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This work describes a tracking system designed for humanoid robots, exoskeletons and humans oriented to

posture control and balance experiments. The system aims to provide a tool that allows for repeatability
of balance experiments across different robotics platforms and control algorithms with the ultimate aim of
providing a standardized framework for performance benchmarking. To make the system suitable for different
geometries and materials, it relies just on inertial sensors. The system is evaluated with a marker-based optical
tracking, performing a trial of a typical posture control and balance experiment. In particular the frequency
response function of the body segments respect to the support surface tilt is evaluated.

1 INTRODUCTION

Posture control and balance are fundamental com-
ponents of humanoid robot control, considering
the inherently unstable nature of humanoid body.
COMTEST is a sub-project of the EU project EU-
ROBENCH that aims to the development of a stan-
dardized testbed for balance performance (Lippi et al.,
2019b; Lippi et al., 2019a). In this framework, the
trajectory of body segments should be measured in a
repeatable way with different robots. In this work,
we evaluate a tracking system designed to be suit-
able for humans, robots, and exoskeletons regardless
of materials and geometry. The target of the pro-
posed solution are researchers and companies in the
field of humanoids and wearable robots. The track-
ing solution can be used at the EUROBENCH facility
or replicated in laboratories exploiting off-shelf track-
ing hardware. Posture control experiments have been
performed with optical tracking e.g. (Mergner et al.,
2009; Hettich et al., 2013; Hettich et al., 2015) or ex-
ploiting the same internal sensors used for the control
e.g. (Lippi, 2018; Ott et al., 2016; Hauser et al., 2011)
or a mixture of the two solutions e.g. (Zebenay et al.,
2015). Optical tracking is considered the golden stan-
dard for body tracking (Teufl et al., 2019b) and of-
ten the chosen solution for gait and posture analysis
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Figure 1: Placement of IMU sensors on Human/Humanoid
body and body segments kinematics. On the left: the posi-
tion of the 7 sensors on the body. Each sensor is fixed to a
body segment that is considered rigid. The joints between
segments are assumed to be 1 DoF hinge joints. The orien-
tation of each sensor respect to the tracked body segment is
not known a priori. On the right: the variables considered
for the analysis of posture control. The sway of body seg-
ments is expressed respect to the gravitational vertical (TS
= Trunk in space, LS= leg in space, SS = shank in space,
FS = foot in space). FS is expressed as the orientation of
the normal to the support surface, i.e. FS=0 means that the
surface is horizontal.
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(Leardini et al., 2005). Optical tracking systems have
the drawback of being expensive and limited by line-
of-sight restrictions. In recent years there has been
growing interest in developing cheaper body tracking
systems based on inertial measurements units, IMUs
(Miller et al., 2004; Fong and Chan, 2010; Buke et al.,
2015; Wong et al., 2015; Salehi. and Stricker., 2020).
IMUs typically require extensive calibration protocols
as well as a homogeneous magnetic field (De Vries
et al,, 2009). The proposed tracking system will
use recently developed sensor fusion methods (Laidig
et al., 2017b; Seel and Ruppin, 2017) to achieve ac-
curate real-time motion tracking in a plug-and-play
manner (Laidig et al., 2017a; Miiller et al., 2016; Seel
et al., 2014) without relying on a homogeneous mag-
netic field. This tracking system is meant to be a refer-
ence that can be used also to evaluate the internal sen-
sor fusion of the tested robot. The system specifica-
tions are designed to allow both the acquisition of the
data for offline analysis and also real time operations
and control, such as body-sway-referenced support
surface tilt (Mergner and Lippi, 2018) and provide po-
sition feedback to human subjects. In contrast to ex-
isting solutions, the magnetometer-free tracking sys-
tem is both real-time-capable and achieves automatic
sensor-to-segment calibration. In this work, the sys-
tem is evaluated using a marker-based optical tracking
system as reference, as done in previous works (Teufl
et al., 2019b; Naeemabadi. et al., 2018).

2 MATERIALS AND METHODS

2.1 Hardware

The proposed system uses wearable IMUs that are at-
tached to the body segments as shown in Fig. 1. The
hardware consists of a set of 7 Xsens MTw Awinda
units (Paulich et al., 2018), shown in Fig. 2 A. Data
from the accelerometer and gyroscope is captured at
a sampling frequency of 1000 Hz and low-pass fil-
tered at a bandwidth of 184 Hz. In this application
the movements are sampled at 100 Hz, with a latency
of 30 ms. The weight of each sensor is 16 g.

The optical tracking was performed with 9
Optitrack Flex 13 cameras at 120 Hz, data
were collected and analyzed with MotiveBody
(https://optitrack.com). A set of 5 reflective marker
was attached to each of the IMUs. The markers were
connected with a rigid structure shown in Fig. 2 B.

