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Introduction: After stroke, many individuals recover the ability to walk
independently. However, post-stroke gait remains inefficient and energetically
demanding. Alterations in the pendulum-like exchange of mechanical energy of
the center of mass (CoM) may contribute to gait inefficiency.

Methods: 30 post-stroke individuals and 30 healthy controls walked at
self-selected speed while 3D motion capture data were collected with
an optoelectronic system. Spatio-temporal gait parameters were computed,
and CoM mechanical energy was estimated from pelvic marker trajectories.
Mechanical efficiency was quantified using the Energy Recovery Index (ERI) and
Congruity (C) between potential and kinetic energy. Between-group differences
were assessed using independent-samples t-tests, and analyses accounting for
walking speed were performed for mechanical outcomes. Within the stroke
group, correlations were computed between ERI and selected spatio-temporal
and functional parameters, including the Locomotor Rehabilitation Index (LRI).
Results: Compared with healthy controls, post-stroke participants exhibited
significantly reduced walking speed, shorter step and stride lengths, and
prolonged double support time (p < 0.05). Mechanical energy recovery was
significantly lower in the stroke group (ERI: 54.4 + 12.7%) than in healthy
participants (68.1 + 4.6%), while C was significantly higher (p < 0.05), indicating
altered pendulum-like mechanics. Differences in ERI and congruity could not
be explained by walking speed alone. In the stroke group, ERI was positively
correlated with step length and LRI, and negatively correlated with double
support time and non-plegic limb foot-off timing (p < 0.01).

Discussion: Post-stroke walking is characterized by impaired pendulum-like
mechanics of the CoM that are not solely attributable to reduced walking
speed. Mechanical energy recovery is closely associated with spatio-temporal
and functional gait characteristics, supporting the use of biomechanical indices
such as ERI to complement conventional gait assessment and plan targeted
rehabilitation strategies.
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Introduction

Stroke is a leading cause of long-term disability worldwide
and it frequently results in persistent motor impairments that
limit functional independence and participation in daily life (1, 2).
Among these impairments, walking dysfunction represents one of
the most common and disabling consequences of stroke (3, 4).
Although post-stroke individuals can recover the ability to walk
independently, their gait is often incomplete and characterized by
alterations, such as foot drop during swing and compensatory trunk
and pelvic movements (5, 6). Consequently, walking frequently
remains energetically demanding, leading to reduced endurance
and early fatigue. This indicates that the recovery of independent
walking does not necessarily correspond to the restoration of an
efficient gait pattern (7-9).

In human locomotion, efficiency is related to the ability
to minimize energy expenditure for a given task. In healthy
individuals, walking is remarkably efficient thanks to the
coordinated interaction of neural control, musculoskeletal
mechanics, and biomechanical constraints, allowing long-distance
locomotion with a relatively low metabolic cost (10, 11). From a
biomechanical perspective, this efficiency is closely related to the
mechanical organization of movement.

During healthy walking, the body’s center of mass (CoM)
follows a characteristic trajectory that allows a partial exchange
between gravitational potential energy and kinetic energy (12, 13).
This mechanism, described by the inverted pendulum model,
reduces the amount of positive mechanical work that must be
actively generated by the muscles, particularly at preferred walking
speeds (14, 15). Through this mechanism, mechanical energy is
partially conserved across the gait cycle, contributing to reduced
muscular effort. However, when this mechanical organization
is disrupted, walking efficiency drops and the metabolic cost
of locomotion rises (16, 17). In post-stroke populations, such
inefficiency can represent a major functional limitation, sometimes
exceeding the impact of isolated impairments such as weakness
or spasticity (18). Consistent with this, studies have reported an
increased energy cost of walking after stroke, which persists even
in those who have regained independent ambulation (19, 20).

This inefficiency is closely related to the nature of post-
stroke gait impairments, which extend beyond muscle weakness.
Impaired selective motor activation, abnormal muscle synergies,
and altered inter-segmental timing contribute to a gait pattern that
relies on compensatory strategies to maintain forward progression.
While these adaptations may facilitate functional ambulation,
they significantly increase the mechanical work required for
progression, particularly during prolonged walking tasks (21).
Consequently, post-stroke gait is typically characterized by reduced
walking speed, temporal and spatial asymmetries, and altered joint
coordination (22). These alterations directly impact the normal
pendulum-like mechanism, leading to a persistent increase in
the cost of walking compared to healthy individuals, even when
walking at similar or slower speeds (17, 23). This energetic demand
is directly linked to increased fatigue and reduced participation
in daily life also into the chronic phase after stroke, suggesting
that conventional rehabilitation strategies do not always restore an
energetically optimal gait pattern (19, 24).
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Gait assessment in post-stroke populations has largely focused
on spatio-temporal parameters and lower limb kinematics during
walking, whereas fewer studies have examined the mechanical
organization of gait and its contribution to efficiency (3, 25). From
a biomechanical perspective, this can be quantified using indices
derived from the analysis of CoM (26). In particular, the Energy
Recovery Index (ERI) represents a consolidated measure of the
effectiveness of pendulum-like energy exchange (13).

ERI serves a global descriptor of gait coordination rather
than a simple energetic surrogate and has been extensively
used to characterize mechanical efficiency in healthy walking,
aging, and neurological disorders such as Parkinson’s disease
and cerebral palsy. For instance, reduced energy recovery has
been observed in elderly individuals, reflecting age-related
alterations in gait coordination and mechanical -efficiency
(27, 28). Similarly, studies in cerebral palsy and Parkinson’s
disease have highlighted alterations in the coordination of
kinetic and potential energy fluctuations, resulting in impaired
mechanical energy exchange and increased energetic demand
(17, 29).

Despite its theoretical foundation and widespread application
in biomechanics, the use of ERI in post-stroke populations
remains relatively limited. While the increased cost of walking
after stroke is well established (19, 20), most investigations
have emphasized metabolic measures or segmental kinematics
rather than the effectiveness of pendulum-like energy exchange.
Specifically, it has not been fully elucidated whether the reduced
walking efficiency observed after stroke primarily reflects slower
locomotion (30) or a fundamental breakdown of pendulum-like
mechanics that exist independently of speed. Investigating these
aspects in this population may therefore offer novel insights
into the mechanical organization of post-stroke gait and its
clinical correlates.

