ORIGINAL RESEARCH

VALIDATION OF A SINGLE INERTIAL
SENSOR FOR MEASURING RUNNING
KINEMATICS OVERGROUND DURING A
PROLONGED RUN
Sara C. Winter1, James B. Lee2, Raymond I. Leadbetter 3 and Susan J. Gordon1,4
Physiotherapy, James Cook University, Townsville, Australia
Physiolytics Laboratory, Charles Darwin University, Darwin, Australia.
3
Sabel Laboratory, Griffiths University, Brisbane, Australia
4
School of Health Sciences, Flinders University, Adelaide South Australia.
1

2

Corresponding author: Sara Winter
James Cook University Physiotherapy, James Cook University
JCU Physiotherapy, Clinical Practice Building, 1 James Cook Drive, James Cook University, Townsville,
4811, Queensland, Australia
Telephone: +61 (07) 4759 6399 , Fax: +61 (07) 4759 6300, Email: sara.winter@jcu.edu.au

ABSTRACT
Introduction: The purpose of this study was to validate acceleration data from a single inertial sensor containing
a tri-axial accelerometer, whilst running overground during a prolonged run against a motion analysis system.
Methods: An inertial sensor was placed on the low back of 10 runners who performed an 8 km run on a treadmill.
To provide validation of the sensor, data were collected as runners ran along a runway through a motion analysis
system at the beginning and throughout the run.
Results: High levels of agreement between the two systems were found in the craniocaudal and mediolateral
acceleration, with anteroposterior having the least agreement with greatest Typical Error of the Estimate (0.66
sample points). Very high to extremely high correlations across all testing times were found in all three directions
of accelerations (r=0.75 to 0.95). Heel strike and toe off events were identified in anteroposterior and craniocaudal
acceleration, with high levels of agreement and extremely high correlations (r=0.99) between the two systems.
Minimal variation and change in agreement and correlation between the data at each testing time were found.
Discussion: This study provides evidence that a single inertial sensor placed on the low back is valid for
measuring three-dimensional acceleration in overground running during a prolonged run. Further analysis
identified specific events of heel strike and toe off and were comparable between the two systems. The minimal
variation and change in agreement between the two systems during the run indicates the adherence method of
the inertial sensor was suitable.
Conclusions: The results of this study indicate that data collected from a single inertial sensor is highly
correlated with simultaneous data collected using a motion analysis system, and has the capability to identify heel
strike and toe off events in overground running throughout a prolonged fatiguing run.
Keywords: accelerometer, sensor, running, motion analysis.
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INTRODUCTION
Long distance running is a prolonged repetitive
activity and fatigue causes changes in running
kinematics1. To date, the assessment of running
kinematics during prolonged runs have typically
been conducted on treadmills using motion analysis
systems and ground reaction force
measurements2,3,4. While these systems provide
accurate measurements they are restricted to
laboratories, only providing snippets of information
and not allowing for continuous analysis of
prolonged running in outdoor overground
environments. Furthermore, biomechanical
differences between treadmill and overground
running have been reported5,1. Strohrmann et al.1
reported differences in step frequency and vertical
displacement during prolonged treadmill running
but not during overground running, while Sinclair
et al.5 found differences in lower limb kinematics
between short overground and treadmill steadystate runs. These findings suggest that treadmill
running may not be comparable to overground
running, and highlights the need to use technology
that is capable for the analysis of running in field
conditions. Additionally, due to long distance
running being a prolonged repetitive activity, the
technology needs to be capable of continuously
collecting data over a prolonged time.
The use of inertial sensors are becoming
increasingly popular for the analysis of human
movement. They small, lightweight and practical,
with the capability to collect continuous threedimensional acceleration data to measure human
movement in field conditions6,1,7,8. A single inertial
sensor placed on the low back provides a simple
and effective method to examine movement near
the centre of mass (COM)6. Not only is a low back
mounted position the closest external point to the
whole body COM, it is the lowest point where a
single measuring device can monitor left and right
lower limb kinematic data, such as heel strike and
toe off. Furthermore, this position would most
likely be the best position to measure contralateral
changes in gait symmetry9 that may present in
running gait due to variables such as fatigue during
prolonged running. Studies have used the COM

