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Abstract
Wearable sensor systems for human motion measurement

In this thesis, various wearable sensor systems were developed to measure human motions.
Measured human motion included the gait motion of lower extremity and finger motion. The gait
motion was measured by using inertial measurement units (IMUs) and manually developed ground
reaction force (GRF) sensors. Four IMUs measured hip, knee and ankle joint angles by calculating
rotational matrix of each sensor. Four GRF sensors were made of silicone tube and pressure sensors
that measured pressure changes inside the tubes. The measured joint angles and GRF by developed
system were compared with a camera-based motion capture system and a fixed force plate.
On the other hand, a wearable soft sensor system was developed to measure finger motions, which
consisted of soft and stretchable silicone filled with the electro-conductive liquid metal, called
eutectic Gallium-Indium(EGaIn) alloy. Due to the light weight and highly stretchable properties of the
silicone, the wearable sensor system allowed natural movements for the users and it was able to adapt
to various hand sizes. In the proposed system, the flexion and extension of fingers and abduction of
index finger could be measured. The accuracy in finger motion measurement was verified by the
camera-based motion capture system.
Lastly, a modeling of human joint with 3 degrees of freedom (DOFs) was investigated. The purpose
of the modeling was to model the carpometacarpal (CMC) joint of the thumb more precisely. The
glenohumeral (GH) joint was used to verify the model due to its similar behavior with CMC joint.
The result was validated by using a camera-based motion capture system.
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I. Introduction
Many studies have been conducted to measure human motions. There are many potential
applications of human motion measurement such as virtual/augmented reality, rehabilitation, sports
science, human robot interaction, etc. [1-5]. However, due to the complex structure of the human
joints, it is difficult to measure the human motion precisely.
Various sensor systems have been proposed to capture the motions and external forces applied to
the body [6-12]. The movements of body were generally measured by a camera-based system and the
external forces were measured by force plate. Since the systems have some limitations such as
mobility problems, it is restricted to apply in laboratory level only. To overcome those limitations,
wearable systems using inertial measurement units (IMUs) were proposed. Some studies have
suggested full body motion capture systems using the IMUs [13-17]. These systems, however, did not
consider the external forces applied on human body. In addition, IMUs could not capture the full
motion of small body segments such as fingers due to the limited space on the hand.

Fig. I.1. Wearable sensor systems discussed
In this thesis, wearable sensor systems are proposed for human motion measurement based on the
biomechanical analysis of the human body. The purpose of the research is to solve above problems so
as to measure human motions using wearable systems. The proposed wearable systems consist of 3
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parts: measurement of lower extremity motion, finger motion and shoulder motion as shown in Fig.
I.1. Each part applied different sensors considering the size and complexity of human joints.
The wearable system of the lower extremity employed conventional IMUs for motion measurement
and pressure sensors for external force measurement, especially ground reaction force (GRF). The
study of lower extremity motion was conducted as preliminary research of individual muscle force
estimation of lower extremity during walking [18]. To estimate the muscular force of body,
measurement of motion should be preceded.
Some studies conducted experiments on the motion measurement of lower limb. Cooper, et al. used
IMUs for roll, pitch and yaw (RPY) angle measurement [19]. Kalman filter was designed for joint
angle estimation using RPY angles. Kim, et al. also applied IMUs for acceleration, angular rate, and
Earth magnetic field sensors [20]. Three-axis GRF sensor was also developed for sensitive
measurement. However, it was made of hard material such as steel, thus it might interrupt natural gait
motion of the users. On the other hand, Khurelbaatar, et al. added another IMU for reference frame
definition [21]. The orientations of IMUs were transformed to pre-defined reference frame and then,
the joint angles were calculated. These wearable systems required additional data processing or
additional sensor which limited real-time application.
A wearable sensor system is developed to overcome those limitation. The wearable system
consisted of 4 IMUs and an insole-type GRF sensor. The PRY angles of IMUs were handled by
simple coordinate transformation to calculate the joint angles of lower limb. The GRF sensors were
made of silicone tubes and air pressure sensors that measure the pressure changes inside the tubes.
The wearable system could measure the joint angles and GRF in real-time. The results of measuring
joint angles of lower extremity and GRF were verified by comparing with a camera-based motion
capture system and a conventional force plate.
The joint angle measurement system, however, could not be used for finger motion measurement.
In order to measure full hand motion, IMUs should be placed on each finger segments. In case of
lower extremity, there was not any problems but the hand has limited space. Thus, it may constrain the
natural movement of fingers.
Many kinds of sensor systems have been proposed to measure finger motions, which can be
classified into two categories: a glove type worn directly on the hand, and a non-glove type which is
usually a vision-based system. In the non-glove type systems, the finger joint angles were measured
by the infra-red (IR) camera with reflective markers on the fingers, or the x-ray as shown in Fig. I.2 (a)
and (b) [22, 23]. These systems measured the flexion and extension as well as the abduction and
adduction of the finger with high accuracy, but both systems were not portable due to the fixed
cameras.
2

