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Development of a Wearable Sensing Glove for
Measuring the Motion of Fingers Using Linear
Potentiometers and Flexible Wires

Yeongyu Park, Jeongsoo Lee, and Joonbum Bae, Member, IEEE

Abstract—In this paper, a wearable sensing glove for measuring
the motion of the fingers is proposed. The system consists of linear
potentiometers, flexible wires, and linear springs, which makes it
compact and lightweight so that it does not interfere with the nat-
ural motion of the fingers. Inspired by the way wrinkles on finger
joints are smoothed out when the finger is flexed, a flexible wire is
attached to the back of each finger. As the flexible wire moves due
to the motion of the finger, the joint angles are calculated by mea-
suring the change in length of wire. Linear potentiometers with
linear springs were used to maintain the tension of the wires in
order to measure the wire length change consistently. Because the
motion of the proximal interphalangeal (PIP) joint is dependent
on that of the distal interphalangeal (DIP) joint, only two linear
potentiometers were used for each finger. A compact sensing mod-
ule including 10 linear potentiometers and springs was attached
to a glove. The proposed system can widely be applied for the
systems, which require to measure finger motions accurately, e.g.,
virtual reality or teleoperation systems. Such feasible applications
were actually implemented and introduced in this paper.

Index Terms—Finger motion measurement, human-robot inter-
action, wearable system.

I. INTRODUCTION

HE HAND is one of the richest sources of tactile sen-
sory data, enabling precise, and complex manipulation.
Using the delicate manipulation ability of the hand, human-
robot interaction systems which are operated by the hand have
been actively researched for rehabilitation, virtual reality, enter-
tainment, teleoperation, power assistance, and so on [2]-[5].
For the development of such systems, measurement of uncon-
strained hand motion should be preceded. Due to the small
space and multifunctions of the hand, however, hand motion
measurement systems have not fully been exploited yet.
Previously developed hand motion measurement systems
can be categorized to glove and nonglove-types. As wearable
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glove-type systems, optical encoders, magnetic positioning sen-
sors, fiber optic sensors, and flexible resistances have been
applied [6]-[11]. But, because of the limited space and compli-
cated anatomical structure of the hand, a compact and simple
measurement system, which is able to measure unconstrained
finger motion accurately, has not yet been developed. As
nonglove-type systems, electromyographic (EMG) or infrared
(IR) camera signals were applied [12], [13]. With the nonglove-
type systems, general hand gestures such as rotating or pointing
can be detected without wearing anything to the hand. But
the nonglove-type systems may not be suitable to accurately
measure the joint angles of the fingers.

In this paper, a novel wearable sensing glove for measuring
the flexion/extension motion of fingers, which consists of linear
potentiometers and flexible wires, is proposed. The proposed
system was inspired by how the wrinkles on the finger joints
are smoothed when the finger is flexed. Flexible wires are tied to
the glove to detect the finger motions. As the flexible wires are
moved by the finger motions, the joint angles are calculated by
a kinematic model of the finger and the displacement changes
of the wires, which are measured by the linear potentiometers.
Each finger has three degrees of freedom in flexion/extension,
but only two joint angles are needed to be measured using the
relationship between the proximal interphalangeal (PIP) joint
and the distal interphalangeal (DIP) joint. The potentiometers
and return springs are attached to the glove as a compact sens-
ing module. Performance of the proposed systems was verified
by experiments, and the possible applications including virtual
reality and teleoperation systems were actually implemented.

This paper is organized as follows. Section II reviews the
skeletal structure of the hand. Section III details the concept and
implementation of the proposed system. The performance of
the motion measuring system is investigated experimentally in
Section I'V. Implementation of the proposed system is described
in Section V, and the feasible applications are introduced in
Section VI. Conclusion is presented in Section VII.

II. SKELETAL STRUCTURE OF THE HAND

The hand is a complex combination of bones, muscles, and
ligaments, which determine the direction and range of motion.
Understanding the anatomical structure of the hand is necessary
to accurately measure the motion of the fingers.

Motion of the hand is achieved via 19 bones, 19 joints, and
29 muscles [14]. Each finger (except the thumb) has three
bones—a distal, middle, and proximal phalanx—and three
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Fig. 1. Schematic diagram showing the anatomy of the hand.

joints—a proximal interphalangeal (PIP) joint, metacarpopha-
langeal (MCP) joint, and DIP joint, as shown in Fig. 1. The
thumb has only two bones—the distal and proximal phalanx—
and two joints—the interphalangeal (IP) and MCP joints. The
metacarpal and phalanx bones meet the wrist at the car-
pometacarpal (CMC) joints. The IP joints, including the PIP
and DIP joints, have one degree of freedom (DOF) for the
flexion/extension, and the MCP joints have two DOFs for the
flexion/extension and abduction/adduction.

