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ARTICLE INFO ABSTRACT

This study describes the validation of a new wearable system for assessment of 3D spatial parameters of
gait. The new method is based on the detection of temporal parameters, coupled to optimized fusion
and de-drifted integration of inertial signals. Composed of two wirelesses inertial modules attached on
feet, the system provides stride length, stride velocity, foot clearance, and turning angle parameters at
each gait cycle, based on the computation of 3D foot kinematics. Accuracy and precision of the proposed
system were compared to an optical motion capture system as reference. Its repeatability across

Article history:
Accepted 2 July 2010

Keywords:
3D gait analysis
Inertial sensors

Elderly measurements (test-retest reliability) was also evaluated. Measurements were performed in 10 young
$_°°t clearance (mean age 26.1 + 2.8 years) and 10 elderly volunteers (mean age 71.6 + 4.6 years) who were asked to
urning

perform U-shaped and 8-shaped walking trials, and then a 6-min walking test (6 MWT). A total of 974
gait cycles were used to compare gait parameters with the reference system. Mean accuracy + precision
was 1.5 + 6.8 cm for stride length, 1.4 + 5.6 cm/s for stride velocity, 1.9 + 2.0 cm for foot clearance, and
1.6 + 6.1° for turning angle. Difference in gait performance was observed between young and elderly
volunteers during the 6 MWT particularly in foot clearance. The proposed method allows to analyze
various aspects of gait, including turns, gait initiation and termination, or inter-cycle variability. The
system is lightweight, easy to wear and use, and suitable for clinical application requiring objective
evaluation of gait outside of the lab environment.

© 2010 Elsevier Ltd. All rights reserved.

motion capture that requires a dedicated working volume,
body-worn sensors can be linked to a light data-logger carried by
the subject performing his activities outside the lab with minimal

1. Introduction

In clinical setting, gait and mobility are commonly evaluated

using questionnaire, observation, or simple functional performance
assessments (Tinetti, 1986; Podsiadlo and Richardson, 1991). These
evaluations do not require sophisticated equipments and have the
advantage of being easy to perform by trained evaluators.
However, they are often subjective and dependent on the
experience of evaluator. Furthermore, these measures do not allow
evaluating specific spatio-temporal gait parameters that have been
associated with frequent geriatric syndromes, such as falls,
dementia, or frailty (Hausdorff et al., 2001; Kressig et al., 2004;
Seematter-Bagnoud et al., 2009). Generally, spatio-temporal gait
analysis requires dedicated laboratories with complex systems
such as optical motion capture. Recently, ambulatory devices have
overcome some of these limitations by using body-worn sensors
measuring and analyzing gait kinematics. Unlike standard optical
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hindrance. Nevertheless, recorded data require appropriate algo-
rithms to compute relevant parameters for clinical use (Aminian,
2006).

Most common gait parameters, such as stride length or gait
cycle time, can be obtained from the analysis of foot kinematics.
Systems based on Micro-Electro-Mechanical Systems (MEMS)
gyroscopes and accelerometers suffer from measurement errors
and integration drifts, which limits position and orientation
assessment during long-term measurements. However, by placing
sensors on foot, drift can be corrected periodically by assuming
null velocity of foot during foot-flat period of stance (Curey et al.,
2004). Using this hypothesis, Sabatini et al. (2005) proposed a
2D-analysis method with periodic linear drift correction at each
stance, and Bamberg et al. (2008) used a similar approach with
wireless hardware. However, both studies were restricted to
analysis in sagittal plane. Subsequently, Sabatini (2005) used a 3D
approach using quaternion for foot orientation and position.
Veltink et al. (2003) suggested a method for 3D foot kinematics


www.elsevier.com/locate/jbiomech
dx.doi.org/10.1016/j.jbiomech.2010.07.003
mailto:benoit.mariani@epfl.ch
dx.doi.org/10.1016/j.jbiomech.2010.07.003

3000 B. Mariani et al. / Journal of Biomechanics 43 (2010) 2999-3006

estimation using ambulatory device for drop-foot stimulator with
drift and azimuth resetting at each step. Using additional force
sensors, Schepers et al. (2007) applied similar algorithms,
focusing on foot placement in forward and lateral directions.
Yet, these previous studies were limited to few subjects and the
proposed methodologies were not evaluated against any refer-
ence instrumentation or only in “optimal” conditions, i.e. during
straight walking. Some other studies have been published to track
position wearing additional magnetometers (Yun et al.,, 2007)
and/or GPS (Foxlin, 2005), but results remain essentially qualita-
tive and were not validated for use in clinical field.

