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SUMMARY
This study investigates the effectiveness of a robot-mediated strategy aimed at promoting balance
recovery after multidirectional slippages. Six older adults were asked to manage anteroposterior and
mediolateral slippages while donning an active pelvis orthosis (APO). The APO was set up either
to assist volunteers during balance loss or to be transparent. The margin of stability, in sagittal and
frontal planes, was the main metric to assess the effectiveness of balance recovery. Results showed
that the assistive strategy is effective at promoting balance recovery in the sagittal plane, for both
perturbing paradigms; however, it is not effective at controlling stability in the frontal plane.

KEYWORDS: Balance control; Wearable robot; Multidirectional slippages; Margin of stability;
Elderly people.

1. Introduction
Falls are universally acknowledged to be one of the most disabling conditions affecting the health
and quality of life of the population especially for most industrialized countries. Several epidemi-
ological studies agree on the evidence that about one-third of people older than 65 years fall once
per year.1 Falls are a cause of a substantial rate of morbidities and mortalities, as well as one of
the major contributors to functional deterioration, immobility, premature nursing home placement,
and hospitalization.2 In addition, fear of falling and related loss of confidence lead fallers to reduce
their social interactions and physical activities, thus further impairing muscle strength, agility, bal-
ance control, and, even more, increasing the risk of a fall.2–5 Counteracting the risk of a fall is hence
of primary importance to allow the growing elderly population to remain safe while maintaining
autonomy during daily activities, and to improve their overall quality of life.
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2120 Robot-mediated strategy in multidirectional slippages

Many authors have developed and tested different tools combining machine learning approaches
and suitable motor tasks to predict the risk of a fall.6 Others have demonstrated the effectiveness of
prevention programs, based on training,7, 8 behavior, and environmental modifications,9 to reduce the
probability of accidents. Overall, all these preventing strategies, whose effectiveness is well docu-
mented, are usually designed to improve balance control and/or to reduce the risk of balance loss for
specific cohorts of persons. However, they are not useful to counteract a lack of balance due to unex-
pected hazards met during daily activities (e.g., slippery surfaces and carpets) which can suddenly
escalate to a fall.

To address this last issue, we have recently tested the effectiveness of a proactive closed-loop strat-
egy combining a predictive algorithm, able to detect signs of lack of balance, and a wearable robotic
exoskeleton, supplying an assistive strategy.10 We tested this approach in both healthy elderly people
and transfemoral amputees while managing unexpected slippages delivered by a split-belt treadmill
along the anterior-posterior (AP) direction. Although promising, the validity of the results is lim-
ited by several issues, including the adopted perturbation paradigm. Indeed, it involved only forward
slippages in spite of the evidence that a lack of balance can be due to several causes, such as multi-
directional slippages, tripping, and stumbling. In more detail, from the biomechanical viewpoint, a
fall is an intrinsically complex motor event whose variability depends on both the psycho-physical
status of the actor and the perturbation itself (e.g., its type and direction). In addition, it is well known
that the stabilization of human movements in the frontal plane can be more challenging than in the
sagittal plane.11, 12 Due to this anisotropy, different control strategies are expected to be required to
counteract the lack of balance after multidirectional perturbations.

According to this evidence, the outcome of our previous study10 cannot be generalized to different
experimental conditions. Therefore, in the present study we tested the hypothesis that the robot-
mediated strategy to counteract the balance loss described in ref. [10] is still effective while subjects
manage unexpected multidirectional slippages.

2. Materials and Methods

2.1. Participants, experimental setup, and protocol
Six healthy older adults (six males, 68.7 ± 5.2 years old, 76.9 ± 7.9 kg, 1.76 ± 0.1 m) were enrolled
for this study. The exclusion criteria were: age greater than 80 years, falls documented in the last
6 months, relevant comorbidities (e.g., hemiplegia, degenerative nervous system diseases, chronic
heart failure, chronic obstructive pulmonary disease, and severe sensory deficits), poor cognitive
skills (Mini-Mental State Examination score < 24), inability to walk safely on a treadmill, and severe
anxiety or depression. Participants were informed of the purpose of the study and signed informed
consent forms before the experimental sessions began. All research procedures were in accordance
with the Declaration of Helsinki and were approved by the Institutional Ethics Committee of the Don
Gnocchi Foundation (Florence, Italy), where the experiments took place.

