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There is a growing interest for turning biomechanics notably because it is a more challenging task than
straight-line walking during which some gait impairments are increased. Detecting heel-strike (HS) and
toe-off (TO) events using the trajectory of markers attached to the feet is common in straight-line gait
analysis and could reveal very useful to evaluate turning maneuvers. Yet, a comprehensive evaluation
is missing, making difficult the selection of features for temporal analysis of turning. This study aimed
to compare features of foot marker trajectories to detect HS and TO. Twenty healthy participants, 10
young (5 males, 23 ± 1 years old, 21.3 ± 2.2 kg/m2) and 10 elderly (4 males, 72 ± 5 years old,
26.4 ± 6.4 kg/m2), performed quarter, half, and full turns as well as straight-line walking in a gait lab.
Fourteen features, adapted from straight-line walking literature, were used to detect HS and TO based
on marker trajectories. Force plate measures served as reference. One HS and one TO feature were found
particularly suitable. Overall, they detected more than 99% of the 1788 events recorded, with accuracies
and precisions of �3.9 ms and 9.0 ms for HS and �7.8 ms and 10.7 ms for TO, respectively. Differences in
accuracy and precision were observed among walking conditions and groups, but remained small, gen-
erally below 4.0 ms. In conclusion, this study identified kinematic features that can be used to analyze
both turning and straight-line walking. Further assessment could be necessary with pathologies inducing
severe degradation of gait patterns.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Although turning is an integral part of walking, representing up
to half the ambulation during daily-life activities, like shopping or
walking in a restaurant (Glaister et al., 2007), it was much less
studied than straight-line walking. This is however changing, as
turning is a more challenging task during which walking impair-
ments and their clinical consequences could be increased. For
example, in elderly, turning was associated to the risk of falling
(Akram et al., 2010; Tinetti et al., 1988) and falling while turning
was shown to increase the risk of hip fractures in this population
(Cumming and Klineberg, 1994). Moreover, in Parkinson’s disease
turning was shown to be an aggravating factor for freezing of gait,
a serious disabling alteration (Bhatt et al., 2013; Giladi et al., 1992;
Schaafsma et al., 2003) and a risk factor for falling (Bloem et al.,
2001 ; Wood et al., 2002). Consequently, literature on turning
biomechanics with respect to aging (Bovonsunthonchai et al.,
2015; Thigpen et al., 2000) and diseases (Bhatt et al., 2013;
Crenna et al., 2007; Dixon et al., 2016) is growing. This increasing
interest for turning biomechanics stresses the need for methods to
detect series of heel-strike (HS) and toe-off (TO) events while indi-
viduals walk along curved paths. Indeed, detecting these events is
essential not only for temporal analyses of gait, but also for spatial,
kinematic and electromyographic analyses.

Mainly two techniques are used to detect HS and TO during
straight-line walking in a gait laboratory: stepping on a force plate
(Favre et al., 2016) and identification of particular features in foot
kinematic signals (Bennour et al., 2018; Barrios et al., 2010). The
first technique is hardly compatible with the detection of series
of gait events during turning because it would require each foot-
step to occur on a single force plate and to have only one foot on
one force plate at a time. Since turning maneuvers often consist
in small steps (Huxham et al., 2006; Strike and Taylor, 2009), this
technique would require many force plates arranged following
layouts that may need to be changed between individuals and
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walking conditions. On the contrary, the kinematics-based
approach is particularly attractive because it could allow the mon-
itoring of series of HS and TO, without having to constrain the gait
by requesting the subjects to step on specific locations or follow
particular paths. Furthermore, this second technique is compatible
with the trajectory data provided by marker-based motion capture
systems frequently available in gait laboratories, thus avoiding the
purchase of additional equipment solely for the temporal analysis
of turning.

Different authors have proposed features of foot marker trajec-
tories to detect HS and TO (Desailly et al., 2009; Ghoussayni et al.,
2004; Hreljac and Marshall, 2000; Hsue et al., 2007; O’Connor
et al., 2007; Salazar-Torres, 2006; Zeni et al., 2008). Studies were
even conducted to compare the features during straight-line walk-
ing and concluded that combining features proposed by different
authors could improve the detections (Bruening and Ridge, 2014;
Fig. 1. Illustration of the three turning amplitudes: (a) quarter turn (90�), (b) half turn (1
and end (c) stages of the turn during which HS and TO detections were assessed.
Hendershot et al., 2016). However, these features were designed
for straight-line walking and needed to be extended for turning
maneuvers. Furthermore, a comprehensive evaluation during turn-
ing was necessary to guide the selection of the features to analyze
curved paths.