Various sensor mechanisms were embedded in gloves, such as fiber optic nerves, magnetic position
sensors, and optical linear encoders as shown in Fig. I.2 (c)-(e) [24-26]. Although the design of the
system with hetero-core fiber optic nerves was compact and simple enough to allow natural
movements of the hand, it was able to measure flexion and extension of the metacarpophalangeal
(MCP) joint of a finger only [24]. In the case of the magnetic position sensor system, joint angles
were measured using 3D positions of the fingers [25]. It was capable of measuring the
flexion/extension and abduction/adduction of the fingers, but the bulky size of the system constrained
the natural motion of the hand. The system using optical linear encoder measured flexion/extension
angles of the MCP, proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints
independently [26]. However, it could not measure the abduction/adduction motion due to the
structural limitation of the optical linear encoder.
Recently, a highly compliant artificial skin sensor was proposed, which consisted of a microchannel
filled with conductive liquid [27, 28]. Due to superior elasticity of the silicone body, it can be
stretched up to 300%. The sensor body can be fabricated in many different forms according to the
shape of the mold; these properties enables the artificial skin sensor to be a good candidate for a
finger motion measurement system. Using the artificial skin sensor, a glove type measurement system
was proposed as shown in Fig. I.2 (f), and the highly stretchable sensor body allowed natural hand
movements [29]. However, the system could not measure the abduction/adduction motion of fingers
which takes important roles in hand function.
Therefore, the second part of this thesis focuses on the wearable finger motion measurement system
using soft sensors. The system measured flexion/extension of the MCP, PIP and DIP joints and
abduction/adduction of the MCP joints of fingers except a thumb. The proposed system was easily
wearable and did not constrain the natural movement of fingers. The performance of the proposed
sensor system was verified by comparing the joint angles measured by a camera-based motion capture
system.

Fig. I.2. Previously developed finger motion measurement systems [22-26, 29]
3

Although the soft sensors successfully measured the joint motions of a joint with 2 degrees of
freedom (DOFs), there still remained a problem for a joint with 3 degrees of freedom. In case of the
carpometacarpal (CMC) joint of the thumb and glenohumeral (GH) joint of the shoulder, they have 3
DOFs: flexion/extension, abduction/adduction and pronation/supination (or internal/external rotation
in case of GH joint). To attach soft sensors for those joints properly, kinematic modeling of the joint
was required.
Thus, the last part of this study investigates modeling of complicated joints with 3 DOFs for
preliminary research of measuring motion of CMC joint and GH joint. Specifically, the GH joint was
modeled and the joint angles were calculated using inverse kinematics. The model was verified for
GH joint of the shoulder and the result was validated by a camera-based motion capture system.
In summary, this paper is organized as follows: Section II.1 explains the hardware configuration for
obtaining biomechanical information of lower extremity during walking. The result was verified in
Section II.2. On the other hand, through Section III.1 to III.4, wearable finger motion measurement
system using soft sensors is proposed. In Section IV, brief explanation of modeling of a complex joint
is introduced for measuring the motion of the joint using soft sensors. The characteristics of each
sensor system discussed in these chapters are summarized in Table I.1.
Table I.1. Summary of proposed wearable systems

4

II. Measurement of Joint Angles and
Ground Reaction Force of Lower Extremity

5

II. 1. Introduction
In this chapter, the wearable sensor system for measuring the motion of lower limb is discussed. It
was the preliminary study for individual muscle force estimation, done by S. Kim et al., 2017 [18]. In
order to estimate the muscular forces of lower extremity during walking, biomechanical data is
required. The biomechanical data includes the relative joint angles of lower limb, GRF, and center of
pressure (COP) of GRF inside foot.
The wearable sensor system used IMUs for joint angle calculation and pressure sensing modules
for GRF measurement. Four IMUs were attached on each segment of the lower limb by using fabric
bands. The raw data obtained from IMUs was processed in real-time to calculate the joint angles. The
GRF measurement units were embedded in an insole type shoe. The air pressure sensors measured the
pressure changes inside soft silicone tubes. The pressure data, then, was calibrated to force data. Each
sensor was connected to master devices for data acquisition.
To verify the performance of the system, the joint angles measured by IMUs were compared with a
camera-based motion capture system. The GRF was also measured by a fixed force plate
simultaneously during walking.
The subject of this chapter was published in Journal of Sensors, 2017 [18] and Proceedings of
IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM), 2015 [51].
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II. 2. Configuration of the Motion Measurement System for the Lower
Extremity
The wearable system consists of 4 IMUs [30], insole type GRF sensor module [31], and data
acquisition unit. The IMUs measured roll, pitch, and yaw (RPY) angles by processing data obtained
by gyroscope, accelerometer, and magnetometer. The GRF sensor module measured the vertical GRF
applied on the foot. The center of pressure (COP) was also calculated. The data acquisition unit
collected data through I2C interface. Fig. II.2.1 shows the configuration of the wearable system.

