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A wearable fiber-optic sensor for monitoring human elbow and wrist

joint motion

This article describes a wearable sensor for monitoring the motion of human
elbow and wrist joints. The sensor converts the joint motion angle into a
displacement, which is monitored using a fiber-optic sensor based on reflective
light intensity modulation. A mathematical model is established, and the potential
influencing factors of the sensor are investigated. Two prototypes for elbow and
wrist joint angle monitoring are fabricated and validated. The experimental
results indicate that the proposed sensor has a measurement range of 0-60<(0-
1209, with a resolution of 0.338 (3.6 for monitoring the wrist joint palm
flexion (elbow joint flexion). The proposed sensor has the potential to be used for
rehabilitation purposes and monitoring of joint angles while performing reaching

tasks, which are the most common upper-limb gestures.

Keywords: fiber-optic sensor; joint angle monitoring; light intensity-modulated
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1. Introduction

Many medical applications can benefit from continuous monitoring of human joint
movement. For example, motor rehabilitation and assistance require a quantitative
assessment of the performed tasks by monitoring joint motion [1]. Many wearable soft
robots for motor rehabilitation and assistance are not equipped with sensors to monitor
either the robot motion or the joint angle motion of the patient, making it difficult to
control the robot precisely [2-5].

Measuring human joint angles with electrogoniometers is a standard method
used by physiotherapists to evaluate and score the performance of patients who perform
typical tasks [6-7]. Electrogoniometers require the user to measure and read the data
manually. Despite their widespread usage, electrogoniometers require careful sensor

alignment, may restrict movements and are inconvenient to use. Electromagnetic



motion monitoring systems are also widely used [8-9]. This kind of sensing mechanism
requires a magnetic field generator and is susceptible to distortion of the magnetic field.
Thus, it has strict requirements for the monitoring environment. No metal should not be
onsite during the measurement process. Camera-based motion capture systems such as
the VICON system are also often used to monitor joint motion. However, these are
expensive systems that can only be used inside a laboratory environment. Moreover,
they often require markers on the body, and video motion analysis is time-consuming
[10-11]. Depth sensors, such as the Kinect, are less expensive options [12]. However,
depth sensors are not applicable to some human postures with body occlusion. Another
approach is wearable bending sensors, which are usually made from stretchable
electronic materials, such as variable resistors, piezoelectric materials, and electroactive
polymers [13-19]. These skin-mountable and wearable sensors, which are attached to
the fabric, can provide repeatable results and allow for the simultaneous measurement
of multiple joints and information storage in a database. However, some of the sensor
characteristics require improvements, such as the response time, stability, and
sensitivity [20].

Compared to the above sensing mechanisms, fiber-optic-based approaches have
several advantages, such as immunity to electromagnetic interference, ease of
fabrication, temperature insensitive, low weight, ruggedness, and low cost [21,22].
Optical fiber sensors can be divided into three categories: intensity-modulated, phase-
modulated, and wavelength-modulated. Intensity-modulated optical fiber sensors are
used in a wide variety of applications because they have low complexity, low-cost, are
easy to fabricate, and are temperature-insensitive [23]. The light loss can be associated
with attenuation based on microbending and macrobending. Optical fibers are wrapped

around the body, and light loss occurs due to a change in the curvature radius of the



optical fiber when the joint angle increases. The change in the joint angle can be
indirectly measured by the loss of light intensity [24-25]. This type of sensor has a small
measurement range and is difficult to adapt to large joint motion [25]. Another type of
intensity-modulated sensor is a reflective optical fiber sensor. This sensor consists of a
light emitter, two fibers, a reflective surface, and a light detector. The light from the end
of an incident fiber (IF) is reflected by the reflective surface and is collected by a
receiving fiber (RF). The displacement between the end of the fibers and the reflective
surface varies because of the influence of external factors, such as the contact force,
which can be measured by a change in the light intensity. This sensing mechanism has
been successfully applied to measure small displacement [26-28], force [29], torque
[30], contact [31], and tactile array information [32]. This sensing mechanism may have
potential for applications in joint angle monitoring if the sensor can be modified to
measure a large displacement associated with a change in the joint angle.

