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Abstract—Goal: The experimental study of the stumble
phenomena is essential to develop novel technological so-
lutions to limit harmful effects in at-risk populations. A
versatile platform to deliver realistic and unanticipated trip-
ping perturbations, controllable in their strength and tim-
ing, would be beneficial for this field of study. Methods: We
built a modular tripping-eliciting system based on multiple
compliant trip blocks that deliver unanticipated tripping
perturbations. The system was validated with a study with
9 healthy subjects. Results: The system delivered 33 out
of 34 perturbations (a minimum of 3 per subject) during
the desired gait phase, and 31 effectively induced a trip-
ping event. The recovery strategies adopted after the per-
turbations were qualitatively consistent with the literature.
The analysis of the inertial motion unit signals and the
questionnaires suggests a limited adaptation to the per-
turbation throughout experiments. Conclusions: The plat-
form succeeded in providing realistic trip perturbations,
concurrently limiting subjects’ adaptation. The presence
of multiple compliant obstacles, tunable regarding posi-
tion and perturbation strength, represents a novelty in the
field, allowing the study of stumbling phenomena caused
by obstacles with different levels of sturdiness. The overall
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system is modular and can be easily adapted for different
applications.

Index Terms—Falling, trip, stumble apparatus, tripping
platform, stumble recovery strategies.

Impact Statement— The presented system is a promising
solution for the study of trip perturbations caused by com-
pliant obstacles. The system is fully adaptable in terms of
configuration and perturbation strength.

l. INTRODUCTION

AIT dynamics can change due to pathologies [1] and
G external perturbations. The latter can affect the ability to
navigate the environment of an individual, especially if other
health conditions are involved. Typical perturbation phenomena
are trip and slip events, which respectively happen during the
swing and stance phase of the perturbed leg. In this work, we
focus on tripping perturbations, that are the main cause of falls
among elders [2], [3], [4]. Additionally, health issues such as
the presence of osteoarthritis [5], stroke [6], and lower limb
amputation [7] can increase the risk of fall-related injuries.

Trip and stumble events happen during the swing phase of the
gait cycle when the foot impacts an obstacle and the trip onset is
strongly related to the recovery strategies adopted by the subject
[8]. In healthy individuals, three recovery strategies have been
reported consistently in the literature [8], [9], [10], [11]:

e Flevating strategy: generally chosen with early swing
perturbation offsets.

® Lowering strategy: generally chosen with late swing per-
turbation offsets.

® Delayed lowering strategy: adopted when the elevating
strategy fails.

During the mid-swing, an overlap of the recovery strategies
is observed: with longer perturbations (150-300 ms) the lower-
ing strategy is preferred, while with shorter ones the elevating
strategy is adopted [11].

With pathologies such as stroke and lower limb amputations
subjects suffer from an increased risk of experiencing trip-
related falls [12], [13]. These individuals can adopt different
recovery strategies:

® Hopping strategy: the subject jumps over the obstacle with
both feet, this strategy is used by both prostheses wearer

[14] and stroke patients [12].
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e Skipping strategy: the subject takes an extra step with the
perturbed foot before moving the support leg, such strategy
is normally used by unilateral leg amputees [14].

® Pivot strategy: the subject pivots around the perturbed foot,
taking multiple steps with the sound side, this strategy is
generally used by stroke patients [12].

Itis possible to categorize the gait perturbation setups present
in the literature into three groups:

o Tether-based setups: tethers attached to the subject ankles
can be pulled to mimic the presence of an obstacle. The
perturbation can be obtained manually [15], or automati-
cally [9], [11]. The elicited recovery strategy is comparable
to the ones adopted with physical obstacles, but it is
not proven if the tether and obstacle-caused accelerations
match.

o Treadmill-based setups: they rely on sudden decelera-
tion/acceleration of the treadmill. The perturbation can
be applied during a static [16] or dynamic [17], [18], [19]
task. The strategies adopted are comparable to the ones
of a real-life trip [16]. The major drawback is the lack of
impact with a physical object, which does not generate
passive kinetic and kinematic changes in knee and ankle
joints [20].