Fig. II.2.1. Configuration of the wearable system for the lower extremity

7

II.2.1. Joint Angle Measurement of Lower Extremity
As mentioned above, IMUs were used for joint angle measurement of lower extremity. For proper
joint angle measurement, coordinate transformation between the IMU sensors is needed. The IMUs
measured RPY angles with respect to unknown but fixed earth frame, thus the joint angles cannot be
calculated simply by comparing RPY angles directly.
To calculate the joint angle, a unit vector, vt , with respect to frame {B} was defined as shown in
B

Fig. II.2.2. The vector can be expressed with respect to the frame {Earth} by multiplying rotational
matrix obtained by RPY angles of frame {B} (Fig. II.2.2 (1)). The rotational matrix of the IMU was
given as follows:
𝑐𝛾𝑐𝛽
𝑅 = [𝑠𝛾𝑐𝛽
−𝑠𝛽

𝑐𝛾𝑠𝛽𝑠𝛼 − 𝑠𝛾𝑐𝛼
𝑠𝛾𝑠𝛽𝑠𝛼 + 𝑐𝛾𝑐𝛼
𝑐𝛽𝑠𝛼

𝑐𝛾𝑠𝛽𝑐𝛼 + 𝑠𝛾𝑠𝛼
𝑠𝛾𝑠𝛽𝑐𝛼 − 𝑐𝛾𝑠𝛼 ]
𝑐𝛽𝑐𝛼

(II.1)

where c and s were cosine and sine and α, β, and γ were roll, pitch and yaw angles, respectively. The
unit vector was expressed with respect to the earth:

𝑣𝑡𝑒

𝑐𝛾𝑐𝛽
= [𝑠𝛾𝑐𝛽 ]
−𝑠𝛽

(II.2)

Then, by multiplying inverse of rotation matrix obtained by RPY angles of frame {A}, the unit
vector vt

A

could be calculated (Fig. II.2.2 (2)):

𝑣𝑡𝐴

𝑐𝛽1 𝑐𝛽2 𝑐(𝛾1 − 𝛾2 ) + 𝑠𝛽1 𝑠𝛽2
= [−𝑐𝛽1 𝑠𝛽2 𝑠𝛼1 + 𝑐𝛽2 (𝑐(𝛾1 − 𝛾2 )𝑠𝛽1 𝑠𝛼1 − 𝑐𝛼1 𝑠(𝛾1 − 𝛾2 ))]
−𝑐𝛽1 𝑐𝛼1 𝑠𝛽2 + 𝑐𝛽2 (𝑐𝛾1 𝑐(𝛾1 − 𝛾2 )𝑠𝛽1 + 𝑠𝛼1 𝑠(𝛾1 − 𝛾2 ))

(II.3)

where the subscript “1” refers to the angles of the IMU of frame {B} and “2” represents the frame
{A}. The joint angle,  , was calculated by simple inner product of vectors vt

A

and unit vector,

(1,0,0) (Fig. II.2.2 (3)):

𝜃 = −𝑠𝑔𝑛(a) arccos (

𝑎

√𝑎 2 +𝑐 2

)

(II.4)

where a and c were the first and third components of (II.3), and sgn.was sign function.
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Fig. II.2.2. Coordinate transformation to calculate joint angles

Fig. II.2.3. GRF sensor modules: (a) entire view, (b) pressure sensor module, and (c) air bladders
attached on the insole
9

II.2.2. Ground Reaction Force Measurement
For GRF measurement, air bladders and pressure sensors were embedded in an insole. The air
bladder was manufactured by using soft silicone tube as shown in Fig. II.2.3 (c). This was a modified
version of Smart Shoes which performance was validated in the previous studies [32, 33]. The 4 air
bladders were placed under the toe, each side of metatarsal and the heel. The pressure sensors were
connected to silicone tubes to measure the pressure inside the tubes. The sensors were encapsulated
for sensor protection as shown in Fig. II.2.3 (a) and (b). The GRF sensor measured vertical
component of GRF since the magnitude of tangential component negligible [34, 35].
As force was applied on the air bladders, the pressure inside the silicone tubes was changed. To
calculate the actual force applied on the air bladders, it was important to determine the relationship
between the applied force and pressure changes. For the calibration process, force transducer
simultaneously measured the applied force while the air bladders were pressurized. The results were
fitted to lines as shown in Fig. II.2.4. As a result, vertical GRF could be calculated by measuring
pressure changes inside air bladders and adding the results of 4 sensors.
II.2.3. Signal processing
To communicate with 4 IMUs and 4 pressure sensors, 2 multiplexers were used as master devices.
The multiplexers and 8 sensors were communicated through I2C connection [36] with sampling
frequency of 50 Hz. The software was implemented in LabVIEW [37].

Fig. II.2.4. Calibration results of the applied force and the measured pressure of the GRF sensing units
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II. 3. Verification of Joint Angles and GRF Measurement
To verify the performance of the proposed system, joint angles and GRF were measured during
normal walking. The joint angles were compared with a camera-based motion capture system and
GRF was recorded using force plate simultaneously. A subject without any known physical deseases
walked at a speed of 3km/h normally. The hip, knee and ankle joint angles were successfully
measured by the proposed system as shown in Fig. II.3.1. In addition, GRF and COP were also
successfully measured (Fig. II.3.2).

