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Abstract

Neck pain or cervical pain is most common in individuals who are all working in seated postures for prolonged period of time, example
computer users. The pain caused by extreme postural positions including forward head postures and extension angle maintained in cervi-
cal. The use of cervical vertebra traction therapy has increased as a part of rehabilitation medicine. However, lack of usability standard in
this traction therapy i.e., the exact instructions on how to choose the traction force and location are unclear. To fix this issue, first, the
cervical spine traction system analysing the change of cervical spine depending on the traction location has been investigated. Motion
analysis systems are widely used to measure the changes in the body part movement. However, the precision and repeatability of motion
analysis systems are not much studied. In this paper, the precision and repeatability of a three-dimensional (3D) motion analysis system
(i.e., NDI’s Optotrak Certus (OC)) is evaluated with developed 3D robot for traction therapy as an application example. The 3D robot
quantitated the accuracy and precision of the system regarding angle and distance. Angle and distance among markers showed good
agreement between measurements, and comparable measures of precision reported. Experimental results demonstrate a measure of preci-

sion and repeatability for the movement of the patients on the cervical traction system; hence the repeatability was satisfactory.
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1. Introduction

Since 2000, the number of young people in the incidence of the
cervical disease sharply increased. A cervical spine disc center of
a Korean hospital has reported that the number of patients with the
cervical disease has increased about five times from 2000 to 2004
[1]. The symptoms of neck pain and stiffness caused cervical
neuropathy and reported that 80% of the cervical disease is this
illness. The most common symptoms of this disease are that diffi-
cult for the patients to arch back their head turning from side to
side, sometimes there are the bones moving sounds [2-4]. The
investigation shows that the vast majority of patients with a de-
generative disorder of the cervical spine is the median ages over
40 years with more than half (56.3%) in 2000. There is a report
showing the 70% higher incidence of cervical spine disorder and

the 51% of the adult feeling of powerlessness on the cervical spine.

Intervertebral discs in between the bones of the vertebrae help to
cushion the bones and allow for smooth and painless movement.
Symptoms can arise when part of the disc material begins to pro-
trude, known as a disc herniation, or when the disc begins to
change, known as disc degeneration [5-7]. Treatment for a herni-
ated or degenerated disc includes medications, physical therapy,
spinal injections or surgery. The success rate for this surgery is
quite high about 80-90% and the success rate of conservative
treatment without surgery, medication or injection therapy, and
physical therapy is about 70-80% [8]. The cervical vertebrae pa-
tient was increased 12.2% in 2004 compared with the year 2000

because of the wrong long-term attitude according to the increase
of the computer and internet [1]. So the use of cervical vertebra
traction has increased as a part of rehabilitation medicine and clin-
ical pathology of the cervical vertebrae patient. However, the in-
sufficient standard of the way of use of cervical vertebrae traction
cause inconvenience to the user.

Recently, the 3D motion analysis systems widely used in the field
of medical equipment analysis. A lot of systems are available such
as VICON, Optotrak, Ariel, Motus, and Elite plus, etc. The preci-
sion of any measurement system is an important parameter to
evaluate the performance of that system. It has been found that the
3D motion analysis systems are always related to some errors and
therefore, always only obtained values. Hence, the measurement
without a corresponding uncertainty and precision is incomplete.
Accuracy is closely related to precision, also called reproducibility
or repeatability, the degree to which further measurements or cal-
culations will show the same or similar results. The results of a
measurement can be either accurate but not precise or precise but
not accurate, neither or both. Precision is the degree of veracity
while precision is the degree of reproducibility [9-11]. A result is
called valid if it is both accurate and precise. In case of OC preci-
sion refers to the angles and distance used between markers in the
medical equipment analysis. The reliability test of motion analysis
system in the aspects of precision and repeatability was performed
regarding the frame-to-frame repeatability of the measurement
[12]. The landmark, distance between markers and angle studies
investigated using Optotrak system and suggested about the relia-
bility of motion analysis systems [9], [10], [13], [14].
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In this paper, the precision and the repeatability of OC tested using
a 3D robot by calculating different parameters including Coeffi-
cient of Multiple Correlation (CMC) analysis based on marker
angle, volume, circular movement and object moving at different
speeds. Furthermore, the traction therapy system used in hospitals
investigated with the OC and 3D motion analysis systems. The
traction systems widely used, however, the exact instructions on
how to choose the location of the traction are unclear. The cervical
spine traction system analysing the change of cervical spine de-
pending on the traction location investigated to fix this issue.