This paper describes the design and characterization of a wearable, lightweight
fiber-optic sensor based on reflective light intensity modulation for elbow and wrist
motion angle monitoring. The sensor requirements, design concepts, and the
mathematical models of the sensing principle are described in Section 2. After
analyzing the key influencing factors on the sensor performance in Section 3, the design,
manufacturing, and validation of the prototypes for elbow and wrist joint angle

monitoring are described in Section 4. Section 5 provides the conclusions.

2. Methodology

2.1 Sensor requirement and design concept

Sensors for human joint angle determination should not interfere with the joint motion.

Wearability, comfort, small size, low weight, high efficiency, safety, flexibility, and



easy integration into rehabilitation robots are essential factors that should be considered
when designing sensors for human joint angle monitoring. Most activities in daily life
require elbow joint bending angles between 30<and 130< and the wrist joint has a
range between 15and 60 “when a person is sitting and performing typical close-range
motions [25]. In our design, the maximum measurable angle of the elbow sensor was set
to 120< Although wrist movements include palm flexion, dorsiflexion, radial deviation,
and ulnar deviation, only palm flexion was considered in this study. Since the range of
palm flexion is larger than that of dorsiflexion, the sensor can also be assembled on the
other side of the forearm to monitor dorsiflexion. The maximum measurable palm
flexion for the wrist sensor was set to 60< According to Nitschke et al. [33], the mean
error limit for reliable measurements in the evaluation of movement impairments in
clinical contexts is 5< Here, the target resolution of the elbow angle sensor was 4< and
the target resolution of the sensor for measuring the wrist palm flexion angle was 1<
As shown in Figure 1 (a), points A1 and B1 represent two fixed points on the skin
surface near the elbow joint, and d; is the distance between the two points. When the
elbow joint moves from the position represented by the dashed line to the position
represented by the solid line, point B: moves to the location indicated by point Cy. This
action increases the distance between A; and Bz on the skin surface by Ad:. The elbow
joint angle can be indirectly measured by monitoring the displacement (Ad1). The wrist
palm flexion angle can also be monitored using a similar principle (shown in Figure

1(b)). [figure 1 near here]

2.2 Relationship between the joint angle and the displacement

As illustrated in Figure 2 (a), an experiment was conducted to evaluate the relationship
between the elbow angle and the displacement Ad. A non-retractable cable was fixed to

the subject’s upper arm via a 3D printed structure, Nylon straps, and a bolt. The cable



was limited to moving along the posterior side of the elbow using suture knots. A
semicircular protractor was used to measure the joint angle (see Figure 2 (a)). The
acromion, the lateral epicondyle of the humerus, and the center of the back of the wrist
were used to determine the elbow joint angle. Nine participants were selected for the
experiment, including 3 females and 6 males from 22 to 25 years old. During the test,
their elbows moved from 0°to 130< and the displacement Ad was measured at intervals
of 10< The test was repeated three times. This study was approved by the institutional
review board of Xi’an Jiaotong University. Participants signed a written consent form
before conducting the experiments that were part of this study. The experimental data
are shown in Figure 2 (a). Linear fitting was performed for the elbow angle and the

displacement Ad as follows:

Ad, = 0.48356, + 3.7 (1)

where 61 is the angle of the elbow movement. There was a linear relationship between
the displacement and the elbow joint angle (R>=0.9053). When the elbow was bent 130<
the displacement was 66.618 mm. The measurement range was extended by 10% to
meet the needs of most people for practical applications. Our ultimate target for the
measurable displacement was 73 mm. The slope of the fitted curve for all participants
was between 0.324 and 0.642.

We conducted a similar experiment for the wrist joint. The experimental set-up
and results are shown in Figure 2 (b). Linear fitting was performed for the wrist palm

flexion angle and the displacement Ad:

Ad, = 0.27596, + 0.9598 )

where 6 ; is the palm flexion angle, and Ad ; is the displacement (R?=0.9245). The

displacement was 16.43 mm (Eq. (2)) when the wrist was bent at 60< After extending



the range by 10%, the measurement range was 0-18 mm. The slope of the fitted curve

for all participants was between 0.225 and 0.338. [figure 2 near here]