Fig. II.3.1. Joint angle measurement by proposed system and camera-based motion capture system

Fig. II.3.2. GRF (left) and COP (right) measurement
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II. 4. Conclusion
Many motion capture systems have been proposed for lower extremity motion during gait. The
camera-based systems showed high accuracy but it had mobility problems. It also consumed much
time to attach reflective markers on the body. On the other hand, wearable systems using IMUs were
introduced. The wearable systems treated raw IMU data to produce joint angles of lower limb.
However, it could not calculate the joint angles in real-time due to its high computational costs of
algorithm.
Thus, in this chapter, the wearable sensor system for lower extremity motion and GRF
measurement was developed. The system measured the relative joint angles of lower limb and the
vertical GRF exerted on the foot. The coordinate transformation of IMUs allowed calculating the joint
angles in real-time. The wearable system was light weight, and easy to wear. To verify the
performance of the system, the measured joint angles and GRF were compared with a camera-based
motion capture system and a conventional force plate.
For the future works, the wearable sensors will communicate with master device without wires. It
will become easier to attach sensors on the body. The biomechanical information obtained could be
used for many fields such as rehabilitation, sports science, human robot interaction (HRI), etc.
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III. A Wearable System for Finger Motion
Measurement Using Soft Sensors

13

III. 1. Introduction
In this chapter, a wearable finger motion measurement system is introduced. It adapted soft sensors
which consisted of soft silicone body and microchannel filled with conductive liquid metal. Due to
superior elasticity, light weight, and simplicity of the soft sensor, it can substitute the existing sensors
such as IMU or camera-based motion capture systems.
The soft sensors were fabricated using soft, stretchable silicone body. The microchannel was
embedded inside the body which was filled with eutectic Gallium-Indium alloy known as EGaIn.
When the sensor is elongated, the resistance of EGaIn is changed due to the deformation of
microchannel geometry. The change of resistance was measured and mapped to finger joint angles by
proper calibration.
The wearable system measured finger joint angles of metacarpophalangeal (MCP), proximal
interphalangeal (PIP) and distal interphalangeal (DIP) joints. The flexion/extension (FE) and
abduction/adduction (AA) motions were measured by attaching 2 sensors on the joint. The
performance of the proposed sensor system was verified by comparing the joint angles measured by a
camera-based motion capture system.
The subject of this chapter was published in Proceedings of International Conference on Control,
Automation and Systems (ICCAS), 2016 [47] and Sensors, 2017 [39].

14

III. 2. Finger Joint Models
III.2.1. Anatomical Terms of Finger Motion
The hand has a complex musculoskeletal structure which enables various movements of the fingers.
The movements are commonly described as: (1) flexion and extension (FE), (2) abduction and
adduction (AA), and (3) pronation and supination (PS). The three fundamental motions of fingers are
illustrated in Fig. III.2.1.
The flexion of finger describes a bending movement that decreases the angle between the palm and
the finger [38]. The finger extension is the opposite of flexion that describes a straightening motion
which increases the angle between the palm and the finger. The abduction of finger refers to a motion
that move a finger away from the center of the hand [38]. On the other hand, adduction describes a
motion that pulls a finger toward the center of the hand. The PS motion is a unique motion that the
thumb exhibits. It describes a rotation along an axis parallel to metacarpal bone of the thumb [38].
The rotation is a motion that depends on FE and AA of the carpometacarpal (CMC) joint, so that it
can be expressed as a function of FE and AA angles [39].

Fig. III.2.1. Fundamental motions of fingers: (a) flexion/extension (FE), (b) abduction/adduction (AA)
and (c) pronation/supination (PS)

III.2.2. Description of Finger Joint Models
The soft sensor, which will be discussed in the next chapter, functions as a strain sensor. Since the
sensor measures the length change, ΔL, converting to joint angle displacement, Δθ, is required. To
convert, proper modeling of the finger joints was applied as illustrated in Fig. III.2.2. The models
were classified into three types: (1) metacarpophalangeal (MCP) joints of four fingers, (2) proximal
15

interphalangeal (PIP) joints of fingers and MCP, interphalangeal (IP) joints of the thumb, and (3)
carpometacarpal (CMC) joint of the thumb. In case of type (3) CMC joint of the thumb, it will be
discussed later in Section IV.

Fig. III.2.2. Proposed models for finger joints [39]
Type 1 joint (MCP joint of fingers) was assumed to be a universal joint which has 2 DOFs as
shown in Fig. III.2.2 (1). The motion of the joint can be expressed by a combination of 2 independent
motions: FE and AA. The FE angle was defined as the angle between the neutral position and
proximal phalanx. The center of rotation (COR) was fixed inside the metacarpal bone. As the finger
flexes, skin is stretched. The amount of the stretch was determined as L . The FE angle,  , was
calculated by the relationship   L / r , where r was radius of MCP joint.
On the other hand, the AA angle referred to the angle formed by adjacent fingers in dorsal view as.
The COR was placed on MCP joint of proximal finger. When the finger abducts, the distance between
adjacent fingers increases. The distance indicated L and the radius of rotation, r, was determined
by attachment position of the sensor. The AA angle,  , was calculated by the same relationship

  L / r .
Type 2 joint (Fig. III.2.2 (2)) was modeled as a simple revolute joint with 1 DOF. It exhibits same
FE motion that type 1 joint shows. The angle between proximal and intermediate phalanx determined
the FE angle. The COR was fixed inside PIP joint. The joint angle was calculated by the same process
as explained in the FE joint angle of the type 1 joint.
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III. 3. Design of a Soft Sensor System
III.3.1. Previously Developed Soft Sensor
The soft sensor was firstly introduced by Whitesides, et al., in 2008 [27]. It is composed of
stretchable silicone and embedded microchannel filled with conductive liquid metal. Due to the
inherent properties of silicone, it can be stretched up to 300% of its original length without degraded
performance.
Other soft sensors were also developed due to its potential applications thanks to its flexibility as
shown in Fig. III.3.1. The soft sensors can be categorized into 3 categories: resistive, capacitive and
piezoelectric sensors. The resistive sensors measure the change of resistance according to external
forces. The one introduced by Whitesides, et al., is an example of resistive sensors. In case of the
capacitive sensors, the capacitance is changed along with external forces. It usually consists of 2
electrodes and dielectric material is placed between the electrodes [48, 49]. On the other hand, the
piezoelectric sensors generate voltage when it is deformed. The strain or pressure can be calculated by
measuring the generated voltage [50].

