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ABSTRACT

Background: Gait analysis using foot-mounted IMUs is a promising method to acquire gait parameters outside of
laboratory settings and in everyday clinical practice. However, the need for precise sensor attachment or cali-
bration, the requirement of environments with a homogeneous magnetic field, and the limited applicability to
pathological gait patterns still pose challenges. Furthermore, in previously published work, the measurement
accuracy of such systems is often only validated for specific points in time or in a single plane.

Research question: This study investigates the measurement accuracy of a gait analysis method based on foot-
mounted IMUs in the acquisition of the foot motion, i.e., position and angle trajectories of the foot in the
sagittal, frontal, and transversal plane over the entire gait cycle.

Results: A comparison of the proposed method with an optical motion capture system showed an average RMSE
of 0.67° for pitch, 0.63° for roll and 1.17° for yaw. For position trajectories, an average RMSE of 0.51 cm for
vertical lift and 0.34 cm for lateral shift was found. The measurement error of the IMU-based method is found to
be much smaller than the deviations caused by the shoes.

Significance: The proposed method is found to be sufficiently accurate for clinical practice. It does not require
precise mounting, special calibration movements, or magnetometer data, and shows no difference in measure-
ment accuracy between normal and pathological gait. Therefore, it provides an easy-to-use alternative to optical
motion capture and facilitates gait analysis independent of laboratory settings.

1. Introduction

Low-cost wearable systems have therefore been discussed in recent
years as a chance to provide access to instrumented gait analysis to a

The relevance of clinical gait analysis and the usefulness of objective
data collection in the assessment of gait abnormalities has been dis-
cussed extensively over many years [1-3]. It has been shown that
measurement of gait parameters is useful for both diagnosis and
follow-up in different clinical fields [4-6]. Although marker-based op-
tical motion capture (OMC) systems are considered the gold standard in
motion analysis, their high accuracy can be accompanied by limitations,
such as high cost, tedious execution, limited portability, laborious
evaluation, and the need for line-of-sight between cameras and markers,
which makes them challenging to use for some clinical purposes [2,7].
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broader community and non-expert users and to facilitate its use inde-
pendent from gait laboratories and in daily-life environments [8,9]. Gait
analysis systems based on inertial measurement units (IMUs) have the
potential to be used in such a manner [4]. Recently, various systems
have been introduced, differing in the number and location of IMUs
attached to the body. These range from single sensors on the pelvis, over
two-sensor setups (one on each foot or shank), to more complex systems
with a larger number of IMUs on different body segments [10]. How-
ever, the state of the art suffers from four main shortcomings.

(1) Different mathematical approaches are used to determine
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spatiotemporal parameters, gait phase durations, and trajectories [11].
Despite recent methodological advances [12,13], most IMU-based
methods require precise attachment of the sensors or complex calibra-
tion procedures [14].

(2) Many studies have addressed the validity and reliability of IMU-
based gait analysis systems in the acquisition of spatiotemporal pa-
rameters or kinematics, providing promising results [15]. Several
studies investigated the accuracy of foot-mounted IMUs in estimating
the position or angle of the feet during walking [16-26]. However, the
results are often only presented for just one plane or direction [16-18,
20,23-26], only at certain events in the gait cycle [16,22-24], or only at
minimum or maximum values [21,22,26]. Showing the entire progres-
sion of foot positions and angles over time in the sagittal, frontal, and
transversal plane, as it is common in OMC-based gait analysis [27], is
highly desirable to get a deeper insight into the movement pattern.

(3) Furthermore, in some work [17,19,21,22,26], data is only
collected from physiological gait, which limits the transferability of the
results to clinical applications.

(4) In most research on IMU-based foot motion analysis [16-24,26],
the sensors are attached to the shoes. This is expected, since IMU based
systems enable gait analysis outside of laboratory settings in everyday
life situations [4], which often requires the wearing of shoes. However,
although relative motion between the sensor and the foot leads to
measurement errors [25,28], this aspect is almost never investigated.

To address these four shortcomings, we consider the recently pro-
posed method [29] for IMU-based gait analysis, which neither requires
attachment in a precise orientation, specific calibration movements, nor
magnetometer data. It has been demonstrated to yield highly accurate
and robust gait phase durations and spatiotemporal parameters. We
extend this method to also calculate foot position and angle trajectories.
By only requiring one known sensor axis to lie in the sagittal plane
pointing approximately forward, this extension makes minimal as-
sumptions that are easy to achieve when mounting the IMU on the
instep.