The experimental protocol was the same adopted in ref. [10] and mainly consisted in asking partic-
ipants to manage unexpected multidirectional slippages delivered while they were steadily walking
at their preferred speed (0.89 ± 0.12 m/s). Perturbations were provided by SENLY (Fig. 1a; [13]),
a custom-made mechatronic platform consisting of a two split-belt treadmill whose belts can be
independently moved both longitudinally and transversally (i.e., the right belt can be moved in all
clockwise directions from north to south, and the left belt can be moved in all directions in the
remaining hemiplane). In this study, perturbations were delivered on the right side and consisted of
a sudden forward (AP) or lateral (mediolateral; ML) movement of the right belt triggered by the
heel strike of the right foot. Velocity profiles for both perturbations are reported in refs. [12, 14].
Subjects donned a safety harness attached to an overhead track to prevent possible impacts with the
ground, and started the experimental tests after 3 min of acclimation while walking on SENLY at
their preferred speed.

During the experimental sessions, the subjects wore an active pelvis orthosis (APO; [15]), which
is a powered wearable robot designed to assist hip flexion-extension (Fig. 1a). The control strategy
driving the APO can switch between two working modalities, viz., zero-torque and assistive modes
(Z- and A-modes, respectively). The former (Z-mode, i.e., transparent mode; see [16]) is designed
to be extremely compliant to the user’s intention, allowing subjects to freely perform movements
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Robot-mediated strategy in multidirectional slippages 2121

Fig. 1. Overview of the robot-mediated assistive strategy. (a) The mechatronic platform delivers an unexpected
slippage while the subject is wearing the active pelvis orthosis (APO) and steadily walking on the treadmill. The
balance loss is detected by the algorithm running in the APO control unit and parsing the hip joint angles (light
gray line). Then a counteracting strategy, mediated by the APO, is delivered to promote balance recovery (dark
gray line). (b) The panel shows a subject managing a slippage on the perturbed limb (black), while the APO
supplies extensor and flexor torques at the hip joints of the perturbed and unperturbed (gray) limbs, respectively.

without being obstructed by the device. The latter (A-mode, i.e., assistive mode) is always transparent
until balance loss is detected. In this case, the robot supplies assistive torques at both hip joints to
promote stability recovery (Fig. 1b).

The assistive strategy (A-mode) combines a detection algorithm17 with a suitable set of torque
patterns supplied at the hip joints. Specifically, the detection algorithm runs in the control unit of
the APO, comparing the actual kinematics of the robot (hip joint angles in the sagittal plane) with
those predicted by a pool of adaptive oscillators (AOs). In steady conditions, the input (i.e., current
kinematics) and output (i.e., predicted kinematics) of the AOs are likely to be comparable, with zero
time lag. Thus the amplitude of their difference (i.e., the error) is pretty small. Due to a sudden
perturbation, the periodic features of the gait patterns are lost and the AOs are no longer able to
accurately predict the current kinematics, thus the error sharply increases over a certain threshold.
The algorithm thus detects the loss of balance and enables the assistive strategy mediated by the APO.
The assistive strategy consists of a couple of torque patterns aimed at simultaneously extending the
perturbed limb (PL) and flexing the unperturbed limb (UL). The APO supplies assistive torques with
a bell-shaped profile, whose amplitude is proportional to the gross (user and exoskeleton) weight,
that is, 0.2 Nm/kg, lasting 0.25 s.10 Noticeably, different assistive torque patterns provided by the
APO were previously investigated.18 Nonetheless, the above-mentioned assistive strategy has been
identified as the best combination of torque patterns to counteract the lack of balance after a slippage.
Indeed, it slows down the slipping foot (i.e., the PL) and minimizes the downward movement of the
CoM, thanks to the opposite torque patterns between hips (Fig. 1b).

Experimental sessions comprised two repetitions for each perturbation (i.e., AP and ML) and each
robot-working modality (i.e., Z- and A-modes). Six additional fake trials, in which no perturbation
was applied, were also included in the experimental protocol. Overall, the participants underwent
14 experimental trials (i.e., 2 repetitions × 2 modes × 2 perturbations and 6 fake trials). To obtain
unbiased results: (i) the participants did not know whether they would have been perturbed or not; (ii)
the participants did not know whether they would have been assisted by the APO or not; and (iii) the
experimental conditions (i.e., AP or ML perturbations, Z- or A-modes, and true or fake trials) were
supplied in random order.