2.3 Mathematical modeling of the reflective intensity-modulated optical fiber

sensor

The intensity-modulated optical fiber sensor acquires measurements using a pair of
straight parallel optical fibers integrated into a longitudinally moving reflective surface
to modulate the reflected optical signal intensity. As shown in Figure 3, light is
transmitted from a light source to the tip of the IF, and the light is reflected by the
reflective surface facing the tip of the fiber. Part of the reflected light is transmitted to
the light detector through the RF. The light intensity at the RF is affected by the
distance (h) between the reflective surface and the fiber tip. Therefore, the displacement
can be monitored by detecting the light intensity change. This sensing method was
proved to be practical for small displacement measurements [34-35]. However, joint
angle monitoring requires sensing of larger displacement than other applications.
Therefore, mathematical modeling was conducted to provide theoretical guidance for
the sensor design. [figure 3 near here]

The configuration had the following characteristics, and some assumptions were
made:

(1) The power of the light source was constant. The end surfaces of the two
fibers were on the same plane. In addition, the axes of the two fibers were parallel.

(2) The reflective surface was a reflective sticker.

(3). The reflective surface was perpendicular to the axis of the fiber and moved

in the axial direction of the fiber without tilting.



(4). The light emitted by the IF formed a symmetrical cone of light with a
divergence angle 6, and all light energy was contained in the cone. In addition, the end
surface of the RF was on the bottom surface of the light cone.

The light energy received by the RF was determined by calculating the overlap
area between the bottom surface of the light cone (BSLC) and the end surface of the RF
[34,35]. The distance between the reflective surface and the fiber (h) was the
measurement target. In Figure 3, z represents the height of the virtual light cone, and hy
represents the distance between the apex of the light cone and the IF. Therefore, h = (z-
h1)/2. 8 is half the taper angle of the light cone. w is the radius of the bottom surface of
the light cone. Hence, w = z/tan 6. a represents the distance between the center of the IF
and the RF.

As shown in Figure 4, when z<( a+r )/tan 6, the light cone and the RF are
separated. The overlap area and the received light energy are both zero. When
(a+3r)/tan <z, the overlap area is the area of the RF. r denotes the radius of the optical

fiber core. When (a+r)/tan 0<z<(a+3r)/tan 0, the overlap area (S2) can be calculated as:

r2+(a+2r)%-w?
a, = arccos ————

(3)

2r(a+2r)
y=a+2r—r-cosa, (4)
x = Jw?—y? ®)
a; = arccos% (6)
Sa1 = %Cﬁwz - %xy (7)

1 1
Sy, = Eazrz + Ex(y —2r—a) (8)



Sy = 2(821 + S22) 9)

[figure 4 near here]

The geometric relationships between Sz1, S22, a1, and a2 are shown in Figure 5.
In addition, (X, y) denotes the coordinates of the intersection of the BSLC and the RF.

[figure 5 near here]

When the height of the virtual light cone changes, the overlap area is calculated

as follows:

{ a+r
| 0, tan 0
a+r a+3r
S = 4 2(521 + 522), _tane Z tan 6 (10)
L 2 a+3r
nr-,
tan 6

The light intensity is calculated using Equation (11) when the light source is a

Gaussian beam:

2p2

2P, __cP
tw(h)? exp( w(h)?

I(p,w(h)) = ) (11)

where Pe is the total light power at the bottom surface of a single light cone, w(#) is the

radius of the cross-section when the distance between the reflective surface and the fiber

is h, and p is the distance between the measurement point and the axis of the cone.
When the light source is a Gaussian beam, the theoretical light intensity (P)

received at the detector for a distance of h is:

P(h) =1(p,0(n)) - S (12)

The relationship between the light intensity and the distance h is shown in Figure 6 for

r=0.2425 mm and a=3.16 mm. [figure 6 near here]



Equations (10)-(12) and Figure 6 show that the received light intensity changes
with h when the distance between the two fibers and the source of the light are fixed.
The curve depicting the relationship between the light intensity and h can be divided
into three parts: no response, increase in light intensity, and decrease in light intensity.
In the no response zone, the sensor cannot detect any light. The portion of the curve that
increases is characterized by a high rate of increase. Here, we focus on the portion of
the decrease in light intensity because the low rate of decrease provides a wide
measurement range. According to the mathematical model, for the design of the sensor
structure, the fiber core diameter, the distance between the IF and the RF, and the

stability of the light source should be considered.

