139

A Novel Electronic Cervical Range of Motion Measurement System
E. Lian1, J. Hachadorian1, Ngo Thanh Hoan2 and Vo Van Toi2
2

1
Electrical and Computer Engineering Department, Tufts University, Medford Massachusetts, USA
Biomedical Engineering Department, International University of Vietnam National Universities, Ho Chi Minh City, Vietnam

Abstract— In this article we describe the design of a novel,
portable, head-mounting, electronic system to measure the
ranges of motion of the cervical spine (CROM). The device
used monolithic integrated circuits such as: accelerometers,
gyroscopes and a single-chip 12-bit data acquisition system.
This Electronic Cervical Range of Motion measurement system is connected to a personal computer interface that allows
for efficient and reliable data transfer, thereby limiting the
potential for human calculation and transcription errors.
Overall, the system is accurate, reliable, portable, low-cost,
and user-friendly. Furthermore, the system displays specific
instructions to the user, in order to insure proper measurement technique and to limit inter-user error.
Keywords— Cervical Range of Motion, Accelerometer, Gyroscope, Single-chip Data Acquisition System.

I. INTRODUCTION

Neck pain is a common musculoskeletal disorder, for
which large numbers of patients receive medical treatment
every year. The diagnosis and the evaluation of treatment
success in patients with neck pain often require a continuous physical assessment of the range of motion of the cervical spine (CROM). Therefore it is significant to have a
portable device that patient could use themselves to follow
up how the treatment evolves.
Measuring CROM consisted of determining the maximum angles that a subject can perform using his/her head
alone without pain in 3 plans: frontal (tilt left/right), sagittal
(flexion/extension) and transverse (rotation left/right).
There are many methods and devices for measuring cervical range of motion that are currently in use such as: dual
inclinometers, bubble goniometers, radiographs, compass
technology, visual estimation, ultrasound, geometric methods, the Fastrack, digital optoelectronic instruments, computerized kinematic analysis using passive markers and
infrared TV cameras, MRI, and CROM device [1-5].
All of these methods have some success in accurately determining cervical range of motion. The ideal cervical range
of motion measurement system would be: accurate, precise,
portable, low-cost, electronic, intuitive, and user-friendly.
The system would have a personal computer interface that
allows for efficient and reliable data transfer, thereby limiting the potential for human calculation and transcription

errors. Furthermore, the system would be able to print specific instructions to the user, in order to insure proper measurement technique and to limit inter-user error. A survey of
the background literature has revealed that no existing
method of measuring cervical range of motion meets all of
the aforementioned criteria.
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Table 1 Range of Motion System Performance Comparison

The matrix in Table 1 indicates that very few current cervical range of motion measurement systems provide axial
rotation measurement capability. This paper describes a
novel Electronic Cervical Range of Motion Measurement
System (ECROM). This electronic system provides accurate
measurements, increases quality of documentation, and
enhances measurement simplicity.

II. MATERIALS AND METHODS

The ECROM was built using a three-axis accelerometer,
ADXL330, used as tilt sensor to measure both the Frontal
and Sagittal CROM, a resonator gyroscope, ADXRS150,
used as a rotation sensor to measure the Transverse CROM
and a MicroConverter® ADuC841, a single-chip 12-bit data
acquisition system that includes precision A/D and D/A
converters, an 8052 Flash microcontroller, multiplexers,
buffers, a temperature sensor, a voltage reference, a watchdog timer, a time-interval counter, serial interface ports, and
a post-microprocessor that processed data that can be fit
into the monitoring screen, typically a computer terminal
for data display and further calculations (Fig.1). These are
the monolithic IC from Analog Devices Inc. (Massachusetts, USA) [6].
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Fig. 1a: Portable ECROM Device Block Diagram

Fig. 1b: ECROM System Integration
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Output _ decimal u System _ reference _ voltage
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The degree of axial rotation of the head is then
calculated in Excel with the following formula:
Degree _ turned

7.

arcsin( delta _ output )
AccelerometerSensiti vity u 1g

A screen shot of Accelerometer Excel worksheet
is shown below.

Fig. 2 illustrates how the tilt sensor’s outputs behave as
the tilting angle changes. At 0o tilting, the accelerometer
is at its default position, which correlating to analog voltage of around 1.5V, half way between 3V power supply
and ground. At 75o tilting, the analog voltage decreases
linearly to about 1.2V. Approaches 90o tilt, the nonlinearity of the device starts to show. After resetting the device
to the initial 0o tilt position, analog voltage of around
1.5V is reestablished. For both clockwise and counter
clock tilting, the accelerometer behaves similarly. To
measure cervical strength of motion, 75o of linearity is
sufficient because the human neck can rarely turn more
than 75o. Accelerometer can be safely used in this application.


