Comparison of linear accelerations from three
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Abstract—Given the increased use of accelerometers in
movement analysis, validation of such inertial sess against
conventional 3D camera systems and performance comisons
of different sensors have become important topics ni
biomechanics. This paper evaluates and compares dar
acceleration trajectories obtained from two different
accelerometers and derived from Vicon position datafor an
upper limb “reach & grasp” task. Overall, good correspondence
between the three measurement systems was obtain&aurces of
error are discussed.
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l. INTRODUCTION

Accelerometry has long been employed in the arslybi
human movements [1]. The use of accelerometerbéemme
increasingly popular over the last decade, offeriag
inexpensive alternative to sophisticated 3D cansrstems
that allows for the unsupervised monitoring of hanmaotion
outside the research laboratory. Areas of applinatiange
from movement classification [2], assessment ofafzd
impairments [3] and fall risk [4] to the control &finctional
electrical stimulation (FES) devices [5].

Despite their increased use in human movement sisaly

only a few studies have been concerned with theracg of
3D position and orientation data derived from ir&rsensor
output as compared to position and orientationiobthfrom
3D camera systems [6, 7]. Furthermore, surprisinghe
attention has been given to the comparison of acaibns
measured directly using accelerometers with acaides
obtained via double differentiation of position aldtom 3D
camera systems.

Rapid technological advancements in the developroént
micro-fabricated inertial sensors have taken plaesylting in
a large number of commercially available produéts.these
products become more readily available, it is inguarto gain
an improved understanding of their characteristiitk respect
to conventional movement analysis tools, so thathibst tool,
or combination of tools, can be chosen for a giwerblem.

It is the objective of this paper to compare theetgrations
obtained from two commercially available inertis#nsors,
namely Xsens and Kionix, with accelerations derifean
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Vicon position data. The Pearson’s Correlation Gcieht (r)
and RMS error were computed for the upper limb lecation
trajectories of a healthy young adult performingreach &
grasp” task. Possible sources of error are disdusse

Il.  METHODS

A.  Experiment

A healthy young adult sat at a table with the hhadging
relaxed at the side of the body. A glass was placethe table
in front of the subject such that it could be reathomfortably
without moving the torso. The subject was instrddte reach
forward, grasp the glass, briefly move it up toveaticde mouth,
place it back on the table, and retract the armk bacthe
starting position. Ten trials of this movement taslere
recorded.

B. Instrumentation

Two precision-machined wooden boxes were attached
Velcro straps to the upper arm and forearm (Fig.XBens
(XSENS, Xsens Technologies B. V., Enschede, Nethdd)
and Kionix (Kionix Inc., Ithaca, New York, USA) irél

measurement units were secured inside each boa ahdter
of three reflective markers was attached to rodstryding
from each box (Fig. 1). A Vicon set up consistirfgcameras
and analog input channels was used to record pogitta for
the reflective markers and
respectively. Xsens data was collected by a sepamhputer.
All data was sampled at 100 Hz and a pulse sigayatiuced by
one of the Vicon analog channels was used to sgncte the
Xsens data with the other two measurement systems.

C. DataProcessing

All data processing was done within MATLAB
(MathWorks, Inc., Natick, MA, USA). Vicon positiotata for
the markers were low-pass filtered with"actder Butterworth
filter using a cutoff frequency of 6 Hz. Marker cdmate
systems for the wooden boxes on the upper arm @egrin
were defined such that each was aligned with itpeaetive
Xsens and Kionix coordinate systems:

XUpper Arm= (CLZ'Cll) / ||C12'C11”
VUpper Arm = (C.I.Z'Cll) X (C13'Cll)

(1)
)

the Kionix accelerations



Reflective Position Markers

Xsens sensors
(Kionix sensors located on top of each Xsens unit are not shown)

Figure 1. Expertimental set up showing marker clusters acélamometers.

YUpper Arm— VUpper Arm/ ”VUpper Arn“ (3)
ZUpper am= X XY 4)
XForearm: (022'C21) / ”CZZ'CZl” (5)
VForearm: (CZZ'CZI) X (C’ZB'CZI) (6)

YForearm: VForearm/ ”VForearn” (7)
Zrorearm= X X Y (8)

Rotation matrices were calculated between the Vicol

global coordinate system and the two marker clsstecal
coordinate systems. Position data for each clustégin

(marker G; and G; for upper arm and forearm, respectively)

were then double differentiated in global coordisatand
gravity was added to the vertical acceleration comept.
Finally, the calculated linear accelerations of heanarker
cluster’'s origin were rotated from global to localordinates.
Linear
accelerometers were directly compared with thodeulzded
for the marker clusters, taking into account thelsmffsets
between coordinate frame origins.

