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Monitoring Elbow Isometric Contraction by Novel Wearable Fabric Sensing Device

Abstract:

Fabric-based wearable technology is much desirable in sport, as it is light, flexible, soft, and

comfortable with little interfere to normal sport activities. It can provide accurate information

on in-situ deformation of muscles in a continuous and wireless manner. During elbow flexion

in isometric contraction, upper arm circumference increases with contraction of elbow flexors,

it is possible to monitor muscles’ contraction by limb circumferential strains. This paper

presents a new wireless wearable anthropometric monitoring device made from fabric strain

sensors for human upper arm. The materials, structural design and calibration of the device

are presented. Using isokinetic testing system (Biodex3®) and the fabric monitoring device

simultaneously, in-situ measurements were carried out on elbow flexors in isometric

contraction mode with 10 subjects for a set of positions. Correlations between the measured

values of limb circumferential strain and normalized torque were examined, and a linear

relationship was found during isometric contraction. The average correlation coefficient

between them is 0.938+0.050. This wearable anthropometric device thus provides a useful

index, the limb circumferential strain, for upper arm muscle contraction in isometric mode.

Keywords: Muscle deformation, limb circumferential strain (LCS), normalized torque (NT),

fabric strain sensor
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1. Introduction

As the motor of the human musculoskeletal system, skeletal muscles have been attracting

great attentions of sportsmen, coaches and researchers [1-3]. For example, in the training of

barbell curl for weightlifters, the real-time contractile properties of elbow flexors, especially

intensity and efficiency of biceps brachii, are of the most interest to boost training results [4, 5]

and assist rehabilitation. Therefore, over the past decades, efforts have been made to monitor

muscle contraction continuously with noninvasive approaches [6-12], to correlate

bioelectricity of superficial skeletal muscles (surface electromyography [6, 7, 13-16]),

low-frequency oscillation of firing muscle fibers (mechanomyography [12, 16, 17]), as well

as changing in morphology parameters of muscles during contraction (ultrasound [8-11,

18] ),with muscular contraction status.

Due to the inherent defect of susceptible to environmental noises, surface electromyography

(sEMG) was observed with under- or over- estimation occasionally in indexing the muscle

contraction [15]. The mechanomyography (MMG) has been facing similar dilemma, only in

the low-frequency band [17, 19]. In contrast, the ultrasound technology has been applied in

detecting morphological deformation of skeletal muscles in real-time, which is more direct

and stable. Through image processing of cross-sectional area of skeletal muscles, the

morphological parameters, such as the changes in cross-section area [8, 9, 18, 20] and muscle

volume[10, 11], muscle thickness and fiber pennation[7, 16, 21] of skeletal muscle have all

been reported as index of contractile force during contraction, and correlations between the

morphological parameters and generated joint torque were achieved[7, 16, 22, 23]. The

3
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ultrasound method, relying on image processing technologies, induces errors caused by

environmental noises. Moreover, the reported devices were expensive, not portable thus only

limited to laboratory use, not applicable in the sport field.

During muscle contraction, myoin filaments and actin filaments in the muscle fiber embraces

each other, leading to the shortening in length and enlargement in cross-sectional area. For

parallel-fibered muscles such as biceps brachii, the accumulated thickening in activated

muscle fibers directly causes the whole muscle to expand in cross-sectional area [24, 25].

This provides possibility of indexing muscle contraction status with real-time anthropometric

parameters such as circumferences of some limbs (upper arm), whose contractors (biceps)

dominate the increment of circumference during contraction. This would be a direct, portable

and convenient method if successful [26-28]. For in-situ measurement, a flexible device is

required to be worn on the curved and soft human skins in motion.

Recent years have seen arising and improvement of the wearable monitoring technologies

[29-33]. Among those published works on anthropometric measurement, a wearable muscle

circumferential sensor was developed to predict contractile force of biceps brachii during

isotonic contraction based on a modified Hill’s model [34]. However, the device was made of

rigid metal wire, not soft enough. The circumference-to-torque model replaced

electromyography with the relative changing rate of circumference of the upper arm as

muscle activation level, which was a bold attempt that requires strong justifications. The error

between the predicted torque and the measured torque during elbow isotonic contraction was
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as large as 38%. This was attributed to the lack of fundamental study on the relationship

between muscles’ contraction and limb circumferential strain.