placement method to assess running kinematics
during treadmill running6,7 and short overground
running8. MacGregor et al.7 demonstrated that a
single inertial sensor placed on the low back was
capable of accurately and reliably estimating energy
expenditure and running mechanics during
treadmill running and found differences between
trained and untrained runners. Using the same
sensor location Le Bris et al.8 found increases in
mediolateral acceleration data in runners during a
short exhaustive overground run indicating
alterations in running patterns with fatigue. While
these studies demonstrate that a single inertial
sensor placed on the low back has the capability to
measure human movement near the centre of mass,
currently there is a paucity of research using this
method to assess kinematics during overground
running over a prolong run.
To ensure that inertial sensors provide accurate
information in overground running during a
prolonged run, validation against a criterion
instrument or measure is required10. Laboratory
based three-dimensional motion analysis systems
have been used for gait analysis and are a wellestablished criterion for the analysis of
movement11,12,13. Recent studies have validated the
use of an inertial sensor placed on the low back for
measuring gait events and vertical acceleration of
the COM against a motion analysis system during
short treadmill runs9, 14. However, no studies have
validated the use of a single inertial sensor against a
motion analysis system to assess kinematic variables
in overground running during a prolonged run.
Such a validation would benefit from further
research.
While previous research has validated temporal
gait kinematics in running14, this was not for
extended durations. While Lee et al9 reported that
inertial sensor data alterations in left and right
running symmetry with changes in speed, the
authors did not report whether fatigue had the
same detectable effect on inertial sensor output.
Once validated, this may provide unique
opportunities for in-field, real environmental
assessment of prolonged running gait kinematics
that may not be achievable in simulated laboratory
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settings. To determine whether kinematic measures
and changes reported in the inertial sensor studies9,
14
areneeded to determine kinematic changes over
extended time periods and provide important
information about fatigue-related kinematic changes
that occur during long distance running. This
information can then be utilised to improve
understanding of changes that may be detrimental
to performance or increase the risk of injury.
If a single inertial sensor placed on the low back
is shown to be valid, then more advanced analyses
may be obtained. These include heel strike and toe
off events in the gait cycle. These gait events can
then be used for further analysis for measuring
contact time, flight time, stride and step durations14.
This provides relevant information on a runner’s
spatiotemporal characteristics, and provides trainers
and runners with relevant information on a runner’s
running style under field conditions15.
The ability for sensors to remain in place on the
trunk with movement has been suggested to
contribute to errors in acceleration data11,16. During
a prolonged run, there is increased opportunity for
alteration in the position of the sensor compared to
a short run, leading to an increased risk of error in
the acceleration data. Again highlighting the need
to validate inertial sensor data capture during a
prolonged run.
Therefore, the aims of this study were to: 1)
compare acceleration data collected using an inertial
sensor with a laboratory motion analysis system in
overground running during a prolonged run, and 2)
determine whether specific events in the running
gait cycle (heel strike and toe off) were identified
consistently by both data collection methods.

METHODS
Participants
Ten (six male; four female) recreational runners
(27.5 ± 9.5 years, 175.8 ± 8.1 cm, 69.5 ± 11.8 kg)
were recruited. Participants were included if they
ran at least 30 km per week (average 52.5 ± 12.75
km/week), were injury free at time of testing, and
had no lower extremity abnormalities that affected
their gait. The study was approved by the James