As the primary outcome, we validate those trajectories in sagittal,
frontal, and transversal plane over the entire gait cycle during normal
walking and induced limping. In contrast to previous research, we use an
extended marker set and investigate the impact of sensor-to-shoe motion
as the secondary outcome.

2. Methods

To address the research question, comparative measurements be-
tween the IMU-based gait analysis system and OMC were carried out in a
motion analysis laboratory.

2.1. Participants

Twenty-three healthy volunteers (17 females, 6 males; age 24.8 +
5.2 years, height 173.4 + 8.9 cm, weight 67.2 + 12.1 kg) participated in
this study. Since comparable studies analysed data from 4 to 20 par-
ticipants [16-26], a sample size of at least 20 participants was aimed for.
The participants had to be capable of walking on a treadmill at different
speeds and with simulated gait pathology. Exclusion criteria were cur-
rent pain while walking or the presence of any disease that influences
the gait pattern (e.g., due to orthopaedic or neurological conditions). All
participants gave written informed consent prior to participation. The
present study was approved by the Ethics Committee of the University of
Graz (GZ. 39/55/63 ex 2017/18, 28 May 2018).

2.2. Instrumentation

One IMU (PABLO® Motion Sensor, Tyromotion GmbH, Graz,
Austria) was attached on the instep of each shoe with three-point Velcro
straps, shown in Fig. 1. Each sensor has a size of 56 x 34 x 21 mm, a
weight of 40 g, and measures acceleration and angular rate with 110 Hz.

64

Gait & Posture 108 (2024) 63-69

Fig. 1. IMU attached to a subject’s shoe using Velcro strips and OMC markers
attached to the sole of the shoe (OMCsyog) and, via a 3D printed console, to the
IMU (OMCpyy)-.

For all measurements, the same set of IMUs was used, with the identical
sensors being attached to the left or right foot. An OMC system with 16
cameras (MX3, Vicon Inc., Oxford, UK) and a framerate of 120 Hz was
used as reference. Three reflective markers were attached to a 3D
printed console that was plugged onto the IMUs (OMCpyy) and four on
the edge of the sole of the subject’s individual shoes (OMCgspoE)-

2.3. Procedure

Gait data were recorded simultaneously with IMUs and OMC while
walking on a motorised treadmill (mercury® med, h/p/cosmos,
Traunstein, Germany). Subjects were instructed to stand still with both
feet side by side immediately before acceleration and after deceleration
of the treadmill. The measurements were taken under four different
conditions for 90 s each: very slow (1.5 km/h), slow (3 km/h), and
normal walking speed (5 km/h), as well as with a simulated gait pa-
thology at slow walking speed (3 km/h). To simulate gait pathologies,
the range of motion of the subject’s left knee joint was restricted with a
brace fixed in neutral position. Prior to each trial, the subjects had time
to get familiar with the respective condition. None of the participants
chose to utilize the handrail of the treadmill.

2.4. Data processing

As the first processing step, the method described in [29] is applied
to the IMU data. Among others, this outputs gait events, gait phase
durations, and various spatiotemporal gait parameters. Separately for
each foot, the following of those outputs are now used to derive the
physiological foot position and angle trajectories illustrated in Fig. 2:

o the initial contact times t;.; that mark the beginning of a new stride,
and a rest time t.s; in the middle of the foot-flat phase, for each
stride i,

e an orientation quaternion q(t), representing the sensor orientation in
an inertial reference frame & with vertical z-axis,

e a position trajectory p(t) = [px Dy pz}T, representing the sensor
position in the reference frame #.

To facilitate the derivation of physiological foot angles, sensor-to-
foot alignment is performed, i.e., the relative orientation between the
sensor coordinate system . and the foot coordinate system .7 (as
illustrated in Fig. 2) is determined. To define this relative orientation,
two axes of .7 need to be known in.” coordinates. An estimate for the z-
axis z of the foot in sensor coordinates is obtained by averaging the
accelerometer measurements during all foot-flat phases. Making use of
the fact that the negative y-axis of the IMU points forward and down
(due to the sensor attachment on the instep), the y-axis of the foot in
sensor coordinates y - is given by z> x [0 —1 0]". Those two axes
define the foot-to-sensor quaternion q ;- ,, which is used to obtain the
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position p(t)

