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Assisting Gait Stability in Walking Aid Users
Exploiting Biomechanical Variables Correlation
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Abstract—Walking aids for individuals with musculoskeletal
frailty or motor disabilities must ensure adequate physical support
and assistance to their users. To this end, sensor-enabled human
state monitoring and estimation are crucial. This letter proposes
an innovative approach to assessing users’ stability while walking
with WANDER, a novel gait assistive device, by exploiting the
correlation between the eXtrapolated Center of Mass (XCoM )
and the Base of Support (BoS) edges. First, the soundness of
this metric in monitoring gait stability is proven. Experiments on
25 healthy individuals show that the median value of Pearson’s
correlation coefficient (p-value < 0.05) remained high during the
forward walk for all subjects. Next, a correlation-based variable
admittance (CVA) controller is implemented, whose parameters
are tuned to physically support users when a gait perturbation is
detected (i.e. low values of Pearson’s correlation coefficient). To
validate this approach, 13 healthy subjects were asked to compare
our controller with a force threshold-based (FVA) one. The CVA
controller’s performance in discriminating stable and perturbed
gait conditions showed a high sensitivity value, comparable to FVA,
and improved performance in terms of specificity. The number of
false and missed detections of gait perturbation was considerably
reduced, independently of walking speed, exhibiting a higher level
of safety and smoothness compared to the FVA controller. Overall,
the outcome of this study gives promising evidence of the pro-
posed metric capability in identifying user stability and triggering
WANDER’s assistance.
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I. INTRODUCTION

FALLS are the leading cause of injuries and deaths among
senior adults (i.e., people over 65 years of age) resulting

in over 36,000 deaths, more than 1.8 million treat and release
emergency department visits, and almost 1 million hospitaliza-
tions per year in the United States. The direct consequence is
considerable costs for the National Health System that amount
to $50 billion per year spent on the care and assistance of people
following accidental falls [1]. To reduce the incidence of falls,
it is crucial to preserve and encourage mobility in the elderly
and adults with chronic conditions. Indeed, physical inactivity
leads to muscle weakening, which perilously increases the risk
of falls and fosters the onset of various diseases and health issues.
These aspects highlight the need to provide fragile individuals
with an agile and adaptable assistive device to ensure physical
and psychological safety while promoting motor activity.

For this purpose, many mechanical structures for gait assis-
tance have been proposed (e.g., walkers and canes). Neverthe-
less, the traditional tools suffer from several drawbacks, such as
requiring sufficient force to move and handle the device, lack
of adaptability with human motion and not providing robust
support for user stability. Hence, more advanced robotic-assisted
devices have recently attracted attention as an alternative. They
mainly consist of two categories: robotic cane or smart walk-
ers [2], [3] and Overground Walking Platforms (OWPs) [4],
[5]. The first category features convenient reduced dimensions
but requires the user to steer the device and cannot provide
robust support in case of falls. On the other hand, OWPs provide
partial body weight support (BWS) by securing the users to their
structure and do not require the use of arms. However, they are
bulky and have limited maneuverability, which binds their usage
in healthcare settings.

To promote the usability of robotic-assisted walking aids in
both clinical and domestic environments, emphasis should be
placed on developing agile, practical, and reduced-dimension
devices. A growing research effort is arising [6], [7], [8]. In
this direction, a novel Walking Assistive omNi-Directional Exo-
Robot (WANDER) was introduced in our previous work [9],
where we maximized users’ comfort while minimizing energy
consumption thanks to the system’s personalization. However,
these features are not enough to ensure the users’ safety and
stability. Such requirements involve the early detection of po-
tentially dangerous events (e.g., falls, loss of senses/balance, gait
perturbation, etc.) and the implementation of control strategies
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that allow users’ support. To fulfill this demand, we present
a novel metric for online quantifying the dynamic stability of
human gait, and, based on this metric, provide the user with
assist-as-needed support while using WANDER.

