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Motion Tracking Smart Work Suit With a Modular
Joint Angle Sensor Using Screw Routing

Jewoo Lee ™, Kyu-Jin Cho

Abstract—Activity data of workers can be used to manage their
safety and working processes. To date, the adoption of motion
measuring systems in industrial sites has been limited, due to cost
and noisy environments. In this study, a motion-tracking smart
work suit is presented to monitor the movements of workers.
This system comprises modular joint-angle sensors that utilize a
BoASensor mechanism, a conventional work suit with added sensor
sleeves, and a monitoring device. The modularized joint-angle
sensor can be easily attached or detached onto or from the normal
work suit, improving its usability and washability. This suit could
experience relative motion and deformation between the body,
degrading sensor robustness, unlike conventional motion sensing
suits. The screw sensor routing method is proposed to minimize the
coordination effect between the sensor and skeletal system during
body movements. Various postures recorded with the suit exhibited
root mean square errors lower than 7.75% from the elbow range
of motion (150°) compared with the inertial-measurement-unit-
(IMU)-based motion tracker. It was determined that there exists
statistical significance between the proposed screw-routing method
and the IMU in precision, thereby demonstrating sensing robust-
ness with various upper limb motions. Additionally, the linearity
analysis revealed that screw-routing has the highest linear behavior.
The proposed work suit is expected to be utilized in preventing
industrial accidents at various sites, owing to its low production
cost and high accessibility.

Index Terms—BoASensor, motion sensing, sensor routing, smart
work suit.

I. INTRODUCTION

he manufacturing process has been considered a human-
T in-the-loop system that involves both the manufacturing
equipment and operator [1]. To optimize the overall manufactur-
ing output, the process parameters of the manufacturing device
and the status of the operator should be monitored [2]. If the
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measurement of worker variables, such as individual work hours,
amount, speed, and pattern is accessible, the data could be used
to monitor workers’ health, as well as manage workloads [3].
Moreover, with individual work patterns and workload manage-
ment, it would be possible to prevent industrial accidents [4], [5].

Conventional body movement measuring sensors, including
optical [6] and inertial measurement unit (IMU) sensors [7], are
not suitable for application in the manufacturing environment
[23], [8], despite the fact that they can accurately record motions,
there is a blind spot for cameras and IMUs are not currently
affordable enough for daily tracking. The goniometers such as
optical-fiber based device [9], are not cost efficient to utilize
in work environments or daily life. If directly embedding the
motion sensor onto the existing work suit without interfering
with the movement is possible, the operator status can be mon-
itored without affecting the work performance or environment.
Moreover, to be utilized in a manufacturing environment with
several workers, the sensor should be manufactured at a low unit
price.

An alternative approach to avoid disturbances on the wearer
during the measurement, is using deep learning-based vision
analyses. Commercialized motion tracking devices for home
entertainment — Kinect [10], [11] and Nintendo Wii [12]
— are not needed to attach additional markers or wearable
sensors. Instead, they use cameras and separate controllers,
making it difficult to apply these devices to work environ-
ments. Attempts have been made to monitor workers’ pos-
tures using depth images [13]; however, they have limitations
when applied to real industrial sites owing to the dynamic
environment.

Another approach is to use soft stretch sensors. Soft stretch
sensors have been developed based on soft polymers with ca-
pacitive or resistive sensing mechanisms to measure the angle
of the fingers [14], [15], or knee and elbow [16], [17]. However,
polymer type sensors are prone to be challenged with fabrication
failure and hard to be mass produced [18]. Commercial stretch
sensors which utilize resistance-varying characteristics of rub-
ber under expansion/contraction are offered with affordable
costs and easy fabrication [19], but show high hysteresis and
small measurement range. Moreover, posture-dependent wrin-
kles and relative movement between the cloth and the body de-
grade measuring robustness in wearable type soft sensors. Yuen
et al. [20] proposed a sleeve-type angle-measuring device that
can calibrate errors due to wrinkles. However, strain gauges that
are utilized to measure the angles should be strictly attached to
the limbs, and are not suitable for daily usage [21].