This study describes a new wearable system based on inertial
sensors and dedicated algorithms for precise and accurate
assessment of 3D gait spatial parameters. The system is validated
in young and elderly subjects during straight walking and turning.
The method is based on temporal parameters detection, coupled
to an optimized fusion of inertial signals in order to assess 3D gait
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features outside lab and particularly new parameters such as foot
clearance and turning angle.

2. Method
2.1. Foot-worn sensors

A wireless 6-dimensional-inertial measurement unit (6D-IMU) referred as
“S-Sense” has been designed (Van de Molengraft et al., 2009). S-Sense module is a
small (57 x 41 x 19.5 mm>) and low power (18.5 mA at 3.6 V) stand-alone unit
integrating microcontroller, radio transmitter, memory, three-axis accelerometer
(ADXL, Analog Device, range 3 g), three-axis gyroscope (ADXRS, Analog Device,
roll, yaw with 300 °/s range, pitch with 800 °/s range), and batteries. In this study
two S-Sense modules were fixed on shoes at hind-foot position using a compliant
foam structure and double-sided Velcro straps (Fig. 1). Raw sensor data were low-
pass filtered at 17 Hz, sampled on 12 bits at 200 Hz, and wirelessly transmitted in
real time to a PC using “S-Base” receiver plugged in USB. Signals from two S-Senses
were synchronized by considering the absolute real time clock sent by the base
station to each module at the start of recording. Raw data were preliminary
processed to extrapolate some missing data due to wireless data loss or sensor’s
output saturation (Van de Molengraft et al., 2009). Data from the two feet were
finally converted to physical units (g or °/s ) using in-field calibration method
(Ferraris et al., 1995).

2.2. Reference system

An optical motion capture system (Vicon, Oxford Metrics) with sub-millimeter
accuracy was used as reference system (Fig. 2a). Motion capture volume was
materialized by a black area of 2.5 x 5.5 m (Fig. 2b). A dedicated lightweight and
rigid structure was designed to attach 3 reflective markers to each S-Sense module
(Fig. 2c) in order to measure the 3D position and orientation of the module
attached on foot. At each time frame, the 3D position of S-Sense module (P,s) was
obtained in fixed frame (XYZ) by arithmetic mean of the position of each marker
(Mj, M2, and M3). Velocity (V,ef) was obtained by simple time derivative of Py,
high frequency noise obtained with this numerical differentiation was further

Cc
- —
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X

Fig. 2. Experimental Protocol with (a) optical motion capture reference system, (b) gait path during U-turn and 8-turn tasks, (c) markers attached to S-Sense, and
(d) reference position (Pref) and orientation (Rref) of the S-sense obtained in fixed frame (XYZ) from markers in mobile frame (xyz).



cancelled since only mean velocity over a single gait cycle was considered.
Reference 3D orientation of S-Sense mobile frame in XYZ was then expressed as a
3D orientation matrix (R) derived from the dimensions of the structure and the
vectors defined among markers’ positions (Fig. 2d). 3D orientation was also
expressed using quaternion representation obtained from matrix representation
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by classical conversion formulae (Kuipers, 1999).
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Fig. 5. 3D gait parameters’ estimation from 3D foot position (P) and azimuth (0): stride length (SL), stride velocity (SV), foot clearance (FC), and turning angle (TA).
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2.3. 3D foot kinematics estimation

During each gait cycle n, 3D orientation (R,), velocity (V,), and trajectory (P,)
of foot were estimated from inertial signals. Practically, this involves the temporal
detection of cycles, the knowledge of initial conditions of position and orientation,
the gravity cancellation of measured acceleration, and the de-drifted integration of
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Fig. 3. Block diagram of 3D gait analysis algorithm.
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g-free acceleration. Moreover, kinematics measured by sensors in xyz should be
expressed in XYZ to be compared with reference. Fig. 3 illustrates the main
algorithmic steps, which are described in the following paragraphs.

Temporal detection of gait cycles was done using angular velocity of foot ()
to identify stance phase, adapted from (Salarian et al., 2004). For each stance
phase, foot-flat was defined as the continuous period where angular velocity norm
was bellowing an empirical threshold. The median of foot-flat period (tff,) was
chosen to separate each gait cycle n.