The 3D trajectories of 34 spherical markers located on suitable body landmarks and 10 on the
APO were recorded at 250 Hz using a 6-camera-based Vicon 512 Bonita 10 Motion Analysis System
(Oxford, UK). Details of the markers’ locations are described in ref. [10]. Kinematic records, belts
movements, and APO-related kinematic/kinetic features were synchronized by means of a logic pulse
generated by SENLY during the delivery of the perturbations.

2.2. Data processing
The coordinates of each marker were low-pass filtered with cut-off frequency at 10 Hz using a 4th

order zero-lag Butterworth filter, in order to remove the high-frequency-related noise.
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2122 Robot-mediated strategy in multidirectional slippages

Fig. 2. Unperturbed and compensatory strides. (a) Stick diagram for two strides across the perturbation onset
(HSR

∗). Dark and light gray lines refer to the perturbed (right) and the unperturbed (left) limbs, respectively.
Labels highlight the time events. Heel strike and toe off are shown for the right (HSR and TOR) and left foot
(HSL and TOL), before the perturbation onset. Touch down and lift off are shown for the right (i.e., perturbed;
TDP and LOP) and the left foot (unperturbed; TDU and LOU) after the perturbation onset. (b) Phases of the
gait cycle during unperturbed and perturbed strides. Temporal parameters are reported before and after the
perturbation onset (purple and gray lines, respectively).

A full body biomechanical model was developed accounting for the following 15 segments:
head/neck, chest, abdomen/pelvis, upper arms, forearms, hands, thighs, shanks, and feet. All joints
were approximated as spherical and their centers were located in accordance with the literature.19, 20

The time course of the right limb-related joint angles in the sagittal plane was estimated as the projec-
tion of the relative angle between the distal and proximal body segments in the plane of progression.21

In addition, we similarly estimated the time course of the right hip joint angles in the frontal plane.
The range of motion (RoM) was computed for the hip, knee, and ankle joint angles in the sagittal

plane (RoMHs, RoMK, and RoMA), and hip joint angle in the frontal plane (RoMHf), as the differ-
ence between the maximum and the minimum values during both the unperturbed and compensatory
strides across the onset of the perturbation and related to the right limb. The whole body center of
mass (CoM) was approximated by using the sacral marker, in accordance with ref. [22].

Gait events across the perturbation onset (i.e., heel strike/touch down and toe off/lift off of both
feet; see Fig. 2a) were identified by visual inspection of both the feet kinematics and the ground
reaction forces after being properly filtered to remove drift and high frequency artefacts (a pass-band
filter with cut offs at 0.15 and 10 Hz; refs. [23, 24]).

For each subject and each trial, the data were subdivided into two subsets: data recorded before
(PRE) and after (POST) the onset of the perturbation, as shown in Fig. 2. The former referred to the
last right unperturbed stride, starting with the heel strike before the perturbation onset and ending at
the heel strike triggering the perturbation. The latter referred to the compensatory stride; it started
simultaneously with the end of the previous stride and ended with the following ipsilateral heel strike.
After the onset of the perturbation, four consecutive time events were identified: the lift off of the
unperturbed foot (LOU); the time frame immediately before (i.e., one frame, consisting of 1/250 s)
the touchdown of the unperturbed foot (TDU); the lift off of the perturbed foot (LOP); and the time
frame immediately before the touchdown of the perturbed foot (TDP). These four consecutive time
events allow investigating the stability against balance loss, under the hypothesis that the balance
recovery may require more than one step to be achieved.

Several temporal parameters were evaluated along the strides before and after the perturbation
onset, as reported in Fig. 2b: the first double support phase (DS1); the single support phase (SS)
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Fig. 3. Computing the margin of stability. The figure shows the components of center of mass (CoMS/F) and
related velocity (CoṀS/F), the XCoMS/F and the external boundary of the base of support (Umax), both in the
sagittal and the frontal planes (left and right panels, respectively). Based on these metrics, it is possible to
compute MoSS/F .

related to the left limb; the second double support phase (DS2); and the swing phase (SW) of the
right limb.