To explore the basic biomechanics and to better explore the relationship between skeletal

muscle’s contraction and limb circumferential strain, this paper describes a novel approach to

monitor muscle deformation using a newly developed wireless limb gauge measurement

system (LGMS) based on fabric sensing technology. The fabric sensors are flexible and ideal

to seamlessly contact human skins, stretchable repeatedly with a large deformation up to 60%

strain, durable with a fatigue life of 100,000 cycles as well as reliable with a measurement

error of <5% and small hysteresis of +3.5%. Equally importantly, the fabric-based system can

continuously measure limb circumferential strain (LCS) in real time without any discomfort,

which makes it wearable and superior in portability and convenience in sports monitoring

systems. As the very initial part of the study of muscles’ deformation during elbow

movements such as barbell curl, which is indicated by the LCS, this paper mainly focus on

the sensing mechanism and basic sensing behavior of the LGMS in elbow isometric

contraction. The observed results establish and consolidate the relationship between muscle

contractile force and the acquired anthropometric parameter, LCS, obtained from the fabric

SEnsors.
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2. Structural Design, Materials, fabrication and Calibration of the LGMS

2.1. Hypothesis and structural design

Previously, various parameters have been used for muscle contraction abilities and contractile
force. Static cross sectional area has been used as an index for muscle contraction abilities
[23], while other continuous anthropometric measures, such as muscle thickness and limb’s
circumferences can reflect the contraction states of skeletal muscles in motion, since skeletal
muscles’ contractions are always accompanied by their morphological changes. Investigations
on upper extremities or lower extremities through ultrasound detection have proposed
relationships between muscle thickness and torque, which is the representation of the
contractile force [7, 16, 23]. Several published papers correlated limb circumference with

torque [26, 28, 34] without elaborating its underlying mechanism.

Width

Thickness
Thickness
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Figure 1 (a) Cross-section view of human upper arm, with biceps relaxed (left) and contracted
(right), (b) Simplified model of the morphological change due to biceps contraction: relaxed (left);
contracted (right)

Figure 1(a) and (b) illustrate the schematic and geometric interpretation, respectively, of how
LCS represents the contraction levels. Figure 1(a) shows the cross section of human upper
arm in relaxation and in 33% maximum voluntary flexion, respectively. The two sectors in

Figure 1(b) depict biceps and the other tissues.

Accordingly, the muscle thickness can be an index for muscle contraction, while muscle
volume seldom changes during contraction [35]. Hence, one can reasonably assume that the

reduction in width is caused by the lengthening in the thickness, i.e.,
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where C;is the upper arm circumference of the cross section in relaxation, C,is the

circumference of cross section in contraction, C, is the circumference of the other

un-deforming sector (representing triceps and brachialis, whose morphologies are considered

unchanged during contraction), y 1is the angle of the deforming sector and is approximately

equal tor, d is the radius of the cross section in relaxation and is also the initial thickness,

¢ is the strain along the thickness direction, and v is Poisson ratio of the muscle. Based on the

assumptions, a linear relationship can be derived between ¢ (strain in thickness direction)

and LCS, indicating that circumference of human upper arm may serve as an index of

deformation of biceps during contraction, which is in accordance with previous works [26].

2.2. System structure

A flexible and soft limb gauge measurement system, as shown in Figure 2(a)), was designed,

fabricated and characterized. The system can continuously measure the circumferences of

limbs in motion and wirelessly sending the real-time signals to PCs or smart mobile phones

via low-power Bluetooth. The system consists of three parts, i.e., fabric sensing belt, data

acquisition/transmission module (DAQ), and user interface on a PC (Figure 2(b)).
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Figure 2 (a) Structure of sensing belt, DAQ and sensing belt of LMS with fabric strain sensor
inside, (b) User Interface of the LMS