This study aimed at comparing features of foot marker trajecto-
ries to detect HS and TO during turning in terms of capacity to
detect the events and of accuracy and precision of the detected
events. In accordance with the interest expressed for turning
biomechanics in literature (Bourgeois et al., 2014; Mellone et al.,
2016; Orendurff et al., 2006; Strike and Taylor, 2009; Taylor
et al., 2005), the comparisons were done with young and elderly
adults performing turns of 90�, 180� and 360�. Since some features
were described only in the context of straight-line walking, a sec-
ondary objective of this study was to adapt them to turning
maneuvers.
80�), and (c) full turn (360�). This figure also illustrates the initiation (a), middle (b)
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2. Method

2.1. Participants

Twenty healthy subjects were enrolled in this IRB-approved
study after providing written consent. They were composed of 10
young (5 males, 23 ± 1 years old, 21.3 ± 2.2 kg/m2) and 10 elderly
(4 males, 72 ± 5 years old, 26.4 ± 6.4 kg/m2) adults.
2.2. Experimental protocol

Participants were out-fitted with reflective markers on both feet
and on the pelvis. Markers were placed as described in prior stud-
ies proposing methods to detect HS and TO based on foot kinemat-
ics (Desailly et al., 2009; Ghoussayni et al., 2004; Hreljac and
Marshall, 2000; Hsue et al., 2007; O’Connor et al., 2007; Salazar-
Torres, 2006; Zeni et al., 2008). Specifically, foot markers were
attached to the posterior side of calcaneus, the lateral side of calca-
neus, the second metatarsal heads and the fifth metatarsal heads.
Pelvis markers were attached to both anterior superior iliac spines
and both posterior superior iliac spines.

Participants then performed straight-line and turning walking
trials barefoot in a lab equipped with a motion capture system
(Vicon, Oxford, UK) and floor-embedded force plates (Kistler AG,
Winterthur, CH). Cameras and force plates data were recorded syn-
chronously at 120 Hz and 1200 Hz, respectively. The straight-line
trials consisted of 10 m of straight walking. Trials with a single-
foot stance on a force plate were recorded for analysis. For the
turning trials, participants were asked to walk 5 m straight, turn
around a vertical rod and continue walking straight for at least
Table 1
Summary of the marker sets and kinematic features used to detect HS and TO.

Methods Markers HS feature

O’Connor
(O’Connor et al., 2007)

Posterior side of the calcaneus
Second metatarsal head

Peak of do
virtual ma
posterior
head mark

Hreljac
(Hreljac and Marshall, 2000)f

Lateral side of the calcaneus
Fifth metatarsal head
Superior iliac spinese

Peak of up
the latera

Ghoussaynid

(Ghoussayni et al., 2004)
Lateral side of the calcaneus
Fifth metatarsal head
Superior iliac spinese

Threshold
the latera

Zeni
(Zeni et al., 2008)g

Posterior side of the calcaneus
Second metatarsal head
Posterior superior iliac spines
Anterior superior iliac spinese

Maximum
posterior
the positio
located at
posterior

Desailly
(Desailly et al., 2009)

Posterior side of the calcaneus
Second metatarsal head
Superior iliac spinese

Maximum
position o
second me
between t

Salazar-Torres
(Salazar-Torres, 2006)

Second metatarsal head
Superior iliac spinese

Threshold
anteriorb v
velocityc o
marker

Hsue
(Hsue et al., 2007)

Second metatarsal head
Superior iliac spinese

Maximum
second me

a Vertical axis of the lab for both straight-line and turning trials.
b During straight-line trials, the anterior-posterior axis was collinear to the walkway ax

pelvis trajectory in the horizontal plane of the lab as the anterior-posterior axis. Dur
trajectory was defined as the movement of a virtual marker at the middle of the four su

c The sagittal-plane velocities were defined as the resultant of antero-posteriorb and
d Thresholds were modified from the original publication and set at 500 mm/s for HS
e Markers added to the original methods to determine the trajectory of the pelvis dur
f The original description of the method does not specify the placement of the heel ma

(Hreljac and Stergiou, 2000).
g The original description of the method does not specify the placement of the heel ma

(Zeni and Higginson, 2010).
3 m (Fig. 1). Three turning amplitudes were tested: quarter-turn
(90�), half-turn (180�) and full-turn (360�). Moreover, for each
amplitude, the HS and TO detections were assessed for three
stages: initiation, middle, and end of the turn (Fig. 1). Initiation
and end stages were defined as the last steps posterior and the first
steps anterior to the rod, respectively (Fig. 1). Middle stage corre-
sponded to steps in between. Similar to straight-line walking, trials
with a single-foot stance on a force plate were recorded for analy-
sis. One stance on a force plate, either at initiation, middle or end of
the turn, was analyzed per trial. The vertical rod was moved
between trials to facilitate the recording of the nine turning condi-
tions (3 amplitudes � 3 stages) (Fig. 1). The conditions were tested
in randomized order. Furthermore, a turning direction (left or
right) was defined randomly for each participant and all the trials
of that individual were collected for this direction. Walking condi-
tions were demonstrated to help participants understand where to
start, how much to turn and where to finish. Three trials per con-
dition were recorded for each participant walking at self-selected
normal speed. Three additional trials per condition were also
recorded for the young participants while they walked at self-
selected slower than normal speed. None of the speed was
controlled.
2.3. Heel-strike and toe-off detection