lateral shift
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line of
progression
of gait

trest, i+1

Xe

Fig. 2. Illustration of the foot coordinate system and position trajectories for an exemplary gait cycle of a left foot. The foot coordinate system .7 is defined with the
x-axis pointing forward, the y-axis to the right, and the z-axis pointing up and, in general, different from the IMU coordinate system .~". The angles pitch, roll, and yaw
are defined so that dorsal flexion, inversion, and out-toeing, respectively, are positive. (Notice the small amount of out-toeing at te; .) The position trajectories
lateral shift and vertical lift are defined based on the line of progression of gait. For illustration purposes, the displayed lateral shift and vertical lift are increased by a

factor of 3.

orientation of the foot .7 relative to the reference frame #: q - (t) =q(t)

Angles of the foot orientation relative to the reference frame are
obtained by calculating intrinsic z-x’-y’” Euler angles of q . The third
angle, corresponding to the y’’-axis, is called pitch, and the sign is
inverted so that upward motion of the forefoot corresponds to a positive
angle. The second angle (x’) is roll. The sign is inverted for the left foot
so that inversion corresponds to positive angles.

The first angle (z) is yaw. Since magnetometers are not used, the
original yaw angle has an arbitrary offset. To obtain the foot progression
angle (i.e., an angle that is zero when the x-axis of the foot points along
the line of progression of gait), the line of progression of gait (cf. Fig. 2)

is estimated from the position trajectory as atan2<py(trest_i+1) -y

(trest,i) , Px (tresti+1) — Px (Gresti) ) This offset is removed from the original

yaw angle. To ensure that out-toeing corresponds to positive angles, the
sign is inverted for the right foot.

From the full 3D position p(t), two scalar position trajectories are
derived: vertical lift and lateral shift. Vertical lift is defined as the ver-
tical position of the IMU relative to the position during stance. Assuming
level ground, a linear drift [29] is subtracted for each stride. The lateral

shift is defined as the deviation of the position in the horizontal plane
from the straight line of progression of gait.

As ground truth for comparison, analogous quantities are derived
from the OMC marker positions. First, the IMU and OMC data is syn-
chronized using the procedure described in [30]. Then, the sensor
orientation is derived from the three markers attached to the IMU
(OMCpyy, cf. Fig. 1), and a sensor position trajectory is obtained by
averaging the three marker positions. Further data processing is carried
out analogously to the IMU data processing. Additionally, the same
processing steps are applied to the foot orientation obtained from the
four markers attached to the shoe (OMCgygg, cf. Fig. 1).

The angles (pitch, roll, and yaw) and positions (vertical lift and
lateral shift) are then time-normalized based on the gait cycle. Fig. 3
shows an example over time for one subject. The gait cycle starts and
ends at the initial contact, i.e., stride i occurs from t;c; (0 %) to tic ;+1 (100
%). For each stride, the values are interpolated to a fixed length of 100
samples. The analysed trajectories and their standard deviations (SD)
are obtained by calculating the mean and standard deviation of the gait-
cycle-normalized quantities for each trial while excluding the first and
last 5 strides.

right initial contact left initial contact right initial contact left initial contact

20 1

0 -4
e

S -20 4
a

—404 — leftIMU
— right IMU
-604 === OMCimy
L T T T T
10 -
Q% left stride 100 %
81 0% right stride 100 %

E
S,
=
©
2
=4
)
>

time [s]

Fig. 3. Example for the pitch angle and vertical lift trajectories over two gait cycles of one subject. The vertical lines represent the initial contacts of the corre-

sponding foot.

65



A.J. Jocham et al. Gait & Posture 108 (2024) 63-69

(a) Trajectory of pitch, roll, and yaw of IMU and OMC,yy for one subject over the gait cycle

normal gait (1.5 km/h) normal gait (3 km/h) normal gait (5 km/h) simulated gait pathology (3 km/h)
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(b) Mean absolute deviation (MAD) and standard deviation between IMU and OMC,yy of pitch, roll, and yaw for all subjects over the gait cycle
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(c) Trajectory of vertical lift and lateral shift of IMU and OMC vy for one subject over the gait cycle

8 normal gait (1.5 km/h) normal gait (3 km/h) normal gait (5 km/h) simulated gait pathology (3 km/h)
— left IMU