2. Material and methods

A 3D robot (Fig.1), which can move in the X, Y, and Z coordinate
in real time simultaneously has been designed in-house. The 3D
robot utilizes three AC servo motors for each axis to move in the
desired direction. The highest limit for movement in X, Y and Z
axis are 50, 30 and 50 cm, respectively. There is a flat plate avail-
able which is mounted on the Z axis to be used later for placing
markers. There is a base available where the power module and
transmitter are placed, and the 3D robot with AC servo motor is
placed at some height above the base on a flat platform.
The 3D motion analysis was performed to investigate the cervical
changes of patient positioning during traction with a cervical ver-
tebrae traction system. The electronic controlled cervical tractor
(Fig. 2) was employed for traction, and the 3D motion analysis
equipment, the NDI's Optotrak (accuracy: 0.01mm), were used to
achieve the 3D position of patient positioning. The experiments
were performed in aspects of depth of the sensors, precision, and
repeatability.

a) Depth of the sensors
For the measurement of the depth of the sensors, we have utilized
one static marker at a certain distance from the sensors of the OC.
The measured maximum and minimum depth of the sensors were
at 1.5 and 6.9 m, respectively, although the manufacturer recom-
mended between 2 and 6 m.

Flg 1: An External View of 3D Robot

Fig. 2: Cervical Vertebrae Tractor.

b) Precision analysis

The OC system with a strobe along with four markers utilized for
the precision experiment. One marker placed in one corner of the
flat platform where the origin of the 3D robot was placed as
shown in Fig. 3. It can also be seen that the marker 1 is all the way
static and the other three markers, that is, markers 2, 3 and four
can move whenever the plate is moving. The absolute distance of
the markers 2 and 4 and also the angle formed by markers 2 and
four concerning the static marker one were measured.
Subsequently, the distance between the markers 2 and four both in
static and dynamic condition by taking three trials using the OC
system was measured. The angle data also obtained for three trails
from the OC.
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Fig. 3: Experimental Setup for Precision Analysis.

c) Repeatability analysis
The CMC approach was used for the repeatability analysis, being
developed by Matlab program [15]. The repeatability of data ac-
quired by a measurement system is a major factor in experimental
design [11], [16]. Synonyms commonly used to describe repeata-
bility are reliability, stability, consistency, and predictability [11],
[17]. Any measurement device is called a reliable system if it can
measure the same values in the same quantities with repeatability
for its desired application. CMC is a powerful measure to examine
the repeatability of waveform data [18-20]. The repeatability of
any measured data analyzed accurately by the CMC approach [20],
[21]. When the waveform of every dataset is similar to each other,
the CMC is affected by many factors such as the number of
sample points, number of repetitions of measurement,
measurement error, and the types of variables being used.
The CMC values can be interpreted as follows:

e  Values ranging from 0.00 to 0.25 (Little or no similarity)

e  Values ranging from 0.25 to 0.50 (Fair degree of similarity)

e  Values ranging from 0.50 to 0.75 (Moderate similarity)

e  Values ranging from 0.75 to 1 (High similarity)
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The CMC analysis can provide us with the information of repeata-
bility of measured data sets, but it can’t show if there is an error in
the size of measurement. A useful statistical technique that ad-
dresses this issue is the Coefficient of Variation (CV). In case of
angle repeatability analysis, the experimental setup was same as in
precision analysis. The angle variations obtained from OC for
three trials were later used for repeatability analysis. For circular
movement repeatability analysis, the position of the marker two
was utilized. The same circular movement was repeated three
times which were later utilized in the repeatability analysis. It may
be mentioned here that the designed 3D robot can move to form a
circle in the two-dimensional plane. For the variation of volume, a
rigid body and eight markers (Fig. 4) were used. Four markers
(Markers 1, 2, 3 and 4) were placed in four corners of the flat plate
of the 3D robot in the form of a rectangle having the same length
and width as the rigid body dimension. The other four markers
(Markers 5, 6, 7 and 8) were placed in the four corners of the rigid
body. Whenever the plate was moving along the Z axis, the
volume formed by the eight markers between the rigid body and
the flat plate was also changing. The repeatability analysis per-
formed using the position of the markers calculated, the volume
obtained from three trails using the OC. In the repeatability analy-
sis, calculated the CMC, CV (%) and the SD values using Matlab
for variation in angle, volume, circular movement and moving
object at different speed.