In this study, a motion tracking smart work suit in which the
sensor can be easily attached and detached from the existing
work suit with a simple modification by adding a sensor pouch
is introduced. Several methods have been compared to minimize
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Fig. 1. Schematic of proposed motion-sensing smart work suit system com-
prising a traditional working suit, wireless bend sensing module, charging
station, and monitoring devices.
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Fig.2. A comparison of the characteristics of the IMUs, the soft stretch sensor,

and the smart work suit.

the effect of sensor dislocation relative to the body joint origi-
nating from the body postures and posture-dependent wrinkles
of the cloth. The screw sensor routing method is selected to
maximize the sensing robustness of the smart work suit. The suit
is designed to measure the joint movements of workers without
interrupting postures and work efficiency. Moreover, it offers
a great possibility of mass production at a low cost, enabling
application to groups of workers.

II. SMART WORK SUIT

The motion measurement smart work clothes system (Fig. 1)
developed in this study mainly comprises 1) a bend sensor and
charging station, 2) a work suit with jacket and trousers, and
3) software for wireless data acquisition. By sewing a polyester
sleeve to route the bend sensor to the existing work suit, it is
possible to easily transform off-the-rack clothes into smart work
clothes. The BoASensor mechanism [22] is adopted for the bend
sensor module, which is thin, robust, and inexpensive for use in
a work suit.

A. Characteristics

Fig. 2 illustrates the characteristic comparison of motion
sensing system with IMUs, soft stretch sensors, and smart work
suit. In terms of the IMU system, it has the highest performance
and is able to distinguish the angle of a target joint from various
movements with multi-degrees-of-freedom sensing capability.
However, it is currently not affordable and requires a calibration
process with a biomechanical model. Soft stretch sensors are
cost-effective and compatible with clothing. However, there are
currently few soft sensors available on the market and they
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Basic structure of BoASensor mechanism measuring bending angle
along the spring sheath. It comprises a sensing wire, Teflon lining, spring sheath,
and encoder.

Fig. 3.

require special materials for fabrication. The Smart Work Suit
System fills the gap between these two systems since it can be
fabricated using off-the-shelf components and directly measures
joint angles providing accessibility. Additionally, the proposed
screw routing method is robust enough to measure the target
joint in a variety of postures and motions.

B. Joint Angle Measurement

Fig. 3 illustrates the basic structure of BoASensor [22] for
measuring the joint angle. The proposed sensing mechanism
measures the bend angle along the coil sheath by using the trans-
lational position of the sensing wire as the sheath is bent. The
rotational angle of the spool, which is wound by the sensing wire,
can be measured using a Hall-effect sensor, and the measured
value can be converted to the bend angle of the spring sheath.
The advantages of the BoASensor on the motion sensing work
suit are the thin foam factor, enabling easy insertion into the suit,
and a simple mechanism enabling robust and low-cost design.

For the bending part of the sensor, a polytetrafluoroethylene
(PTFE)-coated coil is utilized in this study to protect it from
external contamination, making the sensor insertion easier and
reducing puckering with a low friction coefficient. In addition,
the coil diameter is reduced to ¢2.0 mm to minimize movement
disturbance and give the visual impression that the sensor is not
attached. The minimum spool size is selected for the sensor by
considering the movement range of the human body joints (less
than 180°) and displacement of the inner tendon according to the
coil diameter. The neodymium magnet (¢3.0 mm) for measuring
the angle of the spool acts as a tendon spool, minimizing the
number of parts and assembly process.

The developed bending sensor to measure the joint angle is
easily charged through the charging station, as illustrated in
Fig. 4, and its compact size (25 mm X 25 mm x 10 mm; ¢2 x
150 mm; Fig. 5) does not interfere with the movements of the
wearer or impair the aesthetics even when attached to clothes.