II. RELATED WORKS

The basic challenge in designing a control approach for
fall-preventive assistive devices is to select a proper metric for
the early detection of falls. Despite extensive research efforts,
there is no standardized and quantitative method for assessing or
scoring the dynamic stability of human locomotion [10], [11].
The loss of human balance from a standing position in static
conditions has been extensively studied, but this model does not
apply to walking due to its dynamic nature. Some techniques that
offer similar extensions for evaluating dynamic gait stability can
be found in the literature. In this section, we provide an overview
of the state of the art, considering both the walking cases without
and with gait-assistive devices.

A. Gait Stability Metrics Without Assistive Devices

The eXtrapolated Center of Mass (XCoM ) is defined as [12]

XCoM = CoM +
CoM ′√

g/l
(1)

where l is the leg length [m], g is the gravity acceleration and
CoM ′ is the derivative in time of Center of Mass (CoM ). The
XCoM extends the classical condition for static equilibrium
of an inverted pendulum and poses the CoM over the Base of
Support (BoS) by adding a linear function of the velocity of
the CoM to the CoM position. In [12], the margin of stability
is defined by the relative position between the XCoM and the
anterior limit of BoS. However, according to this formulation,
normal walking would be identified as a loss of balance since
the XCoM violates the stability margin criteria for most of
the gait cycle [13]. This model could be successfully used to
simulate walking, turning, and stopping [12] and can provide
a quantitative comparison between pathological and healthy
subjects [14], but this differs from predicting the probability
of falls, and such studies have yet to be conducted.

In [15], the authors quantify the forces needed to stop the
Center of Pressure (CoP) motion in the direction of the BoS
edges (stabilizing force), and the force needed to bring the CoP
outside the BoS (destabilizing force). An index of stability
is then calculated by dividing the two forces. However, when
computing the destabilizing force, movement speeds and accel-
erations are not considered. Thus, this metric can be applied
only in static conditions and results too simplistic for dynamic
walking [11]. The Foot Placement Estimator (FPE) [16], [17]
estimates where the foot should be placed to guarantee a stable
gait after the transition from one leg to the other. However, the
findings of [16] demonstrate that metric accuracy systematically
varies with different walking speeds, whereas [17] assesses
the method through experiments involving a single subject. To
the best of our knowledge, no observational studies have been
conducted to date that predict the probability of falling in humans
using the FPE method. Lastly, metrics from dynamical systems
theory, such as the Maximum Lyapunov Exponent (MLE) and
Maximum Floquet Multiplier (MFM) assess gait stability using
metrics based on the time series data of kinematics and/or
gait parameters. These methods, however, require expensive,

cumbersome sensors and involve computationally demanding
processes, which are typically conducted offline on pre-recorded
data [18], [19] and are not suitable for real-time users’ stability
assessments.

B. Gait Stability Metrics Using Assistive Devices

Different studies can be found in the literature to assess user
stability while walking with gait assistive devices.

For example, in [6], [13], and [20] methods based on a
threshold on trunk velocity, acceleration, and applied forces are
proposed. If the selected threshold is overcome, an unbalanced
gait is detected. However, finding a suitable threshold for all
the subjects is not trivial. Indeed, it was found people may
apply high pushing forces even when their walk is stable, thus
reducing the method’s effectiveness. In [13], they attempt to
address this issue by proposing a method based on a continuous
version of the margin of stability. However, this approach relies
on the strong assumption that stride length and duration remain
constant over time. Furthermore, the latter study and the device
in [8] do not present a control mechanism to assist the user in
regaining stability, whereas in studies [6] and [20], the device
immediately stops if the defined thresholds are exceeded, even
if a modular intervention from the robot to correct the instability
is more appropriate than a complete stop [6].

This letter aims to address current state-of-the-art limitations
by proposing a novel metric that quantitatively online monitors
the user’s stability while walking with WANDER, enabling
the delivery of suitable assistive support adaptively. Combining
information from the insole sensors worn by the users and a 2D
LiDAR, the person BoS and XCoM are reconstructed. Then,
the correlation between the variations of BoS and XCoM in
the Antero-Posterior (AP) plane is studied to assess the stability
during walking. Finally, a variable controller that adapts based
on user stability, providing assist-as-needed support, is tested on
WANDER and compared to a state-of-the-art approach.