To investigate the effectiveness of the assistive strategy while promoting balance recovery, the
margin of stability (MoS; Fig. 3) was computed in the sagittal and frontal planes, according to ref.
[25], as

MoSS/F = Umax − XCoMS/F

where Umax is the external boundary of the base of support (i.e., fifth metatarsal head), and XCoMS/F

is the extrapolated CoM.26 This latter variable represents the projection of the CoM under the hypoth-
esis of pendular oscillation (i.e., accounting for the CoM velocity with respect to the belt) in the
sagittal and frontal planes, and is computed as

XCoMS/F = CoMS/F + ˙CoMS/F√
g
h

where CoMS/F and CoṀS/F are the components, in the sagittal and the frontal planes, of the position
and velocity of the CoM, h is the length of the equivalent pendulum, and g is the gravitational accel-
eration. Both components of the MoS (MoSS and MoSF) were quantified at time events before (TOL,
HSL, TOR, and HSR) and after (LOU, TDU, LOP, and TDP) the perturbation.

2.3. Statistical analysis
All outcome variables (temporal and kinematic parameters, MoSS and MoSF) were used as dependent
measures.

A t-test for paired samples was used to investigate the effect of perturbation (before and after the
onset of the perturbation). Then, considering only data after the onset of the perturbation (POST
data), a two-way repeated measures ANOVA was performed to determine the main and simple inter-
action effects of the perturbation direction (two levels: AP and ML) and exoskeleton working mode
(two levels: A- and Z-mode). If significant, the main effect of these analyses was followed up by
pairwise comparisons with Bonferroni’s correction. Statistical significance was set at p < 0.05.
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2124 Robot-mediated strategy in multidirectional slippages

Table I. Temporal parameters (DS1, SS, DS2, and SW; mean ± standard deviation, across
subjects) before (PRE) and after (POST) the perturbation onset, during AP and ML

slippages and while the APO was working in A- and Z-modes.

POST

Temporal parameter Perturbation direction PRE A-mode Z-mode

DS1[s] AP 0.13 ± 0.02 0.12 ± 0.03 0.12 ± 0.03
ML 0.12 ± 0.03 0.10 ± 0.03 0.11 ± 0.03

SS [s] AP 0.38 ± 0.04 0.34 ± 0.08 0.35 ± 0.06
ML 0.38 ± 0.04 0.36 ± 0.05 0.36 ± 0.06

DS2[s] AP 0.09 ± 0.03 0.05 ± 0.03 0.07 ± 0.03
ML 0.09 ± 0.02 0.06 ± 0.03 0.05 ± 0.02

SW [s] AP 0.42 ± 0.05 0.26 ± 0.08 0.26 ± 0.10
ML 0.41 ± 0.05 0.27 ± 0.08 0.28 ± 0.07

Table II. Two-way repeated measures ANOVA on temporal
parameters. p-values are reported for main effects of the

perturbation direction (pdir) and the exoskeleton-working modality
(pexos), and for their interaction (pdir ∗exos). p < 0.05 are in bold.

Temporal parameter pdir pexos pdir*exos

DS1 0.097 0.802 0.470
SS 0.293 0.565 0.299
DS2 0.827 0.231 0.027
SW 0.755 0.959 0.478

3. Results

3.1. Temporal parameters
Table I shows the temporal parameters observed before (PRE) and after (POST) the perturbation
onset, due to the AP and the ML slippages, while the APO was working in A- and Z-modes. A sig-
nificant effect of the perturbation was observed on all temporal parameters, which decreased during
the compensatory stride (t-test; DS1: p = 0.047; SS: p = 0.019; DS2 and SW: p < 0.0001).

Considering the POST data, results of the two-way ANOVA (Table II) revealed that temporal
parameters were not significantly affected by the perturbation direction (AP vs. ML) or the APO
working modality (A vs. Z). A significant interaction between the two factors was observed for the
second double support phase: during the A-mode, DS2 was higher for ML than for AP slippages;
during the Z-mode, DS2 was lower for ML than for AP slippages.

3.2. Lower limb kinematic
The lower limb angular excursions are depicted in Fig. 4.

RoM in the sagittal (RoMHs, RoMK, and RoMA) and the frontal (RoMHf) planes of the PL are
reported in Table III. After the perturbation (i.e., PRE vs. POST), RoMHf significantly increased
while RoMK and RoMA significantly decreased (t-test, p < 0.0001 in all cases). RoMHs was not
affected by the perturbation (t-test, p = 0.143).