The aim of this study was two-fold. First, it aimed to
evaluate walking efficiency in post-stroke individuals by
quantifying the mechanical energy exchange of the CoM
during gait, in comparison with healthy individuals while
specifically accounting for the effect of walking speed. Secondly,
it aimed to investigate the relationship between walking
efficiency and specific spatio-temporal gait parameters to
identify which aspects of gait impairment most significantly
impact mechanical coordination. By providing an objective
and biomechanically grounded measure of energy exchange,
this study aims to offer complementary information on gait
dysfunction, assessing to what extent mechanical disorganization
represents a distinct impairment beyond the simple effect of
reduced velocity.

Materials and Methods

Participants
This study follows a retrospective, cross-sectional design aimed

at evaluating mechanical gait efficiency in a clinical population.
Two cohorts of participants were enrolled on a voluntary basis.
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The first group consisted of post-stroke individuals (stroke group,
SG) recruited among the inpatients of San Giuseppe Hospital
(IRCCS Istituto Auxologico Italiano, Piancavallo, Italy), whereas
the second group included healthy adults (healthy group, HG)
recruited from the hospital’s staff. Post-stroke participants were
selected based on the following inclusion criteria: (i) age >18
years, (ii) mild-to-moderate hemiparesis affecting both upper
and lower limbs, with National Institutes of Health Stroke Scale
(NIHSS) scores <10 and Modified Rankin Scale (mRS) scores
<3, respectively, (iii) ability to understand vocal cues, with a
Mini-Mental State Examination (MMSE) score of at least 26, and
(iv) ability to walk short distances (<10m) without assistance.
Individuals exhibiting bilateral motor impairment were excluded.
Conversely, inclusion criteria for healthy individuals were the
following: (i) age >18 years; (ii) no injuries within the past year,
and (iii) absence of musculoskeletal or neurological disorders that
could affect gait.

The sample size was defined by the number of participants
meeting the inclusion criteria within the clinical database
during the study period. This retrospective
with the
statistical sensitivity. To ensure robustness, a power analysis
confirmed that the
power of at least 80% (o = 0.05) to detect large effect sizes

approach

balanced practical constraints requirement for

sample was sufficient to achieve a
(Cohen’s d = 0.80), consistent with previous biomechanical
investigations (31).

The study protocol received approval from the internal
Ethics Committee and was conducted in accordance with
the ethical standards of the Institute and the Declaration
of Helsinki (1964), including its most recent amendments,
with the option to withdraw from the experimental tests at
any time.

Experimental set-up

All  participants underwent 3D  instrumented gait

analysis (3D-GA) at the Movement Analysis Laboratory
of San Giuseppe Hospital. The laboratory is equipped
with a 6-camera optoelectronic motion capture (MCap)
system  (Vicon, Oxford Metrics, Ltd; Oxford, UK;
sampling rate: 100Hz) and two force plates (Kistler,
Winterthur, CH) embedded in the middle of a 10
m walkway.

Anthropometric measurements were recorded for each
participant, including height, weight, distance between the
anterior superior iliac spines (ASIS), leg length, and the
width of knee and ankle. Subsequently, 23 spherical retro-
reflective markers (@ = 15mm) were manually positioned
on specific anatomical landmarks on participants’ bodies
according to Plug-In Gait model (32, 33), as displayed in
Figure 1.

According to the experimental protocol and 3D-GA
requirements, participants were asked to walk barefoot along
the walkway at their self-selected walking speed (SSWS).

Up to three successful trials were collected to guarantee the
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reproducibility of the results in terms of gait parameters. Trials
were considered consistent if performed at a steady SSWS
without interruptions.

Data analysis and processing

Raw data collected by MCap were processed using dedicated
software for data tracking (Version 1.8, VICON, Oxford Metrics
Ltd., Oxford, UK) and then imported into MATLAB® (Mathworks
Inc, Natick, MA, USA) for further processing through ad-
hoc and custom-written routines for computing relevant gait-
related parameters.

Spatio-temporal parameters

Main gait events (i.e., right/left heel strike and toe off) were
identified for each trial from the trajectories of the markers
placed on the feet to define the gait cycle (34). Spatio-temporal
parameters were then computed automatically and bilaterally
using the above-mentioned dedicated software. In particular, the
following parameters were considered:

e Step time (s): time interval between consecutive contralateral
and ipsilateral heel strikes;

e Stride time (s): time interval between two consecutive heel
strikes of the same foot;

e Step length (m): antero-posterior distance from one foot strike
to the subsequent one;

e Stride length (m): distance between two consecutive heel
strikes of the same foot;

e Double support (s): time in which both feet are in contact with
the ground;

e Foot off (%): duration of the stance phase, as % of the gait cycle

e Cadence (steps/min): number of steps in a time unit (i.e.,
1 minute)

e Walking speed or self-selected walking speed (SSWS) (m/s):
ratio between stride length and stride time.

Mechanical parameters

According to previous studies, the body CoM was estimated
from the trajectories of the markers on the pelvis, as pelvic
motion provides a reliable approximation of whole-body CoM
displacement during walking (35, 36). In particular, the CoM
was defined as the midpoint between the vectors connecting
the midpoints of the right and left anterior-superior iliac spines
markers and those on the right and left posterior superior iliac
spines markers (37-39). To ensure signal quality and mitigate the
impact of instrumental noise, all CoM trajectories and velocities
were filtered using a 4th-order zero-phase Butterworth low-pass
filter with a cut-off frequency of 10 Hz.

CoM motion was computed along the anterior-posterior (AP),
medio-lateral (ML) and vertical (V) directions. The potential

frontiersin.org


https://doi.org/10.3389/fneur.2026.1807498
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Cerfoglio et al.

10.3389/fneur.2026.1807498

SN
x f
M

Thigh —— @

Knee —» ¢

Tibia —— @
Lateral Malleolus —» ,\

2nd Metatarsal Head —» 0

FIGURE 1

Markers' placement according to anatomical reference points of Plug-In Gait Model ((32, 33)).
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energy (Ep) associated with CoM displacement was computed
as follows:

Ep = mgh (1)

where m is the participants body mass (kg), g is the gravitational
acceleration (9.81 m/s?) and h is the vertical distance of the CoM
from the ground. The total kinetic energy (Ex) associated with CoM
displacement was then computed as follows:

Ex = Ex, ap+ Ex v+ Ex, v =05 m[(Ap + viy +v3)] (2)

Where Vap, Vimr, and Vy are the directional components of
CoM velocities, computed as the first-order finite differences of
their respective displacements. This formulation corresponds to
the classical definition of Ex as it is based on the magnitude of
the velocity vector (13). Neglecting non-vertical components would
result in a systematic underestimation of total kinetic energy (40).