® Obstacle-based setups: physical objects are used to alter
the trajectory of the foot. They can be divided into passive
[21] (i.e., the obstacle is fixed on the ground), manual [22]
(i.e., an operator moves the obstacle), and automatic [23],
[24], [25]. If compared to passive solutions, manual and
automatic ones lower the risks of anticipatory movements.
The main advantage of obstacle-based techniques is the re-
alism of perturbation, which guarantees realistic recovery
strategies while generating passive changes in the leg.

Schematic representation of the trip setup. The multiple trip blocks (TBs) are visible by the subject during the experimental session.

A second categorization can be done by dividing the existing
solutions into treadmill and overground walking setups. In tread-
mill setups ([9], [11], [19], [23]), the subject’s speed is forced to
be constant over time, guaranteeing consistent gait cycles and
recovery strategies at the expense of decreased realism. On the
contrary, in overground walking setups ([21], [22], [25], [26])
gait speed is not forced and a greater variability among steps
and recovery strategies is promoted. Both tether and obstacle-
based solutions can be implemented with the subject walking
overground or on a treadmill.

Here, we present a novel device to elicit realistic trip per-
turbations in a controlled setting. The objective is to validate a
platform to investigate the biomechanics of human gait further,
allowing the development of more robust stumble detection algo-
rithms (Fig. 1). During the development process (Section II-A),
we focused on having perturbations capable of eliciting sub-
jects’ reaction, concurrently limiting anticipatory behaviors and
maintaining realistic experimental settings by limiting subject’s
movement constraints. For these reasons, we adopted a solution
with multiple widely spaced compliant obstacles mounted on the
side of a platform where the subject can walk freely. The ability
of the system to provide multiple effective trip perturbations,
limiting the subject’s adaptation, is validated with a healthy
9-subjects study.

Il. MATERIALS AND METHODS
A. Key Design Concepts

Our device consists of 1) a walking platform (WP) on which
the subjects walk during the experimental session, ii) multiple
trip blocks (TBs) that deliver the perturbation, and iii) the control
algorithm (CA) responsible for providing the perturbation with
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the correct timing. A gait phase detection system (GPD) is used
to synchronize the TBs activation with the subject’s gait. A
schematic representation of the device is shown in Fig. 1. In
the current section, we will unpack the core design choices; in
Section I of the Supplementary Materials we will provide details
regarding the building process and materials of the WP, TBs,
and the GPD system; and in Section II of the Supplementary
Materials, we will present the CA.

To overcome the limitations introduced in Section I, we de-
cided to focus on two main objectives: perturbation realism and
safety. The first objective has been pursued by developing a mod-
ular device, composed of multiple TBs able to place themselves
in the perturbed foot trajectory. In this way, we could exploit the
realism entailed by the overground walking and obstacle-based
solutions, further reducing anticipatory movements by adopting
multiple TBs. Avoiding anticipatory movements is critical for
simulating realistic perturbations and reducing the adaptation
phenomenon, which would prevent the possibility of experi-
mental sessions with multiple trips [24], [27]. For this reason,
we adopted an elastic-based solution capable of quickly eliciting
the tripping perturbation: the TB has a part fixed to the side of the
WP (Fig. S1a) and a rotating part that moves to position itself
on the foot trajectory when unlocked (Fig. S1b, S1c). When
locked the obstacle is parallel to the WP (Fig. S1b). The obstacle
deployment instant is managed by the CA, which relies on
footswitches (Fig. S2) to discriminate gait phases and distance
sensors to determine when the correct foot passes by the TBs
(see Supplementary Materials, Section II). The adoption of an
elastic-based solution simulates the case of a compliant obstacle
(i.e., obstacles not fixed to the ground), which has never been
considered in the literature. To avoid reducing gait variability
the setup relies on a walking platform (i.e., the WP). The WP
provides a structure to fix the TBs and helps the subjects maintain
the correct distance from them, utilizing a guiding line drawn
on the platform; such distance is essential to avoid wrong foot
or missed perturbations.