Vout (V) vs. Tilt (Deg)
Degrees
of Tilt 5

Vout (V)

The ADXL330 outputs X, Y, Z analog voltages depending on the tilting in respective X, Y, X directions.
We will exclusively examine the X-output; the Y-output
and the Z-output follow the same underline principle. The
analog output voltage from the ADXL330 is fed into
AIN1 of the ADuC841. After the analog voltage passes
through a MUX, it is propagated into the ADuC841’s
integrated 12-bit ADC. The output of the ADC is in digital format, which is processed after going into 8052
MCU. The output of the MicroConverter propagates
through a RS-232 connecting cable to the personal computer, where it is displayed in the Hyperterminal in Hex
format. An algorithm for calculating tilting, or flexion
and extension, of the head with the ADXL330 tilt-sensor
is listed below:
1. ADXL330 acquires the initial position of the
head. After MUX and ADC, the digital form of
this voltage is stored as the 1st voltage in
ADuC841 memory location for calibration purposes.
2. The INT0 button on ADuC841 evaluation board
is pressed to send the 1st voltage to the PC
UART screen for system validation purposes.
3. After subject’s head is finished turning, the INT0
button is pressed again to record the 2nd voltagethe voltage associated with the final head position. Similarly, this voltage is stored in the
ADuC841 memory location and then output onto
the PC UART screen.
4. After the absolute difference of these two voltages is calculated by the MicroConverter, it is
displayed in the PC’s UART window in Hex
format. This Hex output is manually entered into the appropriate Microsoft Excel worksheet.
5. The Hex output is converted into decimal format
by using an Excel formula. The following equation is used to translate the decimal output into a
voltage reading.
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Fig. 2: ADXL330 Accelerometer Characterization Data Plot (see
text)

Similarly, the output of the resonator gyroscope
ADXRS150 can be converted into the neck rotation angle
according to the following formula:
Neck _ rotation _ in _ deg ree

Initial _ voltage  Ave _ voltage
u total _ time _ in _ sec ond
12.5mV / deg ree / sec ond

The whole circuit (5x5cm) was attached on the top of
a hard hat that can fit securely on the subject’s head and
provide a stable platform (Fig. 3). The hat was light and
comfortable enough to allow unencumbered and unrestricted movement of the neck. A software program was
written to treat the signals and display in an appropriate
form in a user-friendly way.
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less than 4.0o, with a mean error of 3o. The mean measurement system result after ten trials was 51.9o, with a
standard deviation of 0.52o. This implies that 90% of
measured tilt for an actual tilt of 38o is in the range of
51.9+3x0.52 and 51.9-3x0.52 which is from 50.36 to
53.45o.
IV. CONCLUSIONS

We developed an Electronic Cervical Range of Motion
measurement system that is accurate, reliable, portable,
low-cost, and user-friendly. The system connected to a
personal computer interface that allows for efficient and
reliable data transfer, thereby limiting the potential for
human calculation and transcription errors. Furthermore,
the system is able to display specific instructions to the
user, in order to insure proper measurement technique and
to limit inter-user error.
Fig. 3: ECROM system mounted on a hard hat
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III. RESULTS AND DISCUSSIONS

The accuracy and precision of the measurement system
were assessed by mounting the device sensors upon a
testing apparatus capable of titling and rotating to pre-set
angles.
The test apparatus was designed to reliably simulate
the frontal, sagittal and transverse motions. The performance capabilities of the measurement system were determined by comparing the measured angles of flexion,
extension, and rotation, to the pre-set angles of the testing
apparatus.
System accuracy was characterized by recording the
system output for angles varying from -90o to +90o of tilt,
in 5o increment. The precision of the tilt sensing system
was characterized by setting the test apparatus to various
angles of tilt, and performing multiple measurements at
each angle setting.
Tilt Sensor repeatability was studied for 38o tilt angles
in both the clockwise and counter-clockwise directions.
The maximum measurement error in this case was less
than 2.0o, with a mean error of 0.73o. The mean measurement system result after ten trials was 37.27o, with a
standard deviation of 0.63o. This implies that 90% of
measured tilt for an actual tilt of 38o is in the range of
37.27+3x0.63 and 37.27-3x0.63 which is from 35.38 to
39.16o.
Gyroscope repeatability was studied for 55o rotation
angles in both the clockwise and counter-clockwise directions. The maximum measurement error in this case was
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