Cook University Human Research Ethics
Committee (H5217).
Procedures
Participants wore clothing that allowed their
lower back to be exposed. The sensor was adhered
using double-sided tape directly to the skin of the
runner’s low back, and secured with an elastic
bandage that was wrapped over the sensor and
around the waist9,14. Reflective markers were
adhered with double-sided tape on the sensor and
on the midpoint of the rear foot (calcaneal) and the
forefoot (distally on the 1st metatarsal) of the
participant’s shoes.
A sport specific inertial sensor was used17 and
calibrated using software from a custom toolbox18.
The inertial sensor (52 x 33 x 10 mm, mass 21 g)
comprised of a tri-axial accelerometer (sampling at
100 Hz, saturation at 8g)19. The three-dimensional
axes of the sensor were manually orientated with
the anatomical (orthogonal) axes of the
craniocaudal (X), mediolateral (Y) and
anteroposterior (Z) directions with the participant
standing in a static position.
The kinematic three dimensional positioning data
of the reflective markers were recorded using a 12
infrared camera motion analysis system and
supporting software (NEXUS v1.8, Vicon Motion
Systems Ltd. UK) operating at 100 Hz. Calibration
of the system and capture zone was carried out
using the calibration wand as per the manufacturer’s
instructions.
Running Preparation
Prior to commencing the running protocol,
participants were familiarised with running on the
treadmill, how to safely dismount the treadmill and
run along the runway of the motion analysis
laboratory. Participants completed a five minute
warm-up on the treadmill prior to commencement
of data collection.
Running Protocol
The treadmill gradient was fixed at 1% to
compensate known variances between treadmill and
overground running and ensure energy expenditure
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was close to the participant’s experience when
running on level surfaces20. Following warm-up,
participants ran along the 50 m runway of the
motion analysis laboratory. This was repeated on
the return run. Overground running data were
collected during this run using a 10 m long infrared
camera capture field situated mid-way along the
runway. Participants then mounted the treadmill to
begin the 8 km run, and instructed to run at a
self-selected pace typical of their aerobic training
for the entire 8 km. Participants dismounted the
treadmill after 2 km, 4 km, 6 km, and 8 km to run
along the runway. Participants were only off the
treadmill for a short period of time to run through
the runway once and then remounted the treadmill
to continue the prolonged run. During each
runway run, overground data within the infrared
capture field was collected simultaneously via the
inertial sensor and the motion analysis system.
Synchronisation of Measurements
Synchronisation of the inertial sensor and
motion analysis system data were achieved using
first contact with the ground within the infrared
camera motion analysis system’s capture field. Both
systems’ recording commenced before participants
entered the camera capture field. Strides were
counted from the commencement of the run to the
first contact within the marked boundary of the
capture field. From these synchronised data points
acceleration changes at any given point in any plane
was compared for agreement between the two
systems.
Signal Processing
Heel strike and toe off events were identified in
raw sensor data to ensure no loss or timing shift
from filtering. All three channels were used to
identify both events. Heel strike was identified at
the point where the Z acceleration began increasing
towards its large impact peak (Figure 1). For toe
off, an algorithm detected the zero acceleration
crossover in the X acceleration data15. The same
events in the motion analysis system were identified
in the system’s signal processing function prior to
differentiation and filtering. For the motion analysis

system, heel strike was deemed as the lowest
vertical displacement of the calcaneal positioned
marker and toe off was the first vertical
displacement of the 1st metatarsal marker. All
participants were identified during the warm up as
heel strikers.
The motion analysis system data were collected
as displacement relative to the global origin.
Double derivative calculation was performed to
convert it to acceleration and allow direct
comparison to the sensor acceleration data and
reflective marker positioned on the low back.
Inertial sensor data were recorded as millivolts and
were calibrated to produce gravitational (g) scale
output. All data were trimmed to synchronisation
points.
The inertial sensors recorded acceleration data
from the three orthogonal axes.
The effect of gravity acting on the sensor was
obtained by low pass filtering the data at 0.5 Hz17.
This vector was then removed from the raw data.
A 10 Hz low pass Hamming Filter was applied
removing high frequency noise in line with
frequency calculation methods previously
reported14. The primary purpose was to filter noise
and impact peaks in order for comparisons to be
made with the infrared camera system comparison.
The infrared camera system was filtered using the
system’s dynamic gait filtering within its processing
capabilities. The synchronisation points allowed for
both systems’ data to be aligned for comparisons of
acceleration magnitudes of the sensor and reflective
marker. From this, measures of agreement and
correlation were calculated. Additionally, overlay
plots of the trimmed data sets were generated,
providing visual demonstrations of outputs.
Statistical Analysis
Agreement between the inertial sensor data and
motion analysis system data were conducted using
the Typical Error of the Estimate (TEE)21. The
error of the estimate is the amount by which the
sensor differed from the motion analysis system. A
TEE analysis uses the units of the dependent
variable, in this case sample points. The closer to
parallel and the narrower the spread of data,
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Figure 1: Typical heel strike and toe off gait events detected in the inertial sensor and Vicon motion analysis system. X
acceleration = craniocaudal; Y acceleration = mediolateral; and Z acceleration = anteroposterior. The Y axis depicts the
capture frames which equates to 100 samples equalling 1 second. The filtered data has been included to display the levels
of agreement between the two systems (dashed black line = sensor data and solid blue line = Vicon data). Heel strike was
identified in the raw data (dashed red line) of Z acceleration data and toe off in the raw data of X acceleration. Symbol
legend: blue circle = heel strike in Vicon data, red circle = identified heel strike in raw data in Z acceleration, black circle =
equivalent time point (to red circle time point) in filtered sensor data, Blue asterisk = Vicon toe off, Red asterisk = identified
toe off in raw sensor data in X acceleration, Black asterisk = sensor toe off.

