking must consider
the individual wearing the system. While this expands the
applicability of the proposed method, it raises questions about
how to define a standard human parametrization that stands
for different cases.

In contrast, the LIMP provides a straightforward and ef-
fective comparison tool for evaluating the benefits of spe-
cific hardware designs. However, this model is constrained
by fabrication limitations. As demonstrated in this study,
the COMAN design appears more stable than the WALK-
MAN design. Nevertheless, constructing a COMAN of such
dimensions may result in unanticipated behaviors that diverge
from benchmark predictions. Consequently, this benchmark
may be best suited for comparing hardware with similar
characteristics.

From the perspective of wearable systems, the present
benchmark can be used to test the effect that the wearable
system has over the user in different areas, testing the balance
capabilities when wearing or not the hardware. In that sense,
this benchmark might be used to study the potential hazards
when wearing the system in therapeutic or industrial envi-
ronments. However, it is required to consider the additional
stochastic variability that involving humans introduces into
the benchmark, particularly in patients with limited mobility.
Moreover, in therapeutic scenarios, ensuring the safety of
patients during fall tests imposes additional constraints that
could limit the applicability of the benchmark.

VI. CONCLUSION AND FUTURE WORKS

In this paper, a benchmarking metric for the standing stabi-
lization of bipedal robots has been developed. The method
provides a quantitative approach to compare the maximum
standing stability of bipedal robots of any size using both
relative and absolute measures. The proposed method tests
not only the mechanical stability but also the effectiveness of
balancing controllers.

Relative benchmarking offers a rational approach to com-
paring performance and balancing characteristics across dif-
ferent robots. It can also serve as a design tool and supple-
mentary analysis for comparable bipeds or specific hardware.
This allows for the comparison of different structural configu-
rations of the same robot, providing insights into its potential
capabilities before or after manufacturing. Additionally, the
benchmark is intuitive and useful for analyzing various bal-
ancing algorithms, enabling designers to easily measure their
success.

10

The proposed benchmark assesses stability by inducing a
disturbance in the sagittal direction but can be applied to any
standing sensorimotor task in any posture. For instance, a
robot on an inclined plane with a lateral disturbance would
require the same parameters plus a new derivation of « in-
corporating the plane’s angle. The scheme benchmarks not
only standing stability but also additional control strategies
such as balancing or stepping. Performance can be compared
to the LIPM as a cross-validation indicator or with human
normalization, crucial for future work on wearable systems.

The proposed benchmark was tested in simulation on both
the humanoid and exoskeleton, as well as on the real H3
exoskeleton. The results highlight the significant impact of
sole design on the exoskeleton’s performance, suggesting that
optimizing the sole design can enhance the level of assistance
during recovery if needed.

Future work will include additional physical tests of ex-
oskeletons, particularly therapeutic lower-limb exoskeletons
for rehabilitation, involving both healthy subjects and pa-
tients. These tests will evaluate the proposed benchmark as
a therapeutic indicator and correlate the intrinsic balance
capability of the hardware with therapeutic success. Addition-
ally, the benchmark metrics will be extended to quantify the
effects of pushing the robot from different directions and its
performance on various terrains. Finally, extensions of this
work will develop benchmarks for dynamic stability in robots
and wearable systems.
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