Initial conditions were updated for each cycle n at tff,,, where the foot was
considered motion-less. Initial 3D orientation of S-Sense module (RO,) was
obtained by using 3D acceleration (a,) as inclination (i.e. by aligning z axis with Z),
and azimuth was set at the value derived from the orientation at last sample (N) of
previous step (R,_1(N)).

Gravity cancellation was achieved by aligning the accelerometers’ axes (xyz)
with fixed frame (XYZ) and subtracting gravity vector. From initial orientation RO,
the orientation of the foot relative to fixed frame (R,(i)) was updated at each time
frame (i=1, 2, ..., N) by a quaternion-based time integration of angular velocity
vector Q, between two successive foot-flats (tff,_;, tff,) (Sabatini, 2005; Favre
et al., 2008). At each time frame i of cycle n, using measured accelerations (an(i)),
gravity-free component of acceleration in fixed frame (A,(i)) can be summarized
by (1).

An(i) = an(i) x Ry(i)—g, where g=(0,0,1) 1)

De-drifted single and double-integration of gravity-free acceleration (A;,)
allowed obtaining 3D velocity and position of foot at each gait cycle n. By
assuming that foot velocity is null at each tff, (Curey et al., 2004), estimation of
velocity (V,) was obtained by trapezoidal integration of A,. However, this
operation involves some drift. Instead of a classic linear de-drifting at each gait
cycle, the drift was removed by subtracting a sigmoid-like curve modeled based on
a p-chip interpolation function (Carlson and Fritsch, 1985). The p-chip interpola-
tion function (PIF), is defined between the value of A,_(tff,_;) and A.(tff,),
(Fig. 4). Position (P,) was finally deduced by simple trapezoidal integration of
velocity (Vy,).

2.4. Validation protocol and gait parameters

Ten young healthy volunteers (age 26.1 + 2.8 years), referred to as “Young”
group, and ten fit elderly volunteers (age 71.6 + 4.6 years), referred to as “Elderly”
group, took part in the study. Among the 20 subjects, there were 9 males and 11
females with height 170 + 9 cm. Measurements were scheduled over 2 weeks and
protocol was approved by the University of Lausanne ethical committee.

Each subject wearing S-Sense modules on shoes performed three different gait
tasks. First, participants walked 5 m straight, turned around a mark, and walked
back 5 m (referred as “U-turn”). Second, participants walked around two marks
spaced out by 3 m, following a 8 pathway (Tegner et al., 1986) (referred as
“8-turn”). Finally, a 6-min Walk Test (referred as “6 MWT”) (Crapo et al., 2002)
was performed in a 25 m long corridor. U-turn and 8-turn tasks were performed in
optical motion capture volume (Fig. 2b). S-Sense was synchronized with reference
by maximizing inter-correlation between both the estimated trajectories.
Measurements of each task, except 6 MWT, were evaluated a second time after
removing completely the system and attaching it again to determine test-retest
reliability.

From the 3D foot kinematics, the following four gait parameters were
extracted at each cycle n for both reference system and S-Sense using (2), (3),
(4) and (5), where N represent the last sample of cycle n:

Stride length (SL) was defined as the distance measured between two
successive foot-flat positions of the foot. This calculation is valid for curved and
turning path as well (Huxham et al., 2006).

SLn: ‘Pn(N)*Pn(l)‘ (2)

Foot clearance (FC) was defined as the maximal foot height during swing phase
relative to the height at foot-flat

FCy = max(Pn(1),P(2),. . .,Pn(N))—Py(1) 3)
Stride velocity (SV) was considered as the mean value of foot velocity in ground

plane (XY) during each gait cycle

SV, = mean(V,,‘Xy(l),V,, @) .,vn‘xy(N)) 4
Turning Angle (TA) was defined as the relative change in azimuth (i.e. the

projection of orientation in ground plane (XY)) between the beginning and the end

of gait cycle.

TAn = 0,(N)—0,(1) where 0, = R,,‘Xy (5)
Extracted 3D gait parameters are illustrated in Fig. 5.