2.3. Fabric strain sensors and the sensing belt

The belt is composed of several sensing elements in an array, i.e., fabric strain sensors (FSSs)
(Figure 3(a)), which were obtained from Advanpro Limited, Hong Kong. Fabricated by
printing carbon nano-composites on a knitted fabric, the FSSs have been successfully applied

in the field of smart textiles, including the pressures sensors for impact sensing[36], smart
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shoes [37-39] to detect and prevent possible damages of the diabetics and the smart belt for

monitoring the heart rate and respiratory rate in real-time [38, 39].
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Figure 3 (a) The fabric strain sensor, front (left) and back (right), sensing area Smm*25mm, (b)

Mechanical-electrical properties of the FSS, (c) Effect of out-plane pressure on the resistance rate

of FSS

The FSSs are soft, flexible, stretchable for a large deformation and capable of serving under a

fatigue limit of about 100,000 cycles for a fairly broad working range of 60%. These merits

10
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make FSSs feasible and suitable for human daily-wear equipment such as shoes, shirts and

belts. The strain gauge factor of the FSS can be adjusted according to application

requirements [38]. The measuring error of FSS was controlled within 5% and hysteresis was

as low as +3.5%. In the present study, the s-shape FSS (Figure 3(a)) was selected for its stable

mechanical-electrical performance (table 1). Silicone elastomers were coated on both sides of

the s-shape FSSs to prevent moisture and other disturbance from the environment.

Table 1 Performance specifications of fabric sensor elements

Performance Sensor element
Strain measurement range 0-60%
Linearity +5%
Repeatability +5%

Hysteresis +5%

Gauge factor 1-100

Working temperature 0-60°C

Fatigue resistance >100,000 cycles
Temperature compensation range 0-60°C
Relaxation +5%/30min
Zero-drift with time +5%/h

Figure 3(b) illustrates a representative 10-cycle loading-unloading calibration curve of
strain-resistance rate of the FSS (on INSTRON™ 5944), which shows a good linearity of
0.996, low hysteresis of £3.16%, low stiffness of 1.16N, and good repeatability. In addition,
the effect of the out-plane pressure on FSS was also studied, and with a measuring error not

higher than 0.1% (Figure 3(c)) and thus being negligible up to 60kPa.

In order to detect in-position strain around human limb (human upper arm in this study),

multiple FSSs were assembled with a 5% pre-tension on an elastic carrier made of fabric belt,

11



Monitoring Elbow Isometric Contraction by Novel Wearable Fabric Sensing Device

which was selected for good elasticity and good resilience (table 2). The FSSs and the carrier
were protected by a covering package. Antiskid granules stuck on the inner side and on the
covering package prevent sliding between skin and the belt, ensuring that local strains
measured by the FSSs are in-position (Figure 4). Enameled copper wire in a zigzag pattern
was used to electrically and physically connect the N FSSs to outer circuits in a ‘n+1’

array, in which one electrical wire was adopted as ground line.

Table 2 Mechanical properties of the carrier (Standard: BS EN 14704, Specimens were held for
15 min)

Unrecovered  Modulus/N

Dimensions Ratio of Force
extension (0%~60%
(width*length*thickness) Decay (%)
(mm) elongation)
20mm*100mm*1mm 6.56 12.62 11.43

Antiskid granules
[=)

Covering| package

Sensor carrier

Figure 4 Structure of the sensing belt

12
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To obtain an evaluation of the circumferential change of the belt, dimensions of the FSSs and
in-position strains measured by the individual FSSs were required to calculate the
circumference of upper arm and its change ratio (LCS). Therefore, FSSs were uniformly
distributed around the carrier, except for the beginning and ending parts, which were occupied
for wires’ connection and calibration procession. A preliminary test in the cyclic flexions and
extensions of elbow verified that strains measured by the FSSs were in exactly similar trends
regardless of the position of the FSSs, owing to the fact that biceps brachii dominates

circumferential strain of the upper arms in motion (Figure 5).
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Figure 5 Similar trends of strains measured by FSSs in different positions

The sensing belts of various sizes were fabricated for different size of human upper arms.
Since a maximum contact pressure of 4.3kPa/50mmHg [40] on human skin is commonly
accepted and considered by many researchers and clinicians to be the safety limit to avoid

ulcer due to micro-circulation damage, the size of belt should suit for different size of human

13
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limb. A simple cylinder model of human limb is adopted to estimate the pressure exerted on
human skin. Preliminary tests indicated that for ordinary people, the circumferential strain of
the subjects’ upper arm would not excess a maximum value of 25%. According to the cylinder
model, the relation between pressure and strain of the belt is as below

27 2

p_2% F 27 . 250 <43kPa 6)
bl b

Where P is the pressure exerted on human skin, F is the tension in the belt, bis the
breadth of the belt, | is the original length of the belt, K (Unit: N) is the stiffness of the

sensing belt.

