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ARTICLE INFO ABSTRACT

Accurate measurement of joint angles is critical in the diagnosis, monitoring,
Article History: and treatment of musculoskeletal disorders. In this study, we focus on
Received 29 November 2020 developing a reliable system for measuring the elbow joint angle in a clinical
Received in revised form setting, utilizing an exoskeletal linkage-based approach. To achieve this, we
13 January 2021 design and implement a novel goniometer that combines mechanical
Accepted 5 March 2021 simplicity with high measurement accuracy. The device is built around a
Available online 6 March 2021 modern AVR microcontroller platform, ensuring ease of manufacturing, low

power consumption, and real-time performance. One of the key innovations of
this work lies in the ergonomic and wearable physical design, which enhances

Keywords: user comfort and minimizes interference with natural joint movement. The
Blood Cell Counter; Impedance proposed system is lightweight, compact, and can be worn for extended
Method; Microcontroller; Simulator periods without discomfort, making it particularly suitable for patient use in

both clinical and ambulatory environments. Furthermore, the goniometer
supports real-time data acquisition and communication via a USB interface,
allowing for seamless integration with external monitoring or data logging
systems. This feature facilitates mobility during experimental procedures
while maintaining continuous tracking of joint kinematics. Overall, the
proposed solution presents a practical and efficient tool for clinicians and
researchers seeking accurate and wearable joint monitoring systems.

1. INTRODUCTION

The joint angle measurement has been emerged as a key factor in clinical researches due to its simple and
comparable output that leads clinicians to assess treatments and compare individual features with reference databases
[1],[2]. Over past decades, several joint angle measurement techniques such as X-ray analysis [3], fiber optic sensors
[4], exoskeletal linkage methods, stereo sonic techniques, frame by frame analysis [5], Inertial Measurement Unit
(IMU) sensors [6], [7], and combination of accelerometers and gyroscopes [8]-[10] have been developed to satisfy
the above challenges. Despite widespread usage of these methods, the techniques involve a complicated procedure
in the angle measuring process, and each has its own disadvantages. Some of the advantages and disadvantages are
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stated in [3], [5]. Accelerometers, on the other hand, are widely utilized for the joint angle measurement and do not
need any mechanical device to install on the human body. However, since accelerometers consider the acceleration
of gravity as a basis of calculations, and the joint angles are obtained by an integration process, those typically are
prone to inaccuracy [1], [8], [L1]-[13]. The exoskeletal linkage method offers potentiometer-based and encoder-
based goniometers in achieving the accurate measurement of joint angles. In another aspect, the exoskeletal linkage
method could be divided into two major categories. The first one includes goniometers which model the structure of
a joint using one axis of rotation, as in references [8] and [14]. Another group models the structure of a joint with
more than one axis of rotation, as in [15]. Choosing between these two groups is a compromise between simplicity
and accuracy. Salter in [16] claims that goniometers are so accurate and reliable, and any error is due to defective
devices. Despite a high accuracy and simplicity in the implementation of potentiometers and encoders, these devices
need mechanical equipment to install on body that causes inaccuracy and error. Broadly, goniometers are divided
into three categories: 2-D (or planar) goniometers, 3-D goniometers and spatial goniometers. Planar goniometers are
largely used due to the simple assessment of joint movements.

The International Standard Orthopedic Measurement (ISOM) [17] states that in clinical applications of the joint
angle measurement, the angular rotation of joints in one plane is considered. The above challenges motivate us to
propose a new goniometer that is simple enough to be implemented by state-of-the-art AVR microcontroller devices
in reaching to a high precision in the joint angle measurement. To overcome the problems on installation methods,
aunique physical design is used that results in a high degree of wearability and compatibility with the joint structure.
In addition, the proposed technique achieves a high degree of accuracy due to the high compatibility with the joint
structure. In addition, once the device is calibrated, it does not need any further setup before the experiments.
Furthermore, the design offers the advantages of low weight and low cost in the implementation.