Flexion/extension is typically required more frequently than
abduction/adduction when manipulating objects. Thus, a fin-
ger flexion/extension motion measurement system that does not
interfere with the natural motion of the fingers is desirable.
Therefore, here, we focus on the flexion/extension of all five
fingers.

III. CONFIGURATION OF THE WEARABLE SENSING GLOVE
A. Concept of the Proposed System

The cross section of a finger is shown in Fig. 2 during flex-
ion/extension. Because the lengths of each finger element, C,
Cs, and Cj3, can be measured in advance, the position of the
fingertips can be described as follows:

x = Cicos(01) + Cacos(012) + Cscos(0123) (D)
Yy = C’lsin(ﬁl) + OQSin(Olg) + CgSin(elgg) (2)

where 615 and 6,53 are the summation of ¢4, 6> and 61, 05, 03,
respectively. We only need these three joint angles to describe
the flexion/extension of each finger. However, measuring the
joint angles of the fingers is not straightforward due to the space
limitations around each finger. In addition, the goniometric sys-
tem should be sufficiently light and compact not to interfere
with the natural motion of the fingers.

A number of approaches have been tried to measure the
position of the finger joints accurately. A similar approach
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Fig. 2. Cross section of a finger.

Fig. 3. Previously developed finger motion measurement systems. (a) Optical
linear encoder based system [6]. (b) Magnetic three dimensional position sen-
sor based system [7]. (c) Hetero-core fiber-optic nerves based system [9].
(d) CyberGlove [11]. (e) Myo gesture control [12]. (f) Leap motion [13].

has been described using optical linear encoders (OLEs) [6],
However, the encoders, which were attached to the fingers, and
cables that were used for the encoders, which were thick and
wide, inhibited the natural motion of the fingers, as shown in
Fig. 3(a). Three-dimensional (3-D) magnetic positional sensors
have been applied to measure the joint angles of the fingers
[7]. As shown in Fig. 3(b), they could measure the motion of
the fingers in 3-D space. But the required peripherals became
obstacles for measuring the unconstrained motion accurately.
Fiber optic sensors have been used for goniometry [9] in
Fig. 3(c). The sensors were adhered to a glove for ease of use.
However, the glove required that the optical sensors should be
bent carefully to measure the joint angles. Furthermore, mobil-
ity was limited by the required peripherals, including a laser
diode and an optical power meter. Flexible resistances have
been applied to a commercially available sensing glove, called
CyberGlove [11], as shown in Fig. 3(d). The glove measures
not only flexion/extension but also abduction/adduction of the
fingers and movement of the wrist. However, the resistances
in the CyberGlove are flexible but not stretchable, thus it
may disturb the natural motion of the fingers, which can be
explained by Fig. 4. Also, it has the cost inefficiency comparing
with other commercialized sensors such as Myo armband and
Leap motion.

For nonglove-type finger motion sensing systems, EMG or
infrared (IR) camera signals were utilized. Myo shown in
Fig. 3(e) uses an armband to measure the EMG signals of
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Fig. 4. Schematic diagram showing the concept of the proposed finger joint
measurement system (one finger case). (a) Overview of the system. (b) Initial
position of the finger. (c) Flexed finger. (d) Necessity of a return spring.

the forearm, and the hand gestures such as rotating or point-
ing are detected by the measured EMG signal patterns [12].
It can detect general hand gestures by the simple structure on
the forearm without any constraints on the hand movement, but
accurate finger joint angles cannot be measured. Leap motion
uses IR camera signals which are measured by a compact sen-
sor as shown in Fig. 3(f) [13]. Hand gestures can be detected
without wearing any devices on the hand, but the hand should
be placed within the camera range, which is less than about
1 m. Also, if the fingers are overlapped, the sensing accuracy is
decreased.