Most ordinary sizes of the limbs in the upper arm were considered, and the belts were selected

accordingly (table 3).

Table 3 Designed belt size for different sizes of human upper arms

Size of sensing belts Designed size  Suitable for upper arm size

(cm) (cm)
XS 24 25-27
S 26 27 -31
M 29.5 31-34
L 32 34-37

2.4. Data acquisition module and data processing

A data acquisition/transmission module via Bluetooth for LMS (Figure 2(a) has been
developed. Through the ‘n+1’ array, voltage signals on the FSSs were extracted from
voltage dividers (Rref = 30 k€, 3.3 V supply by the Li-ion battery) and sent to the embedded

analog-to-digital (A/D) converter. Real-time resistances of FSSs were then calculated through
14
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digital voltage and transferred to PC via Bluetooth antenna.

Rref

V, =—=—V,
Rref + Rs

3)
Rs = Rref [VO _Vs}

V

S

where V, is the voltage of the FSS, V;is supplying voltage, R is the resistance for

ref
reference and R, is the resistance of the FSS. The DAQ module with a small size
(1.5cmx3.5cmx4.5cm) and light weight (about 30g), was packaged tightly to be wearable for
daily use or sports training purpose. The sampling frequency of the LMS was set to 32Hz in
this work, which is adequate to capture muscle deformation during motion, and its

rechargeable battery (integrated in DAQ) can serve for 2 hours, which is sufficient for most

training uses.

Resistance of FSSs in the sensing belt were captured and transferred by DAQ to user interface
on remote PC and processed to obtain current strains of FSSs. Figure 3(b) reveals the linear
electrical-mechanical properties of the FSSs within their effective measuring range. Once the
slope of resistance ratio over strain is obtained from the LMS calibration, strain of FSSs can

be measured from their resistance rate:

s 0 _K.g
RO S (4)

where R, is the resistance of the FSS at current strain ¢, R, is its initial resistance and K

is the slope obtained from calibration of the LMS.

The limb’s circumference can be calculated using the strains measured by the FSSs in the
15
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sensing belt, whose overall length consists of length of the FSSs and the gaps between them

(Figure 4). Circumference of the sensing belt (LC ) can be calculated as:

’*1]+CN'(1+a-S”;Slj (5)

where, L is the origin length of the ith FSS, S, is the strain measured by ith FSS ands,,

LC= > Ly-(1+s,+5)+ D C (1+a

I<i<N 1<j<N

is the pre-stretching strain of ith FSS and C; is the gap between two adjacent FSSs.

The formula above is based on the assumption that tension of the gap C; is approximated by

the average of the tensions at its two ends:

(k +k )2(3 +5,,): (LSJ_ +LSM):kc.gcj C,

(k, +k, )L
8cj Nkc—cj 2(3 +S]+1) a-

(6)
S; +Sj,1

2

where K and K_are the stiffness of the FSS and carrier, respectively. &, denotes the strain

of the jth gap between jrh sensor and j+1th sensor, and L, is the average sensors’

S

length around the sensing belt, i.e..
_ 1
L =3 Z (7)

The above formula has already taken into consideration that the stiffness of the belt is not
uniform along the length direction. The FSSs increased the stiffness of the belt and made the
sections containing FSSs stiffer than the gaps. The obtained circumference is finally

transferred to circumferential ratio, the LCS, which is apparent the strain of LC.

16
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2.5. Calibration

Before been mounted on subjects for tests, sensing belt of the LMS was calibrated with a
lab-made device (Figure 6). Fixed on the shafts, the sensing belt was stretched firstly to 5%
strain and then 15% strain to obtain the strain sensitivity of each FSS. Only then can the
in-position strains be measured and the LC and LCS are calculated.