2. THEORY OF OPERATION

In this work, we aim to measure the angle of the elbow joint of a patient in a medical application using the
exoskeletal linkage method. Toward this goal, we need to briefly describe the elbow joint internal structure. As
shown in Fig. 1, the elbow joint and connected bones are covered with a thick layer of limb that is troublesome for
installing and fixing an external device on this part. Earlier versions of goniometers were installed on the Humerus
bone and the Extensor muscles that are the most unstable parts of the arm and produce noticeable errors in
ambulatory experiments. To tackle this problem, we install our new designed instrument on the back of Humerus
bone (point B in Fig. 1) and the bottom of Ulna bone (point A in Fig. 1). This type of installation benefits from a
lower limb thickness and more stability than other parts of the arm during our experiments.

Humerus bone

PointB

Ulna bone

PointA

Point D PointC

Fig. 1. Schematic of the elbow joint

Another challenge in previous works on the joint angle measurement is the position of the transducer on the
goniometer. Most of commercial and prototypes of goniometers tend to place the transducer on point D in Fig. 1.
This tendency makes the structure of the goniometer so simple; however, point D is not coincided with the center of
rotation, i.e., point C in Fig. 1 which leads to the inaccuracy. In this work, a mechanical shift is applied to the
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transducer to align the transducer with the center of rotation and makes the new design more compatible with the
joint structure (see Fig. 2).

3. STRUCTURE OF INSTRUMENT
This section aims to introduce the architecture of the instrument and in particular the significant elements of

device. The designed goniometer consists of two major parts:

1. The electronic/programming section that comprises the electronic circuit and the code programmed on the
microcontroller. In this part, the logical procedure for measuring the joint angle is covered.

2. The mechanic part that deals with the design of instrument and deployment of materials and components.

Fig. 2. Mechanical design of the new gonibmeter
3.1. Electronic/Programming Part

The electronic part of the designed joint angle measurement instrument is referred to the circuit board and the
components including the AVR-ATmega8 IC, the FT232RL IC and a 10 KQ potentiometer (see Fig. 3). The circuit
board and the PCB are designed by the Proteus ver. 8 software. One advantage of the proposed device is its nominal
voltage. Our instrument is designed to work with a single USB port (5 volts) and deploys a state-of-the-art
microcontroller AVR-ATmega8 IC that is widely utilized in robotics and industry because of its high-performance,
low-power consumption and advanced RISC architecture. The AVR-ATmega8 IC processes the following
procedures:

The code which is considered as the functioning algorithm of the instrument is programmed on the AVR-
ATmega8 IC. The Analog to Digital Convertor (ADC), converts the analog output of the potentiometer, 0(t), to
digital data Dn. The program is written in C language using the CodeVision AVR software ver. 2.05. Since, our
device uses the 10 bits ADC, the output of the ADC unit, denoted by Dn, has 1024 discrete values. In addition, the
input voltage of the goniometer is 5 volts and the output voltage of the potentiometer varies from 0 to 5 volts, thus,
the resolution of the ADC unit would be 5/1024 = 0.00488 volts.

The goniometer computes the angle using the digital data Dn. In the case of ideal performance, the ROM in the
potentiometer is about 300 degrees and the output of the ADC unit is quantized into 1024 values. Thus, the angle
resolution of the goniometer is 300/1024 = 0.293 degrees.

The AVR-ATmega8 IC communicates with the computer using the Serial Peripheral Interface (SPI) and the
FT232RL IC to monitor and analyze the measured angles. More precisely, the FT232RL IC is an asynchronous serial
data transfer interface between the AVR-ATmega8 IC and the computer. Since, the FT232RL IC supports the USB
communication; the output of our designed instrument is accessible through PCs, laptops and Android-based smart
phones. The PWM wave generator yields a Pulse Width Modulation (PWM) wave based on the measured angle to
control the servo motor to drive a robotic arm.

In addition, we deploy a LC low pass filter (L=10uH, C=100 pF) in our instrument to decrease the sensitivity of
the device to the noise which results in a better performance. Another source of noise is the electromagnetic
inducements on the connecting wires of the potentiometer.
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Fig. 4.The designed circuit board for the Chebyshev type 1 low pass filter on the order of 9.