D. Satistical Analysis

All signals were compared using Pearson’s coraaiati

coefficient (r) and RMS errore). Mean values for r and
across all trials are reported.

lll.  RESULTS

In general, the linear acceleration trajectoriessely
approximated each other, with slightly more noise the
Kionix and Xsens acceleration trajectories. Fighdws linear
accelerations for the upper arm for all three meamant
systems, while Fig. 3 displays the same for thedon. A
small offset was observed for the linear accelenasilong the
Kionix Z axis of the forearm (Fig. 2, bottom).

Tables 1 & 2 show Pearson’s correlation coeffidemtd
RMS errors between the acceleration trajectoriethefthree

different measurement systems. For the upper argh hi

correlation coefficients (0.947<r<0.998) were ob¢ai for all
comparisons. The RMS errors ranged from 0.22 t@ én/s.
Similarly, comparison between systems on the foneasulted

accelerations obtained from Xsens and Kionix

in high values for r. However, for the Z axis oétforearm the
RMS errors were 0.76 and 0.70 when comparing Kievitk
Vicon and Kionix with Xsens, respectively - muclegter than
for any other signal comparison.
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Figure 2. Example trial data illustrating the acceleratiajectories obtained
from the three measurement systems on the upper arm
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Figure 3. Example trial data illustrating the acceleratiajectories obtained
from the three measurement systems on the forearm.

TABLE I. COMPARISON BETWEEN MEASUREMENT SYSTEMS LOCATED
ON THE UPPER ARM VIA PEARSONS CORRELATION AND RMS ERROR
Upper Arm
X Y Z
XSENS-VICON r=0.988| r=0.997 | r=0.947
€=0.23 e=0.25 €=0.42
KIONIX-VICON r=0.984 | r=0.996 | r=0.947
¢=0.27 c=0.34 ¢=0.27
KIONIX-XSENS r=0.995| r=0.998 | r=0.987
€=0.24 €=0.22 €e=0.25




TABLE II.

COMPARISON BETWEEN MEASUREMENT SYSTEMS LOCATED

ON THE FOREARM VIA PEARSORS CORRELATION AND RMS ERROR

Forearm
X Y Z
XSENS-VICON r=0.999| r=0.991 | r=0.988
¢=0.43 ¢=0.37 ¢=0.27
KIONIX-VICON r=0.999 | r=0.989 | r=0.993
€¢=0.78 ¢=0.41 ¢=0.76
KIONIX-XSENS r=1.0 r=0.997 | r=0.996
¢=0.40 ¢=0.23 ¢=0.70
V. DISCUSSION

Overall the Xsens, Kionix and Vicon measurementesys
performed similarly. Good correspondence was obthin
between all three systems, despite the challengssciated
with sensor alignment and signal noise.

The fact that Vicon showed less noise on the acat@a
signals is probably due to the low-pass filteriigh®e marker
position data while Xsens and Kionix signals weoenpared
without any further processing. This was done towshihe
difference between “actual” accelerometer outpudt typical
Vicon data processed using widely accepted proesduf
Vicon systems are used to simulate accelerometetifferent
locations on the body, then a representative measiunoise
should be added to the Vicon data. This is crudal
applications where researchers use 3D camera @ditadtthe
“ideal” position for an accelerometer for relialalgtecting gait
events and/or activity [8].

Despite the use of precision-machined wooden baxes
slight offset was obtained for the forearm Z aXishe Kionix
device. Misalignment of axes inside the accelerematight
be a possible source of error,
accelerometer shows low cross axis sensitivity,gesting
internal misalignment is minimal. In general, cawdth
reference frame alignment needs to be taken whempaong
systems: errors due to misalignment between Vicod a
accelerometer coordinate frames can be magnifiedresult of
the sensitivity of accelerometers to the gravitgtoe

We believe that the offset of the Z axis was resjina for
the increased RMS error obtained when comparind<tbeix
device with the other two measurement systems. Mere
since Z accelerations were smaller than X and ‘¢lacations,
alignment errors would show a proportionally greaféect for
that axis. In general, such systematic errors eaedsily taken
care of post data collection with customized MATLABode.
Fig. 4 shows an example where the systematic enche Z
axis has been removed using a least squares fibagip

We conclude that accelerometer units such as Xards
Kionix are a satisfactory substitute for Vicon caagewhen
recording segmental linear accelerations. Theitiegipn has
the advantage to enable researchers to performdettide the
gait laboratory. Future studies may investigatefediht
filtering techniques and/or the introduction ofifaial noise to
accelerations calculated from camera data where
requirement is to simulate accelerometers [8, 9].

although the Kionix
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Figure 4. Linear Z acceleration of the forearm before (tapg after
(bottom) removal of a constant offset using a legsiaeres fit.
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