Concerning the POST data, the assistive strategy significantly modified the hip RoM in the sagittal
plane (Table IV), showing lower values during the A-mode than during the Z-mode, as reported in
Table III.

3.3. Effectiveness of the assistive strategy
3.3.1. Dynamic stability in the sagittal plane. The values of the sagittal component of the MoS are
reported in Table V. Our analysis revealed that the perturbation significantly modified the MoSS
at HSL/TDU, TOR/LOP, and HSR/TDP (t-test, p < 0.0001 in all cases). There were no differences
when the MoSS was calculated at TOL/LOU (t-test, p = 0.194).
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Table III. Range of motion (RoM) of joint angles (mean ± standard deviation, across
subjects) before (PRE) and after (POST) the perturbation onset, during AP and ML

slippages and while the APO was working in A- and Z-modes.

POST

RoM Perturbation direction PRE A-mode Z-mode

HipS[deg] AP 35.6 ± 8.2 27.2 ± 5.9 32.8 ± 7.1
ML 34.8 ± 6.4 32.7 ± 11.9 37.4 ± 9.2

HipF[deg] AP 7.4 ± 1.7 14.4 ± 5.4 15.4 ± 7
ML 8.2 ± 1.8 13.05 ± 5.0 15.6 ± 5.4

KneeS[deg] AP 57.9 ± 8.0 53.5 ± 12.1 54.6 ± 14.4
ML 51.9 ± 14.4 40.3 ± 15.2 42.2 ± 14.5

AnkleS[deg] AP 22.6 ± 7.6 12.2 ± 2.4 11.8 ± 3.6
ML 32.1 ± 18.4 15.5 ± 7.0 17.3 ± 6.6

Fig. 4. Lower limb angular excursions. Joint angles (mean ± 1 standard deviation error band) into the sagittal
(HipS, KneeS, and AnkleS) and the frontal (HipF) planes, during anteroposterior (AP) and mediolateral (ML)
slippages (left and right panels, respectively). Data before (PRE) and after (POST) the onset of the perturbation
are depicted as a percentage of the unperturbed and compensatory strides, respectively, while the APO was
working in Z-mode (green area) and A-mode (magenta area).

As far as the POST data are concerned, a significant main effect of the assistive strategy was
observed at LOP (Table VI). Post hoc analysis revealed that MoSS was significantly higher during
the Z-mode than during the A-mode (Table V). In addition, an interaction effect was reported at TDP

(Table VI): during AP disturbances, the MoSS was higher for Z-mode than for A-mode; vice versa
during ML disturbances.

3.3.2. Dynamic stability in the frontal plane. The values of MoSF are reported in Table VII. The
perturbation significantly affected the MoSF at TOR/LOP and HSR/TDP (t-test; p < 0.0001 and
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Table IV. Two-way repeated measures ANOVA on RoMs. p-values
are reported for main effects of the perturbation direction (pdir)

and the exoskeleton-working modality (pexos), and for their
interaction (pdir ∗exos). p < 0.05 are in bold.

RoM pdir pexos pdir*exos

HipS 0.796 0.005 0.849
HipF 0.869 0.287 0.527
KneeS 0.061 0.333 0.774
AnkleS 0.054 0.754 0.107

Table V. Margin of stability in the sagittal plane (MoSS; mean ± standard deviation, across subjects)
estimated at each time event (TOL/LOU, HSL/TDU, TOR/LOP, and HSR/TDP). Data are reported

before (PRE) and after (POST) the perturbation onset, for each direction of the slippages
(AP and ML) and for each exoskeleton-working modality (A- and Z-mode).

POST

Time event Perturbation direction PRE A-mode Z-mode

TOL/LOU [m] AP 0.08 ± 0.06 0.07 ± 0.07 0.10 ± 0.06
ML 0.10 ± 0.06 0.11 ± 0.05 0.11 ± 0.05

HSL/TDU [m] AP −0.27 ± 0.07 0.65 ± 0.05 0.69 ± 0.12
ML −0.26 ± 0.06 0.65 ± 0.08 0.67 ± 0.10

TOR/LOP [m] AP 0.13 ± 0.05 −0.01 ± 0.12 0.11 ± 0.16
ML 0.11 ± 0.05 0.05 ± 0.10 0.09 ± 0.10

HSR/TDP [m] AP −0.24 ± 0.07 0.17 ± 0.14 0.24 ± 0.13
ML −0.24 ± 0.07 0.18 ± 0.10 0.14 ± 0.09

Table VI. Two-way repeated measures ANOVA on MoSS estimated
at each time event after the perturbation onset (LOU, TDU, LOP,

and TDP). p-values are reported for main effects of the perturbation
direction (pdir) and the exoskeleton-working modality (pexos), and

for their interaction (pdir∗exos). p < 0.05 are in bold.