For each trial, reference HS and TO times were determined by
thresholding the vertical force of the force plate at 10 N. Force plate
thresholding is considered the gold standard to detect HS and TO
(Hreljac and Marshall, 2000; O’Connor et al., 2007; Zeni et al.,
2008).
s TO features

wnward verticala velocity of a
rker located at the middle of the
calcaneus & second metatarsal
ers

Maximum upward verticala velocity of a
virtual marker located at the middle of the
posterior calcaneus & second metatarsal
head markers

ward verticala acceleration of
l calcaneus marker

Maximum anteriorb acceleration of the
fifth metatarsal head marker

on sagittal-plane velocityc of
l calcaneus marker

Threshold on sagittal-plane velocityc of
the fifth metatarsal head marker

anteriorb position of the
calcaneus marker compared to
n of a virtual sacrum marker
the middle of the left and right
superior iliac spine markers

Maximum posteriorb position of the
second metatarsal head marker compared
to the position of a virtual sacrum marker
located at the middle of the left and right
posterior superior iliac spine markers

anteriorb high-pass filtered
f the posterior calcaneus or
tatarsal head markers (first
he two)

Maximum posteriorb high-pass filtered
position of the posterior calcaneus or
second metatarsal head markers (first of
the two)

on the ratio between the
elocity and the sagittal-plane
f the second metatarsal head

Threshold on the ratio between the
anteriorb velocity and the sagittal-plane
velocityc of the second metatarsal head
marker

posteriorb acceleration of the
tatarsal head marker

Maximum anteriorb acceleration of the
second metatarsal head marker

is of the lab. For turning trials, the methods were modified to use the tangent to the
ing turning, the anterior-posterior axis varied continuously over time. The pelvis
perior iliac spine markers (see subscript letter: e).
verticala velocities.
and TO (Bruening and Ridge, 2014).
ing turning. These markers are not necessary for straight-line walking.
rker. This marker was placed following a subsequent publication of the first author

rker. This marker was placed following a subsequent publication of the first author



Fig. 2. Typical examples of the kinematic signals used by the seven methods for HS detection. The left column reports signals during straight-line walking, and the right
column during the middle stage of a full turn. This figure also reports the HS times detected by the force plates (blue dashed lines) and the kinematic features (blue marks).
The absence of blue mark indicates that no HS could be detected because the feature of interest could not be identified. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Typical examples of the kinematic signals used by the seven methods for TO detection. The left column reports signals during straight-line walking, and the right
column during the middle stage of a full turn. This figure also reports the TO times detected by the force plates (blue dashed lines) and the kinematic features (blue marks).
The absence of blue mark indicates that no TO could be detected because the feature of interest could not be identified. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Vertical ground reaction force during stance phase for straight-line walking
(dark gray) and turningmanoeuvers (blue). The lines and shaded areas correspond to
the averages and standard deviations over all trials, respectively. Forces are
expressed in percentage of body weight (%BW). (For interpretation of the references
to colour in this figure legend, the reader is referred to theweb version of this article.)
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Seven methods to detect gait events based on foot marker tra-
jectories were identified in literature (Desailly et al., 2009;
Ghoussayni et al., 2004; Hreljac and Marshall, 2000; Hsue et al.,
2007; O’Connor et al., 2007; Salazar-Torres, 2006; Zeni et al.,
2008), with one of them using a combination of foot and posterior
superior iliac spine markers (Zeni et al., 2008). Consequently, seven
HS and seven TO features of marker trajectories were analyzed. For
convenience, they are named after the first author’s last name writ-
ten in italic. Eleven features were originally described using kine-
matic signals calculated based on the walkway axis of the lab
(Desailly et al., 2009; Ghoussayni et al., 2004; Hreljac and
Marshall, 2000; Hsue et al., 2007; Salazar-Torres, 2006; Zeni
et al., 2008). While appropriate for straight-line walking, this
approach needed to be adapted to the curved paths of turning
maneuvers. The adaptation was done by calculating the
‘‘anterior-posterior” signals, originally parallel to the walkway axis,
as tangent to pelvis trajectory in the horizontal plane of the lab.
The pelvis trajectory was defined as the movement of a virtual
marker at the middle of the four superior iliac spine markers. Sim-
ilarly, the ‘‘sagittal-plane” signals, originally in a plane based on the
walkway and lab vertical axes, were calculated using a plane
defined by the new anterior-posterior axis defined above and the
vertical axis of the lab. With these adaptations, the anterior-
posterior and sagittal-plane kinematic signals were expressed rel-
ative to frames that varied continuously over time during the turn-
ing trials, following participant trajectories. Specific features
associated with HS and TO were then detected in these kinematic
signals, as previously described. The features are summarized in
Table 1 and illustrated in Figs. 2 and 3. Automatic detection algo-
rithms were implemented following prior publications as faithfully
as possible. The only exception was with Ghoussayni, for which
thresholds set at 500 mm/s (instead of 50 mm/s) were used for
HS and TO detections, as proposed by Bruening and Ridge (2014).
Since automatic detection of some features could be difficult dur-
ing turning trials, every trial was visually checked and manually
corrected when necessary so they matched the definitions in
Table 1. This post-checking was done to allow the comparison of
the relevance of the features independently of the quality of the
detection algorithms. When a feature was not present in a signal,
it was noted that the method failed to detect the event.