2.4 Sensor structure

The diagram of the designed sensor structure is shown in Figure 7. The sensor contains
a light source, a light detector, an IF, an RF, a sensor tube, a non-retractable cable, and a
cable fixture. Inside the sensor tube, there is a fiber fixture to ensure that the IF and RF
are parallel, a sliding part, two springs linking the sliding part and the tube, and a
reflective surface that is attached to the other of the sliding part. The sensor tube acts as
a guide rail to ensure that the sliding part remains parallel to the end surface of the fiber
during movement. One end of the non-retractable cable is attached to the sliding part,
and the other end is attached to the cable fixture located on the person’s arm. The cable
is limited to movement along the skin of the joint. When the joint is bent, the cable
fixture moves, pulling the sliding block at the other end of the cable away from the end
surface of the two fibers. The springs ensure that the sliding block returns to the original
position when the joint moves to the original position. Therefore, the distance h and the

light intensity received by the detector are changed. [figure 7 near here]



3. Analysis of influencing factors

The factors that may influence the sensor performance were investigated in comparison
experiments. The experimental setup is shown in Figure 8. The sensing module was fixed

to one side of the motor powered linear module and connected to the KEYENCE sensor (FS-
N11MN, KEYENCE CO., Japan) through two optical fibers (an IF and an RF). The KEYENCE
sensor was used as both a light source (red light with a wavelength of 630 nm) and a detector. It
had a repeatability of #0.5%, and the response time was less than 5 ms. A reflective surface was
fixed on the bottom of the sliding part. The end of the sliding part was fixed to linear slider. A
stepper motor provided accurate displacement input to the reflective surface by dragging the
sliding part moving inside the sensor tube. A data acquisition card (National Instruments-
6210) was used to record voltage from the KEYENCE sensor at the frequency of 1 kHz.
The farther the distance between the end face of the fibers and the reflective surface, the lower
the voltage that the data acquisition recorded. By comparing the voltage outputs to the

displacement inputs, the characteristic curve of the sensor can be obtained. [figure 8 near here]

3.1 Influence of the light transmittance of the tube

Two sets of experiments were used to investigate the influence of the light transmittance
of the tube on the sensor performance. The diameters of the tubes in the two sets of
experiments were 19.57 mm and 15.74 mm. The light transmittance of the sensor tube
was changed by wrapping it with black tape, as shown in Figure 9 (a). The stroke of the
stepper motor was 50 mm. The linear slider moved at a constant speed of 5 mm/s to
move the sliding part backward and forward. Each set of experiments was repeated 5
times. The normalized data are shown in Figure 9 (b) and Figure 9 (c). The result

revealed that ambient light had little effect on the light intensity. [figure 9 near here]



3.2 Effect of the distance between the two fibers

Equations 10-12 indicate that the distance between the two fibers is a significant factor
affecting other parameters of the displacement sensor, including the area of no response
in the light intensity curve, the position of the peak, and the linearity of the curve in the
area of decrease. The following test was designed to investigate the effect of the
distance between the two fibers on the sensor performance. The tube’s diameter was
19.57 mm. The measured distances between the two fibers were 5.20 mm, 6.01 mm,
6.97 mm, 7.95 mm, and 9.92 mm. The fiber was Grade SH-4001 (outer diameter: 2.2
mm, core diameter: 1 mm). During the test, the position of the fiber-optic sensor was
fixed, and the fiber fixture was moved to change the distance. As shown in Figure 10, as
the distance increased, the peak moved to the left, and the linearity of the area of
decrease of the curve increased. The experimental results revealed that the performance

of the sensor improved as the distance increased. [figure 10 near here]

3.3 Influence of the tilt angle of the reflective surface

It is challenging to keep the reflective surface and the optical fibers parallel due to
manufacturing difficulties and relative motion during use. Hence, it is necessary to
investigate the influence of the tilt angle of the reflective surface on the sensor
performance. During the test, the angle between the reflective surface and the surface of
the optical fiber ranged from 0<°to 5< with an interval of 1< A tube with an internal
diameter of 19.57 mm was used. The sliding part was replaced in the experiment to
change the tilt angle. Data with a movement range of 50 mm was measured and
recorded. The normalized results are shown in Figure 11. The tilt angle had no
significant effect on the measurement results. In other words, the angle between the

reflective surface and the surface of the fibers does not have to set to a specific angle in



the manufacturing and assembly process. [figure 11 near here]

4. Prototyping and validation

4.1 Sensor prototyping and displacement sensing

Prototypes of two sensors (wrist and elbow) for joint motion monitoring were

developed.