C. Electronics

To wirelessly transmit the acquired data, the iBeacon protocol
based on the Bluetooth Low Energy (BLE) method is selected.
iBeacon enables 1:n data transmissions without an additional
pairing process, improving the degree of freedom for the IoT
function. In the developed device, the sensor module ID and
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Fig. 4. Charging station for ease use of the motion-sensing system. One set of
the sensing module comprises four sensing modules for the left and right sides
of the elbow and knee, respectively.
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Fig. 5. Wireless bend sensing modules with embedded batteries. The bend
sensing part comprises a thin PTFE coated spring sheath with diameter = $2.0
and length = 150 mm. The electronic part comprising a transceiver and a battery
(25 x 25 x 10 mm?) is connected to the spring sheath.

Charging Pins (Pogo Pin)

Battery Pins
User Interface Switch

25 mm

Nordic NRF32 Angle Sensor (hall sensor)

Bluetooth Module,

(Front) (Back) (Actual View)

Fig.6. Electronic module for bending angle measurement and wireless broad-
casting. It consists of a hall-effect sensor with ADC for the measurement of
translation of the sensing wire, NRF32 (Nordic Semiconductor) processor with
embedded Bluetooth interface, and a Li-Po battery (3.5 V, 58 mAh) for 10-h
operation.

angle measurement values are broadcast so that the monitoring
device can integrate the values of all available sensors. Other
electronic components were designed to minimize the board size
and increase the usability (Fig. 6). A soft switch is utilized to
control the board mode. Currently, it can turn the board into sleep
mode and can be further utilized for user interfaces. The board is
charged by connecting the Pogo spring-loaded pins on the board
with the magnetic switch. NRF32 from Nordic Semiconductor
is used for signal filtering and BLE interface. The electronics is
equipped with Li-Po battery (3.5 V, 58 mAh) for 10-h operation
covering daily working hours.

D. Work Suit Design — Sensor Placement

1) Sensor Routing Methods: Fig. 7 illustrates the possible
candidates required for the sensor routing used for joint angle
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Fig.7. Possible attachment points of the bend sensor for measuring joint angle:
(a) dorsal, (b) lateral, (c) anterior, and (d) screw routing.
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Fig. 8. Testbed for investigating the posture-dependent sensor dislocation for
each sensor routing methods (left), relative translation and rotation of the sleeve
between the body with a screw routing example (right).

sensing: (a) dorsal, (b) lateral, (c) anterior, and (d) screw routing.
The physical characteristics of the sensor should be considered
when choosing the best place to attach the sensor to the joint. The
soft stretch sensor has to be attached passing through the dorsal
part of the joint orthogonal to the joint axis, as illustrated in
Fig. 7(a), to generate stretching when the joint bends [14]-[17].
Moreover, stretch-type sensors should be attached directly onto
the skin or spandex tights to allow the sensor to properly stretch
without slipping. Bend-type sensors can be attached to the lateral
side of the joints (Fig. 7(b)) [23], similar to the conventional
goniometer [24] to place the transducer on the rotational axis of
the joint.

The BoASensor, however, can be placed in several directions
(Fig. 7) as the sensor has a wide sensing area and can be
inserted into the sleeve of the cloth because of its thin form
factor and axial stiffness. The working suit, unlike spandex
tights is vulnerable to measurement errors during the wearer’s
movements because of the relative motion between the body
and cloth [25], [26], for example, rotation and translation of the
suit’s sleeve as depicted in Fig. 8. Furthermore, pose-dependent
wrinkle [27]-[29] and sensor routing path-dependent buckling
can be generated on the sleeves, which cause sensor routing
deviation relative to the target joint. These factors significantly
influence the sensing accuracy, robustness, and wear comfort.
This study proposes a screw sensor routing method that enhances
sensing robustness against pose-dependent wrinkles in a work-
ing suit. Three routing methods are compared—dorsal, lateral,
and screw— based on wearer comfort, measuring accuracy, and
robustness.
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Fig. 9. Three sensor routing methods—(a) dorsal, (b) lateral, (c) screw—for
the elbow flexion/extension and two routing methods—(d) dorsal and lateral—
for knee flexion/extension. (a) Rotation of the sleeve regarding the body cause
measurement error due to sensor misalignment. (b) Lateral routing of the bend
sensor makes wrinkling and buckling of the cloth degrading sensing robustness
as well as wear comfort. (c) Screw sensor routing for the measurement of elbow
provides tight sensor fit along the joint, minimizing posture-dependent sensing
error of the smart work suit.