Fig. III.3.1. Previously developed soft sensors: (a) capacitive sensor with silver nanowires [48],
(b) capacitive sensor with carbon black [49], and (c) piezoelectric sensor with zinc-oxide wires [50]
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III.3.2. Strain Sensing
The soft sensor was used as a strain sensor in the proposed system. The sensing principles are
simple. When the microchannels are deformed by stretching as shown in Fig. III.3.2, the electrical
resistance of liquid metal inside microchannels increases. It is due to the decrease of cross-sectional
area of microchannels. This can be explained by theoretical relationship between the resistance
change (ΔR) and strain (ε) as follows [40]:

R  R  R0  

L  L
L

( w  w)( h  h )
wh

(III.1)

where R and R0 are the resistances of the liquid metal when stretched and not stretched, respectively,

 is the electrical resistivity of liquid metal, L is the length of microchannel, and w and h are the
width and height of the cross-section of the microchannel, respectively.
Since   L / L , and the silicone is an elastomer with Poisson’s ratio   0.5 , w and h can
be replaced with  w and  h , respectively. The equation (III.1) can be further simplified with
above relationship:

R 

L(8   )
wh ( 2   ) 2

(III.2)

Fig. III.3.3. shows theoretical relationship between resistance change ( R ) and strain ( ) .

Fig. III.3.2. Deformation of microchannel due to stretching
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Fig. III.3.3. Theoretical relationship between sensor strain and resistance change
III.3.3. Sensor Module Design
Fig. III.3.4 shows the proposed sensor system which was composed of three stretch-sensitive
sensors with the microchannel aligned along a longitudinal direction. Two of them were attached on
the index and middle fingers respectively to measure FE of the MCP and PIP joints; each sensor has
the 2 independent microchannels. The other with a single microchannel was attached between the 2
sensors to measure AA of the index finger.

Fig. III.3.4. Schematic of the proposed finger motion measurement glove
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As explained in Section III.3.2, the relationship between the resistance change, 𝛥𝑅, and the sensor
strain was non-linear, which required more efforts for signal processing. However, for small strain
range, the relationship could be assumed as linear. To ensure the linear property, the stretch sensing
unit was designed to be stretched less than 35%.

Fig. III.3.5. Change of length in the stretch sensing unit with respect to (a) flexion and (b) abduction

The two sensing units attached on the fingers were stretched by the flexion of the fingers. As shown
in Fig. III.3.5 (a), the length change L was approximately 20 mm for each joint to cover the flexion
angle   80 o according to the biomechanical model of the fingers [41]. Therefore, the length of
each stretch sensing units was set to be 110 mm, 55 mm for the MCP joint and 55 mm for the PIP
joint. The angle of the DIP joint was calculated by the anatomical relation:  DIP  2 / 3 PIP where

 DIP and  PIP correspond to the joint angles of DIP and PIP joints respectively [42]. For the AA
sensing unit shown in Fig. III.3.5 (b), to cover the abduction of   30o [43], the sensing unit was
stretched up to L  10mm ; thus, the length of the unit was designed as 30 mm.
As described in III.3, the width and height of the microchannel determine the resistance change for
the given strain. The smaller width and height results in higher resistance change which leads to more
sensitive measurement. For the give range of motion of the finger joint, the resistance change relative
to initial resistance of the sensor (Rmax / R0 ) was determined to be 100%, where Rmax
corresponds to the maximal value of resistance change for the range of motion of the finger joint and

R0 refers to the initial resistance value. As a result, the width and height of the flexion/extension and
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abduction/adduction sensors were calculated to 0.3 mm, 0.3 mm, and 0.8 mm, 0.4 mm, respectively.
The geometrical parameters are specified in Table III.3.1.
Table III.3.1. Specification of the proposed soft sensors

It was important to locate the sensing units properly for more accurate measurement, because
uncertainties may occur in the measurement unless the sensing unit is fixed in the right position. As
shown in Fig. III.2.3, to measure flexion/extension of the finger, 2 independent microchannels were
embedded in a piece of the silicone body which was attached along the dorsal side of phalanges and
the hand. The abduction/adduction sensing unit was located in the middle of proximal phalanges not
to restrain the natural movement of the user; it was attached at 15 mm apart from the MCP joint.