4.1.1 Sensor for monitoring wrist joint motion

The fabricated prototype for measuring the wrist joint motion is shown in Figure 12. An
FS-N11MN (KEYENCE CO., Japan) was used as both a light source and a detector.
The FS-N11MN had a light source consisting of a red light-emitting diode with a
wavelength of 630 nm. It had a repetition accuracy of #0.5%, and the response time was
less than 5 ms. The sensor tube, the fiber fixture, the cable fixture, and the sliding part
were made from VisiJet Crystal using a rapid prototyping machine (3D Systems
MJP3600). The reflective surface was a reflective sticker (3M 610 Series, PET/Acrylic),
which was attached to the sliding part. One pair of polymer optical fibers LXH0501-
10(E), with a core diameter of 0.25 mm, a diameter with a jacket of 1 mm, a reflective
index of 1.49, and a numerical aperture of 0.50 were used for transmitting and receiving
light. As shown in Equation (2), the displacement was 18 mm, when the wrist was bent
at 60< Therefore, the sliding distance of the sensor was set to 18 mm.

The resolution of the KEYENCE was set to 0.01 V. The slope of the output
curve of the sensor (Kw_min) Was calculated as follows to ensure that the resolution of the

wrist angle sensor was 1<

0.01

KW_min > E

: (13)



where Q is the minimum slope of the fitted curve of the subjects’ wrist motion angle
and the displacement. According to the experimental results presented in Section 2.2, Q
was 0.225. Therefore, Kw_min Was 0.044. Preliminary tests indicated that the slope of the
output curve of the sensor was larger than 0.044 when the optical fiber spacing was
greater than 6 mm. In our design, the distance between the two fibers was 6.31 mm. The
KEYENCE sensor was adjusted to the MEGA mode with a power setting of 64 (The
power setting can range from 1 to 100). [figure 12 near here]

The testbed depicted in Figure 8 was used to investigate the displacement
sensing performance of the designed sensor. The reflective surface was connected to the
stepper motor by thin rods rather than the cable to obtain an accurate result of the
relationship between the optical fiber intensity and displacement. The linear slider
moved at a constant speed of 5 mm/s to drive the sliding part backward and forward.
Each set of experiments was repeated 5 times. As shown in Figure 13 (a), the sensor
provided an excellent and repeatable output. As shown in Figure 13 (b), when the
displacement was in the range of 7.4-50 mm, the monotonicity of the voltage-
displacement curve was consistent. When the displacement was in the range of 7.9-

27.9mm (Figure 13 (c)), the slope was between -0.04469 and -0.2479.

4.1.2 Sensor for monitoring elbow joint motion

The sensor structure and the prototyping process was similar for the elbow joint. The
fiber used in the sensor for measuring the elbow motion angle was SH-4001, with a core
diameter of 1 mm, a diameter with a jacket of 2.2mm, a reflective index of 1.49, and a
numerical aperture of 0.50. As shown in Equation (1), the displacement was 73 mm
when the elbow was bent at 130< Therefore, we set the sliding distance of the reflective
surface to 73 mm. The fiber-optic sensor was adjusted to the MEGA mode with a power

of 41. The target resolution of the elbow angle sensor was 4< According to the



experimental results presented in Section 2.2, Q was 0.324. Therefore, Ky pmin >
0.01/(4 = Q) was 0.008. Preliminary tests showed that the slope of the output curve of
the sensor was larger than 0.008 when the optical fiber spacing was greater than 15 mm.
In our design, the distance between the two fibers was 15 mm.

A similar test, as described in Section 4.1.1, was conducted to investigate the
displacement sensing performance of the designed sensor. As shown in Figure 13 (d),
the data obtained from multiple measurements indicated good repeatability. The
MATLAB function fitting toolbox was used to perform Gaussian fitting of the average
data, and the fitting curve in Figure 13 (e) was obtained (R?>=1, RMES=0.006997).
Figure 13 (f) shows that the slope was between -0.0103 and -0.09238 when the

displacement was in the range of 15.37-88 mm. [figure 13 near here]

4.2 Sensor calibration

In this section, the process of sensor calibration for monitoring the wrist joint angle and
the elbow joint angle is described. During the calibration process, the relationship

between the joint angle and the sensor output voltage was acquired.