Finally, the total mechanical energy (Etor) associated to CoM
was computed as function of time (t) as the sum of potential and
kinetic contributions according to the following equation:

Eror (t) = Ep () + Ex () (3)

All computations were performed on a step-by-step basis,
and all parameters were subsequently averaged across steps and
trials to obtain a representative value for each participant. Step
segmentation was performed using the previously defined gait
events derived from foot marker trajectories, with each step defined
as the interval between heel strike of one foot and heel strike
of the contralateral foot. These events are temporally consistent
with the minima of Ep, which typically occur near the step-to-step
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transition during double support (29, 35). To account for varying
step durations across different walking speeds and to standardize
the mechanical analysis, all energy-related signals for each step
were time-normalized from 0 to 100% of the step cycle. Across the
participants, the mean number of analyzed steps was 12.4 & 2.02
for HG and 17.6 & 3.22 for SG. All energy-related parameters were
normalized to the participant’s body mass to account for individual
differences in body weight.

Over the step period, the work associated with potential energy
(Wp), kinetic energy (Wk), and the total mechanical energy
(Wror) of CoM was computed as the sum of their positive
increments. Finally, ERI was computed as follows:

(Wp + Wk) — Wror

ERI = (4)
(Wp+ Wgk)

ERI provides a quantitative measure of the mechanical energy
exchange between potential and kinetic energy of CoM within each
step, following the formulation originally proposed by Cavagna
etal. (13). Specifically, it represents the proportion of the combined
fluctuations in potential and kinetic energy that is recovered
through their out-of-phase behaviour. Figure 2 illustrates the
theoretical time-course of pendular exchange between Ep and Ex.
In the case of a perfectly inverted pendulum, this exchange would
be complete, yielding to an ERI of 100%. However, in human
walking this condition is never achieved since this model represents
an idealized condition. In real walking, the effectiveness of ERI
depends on the relationship between Ep and Eg, their relative
amplitudes, and the timing of step-to-step transitions, all of which
vary with walking speed (41, 42).

In healthy adults walking at SSWS, ERI values typically
range between 60%—70%, reflecting an efficient pendulum-like
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FIGURE 2

their temporal relationship with the energy fluctuations.

Theoretical pendulum-like exchange of CoM mechanical energy during walking. Ex and Ep vary out of phase, Etor remains constant, reflecting the
behaviour of a perfectly inverted pendulum. Representative gait events (i.e., heel strike, mid-stance, and toe-off) are shown schematically to illustrate

exchange of mechanical energy (13, 26). Lower ERI values indicate
a reduced effectiveness of this exchange and are commonly
observed when gait mechanics are altered, such as at very slow
or fast walking speeds or in pathologically altered conditions
(19, 29). Accordingly, reduced ERI values (<60%) reflect a less
effective exchange, resulting in greater mechanical demand and
necessitating increased active muscle work to redirect the CoM.
This shift from passive dynamics to active muscular compensation
ultimately explains the increased energetic cost for a given
walking task.

In addition, congruity (C) was calculated to further describe the
phase relationship between Ep and Ex of CoM during each step
according to the formulation proposed by Sparling et al. (43):

d d
C= pr X fEK

T odt dt >

Where %Ep and %EK represent the instantaneous rates of
change of potential and kinetic energy, respectively. It quantifies
the temporal correspondence between changes in Ep and Ex
over the step. Therefore, higher congruity values indicate a more
in-phase relationship between the two energy curves, which is
typically associated with reduced energy recovery, whereas lower
congruity values reflect a more out-of-phase behaviour and a
greater potential for pendulum-like energy exchange. An increased
congruity between potential and kinetic energy fluctuations may
reflect a temporally rigid gait strategy, characterized by a reduced
physiological alternation between phases of energy exchange.
From a clinical perspective, this pattern is consistent with a
safety-driven locomotor strategy, in which movement timing is
constrained to enhance stability at the expense of mechanical
efficiency (44).
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Locomotor rehabilitation index

In addition to mechanical energy measures, the Locomotor
Rehabilitation Index (LRI) was computed to account for the
influence of walking speed in the evaluation of gait efficiency.
Walking speed is known to influence the effectiveness of the
pendular exchange between potential and kinetic energy of the
CoM and, consequently, energy recovery (26, 45). LRI was therefore
included to provide a normalized indicator of how closely each
participant’s self-selected walking speed approached a theoretically
optimal walking speed (OWS).

OWS  was
parameters according to inverted pendulum mechanics, following

estimated from individual anthropometric
the approach proposed by Peyré-Tartaruga et al. (46), and it was

defined as:

OWS= JFrxgxL (6)

Where Fr is the Froude number (47), g is gravitational
acceleration, and L is the participant’s leg length. LRI was then
computed as the ratio between the SSWS derived from MCap trials
and OWS:

(7)

While energy recovery quantifies the efficiency of mechanical
energy exchange during walking, LRI reflects the selection of
walking speed relative to an energetically favourable condition.
The combined assessment of energy recovery and LRI allows
mechanical energy exchange to be interpreted in relation to speed
selection, accounting for individual differences in anthropometry.
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Statistical analysis

All statistical analyses were performed in Matlab (Mathworks
Inc, Natick, MA, USA). Data distribution was assessed using the
Kolmogorov-Smirnov test, and homogeneity of variances was
verified using Levene’s test. As the data met the assumptions of
normality and homoscedasticity, variables are reported as mean +
standard deviation.

A preliminary paired t-test was performed to compare gait
parameters between the plegic and non-plegic limbs in SG. In the
absence of significant side-to-side differences, data were pooled
across limbs. Then, between-group comparisons of demographic,
spatio-temporal and mechanical parameters were conducted using
independent-samples t-tests to assess differences between the
healthy group (HG) and the stroke group (SG). Effect sizes (Cohen’s
d) were computed to quantify the magnitude of between-group
differences and interpreted according to Cohen’s criteria as small
(d <0.2), moderate (0.2 < d < 0.8), large (0.8 < d < 1.3), and very
large (d > 1.3) (48). In case of significant between-group differences
in demographic variables potentially influencing energy recovery
(e.g., age) (49), additional analyses were conducted to account for
their effects by including the relevant variables as covariates in
subsequent models.

Given the influence of walking speed on mechanical energy
exchange and related metrics, analyses of covariance (ANCOVA)
were conducted for ERI and C, with group as a fixed factor and
SSWS included as a continuous covariate. This approach allowed
evaluation of group-related differences in mechanical outcomes
while accounting for the effect of gait velocity and its interaction
with group.