III. HARDWARE OVERVIEW

A. WANDER

The assistive device considered in this study is shown in the
green block of Fig. 1. Its base consists of a velocity-controlled
Robotnik SUMMIT-XL STEEL mobile platform with three
degrees of freedom (DoFs), i.e., able to move in longitudinal
and lateral directions and rotate in place. A structure of alu-
minum profiles is mounted on top of the mobile base and a
LaxOne 6-axis force/torque (FT) sensor (Bota Systems, Zürich,
Switzerland) is assembled in the middle of the horizontal profile.
The FT sensor is placed between the structure and the user, who
is coupled to the latter through a lumbar support at the pelvis
level. Its vertical location on the structure can be adjusted to
fit the height of each individual. By using this pelvic interface
(sensor plus lumbar support), the forces and torques exerted by
the user on the device can be detected. The overall dimensions of
WANDER are 97.8 × 77.6 × 51 [cm] and the weight is 150 [kg].
WANDER is also equipped with a reliable wireless emergency
button.

B. LiDAR System

To estimate the CoM position and evaluate its relationship
with BoS according to the proposed method, the detection of
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Fig. 1. Overview of WANDER and the underlying framework including hardware components (green block), Preference Based Optimization (PBO) procedure
(orange block), control system (light blue block), and user stability assessment method (purple block).

Fig. 2. (a) Details of the used Reference Frames (RFs): i) the LiDAR sets the
global RF; ii) legs RFs are placed in the center of points cloud’s circumferences;
iii)CoM RF is in the middle point of the legs. (b) Example ofBoS construction
The subdivision of foot areas is also illustrated.

users’ legs is required (details in Section IV). A 2D Hokuyo
laser sensor mounted on the front side of WANDER at a height
of 20 [cm] from the ground is used to detect the point clouds
of the objects within the laser field of view. Then, the tracking
technique presented in [21] allows us to estimate and track the
legs’ movement. The max detection distance for the laser is set
to 1 [m], while the detection angle ranges from −90◦ to +90◦
at 40 [Hz]. The reference system of LiDAR is adopted, in this
letter, as the global reference system (see Fig. 2).

C. Insoles System

For the computation of BoS, the Moticon OpenGo insoles
were used. The system has 16 sensors per insole providing pres-
sure for each sensor [N/cm2], acceleration along x,y,z axes [g],
angular rate ωx, ωy, ωz [dps], CoP position and total vertical
force [N]. These data were recorded with a frequency of 50 [Hz]
and down-sampled in the controller loop to be synchronized
with LiDAR’s data. Insoles from 42 to 45 EU were used to
cover multiple users’ shoe sizes. Similar to [22], a pressure cell
is considered active when the measured pressure is greater than

2.0 [N/cm2], excluding low-intensity pressure peaks correspond-
ing to the pressure measurement noise.

IV. STABLE WALKING MONITORING

In this section, the method to monitor user stability, repre-
sented in the purple block of Fig. 1, is explained. Experimental
data on human gait suggest some proportionality of the center of
mass and its speed (i.e., XCoM ) and the movement of the feet
in the next step [23]. At each gait step, people move into a phase
of unbalance that is subsequently recovered by taking the next
step. We therefore expect, during a steady walk, the fluctuations
of the BoS edges to be connected to the XCoM . Based on
that, we hypothesized that the correlation between the XCoM
and the BoS front edge could provide a potential criterion for
discriminating between stable and unstable conditions during
human gait. The methods for computing the two signals are first
introduced, followed by an explanation of the approach proposed
to relate them.

A. XCoM and BoS Computation

1) XCoM: In this letter, we assumed that CoM movement
can be approximated by the movement of the pelvis [13], [24].
This assumption is reasonable in the proposed application since
relative movements between body links are minimal due to the
coupling between the user and WANDER. The movement of
the pelvis is then reconstructed as the motion of the midpoint
between the legs [3], detected at each instant by the LiDAR.
Once the CoM is obtained, the XCoM can be computed
according to (1).