21

III.3.4. Fabrication of Soft Sensors
The soft sensor uses soft and stretchable silicone as the base material and the eutectic GalliumIndium (EGaIn) alloy as conductive liquid metal. The fabrication steps are similar with [28].
The first step is casting. The liquid silicone mix was poured in the mold manufactured by CNC
o

machine. The curing process at 60 C accelerates the solidification of the silicone. The second step is
bonding. The solid silicone from step 1 was bonded to the base layer. The base layer was made by
spin coating the uncured silicone at 400 rpm on acrylic plate. To bond these parts, the liquid silicone
o

was spin-coated at 1800 rpm on the base layer. Then, it was cured at 60 C for 30 minutes. After
cutting the unnecessary parts, EGaIn was injected inside the microchannel using the syringe. The
EGaIn was injected through one end of the microchannel while the other end was used for vacuuming
the microchannel by absorbing air using empty syringe. After the injection, wires were connected
through the holes made by syringe, and the holes were filled with the silicone bond to ensure that the
EGaIn do not spill out. The complete sensors are shown in Fig. III.3.6.

Fig. III.3.6. Fabricated sensors: FE sensor (above) and AA and thumb FE sensor (below)
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III. 4. Implementation of the Finger Motion Measurement Glove
Fig. III.4.1 shows the prototype of the glove-type measurement system. The stretch sensing units
for flexion/extension were fixed on the proximal and distal phalanges with the fabric bands, which
fitted to all sizes of the fingers. In addition, the fabric band was attached for the stretch sensing units
to fix the other ends of the sensors on the back of the hand. The abduction and adduction sensor was
attached on the middle of the flexion/extension sensors, which was on the proximal phalanges of the
index and middle fingers, 15 mm apart from the MCP joint of the middle finger.
The length change of each sensing unit was measured as the voltage change applied to the sensing
unit which served as a variable resistance. The general non-inverting amplifier amplifies the signal for
a higher signal to noise ratio. The input voltage to the amplifier was amplified 200 times to match the
output voltage range of 0 to 5 V. The voltage divider was applied to adjust the current flow into the
sensing unit. The output voltage signal was measured by a 16-bit data acquisition (DAQ) device with
a sampling rate 100 Hz.
As shown in Fig. III.4.2, the length change of the sensing unit was converted to the joint angle by
using a biomechanical model which was applied to calculate tendon excursions in the extensor
muscles [41]. The length change of the sensing unit can be calculated as L  r , where r is a
radius of the articular surface (Fig. III.4.2). Consequently, the joint angle was calculated as follows:

L 


r

(III.3)

where the radius of the MCP joint was 12.5 mm, the PIP joint was 7.5 mm in the experiment. In the
case of abduction/adduction sensing unit, the radius r was determined by the location of the
attachment position; it was 15 mm.
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Fig.III.4.1. Prototype of finger motion measurement glove

Fig.III.4.2. Principle of measuring joint angles from measured voltage
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III. 5. Performance verification
The performance of the proposed sensor system was validated by comparing the joint angles
measured by a camera-based motion capture system [44]. As shown in Fig. III.5.1, the reflective
markers were attached on the joints and the IR cameras measured 3D positions of the markers. The
joint angles were calculated using a simple trigonometric relation based on the position of the markers.
For example, in the case of the PIP joint, the joint angle was calculated based on the positions of the
reflective markers as shown in Fig. III.5.2:
 l12  l2 2  l3 2 


2l2l3



 PIP  cos 1 

(III.4)

Note that, in the experiment, the IR camera was aligned to the radial side to measure flexion/extension,
or to the dorsal side to measure abduction/adduction of the finger. The flexion and extension of
fingers as well as the abduction of index finger were measured independently.
Fig. III.5.3 shows the flexion/extension angles and Fig. III.5.4 shows the abduction angle measured
by proposed system and the camera-based system. The root-mean-square (RMS) errors were
calculated as in Table III.5.1. In case of the MCP joint of the index finger, it rotated faster than the PIP
and DIP joints while the PIP and DIP joints of the middle finger rotated faster than the MCP joint. The
rapid change of the joint angle caused the larger RMS error due to the hysteresis of elastomer sensor
body. Because of the viscoelastic property of the silicone body, there existed a hysteresis between
stretching and returning to original length occurred.
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Fig. III.5.1. Experimental setup for performance verification (markers were attached on the finger
joints for the camera-based motion capture system).

Fig. III.5.2. Schematic diagram of the middle finger with the reflective markers
to measure the PIP joint angle.
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Fig. III.5.3. Experimental results: MCP, PIP and DIP joint angles of index and middle fingers
measured by the proposed glove and the motion capture system.
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Fig. III.5.4. Abduction/adduction angles of the index finger

Table III.5.1. RMS errors compared to the motion capture system
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III. 6. Conclusion
Various wearable systems were proposed for finger motion measurement. Either camera-based
systems or glove type systems could measure the finger motions but it had some problems such as
mobility, constrained motion, or bulky size.
In this chapter, a glove type finger motion measurement system was developed using soft sensors.
The soft sensors allowed the system to have light weight, easily wearable structure, and mobility. Due
to the superior elasticity of the silicone body, it also allowed the natural movement of the fingers.
The stretch sensing units measured FE and AA of the five fingers. Each sensor was attached on the
finger joints with fabric bands. To verify the performance of the system, the measured finger joint
angles were compared with that of the camera-based motion capture system.
For the future works, the errors caused by non-linearity and hysteresis of the sensor will be
compensated using dynamic modeling of the elastomer body. The developed sensor systems can be
applied to virtual reality (VR), rehabilitation, and human robot interaction. It also can be collaborated
with force transducing units to fingers for vivid interaction with virtual objects in VR.
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IV. Modeling of the Shoulder Joint and
Inverse Kinematics-based
Joint Angle Calculation
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IV. 1. Introduction
Although the soft sensor system measured the finger joint angles with 2 DOFs, there were a
problem for a joint with multi-DOFs such as CMC joint of the thumb, GH joint of the shoulder, and
hip joint. For proper attachment of the soft sensors and measuring the joint angles, the modeling of
complicated joints should be investigated.
In this chapter, a multi-DOFs joint, specifically the GH joint of the shoulder was modeled. The joint
angles were defined and calculated by inverse kinematics-based algorithm. The position of the endeffector was estimated based on the calculated joint angles. The result was validated by a camerabased motion capture system. This chapter is a preliminary study of joint angle calculation of multiDOFs joints using soft sensors.