Finally, correlation analyses were performed within SG to
further characterize the relationship between mechanical efficiency
and gait characteristics. In particular, Pearson’s correlation (r)
coeflicients were computed to examine the associations between
the ERI and a selected sub-set of spatio-temporal gait parameters,
including step length, double support time, foot-off, and LRI.
Statistical significance was set at p < 0.05 for all analyses.

Results

in Table 1.
Following the selection procedure described in the methods, 30

Participant characteristics are summarized
post-stroke (SG) and 30 healthy (HG) participants were included in
the analysis. The post-stroke group was significantly older and had
a higher body mass compared with the healthy group (p < 0.05),
whereas no significant between-group differences were observed in

body height.

Between-group comparisons

Preliminary paired t-test revealed significant inter-limb
differences for foot-off timing and step time for the plegic limb,
whereas no significant differences were observed for the other
parameters in SG (all p > 0.05).
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TABLE 1 Participant demographic and anthropometric characteristics.

Variable SG (n= 30) HG (n = 30)
Participants (M/F) 19/11 11/18

Age (years) 63.70 = 12.99* 38.30 £11.23
Height (m) 1.69 £ 0.10 1.70 £ 0.07
Weight (kg) 84.37 £ 12.01* 65.67 £ 9.59

SG, stroke group; HG, healthy group; M, male; E, female.
Values are reported as mean =+ standard deviation, unless otherwise specified. Group
comparisons were performed using independent-samples t-tests.“*” = p < 0.05.

TABLE 2 Spatio-temporal gait parameters in both groups.

Variable SG (n = 30) HG (n = 30)
Cadence 83.21 + 18.78* 118.9 & 8.09
(steps/min)
Double support (s) 0.53 + 0.30* 0.19 + 0.04
Foot off (%) Plegic 61.30 £ 3.40 59.81 £ 1.39
Non-plegic 71.05 £ 6.66*
Step length (m) 0.40 + 0.10* 0.71 + 0.08
Stride length (m) 0.78 £0.21* 143 £0.16
SSWS (m/s) 0.56 £ 0.23* 142 4+0.23
Stride time (s) 1.52 £+ 0.36* 1.01 £ 0.07
Step time (s) Plegic 0.85 + 0.20* 0.51 +0.03
Non-plegic 0.68 £+ 0.20*

SG, stroke group; HG, healthy group; SSWS, self-selected walking speed.

Values are reported as mean =+ standard deviation. Plegic and non-plegic values refer to the
affected and unaffected limbs in the post-stroke group.

“” =p < 0.05.

Spatio-temporal gait parameters are reported in Table 2,
whereas mechanical and energetic parameters are summarized in
Table 3. Independent samples ¢-tests revealed significant differences
across all spatiotemporal, mechanical, and energetic variables (p
< 0.05). The magnitude of these differences consistently large to
very large, with effect sizes ranging from 0.80 to 3.81 in terms
of Cohen’s d, reflecting the high impact of the pathology on
gait. Compared with healthy participants, post-stroke individuals
exhibited significantly lower SSWS and cadence, as well as shorter
step and stride lengths, together with prolonged double support and
stride times, with d ranging from 1.59 to 3.81. In addition, post-
stroke participants walked at a substantially lower proportion of
their OWS, as reflected by a significantly reduced LRI (d = 3.73),
despite comparable OWS between groups (Table 4). These spatio-
temporal alterations were accompanied by significantly reduced
potential (d = 2.09), kinetic (d = 3.14), and total mechanical
work (d = 1.61) normalized to body mass, and by a lower ERI
(d = 1.43) in SG. Conversely, congruity of the pendular exchange
was significantly higher in post-stroke participants compared with
healthy controls (d = 1.50).

Given the significant between-group differences observed in
age and body weight, additional ANCOVA models were performed
to control their potential confounding effects on ERI. The effect
of group on ERI remained significant when adjusting for age and
body weight (both p < 0.001), whereas neither age nor body weight
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TABLE 3 Descriptive statistics (mean =+ standard deviation) of mechanical and energy

parameters during walking in both groups.

Variable SG (n = 30) HG (n = 30)
W (J/kg) 0.21 % 0.09* 0.43 4+ 0.12
Wi (J/kg) 0.14 + 0.09* 0.51 4 0.14
Wror (J/kg) 0.16 %+ 0.07* 0.30 + 0.10
ERI (%) 54.44 4 12.66* 68.08 + 4.61
Congruity (%) 22.27 + 8.22* 1225 £4.72

SG, stroke group; HG, healthy group; WP, potential mechanical work; WK = kinetic
mechanical work; WTOT = total mechanical work; ERI = Energy Recovery Index.
wkn

=p < 0.05.

TABLE 4 Descriptive statistics (mean & SD) of OWS and LRI for both groups.

Variable SG (h= 30) HG (n= 30)
OWS (m/s) 1.41 +0.06 1.44 +0.03
LRI (%) 40.01 + 16.55* 98.20 = 14.57

SG, stroke group; HG, healthy group; OWS, optimal walking speed; LRI, Locomotor
Rehabilitation Index.
“” =p < 0.05.

showed a significant association with ERI (p = 0.185 and p =
0.937, respectively).

Figure 3 illustrates representative profiles of the center-of-mass
kinetic and potential energy across consecutive steps for a healthy
participant and a post-stroke participant. In the healthy participant,
kinetic and potential energy exhibit a predominantly out-of-phase
pattern over time, consistent with an effective pendulum-like
exchange. In contrast, in the post-stroke participant, the temporal
coordination between kinetic and potential energy is altered, with
increased overlap between the two components and a reduced
alternation across successive steps.