Sensing belt

Fixed l Fine tuning
shaft for moving

L OO G T A C AT LA AT )

Moving shaft

Figure 6 Calibration device

2.6. System features of LMS

The LMSs designed for the human upper arm cover a size range from 25cm to 37cm,
sufficient for a wide variety of ordinary people. After calibration, cyclic test (5%~30% strain)
and relaxation test was conducted with INSTRON® 5944 for the LMS of XS size (designed
size 24cm), revealing a measuring accuracy of +5% and a zero drift of about 3% within
12min. Figure 7(a) shows typical correlation between measured stain and real strain, with a
good linearity of 998%o. Figure 7(b) and (c) illustrates the real strain applied by INSTRON

and measured strain by LMS during cyclic loading-unloading test, respectively.

17
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Figure 7 (a) Typical curve of measured strain-real strain of LGMS, (b) Real strain to time during

cyclic loading-unloading test, (c) Measured strain to time during loading-unloading test.

Resistance relaxation causes errors for conductive materials under applied tension or
compression. In the relaxation test, in which the sensing belt was stretched and held at 20%,
an error due to relaxation of 8% strain was observed in the first 5 seconds, as long as one
attempt in the isometric test could take at most. However, since the holding and relaxing
phase of skeletal muscles was difficult to study [23], most of previous works were based on
the loading phase of skeletal muscles instead of relaxation phase [6, 9, 15, 16, 34]. Hence in

the current research, only the loading phase was analyzed.

3. Experimental

3.1 Subjects and setup

10 healthy right-handed male subjects participated in this study, including 2 professional
19
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canoeists and 8 ordinary healthy persons, aged from 15 to 32 years old, with height between

164 and 175cm and weighted between 62 and 79kg. The institutional research ethics

committee reviewed and approved this research. All subjects signed the informed consent

form before participation. Of all the 10 subjects, LMS data of subject 1 to 8 will be analyzed

in this research. The 2 professional canoeists took part in an experiment where the

comparison between EMG and the LMS was made. Before the experiments, consents on data

privacy and testing risks were obtained. Physical characteristics of the subjects were

summarized in table 4.

Table 4 Physical characteristics of subjects

Subjects A Upper arm
e
No. g Height Weight Dominant Circum.
) (Years  Gender BMI
(ordinary (cm) (kg) Hand (extended and
old)
persons) relaxed) (cm)
1 29 M 175.0 72.5 237 R 27.5
2 31 M 164.0 68.0 253 R 28.0
3 31 M 175.0 70.0 229 R 29.2
4 29 M 175.0 79.5  26.0 R 33.0
5 24 M 164.0 63.0 234 R 30.0
6 25 M 174.5 64.5 21.1 R 28.0
7 35 M 175.5 72.0 233 R 29.0
8 32 M 174.6 66.1 217 R 29.5

After the calibration, the sensing belt was mounted on the location of the maximum

circumference of one subject’s upper arm with flexed elbow at 120; as shown in Figure 8(a).

The subject was seated and firmly fixed on Biodex machine (Biodex isokinetic testing system

3, New York, USA), which measured and recorded the elbow position and the generated

torque of the elbow. Subject’s right elbow was placed on a fulcrum appropriately to make axis

of the elbow overlap the axis of the lever arm, so that flexion and extension of the elbow

could be freely made. Elbow attachment of the elbow was adjusted properly so that the
20
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subject’s elbow could flex in a plane parallel to the one that the level arm swept in. The

Biodex system was prepared and set to isometric mode. Normalized torque (NT) -time curves

were obtained for each subject.

1) Acromion

1 Olacranon

1 Humerus

4 Mounting location

(b)

Figure 8 (2) Mounting location of the sensing belt on subject’s upper arm, (b) Experimental setup

An impulse circuit generated an impulse as a synchronization signal and sent it to two laptops.

21
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One was connected to Biodex, which recorded the elbow position and torque signals at a
sampling rate of 1500Hz; the other functioned as a receiver of the LMS via Bluetooth,
sampling rate of which was set to 32Hz. The two sets of data, that is, the torque values from
Biodex and circumference values from the LMS were compared and correlated. Setup of the

experiment is shown in Figure 8(b), in which the elbow position was fixed at 30°.