Modularity and flexibility are key aspects of the tripping
platform, which guarantees the setup to be adapted to different
experimental needs: it is possible to lengthen and shorten the
walkable area by connecting multiple WPs, and any arbitrary
number of TBs can be employed, placing them in the desired
configuration. The activation of the TBs is controllable both in
terms of timing and force and can be randomized as needed.

The safety of the system is guaranteed by a rail-mounted
safety harness and by the elastic-actuated mechanism of the
TB. Unlike the elastic mechanisms present in literature, which
rely on solid bars emerging from the ground [18], [28], TBs
obstacles remain compliant after the deployment. Consequently,
the TBs compliance can be tuned depending on the experimental
requirements, avoiding excessive forces on the subject’s foot.

B. Experimental Validation

To validate the device a healthy 9-subject study was conducted
at Fondazione Don Carlo Gnocchi (Florence, Italy), analyzing
the adopted recovery strategies and the timing of the elicited
perturbations. The experimental protocols were approved by

TABLE |
SUBJECTS INFORMATION

Subject Gender Age Height Weight
1 Male 27 174 cm 76 Kg
2 Male 30 192 cm 93 Kg
3 Male 27 185 cm 85Kg
4 Male 28 185 cm 73 Kg
5 Female 26 159 cm 55Kg
6 Female 29 165 cm 62 Kg
7 Female 28 155 cm 54Kg
8 Male 25 173 cm 70 Kg
9 Male 33 178 cm 80 Kg

All subjects were in healthy conditions at the moment of the experimental
session.

Fig. 2. Positions of the IMU sensors.

the Comitato Etico Regione Toscana - Area Vasta Centro (pro-
tocol number: 25493 _spe), and all subjects gave their written
informed consent. The enrollment strategy aimed to recruit a
homogeneous sample of subjects to ensure repeatable biome-
chanical responses. Nevertheless, a subject above the normative
range of height and weight (Subject 2) was included to assess
the robustness of the proposed platform. Information regarding
the enrolled subjects is presented in Table I.

1) Experimental Setup: For this study, a system config-
uration with a 6 m long WP and four TBs was used, and
the swing threshold was set to 67% of the swing duration to
elicit perturbations in the early and mid-swing phases of the
gait [29]. To perform kinematic measurements the right leg of
the subjects was instrumented with three Inertial Motion Units
(IMUs) (Xsens wireless Motion Tracker Awinda system [30])
placed on the dorsum of the foot, in the proximal part of the
leg, external part; and in the middle of the thigh, external part
(Fig. 2). One IMU has been placed in the center of the posterior
part of each one of the obstacles, to identify the exact instant
of the foot perturbation. IMU signals have been acquired with a
sampling frequency of 100 Hz.
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2) Experimental Protocol: The experimental protocol con-
sisted of the following steps:

1) The subject is instrumented with FSRs and IMUs (Fig. 2).

2) The subject stands still until the reproduction of an acous-
tic tone, after which he/she starts walking back and forth
on the WP following the guiding lines.

3) In the first trial, the subject is asked to reach the end of
the WP and stop after two minutes; this is done to allow
the subject to familiarize with the setup and to acquire
baseline gait data. In the subsequent trials, the end is
determined by the activation of the TBs.

4) After a perturbation event, the subject is asked to fill out
a questionnaire regarding the elicited perturbation (see
Section II-B3)).

Every subject was asked to perform at least four trials in a
1-hour time slot. If at the end of the four trials time was still
available, additional trials with perturbations were performed.

3) Questionnaire: At the end of each trial, the subject was
asked to compile a form with the following questions:

1) How much were you surprised by the obstacle activation?

2) How close to a real-life stumble was your impact on the
obstacle?

3) Do you feel that your reaction to the stumble was natural?

4) Did you feel any discomfort upon impacting the obstacle?

Answers were provided on a scale from 1 to 5. The question-
naire’s goal was to have the subject’s opinions and to analyze
their changes during the experimental session, monitoring pos-
sible adaptation phenomena.