4.2.1 Sensor calibration for monitoring the wrist joint motion

Figure 14 (a) shows a user wearing the sensor. The sensor was attached to the subject’s
forearm using Velcro and fabric. One end of the non-retractable cable was attached to
the sensor’s sliding part, and the other end is attached to the subject’s skin using the
cable fixture fabricated by a 3D printer. The cable was restricted to move along the skin
of the wrist using suture knots on the elastic fabric.

Figure 14 (b) shows the calibration experimental set-up. A digital protractor, (5414-200

Sanhe Measuring Instrument Co. LTD Zhejiang Province, China) was employed here for bench-

marking. The digital protractor has a measurement range of 0-360 degrees with an accuracy of



+0.1 degrees. In the experiment, the designed sensor was attached to the user’s forearm first.
Then one leg of the digital protractor was fixed to the user’s hand and the other leg of the digital
protractor was fixed to the user’s forearm with tapes. The rotation center of the protractor was

adjusted to align with the rotation center of the wrist. During the test, the subjects were
asked to bend their wrists towards the palm from 0°to 60 “and move back to 0< with an
interval of 3°with the help of the protractor. The output voltage of the sensor was
recorded at each angle interval. A digital protractor was used to measure the joint angle.
The test was repeated 3 times. The angle of wrist flexion and the output voltage were
compared in figure 14(c), and the relationships can be described as

{wa = —0.02962x,, + 4.83 (R — square:0.9802) (14)

Vyr = —0.0296x,, + 4.82 (R — square:0.9878)
where x,, is the wrist joint angle. V,, ¢ is the output voltage during the process of palm
flexion (wrist moves from the position represented by the dashed line to the position
represented by the solid line in figurel(b)), and V,,,. is the output voltage during the
returning motion (wrist moves from the position represented by the solid line to the
position represented by the dashed line in figurel(b)). The results showed that the
maximum measurable palm flexion of the wrist joint was 60< The sensitivity was
0.0296 V/< The resolution of the sensor was 0.338< satisfying the target of 1< The
repeatability error was 8.23% when moving forward and 8.05% when moving backward.

The linearity error was 3.73%. [figure 14 near here]

4.2.2 Sensor calibration for monitoring the elbow joint motion

A similar experimental set-up was used in the sensor calibration for monitoring
the elbow joint motion. In the experiment, the designed sensor was attached to the
user’s arm first. Then one leg of the digital protractor was fixed to the user’s forearm
and the other leg of the digital protractor was fixed to the user’s upper arm with tapes.

The rotation center of the protractor was adjusted to align with the rotation center of the



elbow. Figure 15 (a) shows the calibration experimental set-up. During the test, the
subjects were asked to bend their elbow from 0<to 120 <and move back to 0°with an
interval of 3<with the help of the protractor. The output voltage of the sensor was
recorded at each angle interval. A digital protractor was used to measure the joint angle.
The test was repeated 3 times. The experimental results are shown in Figure 15 (b). The
relationships between the inputs and outputs can be described as

{Vef = 2.197 * exp(—0.03665 * x,) + 2.498 (R — square:0.9762)
V. = 3.046 * exp(—0.02215 * x,) + 2.211 (R — square: 0.9699)

(15)
where x. is the elbow angle. V. is the output voltage during the elbow flexion motion
(forearm moves from the position represented by the dashed line to the position
represented by the solid line in figurel(a)), and V,,. is the output voltage during the
returning motion (forearm moves from the position represented by the solid line to the
position represented by the dashed line in figurel(a)). The results show that the
sensitivity while moving forward was 0.0028 V/< the sensitivity while moving
backward was 0.0054 V/< and the resolution of the sensor was 3.6 “satisfying the target
of 4< The repeatability error was 11.08% when moving forward and 21.54% when

moving backward. The hysteresis was 28.56%. [figure 15 near here]

4.2.3 Discussion

In the calibration experiments, the elbow motion monitoring sensor had larger
measurement errors than the wrist motion monitoring sensor. The measurement errors
might have been caused by the following factors.

(1) Since we used elastic fabric, the elbow sensor was not anchored to the arm of
the user firmly at all times, which had a significant influence on the hysteresis. The use

of an active anchor structure [36] may provide more rigidity.



(2) The rotation center of the protractor did not coincide with the rotation center
of the elbow joint. In addition, the protractor was in direct contact with the joint, which
might have resulted in frictional forces in different directions of the skin surface during
the forward and reverse movements.