2) BoS: The sensors of each OpenGo insole were divided
into heel, arch, and toe subgroups based on their location
(Fig. 2(b)). Each area is considered active in the BoS con-
struction if at least one of its pressure cells is active for more
than one second. After identifying the active areas of each foot
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individually, the latter were connected geometrically to obtain
the total BoS (Fig. 2(b)).

B. XCoM - BoS Relationship

In this work, the Pearson coefficient between XCoM and
the anterior edge of BoS is used as the metric for assessing
the correlation between them. This parameter quantifies the
linear association between two data series, ranging from+1 (i.e.,
direct relationship) to −1 (i.e., inverse relationship). In sum, the
Pearson coefficient captures the similarity between the absolute
values of two signals, giving an idea of their overall relationship.
On the other hand, the correlation between the derivatives of two
signals offers a more detailed perspective on their rate of change
over time, focusing on their dynamic behavior. Since we are
more interested in the latter, Pearson’s coefficient was calculated
between the XCoM and BoS derivatives. At every iteration,
the first step to obtain Pearson’s coefficient is the computation of
signals’ derivatives, and then the resultantXCoM ′ andBoS ′ are
filtered to remove noise measurements. Details about filtering
choices are provided in Section VI-A. Next, the cross-correlation
of a moving time window (with a number of samples equal to
K) is calculated as

(XCoM ′ � BoS′)[n] =
K−1∑
h=0

XCoM ′[h] ·BoS ′[h+ n], (2)

whereXCoM ′[h] is the conjugate of derivativeXCoM ′ at time
sample h and BoS ′[h+ n] is the BoS derivative shifted of n
samples wrt h. Given the cross-correlation, it is possible to obtain
the delay n� as the maximum value registered for the given time
window. Finally, the Pearson coefficient is calculated between
the two shifted signals as

r =

∑
(XCoM ′ −mX)(BoS ′[n�]−mB)√∑

(XCoM ′ −mX)2
∑

(BoS ′[n�]−mB)2
, (3)

where mX and mB are the mean of vectors XCoM ′ and BoS ′,
computed online in the considered time window.

V. VARIABLE ADMITTANCE CONTROLLER

In this section, the control algorithm developed to ensure the
system’s transparency with human movements [9] in stable walk
and to provide assistance in case of gait perturbation (blue block
in Fig. 1) is briefly described.

The user’s intention in terms of force/torques (detected by the
FT sensor) can be translated into desired velocities through an
admittance controller, making WANDER compliant with human
motion. The underlying dynamic relationship can be described
by the following admittance model

Madmq̈des
m + (D�

adm +ΔDast)q̇
des
m = Text

m , (4)

where m = 3 is the number of DoFs, representing two trans-
lational and one rotational movement of the base. q̈des

m and
q̇des
m are the desired accelerations and velocities, respectively.

Text
m = [Fx, Fy, τz] are the detected external forces and torques,

which are extracted and mapped from the 6D FT sensor data.
This information is used to compute the directional damping
matrix D�

adm, as reported in the blue block in Fig. 1, to decrease
the resistance along the direction of motion facilitating the user’s
movements. Madm and Dadm are the diagonal positive definite

matrices of virtual mass and damping in Cartesian coordinates

Madm =

⎡
⎣Mx 0 0

0 My 0

0 0 Jz

⎤
⎦ , Dadm =

⎡
⎣Dx 0 0

0 Dy 0

0 0 Dz

⎤
⎦ ,

where Mx,y and Dx,y are optimal mass and damping in the
horizontal axes, Jz is the moment of inertia and Dz is the
rotational damping. Dadm is used in the computation of D�

adm.
WANDER is designed to be freely moved by the user and
maintain its position if no forces are applied. This is why we
omit the stiffness term in (4). The parameters’ optimal values are
obtained for each participant by using a user preference-based
optimization (PBO) procedure (orange block in Fig. 1). Details
can be found in [9].