3. Results

Neck pain or cervical pain is most common in individuals who are
all working in seated postures including computer users [22-26].
The cervical pain caused by extreme postural positions including
forward head postures and upper cervical extension angle [27-29].
The use of cervical vertebra traction has increased as a part of
rehabilitation medicine. However, the insufficient standard of the
way of use of cervical vertebrae traction cause inconvenience to
the user. In order to increase the usability standard, measuring the
position and angle of cervical spine is important. Motion analysis
systems are widely used to measure the changes in the body part
motion [30-31]. However, the precision and repeatability of mo-
tion analysis systems are not studied much. In this paper, the pre-
cision and repeatability of a three-dimensional (3D) motion analy-
sis system (i.e., NDI’s Optotrak Certus (OC)) is evaluated with 3D
robot for traction therapy as an application example. The results
are presented here.
a) Precision test for distance between markers

For the precision test, three trails of position data were taken using
OC for both static and dynamic conditions and calculated the av-
erage distance between markers 2 and 4 for each trail as well as an
error (%) and SD values. The values are shown in table 1 and 2 for
static and dynamic conditions, respectively.

Table 1: Distance between Marker 2 and 4 in Static Condition
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Fig. 4: Experimental Setup for Repeatability Analysis.

d) Cervical vertebrae traction analysis

The entire procedure was explained to the subjects before the ex-
periment started, they fully aware the purpose of the experiment
and how the experiment would be performed. The experiment
involves tightening specific muscle for 10 seconds, then relaxing
for 10 seconds. This sequence would be repeated for ten times to
enable the subject to identify muscle tension and relaxation. Fur-
thermore, after taking enough rest and changing the vertical posi-
tion relative to the distance of around 5° from side to side, the
second traction was performed in the same way. Depending on the
location of the cervical traction, the cervical spine movements of
the subject were measured by the 3D motion analysis. The select-
ed sensor locations and the structure of cervical vertebra are
shown in Fig. 5(a) and 5(b).

(a) (b)

Fig. 5: 3D Sensor Position on the Neck (A) Photographs of Sensor Loca-
tion (B) Structure of Cervical Vertebra.

Trials  Average (mm) Absolute (mm) Error (%) SD (mm)
1 79.54467 80 0.569 0.004345
2 79.54373 80 0.57 0.002

3 79.54517 80 0.57 0.0029

Table 2: Distance between Marker 2 and 4 in Dynamic Condition

Trials  Average (mm) Absolute (mm) Error (%) SD (mm)
1 79.54203 80 0.572 0.0058
2 79.5373 80 0.578 0.0086
3 79.5392 80 0.576 0.0067

b) Precision test for angles
For the precision test to determine the angle between markers 2
and 4 with marker one as a reference, three trails of angular data
were taken using the OC in a static condition. The average angle,
error (%) and SD values are shown in Table 3 for the static condi-
tion.

Table 3: Angle between Markers 2 and 4 in Static Condition

Trials  Average (deg) Absolute (deg) Error (%) SD (deg)
1 9.33 9.72 4.01 0.000161
2 9.32991 9.72 4.013 0.000134
3 9.3299 9.72 4.013 0.000192

c) Repeatability analysis
A repeatability analysis was performed for several trails concern-
ing the angle variation, position of the sensors and object moving
at different speeds. Whenever the plate was moved the angle var-
ied between marker 2 and 4 concerning static marker 1, the angle
variation was obtained from the OC for three trails. The measured
angle variation to the corresponding frame number is shown in
Fig.6 (a) and (b). It can be seen that the angle value started de-
creasing from 9.6° to 6.7° and again increasing to 9.6° when repet-
itive movement performed. The CMC, CV (%) and SD values
found were 0.9901, 1.2634 and 0.1025 respectively, which repre-
sent better repeatability and less error.

d) 3D Position data analysis for cervical traction
The cervical position data about patient positioning during the
cervical traction were collected using 3D motion analysis equip-
ment. Based on these experimental data, the measuring distance
changes depending on the position and the variation of sensor
location in measurement position have been investigated.
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Fig. 6: Angle Data from Three Trails between Markers 2 and 4 (A) Varia-
tion of Angle between Markers 2 and 4 (B) A Partial Zoom View of Figure

6. (A).

e) Measuring distance changes depending on the position

The four sensors were placed on the subject neck between C1 to
C7 location, as shown in Fig. 5 (a). The change in the distance was
measured by the NDI’s Optotrak for different positions namely
normal, anterior, posterior, left and right. The measurement results
of each position shown in Table 4. The experimental results
demonstrate a larger change in the distance whole nearest C7 posi-
tions. Furthermore, it has been verified that varied more on the
change of the right and left length than the change of the anterior
and posterior. It has been confirmed that there was a most signifi-
cant relaxation with a posterior traction on the rear side.