2.4. Statistical analysis

The 14 features were first assessed in terms of their capacity to
detect the events. To this end, the percentage of detection (i.e.,
number of events detected relative to the number of events
recorded) was computed per feature, walking condition and group
(young participants walking at normal speed, young participants at
slower speed and elderly participants at normal speed). Each per-
centage was based on 30 stance phases (one per trial; 3trials per
participant), except for middle stage of full-turn of the elderly
group where it was based on 24 stances (8 participants), as two
participants had too short stride lengths to record clear steps on
a force plate. In addition, the overall percentage of detection, with-
out distinction for walking conditions and groups, was calculated
based on the 894 stances recorded in this study.

Only the features with more than 80% of detection percentage
for every walking condition and group were considered possibly
suitable for further uses, and their accuracies and precisions were
computed. To this end, time errors were calculated for each stance
phase by comparing the times when the kinematics-based meth-
ods and the reference method (force plate) detected the events.
Negative/positive errors indicate that the kinematics-based
method detected the event before/after the reference method.
Kolmogorov-Smirnov tests indicated that the time errors were nor-
mally distributed and 3-way ANOVAs, performed separately for
each feature, indicated that the time errors during turning maneu-
vers differed with respect to the group, the amplitude and the
stage of the turn. Consequently, the time errors were reported in
terms of accuracy (mean) and precision (standard deviation) per
walking condition and group. Similar to the calculation of the
detection percentages above, each accuracy and precision value
was based on 30 stance phases, except for middle stage of full-
turn of the elderly group where it was based on 24 stances. Finally,
to determine if the accuracies differed among features, one-way
repeated ANOVAs were performed per type of event, walking con-
dition and group. When necessary, post-hoc paired t-tests were
used to compare the features. If two features were found to be dif-
ferent in post-hoc analyses, the mean values of the absolute time
errors were calculated for both features and the feature with the
smallest value was considered the most accurate of the two. Doing
so allowed identifying the most accurate features even when neg-
ative and positive accuracies were compared. Additionally, to test
whether the precisions were different among features, Bartlett
tests were performed per type of event, walking condition and
group. When appropriate, post-hoc two-sample F-tests were done
to compare the feature precisions. Statistical significance level was
set a-priori at 0.05, with Bonferroni adjustment for multiple com-
parisons in post-hoc analyses. Signal processing and statistics were
done with Matlab version 2014b (Mathworks, Natick, MA).
3. Results

The mean (±standard deviation) gait velocity was 1.14 ± 0.11 m/
s for the young participants walking at normal speed,
0.89 ± 0.14 m/s for the young participants at slower speed and
0.96 ± 0.11 m/s for the elderly participants at normal speed.
Although this study recoded straight-line walking and multiple
turning manoeuvers in diverse persons and at different speeds,
there was a consistent pattern of vertical ground reaction force
during stance phase (Fig. 4).

The percentages of HS and TO detection for straight-line walk-
ing were of 100% for all features and groups, except for Hreljac
HS feature in the elderly group, where it was of 93% (Table 2). Dur-
ing turning trials, O’Connor, Zeni and Desailly features showed HS
and TO detection percentages above 80% for all conditions and
groups. Specifically, Zeni detected all HS and TO, whereas O’Connor
and Desailly detected all TO, but missed some HS (overall percent-
age above 99%). The eight other features had inconsistent detection



Table 2
Percentage of heel-strike (HS) and toe-off (TO) detection per feature, walking condition and group.

Shaded cells correspond to percentages inferior to 80%. The ‘90’, ‘180’, ‘360’, labels in the walking condition column indicate turning trials of
amplitudes: quarter turn (90�), half turn (180�) and full turn (360�), respectively. Similarly, the ‘I’, ‘M’ and ‘E’ labels indicate the stages of the turns:
initiation, middle and end, respectively.
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percentages, with drops below 80% for some conditions and
groups. Figs. 2 and 3, which report typical kinematic signals for
straight-line and full turn trials side-by-side, stress the degradation
of some kinematic features when walking following a curved
rather than a straight path. These Figures therefore illustrate the
difficulties faced by the eight unsuitable features to detect gait
events during turning trials.