In this paper, flexible wires and linear potentiometers with
linear springs are used to measure the flexion/extension of the
fingers. The concept of the proposed system is shown schemat-
ically in Fig. 4. For clarity, only one joint is explained in Fig. 4.
A flexible wire (a fishing line was used in this paper) was
attached to the finger by tying it to the glove, as shown in
Fig. 4(a) (see point A in the figure). Since the motion of the fin-
ger joint can be considered as a rotation around a fixed joint (see
point B in Fig. 4), the kinematics of one joint can be described

as shown in Fig. 4(b). As the finger is flexed, the connected line
moves because the wrinkles of the finger joint are smoothed
out. The displacement AL can be calculated as follows:

ALy =16 (3)

where 7 is the radius of the finger joint, which can be directly
measured, and 6, is the joint angle. The change in length AL is
measured using a linear potentiometer and is equivalent to AP
as shown in Fig. 4(c). Thus, the joint angle can be calculated as
follows:

o= 2L, @)
1

When the finger is extended [i.e., to the original position

shown in Fig. 4(d)], the flexible wire returns to its initial posi-

tion by the spring installed in the potentiometer. Without the

spring, the flexible wire would be loose, as shown in Fig. 4(d),

and the system would only be able to measure the finger flexion
once.

B. Interdependency Between Finger Joints

Before we move to the multiple-joint case, the interdepen-
dence of the finger joints should be considered. It is well known
that the DIP joint cannot move independently; the motion of
the DIP joint depends on that of the PIP joint. The relationship
between them has been usually approximated as follows [15]:

2
Oprp = §9PIP (5)

where Opyp is the angle of the DIP joint and fpp is the angle of
the PIP joint. However, our experimental results in Section IV-B
showed that the relationship could not be represented as a linear
relationship, and the relationship was not identical for everyone.
Thus, a more accurate relationship is required in order to mea-
sure both joint angles using only one measurement of the PIP
joint. By obtaining an accurate relationship between the DIP
and PIP joints, only two measurements are required for each fin-
ger, and the number of DOFs of the measurement system can be
reduced. The relationship between the DIP and PIP joints was
obtained experimentally and is discussed in Section IV-B.

C. Design of the Proposed System

Considering the interdependence of the DIP and PIP joints,
the system was designed as shown in Fig. 5. Similar to the sin-
gle joint case, the angle of each joint was measured using a
linear potentiometer. Since the DIP joint angle can be obtained
from the PIP joint angle due to the interdependence, only two
potentiometers were used to measure the PIP and MCP joint
angles.

Suppose the finger is flexed from the position shown in
Fig. 5(a) to that shown in Fig. 5(b); the displacement of the
attachment points AL; and ALy is given by the two linear
potentiometers and the distance of moved tied points are as
follows:

AP, = ALy (6)
AP, = ALy + ALs. (7)
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(b)

Fig. 5. Schematic diagram showing the concept of the proposed finger joint
measurement system (multifinger case). (a) Schematic of the proposed system
(multijoint case) and (b) flexed finger.

The joint angles can be calculated as follows:

6, = 21 ®)
™

o, = 212 ©)
T2

Thus, the joint angles can be obtained as follows:

AP
0, = —2 (10)
Ty
0y = M an
T2

The only required measurements are the changes in the dis-
tances of these attachment points, which were measured using
flexible wires and linear potentiometers. One of the advantages
of this system is that the flexible wire can be wound; thus, the
wires do not have to be aligned with the fingers. Therefore, the
sensing module containing the potentiometers and springs was
located on the back of the hand, and the flexible wires were
attached to the glove and connected to the sensing module, as
shown in Fig. 6. Two flexible wires were used per finger to mea-
sure the angles of the PIP and MCP joints, and each wire was
connected to the middle and proximal phalanxes. Thin cylindri-
cal guides were attached to the glove to guide the wires. Also,
the wires were slightly stitched to the glove between the guides
as shown in Fig. 12. By these two guides, the wires were well
aligned to the glove and not twisted each other. Thus, the wires
move along the bones of the fingers, and the flexion/extention
motions of the fingers can be accurately measured.

" Tied to
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Guide «._| % Stitches
»

Flexible
wires

Linear <"
potentiometers

Fig. 6. Design of the proposed system.

IV. EXPERIMENTAL VERIFICATION

To verify the performance of the proposed system, mea-
surements were obtained using the proposed system and were
compared with those of small wireless inertial measurement
unit (IMU) sensors attached to the fingers [16]. The IMUs were
able to measure joint angles perpendicular to three axes; how-
ever, only the flexion/extension motion angle was compared to
the potentiometer measurements.