Time event pdir pexos pdir*exos

LOU 0.603 0.952 0.597
TDU 0.243 0.900 0.985
LOP 0.726 0.040 0.298
TDP 0.435 0.327 0.013

p = 0.002, respectively), showing lower values before than those observed after the perturbation
onset (Table VII).

MoSF was only affected by the direction of the perturbation at TDU (Table VIII) during the com-
pensatory stride (i.e., POST data). Specifically, the post hoc analysis revealed that MoSF at TDU was
higher during ML disturbances than during the AP ones (Table VII). No significant differences were
observed between Z-mode and A-mode.

4. Discussion
The aim of this study was to investigate the effectiveness of a robot-mediated assistive strategy while
promoting balance recovery after unexpected multidirectional slippages. This study was designed to
generalize the outcome of our early report10 in order to gather further insights concerning the ability
of our active pelvis exoskeleton to counteract the loss of balance due to multidirectional slippages.
The results (Fig. 4; Tables V and VI) confirmed that our robot-mediated assistive strategy is effective
in promoting stability in the sagittal plane, as assessed by the MoSS. However, it is not effective at
promoting stability in the frontal plane (Tables VII and VIII).
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Table VII. Margin of stability in the frontal plane (MoSF; mean ± standard deviation, across
subjects) estimated at each time event (TOL/LOU, HSL/TDU, TOR/LOP, and HSR/TDP). Data
are reported before (PRE) and after (POST) the perturbation onset, for each direction of the

slippages (AP and ML) and for each exoskeleton-working modality (A- and Z-mode).

POST

Time event Perturbation direction PRE A-mode Z-mode

TOL/LOU [m] AP 0.09 ± 0.04 0.10 ± 0.01 0.08 ± 0.04
ML 0.09 ± 0.04 0.10 ± 0.03 0.09 ± 0.04

HSL/TDU [m] AP 0.22 ± 0.04 0.24 ± 0.05 0.19 ± 0.10
ML 0.22 ± 0.05 0.25 ± 0.08 0.24 ± 0.08

TOR/LOP [m] AP 0.13 ± 0.03 0.14 ± 0.05 0.16 ± 0.06
ML 0.11 ± 0.03 0.15 ± 0.05 0.15 ± 0.06

HSR/TDP [m] AP 0.25 ± 0.03 0.27 ± 0.10 0.27 ± 0.07
ML 0.24 ± 0.03 0.26 ± 0.07 0.29 ± 0.08

Table VIII. Two-way repeated measures ANOVA on MoSF
estimated at each time event after the perturbation onset (LOU, TDU,

LOP, and TDP). p-values are reported for main effects of the
perturbation direction (pdir) and the exoskeleton-working modality

(pexos), and for their interaction (pdir∗exos). p < 0.05 are in bold.

Time event pdir pexos pdir*exos

LOU 0.275 0.582 0.650
TDU 0.001 0.722 0.337
LOP 0.356 0.849 0.575
TDP 0.794 0.808 0.529

4.1. Effects of the direction of the perturbation on balance control
As widely documented,27–34 an unexpected slippage significantly modifies the main kinematic and
temporal features of the stride. In particular, according to our protocol, the duration of the com-
pensatory stride decreased by about 25% (from 1.02 ± 0.03 s to 0.79 ± 0.05 s) with a significant
shortening of all its sub-phases (see Table I). In addition, the angular excursion at the hip joint in the
frontal plane was altered by a significant increment of the RoM, mostly hip abduction, thus involv-
ing a greater width of the ipsilateral steps following the onset of the perturbation (Fig. 4; Tables III
and IV). Furthermore, slippages significantly diminished the RoM in the sagittal plane only at the
knee and ankle joints (Fig. 4; Tables III and IV) and affected both the time course and inter-subject
variability of all joint patterns (Fig. 4). Remarkably, despite the different perturbation paradigms
(i.e., AP vs. ML slippages), both timing of the compensatory stride (Tables I and II) and kinematic
patterns of the PL (Tables III and IV) were not affected by the direction of the slippage.