Over all trials, the accuracies and precisions for HS detection
were �0.47 and 1.09 frames for O’Connor, �4.43 and 1.46 frames
for Zeni, and �1.36 and 3.53 frames for Desailly, respectively (1
frame @ 120 Hz = 8.3 ms). While the time errors significantly dif-
fered among groups and walking conditions for the three features
(unreported results), more than 96% of accuracy and precision vari-
ations around the overall values were below 1 frame for O’Connor
and Zeni (Table 3). Accuracies and precisions were less consistent
among groups and walking conditions for Desailly, with variations
up to 10 frames. Comparing the features two-by-two turned at the
advantage of O’Connor. Indeed, it reported better accuracies than
Zeni in 97% of the cases (accuracies were never worse with O’Con-
nor), and better precisions in 23% of the cases (precisions were
worse in 3% of the cases). Accuracies and precisions were better
with O’Connor than Desailly in 93% and 90% of the cases, respec-
tively (accuracies and precisions were never worse with O’Connor).
Differences between Zeni and Desaillywere less distinct and consis-
tent, as Desailly reported better accuracies in 57% of the cases
(accuracies were worse in 3% of the cases with Desailly), and Zeni
better precisions in 60% of the cases (precisions were never worse
with Zeni)).

Regarding TO detection, the overall accuracies and precisions
were �3.44 and 1.50 frames for O’Connor, �0.93 and 1.28 frames
for Zeni, and �1.02 and 2.18 frames for Desailly, respectively.
Although the groups and walking conditions significantly affected



Table 3
Accuracies and precisions of O’Connor, Zeni and Desailly features for HS detection.

Numerical values Two-by-two method comparisons

O’Connor Zeni Desailly Comparisons of accuracies Comparisons of precisions

Group Walking
condition

Accuracy Precision Accuracy Precision Accuracy Precision O’Connor
Vs Zeni

O’Connor
Vs
Desailly

Zeni Vs
Desailly

O’Connor
Vs Zeni

O’Connor
Vs
Desailly

Zeni Vs
Desailly

Young
normal
walking
speed

Straight-
line

�0.44* # 0.71# �4.41§ # 0.90 �3.41§ * 1.14§ O’Connor O’Connor Desailly – O’Connor –

90-I �0.24* # 0.67# �3.93§ # 0.87# �2.47§ * 1.40§ * O’Connor O’Connor Desailly – O’Connor Zeni
90-M �0.90* # 0.94 �4.40§ 0.99 �4.17§ 1.40 O’Connor O’Connor – – – –
90-E �0.36* # 1.06# �4.83§ 1.12# �3.96§ 3.13§ * O’Connor O’Connor – – O’Connor Zeni
180-I �0.45* # 0.85# �4.12§ # 0.96 �1.38§ * 1.41§ O’Connor O’Connor Desailly – O’Connor –
180-M �1.15* # 1.01# �4.50§ 1.53# �4.88§ 4.68§ * O’Connor O’Connor – – O’Connor Zeni
180-E 0.33* # 1.01# �3.76§ # 1.59# 2.00§ * 2.72§ * O’Connor O’Connor Ø – O’Connor Zeni
360-I �0.30* # 0.88 �4.17§ # 0.96 �1.70§ * 1.27 O’Connor O’Connor Desailly – – –
360-M �0.96* # 1.18# �4.34§ # 1.43# 6.94§ * 12.49§ * O’Connor O’Connor Zeni – O’Connor Zeni
360-E 0.11* # 1.01# �3.72§ # 1.47 �1.12§ * 1.73 O’Connor O’Connor Desailly – O’Connor –

Young slower
walking
speed

Straight-
line

�0.73* # 0.91# �5.13§ # 1.38 �4.10§ * 1.52§ O’Connor O’Connor Desailly – O’Connor –

90-I �1.01* # 1.12* # �5.36§ # 1.80§ �3.38§ * 2.72§ O’Connor O’Connor Desailly O’Connor O’Connor –
90-M �0.93* # 0.96# �4.82§ 1.34# �4.19§ 2.20§ * O’Connor O’Connor – – O’Connor Zeni
90-E �0.32* # 0.97* # �5.65§ # 1.78§ �3.82§ * 2.46§ O’Connor O’Connor Desailly O’Connor O’Connor –
180-I �0.77* # 1.00# �4.90§ # 1.09# �1.87§ * 2.12§ * O’Connor O’Connor Desailly – O’Connor Zeni
180-M �1.10* # 1.21# �5.46§ 1.73# �4.47§ 5.64§ * O’Connor O’Connor – – O’Connor Zeni
180-E �0.53* 1.14* # �5.55§ # 1.79§ # 1.23* 4.12§ * O’Connor – Desailly O’Connor O’Connor Zeni
360-I �0.76* # 0.75* # �4.75§ # 1.30§ # �2.29§ * 2.15§ * O’Connor O’Connor Desailly O’Connor O’Connor Zeni
360-M �0.88* # 1.19# �4.84§ # 1.74# 5.93§ * 13.60§ * O’Connor O’Connor Zeni – O’Connor Zeni
360-E �0.18* # 1.06* # �4.74§ # 1.97§ �2.15§ * 1.96§ O’Connor O’Connor Desailly O’Connor O’Connor –