Fig. 9 illustrates prototypes of three sensor routing methods
for elbow—i(a) dorsal, (b) lateral, (c) screw—and two routing
methods for knee—(d) dorsal and lateral. The anterior routing
method in Fig. 7(c) is excluded in this study because it signifi-
cantly decreases wear comfort and is sensitive to buckling. The
sleeves of the work jacket are prone to rotate and translate along
the arm because they have a loose fit, unlike the spandex tights
for the motion capturing system. Fig. 9(a) illustrates the shoulder
posture that generates sleeve rotation. It transforms dorsal rout-
ing to lateral routing, which results in sensing data variation as
the bend angle of the sensor does not remain consistent during
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sleeve rotation. Fig. 9(b) illustrates the fabric deformation on
the lateral side of the sleeve during elbow flexion [29], which is
also called a half-lock fold. This wrinkle is generated when the
compressive force is applied to the anterior side of the sleeve,
and the crease line propagates to the lateral side. The insertion
of the bend sensor along the lateral line blocks the propagation
of the crease line, thereby limiting the cloth’s strain, causing
discomfort to the user [30], and generating posture-dependent
sensing errors. Fig. 9(d) illustrates the dorsal and lateral sensor
routing on the knee, which is similar to elbow routing. Trousers
do not exhibit posture-dependent sleeve rotation, illustrated in
Fig. 9(a), owing to the limited range of motion of the hip.
However, wrinkles owing to half-lock folds have been observed
to affect the lateral sensor routing of the knee.

Fig. 9(c) illustrates the screw routing of the bend sensor
around the elbow joint, which is proposed in this study. The
screw routing places the bend sensor diagonal to the axial
direction of the elbow and rotationally wraps the elbow joint. The
concept of screw routing involves avoiding the fold or crease line
of the fabric due to sensor insertion during various postures of the
upper limbs by routing the bending sensor to follow the points
of tension on the sleeve. It has been observed that screw sensor
routing does not generate wrinkles, buckling, or crease lines
in various upper limb postures, which is experimented in the
following chapter. As illustrated in Fig. 9(c), the sensor is routed
by avoiding the crease line, and the sensor path does not interfere
with the propagation of the crease line on the fabric on the elbow
and shoulder motion. This enhances the sensing robustness of
the bend sensor for joint angle measurement and maintains wear
comfort. Although the optimal routing path to determine the
point of tension on the sleeve with various postures should be
determined using finite element method (FEM) analysis [31],
[32], this study focuses on the initial validation of the proposed
concept with heuristic placement within the concept of screw
routing. The experimental results supporting the effectiveness
of screw sensor routing are discussed in the following section.

2) Sensor Attachment Methods: To increase the usability of
smart work clothes and increase sensing accuracy, the following
principles are considered to determine a way to attach the sensor.
(1) Easy to attach and detach the sensor with one hand, (2) it
must not interfere with the movement of the user, (3) the sensor
should not cause unwanted wrinkles on the fabric so as not to
impair the sensing accuracy and robustness, (4) there should
be no eyesore parts for the aesthetics, (5) it should be able to
protect the sensor from the working environment, and (6) it
should be possible to attach sensors to ready-made work clothes
with minimal modifications.