A. Correlation-Based Variable Admittance Controller

Building on top of this controller, an assistive strategy is
implemented to help the user regain stability. When the proposed
metric detects a perturbed gait, the Correlation-based Variable
Admittance (CVA) controller increases ΔDast, enhancing re-
sistance in the direction of motion and enabling the user to
restore stability. To provide assist-as-needed support, the robotic
assistive device’s intervention must be proportional to the level
of instability. If the user is walking stably, maintaining the
system’s mechanical transparency is crucial, so the additional
assistance level remains at zero. Conversely, if a minor distur-
bance occurs during gait, the assistance level should increase
modestly without being overly intrusive. In the presence of a
significant perturbation, a more robust intervention is required
to re-stabilize the gait. Based on [25] the domain of Pearson’s
coefficient is divided into three ranges of correlation: low i.e.,
r < 0.4, weak i.e., 0.4 ≤ r < 0.6 and high i.e., r ≥ 0.6. The
three ranges represent the high, minor, and null levels of gait
perturbation, respectively. The level of assistance provided to
the user will be calculated accordingly. To obtain ΔDast, we
implement the following function

ΔDast(t) =

⎧⎨
⎩
eαT1 − 1 ∈ [0,DmaxL] if r < 0.4,
m1 · d ·Kt ∈ [0,DmaxW] if 0.4 ≤ r < 0.6,
−m2 · T2 ∈ [0,DmaxL] if r ≥ 0.6.

(5)

where T1 is the interval between initial time of perturbation
and current time, d ∈ [0, 0.2] is the difference between high
correlation threshold and current Person’s coefficient, DmaxL

and DmaxW are the maximum damping values selected for the
low and weak range, respectively. The third equation of the
system, where T2 is the interval between the end of perturbation
and current time, smoothly brings back the value of ΔDast to
zero when no perturbation is detected. The parameters m1,Kt

and m2 are computed as follows

{
m1 = DmaxW/max(d),
Kt = βt1 ∈ [0, 1].
m2 = (DmaxW −Dadm)/γ

(6)

α, β and γ in (5) and (6) are chosen to reach the maximum and
zero assistive ΔDast value in the desired time amount during
low, weak and high correlation, respectively.
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TABLE I
PARAMETERS SELECTED FOR THE CONTROLLER AND ΔDast FUNCTION

B. Force-Based Variable Admittance Controller

The proposed method is compared with a variable admittance
controller based on force threshold (FVA), similar to the ap-
proach described in [6] and [20]. If the measured force in the
moving direction exceeds the threshold, an unbalanced condition
is detected. The assistive damping is computed as

ΔDast(t) =

{
eαt − 1 ∈ [0,DmaxL] if f > fth,
−m2 · t ∈ [0,DmaxL] if f ≤ fth.

(7)

The parameters’ values are reported in Table I while the force
threshold is different for each user and its computation is
described in Section VI-C.

VI. EXPERIMENTAL CAMPAIGN

Two experimental sessions were conducted. In the first phase,
the proposed metric’s capability to assess user stability while
walking with WANDER was evaluated. In the second phase,
subjects were asked to self-perturbate their gait (details will fol-
low), and the performance of the proposed CVA controller was
validated and compared with the FVA controller. The protocol
was approved by the ethics committee Azienda Sanitaria Locale
(ASL) Genovese N.3 (Protocol IIT_HRII_SOPHIA 554/2020).
Written informed consent was obtained from the participants.

A. Parameters Settings

To compute Pearson’s coefficient, we defined a moving time
window with K = 80 samples and a significance level equal
to 0.05. Regarding signal filtering, a second-order Butterworth
filter was applied to XCoM ′ and BoS’ separately. This filter is
commonly used, with cut-off frequencies between 3 and 10 Hz,
for filtering biomechanical signals [26], [27] and has been proven
robust with derivatives of signals. In our framework, a cut-off
frequency of 4 Hz was selected to achieve a good balance
between minimizing signal distortion and effectively removing
noise. It should be noted that, in addition, we low-pass filtered
the correlation signal to eliminate peaks with a duration of less
than 0.3 seconds. This means that the controller is activated when
the instability exceeds the threshold duration. The selection of
the latter was dictated by the physiological time response to gait
perturbation reported to be > 0.3 [s] [28].