2.5. Statistical analysis

Instrument comparison—Across each cycle n, we estimated the difference (&)
between optical (reference) and wearable (S-Sense) systems for SL, FC, SV, and TA.
Accuracy (mean of ¢) and precision (STD of ¢) were reported for each of those

Table 1

Correlations and absolute and relative differences between S-Sense and reference system for stride length (SL), foot clearance (FC), stride velocity (SV), and turning angle (TA).
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estimated gait parameters. Agreement between the two instruments was assessed
using graphical way introduced by Bland and Altman (1986). Furthermore,
correlation between both systems was calculated, and Student paired t-test was
also performed to evaluate the existence of a systematic error.

Repeatability—The test-retest reliability of S-Sense was evaluated by compar-
ing the results of the first and the second trial of each walking tasks. Coefficient of
intraclass correlation ICC(1,1) was calculated (Von Eye and Mun, 2006).

Comparisons of groups—Unpaired two-sample t-tests were used to investigate
any significant differences between the mean, STD, and CV of gait parameters in
elderly and young group during 6 MWT performed with S-Sense.

Significant differences were considered if the null hypothesis can be rejected
at the 5% level (p < 0.05).

3. Results
3.1. Instrument comparison

Over 1009 gait cycles were obtained with both S-Sense and
reference system (corresponding to 20 subjects x 2tasks x
2tests x 2feet x 6-7gait cycles per task), 35 gait cycles (i.e. 3%)

were discarded because of reflective markers loss. A total of 974
gait cycles were used consequently for comparison. Table 1
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summarizes the differences between the four 3D gait parameters
obtained from S-Sense and reference system for the different
tasks, tests, groups, and foot sides. Fig. 6 shows the comparison
between the parameters obtained from both systems in elderly
and young group. Agreement between proposed system and
reference was shown in Fig. 7. We found a significant difference
(p < 0.05) between the two systems, confirming the existence of a
small bias (accuracy) in estimating the given gait parameters. We
obtained an accuracy + precision of 1.3 +6.5% for SL, 1.5 + 5.8%
for SV, 7.54+8.4% for FC, and 1.6 +6.1° for TA. Note that TA
estimation error was not evaluated as percentage since its value is
sometimes null. Similar differences (&) were found during U-turn
and 8-turn, showing the robustness of the system to turning
condition.

3.2. Repeatability

From the mean gait parameters of each subject, (20 “test” and
20 “re-test” samples), ICC(1,1) with 95% confidence intervals were
computed for each of the given gait parameters. Results reported
in Table 2 show excellent repeatability of mean values (ICC values
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Fig. 6. Comparison of stride length (SL), foot clearance (FC), stride velocity (SV), and turning angle (TA), estimated by foot-worn sensors (S-sense) against reference system

for 974 gait cycles in young (e) and elderly (@) subjects.
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Fig. 7. Bland-Altman plot with mean (x-axis) and difference between (y-axis) the two values estimated by the wearable system (S-Sense) and reference system across 974
gait cycles in young and elderly subjects. Limits of agreement are specified as average difference (dashed line) + 1.96 standard deviation of the difference (dotted line).

Table 2
Test-retest reliability of stride length (SL), foot clearance (FC), and stride velocity
(SV) during U-turn and 8-turn tasks.

SL FC SV
ICC (1,1) 0.91 0.96 0.93
Cl of ICC [0.79-0.96] [0.91-0.99] [0.83-0.97]

above 0.9), according to benchmarks suggested by Menz et al.
(2004).

3.3. Comparison of elderly and young subjects

Gait performances of elderly and young subjects were
compared during 6 MWT. A total of 10,515 gait cycles were
recorded among 20 subjects. Turning angle was used to separate
turning periods (every 25 m) and straight walking for analysis.
The three other gait parameters were averaged and reported in
Fig. 8. Whereas relatively small, non-significant differences

(p > 0.05), between mean values of SL and SV were observed, FC
appeared to significantly discriminate the performance between
the two groups (p=0.02 for straight walking, p=0.003 during
turns). Moreover, during turns, SL, SV, and FC were significantly
reduced in all subjects compared to period straight walking
(p<0.015 for all mean, STD, and CV of those parameters).
Interestingly, differences in mean gait parameters between
young and elderly groups were larger during turns. We also
observed that elderly subjects walked slightly faster than young
subjects in straight walking whereas an opposite trend was
observed during turning. In addition, mean and STD values
obtained during straight walking were consistent with values
reported in literature for this population (Winter et al., 1990).