indicates how well the inertial sensor data aligns
with the motion analysis system. The TEE and bias
results were interpreted using the Hopkins modified
Cohen scale: <0.20, trivial; 0.2-0.6, small; 0.6-1.2,
moderate; 1.2-2.0, large; >2.0, very large.
Confidence limits were set at 95%21. Residuals were
used to describe the spread of data between the
upper and lower confidence limits. The smaller the
residual, the closer the agreement between both
systems and the greater confidence of accuracy of
the relationships. The TEE plots were used to
visually display the data differences between the
systems.
Correlation analyses were performed to
determine the relationship between acceleration and
motion analysis data using Pearson’s R correlation.
The correlation classifications were interpreted

using the Hopkins22 scale: 0.01-0.1, trivial; 0.1-0.3,
small; 0.3-0.5, moderate; 0.5-0.7, high; 0.7-0.9, very
high; 0.90-<1.0, extremely high; 1, perfect.

RESULTS
The TEE and correlations have been presented
for each acceleration direction and motion analysis
system data (Table I). Comparisons were on all data
sample points (n=6163) detected inside the infrared
capture field.
Craniocaudal Acceleration
The correlation was extremely high, averaging
0.95 across all testing times. The average TEE
across all captures was small at 0.31 sample point.
The TEE plot highlights the strong agreement
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Table 1: Typical Error of the Estimate and correlation between inertial sensor acceleration data and infrared camera system
data. Residual data is the difference between the upper and lower confidence limits (CL). Typical Error of the Estimate units
of measure are sample points.
Typical Error of the Estimate
Distance

TEE

Correlation

Upper CL

Lower CL

Residuals

r value

Upper CL

Lower CL

Residuals

Craniocaudal Acceleration
0 km

0.28

0.29

0.27

0.017

0.96

0.96

0.96

0.007

2 km

0.32

0.33

0.31

0.020

0.95

0.95

0.94

0.009

4 km

0.32

0.33

0.31

0.022

0.95

0.95

0.94

0.010

6 km

0.31

0.33

0.30

0.024

0.95

0.95

0.94

0.011

8 km

0.30

0.31

0.29

0.021

0.95

0.96

0.95

0.009

All runs

0.31

0.31

0.30

0.009

0.95

0.95

0.95

0.004

Mediolateral Acceleration
0 km

0.55

0.57

0.54

0.033

0.83

0.85

0.82

0.026

2 km

0.45

0.47

0.44

0.028

0.89

0.90

0.88

0.018

4 km

0.52

0.54

0.51

0.036

0.85

0.86

0.84

0.027

6 km

0.53

0.56

0.52

0.040

0.85

0.86

0.83

0.030

8 km

0.44

0.46

0.43

0.031

0.85

0.91

0.89

0.019

All runs

0.50

0.50

0.49

0.015

0.90

0.87

0.86

0.010

Anteroposterior Acceleration
0 km

0.64

0.65

0.62

0.038

0.77

0.79

0.76

0.034

2 km

0.69

0.71

0.67

0.043

0.72

0.74

0.70

0.042

4 km

0.64

0.66

0.62

0.044

0.77

0.79

0.75

0.040

6 km

0.67

0.70

0.65

0.050

0.74

0.77

0.72

0.048

8 km

0.65

0.68

0.63

0.045

0.76

0.78

0.74

0.042

All runs

0.66

0.67

0.65

0.020

0.75

0.76

0.74

0.019

between both systems (Figure 2). The comparison
prior to commencing the treadmill run (0 km)
showed the least error (0.28 sample point). The
error was also small at 2 km, 4km, 6 km and 8 km
comparison and correlation very high.