Effects of walking speed on mechanical
outcomes

Given the significant between-group differences in SSWS
observed in the t-tests, additional analyses were conducted to
determine whether group differences in mechanical outcomes,
specifically ERI and C, were attributable solely to reduced gait
velocity. For both outcomes, ANCOVA revealed significant effects
of walking speed, together with significant Group x SSWS
interactions (ERI: F(1,56) = 22.29, p < 0.001; C: F(1,56) =
8.26, p = 0.006), indicating that the relationship between walking
speed and mechanical outcomes differed between healthy and
post-stroke participants. In addition, significant group effects
were observed for both ERI (F(1,56) = 16.22, p < 0.001)
and C (F(1,56) = 5.01, p = 0.029). Overall, these findings
indicate that mechanical impairments in post-stroke gait are
not explained solely by reduced walking speed, but are likely
associated with pathology-related alterations in gait efficiency
and coordination.
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Correlation between mechanical energy
recovery and gait parameters

In SG, ERI showed a moderate positive correlation with step
length (r = 0.55, p = 0.002) (Figure 4), indicating that higher energy
recovery was associated with longer steps. In contrast, ERI was
strongly and negatively correlated with double support time (r =
—0.70, p < 0.001) (Figure 5), indicating that lower energy recovery
was associated with prolonged double support. A strong negative
correlation was also observed between ERI and non-plegic limb
foot-off timing (r = —0.73, p < 0.001) (Figure 6), indicating that
delayed foot-off of the non-plegic limb was associated with reduced
global energy recovery. Finally, ERI showed a strong positive
correlation with LRI (r = 0.69, p < 0.001) (Figure 7), indicating
that greater mechanical energy recovery was associated with higher
levels of functional walking performance. Together, these findings
indicate that global energy recovery is consistently associated with
spatial, temporal, timing, and functional characteristics of gait in
post-stroke participants.

Discussion

The present study investigated the mechanical efficiency of
walking in post-stroke individuals by analyzing the pendulum-like
exchange of mechanical energy of the CoM and its relationship
with gait characteristics. Compared with the HG, the SG exhibited
marked alterations in spatio-temporal parameters, including
reduced walking speed, shorter step and stride lengths, and
prolonged double support time, in agreement with previous reports
on post-stroke gait dysfunction (22, 50). These changes were
accompanied by significantly reduced mechanical energy recovery
and increased congruity between potential and kinetic energy,
indicating an altered organization of the pendulum-like exchange
described for healthy walking (12).

Spatio-temporal and mechanical parameters in the HG were
consistent with literature values for self-selected walking speeds
(35). The observed ERI values (ERI = 68.08 %) fell within the
expected range for healthy adults, providing a robust baseline for
the comparison. In contrast, the SG showed a marked reduction in
recovery (ERI = 54.44 %) and increased C, indicating a shift toward
a more in-phase behavior of potential and kinetic energy exchange,
a hallmark of pathological gait. Biomechanically, this indicates that
kinetic and potential energy are not effectively exchanged, leading
to a more discontinuous progression where energy is prematurely
dissipated and compensated by increased positive muscular work
during step-to-step transitions. These findings are consistent with
previous evidence showing impaired mechanical energy recovery at
non-optimal walking speeds and in pathological conditions where
the synergy between energy components is lost (29, 40).

The cost of this active work is intrinsically linked to the
velocity at which the individual moves. Walking speed is a
major determinant of mechanical energy exchange, with maximal
recovery occurring near the energetically OWS predicted by
inverted pendulum mechanics (14, 15). In line with this, the SG
walked at lower self-selected speeds and exhibited a markedly
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reduced LRI, indicating a deviation from the theoretically optimal
condition (46, 47). However, as highlighted by the ANCOVA
analysis, speed alone does not explain the loss of mechanical
efficiency in the SG. Even after accounting for speed, a significant
deficit in energy recovery remains, suggesting a complex interaction
between speed and efficiency. Neuro-mechanical constraints, such
as impaired ankle push-off and spasticity, may limit the ability to
benefit from increased speed. Thus, the observed alterations in ERI
and C reflect pathology-related alterations in gait coordination and
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pendular energy exchange rather than a simple consequence of
slower walking (17, 19, 21).

Correlation analyses further highlighted the functional
relevance of energy recovery in post-stroke walking. Higher
ERI values were associated with longer step length and reduced
double support time, indicating that individuals who adopted
less cautious and more dynamically efficient gait patterns were
better able to exploit pendulum-like mechanics. Prolonged
double support likely reflects a stability-oriented compensatory
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strategy that, while functionally adaptive, limits the effectiveness
of mechanical energy exchange (22). Notably, delayed foot-off
timing of the non-plegic limb was strongly associated with
reduced recovery, suggesting that global mechanical inefficiency
may arise not only from impairments of the plegic limb,
but also from adaptive timing strategies of the non-plegic
limb that shape the overall temporal organization of the gait
cycle (50, 51). The strong association between ERI and LRI
further emphasizes the link between mechanical efficiency
and functional walking performance. Individuals who walked
closer to their optimal walking speed also exhibited more
effective energy exchange. This relationship suggests that patients
with greater residual functional capacity are better able to
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coordinate the pendular mechanism. In post-stroke walking,
the LRI does not reflect just a velocity choice, but the global
functional integrity of the gait control system. Rather than a
simple effect of velocity, these results indicate that both gait
organization and speed selection reflect the degree of motor
recovery after stroke.

From a clinical perspective, these findings suggest that
biomechanical indices such as ERI and C can provide
complementary information on gait efficiency beyond traditional
measures. By characterizing the quality of energy exchange, they
may help identify inefficient gait strategies that are not apparent
from spatio-temporal parameters alone. Reduced ERI may reflect
specific motor control impairments that can be directly targeted
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during interventions. In particular, low ERI indicates impaired
step-to-step transitions and inefficient redirection of the CoM,
suggesting the need to improve push-off effectiveness and dynamic
weight transfer.

Moreover, the associations between ERI and spatio-temporal
parameters can provide further clinically relevant insights.
For instance, the relationship with double support suggests
that reducing prolonged double support (e.g., through balance
or perturbation-based training) may improve mechanical
efficiency, while the correlation with step length indicates that
promoting longer and more symmetric steps may enhance
pendulum-like energy exchange. Accordingly, rehabilitation
programs could incorporate gait training at progressively
increasing speeds to approach optimal walking speed,
exercises targeting ankle plantarflexor function to improve
push-off, and inter-limb coordination training to optimize
gait timing. These indices may also be used to objectively
monitor the effects of rehabilitative interventions or assistive
devices, such as Ankle-Foot Orthosis (AFO), by assessing
their impact on compensatory effort and energy dissipation
during walking.

In this context, ERI and congruity may therefore serve as
practical biomarkers to evaluate the quality of motor recovery and
the energetic sustainability of the gait pattern during clinical follow-
up. Interventions should not only aim to restore independent
walking or OWS, but also the out-of-phase pendular mechanism,
thereby reducing the physical effort required for community
ambulation and social participation. Increased energetic cost is
a major limitation to walking endurance after stroke (18, 24),
and interventions targeting coordination and CoM dynamics have
been shown to reduce the energetic demands of post-stroke
walking, supporting the clinical relevance of mechanical efficiency
measures (52).