The method of inserting sensor along the desired sensing path
is selected for attaching bend sensor onto the smart work suit
considering requirements described above. The desired sensor
path satisfying the required principles is enabled by sewing
additional guide sleeves to hold the sensors on the inner surface
of the work clothes (Fig. 10). The sensor routing sleeves are
made of polyester to minimize friction that may occur during
the attachment or detachment of the sensors. After inserting the
sensor through the eye-button hole, the sensor module pocket
fixes the position of the sensor module.

III. EXPERIMENTAL METHOD

The developed smart work suit is evaluated using commercial
inertial measurement units (IMUs; Xsens Awinda) to verify the
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Fig. 10. (a) Sensor attachment method: Sensor guiding sleeve, pockets and
eye button holes design. (b) Sequential order to insert the sensor: The sensor
can be inserted through the eye button hole to be routed along with the PE guide
inside the sleeve.
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Fig. 11. Measured data from the sensing modules can be wirelessly monitored
and saved with multiple devices at the same time using iBeacon protocol which
does not require Bluetooth pairing sequence.

usefulness of the proposed smart work suit system and the sensor
routing method. The data of the smart work suit and IMUs are
recorded for various postures and motions to investigate the
effect of posture-dependent sensor dislocation. The linearity,
accuracy, and precision of the sensing system are calculated and
compared with those of an IMU.

During the joint angle measurement experiment (Fig. 11) of
the upper extremities, we placed the sensor on the work suit
using three different paths: elbow dorsal, lateral, and screw-type.
The subject wore the smart work suit, took three different
shoulder postures, and moved the arm in four different directions
(Fig. 12). For the experiment on the lower extremities, sensors

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022
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Fig. 12.  Experimental conditions to test the posture-dependent characteristics
of the sensor routing method. The subject took three different arm postures
(A: Attention, B: Arm forward, C: Arm sideward) for four different movement
direction (F: Flexion, P: Pronation, R: Rotation).

TABLE I
DIAGRAM OF THE INTERACTION BETWEEN COMPONENTS
BoASensor - Clothing | User
Sensing fgﬁ Sheath| (b) |Guide sleeve| (C) Body
wire

[Sensor output] [Routing path] [Joint angle]

were placed on the knee with dorsal and lateral routings to
measure the knee joint angles. Each movement was made eight
times.

IMUs attached to the subject’s wrist, upper arm, lower arm,
torso, pelvis, thigh, and shank provided the orientation of each
joint and limb. Orientation data were then integrated using
the OpenSim software, on which joint angles were calculated
through inverse kinematics using the OpenSense toolkit.

The angle-measuring performance of the smart work suit was
evaluated based on three criteria: linearity, precision, accuracy.
During human movements, the measurement of the joint angle
by the smart work suit largely varies depending on fabric de-
formation. Thus, it is important to evaluate whether the suit can
reliably measure joint angles for various postures.

The accuracy and statistical significance of the smart work suit
were measured and calculated using the joint angle measured
by the IMUs. In this study, the data from IMUs are presumed
ground truth and the accuracy of the IMUs is not taken into
account because the measurement of the joint angle is used for
estimating macroscopic worker movement patterns during the
work environment.

IV. RESULTS

First, we analyzed the sensing behavior of the sensing data in
terms of linearity. We also examined statistical significance in the
angle measurement results between the IMUs and smart work
suit to verify the performance and usefulness of the proposed
system. Table III, Figs. 15 and 16 present the mean and standard
deviation of the elbow and knee angle sensing experiments,
respectively to compare the statistical significance of the smart
work suit with IMUs. Table IV present the RMSE of the smart
work suit according to the sensor routing method in degrees and
percentages over the elbow range of motion 150°, respectively.
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TABLE II
NONLINEARITY AND HYSTERESIS ERROR FOR EACH ROUTING METHOD WITH
THREE POSTURES

Error of RO (%) A B C Avg.  Max.
Nonlienarity’ [ 343 273 271 | %) 383,

Dorsal 108 144
Hysteresist 6.84 14.4 11.2 (16..4) (27:3)
Nonlienarity | 579 406 341 | 302 3L3

Lateral 14.0 30.3
Hysteresis 303 7.64 4.05 (25'.7) (35:7)
Nonlienarity | 284 148 166 | 199 254

Screw ; 10.9 17.2
Hysteresis 172 7.60 7.98 (10.1)  (14.4)

Units in percentage error of rated output (RO), 150°.