Mediolateral Acceleration
The correlation was high, averaging 0.87 across all
testing times, and average TEE across all captures was
small at 0.50 sample point. The TEE plot highlights a
high level of agreement (Figure 3). The comparison at
the end of the 8 km run showed a very high correlation
(r=0.90) and least error (0.44 sample point).
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Anteroposterior Acceleration
The correlation was high averaging 0.75 across all
testing times. Anteroposterior acceleration had the
greatest error, however it was at the lower end of
moderate (0.66 sample point). The comparison at 0
km and 4 km the end of the 8 km run showed the
highest correlation (r=0.77) and least error (0.64
sample point).
The TEE plot shows the lower agreement
between the two systems (Figure 4).
Figure 2: Comparison of craniocaudal acceleration data
collected using inertial sensors to the criterion measure of
an infrared camera system. The solid line is the mean of
inertial sensor data and dashed line, the criterion.

Figure 3: Comparison of mediolateral acceleration data
collected using inertial sensors to the criterion measure of
an infrared camera system. The solid line is the mean of
inertial sensor data and dashed line, the criterion.

Figure 4: Comparison of anteroposterior acceleration data
collected using inertial sensors to the criterion measure of
an infrared camera system. The solid line is the mean of
inertial sensor data and dashed line, the criterion.

Gait events
Heel strike and toe off were primarily identified
in the raw data in the anteroposterior and
craniocaudal acceleration data, respectively (Figure
1). Heel trike corresponded to commencing the
upward climb in the anteroposterior acceleration
data, and toe off corresponded to the crossing of
the craniocaudal acceleration at zero of the
downward curve. Average variation in the heel
strike event between both systems were shown to
be 0.15 sample point, which is equivalent to 0.002
seconds (s), or less than the capture rate (100 Hz).
Average variation in the toe off event were shown
to be 0.013 s (1.3 sample points). The range of the
differences were between -0.04 s and 0.05 s. The
TEE was shown to be trivial at 0.08 sample point
for both heel strike and toe off. The correlation
was very high (r = 0.99) for both gait events.

DISCUSSION
The study’s aim was to compare acceleration data
collected from a single inertial sensor with a motion
analysis system during overground running under
fatigue conditions, and determine whether specific
events in the running gait cycle were identified
consistently by both data collection methods. This
study provides evidence that a single tri-axial
inertial sensor placed on the low back is valid for
measuring three-dimensional acceleration and
identifying specific events in overground running
during a prolonged fatiguing run. Craniocaudal and
mediolateral acceleration data demonstrated the
best accuracy of running kinematics with high
levels of agreement and correlations between data
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from both systems. Anteroposterior acceleration
displayed less agreement between both, however a
high level of correlation indicates a relationship
between the two systems of measure. Specific
events of heel strike and toe off were comparable
and identifiable using anteroposterior and
craniocaudal acceleration data, respectively.
The craniocaudal acceleration data were found to
have the lowest error and very high correlations at
all testing times, therefore strong agreement
between the two systems can be reported. This
concurs with previous research that reported similar
outcomes when using a low back mounted sensor
comparing craniocaudal acceleration to a motion
analysis system during treadmill running9. The
comparisons in the mediolateral direction had
slightly higher error than the craniocaudal
acceleration. However, differences were small when
referenced to the modified Cohen scale, and very
high correlations between comparison data were
found across all testing times. This is supported by
the narrow spread of the data (Figure 2), indicating
high levels of agreement between the two systems
in mediolateral acceleration. Research by Lee,
Mellifont and Burkett14 validated mediolateral data
for identification between left and right steps when
identifying spatiotemporal kinematics during
treadmill running with the sensor also placed on the
low back. Clear positive and negative peak signals in
the mediolateral acceleration data were detected
that occurred just following heel strike. Outcomes
reported here and that found in previous research9,
14
indicate that craniocaudal and mediolateral
accelerations are valid measures of running
kinematics.
The anteroposterior acceleration data showed
least agreement of the three orthogonal planes,
with moderate error found. While it would be
assumed that all three channels of data should
compare similarly an agreement, this was not seen
in this study (Figures 1, 2, and 3). The reduced
agreement in the anteroposterior acceleration may
be attributable to the infrared camera system
measuring positional displacement change of
participants while running forward, which is
continual in the direction of travel.