4) Data Processing: IMU data are upsampled to 1 kHz.
The footswitches and IMU data synchronization are performed
by lining the first toe-off computed on the footswitch signals
with the first instant of the maximum angle between the foot
and the transversal plane [31], extracted from IMU signals.

The obstacle-foot impact instant is identified using the signal
of the IMU placed on the rotating obstacle. The average and
standard deviation of the anteroposterior acceleration (i.e., the
acceleration tangential to the obstacle rotation) for activations
without impact were computed before the experiments and
compared to the activations with impact. The instant of impact
is identified when the signals diverge by a value greater than
the standard deviation. The recovery strategy adopted is iden-
tified using the video recordings, according to the definitions
presented in Section I.

A database containing normal, perturbed, and recovery steps
has been created by resampling the swing and stance phases,
respectively to 800 and 1200 samples to maintain the typical
proportions of the gait cycle. The original durations have been
saved together with the tripping instant, the trial and subject
identifiers, and the class.

lll. RESULTS

During the experimental session, the device delivered 34
perturbations: 33 during the desired gate phases (i.e., early and
mid-swing), and one during the late swing phase; for a total
of 97% of perturbations delivered with correct timing. The
recovery strategies observed for the 9 subjects were qualitatively
consistent with the literature concerning healthy individuals,

except for the presence of the lowering strategy during the
early-swing trials, although only in one case. As shown in
Fig. 3(left), during the early swing phase the subjects adopted
16 times an elevating strategy, 2 times a delayed lowering
strategy, and 1 time the lowering strategy; while during the
mid-swing the elevating strategy was adopted 4 times, the
delayed lowering 3 and the lowering 5. In two cases it has not
been possible to identify the adopted recovery strategy, since
the subject did not modify the trajectory of the foot. All the
unsuccessful trials occurred with Subject 2. Fig. 3(right) shows
the relation between the recovery strategy adopted and both the
perturbation instant and the average stride duration of the trial.
The delayed lowering and lowering strategies are favored with
late perturbation onsets, while no strong relations are present
between stride duration and strategy adoption.

The impact with the obstacle generated noticeable variations
in the linear accelerations and angular velocities measured, that
deviate from the average values acquired during unperturbed
walking (Fig. 4), confirming the ability of the device to effec-
tively elicit trip perturbations. To investigate the consistency
of the reactions, we selected for each subject a portion of the
foot IMU signals (the 30% of the swing phase following the
foot-obstacle impact) belonging to trials with the same per-
turbation phase and recovery strategy, and we computed the
correlation coefficient. Due to the randomness of the experiment,
the presence of multiple perturbations provided in the same gait
phase and with the same recovery strategy for each subject was
not guaranteed; nevertheless, we found signals that satisfied the
requirements for 6 out of the 9 subjects. The foot IMU signals
were selected for the analysis due to the bigger magnitude of
the perturbation. The normalized correlation coefficient for the
population is 0.68 £ 0.16 (mean =+ standard deviation), suggest-
ing that the subjects adopted consistent strategies throughout
the experimental session. Accordingly, Fig. 5 shows the average
variation of stride, swing, and stance durations throughout the
experiment, normalized for each subject with respect to their
first trial. The mean fluctuations are less than 10% of the ini-
tial condition with standard deviations of the same magnitude,
suggesting the absence of a clear adaptation trend.

The questionnaire results show a perceived realism of the
perturbation ranging from 3 to 5 across the experimental session
(Fig. 6, top left). The recovery naturalness has been perceived as
generally high throughout the experiments, with answers above
or equal to 4 except for 3 trials (Fig. 6, top right). For both
parameters, the answers showed minimal subject-wise varia-
tions. The activation surprise level remained high across trials,
with values around 4. Minimal variations were observed (Fig. 6,
bottom left). Only one subject reported a consistently high level
of discomfort during the experiments, while the answer provided
by the rest of the population stood around 2 (Fig. 6 bottom
right). No noticeable variations are present in the discomfort
level throughout the session.

IV. DISCUSSION

The platform presented was capable of eliciting realistic trip
perturbations, forcing the subject to adopt previously reported
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recovery strategies. The device can deliver repeated perturba-
tions at the desired gait phase, early and mid-swing for these
experiments but potentially across the entire swing duration.

