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SUMMARY 
The aim of this study was to compare cervical range of 
movement (ROM) and range of angular velocity (RAV) 
determined using a wearable system (WS) composed of 
inertial sensors and an optoelectronic motion capture system 
(MCS). Measurement of primary cervical movement during 
active lateral bending (LB), axial rotation (AR) and flexion-
extension (FE) were compared from both systems in 25 
healthy subjects with the head inertial module placed on the 
mastoid process. The movements were performed according to 
two modalities: the best possible and the fastest possible. To 
compute angles from inertial sensor, angles were estimated by 
integration of angular velocity in local frames during motion 
and by considering the inclination derived from the 
acceleration during motionless periods. To compare both 
kinematics, rotation matrices from optoelectronic system were 
parameterized in terms of attitude vector (helical angle) and 
also with different Euler sequences.  For primary components 
of movement, ROM absolute differences between WS and 
MCS were 5.6% and 6.6% of mean ROM for best and fast 
modalities respectively. RAV mean absolute differences were 
also 7% and 8% for best and fast modalities. Coefficient of 
multiple correlations for angular and velocity patterns were up 
to 0.95. In conclusion, inertial sensor may be used with 
confidence for normal and fast motion.  
 
 
INTRODUCTION 
The large mobility of the cervical spine allows fast movements 
of the head towards the direction of interest. Mobility is least 
at the thoracic spine where the ribs decrease mobility and 
increase stability. To test this mobility, range of angular 
movements has been mainly studied. Only a few studies have 
investigated the effects of speed of movements on the 
kinematics of cervical spine [1]. For camera-based systems, 
the velocity of the head relative to the thorax is obtained by 
the derivative of the angles calculated from the smoothed or 
filtered trajectories of reflective markers. In the case of 
wearable system composed of 3D miniature gyroscopes and 
accelerometers, the gyroscopes are directly sensitive to the 
angular velocity. To obtain angular range of motion, the 
orientation of inertial measurement unit were computed by 
fusing angular velocity and accelerations. The aim of this 
study was to compare cervical range of movement (ROM) and 
range of angular velocity (RAV) determined using a wearable 
system (WS) and an optoelectronic motion capture system 
(MCS) during active analytical movements performed in 
laboratory. 

METHODS 
Twenty-five healthy volunteers (32 ± 7.4 years old) were 
recruited.  Two devices were used simultaneously for this 
study. First, a VICON optoelectronic system (VICON 612; 
sampling rate: 120 Hz) was used to acquire the trajectories of 
a four-marker cluster attached to a helmet and four markers 
glued on the thorax, necessary to build the angular joint 
kinematics according to the ISB recommendation. Second, the 
wearable system (Physilog®, CH) consisting of two inertial 
modules with miniature three-dimensional gyroscope and 
accelerometer were fixed using double-side adhesive tape on 
the mastoid process and on the sternum (Figure 1). 
Gyroscopes allowed measuring velocities up to 600°/sec for 
the lateral and frontal axes, and up to 800°/sec for the vertical 
axis. The inertial modules were linked to an embedded 
datalogger worn at the waist and recording data at 200 Hz. 
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Figure 1: Measurement systems viewed in the sagittal (A) and 
frontal (B) plane with the axes of reference: in black, the 
inertial measurements units and in blue the marker cluster 
attached to the head and thorax following the ISB 
recommendations. 
 
After a functional calibration to align the sensor frames of WS 
to the body frames, the seated subject was assessed in the 3 
planes. The movements were performed according to two 
modalities: the best possible and the fastest possible. The so-
called Amplitude task (BEST) and Speed task (FAST) were 
composed of movements of flexion-extension-flexion, right-
left-right rotation and right-left-right lateral bending. 
For both systems, the range of motion of the head relative to 
the thorax (ROM) and the range of angular velocity (RAV) 
were extracted. For WS, the calibrated signals described the 
angular velocity and acceleration of flexion-extension, axial 
rotation and lateral bending of the head and thorax. Each 
angular movement was expressed around its main axis of 
motion. Angles were estimated by integration of angular 
velocity in local frames during motion and taking into account 
the inclination derived from the acceleration during motionless 
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periods. ROM and RAV were computed from the angular 
velocity and estimated angle respectively. For MCS, rotation 
matrices from optoelectronic system were parameterized in 
terms of attitude vector (helical angle) [2] and also with 
different Euler sequences.  The helical angle was used to 
compute the ROM, and was then differentiate to obtain the 
RAV. To compare kinematics from both systems, ROM and 
RAV mean and absolute mean differences between WS and 
MCS were computed. The coefficient of multiple correlations 
(CMC) [3] and RMSE were computed between the normalized 
curves of both systems to assess the concurrent validity. 
 
RESULTS 
ROM absolute differences between WS and MCS (Table 1) 
were 5.6% and 6.6% of mean ROM for BEST and FAST 
modalities respectively. RAV mean absolute differences were 
also 7% and 8% for BEST and FAST modalities. Coefficient 
of multiple correlations for angular and velocity patterns were 
up to 0.95 (Figure 2). Some trials of the FAST task of 5 
participants were excluded as the angular velocity exceeded 
the sensors range. For both tasks, differences between ROM 
based on WS and ROM derived from MCS showed a small 
bias. Negative values indicated that the ROM from WS was 
lower than the reference. These errors are acceptable, 
considering that a misalignment between motion capture and 
inertial systems is possible due to calibration procedure 
(anatomical vs. functional calibration), and the error inherent 
from the estimation of angle from inertial data. For RAV, 
larger differences were observed, especially during fast 
movements. This can be explained by the misalignment, but 
also by the difference of computation of the angular velocity 
(measured vs. differentiation). 

Table 1: mean difference; absolute mean difference; mean 
WS and MCS average during the amplitude task (BEST) and 
the speed task (FAST) for flexion-extension ‘FE’, axial 
rotation ‘AR’ and lateral bending ‘LB’ movements (N = 25). 
 
ROM LB (°) AR (°) FE (°) 
BEST -3.7; 7.4; 84.2 -1.4; 4.2; 142.9 -2.2; 5.3; 116.3 
FAST -2.2; 8.3; 90.7 3.4; 5.7; 151.1 -2.3; 6.7; 119.7 

    

RAV LB (°/sec) AR (°/sec) FE (°/sec) 
BEST -18.0; 20.1; 241.0 -9.3 ; 13.4; 500.2 -30.2; 30.4; 314.9 
FAST -42.2; 57.7; 588.0 17.4; 40.4; 988.4 -74.2; 74.9; 684.2 

 
DISCUSSION AND CONCLUSIONS 
In conclusion, fast and large movements of the cervical spine 
have been evaluated successfully by both systems with a 
different approach to obtain angular and velocity range and 
patterns of movement. In the methodology used in this paper, 
we have placed Head IMU on the mastoid process similar to 
Cobian’s setting [4] with a positive feedback from the subjects 
(comfort). This study showed the feasibility of using a 
wearable system or a motion capture system to measure 
cervical spine movements with confidence for normal and 
speed motion.  
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Figure 2: Normalized ROM and RAV patterns during amplitude task (BEST) and speed task (FAST) from inertial sensors (Blue) 

and optoelectronic system (Red) in one volunteer. 
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