Anteroposterior acceleration in running is in the
forward direction which has a lower magnitude than
the impact peaks, therefore, directional acceleration
measured by the sensor may be blending into
ground impact acceleration. The blending of
forward and heel strike accelerations may explain
why the direction of movement measured by the
inertial sensors provides a variation to data
collected by the motion analysis system.
Craniocaudal and mediolateral acceleration
measurements are generally from one source
(impact acceleration) unlike the combination of
forward momentum acceleration and temporal
kinematics acceleration typically found in
anteroposterior data. Craniocaudal and
mediolateral directional motions had cyclically
repeating accelerations with clear peaks which may
explain the increased validity in these directions.
Another possibility for variation is that acceleration
of forward movement is less than gravity, which
inertial sensors simultaneously measure, while the
infrared camera system is not. While gravity is not
measured in the anteroposterior direction, it affects
the forward movement readings. Therefore, the
effect of gravity should be removed before
comparative agreement assessments. Although the
process used to remove gravitational data was not
perfect (due to the dynamics attributed to the
movement), it was the best known method23. It
involved low pass filtering to find an approximate
orientation with respect to gravity acting on the
sensor. The result provides the constant gravity
vector relative to the sensor. This vector is then
removed from the raw data. This technique is
constant and very low frequency accelerations not
attributable to gravity are also removed, resulting in
difficulties removing gravity effects without
affecting kinematic accelerations smaller than 1 g.
While agreement was least in anteroposterior
acceleration data, the very high correlations found
indicates a relationship between the anteroposterior
data collected by the two systems. Therefore, data
collected by the sensor in this direction may still be
considered an acceptable measurement of
overground running kinematics.

Volume 5, Issue 1, April 2016 | JOURNAL OF FITNESS RESEARCH

21

The identification of gait events using the inertial
sensors were found in the raw data of
anteroposterior and craniocaudal acceleration and
demonstrated very high correlation with the motion
analysis system. Heel strike corresponded to the
beginning of the upward peak in anteroposterior
acceleration, and toe off was identified when
craniocaudal acceleration crossed at zero of the
downward curve. This is similar to Auvinet et al.15
who identified heel strike and toe off in these
acceleration channels in short duration overground
runs using an accelerometric sensor attached to the
low back. Auvinet et al.15 used filtered data to
identify the gait events, while this current study
found clearer points in the raw data. The
differences between studies using filtered and raw
data may be due to the system used that the events
were compared to. Auvinet et al.15 compared sensor
data to a video camera analysis, while this study
used a motion analysis system, and this may have
accounted for the differences in the acceleration
data used. Future research using a similar method
as in this current study will use the raw data for gait
event analysis as the study findings indicate that a
low back mounted sensor has the capability to
identify heel strike and toe off gait events during
overground running during a prolonged run. While
there were variations between data from the three
channels of capture, an important finding was that
little change in agreement occurred between both
systems at each testing session during the 8 km run.
This indicates that the adherence method used in
this study allowed the inertial sensor to remain in
place throughout the prolonged run. It has been
suggested that sensor movement may contribute to
error11, 16, however, this was not the case in this
study.
A limitation of this study was that data were
collected while running along a short runway.
Although, there was agreement between the two
systems, the running kinematics on such a runway
may not entirely replicate kinematics of prolonged
overground running.

CONCLUSIONS
Three-dimensional acceleration data collected
from an inertial sensor in overground running
during a prolonged run is highly correlated with
simultaneous data collected using a motion analysis
system. To the authors’ knowledge, no researchers
have validated inertial sensors in this context.
Furthermore, specific events of heel strike and toe
off in the gait cycle are clearly identifiable from the
inertial sensor in the anteroposterior and
craniocaudal acceleration data. Little change in
variation between the inertial sensor and motion
analysis data throughout the prolonged run
indicates a suitable method of adherence of the
sensor. This study supports future use of a single
inertial sensor positioned at the low back to assess
kinematics during prolonged overground running.

PRACTICAL APPLICATIONS
A single inertial sensor placed on the low back
can be used to assess three-dimensional acceleration
data during overground running under fatigue
conditions,
Further analysis of the data can be used to
identify heel strike and toe off events in the gait
cycle during overground running.
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