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Abstract.

BACKGROUND: Evaluation of joint movements is essential to choose an appropriate rehabilitation protocol for a patient.
OBJECTIVE: The aim of this study is to suggest an alternative optical technique for measurement of joint angle which is
convenient, inexpensive, and can be operated in real time.

METHODS: According to the principle of the triangulation method, position sensitive detector (PSD) converts reflected light
signals into distance-related voltages. Various parameters were investigated to increase detection range and resolution of joint
angle measurements.

RESULTS: The accuracy of the suggested optical sensor was verified by comparing with a commercial goniometer and 3D
motion capture system.

CONCLUSIONS: This method can be applied to monitor recovery progress for the patient in rehabilitation and sport science.

Keywords: Human joint angle, optical goniometer, position sensitive detector, rehabilitation, range of motion

1. Introduction

Recently, population ageing, safety accidents, and excessive exercises have increased the number of
patients with functional disorders [1]]. For these reasons, rehabilitation is concerned with the develop-
ment and restoration of human movement and functionalities after injury.

In general, measured functional parameters are muscular function, endurance, movement patterns,
and range of motion (ROM) of the joint in the rehabilitation field [2]. Variations in the motion of joint
have historically enabled physicians to establish a diagnosis and then monitor the pathological state.
Furthermore, ROM measurements have been used as a basic marker for normal or disability [3].

The goniometry is one of the human joint angle measurement tools that evaluate a patient’s ROM [4]].
Physiotherapists measure the initial state of the patient and monitor joint angle changes prior to and after
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Sensor module

Fig. 1. Joint model and the experimental setup used in this study.

the treatment. Therefore, an accurate measurement of the joint movement is an important matter in the
rehabilitation process.

Conventional electrogoniometer has a drawback of insufficient accuracy due to the abrasion of internal
resistance caused by repeated uses [5l6]. The camera-based optical motion analysis systems offer the
most precise evaluation of human motion, but the equipment is very expensive and can only be used
in a specialized motion laboratory with specialists for data analysis [7I8]. An optical method, based on
the intensity variation of the optical signal through the fiber when subjected to macrobending, has been
reported for joint angle measurement. However, it was unstable and inaccurate due to undesirable bends
and fluctuations in the optical power and hysteresis. Also, this technique was not durable for repeated
uses [9].

In this paper, a new optical sensor was developed for monitoring the movement of human joint with
position sensitive detector. Various sensor variables were investigated to find the best combination of
parameters for wide detection range and resolution. The appropriate mathematical model was obtained
with detected output signals to measure joint angle changes in real time and to display on laptop monitor.
The accuracy of the suggested sensor was evaluated by comparing with commercial goniometer and 3D
motion capture system.

2. Materials and methods

Figure 1 shows the suggested joint angle sensor using an optical method. The sensor module
(GP2Y0A41SKOF, sharp, Japan) is a distance measuring sensor unit, composed of an integrated combi-
nation of position sensitive detector (PSD), infrared emitting diode (IRED), and signal processing unit.
The constant voltage circuit is installed for stable signal output, and visible light is filtered out to prevent
external light noise. The detecting distance range is 40 to 300 mm. It provides an analog output voltage
that is proportional to the distance variation. Typical average current consumption is 12 mA.

PSD is a photo-diode detector to measure the position of the light spot based on the triangulation
principle. The light illuminated on the detector is converted into an electrical current that is divided
between the contacts in proportion to the resistance of the active layer from the position of the incident
light spot to the contacts. By the relative magnitude of the electric current from each contact point, the
position can be determined [10]. This detector provides high resolution and a rapid response which is
particularly suitable for applications where tiny displacements are required to be measured in real time.
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Fig. 2. The schematic drawing of the experimental procedure.

N

As the joint angle () is changed, the distance between the sensor module and the reflector is changed
which results in the changes of output light signals. Thus, the angular displacement can be measured
by detecting voltage outputs from reflected light signals. With the developed joint angle sensor, various
distances between the sensor module and the center of the joint model (d = 6 cm ~ 9 cm), attached
sensor’s angles (p = 70° ~ 90°), and joint angles (6 = 20° ~ 180°) were applied to find the optimal
combination of these variables for a wide detection range with the minimum error.

As shown in Fig. 2, output signals from the sensor were collected using DAQ board (NI USB-6008,
National Instrument, USA) in digital form, and saved in a computer with LabVIEW 8.0 (National Instru-
ments, USA). Modeling of the experimental data was done using Matlab program (R2008a, Mathworks,
USA). Inverse models with polynomial equations were tested to measure the joint angle in real time.
First, the relationship between PSD output and joint angle was mathematically modeled. Next, the in-
verse relationship was used to obtain the angle directly. The inverse model is possible when the functions
show monotonic pattern such as the increase or decrease [S)]. Using the obtained model, the joint angle
change can be calculated and displayed with a laptop in real time.

3. Results and discussion

Figure 3 shows the change of the light signal by the joint angle changes (§ = 20° ~ 180°) under
different distances between the sensor module and the center of the joint model (d = 6 cm ~ 9 cm).
Similar experiments had been repeated at different attached sensor’s angles (o = 70° ~ 90°). With the
exception of ¢ = 90°, the inflection points were observed for other cases (¢ = 70°, 75°, 80°, 85°). The
detected light signals have different peak patterns and beam profiles due to the different d and . Thus,
these two variables must be considered for developing an efficient sensor for joint motions.