4. Discussion

In this paper we propose a new wearable system with
dedicated algorithm for 3D gait assessment and describe valida-
tion of its performance against a reference optical motion capture
system. A set of original gait parameters is provided that can be
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a Straight walking (Turning angle < 20°)
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Fig. 8. Comparison of mean stride length (SL), stride velocity (SV), and foot clearance (FC) for elderly and young subjects during 6-min walk test. Significant differences
(p <0.015) are observed between straight walking (a) and turning (b) for all parameters.

measured when performing normal activity, straight and curved
trajectory or during outdoor condition. These parameters show
promising preliminary discriminative performance, as they make
it possible to distinguish young and elderly subjects.

Hind-foot position of the module was chosen for practical
reason, but the proposed algorithm does not require an exact
positioning on foot, as illustrated by the high test-retest reliability
reported in Table 2. Consecutively, the proposed method could
also be applied with sensor worn on other foot positions such as
the forefoot. Regarding wireless functionality, frame loss was
assessed to 2% during validation protocol, which did not seem to
have any influence on the results. However, if consecutive frames
were lost, error would become important, so we believe recording
of signal on the modules should be better for practical use. We
also observed few cases of sensor’s saturation with accelerations
above 3g at heel-strikes during active walking, especially in the
young group. This observation could explain the smaller error
observed among elderly subjects (Table 1).

Azimuth (or heading) is tracked from initial position with no
correction, thus it is subject to drift. Nevertheless, it has negligible
influence on the gait parameters computed at each gait cycle
separately, as only overall long-term trajectory is affected. In
practice, the proposed system could be used to study 3D foot
trajectory during object avoidance, but it would require additional
hypothesis or sensors such as magnetometer or GPS for long-term
navigation. Even though these sensors might improve the
orientation estimation (Luinge, 2002), they are sensitive to nearby
mass of iron in the floor for magnetometer, and to satellites
occlusion for GPS. Moreover we found that main source of error
seems to be mostly in acceleration measure, which may be
physically explained by the influence of centrifugal acceleration
generated by rotation (Giansanti, 2006).

By considering subjects with various performance and includ-
ing gait initiation and termination cycles we obtained a wide
range of parameters with SL from 30 to 160 cm, turning angle
from —150° to 150° etc...(Fig. 6). This provided a robust
evaluation of method’s performance in a wide-range of possibi-
lities, and the assessment of various aspects of gait ability such as
turning. Compared to other inertial-based gait analysis system
(Aminian et al., 2002; Salarian et al., 2004; Sabatini et al., 2005;
Schepers et al., 2007), similar or slightly better accuracy and
precision was obtained for SL and SV. The method also provides
stride-to-stride variability of gait, and previous systems with
similar precision were shown to be sensitive enough to identify
significant associations between gait variability and various
syndromes associated with aging, such as frailty (Seematter-
Bagnoud et al., 2009) and fear of falling (Rochat et al., 2010).

However, variability estimations, as well as influence of age or
gender, should be further investigated in larger population.

The method allows analyzing curved trajectories, it requires
fewer sensors’ sites and provides new parameters such as TA and
FC. Actually, TA is an important outcome to evaluate gait in
Parkinson’s disease (Zampieri et al., 2010) and FC, which was the
most discriminative parameter between our young and elderly
subjects, could also be an important new gait parameter to
estimate risk of fall in elderly (Begg et al., 2007; Lai et al., 2008).
Finally, the system is lightweight and it can be worn directly on
user’s casual shoes, thus minimizing intrusiveness and interference
with normal gait conditions. As a result, volunteers gave a good
qualitative feedback on the system, telling they forgot about it
while walking. We therefore believe that such a fully wearable
device is especially adapted and practical for objective study of gait
impairment and daily use in research or rehabilitation centers.

5. Conclusion

The proposed foot-worn system and its outcome parameters
were evaluated on a wide range of gait cycles obtained in young
and fit elderly subjects, and showed good suitability for clinical gait
evaluation. Additional studies are needed to further investigate the
applicability of this system when studying frailer elderly subjects
with gait impairment. Nevertheless, the current study makes an
important contribution to this field of research because this new
system provides original gait parameters, such as turning angle and
foot clearance, while still maintaining good accuracy and precision
for other, commonly used gait parameters (i.e. stride length and
stride velocity). The system can be used as an objective tool in
many applications requiring gait evaluation in real conditions. It
might prove particular relevance to study gait abnormalities during
long-term measurements or to investigate the significance of
irregularity during turns for outcome evaluation of medical and
rehabilitation interventions.
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