(3) The sliding part was in a clearance fit with the tube, and the position of the
reflective surface was affected by friction during the movement.

Human wrist motions include palm flexion, dorsiflexion, radial deviation, and
ulnar deviation. In this study, only the palm flexion of the wrist was considered. Since
the range of palm flexion is larger than that of dorsiflexion, the sensor can also be
attached to the other side of the forearm to monitor dorsiflexion. In the future, we will
focus on developing a sensor with the ability to measure wrist dorsiflexion, radial
deviation, and ulnar deviation.

In this study, a digital protractor was used for benchmarking of the proposed
sensor. However, in the calibration process, even with the help of the digital protractor,
it was difficult for the user to move to the required positions accurately, which might
have affected the accuracy of the calibration. In the future, a VICON vision
measurement system, which is more accurate and is able to be used in continues
measurements, will be utilized as a standard sensor to measure the joint angle for

benchmarking the proposed sensor.

5. Conclusion

In this paper, a wearable intensity-modulated optical fiber sensor for monitoring elbow
and wrist joint movement was presented. A mathematical model of the sensing principle
was established, and the potential influencing factors of the sensor were investigated.
Two prototypes for elbow and wrist joint angle monitoring were fabricated and

validated. The experimental results showed that for wrist motion monitoring, the



maximum measurable palm flexion, sensitivity, resolution, and the linearity error were
60 < 0.0296 V/< 0.338< and 3.73%, respectively. For elbow motion monitoring, the
maximum measurable flexion, the sensitivity during forward movement, the sensitivity
during backward movement, the resolution, and the hysteresis error were 120< 0.0028
V/< 0.0054 V/< 3.6< and 28.56%, respectively. The proposed sensor is not affected by
electromagnetic interference and is lightweight. It has the potential to be used for
rehabilitation purposes and the monitoring of human joint angles while performing
reaching tasks, which are the most common upper-limb human gestures. In the future,
the proposed sensor will be improved by adding an anchor structure for better fixation
to the arm, adding sensing ability for wrist dorsiflexion, radial deviation, and ulnar
deviation.
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Figure 1. Joint angle sensing principle: (a) the elbow angle change can be measured by
monitoring the displacement Adz, and (b) the wrist angle change can be measured by

monitoring the displacement Ad> .
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Figure 2. The relationship between (a) the elbow motion angle and the displacement and
(b) the palm flexion angle and the displacement. The experimental setups are shown in

the photos on the left, and the experimental results are shown in the graphs on the right.
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Figure 3. Principle of the reflective intensity-modulated fiber-optic sensor.
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Figure 5 Schematic diagram of the calculation of the overlap area.
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Figure 7 Diagram of the reflective intensity-modulated sensor.
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Figure 9 (a) The tube and sliding part used in the experiment to determine the influence

of the tube’s light transmittance on the light intensity; the relationship between the light



intensity and displacement for a tube diameter of (b) 19.57 mm and (c) 15.74 mm. The
red line represents the results of the tube without black tape, and the blue line represents

the results for the tube with the black tape.
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Figure 10 The effect of the distance between the IF and RF on the light intensity: (a)
initial data for 5 sets of experiments, (b) details of the area of decrease of the curve.
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Figure 11 The effect of the tilt angle of the reflective surface on the light intensity: (a)

initial data; (b) details of the area of decrease of the curve.
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Figure 12 The prototype of the reflective intensity-modulated sensor for measuring the

wrist motion angle.
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Figure 13 Displacement sensing performance of the sensor for monitoring wrist and
elbow joint motion: initial data for the (a) wrist sensor and (d) elbow sensor, the fitted
curve for the (b) wrist sensor and (e) elbow sensor, first derivative for the (c) wrist

sensor and (f) elbow sensor.
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Figure 14 (a) The sensor for monitoring the wrist joint motion worn by a user, (b) the

calibration experimental set-up for the wrist sensor, and (c) the output voltage with

increasing wrist palm flexion angle.

IFitting curve of outward stroke
*  Sampling point of foroutward stroke
5 Fitting curve of return stroke

N Sampling point of return stroke

Voltage (V)

0 20 40 60 80 100 120
Angle (9
(a) (b)

Figure 15 (a) Calibration experimental set-up for the elbow sensor and (b) the output

voltage with increasing elbow flexion angle.