Figure 4 shows the beam pattern changes by the joint angle with different distances between the sensor
module and the center of the joint model (d) and attached sensor’s angles (¢). These results describe the
effect of distance between the sensor module and the center of the joint model (d = 7.5 cm ~ 9 cm)
on detected light signal with the attached sensor’s angles, ¢ = 70° ~ 90°. Figures 4(a) and (b) show
results in the range of ¢ = 70° ~ 75°. The increase and decrease regions in all distances between the
sensor module and the center of the joint model are observed. Figure 4(c) shows the result at ¢ = 80°.
The inflection points are observed in the range of d = 7.5 cm ~ 8.5 cm, but the light signal is decreased
monotonically at d = 9 cm. In Fig. 4(d), the inflection points are observed in the range of d = 7.5 cm
~ 8 cm, but the output signals decrease monotonically in the range of d = 8.5 cm ~ 9 cm. As shown in
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Fig. 3. The change of light signal by joint angle (6).

Fig. 4(e), the output signals decrease monotonically in all cases. However, the resolution of the output
signals is not sufficient for joint angle measurement.

The overall results are summarized as follows. As d and ¢ are increased, the value of the peak point is
decreased and the inflection points shift the left side in Fig. 4. These results indicate that the measuring
range, which can be described as the distance between inflection point (or peak value in light signals)
and dashed line in Fig. 4, is increased. However, in an extreme case (¢ = 90°), the resolution is not good
enough to measure joint angles.

Figure 5 shows the change of the measuring range by the sensor’s attached angle and attached distance.
In the case of ¢ = 90°, the resolution is not sufficient for determining the joint angle, so this case is
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Fig. 4. The beam pattern changes by the sensor’s attached distance (d) and attached angle ().

excluded. As d and ¢ are increased, the measuring range is increased. For d = 8.5 cmand d = 9 cm
at o = 85°, the similar measuring ranges are observed. However, the resolution is low for d = 9 cm as
shown in Fig. 4(d). The best combination is found at ¢ = 85° and d = 8.5 cm; thus this combination is
applied to mathematical modeling for joint angle measurements.
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Fig. 6. Inverse model with the polynomial equation and the joint angle display platform.

Figure 6(a) shows the inverse modeling over # = 20° ~ 165° with ¢ = 85° and d = 8.5 cm for joint
angle measurements. The inverse 6" order equation showed the best fit in test range. Only monotonically
decreasing region was used to get inverse model directly to acquire joint angle information. As the result
of regression process, the inverse polynomial equation is statistically significant (R? = 0.9995 with p <
0.0001). Figure 6(b) shows the example of LabVIEW display of calculated joint angle. We can directly
monitor the joint angle information with detected light signal in real time.

The suggested optical sensor was evaluated by comparing with commercial goniometer (PS-2137,
PASCO, USA) and 3D motion capture system (Eagle, Motion analysis, USA). Figure 7 shows the re-
lationship between the reference joint angle and the measured angle with other commercial sensors.
The measured angles are correlated well with reference joint angle. Experiment results show that the
proposed sensor has the root-mean-square error (RMSE) of + 0.1275°. The result describes that the
developed joint angle sensor is comparable with other angle measurement tools.

Guidelines for normal range of motion have been suggested by American Academy of Orthopaedic
Surgeons (AAOS). The AAOS represent the normal range of motion of the human joints. Knee joint
extension varies from 0° ~ 10° and flexion from 0° ~ 135°. Wrist joint extension varies from 0° ~
70° and flexion from 0° to 80°. The ankle dorsiflexion is between 0° ~ 20° and plantarflexion from 0°
~ 50°. Hip joint extension varies from 0° ~ 30° and flexion from 0° ~ 120°. Similarly, for the elbow
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Fig. 7. Measured angle with suggested joint angle sensor, commercial goniometer, and 3D motion capture system versus
reference joint angle.

extension is 0 degree and flexion from 0° ~ 150° [11J12].

The developed joint angle sensor is valid in the measuring range of 6 = 20° ~ 165°. The measuring
range can be modified from 0° ~ 145° by changing the reference point. Further study will be done to
increase the measuring range up to 180°. Also, we will study the optimal design of the optical angular
sensor to be attached on the human body.

4. Conclusions

In this study, we developed an optical system for monitoring of human joint movements. Many ex-
periments with various parameters were performed to find the optimal combination for joint angle mea-
surements. The effect of the attached distance and the attached angle on the joint angle was investigated
to get accurate and wide range of joint angle information. In general, as the attached distance and the at-
tached angle are increased, the measuring range of joint angle is increased. However, excessive attached
sensor’s angle was not suitable for joint angle measurement due to insufficient resolution. The best com-
bination of parameters was applied to find the appropriate inverse mathematical model. The joint angle
change can be detected in real time with LabVIEW display. The accuracy of the developed sensor was
verified by comparing with commercial goniometer and 3D motion capture system. The measured joint
angle was correlated well with the reference joint angle. This study can be applied to rehabilitation and
sport science fields.
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