3.2. Testing protocol: Isometric contraction test

The generated torque (= F -m,m is the moment arm of biceps to the elbow joint) has been a
commonly used representation of contractile force of the skeletal muscles such as biceps in
upper arm and quadriceps in thigh [7, 15, 16, 34], especially for isometric contraction mode,
in which joint position keeps unchanged and the moment arm (M) of the skeletal muscles to

the joint keeps constant during movement.

The level arm of Biodex was fixed to different positions, 30°, 60°, 75° 90° and 120°,
respectively. For each action, the subject was encouraged to perform a maximum voluntary
isometric contraction (MVC, the maximal measured value of torque) against the fixed level
arm, hold on for 2 seconds and then relaxed. Each action was followed by a 1-min rest to
avoid muscle fatigue. Two trials were taken for each position. Real-time torque was shown on
the screen of Biodex, and real-time circumference was displayed on program interface of the

LMS on PC.

22
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4. Data Analysis

Real-time torque is normalized by MVC of the same subject during all the isometric tests,
which yields NT, while LCS is as defined in Equation 1. The typical raw data of the real-time

NT and real-time LCS are plotted in Figure 9(a).
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Figure 9 (a) Typical normalized torque (NT) and limb circumferential strain (LCS) during

isometric test, (b)Definition of loading phase (t, —t,)

During the isometric contractions, torque generated by biceps went through loading phase,

23
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holding phase and relaxation phase, in sequence. Since it was much more complex to analyze
skeletal muscles’ performance during relaxation [23], and holding phase could not reflect
dynamic change of circumference or torque, attention was only paid to the loading phase,

which is defined in Figure 9(b).

Linear regression between the NT and LCS was performed for each trial and for each subject.
Two dominant target parameters were studied, i.e., the proportional ratio and the linearity of
the regression between the NT and LCS. The normalized torque and LCS during the loading

phase of isometric mode and the proportional coefficient (¢ ) of NT to LCS are calculated as

below:
NT = L;
max (T)
)
NT
a=——
LCS

where T is the generated torque, LCS is the limb circumferential strain, as defined in (1), «

is the ratio between NT and LCS.

In order to evaluate the result of the regression between parameters, the correlation coefficient

is calculated from the following formula:

conv(X,Y)

R () o(Y)

)

where conv is the operator of convolution, X and Y denote two different discrete

time-variant sources of data collected, respectively.

24
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Torque and upper arm circumference were conducted simultaneously on subjects, to verify

the relation between LCS and NT. Curve fittings were performed using the following linear

forms:

NT =a-LCS + S8

(10)

The fitting coefficients «,f are determined by the least square method. « is the

proportional ratio of NT to LCS and [ denotes the fitting error. For the 8 subjects in

isometric contraction, correlations were calculated as aforementioned. LCS and the NT are

curve-fitted using the linear function as above.

5. Results and Discussions

5.1 Results

Ratio of the NT over LCS (« ) and the correlation coefficient ( R ) with regard to subjects and

positions are summarized (see table 5 and table 6, proportional ratio of NT/LCR (& ) and

correlation coefficients (R) of NT and LCS for every Isometric MVC of subject 1-8) and

shown in Figure 10(a) and (b) respectively.

Table 5 Ratio of NT/LCR (@ ) for every Isometric MVC of subject 1-8

Subject No. 1 2 3 4 5 6 7 8
Position

0° 64.32 1430 22378  35.10 9.74 18.70 2195 33.96
0° 61.56 2491  281.04 14.84 11.39 7.18 19.55 17.33
30° 27.55 1549 31.10 2436 1653 21.05 15.62 8.96
30° 3495 29.83 31.03 5195 1812 11.50 16.76  13.97
45° 27.19  29.98 39.44 15.42 11.96 7.29 11.58 11.94
45° 28.92  33.84 86.80 21.50 14.04 7.47 9.39 14.21
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60° 24.17  45.09 67.00 27.22 9.05 5.21 9.65 11.63
60° 2177 29.98 13.07 21.88 10.18  12.87 8.32 9.66
90° 7.96 28.52 7.95 27.26 8.33 7.18 8.05 9.69
90° 8.90 16.83 6.44 25.50 9.62 9.93 10.65 12.78
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Table 6 Correlation coefficients of NT & LCR in isometric maximum voluntary contraction of