Table 4: The Sensor Distance as Location

Sensor location 1-2 2-3 3-4

normal +0.731 +0.245 +0.071
anterior +0.903 +0.696 +0.055
posterior +0.825 +0.800 +0.066
left +0.567 +0.287 +0.067
right +0.490 +0.080 +0.037

f)  Variation of sensor location in measurement position

The experiment was carried to examine the difference between left
and right locations for the measurement as shown in Fig. 7. Based
on the reference of C7, the skewed position in the right direction
has more variation than the values of the left position (Table 4).
Therefore, the best method is the cervical spine traction from
slightly behind the subject's cervical spine under the even state.
These results are consistent with the structural form of the cervical
spine.

(a) (b) (¢)

Fig. 7: Right and Left Pulling Scene from Tractor’s Own Reference Posi-
tion (A) Normal Position (B) 5° Right Skewed Position (C) 5° Left
Skewed Position.

4. Discussion

The experimental results suggested that the OC exhibits very high
precision and excellent repeatability for the measurement of dis-

tance, angle, and area. Those obtained results prove the better
reliability of OC than is shown in the most other studies of motion
analysis systems, as well as they are comparable to the infor-
mation provided by the manufacturer, although they emphasize on
accuracy and resolution more than precision and repeatability.
Moreover, the OC also has great repeatability. There was no sig-
nificant difference in the measured data taken between sessions in
either distance or angle measures. In the precision analysis for the
distance between markers, the error (%) and the SD values were
found between 0.569 ~ 0.57 and 0.002 ~ 0.0043 respectively for
the static condition, whereas for the dynamic condition they were
found as 0.572 ~ 0.578 and 0.0058 ~ 0.0086 respectively. In case
of precision of angles between markers, the error (%) and SD
values were found in between 4.01 ~ 4.013 and 0.000134 ~
0.000192, respectively. In case of angle, it could be seen that the
error was much more compared with distance.

Table 5: Summary of Repeatability Analysis

CMC CV (%) SD
Speed Acceleration 0.9926 11.775  0.912635
(mm/sec) Constant 0.6275 1.2282 0.256041
Deceleration  0.9855 22.203 0.914289
Angle (degree) 0.9901 1.2634  0.1025
Volume (m®) 0.9999 14151 15x10-5
Circular Movement (m) X axis 0.9949 28104  0.00944
Y axis 0.9956 0.7761  0.008266

The repeatability analysis results are summarized in Table 5. For
the angle repeatability analysis the CMC, CV (%) and SD values
found were exhibited much better repeatability. The CMC, CV
(%) and SD values for changing volume found were 0.9999,
1.4151 and 1.5 x 10-5 respectively. Later performed a circular
movement in the X-Y plane for which analyzed the repeatability
of the movement of the markers in the X and Y axis and the CMC,
CV (%) and SD values were found as 0.9949, 2.8104 and 0.00944
for the X-axis and the Y-axis 0.9956, 0.7761 and 0.008266
respectively. Furthermore, the repeatability of the speed of an
object moving at different speed was tested. The obtained the
CMC, CV (%) and SD values as 0.9926, 11.7747, 0.912635 for
acceleration stage; 0.6275, 1.2282, 0.256041 for constant speed;
and 0.9855, 22.2025, 0.914289 for deceleration stage respectively.
Finally, the viewing area for the OC was compatible with the
manufacturer’s suggestion of a depth of 2 ~ 6 m. Despite the trials
taken from the movement of the 3D robot, all the way the 3D ro-
bot was near to the center of the viewable area of the system. Now
a day some people suggest the availability of noise in 3D data
although we did not concern with this idea. Finally, all the CMC
values are close to one that shows better repeatability; the CV
values were low that shows less error in measurement and the SD
values were also found very low. These results prove the reliabil-
ity of the OC as a motion analysis system.

The present study corroborated the idea that OC is an effective
motion analysis tool in assessing motion of an object since they
show better precision and repeatability. Regardless of these meas-
urements, for most of the motion analysis system’s movement of
the marker due to skin and landmarks are still the main issues to
be considered. The results presented in this paper can be used for
the improvement of the performance of the medical treatment
systems.

5. Conclusions

The precision and repeatability of a motion analysis system evalu-
ated, NDI OC considered in this paper as an example. With cervi-
cal traction as an application example, the accuracy and precision
of the system regarding angle and distance quantitated using 3D
robot. Angle and distance among markers showed good agreement
between measurements, and comparable measures of precision
were reported. Experimental results demonstrate a measure of
precision and repeatability for the movement of the patients on the
cervical traction system; hence the repeatability was satisfactory.
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