*Nonlinearity: maximum difference of the sensor output from the ideal linear line.
tHysteresis: maximum difference of the sensor output of the hysteresis curve.
The values in brackets represent the results of the polynomial fitting.

Dorsal routing Lateral routing Screw routing

=
2 200 200 | 200
[=J
-
@ 150 150 150
el
o 100 100 f 100
2
© 50 50| 50
O
=2 o - 0 - o¥F
0 100 200 0 100 200 [} 100 200
Reference angle [°] Reference angle [°] Reference angle [°]
———  Attention ~— Arm sideward BN Linear fitting
Arm forward I Polynomial fitting
Fig. 13.  Measured angle with smart work suit in accordance with the reference

joint angle. Each color line - blue, yellow, and orange - illustrates data for three
postures with three combined moving directions - attention, arm forward, and
arm sideward, respectively. Here, solid black line indicates average value of the
measured angle. The grey and green thick lines illustrate linear and polynomial
fitting for each routing method.

A. Sensing Behavior

Fig. 13 shows the measured angle with smart work suit in
accordance with the reference joint angle measured with IMUs
for dorsal, lateral, and screw routing. Each line color represents
a specific posture combined with three movement directions.
In contrast to previous studies, the objective of this study is to
develop robust sensing methods in a variety of conditions, so
each plot includes a total of nine experimental conditions (3
postures x 3 directions), which exhibit some deviation.

There exists hysteresis loop in counter clockwise, which is
commonly observed in soft sensors due to elasticity, viscos-
ity, and friction. In the case of the smart work suit system,
this is assumed to be a backlash hysteresis that is observed
in tendon-sheath mechanisms [33]. The smart work suit is a
series of tendon-sheath mechanisms, as shown in Table I, and
has nonlinearity similar to tendon-drive systems. Fig. 14 shows
the cross-sectional view of the dead-zone model of the sensor.
Since the BoASensor estimates bending angles by measuring the
displacement change of the sensing wire inside the sheath when
the sensor bends [22], there is an inevitable dead-zone at the
early response due to the clearance between the inner diameter
of the sheath (d;) and the diameter of the sensing wire (d2). A
geometrical calculation can be made to determine the sensing
dead-zone (0 j..4), up to which the displacement of the sensing
wire does not change at the initial bend of the BoASensor. Here,
 illustrate the bend curvature of the sensor and Ad = d; — do
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Fig. 14.  Cross-sectional view of the dead-zone model of the BoASensor.

is the clearance.

1
Ogead = 2+ cos ! <1 — 5& . Ad> )]

The same principle applies to the relationship between
BoASensor and guide sleeve on clothing—Table I(b)—and to
the relationship between body and clothing’s sleeve—Table I(c).
These factors cumulatively increase the nonlinear region in the
relationship between the joint angle of the user and the sensor’s
output. Since the curvature of the sensor when measuring elbow
joint ranges from 0.01 to 0.015 mm-1, and the clearance of the
sensor is 0.3 mm (0.5mm of sheath inner diameter, 0.2mm of
sensing wire diameter), the theoretical dead-zone for BoASensor
is 6~8°, and the smart work suit should have larger dead-zone as
canbe seenin Fig. 13. There is a dead-zone of 10 to 20° for dorsal
and lateral routing. Using dorsal and lateral routing, BoASensor
measures the joint angle from the zero bending of the sensor,
so the dead-zone is unavoidable. Screw routing method helps to
alleviate these nonlinearities of Table I (a)—(c) by pre-bending
the sensor along the routing path. The routing path of screw
routing is pre-bent at the initial state removing the effect of
clearance in the relation Table I (a) and (b).