Some limitations should be acknowledged. The estimation of

the CoM from pelvic markers is a well-established approach in gait
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biomechanics and has been widely adopted in the literature (35, 37).
However, it remains an approximation of whole-body motion.
Specifically, in post-stroke individuals, compensatory trunk and
arm dynamics may also introduce potential confounding effects
on the CoM trajectory that this simplified model might not fully
capture, potentially impacting the absolute values of mechanical
energy exchange. Nevertheless, this approach is sensitive enough to
detect macro-biomechanical changes in pendular energy recovery.
Moreover, the retrospective and cross-sectional nature of the
study did not allow for evaluation of gait mechanics across
systematically controlled walking speeds, nor causal inferences
regarding the effects of rehabilitation on mechanical efficiency.
Future studies should therefore investigate longitudinal changes
in energy recovery under different walking speed conditions and
following targeted gait interventions, as well as include age-
matched control groups. Importantly, future research should
integrate these biomechanical measures with direct assessments
of metabolic cost, such as oxygen consumption measurements.
Combining mechanical energy analysis with respirometry would
help determine the extent to which inefficient pendular exchange
directly translates into increased systemic fatigue and a higher cost
of transport.

Conclusions

This study indicates that post-stroke walking is characterized
by impaired pendulum-like mechanics, reflected by reduced
mechanical energy recovery and altered phase relationships
between potential and kinetic energy. These alterations are not
solely explained by reduced walking speed and are closely
associated with spatio-temporal, timing, and functional gait
characteristics. While the findings should be interpreted in
the light of the study’s cross-sectional retrospective design and
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the use of a simplified pelvis-based CoM estimation, they
highlight the value of biomechanical indices such as ERI in
providing complementary information on gait efficiency and
coordination beyond conventional gait measures. Integrating
mechanical efficiency metrics into gait assessment may improve the
understanding of post-stroke walking impairments and support the
development of more targeted rehabilitation strategies. Specifically,
these indices could assist in evaluating and tailoring interventions
focused on restoring inter-limb coordination and pendular
dynamics through gait-retraining or the use, for instance, of
orthotic devices. Ultimately, restoring a more efficient pendulum-
like energy exchange may represent a key target to reduce the
energetic cost of walking and improve functional mobility in post-
stroke individuals.

Data availability statement

The datasets presented in this study can be found in online
repositories. The repository and accession number can be found at:
https://doi.org/10.5281/zenodo.18450713.

Ethics statement

The studies involving humans were approved by the Italian
Auxological Institute, IRCCS Ethics Committee of San Giuseppe
Hospital (Protocol number: 21C130). The studies were conducted
in accordance with the local legislation and institutional
requirements. Written informed consent for participation in
this study was provided by the participants’ legal guardians/next of
kin. Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

SC: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Validation, Writing - original draft.
LV: Investigation, Methodology, Validation, Writing - review
& editing. LP: Supervision, Writing - review & editing. AM:
Supervision, Writing - review & editing. MB: Writing - review
& editing. MG: Supervision, Writing - review & editing. VC:

References

1. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M,
Bennett DA, et al. Global and regional burden of stroke during 1990-2010:
findings from the Global Burden of Disease Study 2010. Lancet. (2014) 383:245-
54. doi: 10.1016/S0140-6736(13)61953-4

2. Langhorne P, Coupar E Pollock A. Motor recovery after stroke: a systematic review.
Lancet Neurol. (2009) 8:741-54. doi: 10.1016/51474-4422(09)70150-4

Frontiersin Neurology

10.3389/fneur.2026.1807498

Conceptualization, Formal analysis, Methodology, Validation,
Writing - original draft.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the
Italian Ministry of Health -Ricerca Corrente.

Acknowledgments

Authors would like to thank Jorge Lopes Storniolo and
Edilson Fernando de Borba for insightful scientific discussions that
contributed to the development of this study.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

3. Balaban B, Tok F. Gait disturbances in patients with stroke. PMe&R. (2014) 6:635-
42. doi: 10.1016/j.pmtj.2013.12.017

4. Vismara L, Cimolin V, Buffone F Bigoni M, Clerici D, Cerfoglio S, et al.
Brain asymmetry and its effects on gait strategies in hemiplegic patients:
new rehabilitative conceptions. Brain Sci. (2022) 12:798. doi: 10.3390/brainscil20
60798

frontiersin.org


https://doi.org/10.3389/fneur.2026.1807498
https://doi.org/10.5281/zenodo.18450713
https://doi.org/10.1016/S0140-6736(13)61953-4
https://doi.org/10.1016/S1474-4422(09)70150-4
https://doi.org/10.1016/j.pmrj.2013.12.017
https://doi.org/10.3390/brainsci12060798
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Cerfoglio et al.

5. Olney SJ, Richards C. Hemiparetic gait following stroke. Part I: Characteristics. Gait
Posture. (1996) 4:136-48. doi: 10.1016/0966-6362(96)01063-6

6. Verheyden G, Vereeck L, Truijen S, Troch M, Herregodts I, Lafosse C, et al. Trunk
performance after stroke and the relationship with balance, gait and functional ability.
Clin Rehabil. (2006) 20:451-8. doi: 10.1191/0269215505cr9550a

7. Skvortsov D 'V, Kaurkin SN, Grebenkina N V, Ivanova GE. Typical changes in
gait biomechanics in patients with subacute ischemic stroke. Diagnostics. (2025)
15:511. doi: 10.3390/diagnostics15050511

8. Belda-Lois J-M. Mena-del Horno S, Bermejo-Bosch I, Moreno JC, Pons JL, Farina
D, et al. Rehabilitation of gait after stroke: a review towards a top-down approach. J
Neuroeng Rehabil. (2011) 8:66. doi: 10.1186/1743-0003-8-66

9. Delussu AS, Morone G, Iosa M, Bragoni M, Traballesi M, Paolucci S. Physiological
responses and energy cost of walking on the gait trainer with and without body
weight support in subacute stroke patients. /| Neuroeng Rehabil. (2014) 10:1-9.
doi: 10.1186/1743-0003-11-54

10. Ralston HJ. Energy-speed relation and optimal speed during level walking.
Int Zeitschrift fiir Angew Physiol einschliefilich Arbeitsphysiologie. (1958) 17:277-
83. doi: 10.1007/BF00698754