The support surface movement was implemented
with the 6 DOF device PS-6TM-150 from Motionsys-
tems (www.motionsystems.eu) controlled with a cus-
tom software. The support plate is 80x80 cm and the
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Figure 2: Overview of the hardware components.(A) The
IMU. (B) The reflective markers. (C) A render of the mov-
ing support surface platform. On the left the 80x80 cm
support surface has been lifted to show the structure of the
moving platform.

subject is standing on its center. The 3D rendering of
the platform is shown in Fig. 2 C.

2.2 Tracking Algorithm

The algorithm used to track the lower limbs is sim-
ilar to the one presented in (Laidig et al., 2019) for
the tracking of human hands. The sensors are fixed
as shown in Fig 1. It is assumed that the joints are
move like a hinge joint following the work presented
in (Laidig et al., 2019) and (Laidig et al., 2017b). This
assumption is not true for the general range of motion
of human lower limbs, both because of multiple DoF
joints (e.g. the hip) and because of the elastic nature
of human tissues (that means that also the knee is not
strictly 1 DoF). Nevertheless this assumption is rea-
sonable in the context of the presented posture con-
trol experiment where body sway in the sagittal plane
is analyzed. Consider the tracking of two rigid bod-
ies, B and B,, connected by a one-dimensional hinge
joint, like the thigh and the shank in the example in
Fig. 1, there is an IMU fixed to each rigid body, the
relative orientation of the IMUs is not known a priori.
The orientations are represented by the quaternions
gq and %q where the subscript denotes the frame
of reference and the superscript denotes the frame of
interest. Due to the nature of the sensors, i.e. 6D
IMUs, the heading component of each orientation is
unknown. This is modeled as if the orientations are
estimated in the two reference frames E; and ;. As
only the heading is affected and the inclination can
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be correctly estimated by the accelerometer and gyro-
scope, the difference between E; and ‘£, is only the
rotation gq(t7 ) around the global vertical axis. The
angle of this rotation is called heading offset and is de-
noted by 8(7)(Laidig et al., 2019). Knowing this angle
yields the relative orientation g;q of the two bodies
with

29=r ¢ ' ®£q(t,8) ¢ q (1)
the basic idea to estimate the value of &(r) is that
the relative orientation %q of a one-dimensional joint
is limited to rotations around one well-defined joint

axis, as shown in Fig.1 for the knee joint. Follow-
ing Eq. 1,the relative orientation can be formulated
as a function of §(¢) with gq = f(¢,98). It is then
possible to find an Euler angles decomposition of
%q(r,S)such that the first angle corresponds to the
joint angle (Laidig et al., 2019). The angles of the
decomposition are denoted by o, and y. Then the
following constraint holds:

1B(£.8)| +[v(,8)| = 0 @)
The heading offset 8(¢) is a scalar variable that
can be estimated using a sliding window optimiza-
tion method based on the constraint 2 with the cost
function
N
e(8) = ) B(r,8)” +7(t.8)’ 3)
k=1
where f;, being is sample index in a time-window with
N samples. This is computed repeatedly on overlap-
ping time windows to obtain the estimator 8() for the
heading offset. In the presented case the hip orienta-
tion, H q, is taken as reference and the corrected orien-
tations are computed applying Eq. 1 through the kine-
matic chains of the legs. The orientations of the right
thigh, X7 q, and left thigh, £7 q, given the respective
heading correction angles 8,17 Eq. 1 becomes

LYr g — ‘E
%{l ) q:]z{l q l®rg? q(tas{guL}T) ®r52

The calculated 8 ,)7 is used to correct the
thighs quaternions by rotating the reference frames of
the thighs, £, onto the reference frame of the hip £,
is

g =2 q(t.8x ) 05 g 6)

The same procedure is applied to the shank and
the foot segments.

based on Inertial Sensors

2.3 Posture Control Analysis

The proposed tracking system aims to the develop-
ment of posture control experiments that allows the
comparison of human and robot responses (Torricelli
et al., 2020; Mergner and Lippi, 2018; Torricelli et al.,
2014). For this purpose the evaluation of the system
consist of a frequency domain analysis of the body
sway response induced by the external stimulus per-
formed in typical human and humanoid posture con-
trol experiments(Peterka, 2002; Mergner et al., 2009;
Mergner, 2010; Lippi and Mergner, 2017) . The sup-
port surface tilt profile is a pseudo-random ternary
sequence stimulus (PRTS), introduced by (Peterka,
2002). The signal profile is shown in Fig. 3. This
signal prevents humans and humanoids from using
prediction, that can affect strongly posture control
(Martinez et al., 2014; Lippi, 2018). The power-
spectrum of the PRTS allows for the evaluation of
gain, phase, and coherence of the disturbance-evoked
body segments excursions (Mergner and Lippi, 2018).
The FRF is evaluated for COM sway (BS) and the
sway of specific body segments (LS,TS). BS is not
measured directly but computed from LS and TS as-
suming human body mass distribution from (Winter,
2009) as

BS — sin-1 (mrly +mphy)sin(LS) + hrmrsin(TS)
a hgmg

(6)
where my is the mass of the trunk, my the mass of
the legs and mp = mr + my the mass of the body ex-
cluding the feet. the mass distribution is defined by
the ratios my /mg = 0.6982 and my /mp = 0.3018 and
by the ratio between the height of the COM of the
respective segments, ip = 0.9684 for the whole body,
hy, = 0.4753 for the leg and hr = 0.3173 for the trunk.
The leg length from ankle to hip was /;, = 0.8642.