We could not find any adaptation from a subjective point of
view (unlike previous research [32]), with limited variation of
the surprise level, and in terms of measured gait parameters (i.e.,
stride, swing, and stance durations). Gait parameters showed
limited and inconsistent variations across subjects, in agreement
with previous results [33]. The absence of adaptation phenomena
is supported by the consistencies present in the IMU signals
of the foot following the trip perturbation (see Section III),
with a mean correlation coefficient of 0.68 + 0.16 (mean =+
standard deviation) between trials with the same perturbation
phase and recovery strategy. These results suggest that the setup
limited subjects’ adaptation, allowing the delivery of effective
subsequent perturbations.
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We observed recovery strategies and timings consistent with
previous literature [9], [10], [24]. Anyway, one subject per-
formed the lowering strategy during the early swing phase,
which was not expected. Despite this happening only once, it
is important to analyze the possible causes. Firstly, since in our
experimental setup the subject is walking overground, the partic-
ipant was not forced to continue walking after the perturbation,
as with treadmill setups, but was free to adopt a safer strategy,
stopping the movement and restarting it once stability was re-
gained. Secondly, the compliance of the TB allowed the subject
to push through the obstacle and lay his foot on the ground,
selecting a more effective recovery strategy and reducing the
risk of failing an elevating strategy attempt. Indeed, the delayed
lowering strategy was also adopted fewer times if compared to
the lowering and elevating ones during the mid-swing. Itis worth
mentioning that with a compliant obstacle, the foot does not stop
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abruptly after the impact, which has two main consequences: favor the adoption of the lowering strategy [33]; and the subject
the foot position at the instants of the subject’s reaction and is less unbalanced forward, which also favors the adoption of
foot-obstacle impact is not the same (in contrast to what happens  the lowering strategy [34], [35]. The reduction of the forward
with high rigidity obstacles), causing longer perturbations which  unbalance is also assisted by the adoption of a non-treadmill
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solution. In the future, more in-depth studies will be necessary
to assess the relation between the compliance of the obstacle
and the selection of the recovery strategy.

During all experimental sessions, we provided 34 perturba-
tions to 9 subjects, in line with some of the studies present in
the literature [17], [21]. Only 2 of the 34 tripping perturbations
provided were ineffective. Both perturbations happened with
Subject 2: an outlier in terms of height (192 cm) and weight (93
Kg). In the future, we will tackle the issue by adopting elastic
bands of different strengths depending on the physical character-
istics of the subject. Overall, the 95% success rate of the systemis
in line with previous literature works that report this metric [24].

No subject perceived the perturbation and recovery as
unrealistic or artificial during the whole experimental session,
indicating the ability of the system to provide realistic trip
perturbations consistently. The level of surprise due to the
activation remained high and constant for most of the trials,
demonstrating the ability of the device to prevent adaptation
phenomena and preparatory movements.

V. CONCLUSION

The presented trip-eliciting platform proved to be a valuable
solution for simulating realistic perturbations and studying re-
covery strategies in a controlled environment. Concerning the
state-of-the-art, our system presents the possibility of using mul-
tiple widely spaced TBs, with different configurations both in
terms of compliance and position, concurrently allowing a self-
selected gait speed. The presence of a tunable compliant obstacle
represents a novelty, allowing the study of stumbling phenomena
caused by obstacles that are not fixed to the ground or with
different degrees of sturdiness. Ultimately, the setup guarantees
maximum flexibility and the best conditions to mimic real-life
scenarios. The setup could be reconfigured and potentially used
in a wide variety of gait biomechanics studies and for rehabilita-
tion purposes, such as gait retraining in elderly and neurological
patients [36], or trip-related specific training protocols [37].

In future works, we will test the system with different subject
populations (e.g., lower limb amputees, parkinsonian) and use
it for developing stumble detection algorithms and extracting
balance-related biomarkers. The device can also be reconfigured
to study the recovery strategies adopted during subsequent trip-
ping perturbations, without allowing the subject to fully recover
from the previous stumble.
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