Additionally, the sensitivity of the sensor, which is a slope of
the output curve (deg/deg), increases with reference angle and
converges at a certain point. The elasticity of the mechanical
parts (the sensing wire, sheath, and tensioning spring in the case
of BoASensor) acts as a damping between the dead-zone and
the linear zone.

Table II presents the nonlinearity error and the hysteresis
error for each routing method with three postures. Each posture
includes three different moving directions. To simplify many
cases, errors are calculated based on the average measured angle,
with different moving directions for each routing method and
posture. It is observed that the lateral routing has the highest
nonlinearity error, 44.2% of RO and the screw routing has the
lowest, 19.9% of RO in average. The lateral routing also showed
the largest hysteresis error, 14.0% of RO while the screw routing
showed 10.9% of RO in average. Additionally, the lateral routing
had the largest maximum nonlinearity error and hysteresis error,
while the screw routing had the lowest maximum nonlinearity
error. Overall, the screw routing showed the best linear behavior.
In practice, the nonlinear behavior of the system can be further
reduced by fitting polynomials, which show 13.4% and 10.1%
nonlinearity and hysteresis error, respectively.

B. Precision

Precision was chosen as a performance factor for the proposed
system because the main contribution of screw sensor routing
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TABLE III
EXPERIMENTAL RESULTS OF SENSING PRECISION FOR ELBOW
Dorsal routing Lateral routing Screw routing
Motion Sensor A B c A B C A B C

D BoA 24.01 13.14 14.51 17.18 28.87 17.12 10.23 14.52 19.20
IMU 12.12 10.15 6.26 8.17 11.35 8.82 9.51 11.50 12.42
® BoA 18.68 13.19 13.61 16.00 17.10 15.84 12.49 9.13 18.29
MU 7.83 9.98 9.74 8.34 12.65 10.09 13.60 12.49 16.30
® BoA 10.44 19.23 18.42 23.03 18.07 15.03 10.69 18.15 12.55
MU 10.58 6.36 9.65 11.34 11.36 11.25 12.02 14.46 18.49
@ BoA 15.90 19.02 17.64 21.24 23.26 17.34 14.12 12.91 19.90
IMU 12.00 10.02 12.04 11.38 15.95 17.65 17.94 14.26 26.09
U-test p-value 0.200 0.029 0.029 0.029 0.029 0.343 0.886 0.686 0.886

Units in degree

A, B, and C indicate the posture of the Arm and (D—(@) indicate direction of motion for each postures.

TABLE IV
EXPERIMENTAL RESULTS OF SENSING ACCURACY FOR ELBOW

Dorsal routing Lateral routing Screw routing
Motion A B C A B C A B C
@D 2.92 8.18 10.74 10.14 22.19 16.65 7.39 9.42 13.83
@ 7.95 5.76 3.90 3.46 16.57 17.25 8.19 4.89 10.67
©) 3.11 19.82 3.90 10.85 2.73 7.57 6.20 3.67 3.38
@ 3.77 14.27 5.60 22.93 14.55 4.55 7.78 7.44 10.15
Sensing Error u:7.49,0:4.96 u:12.45,0:6.69 u:7.75,0:2.90

Units in percentage of elbow range of motion (150°), 4 : mean, o

: standard deviation

A, B, and C indicate the posture of the Arm and (D—(4) indicate direction of motion for each postures.
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Fig. 15. Elbow angle sensing results tracked by the smart work suit (in red)

and IMU (in blue) for the arm posture A, B, and C with various movement
directions in Fig. 12 for motion cycle phase. Solid lines indicate mean value
at the corresponding motion cycle, while the shaded area indicates standard
deviation.