11. Saibene F. The mechanisms for minimizing energy expenditure in human
locomotion. Eur J Clin Nutr. (1990) 44:65-71.

12. Cavagna GA, Margaria R. Mechanics of walking. ] Appl Physiol. (1966) 21:271-
8. doi: 10.1152/jappl.1966.21.1.271

13. Cavagna GA, Thys H, Zamboni A. The sources of external work in level walking
and running,. J Physiol. (1976) 262:639-57. doi: 10.1113/jphysiol.1976.sp011613

14. Cavagna GA, Kaneko M. Mechanical work and efficiency in level walking and
running. J Physiol. (1977) 268:467-81. doi: 10.1113/jphysiol.1977.sp011866

15. Kuo AD. The six determinants of gait and the inverted pendulum
analogy: a dynamic walking perspective. Hum Mov Sci. (2007) 26:617-
56. doi: 10.1016/j.humov.2007.04.003

16. Zarrugh MY, Radcliffe CW. Predicting metabolic cost of level walking. Eur J Appl
Physiol Occup Physiol. (1978) 38:215-23. doi: 10.1007/BF00430080

17. Donelan JM, Kram R, Kuo AD. Mechanical and metabolic determinants of
the preferred step width in human walking. Proceedings Biol Sci. (2001) 268:1985—
92. doi: 10.1098/rspb.2001.1761

18. Waters RL, Mulroy S. The energy expenditure of normal and pathologic gait. Gait
Posture. (1999) 9:207-31. doi: 10.1016/S0966-6362(99)00009-0

19. Detrembleur C, Dierick E Stoquart G, Chantraine F, Lejeune T. Energy cost,
mechanical work, and efficiency of hemiparetic walking. Gait Posture. (2003) 18:47-
55. doi: 10.1016/S0966-6362(02)00193-5

20. Stoquart G, Detrembleur C, Lejeune TM. The reasons why
patients expend so much energy to walk slowly. Gait Posture.
36:409-13. doi: 10.1016/j.gaitpost.2012.03.019

stroke
(2012)

21. Neptune RR, Zajac FE, Kautz SA. Muscle force redistributes segmental
power for body progression during walking. Gait Posture. (2004)
19:194-205. doi: 10.1016/50966-6362(03)00062-6

22. Balasubramanian CK, Bowden MG, Neptune RR, Kautz SA. Relationship between
step length asymmetry and walking performance in subjects with chronic hemiparesis.
Arch Phys Med Rehabil. (2007) 88:43-9. doi: 10.1016/j.apmr.2006.10.004

23. Detrembleur C, Vanmarsenille J-M, De Cuyper E Dierick F. Relationship between
energy cost, gait speed, vertical displacement of centre of body mass and efficiency
of pendulum-like mechanism in unilateral amputee gait. Gait Posture. (2005) 21:333-
40. doi: 10.1016/j.gaitpost.2004.04.005

24. Michael KM, Allen JK, Macko RF. Reduced ambulatory activity after stroke:
the role of balance, gait, and cardiovascular fitness. Arch Phys Med Rehabil. (2005)
86:1552-6. doi: 10.1016/j.apmr.2004.12.026

25. Zamparo P, Francescato MP, De Luca G, Lovati L, di Prampero PE. The energy
cost of level walking in patients with hemiplegia. Scand ] Med Sci Sports. (1995)
5:348-52. doi: 10.1111/j.1600-0838.1995.tb00057.x

26. Willems PA, Cavagna GA, Heglund NC. External, internal and total work in human
locomotion. ] Exp Biol. (1995) 198:379-93. doi: 10.1242/jeb.198.2.379

27. Mian OS, Thom JM, Ardigo LP, Narici M V, Minetti AE. Metabolic cost, mechanical
work, and efficiency during walking in young and older men. Acta Physiol. (2006)
186:127-39. doi: 10.1111/j.1748-1716.2006.01522.x

28. DeVita P, Hortobagyi T. Age causes a redistribution of joint torques and powers
during gait. J Appl Physiol. (2000) 88:1804-11. doi: 10.1152/jappl.2000.88.5.1804

29. Cavagna GA, Willems PA, Legramandi MA, Heglund NC. Pendular energy
transduction within the step in human walking. J Exp Biol. (2002) 205:3413-
22. doi: 10.1242/jeb.205.21.3413

Frontiers in Neurology

12

10.3389/fneur.2026.1807498

30. Liang JN, Ho K-Y, Lee Y-J, Ackley C, Aki K, Arias ], et al. Slow walking in
individuals with chronic post-stroke hemiparesis: speed mediated effects of gait kinetics
and ankle kinematics. Brain Sci. (2021) 11:365. doi: 10.3390/brainscil 1030365

31. Oliveira AS, Pirscoveanu CI. Implications of sample size and acquired
number of steps to investigate running biomechanics. Sci Rep. (2021)
11:3083. doi: 10.1038/s41598-021-82876-z

32. Davis RB, Ounpuu S, Tyburski D, Gage JR. A gait analysis data

collection and reduction technique. Hum Mov Sci. (1991) 10:575-
87. doi: 10.1016/0167-9457(91)90046-Z

33. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of
lower extremity kinematics during level walking. J Orthop Res. (1990)

8:383-92. doi: 10.1002/jor.1100080310

34. Zeni JAJ, Richards JG, Higginson JS. Two simple methods for determining gait
events during treadmill and overground walking using kinematic data. Gait Posture.
(2008) 27:710-4. doi: 10.1016/j.gaitpost.2007.07.007

35. Malatesta D, Vismara L, Menegoni F, Galli M, Romei M, Capodaglio P. Mechanical
external work and recovery at preferred walking speed in obese subjects. Med Sci Sports
Exerc. (2009) 41:426-34. doi: 10.1249/MSS.0b013e31818606e7

36. Tesio L, Rota V. The motion of body center of mass
walking: a review oriented to clinical applications. Front Neurol.
10:999. doi: 10.3389/fneur.2019.00999

37. Tisserand R, Robert T, Dumas R, Chéze L. A simplified marker set to define
the center of mass for stability analysis in dynamic situations. Gait Posture. (2016)
48:64-7. doi: 10.1016/j.gaitpost.2016.04.032

during
(2019)

38. Ferraris C, Cimolin V, Vismara L, Votta V, Amprimo G, Cremascoli R, et al.
Monitoring of gait parameters in post-stroke individuals: a feasibility study using
RGB-d sensors. Sensors. (2021) 21:5945. doi: 10.3390/s21175945

39. Cerfoglio S, Ferraris C, Vismara L, Amprimo G, Priano L, Bigoni M, et al.
Estimation of gait parameters in healthy and hemiplegic individuals using azure kinect:
a comparative study with the optoelectronic system. Front Bioeng Biotechnol. (2024)
12:1449680. doi: 10.3389/fbioe.2024.1449680