The absence of a significant effect of the direction of the perturbation on hip joint kinematics in
the frontal plane suggests that subjects elicited a vigorous use of the hip abductor-adductor muscles
in order to minimize the relative movement between the upper body and the leading (i.e., perturbed)
limb, apart from the direction of the perturbation. As a matter of fact, the literature agrees on the
evidence that these muscle groups play an important role in managing the balance in the frontal
plane.35–40 In addition, the APO is provided with free rotational joints in the frontal plane, and thus
it is not expected to significantly affect hip joint kinetics during the compensatory stride, unless
for parasitic effects. Accordingly, early after the perturbation, the passive properties of the muscle-
skeletal system in the frontal plane, i.e., stiffness and inertia, seem to be similarly controlled across
the perturbations in order to counteract the effects of the lack of balance.

Notably, the MoSF at the TDU after ML perturbations was greater than that assessed following
AP ones (Tables VII and VIII), albeit subjects showed similar duration of the compensatory stride
(Tables I and II) and kinematic of the limb being perturbed (Tables III and IV) between perturbation
paradigms (i.e., AP vs. ML). Specifically, the distance between the external boundary of the base of
support (i.e., the fifth metatarsal head of the right foot) and the extrapolated CoM (XCoM) during
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the first half of the compensatory stride was significantly greater after ML slippages than for AP
ones. This experimental evidence confirms that the pendulum like dynamics of the muscle-skeletal
system in the frontal plane reflects the direction of the slippage, thus requiring a context-specific
counteracting action to promote balance recovery.

All in all, the different paradigms of slippage (i.e., AP vs. ML) involved different behaviors of
the participants, only affecting the MoSF. On the other hand, we unexpectedly observed that the
hip joint angle in the frontal plane did not reflect such perturbations. Accordingly, we believe that
although the APO could partially restrain the hip movement of the users in the frontal plane, balance
control is mostly mediated by subjects’ abd/adduction muscle groups leading them to adopt a context-
dependent counteractive strategy to manage the lack of balance.

4.2. Effects of the robot-mediated assistance on balance control
The results confirm that the assistive strategy tested in this study modified the behavioral features
of the compensatory stride mainly in terms of the kinematics at the hip joint (Fig. 4; Tables III and
IV) and stability in the sagittal plane (i.e., MoSS; Tables V and VI). In addition, with respect to the
stability in the sagittal plane, we observed a significant interaction between the perturbation direction
(i.e., AP vs. ML) and the exoskeleton working modality (i.e., A- vs. Z-mode).

More in detail, the results reveal that the robot-mediated assistance (i.e., A-mode) significantly
modified the hip RoM in the sagittal plane (RoMHs), reducing the flexion of the PL (Fig. 4; Tables III
and IV). However, neither the hip RoM in the frontal plane nor the RoM of the knee and ankle in
the sagittal plane was affected by the proposed assistive strategy. As far as stability is concerned, the
robot-mediated assistance (A-mode) involved a lower MoSS computed at LOP than that assessed in
transparent mode (Z-mode; Tables V and VI).

Results pertaining the effects of the robot-mediated assistive strategy on hip joint kinematics con-
firm our previous findings,10 revealing that the proposed approach promotes the lowering of the
perturbed foot by mostly reducing hip flexion in the late swing phase (Fig. 4). Concerning the MoS,
in this study we obtained different results compared to our previous report. In particular, here we
observed that the MoSS in A-mode, averaged between AP and ML conditions and computed at the
LOP, was about 0.02 ± 0.11 m, while the homologous one in Z-mode was about 0.10 ± 0.13 m,
documenting a backward shift of the XCoM when the exoskeleton worked in transparent mode. A
similar behavior can be observed if separately looking at AP and ML perturbations.