Elderly
normal
walking
speed

Straight-
line

0.00* # 0.93# �4.10§ # 1.16 �3.14§ * 1.62§ O’Connor O’Connor Desailly – O’Connor –

90-I �0.08* # 0.94* # �4.02§ # 1.55§ �2.02§ * 2.44§ O’Connor O’Connor Desailly O’Connor O’Connor –
90-M 0.01* # 1.38 �3.86§ # 1.98 �3.26§ * 2.16 O’Connor O’Connor Ø – – –
90-E 0.03* # 1.47# �3.91§ # 2.02# �1.97§ * 3.31§ * O’Connor O’Connor Ø – O’Connor Zeni
180-I �0.37* # 0.96# �4.17§ # 1.29# �1.70§ * 2.30§ * O’Connor O’Connor Desailly – O’Connor Zeni
180-M �1.28 3.04* # �3.71 1.79§ # �2.74 5.82§ * – – – Zeni O’Connor Zeni
180-E �0.12* # 1.57# �4.01§ # 2.05# 2.82§ * 4.00§ * O’Connor O’Connor Ø – O’Connor Zeni
360-I �0.20* # 0.86# �4.09§ # 1.28# �1.17§ * 2.23§ * O’Connor O’Connor Desailly – O’Connor Zeni
360-M �0.64* # 0.91* # �3.68§ # 1.54§ # 6.58§ * 9.53§ * O’Connor O’Connor Ø O’Connor O’Connor Zeni
360-E 0.23* # 1.14# �3.97§ # 1.41# �0.97§ * 2.58§ * O’Connor O’Connor Desailly – O’Connor Zeni

Differences among methods are reported as follow:
For an easier reading, the right part of the Table presents the comparison of the methods two-by-two. In this part, either the method with the better accuracy or precision (of
the two) is reported, or a symbol is used to indicate that the methods are not different (–) or that neither method is better (Ø).
The ‘90’, ‘180’, ‘360’, labels in the walking condition column indicate turning trials of amplitudes: quarter turn (90�), half turn (180�) and full turn (360�), respectively.
Similarly, the ‘I’, ‘M’ and ‘E’ labels indicate the stages of the turns: initiation, middle and end, respectively.
Numerical values are reported in frames, with 1 frame = 8.3 ms (120 Hz).
§ = different from O’Connor (p < 0.017).

* = different from Zeni (p < 0.017).
# = different from Desailly (p < 0.017).

76 B. Ulrich et al. / Journal of Biomechanics 91 (2019) 69–78
the time errors for the threemethods (unreported results), accuracy
and precision variations around the overall values were below 1
frame for Zeni (Table 4). Variations for O’Connor precision were also
below 1 frame, whereas O’Connor accuracies and Desailly accuracies
and precisions varied by up to 3 frames around the overall values.
Comparing the features two-by-two turned at the advantage of
Zeni. Specifically, accuracies and precisions were better with Zeni
than O’Connor in 97% and 3% of the cases (accuracies and precisions
were never worse with Zeni). Next, Zeni showed better accuracies
and precisions than Desailly in 6% and 47% of the cases (accuracies
and precisions were never worse with Zeni). Differences between
O’Connor and Desailly were balanced, with Desailly reporting better
accuracies in 63% of the cases (accuracies were never worse with
Desailly) and O’Connor better precisions in 40% of the cases (preci-
sions were worse in 3% of the cases with O’Connor).

4. Discussion

Analyzing the detection percentages confirmed that various fea-
tures of foot marker trajectories can be used to detect HS and TO
during straight-line walking. However, only O’Connor, Zeni and
Desailly features were able to detect HS and TO with detection per-
centages above 80% during straight-line walking and turning
maneuvers for the three groups. These features had even overall
detection percentage above 99%. Interestingly, these features are
not drastically different from the other eight features found unsuit-
able to turning analysis (Ghoussayni et al., 2004; Hreljac and
Marshall 2000; Hsue et al., 2007; Salazar-Torres, 2006). These
observations therefore nicely highlight the value of the present
study, as it would have been difficult identifying the most relevant
features to analyze turning paths without testing them
experimentally.