40. Dipaola M, Pavan EE, Cattaneo A, Frazzitta G, Pezzoli G, Cavallari P, et al.
Mechanical energy recovery during walking in patients with parkinson disease. PLoS
One. (2016) 11:e0156420. doi: 10.1371/journal.pone.0156420

41. Byles-Ho TK, Best AN, Wu AR. Reduction of pendular energy exchange at very
slow human walking speeds reveals deviations from simple walking models. ] Exp Biol.
(2025) 228:jeb250042 doi: 10.1242/jeb.250042

42. Balbinot G. Walking at non-constant speeds: mechanical work, pendular
transduction, and energy congruity. Scand ] Med Sci Sports. (2017) 27:482-
91. doi: 10.1111/sms.12667

43. Sparling TL, Schmitt D, Miller CE, Guilak E Somers TJ, Keefe FJ, et al. Energy
recovery in individuals with knee osteoarthritis. Osteoarthr Cartil. (2014) 22:747-
55. doi: 10.1016/j.joca.2014.04.004

44. Hirayama K, Otaka Y, Kurayama T, Takahashi T, Tomita Y, Inoue S, et al.
Efficiency and stability of step-to gait in slow walking. Front Hum Neurosci. (2022)
15:779920. doi: 10.3389/fnhum.2021.779920

45. Minetti AE, Capelli C, Zamparo P, di Prampero PE, Saibene F. Effects of stride
frequency on mechanical power and energy expenditure of walking. Med Sci Sports
Exerc. (1995) 27:1194-202. doi: 10.1249/00005768-199508000-00014

46. Peyré-Tartaruga L, Passos-Monteiro E. A new integrative approach to evaluate
pathological gait: locomotor rehabilitation index. Clin Transl Degener Dis. (2016)
1. doi: 10.4103/2468-5658.184750

47. Alexander RM. Models and the scaling of energy costs for locomotion. J Exp Biol.
(2005) 208(Pt 9):1645-52. doi: 10.1242/jeb.01484

48. Sullivan GM, Feinn R. Using effect size-or why the p value is not enough. J Grad
Med Educ. (2012) 4:279-82. doi: 10.4300/JGME-D-12-00156.1

49. Van de Walle P, Desloovere K, Truijen S, Gosselink R, Aerts P, Hallemans A. Age-
related changes in mechanical and metabolic energy during typical gait. Gait Posture.
(2010) 31:495-501. doi: 10.1016/j.gaitpost.2010.02.008

50. Patterson KK, Gage WH, Brooks D, Black SE, Mcllroy WE. Evaluation of gait
symmetry after stroke: a comparison of current methods and recommendations
for standardization. Gait Posture. (2010) 31:241-6. doi: 10.1016/j.gaitpost.2009.
10.014

Interlimb
stored? ] Neurophysiol.

51. Reisman DS, Block HJ, Bastian AJ.
locomotion: what can be adapted and
94:2403-15. doi: 10.1152/jn.00089.2005

coordination  during
(2005)

52. Selves C, Stoquart G, Lejeune T. Gait rehabilitation after stroke: review of the
evidence of predictors, clinical outcomes and timing for interventions. Acta Neurol
Belg. (2020) 120:783-90. doi: 10.1007/s13760-020-01320-7

frontiersin.org


https://doi.org/10.3389/fneur.2026.1807498
https://doi.org/10.1016/0966-6362(96)01063-6
https://doi.org/10.1191/0269215505cr955oa
https://doi.org/10.3390/diagnostics15050511
https://doi.org/10.1186/1743-0003-8-66
https://doi.org/10.1186/1743-0003-11-54
https://doi.org/10.1007/BF00698754
https://doi.org/10.1152/jappl.1966.21.1.271
https://doi.org/10.1113/jphysiol.1976.sp011613
https://doi.org/10.1113/jphysiol.1977.sp011866
https://doi.org/10.1016/j.humov.2007.04.003
https://doi.org/10.1007/BF00430080
https://doi.org/10.1098/rspb.2001.1761
https://doi.org/10.1016/S0966-6362(99)00009-0
https://doi.org/10.1016/S0966-6362(02)00193-5
https://doi.org/10.1016/j.gaitpost.2012.03.019
https://doi.org/10.1016/S0966-6362(03)00062-6
https://doi.org/10.1016/j.apmr.2006.10.004
https://doi.org/10.1016/j.gaitpost.2004.04.005
https://doi.org/10.1016/j.apmr.2004.12.026
https://doi.org/10.1111/j.1600-0838.1995.tb00057.x
https://doi.org/10.1242/jeb.198.2.379
https://doi.org/10.1111/j.1748-1716.2006.01522.x
https://doi.org/10.1152/jappl.2000.88.5.1804
https://doi.org/10.1242/jeb.205.21.3413
https://doi.org/10.3390/brainsci11030365
https://doi.org/10.1038/s41598-021-82876-z
https://doi.org/10.1016/0167-9457(91)90046-Z
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1016/j.gaitpost.2007.07.007
https://doi.org/10.1249/MSS.0b013e31818606e7
https://doi.org/10.3389/fneur.2019.00999
https://doi.org/10.1016/j.gaitpost.2016.04.032
https://doi.org/10.3390/s21175945
https://doi.org/10.3389/fbioe.2024.1449680
https://doi.org/10.1371/journal.pone.0156420
https://doi.org/10.1242/jeb.250042
https://doi.org/10.1111/sms.12667
https://doi.org/10.1016/j.joca.2014.04.004
https://doi.org/10.3389/fnhum.2021.779920
https://doi.org/10.1249/00005768-199508000-00014
https://doi.org/10.4103/2468-5658.184750
https://doi.org/10.1242/jeb.01484
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1016/j.gaitpost.2010.02.008
https://doi.org/10.1016/j.gaitpost.2009.10.014
https://doi.org/10.1152/jn.00089.2005
https://doi.org/10.1007/s13760-020-01320-7
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Impaired pendulum-like mechanics during post-stroke walking: a biomechanical comparison with healthy individuals
	Introduction
	Materials and Methods
	Participants
	Experimental set-up
	Data analysis and processing
	Spatio-temporal parameters
	Mechanical parameters
	Locomotor rehabilitation index

	Statistical analysis

	Results
	Between-group comparisons
	Effects of walking speed on mechanical outcomes
	Correlation between mechanical energy recovery and gait parameters

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