61 — right IMU
----- left OMCimu

vertical
lift [cm]
Y

----- right OMCmy

lateral
shift [cm]

gait cycle [%) gait cycle [%) 1 gait cycle [%) gait cycle [%)]

(d) Mean absolute deviation (MAD) and standard deviation between IMU and OMC,vy for vertical lift and lateral shift for all subjects over the gait cycle

_ normal gait (1.5 km/h) normal gait (3 km/h) normal gait (5 km/h) simulated gait pathology (3 km/h)
EE ] ] ]
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Fig. 4. : Time-normalized angle (a) and position (c) trajectories of one subject at different gait conditions. MAD between IMU and OMCpyy for angle (b) and position
(d) trajectories of all subjects (n = 23).
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3. Results

All recorded trials of all subjects were analysed, resulting in a total
number of 9747 gait cycles (106 + 30 gait cycles per trial). The average
angle and position trajectories with SD for IMU and OMCpy for
different walking conditions of one subject are presented in Fig. 4a and
¢, respectively. To compare the metrics for all subjects, the mean ab-
solute difference (MAD) between the averaged gait-cycle-normalized
IMU and OMCpyy trajectories is shown in Fig. 4b and Fig. 4d. The
maximum MAD occurs at a walking speed of 5 km/h and is 1.82° for
pitch, 1.34° for roll, and 2.12° for yaw, as well as 2.04 cm for vertical lift
and 0.94 cm for lateral shift. For each trial, the root mean square error
(RMSE) between the IMU and OMCpyy trajectories is presented as a
boxplot in Fig. 5. The average RMSE of all trials is 0.67 + 0.26° for pitch,
0.63 + 0.19° for roll, 1.17 4+ 0.69° for yaw, 0.51 + 0.17 cm for vertical
lift and 0.34 + 0.15 cm for lateral shift. Finally, to evaluate the influence
of the motion of the IMU relative to the shoe, the MAD between the IMU,
OMCpyy as well as OMCgyog, for the angle trajectories is displayed in
Fig. 6. It shows a maximum MAD between IMU and OMCgyog, of 5.07°
for pitch, 1.83° for roll, and 2.49° for yaw. In contrast, the maximum
MAD between IMU and OMCpyy is 0.97° for pitch, 0.86° for roll, and
1.21° for yaw.

Gait & Posture 108 (2024) 63-69

4. Discussion

The aim of this study was to investigate the measurement accuracy of
a gait analysis method based on foot-mounted IMUs in the acquisition of
position and angle trajectories of the foot over the gait cycle as primary
outcome. The results presented in Fig. 4 show good agreement between
IMU and OMCpyy for the position and angle trajectories. The differences
between the systems are consistently low at all conditions, with a
maximum MAD over the gait cycle for pitch, roll and yaw of about 2°,
2 cm for vertical lift, and 1 cm for lateral shift. The average RMSE for all
parameters and all conditions is clearly below 1.5° and 1 cm, respec-
tively, as shown in Fig. 5.

Comparing the results with those of other studies [16-26] that
investigate the measurement accuracy of foot-mounted IMUs for posi-
tions and angles is only possible to a limited extent, since samples,
measurement protocols, and evaluated parameters differ considerably
between studies. However, it can be stated that the measurement error
of the presented method for angle trajectories is comparable to other
publications [17,19,20,22,23] or even lower [16,18,24,25]. The mea-
surement error for position trajectories is comparable [21,22] or lower
[17,19,26]. In contrast to [17,18,24], in which gait deviations were also
simulated by healthy participants, the results for the trials with pro-
voked limping do not show a deterioration of accuracy. This observation
coincides with the findings of [29], in which the presented method was
shown to provide comparable results for healthy subjects and patients

I 1,5km/h
44 EEA 3km/h - 4
I 3 km/h, sim. pathology N
Il 5 km/h
3 r3F
e, 2,
w w
0 0
= =
o o
221 25
< =
5] @
by -
1 1 F1
0 T 0

pitch roll

yaw

vertical lift lateral shift

Fig. 5. RMSE between IMU and OMCyyy for angle and position trajectories of all subjects (n = 23) at different gait conditions.

pitch

roll

yaw

IMU vs. OMC|MU
1 IMU vs. OMCspoe

0 T T T T T
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gait cycle [%]

60 80 100 O 20 40 60
gait cycle [%]
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Fig. 6. Time-normalized trajectories of the MAD between IMU and OMCpyy as well as IMU and OMCsyog of all subjects (n = 23) and all 62 trials.
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with different gait deviations.