Comparing the time errors of the six features capable of ade-
quately detecting HS or TO during straight and curved paths, con-
firmed prior works on straight-line walking suggesting that the
detection could be improved by combining features among original
publications (Bruening and Ridge, 2014; Hendershot et al., 2016).
Specifically, the best results were obtained using O’Connor for HS
and Zeni for TO. This observation is all the more important as
Hendershot et al. (2016) recommended the same combination for
straight-line walking. With this selection of features, HS and TO
were detected with an average precision of 1.2 (range: 0.7 to 1.7)



Table 4
Accuracies and precisions of O’Connor, Zeni and Desailly features for TO detection.

Numerical values Two-by-two method comparisons

O’Connor Zeni Desailly Comparisons of accuracies Comparisons of precisions

Group Walking
condition

Accuracy Precision Accuracy Precision Accuracy Precision O’Connor
Vs Zeni

O’Connor
Vs
Desailly

Zeni Vs
Desailly

O’Connor
Vs Zeni

O’Connor
Vs
Desailly

Zeni Vs
Desailly

Young
normal
walking
speed

Straight-
line

�2.38*# 1.13 �0.51§ 1.16 �0.68§ 1.03 Zeni Desailly – – – –

90-I �2.74*# 1.43# �0.77§# 1.28# 0.63§* 2.28§* Zeni Ø Ø – O’Connor Zeni
90-M �2.65*# 1.17# �0.78§ 1.03# �0.32§ 1.88§* Zeni Desailly – – O’Connor Zeni
90-E �2.74*# 1.14 �0.74§ 0.94 �0.51§ 1.38 Zeni Desailly – – – –
180-I �2.89*# 1.48# �0.79§ 1.18# �0.69§ 2.68§* Zeni Ø – – O’Connor Zeni
180-M �2.66*# 1.69 �1.09§ 1.37 �1.06§ 2.42 Zeni Ø – – – Zeni
180-E �2.31*# 0.85 �0.74§# 0.90 �0.11§* 1.08 Zeni Desailly Ø – – –
360-I �3.31*# 1.21# �1.34§ 1.47# �1.14§ 2.49§* Zeni Desailly – – O’Connor Zeni
360-M �3.49* 1.67# �1.38§# 1.37# �2.90* 3.23§* Zeni – Ø – O’Connor Zeni
360-E �2.52*# 1.43 �0.62§ 0.95 �0.79§ 1.25 Zeni Desailly – – – –

Young slower
walking
speed

Straight-
line

�2.40*# 1.42 �0.47§ 1.17 �0.57§ 1.19 Zeni Desailly – – – –

90-I �2.69*# 1.32# �0.52§# 1.40# 0.58§* 2.31§* Zeni Ø Ø – O’Connor Zeni
90-M �2.42*# 2.07 �0.85§ 1.44 �0.55§ 2.01 Zeni Desailly – – – –
90-E �2.95*# 1.74 �0.55§ 1.29 �0.15§ 1.56 Zeni Desailly – – – –
180-I �2.92* 1.74# �1.05§ 1.48# �1.35 3.80§* Zeni – – – O’Connor Zeni
180-M �2.69*# 1.75 �1.09§# 1.69 �0.12§* 2.31 Zeni Ø Ø – – –
180-E �2.71*# 1.54# �0.71§# 1.10 �0.14§* 0.97§ Zeni Desailly Ø – Desailly –
360-I �3.14 1.75# �1.54 1.27# �2.24 4.23§* – – – – O’Connor Zeni
360-M �2.80* 2.05*# �1.03§# 1.23§# �4.16* 4.20§* Zeni – Zeni Zeni O’Connor Zeni
360-E �2.49*# 1.22 �0.63§ 1.46 �0.79§ 1.51 Zeni Desailly – – – –

Elderly
normal
walking
speed

Straight-
line

�4.37*# 1.39 �1.14§ 0.95 �1.07§ 1.11 Zeni Desailly – – – –

90-I �5.20*# 1.39 �0.80§ 1.19 �0.23§ 1.70 Zeni Desailly – – – –
90-M �4.01*# 2.12 �0.98§ 1.33 �0.64§ 1.84 Zeni Desailly – – – –
90-E �4.67*# 1.36 �1.40§ 1.22 �1.17§ 1.54 Zeni Desailly – – – –
180-I �5.14*# 1.54# �1.37§ 1.17# �1.47§ 2.73§* Zeni Desailly – – O’Connor Zeni
180-M �5.03*# 1.73# �0.16§# 1.69# �2.59§* 3.54§* Zeni Ø Ø – O’Connor Zeni
180-E �4.44*# 1.55 �0.84§ 1.39 �0.84§ 2.11 Zeni Desailly – – – –
360-I �5.61*# 1.36 �1.21§ 0.91# �1.28§ 1.94* Zeni Desailly – – – Zeni
360-M �5.15*# 1.21# �0.78§# 1.46# �3.32§* 3.56§* Zeni Ø Zeni – O’Connor Zeni
360-E �4.67*# 1.48 �0.84§ 1.24 �0.97§ 1.58 Zeni Desailly – – – –