The values of all the controller’s parameters are reported in
Table I. The values of α, β used in (6) were chosen to reach the
maximum damping value in approximately 0.1 sec and 0.3 sec
during low and weak correlation, respectively. γ instead was
empirically chosen to gradually bring backΔDast to zero during

Fig. 3. Example of ΔDast curves for a given ΔD�
adm and fixed Pearson

coefficients are reported as a function of time. The rising part of the curves
corresponds to an increase in damping based on the current Pearson’s coefficient,
until the saturation value (constant segment of the curve). The descending part
smoothly brings back ΔDast to zero, when the perturbation is ended. The
values of the curve r < 0.4 are scaled by 1:2 for better visualization.

high correlation. This choice can be attributed to the previously
described assist-as-needed principle. If the perturbation was
high, we required an intervention that was as reactive as possible,
whereas if the perturbation was less significant, we preferred
an intervention that increased over time. Based on the selected
parameters, examples of increase and decrease of ΔDast over
time for a given initial D�

adm and fixed values of Pearson’s
coefficient are reported in Fig. 3.

B. Stability Metric Evaluation

1) Protocol: 25 healthy subjects (age: 28.08 ± 2.31 years;
mass 77± 6.14 [kg] and height 181± 7.17 [cm]) were recruited.
The pelvic interface was adjusted according to each participant’s
height and then, the subjects were connected to WANDER to
obtain a tight coupling without affecting the users’ comfort.
First, the subject’s custom parameters were determined using
the PBO procedure [9]. Next, each subject was asked to walk
straight in a normal fashion for 7 [m] for 12 trials.

2) Analysis: Pearson’s correlation coefficient was computed
between XCoM ′ and BoS’ during each trial. To test the nor-
mality of its distribution, the Shapiro-Wilk test was performed
since the restricted dataset dimension (i.e., num sample< 5000),
with a p-value equal to 0.05. Then, the trend of its value across
subjects was analyzed.

C. Assistive Controller Evaluation

1) Protocol: In this second phase, we recruited only subjects
who could guarantee high correlation values while walking
straight with WANDER, i.e., who satisfied, in the first phase,
the following condition on Pearson’s coefficient:

r ≥ 0.4 ∀ t ∈ [0, tend] (8)

where tend is the final instant of the trial. This choice was made
to comply with the controller activation requirements described
in (5). Further discussion will follow in Section VIII. Hence,
13 healthy subjects (age: 29.75 ± 2.68 years; mass 75.67 ±
6.14 [kg] and height 180 ± 7.17 [cm]) were selected. As a first
step, a calibration trial was performed to determine the subject-
specific threshold fth. Subjects were asked to walk in a normal
fashion without any perturbation, the forces detected by the FT
sensor were recorded, and the maximum value was selected.
After the calibration, 12 trials per subject were conducted in
which the participants were asked to walk straight for 7 [m]. In
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Fig. 4. Results of stability metric evaluation: the data for each subject include the correlation values measured across all 12 trials conducted by that subject. The
figure shows a median Pearson’s correlation coefficient greater than the moderate threshold (r = 0.6) and a first quartile greater than the low correlation for all the
subjects.

9 of them, the self-perturbation trials (SPT), they were asked
to self-perturb the gait following an acoustic signal, randomly
generated along the path. The other 3, the increasing speed
trials (IST), were performed by asking the subjects to adopt
an increasing walking speed from the first (v1) to the latter trial
(v3). The execution of all these trials was randomized and the
described protocol was repeated with both controllers.

To standardize the gait stability evaluation, subjects were in-
structed to self-induce perturbations during walking, according
to the protocol described in [30]. In particular, they were asked
to freeze their gait during the swing phase, after the acoustic
signal, and ‘try to step as fast as possible’ in subsequent steps.