is reducing the pose-dependent error of the smart work suit. Ta-
ble III presents the standard deviation of the joint angle measured
in the arm movement experiments, depending on the sensor
attachment locations, shoulder postures, and movement direc-
tions. It should be noted that the participants’ natural variability
of movement was a confounding factor. We tested for statistical
significance between the smart work suite and IMUs using the
Mann—Whitney U-test. The results of the U-test indicate that
the screw routing method had a closer level of precision as the
IMU data within the significance level of 5%; p-values were
0.886, 0.686, and 0.886 for postures A, B, and C, respectively,
while the dorsal routing and lateral routing failed to satisfy the
criteria; p-values of B and C postures for dorsal, and A and B
postures for lateral routing were 0.029. This can be explained by
the fact that the screw routing method can minimize the effects
of pose-dependent errors compared with the dorsal and lateral
direction routing methods.

The dynamic behavior of the screw routing method can be
visualized for three arm postures, A, B, and C, during the motion
cycle, as illustrated in Fig. 15. The shaded lines are centered

(A) (B)
200 o d 200 Eand
Smart Suit
150 IMU Data 150
8 8
S 100 & 100
j° 1
o o
50 50
0 0
0 20 40 60 80 100 0 20 40 60 80 100

Motion Cycle [%] Motion Cycle [%]

Fig. 16. Knee angle sensing results in motion cycle phase as tracked by the
developed suit (in red) and IMU (in blue) with the leg posture A and B. Solid
line indicates mean value ate the corresponding motion cycle, while the shaded
area indicates standard deviation.

at the mean value, which is drawn as a solid line, while the
width indicates the standard deviation from the mean. Fig. 16
illustrates the angle-sensing results of the sensor attached with
the dorsal routing for the knee joint. It has an average standard
deviation of 13.47°, confirming that the reliability is sufficient
compared with the IMUs, which have a standard deviation of
10.94°. The sensor attached with the lateral routing could not
properly measure the joint angle, owing to the excessive fabric
deformation.

C. Accuracy

Table IV present the experimental results for the accuracy
assessment of the elbow joint of the smart work suits with
various upper-body postures and sensor routing methods. It can
be observed that the screw routing method had the smallest
standard deviation with 2.90 and low sensing error with 7.75%
of RO for various upper body postures within the elbow range of
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motion (0-150°). Although the dorsal and lateral routing method
have the advantage that it can follow the elbow flexion owing to
its straight structure, it is vulnerable to the rotation of the sleeves
during various movements as depicted in Fig. 9(a). Thus, accu-
racy of the dorsal direction routing method varies significantly,
while screw routing can maintain a reliable performance. For the
knee joint, the sensor attached in the knee direction had RMSE
of 10.33° on the knee raising movement, which corresponds
to an error of 7.65% compared with the knee range of motion
(0-135°).

V. CONCLUSION

We proposed a smart work suit that can measure the move-
ments of the wearer using a modular bend sensor. It was verified
that the proposed sensor routing mechanism is advantageous
in increasing the sensing reliability with the work jacket and
trousers in a loose fit. The proposed system is affordable, with
which the sensing module can be manufactured at low prices
(under 30 USD) and with only a small modification—adding a
PE sleeve for sensor routing—a ready-made work suit turns into
a motion-sensing smart work suit. Despite the large measuring
nonlinearities of the smart work suit system due to the loose fit
of the clothing and the 1-dof sensing data, there is a compromise
between the usability and the performance. The linearity of the
system can be improved by minimizing the mechanical clearance
and friction along the system in Table I. Additionally, nonlinear
calibration can be adopted using a hysteresis model, such as
the Bouc-Wen model [33]. A neural-net based calibration is
another candidate [16], which has been used with soft sensors
in recent years. In order to distinguish the angle of the target
joint from various postures and combined motion, multi-degrees
of freedom sensors like IMUs should be used. The proposed
smart work suit can be utilized in various places, requiring a
simple interface, including manufacturing, warehouse, and even
athome or in the office. The collected motion data can be utilized
in the future to monitor the manufacturing process variables in
the factory-worker network or manage the work intensity and
health of the employee.
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