A. Verification of the Concept

Prior to applying the system to a human hand, we investi-
gated the performance using a wooden model hand. In this way,
additional uncertainties due to the fit of the glove could be elim-
inated. The IMU sensors and a flexible wire were attached to
the wooden hand, as shown in the left side of Fig. 7. The IMU
sensor was attached directly to a wooden finger, and the flexi-
ble wire was connected to the wooden finger between the DIP
and PIP joints, with the linear potentiometer and return spring.
The potentiometer was located on the back of the wooden hand.
Only the PIP joint of the index finger was flexed, whereas the
MCP joint remained fixed. The measured potentiometer signal
was converted to the PIP joint angle using (11). The experi-
mental results are shown in Fig. 8(a). The two measurements
were in good agreement, with an average error of approxi-
mately 0.65°. It is known that the sensing ability of human in
the limb position is about 1° [17]. If the sensing accuracy of the
wearable sensing glove is in this range, the wearable sensing
glove may be considered as a satisfactory system. In the case of
commercialized sensor, CyberGlove, the measurement error is
specified as under 1°. Based on this specification, the proposed
system can be considered as a suitable system to measure finger
motions.

B. Relationship Between the DIP and PIP Joints

As described in Section III-B, the interdependence between
the DIP and PIP joints was analyzed and the relationship
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Fig. 8. Experimental results with a wooden hand. (a) Measured joint angles
using both the IMUs and the proposed system. (b) Error between the two
measurements.

between them was obtained from experimental measurements.
The motion of the finger is composed by a combination of
the flexor digitorum profundus (FDP) and the flexor digitorum
superficialis (FDS) muscles [18]. The relationship between the
DIP and PIP joints is often assumed to be linear [15]; however,
the linear approximation may not be correct considering the
complicated activation mechanism of the FDP and FDS mus-
cles to control the DIP and PIP joints [19]. In this section, the
relationship between the DIP and PIP joints is experimentally
obtained to estimate the DIP joint angle by measuring the PIP
joint angle only.

To obtain the accurate relationship between the DIP and
PIP joints, five subjects (age: 24.4 £ 0.55, three males, two
females) participated in the experiment. Three IMU sensors
were directly attached on their index finger at distal, middle,
and proximal phalanges. The participants were asked to flex
and extend their fingers five times freely, and the relationship
between the motion of the two joints was obtained using curve
fitting.
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Fig. 9. Relationship between the DIP and PIP joints.

One of the representative results is shown in Fig. 9. As shown
in the figure, the relationship might not be represented as a lin-
ear one; thus, the data were fitted by both first- and second-order
polynomials as follows:

Opip = 0.989 Op1p — 0.230 (12)

Oprp = 0.006 031 + 0.674 Oprp + 0.104 (13)
where Opyp is the angle of the DIP joint and fprp is the angle
of the PIP joint. The curve fitting result indicates that the angles
of the DIP and PIP joints are not linearly interdependent, and
that the second order fits better than the first order, in contrast
to the well-known expression given in (5).

The experimental results from 25 trials are summarized in
Tables I and II. As shown in tables, there exist individual
variations in relationship between the DIP and PIP joints, but
remains constant in each participant; standard deviation of five
experimental results in each participant was small with an aver-
age of 0.036. Also, the relationships fit better to second-order
polynomials than first-order polynomials. Higher than the sec-
ond order were also tried to approximate the relationship, but
the higher orders than the second had a very small effect to
the relationship, i.e., the parameters of the higher orders were
almost zero. Thus, the relationship between the DIP and PIP
joint was approximated to the second order. In this paper, the
second-order relationship between the DIP and PIP joints was
individually obtained in advance, then it was used to accu-
rately measure the three joint angles using only two joint
measurements.

C. Joint Angle Measurement

The experimental setup for measuring joint angles of the
fingers is shown in the right-hand side of Fig. 7. Three IMU
sensors, to measure the DIP, PIP, and MCP joint angles, were
attached to the index finger, and two wires were tied to the prox-
imal and middle phalanx of the glove and connected with two
potentiometers. In this experiment, the index finger was bent
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TABLE 1
EXPERIMENTAL RESULTS OF FIRST-ORDER FITTING

Opip = apfp1p + a1

Subject ag a1 RMSE?
A 0.84 -23.8 10.08
B 0.69 -11.9 6.95
C 0.57 -6.34 7.24
D 1.09 -16.6 8.86
E 0.70 1.44 8.42

#Root-mean-square error.