2) Analysis: The controllers’ performance in discriminating
and managing stable and perturbed gait conditions was evaluated
using quantitative and qualitative metrics. As quantitative met-
rics the activation time after the acoustic signalΔtact, Sensitivity
(Se), Specificity (Sp), and their geometric mean (G_mean) [6]
were computed. The first can be measured as

Δtact = t(ΔDast = Dact)− tsig, (9)

where tsig is the time of the acoustic signal and t(ΔDast =
Dact) is the time instant when the assistive damping reaches
the activation threshold. It is important to mention that this time
includes both the user’s reaction time to the acoustic signal,
the freezing of the gait phase, and the activation time of the
controller following the perturbation. If the assistive damping
reaches the activation threshold, following a perturbation during
self-perturbation trials, it is considered a correctly detected
perturbation (true positive TP). On the other hand, if the damping
does not reach Dact during increasing speed trials, this is a
correctly non-detected perturbation (true negative TN). Based
on that, Se, Sp, and G_mean were computed:

Se =
TP

tot SPT
; Sp =

TN

tot IST
; G_mean =

√
Se · Sp

In addition, to get a deeper insight into the detection capability
of the two approaches, false (FD) and missed (MD) detections
of the perturbation across all the trials were analyzed.

TABLE II
CVA AND FVA CONTROLLERS’ QUANTITATIVE METRICS

A custom questionnaire was proposed to evaluate the perfor-
mance qualitatively. Each question evaluates the two controllers
with a score from 1 to 5. The overall questionnaire can be found
at: https://shorturl.at/BR4cq.

VII. RESULTS

A. Stability Metric Evaluation

The statistical test performed returns a non-gaussian distribu-
tion of the Pearson’s coefficient for most of the subjects. Hence,
the coefficient’s median, first, and third quartile over 12 trials,
which are shown through box plots for each subject in Fig. 4,
were analyzed. It can be noted that the median value and the first
quartile are greater than the high correlation threshold r = 0.6
for all the subjects.

B. Assistive Controller Evaluation

In Table II the quantitative results are reported. The CVA
controller exhibits better performance in terms of perturbation
detection. Specifically, while the Se of the two methods is
comparable, with the CVA, the Sp and G_mean are increased
by 10% and 7% respectively and the number of FD is reduced
by 32%, compared to the FVA. It can be noted that 76% and
40% of FD, for the FVA and CVA controllers, respectively, were
recorded during the increasing speed trials. Moreover, the FVA
exhibits an increasing trend from v1 to v3, whereas no specific
trend is observed for the CVA, which shows a decrease from

https://shorturl.at/BR4cq
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Fig. 5. The complete signals’ logic flow is reported: in the image above the
filtered derivatives are represented; in the image below, the drop in Pearson’s
coefficient and the consequent ΔDast can be observed. The time between the
acoustic signal (yellow line) and activation time (red line) comprises the user
reaction time to start the gait’s self-perturbation.

Fig. 6. Results of the custom questionnaire for all the subjects in the two
experimental conditions (Force and Correlation control). The boxplots from
question one (Q1) to five (Q5) are presented.

v1 to v2 and an increase from the latter to v3. The number of
MD is also decreased using CVA. Finally, the proposed CVA
controller has a longer reaction time to perturbation events, that
is, 0.64 seconds on average slower than the FVA controller. In
Fig. 5 an example of self-perturbation trial is represented for
one subject. In Fig. 6, the results of the custom questionnaire
for all the subjects are reported through box plots for FVA and
CVA controllers. The scores are reported so that high scores
correspond to a positive outcome for each question. The mean
score of the CVA controller is slightly higher than that of the FVA
controller in Q2, Q3, and Q4, whereas the opposite is observed
in Q1 and Q5. However, no statistical relevance is measured in
any of the questions.

VIII. DISCUSSION

The results presented in Section VII-A show that the value
of the correlation between XCoM ′ and Bos′ is high for all
subjects while walking straight, suggesting that the proposed
metric can be successfully used to identify a stable gait condition.
On the other hand, some subjects occasionally reported values
of Pearson’s coefficient below the weak correlation threshold
r = 0.4. This undesirable behavior may be caused in part by the
level of confidence in walking with the assistive device.

Indeed, the first-time use of the system may influence the
walking style differently from person to person. Participants

were also instructed to avoid crossing their legs while walking,
as this could impede the LiDAR from tracking the legs, thereby
compromising the computations. This requirement might be
more or less easily achievable depending on an individual’s
usual walking style. Similar observations were discovered in [6]
where subjects experienced a change in gait parameters when
being connected to the assistive device. This is why subjects
who did not fulfill the condition in (8) were not involved in
the controller evaluation. Biomechanical studies will be held
to investigate the proposed metric further, while walking both
with and without WANDER, also considering the familiarization
effect. As a result, the number of subjects in the correlation study
will be increased, enabling the evaluation of the metric on a
larger dataset.