31

IV. 2. Modeling of Human Joints
Previously developed soft sensor systems measured finger joint angles and the angles were
compared with a camera-based motion capture system. The data obtained by motion capture system
were processed to calculate the reference joint angles. Through the processing, there may be some
errors due to the miscalculation of the reference joint angles. Thus, how the joint is modeled affects
the result of the proposed system.
IV.2.1. Previous Joint Models
Previously, the reference joint angles were calculated by processing the raw position data of
reflective markers obtained by a camera-based motion capture system. The positions of reflective
markers were used for constructing rotational axes and relative position vector to validate the joint
angles. The relative position vector was then multiplied by a rotational matrix calculated by the
rotational axes to estimate the end-effector position. If the estimated positions are matched with true
position vector, it could be said that the joint angle and rotational axes were defined correctly.
The joint with 1 DOF was assumed to be a revolute joint as it is. The joint angle was calculated by
trigonometric relationship as shown in Fig. IV.2.1. The angle was defined by positions of 3 reflective
markers.
After calculating the joint angles, a rotational matrix was constructed. The rotational axes, 𝜔, were
defined by cross product of 𝑣32 and 𝑣21 . The rotational matrix, R, could be defined by given joint
angle, 𝜃, as follows:
R = e[𝜔]𝜃

(IV.1)

For given initial position vector, 𝑃0 , the end-effector position could be estimated by multiplying
the rotational matrix to 𝑃0 . For the joint with 1 DOF, there was no argument of joint angle definition
and modeling.
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Fig. IV.2.1. Joint angle calculation of 1 DOF joint
In case of 2 DOFs joint, for example MCP joint of fingers, it is more complex to define joint angles.
For MCP joint of fingers, the FE and AA angles were measured using vector projection onto planes
spanned by other markers, v1 and v2 (Fig. IV.2.2).
After obtaining the joint angles, the modeling was validated by comparing the estimated endeffector position with true end-effector position. The estimated position was calculated by multiplying
rotational matrices obtained by the joint angles. However, there were some errors between the results
as shown in Fig. IV.2.3 [39]. Thus, more precise method was required for joint angle definition and
measurement.
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Fig. IV.2.2. Previous method of defining FE and AA angles

Fig. IV.2.3. Comparison between estimated position and true position of end-effector [29]
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IV.2.2. Inverse Kinematics Based Joint Angle Calculation
Before covering the modeling of human joint, there is another method of joint angle measurement:
inverse kinematics based method. The concept of the algorithm is to calculate joint angle
displacements for given position information (Fig. IV.2.4). The problem is to find θ vector such that
the end-effector position, s, follows the target position, t.

Fig. IV.2.4. Concept of inverse kinematics based joint angle calculation method
The inverse kinematics is a well-known method of calculating joint angles of arbitrary body. For
the given position of end-effector, the angles are expressed as a vector. The derivative of position
vector, which is velocity of end-effector, can be expressed as linear combination of joint velocity
vector. The relationship is usually explained by Jacobian matrix, J, as follows:
𝑃̇ = 𝐽𝜃̇

(IV.2)

The equation cannot be solved analytically in most cases. One of the popular methods for solving
the equation is iteratively updating small increment of joint angle vector and position. There are many
algorithms for updating  vector [45]. Among those methods, the damped least squares(DLS)
algorithm was chosen due to its stability and solving speed. The joint angle displacement vector,  ,
could be calculated as follows:

  J T ( JJ T  2 I ) 1 e

(IV.3)

where J is Jacobian matrix,  is damping coefficient, I is an identity matrix, and e is the error
vector between current position and target position.
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To validate the algorithm, forward kinematics was solved by multiplying rotational matrices
obtained by joint angles to initial position. For example, there are 2 arbitrary rotational axes, 𝑤1 and
𝑤2 as shown in Fig. IV.2.5. For given initial position vector, 𝑃0 , the position of end-effector can be
estimated by multiplying the rotational matrices constructed by joint angles. The rotational matrix is
calculated as follows:
0
[w] = [ 𝜔3
−𝜔2

−𝜔3
0
𝜔1

𝜔2
−𝜔1 ]
0

R = e[𝑤]𝜃 = 𝐼 + [𝑤] sin(𝜃) + (1 − cos(𝜃))[𝑤]2

(IV.4)

where ωi ’s are X, Y and Z components of w. The estimated end-effector position, Pest , is obtained
by multiplying the rotational matrices to initial position:
Pest = e[𝑤1 ]𝜃1 𝑒 [𝑤2 ]𝜃2 𝑃0

(IV.5)

If the estimated position is equal to the true position, it can be said that the algorithm successfully
calculated the joint angles.