The greater backward shift of the XCoM observed at the beginning of the contralateral step after
the onset of the perturbation (i.e., LOP) in Z-mode actually reveals that the subjects were experiencing
a stronger backward loss of balance than in A-mode. As a matter of fact, a greater MoS at the LOP, as
observed for Z-mode, mostly suggests that the XCoM is more closely projected toward the posterior
boundary of the base of support. Hence, in Z-mode, the impulse needed to unbalance a subject toward
a backward loss of balance is supposed to be smaller than that required in A-mode, thus reflecting
a more critical condition of the former one. Differently, in A-mode, the position of the XCoM is
almost coinciding with the projection of the CoM along the AP axis, thus suggesting that the subject
likely resembled an almost vertical pendulum with smaller CoM velocity, compared to the Z-mode.
Therefore, according to this evidence, it is possible to infer that, thanks to the robot-mediated strategy,
users could recover their balance by minimizing the number of compensative steps.

It is worth noting that the post hoc analysis on MoSS at the TDP showed an interaction between
perturbation direction (AP vs. ML) and exoskeleton working mode (A- vs Z-modes). In particu-
lar, although the XCoM always dropped within the base of support at the end of the compensatory
stride (i.e., MoSS is always positive at TDP compared to homologous values pre-perturbation), the
MoSS was higher for AP perturbations when the APO was working in Z-mode, compared to A-
mode. A different trend was observed for the ML perturbations, albeit the difference between the
exoskeleton working modes was smaller than the previous ones. Furthermore, the MoSS did not
change between perturbation directions when the APO was working in A-mode (Tables V and VI).
This result suggests, on one hand, that the users can adopt a context-specific (i.e., perturbation-based)
reactive behavior when the exoskeleton works in transparent mode (Z-mode). On the other hand, the
assistive contribution of the exoskeleton forces the users to accomplish similar dynamical stability in
the sagittal plane regardless the direction of the perturbation. The dynamics after the perturbation can
hence be significantly influenced by the assistive contribution of the exoskeleton, thus confirming that
if the exoskeleton is properly tuned, it can effectively promote balance recovery after a slippage.10
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We also observed an interaction effect between the direction of the slippages (AP vs. ML) and
the APO working modalities (Z- vs. A-modes) in the duration of the second double support phase of
the compensatory stride (DS2; Tables I and II). This is consistent with the evidence that the A-mode
is enabled after about 0.35–0.40 s from the onset of the perturbation10–17 and suggests that users
adopted different strategies to manage AP and ML slippages while being assisted by the APO: in the
former case (AP perturbations), subjects adopted a shorter DS2, thus accelerating the shift from the
perturbed to the UL; in the latter case (ML perturbations), the assistive strategy slightly increased the
double support phase, thus leading the users to take advantage of a longer bipedal configuration to
control the balance in the frontal plane.

Another significant result concerns the effects of the assistive strategy on the balance control
in the frontal plane (MoSF; Table VII). Specifically, our analysis revealed that our robot-mediated
assistance never modifies the MoSF. This is in accordance with the fact that the adopted APO cannot
actively drive hip abd-adduction, so that its assistance is mainly expected to promote stability in the
sagittal plane.

To the best of our knowledge, a novel promising concept of a wearable hip exoskeleton, aimed at
counteracting balance loss, has been recently introduced in the literature.41 This device was designed
to maintain balance in both the sagittal and frontal planes by using powered actuation for hip flex-
extension and abd-adduction, relying on a novel control strategy based on the XCoM. Unfortunately,
in this study, the results concerning balance stability against perturbations appear very preliminary,
since they refer to a single young adult while walking at very slow speeds (0.45–0.65 m/s), and
managing pushes delivered manually by an experimenter. Therefore, we are unable to compare
the performance of our robot-mediated strategy with the current literature. In this respect, due to
the expected forthcoming pervasiveness of such wearable robotic platforms in our society, further
research is strongly required in order to set benchmark criteria to analyze and compare different
platforms.

5. Conclusion
Wearable robotic platforms are becoming more and more widespread in our society for both reha-
bilitative and assistive purposes. One of the main open challenges pertains to the ability of these
platforms to promote balance recovery after unexpected disturbances during the activities of daily
living. For this reason, we tested the effectiveness of our robot-mediated strategy while older adults
were asked to manage multidirectional slippages. The results revealed that our approach allows the
users to better control their balance in the sagittal plane only (i.e., MoSS), for both AP and ML slip-
pages. The balance control in the frontal plane is not yet effectively addressed by our system due
to some intrinsic limitations of our platform, such as the absence of any active control of the hip
abd-adduction.
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