The FRFs are estimated transfer functions be-
tween the stimulus (FS) and the sway responses
(LS, TS,BS). The signals are transformed through dis-
crete Fourier transform, and the transfer function is
computed as the ratio between the cross-power spec-
trum of the input X and the output y and transform of
the input signal i.e.

_ Gxr(f)
Gx(f)

Coherence is calculated as the squared cross-
power spectrum divided by the product of sway re-
sponse and stimulus power spectra. it varies from O to
1, where 0O indicates that there is no linear correlation
between the stimulus and response, and 1 represents a
perfect linear correlation. Both the presence of noise
and nonlinear relationships between input and output

H(f)

)
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lead to coherence smaller than 1 (Bendat and Piersol,
2011).

The data are obtained through a single trial with
one subject (female, 30 years old, 176 cm tall) stand-
ing upright with eyes open on the platform. The study
was in accordance with the 1964 Helsinki Declaration
in its latest revision. Both the FRF (gain and phase)
and the coherence are computed and plotted over a set
of frequency of interest where the spectrum of PRTS
function has its peaks (see Fig.4).

3 RESULTS AND DISCUSSION

A comparison in time domain between the support
surface tilt and the foot orientation FS, that repre-
sent the last element in the kinematic chain is shown
in Fig. 3. There are some small tracking errors on
the absolute position, specifically a RMSE = 0.0094°.
Most of the tracking error on FS is represented by
high frequency disturbance and appears to be con-
centrated on specific samples, e.g. around 150 s. A
comparison of the two signals in frequency domain is
shown in Fig. 4. The comparison confirms that the
most of the difference between the stimulus and the
tracked FS is represented by differences at higher fre-
quencies.

FS from IMU
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left foot
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Figure 3: Support Surface tracking using the reconstruction
of left foot position. The stimulus is the PRTS used as refer-
ence for the platform, the foot rotation FS has been centered
around the rest value of 49° so that an angle of 0° means that
the support surface is horizontal.

The frequency response functions describing the
sway of body segments, leg (LS) and trunk (TS), and
center of mass (BS) are shown in Fig. 5 in compari-
son with the same function obtained with the optical
tracking in Fig. 6. In this scenario the subject was not
using the knee joints and hence LS and SS are equiv-
alent. The two measures are in agreement over the
frequency of interests and exhibit some smaller dif-
ferences at higher frequencies, i.e. a difference can be
observed in the gain and the phase above 1 Hz. The
implication of Eq. 7 is that the power-spectrum of
the output at frequencies where the stimulus is zero is
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Figure 4: Representation in frequency domain of the PRTS
profile (Stimulus, in orange) and the foot in space orienta-
tion tracked by the IMUs (FS, in blue). There is some track-
ing error, most of it not associated with the frequencies of
interest where the PRTS spectrum has its peaks.

not relevant. The FRF is computed and plotted only
for the frequencies where the PRTS spectrum is not
zero. This means that not all the error observed in
time domain, showed in Fig. 3, is reflected in the re-
sult showed in Fig. 5.
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Figure 5: Frequency response functions (FRFs) body for
segments and body COM sway computed using the IMUs
tracking. The profile is similar to the one produced by op-
tical tracking (compare Fig. 6). The effect of measurament
noise is visible mainly at 1 Hz on LS and BS.

4 CONCLUSIONS AND FUTURE
WORK

The presented magnetometer-free tracking system
based on IMUs has been evaluated performing a trial
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Figure 6: Frequency response functions (FRFs) body for
segments and body COM sway computed using the optical
tracking. Notice the absence of the small peak above 1 Hz
that can be observed in Fig. 5. Also the phase presents some
differences at higher frequencies.

and a typical frequency domain analysis required for
human and humanoid posture control experiments.
The system proved to be suitable for the analysis
of posture control experiments, in the sense that the
FRFs obtained for body segment sway were similar
to the ones obtained using optical tracking. Future
work will aim to the integration in the framework
of the EUROBENCH project,in order to use it for
other experiments proposed within the consortium. In
particular, the presented posture control analysis is
based on a reconstructed body position (TS,LS,BS).
For this purpose the system should be interchange-
able with other systems used within the consortium,
like wearHEALTH (Teufl et al., 2019b; Teufl et al.,
2019a), and allow for the comparison of experimental
results obtained with the different tracking systems.
The implementation of the system will be updated to
a sample rate of 100 Hz. During the developed of the
system, gait tracking was also tested. The analysis of
gait will be one possible additional use of the system
within the EUROBENCH consortium.
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