Another limitation of the method is represented by the as-
sumption that CoM is rigidly coupled to WANDER and located
at the midpoint between the two legs. Indeed, in the case of
oscillations at the user-device interface, the device movement
no longer represents the pelvis movement, causing a negative
peak in the correlation value. To address this issue, a new
version of WANDER is being developed in our laboratory with
an innovative design aimed at enhancing the coupling interface
and optimizing patient ergonomics. Additionally, assuming that
CoM movement can be approximated with pelvis movement
is reasonable but not always valid. By including in the control
system a camera to improve the estimation of CoM (e.g., by
monitoring the torso movement), the fall detection accuracy and
the overall efficacy of the method in identifying and restoring
users’ instability can be enhanced.

Despite this, quantitative results presented in Section VII-B
demonstrate that the proposed CVA controller achieved high
performance in detecting true gait perturbation (i.e., Se value),
comparable to that of the FVA. Instead, the CVA controller
capability in identifying normal gait (i.e. Sp value) was greatly
improved to FVA. Finally, the G_mean and the reduction of
both FD and MD show an overall better performance of CVA
controller. This indicates not only that smoothness is increased
during normal walking, but also that a higher level of safety is
provided in case of instabilities. Additionally, the analysis of the
distribution of FD reveals that those related to the FVA controller
are more concentrated in increasing speed trials. This issue is
probably inherent to the intrinsic functioning of the controller.
Indeed, since the detected forces are related to the walking
speed, if the user increases the latter, the first increases as well,
potentially exceeding the selected threshold. Conversely, the
failures of the proposed method are distributed across all the
trials, indicating that the CVA controller performance is inde-
pendent of walking speed. The findings on the FVA controller are
partially supported by [6] where the algorithm was tested under
two protocols, yielding significantly different outcomes. In one
protocol, the G_mean was 0.973, with sensitivity (Se) and speci-
ficity (Sp) of 94.7% and 100%, respectively, while the second
protocol resulted in a G_mean of 0.717, with Se of 67.5% and
Sp of 76.3%. However, the controller was evaluated with users’
velocities reduced by the device, and, when tested with a patient,
false positives occurred in all trials. In addition, this method can
only provide the function of a complete stop of the user, while
the proposed controller can deliver a modular intervention that
allows an appropriate assistive force to correct the instability.
On the other hand, the FVA controller is more responsive to
perturbation events, exhibiting a shorter activation time than the
CVA controller. We attribute this delay primarily to the multiple
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filtering stages of the correlation signal, which introduce latency
into the system. Enhancing the CoM estimation may also allow
for a reduction in the signal filtering layers, thereby increasing
the controller’s responsiveness.

On the other hand, the FVA controller exhibits a shorter
activation time than the CVA controller. We attribute this delay
primarily to the multiple filtering stages of the correlation signal,
which introduce latency into the system. Enhancing the CoM
estimation may also allow for a reduction in the signal filtering
layers, thereby increasing the controller’s responsiveness.

Finally, since pathological conditions affect dynamic balance
during walking [31], patients with motor dysfunctions (e.g.,
Parkinson’s disease, ataxia) will be included in the next studies,
enhancing the demographic diversity and proving the robustness
of the method with the actual future users of WANDER.

IX. CONCLUSION

In this work, we introduced a novel metric to evaluate human
stability during normal and perturbed gait conditions. We then
presented a control strategy for the walking assistive device
WANDER to enhance transparency during stable walking while
providing physical support in case of perturbation.

The experimental results showed the effectiveness of our
strategy in monitoring user stability and providing physical
assistance after a gait perturbation. The proposed method im-
proved the capacity to distinguish between stable and perturbed
gait conditions compared to a force threshold-based controller
from the literature, thereby improving movement smoothness
and the safety of the assistive device.
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