Legend is similar to Table 3.
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frames for all walking conditions, except for the middle stage of the
elderly group during half-turn, where the HS precision was 3.0
frames. While the paucity of temporal data regarding turning
biomechanics in literature makes it difficult to assure that these
precisions will be sufficient for future applications in research
and clinical practice, it is worth mentioning that 1.2 and 3.0
frames, on average, correspond to only 1.3% and 3.3% of the stance
durations recorded in this study during turning. Additionally, the
precisions were smaller than most of the differences in stance
duration observed between the young and elderly participants
turning at normal speed, which ranged between 3 and 10 frames.
Using O’Connor HS and Zeni TO features resulted in events detected
on average 0.7 frames too early (range: �1.5 to 0.3). While such
slight offsets in the detections should not be a concern for a major-
ity of future applications, it remains possible calibrating the meth-
ods to suppress these systematic errors. Another important point
to discuss is that using O’Connor to detect HS and Zeni to detect
TO strongly reduces the importance of the ANOVAs’ results regard-
ing the variations in time errors among groups and walking condi-
tions. In fact, while there were statistically significant variations
among groups and conditions with O’Connor HS and Zeni TO fea-
tures, a large majority of the variations were of less than 1.0 frame.
Consequently, combining Zeni and O’Connor features led to varia-
tions among groups and walking conditions that are certainly
small enough to be considered negligible for most applications.

The kinematic signals used by Zeni presented consistent trian-
gular patterns whatever the group or the walking condition (Figs. 2
and 3). Therefore, detecting the global minimum and maximum
peaks associated with HS and TO does not require too much com-
puting and ensure a detection of all the events. The kinematics sig-
nals for O’Connor were also consistent among group and walking
conditions. However, since the feature associated with HS is a local
minimum peak, it was more difficult to detect automatically. Con-
sequently, for HS, it could be useful first detecting the event occur-
rences using Zeni feature, and then determining the exact time of
the events using O’Connor feature. This approach would allow
detection percentages of 100% for both events, while maintaining
the better accuracies and precisions obtained by combining O’Con-
nor and Zeni features.

There is a practical difference between O’Connor and Zeni that
could influence the choice of the method. In fact, with Zenimarkers
should be attached to the pelvis in addition to the feet, whereas
O’Connor only requires foot markers. This difference remains for
both straight-line and turning maneuvers analyses. The necessity
to have markers on the pelvis could be an obstacle with some indi-
viduals (for example, obese persons) and motion capture system of
limited capacity. However, pelvis markers are often included in
gait analysis markers sets. Therefore, the need for pelvis markers
should not be a major obstacle in future applications. In this study,
we calculated the pelvis trajectory using four common markers in
gait analysis, but it is possible that other and/or less markers could
lead to comparable results. For example, placing the heel markers
on lateral side instead of on the posterior side of the calcaneus lead
to comparable results (Supplementary Materials).
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There are a few other methodological points that are worth dis-
cussing. First, while the number of participants was limited, the
repeated-measure dataset of almost 900 trials fully matched the
study objectives. Second, although the observations were consis-
tent among groups, further assessments could be necessary with
severely pathological gait. In fact, prior research on straight-line
walking recommended the same combination of O’Connor and Zeni
features for uninjured subjects and transtibial amputees
(Hendershot et al., 2016), but different features were advocated
in more challenging gait patterns, such as cerebral palsy
(Bruening and Ridge, 2014). Third, while the detections were
supervised by an operator, it is possible that some events have
been wrongly detected, especially for the kinematic signals that
were strongly degraded during turning. However, this should not
affect the study conclusions as the probability of incorrect detec-
tions mainly concerns features that are incompatible with turning
anyway. Fourth, we cannot exclude that other features could pro-
vide better results. Fifth, this study analyzed detection percent-
ages, accuracies and precisions. However, other performances
could be important, such as suitability for real-time detection or
sampling frequency requirement. Sixth, the results may be differ-
ent when wearing shoes. Finally, while this study focused on
detecting gait events using motion capture systems, other tech-
nologies exist, such as pressure insoles (Rouhani et al., 2011).

In conclusion, this study extended straight-line detection meth-
ods and identified a preferable combination of features, O’Connor
HS and Zeni TO, to analyze turning in young and elderly adults even
when the participants walk with short steps. Overall, this combina-
tion allowed detection percentages above 99%, accuracy below 1.0
frame and precision below 1.5 frames. It also showed relatively
small variations among groups and walking conditions. Interest-
ingly, the same combination was previously recommended to ana-
lyze straight-line walking of healthy individuals and patients with
moderate gait pathology (Hendershot et al., 2016), suggesting that
it could be suitable to detect gait events in these populations for
any type of straight and curved paths.
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