In future work, the accuracy in acquisition of position and angle
trajectories of the presented method should be investigated with pa-
tients with various gait pathologies and for overground walking.

The proposed method provides foot trajectories displayed as time-
normalized graphs over the gait cycle for sagittal, frontal, and trans-
versal plane. For clinicians, this visualization contains valuable infor-
mation for the assessment of gait deviations. The presented approach
enables a deeper understanding of the evaluated gait pattern compared
to minimum and maximum values [21,22,26] or values at certain events
in the gait cycle [16,22-24]. For example, the pitch angle during initial
contact could be used to assess drop foot after stroke and the associated
increased risk of falls [31]. The position and angle trajectories in the
sagittal, frontal, and transversal plane provide further information about
associated gait deviations, e.g., circumduction, and, beyond that, even
enables visualisation of the entire foot motion in 3D space. Furthermore,
this method could be used for the objective evaluation of aids, such as
ankle foot orthoses. The deviations (e.g. drop foot, circumduction)
associated with pathologies as stroke, which is often treated by such
aids, typically exhibit magnitudes in the range 3-10 cm [32] and 5-20°
[33-36]. The proposed method is accurate enough to detect such
changes. Furthermore, it makes IMU-based gait analysis practical since
no precise alignment and no specific calibration movements or magne-
tometer data are required [29].

In many studies [16-24,26] investigating positions or angles with
foot-mounted IMUs, the sensors were attached to the outside of the shoe,
except for [23], which includes additional barefoot measurements. In all
those studies, OMC was used as ground truth, with some placing the
markers on the IMU [16-18,21,22], others on the shoe [19,23-26] or
both [20]. However, none of these publications investigated the influ-
ence of the shoe on the results.

Therefore, the influence of shoe motion was investigated as a sec-
ondary outcome. In this context, the present setup with both OMCyyy
and OMCgyog yields new findings. As shown in Fig. 6, the MAD between
IMU and OMCyyy is considerably smaller than between IMU and
OMCgpor for all angle trajectories. This shows that the impact of OMC
marker placement on the obtained measurement is as large or even
larger than the disagreements between OMC and IMU-based measure-
ments. This should be considered when interpreting the data, especially
for gait deviations where the position of the shoe sole is highly relevant
(e.g., limited ground clearance during swing phase).

In future work, it should be clarified which sensor position and
mounting on the shoe results in the lowest measurement error. The
common practice of attaching foot-mounted IMU systems to shoes
should be viewed critically overall. In clinical use, it must be considered
whether the advantage of easy-to-use gait analysis in everyday situa-
tions outweighs the disadvantage of less accurate results caused by the
shoe.

A limiting factor of this work is that the data were only collected
from healthy subjects. However, the applied simulated gait pathology
affected the swing phase comparable to a knee extension contracture,
leading to significant differences in the movement pattern between the
left and right side (cf. Fig. 4). Furthermore, the provoked functional leg
length difference in the swing phase led to known compensatory
mechanisms described in the literature, such as circumduction, contra-
lateral vaulting, or pelvic hike [3].

The data were collected while walking on a treadmill. This approach
was chosen to avoid the subjects having to leave the OMC recording area
and thus to enable continuous measurements. In addition, reducing the
imaging volume via repositioning of the OMC cameras provided better
detection and differentiation of the optical markers.

As a minor observation, Fig. 4 shows a slightly larger MAD for the
right yaw angle due to an offset that is likely caused by inaccurate fac-
tory calibration of the right IMU.

A limitation in the detection of OMCgpog is the fact that the subjects
were examined with their individual shoes. The differences in the shape
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and flexibility of the sole should be considered when interpreting these
results.

5. Conclusions

In summary, the presented method can determine position and angle
trajectories with a promising consistency between IMU and OMC. In
contrast to other works, no differences in measurement accuracy be-
tween normal walking and pathological movement patterns occurred.
Furthermore, it is shown that the measurement error of the IMU itself is
significantly lower than that caused by the shoes. The proposed method
is found to be sufficiently accurate for clinical practice. It neither re-
quires attachment in a precise orientation, nor specific calibration
movements, nor magnetometer data. Gait analysis systems based on
foot-mounted IMUs are a viable alternative to OMC, enabling compre-
hensive gait analysis in everyday clinical practice that is not restricted to
laboratory environments or predefined walking paths.
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