The 50 Hz noise induced by the power-line is the main source of the electromagnetic interference. To overcome
this problem, twisting the connecting wires as a simple solution is deployed. In addition, a Chebyshev type 1 low
pass filter on the order of 9 is used to reject the above 10 Hz contents of the signal. We deploy the Filter Design and
Analysis (FDA) toolbox of the MATLAB software to design the desired filter and to extract the coefficients. Through
utilizing Active Filter synthesis techniques, the circuit board of the desired filter is designed in Fig. 4. It is worth
mentioning that according to some precise computations, it is understood that the sampling rate of the proposed
goniometer is 160 Hz.

3.2. Mechanic Part

The main part of the mechanical design is the part of the instrument installed on the arm that holds the transducer
(see Fig. 3). Since the designed goniometer is used as a in clinical experiments, exactitude dimensions is the key
factor in the mechanical design to match the mechanical parts together and to match the goniometer with the joint
structure. Toward this goal, we deploy the AutoCAD software ver. 2007 which is fully compatible with the Computer
Numeric Control (CNC) machines. The components are cut with a precise laser cut CNC. The material used for the
mechanical parts is Plexi Glass that benefits from low weight, good looking surface and strong structure. Toward this
goal, we deploy the AutoCAD software ver. 2007 which is fully compatible with the Computer Numeric Control

(CNC) machines. The components are cut with a precise laser cut CNC. The material used for the mechanical
parts is Plexi Glass that benefits from low weight, good looking surface and strong structure.
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Table 1. The results of the final test performed on N=10 participants

Marked angle degrees | Minimum measured | Maximum measured Average Standard deviation Relative error
o] angle angle ¢ oN = M er = | 5;°| * 100%
30° 30.2779° 30.8542° 30.59° 0.6197° 1.967%
60° 57.9357° 60.8364° 59.4379° 0.5668° 0.9369%
90° 86.679° 91.6893° 88.7345° 1.2702° 1.4061%

4. EXPERIMENTAL SETUP

To examine the designed goniometer and to check its performance such as error, wearability and compatibility with
the joint structure, we conducted a test with the following conditions. Ten people including five males and five
females aging from 18 to 60 were volunteered to participate in our test. They were among the students and the staffs
of the ECE department of Yazd University. In this test, the goniometer is installed on their arms as depicted in Fig.
3 and the participants were asked to move their hands to a specific angle. For this case, the output of the goniometer
(¢n) is recorded for ten times and this routine is performed on three different angles 6(t) = 30, 60 and 90 degrees.
The procedure under test is performed through the following sequence of operations:

e The 30, 60 and 90 degree angles are marked on a wall precisely using a goniometer.

e  The zero of the potentiometer and the zero of the goniometer are matched together.

e One leg of the goniometer is fixed to the Humerus bone and is aligned with 6(¢) = 0 and the other leg is
fasten to the Ulna bone where this bone can be moved from 6(¢) = 0 to other marked angles.

e The output of the instrument is recorded.

e  The participant is asked to move his/her arm toward 6(7) = 0.

The results of the above tests are shown in Table I. As seen from Table I, the standard deviation factor is low
enough to make the results of the designed goniometer reliable. The average ¢ , standard deviation oy, and relative
error e, factors show a high degree of repeatability. These features let the scientists to compare their results from
different laboratories without being worried about the correctness of the results. It should be noted that the results
of Table I could be compared with the similar works in [8] and [18].

5. CONCLUSION

In this paper, we designed and implemented a new goniometer for the joint angle measurement with focus on
achieving a high degree of wearability and low error rate. By comparing the existing models of goniometers, we
came to this conclusion that if we shift the position of the transducer to the center of rotation, our goals would be
satisfied. Numerical results have shown a high degree of accuracy and repeatability; besides, attendees were
completely pleased by the wearability and comfortability of the goniometer.
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