TABLE II
EXPERIMENTAL RESULTS OF SECOND ORDER FITTING

Oprp = bo 0%;p + b1 0p1p + b2

Subject bo by by RMSE?
A 0.011 -0.12 14.4 8.06
B 0.005 0.30 -9.46 6.22
C 0.004 0.17 —-1.44 6.64
D —0.001 1.16 -17.4 8.85
E 0.004 0.28 4.55 7.50

2Root-mean-square error.
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Fig. 10. Measured joint angles using the proposed system. (a) DIP joint. (b) PIP
joint. (¢) MCP joint.

back and forth several times as usual flexion/extension motions
with the palm to be flat. The result of each joint angle measure-
ment is shown in Fig. 10. The measured angles, converted from
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Fig. 11. Design of the sensing module. (a) Cross section of the sensing module.
(b) Backside of the sensing module. (c) Manufactured sensing module.

potentiometer measurement by (10) and (11), show great con-
sistency between two different measurement methods; however,
the DIP angle is slightly different, which might be caused by
accumulated errors in measuring the PIP angle in IMU sensors
and modeling the relationship between DIP and PIP joints.

V. IMPLEMENTATION OF THE WEARABLE
SENSING GLOVE

The proposed system requires 10 potentiometers to measure
the flexion/extension of five fingers simultaneously. Miniature
linear potentiometers with a 20-mm stroke were used to create a
compact and lightweight sensing module so as not to interfere
with the natural motion of the fingers [20]. Two potentiometers
were installed vertically, as shown in Fig. 11(a), to decrease the
size of the sensing module. The lever of each potentiometer was
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attached to a flexible wire, which was connected to the glove via
a small opening in the frame. Manually designed linear springs
were installed so that the potentiometer returned to its initial
position when the finger was extended.
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(Prensilia sensing glove
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Fig. 14. Experimental setup for teleoperation of a robot hand.

The rear side of the sensing module, through which
the potentiometers and springs were inserted, is shown in
Fig. 11(b). The frame of the sensing module was fabricated
from nylon material using rapid prototyping technologies. The
size of the sensing module was 45x61x17.4 mm and the mass
was only 39 g; this may be considered sufficiently compact and
lightweight not to interfere with the motion of the hand. The
sensing module was attached to a glove as shown in Fig. 12,
which can be easily worn by a user.

VI. APPLICATIONS

The proposed sensing glove can widely be applied for the
systems, which require to measure finger motions accurately.
The feasible applications are interaction with virtual objects,
teleoperation of a robot hand, and entertainment systems (e.g.,
playing a virtual piano in a console game with the measured
finger motion). Some of the possible applications were actually
implemented and introduced in this section.

A. Interaction With Virtual Objects

Since the fingers play a key role in touching and manipulat-
ing objects, the finger motions should be accurately measured to
implement the virtual reality. The proposed sensing glove was
applied to implement simple virtual reality. In this system, the
virtual hand was moved by the measured finger motions, and
the vibration feedback was provided to the user when the hand
touched virtual objects. The frequency of the vibrators, which
were attached to the fingertips, increased as the finger pushed
the virtual object more. The virtual hand was modeled as a rigid
linkage with 14 DOFs (two for the thumb and three for each
finger) to express the measured finger motions by the proposed
system. The vibrators attached to the proposed sensing glove
are shown in Fig. 13(a), and the user-interface programmed by
LabVIEW is shown in Fig. 13(b).
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Fig. 15. Various postures of the robot hand.

B. Teleoperation of a Robot Hand

The proposed system can be applied to operate a robot hand
in a remote place. In this experiment, a robot hand (IH2 Azzurra
robot hand from Prensila [21]) was controlled by the sensing
glove; the joint angles of the five fingers were measured using
the proposed sensing glove, and the measured angles were then
transmitted to the robot hand to mimic the motion of the fin-
gers. The measured finger motion was displayed to the user by
the virtual hand introduced in the previous chapter. The exper-
imental setup is shown in Fig. 14, and the various postures of
the robot hand are shown in Fig. 15. In this setup, the robot
hand and the sensing glove were connected to the same PC, but
the system can be extended to the teleoperation system if two
systems are connected by the Internet in different places.

VII. CONCLUSION

We have described the wearable sensing glove utilizing linear
potentiometers, flexible wires, and return springs. By mea-
suring the change in length of the flexible wires in response
to flexion or extension of the fingers, the joint angles could
be obtained. A compact sensing module containing the lin-
ear potentiometers and springs was attached to the back of the
hand, and connected to the fingers via flexible wires. The per-
formance of the system was verified experimentally, and the
feasible applications of the proposed system, i.e., interaction
with virtual objects and teleoperation of a robot hand, were
implemented and introduced.

Directions for future work include integration of proposed
system to measure the motion of the fingers and an exoskeleton
to interact with virtual objects [22]. The measured position of
the fingers will be applied to generate accurate force feedback
for intelligent interaction between a human user and virtual
objects.
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