Fig. IV.2.5. Coordinate representation of estimated position and rotational axes
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IV. 3. Shoulder Motion Modeling
The purpose of Section IV is preliminary study of applying soft sensors for human joints with
multi-degrees of freedom. The representative joints are shoulder joint, CMC joint of the thumb, hip
joint, etc. These joints exhibit fundamentally same movements so that the proposed algorithm was
applied on shoulder joint as an example.
IV.3.1. Fundamental Motions of Shoulder Joint
There are 5 fundamental shoulder motions: FE, AA, internal/external rotation (IE),
protraction/retraction (PR), and elevation/depression (ED) as shown in Fig. IV.3.1 [46]. Due to its
complexity, the motion is modeled as the result of combination motion of virtual clavicular joint and
glenohumeral joint.
The clavicular joint is modeled as 2 DOFs universal joint which center of rotation is fixed on the
origin of clavicle. The end-effector is the shoulder which rotates around the origin of clavicle. On the
other hand, the glenohumeral (GH) joint is modeled as 3 DOFs ball-and-socket joint. The end-effector
is the elbow which rotates around the GH joint.

Fig. IV.3.1. Five fundamental motions of shoulder joint
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IV.3.2. Validation of the shoulder joint model
To validate the model, the forward kinematics was solved by using the joint angles calculated by
inverse kinematic based algorithm. The goals are to estimate the position of shoulder relative to
clavicle, and to estimate the position of elbow relative to shoulder. The 5 reflective markers were
attached on the body to define rotation axes and position vectors as shown in Fig. IV.3.2.
The vectors 𝑣1 and 𝑣2 were used to construct the rotational axes of AA motion by cross product
of 2 vectors. The rotational axis is not shown in Fig. IV.3.2 but the direction of vector is pointing out
from the paper. Other rotational axes, 𝑤𝑃𝑅 and 𝑤𝐹𝐸 were calculated by cross product of AA axis
and relative position vectors: 𝑃𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 and 𝑃𝑒𝑙𝑏𝑜𝑤 .
Since rotational axes and initial position vectors were firmly defined by reflective markers, the
inverse kinematics could be solved with known position data. Then, solving forward kinematics can
prove that the joint angles were successfully calculated by inverse kinematics.

Fig. IV.3.2. Experimental setup for estimating joint angles
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The results are shown in Fig. IV.3.3. The position of shoulder and elbow were estimated by the
proposed algorithm and the RMS errors were less than 5 mm. Below graphs indicate the calculated
joint angles for given position data.

Fig. IV.3.3. Estimated position and joint angles: clavicular joint (left) and GH joint (right)
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IV. 4. Conclusion
The wearable sensor system discussed in Chapter III could measure the motions of 2 DOFs joint.
However, to attach soft sensors on multi-DOFs joints such as CMC joint of the thumb and GH joint of
the shoulder, the modeling of the joint should be preceded.
The modeling and data processing of motion capture system were introduced in this chapter. The
algorithm calculated the joint angles using inverse kinematics. The joint angles were defined by 3
orthogonal axes of rotation. The model was tested for shoulder joint using camera-based motion
capture system.
For the future works, the soft sensors will be attached on multi-DOFs joint for motion measurement.
The proposed algorithm can be applied to any joints of multi-DOFs such that the soft sensors will be
employed for full body motion capture.
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V. Conclusions
Various wearable systems were proposed for human motion measurement. It could substitute the
previously developed human motion measurement systems in terms of mobility, light weight, and
accuracy.
The wearable system using IMUs and GRF sensors measured the joint angles of lower extremity
and vertical GRF. Some algorithms and calibration methods were used to process the data. The
biomechanical information obtained by the system could be used for many applications such as
rehabilitation, human robot interaction, sports science, etc. This study was applied for individual
muscular force estimation for lower extremity.
On the other hand, a glove type finger motion measurement system was developed using the soft
sensors instead of IMUs. Due to superior elasticity of the silicone body, the proposed sensor system
was soft and easily wearable. These properties allowed natural movement of the users and it can be
worn regardless of the size of hand. The stretch sensing units measured flexion/extension and
abduction/adduction of the five fingers. To verify the performance of the system, the measured joint
angles were compared with that of the camera-based motion capture system.
To overcome the limitations of data processing of motion capture system and to model complex
human joints, the joint angle calculation algorithm was briefly introduced. The algorithm calculated
joint angles using inverse kinematics and it was validated by comparing the positions of end-effectors.
Also, the modeling of multi-DOFs joint was discussed. The algorithm and modeling were tested for
shoulder joint using camera-based motion capture system. It was validated that the algorithm and the
model successfully measured the joint angles and position of end-effector. For the future works, the
proposed algorithm can be applied to any joints with multi-degrees of freedom, for example, CMC
joint of the thumb, MCP joint of fingers, hip joint, etc.
The developed wearable sensor systems can be combined for whole body motion capture. The
combined system will measure most of the motions occurred in complex joints. It can be used for
motion analysis of compound joint movements such as squat exercise. Furthermore, the IMU system
introduced in Chapter II can be altered to soft sensors in Chapter III for compatibility between
systems. Thus, for the future works, the wearable systems will be coupled together for full body
motion capture system.
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