subject 1-8
Subject No.
Position 2 3 4 > 6 ! 8

0 0.9450 09164 0.9645 09071 0.7088 0.9852 0.8988 0.8878

0.9804 09881 0.6883 0.9868 0.8438 0.9098 0.8202 0.9424
30 09816 0.7855 0.9468 09773 0.8034 0.9249 0.8842 0.9731
30 0.9625 0.9955 0.9625 0.8272 0.9486 0.9532 0.9002 0.9783
45 0.9566 0.9857 0.9811 0.9902 0.9810 0.8422 0.9314 0.9682
45 0.9739 09756 0.9900 0.9625 09781 0.8861 0.8830 0.9870
60 0.9749 09705 09769 0.9646 0.9068 0.9584 09129 0.9633
60 09782 09775 09733 0.9929 09708 0.7234 09162 0.9740
90 0.9655 0.9804 09727 09810 0.9598 0.9296 0.9374 0.9354
90 0.9356 0.8854 0.9534 0.8955 0.9698 0.9756 0.9686 0.8804
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30 degree
30 degree )
60 degrees

(b)
Figure 10 (a) Ratio of NT/LCS (& ) for every Isometric MVC of subjects 1 to 8, (b) Correlation
coefficients of NT & LCS in Isometric MVC of subjects 1 to 8

Proportional coefficient of NT to LCS (coefficient ¢ ), which stand for the sensitivity of
contractile force of biceps brachii to the upper arm’s circumferential strain (LCS), was
summarized in table 7 for the eight subjects, as well as the correlation coefficients of LCS vs.
the NT of the eight subjects (1 to 8). The correlation coefficients R are observed generally
good, showing a good linear relationship between NT and LCS. The mean correlation

coefficient of the trials is 0.938+0.050 (Mean+Std). Meanwhile 79% of the trials show
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correlations higher than 0.9 and 51% of the trials endure correlations higher than 0.96.
Two-factor ANOVA (analysis of variance) was performed on the correlation coefficients to
derive the effect of the elbow positions and subjects. The results suggest that there is no
significant difference between positions ( p =0.258) as well as subjects ( p=0.389), which

implies that the linear relationship between the NT and LCS is generally held.

The average proportional ratios ¢ between the NT and LCS for the 8 subjects were listed in
table 7, ranging from 10.90 to 30.73. Two-factor ANOVA calculation indicates that there is no
significant difference among the subjects ( p =0.136), however, the individual difference is
significant among the total five elbow positions ( P =0.0005). The effect sizes for both the
difference among subjects and difference among joint positions are 0.13 and 0.28,
respectively, both are deemed large according to Cohen[41]. In other words, the sensitivity of

NT to LCS during isometric contraction is strongly affected by positions.

Table 7 Summary of fitting coefficients (proportional ratio ¢ and fitting error ) and the

correlation coefficients (R )

) 2 3 4 5 6 7 8 Avg
Subject No.
Fitting Coe.
Mean 30.73  26.88 3535 2650 1190 10.84 13.15 14.41
“ Std 1898 945 2875 10.71 331 5.31 497 732 \
B(%) Mean -399 524 642 996 11.11 1720 1838 1.57
Std 939 10.89 935 995 10.05 13.72 5.01 13.09
R Mean 0964 0946 0.970 0.949 0.907 0.909 0905 0949 0.938

Std 0.016 0.067 0.014 0.055 0.093 0.078 0.040 0.038 0.050

Table 8 Physical information of subject 9 and 10
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Age . . , Upper arm Circum.
. Height Weight Dominant
Subjects (Years  Gender BMI (extended and
(cm) (kg) Hand
old) relaxed) (cm)
1. canoeist 15 M 170.2 634 219 R 28.0
2. canoeist 17 M 173.4 62.5 208 R 28.5

The feasibility of monitoring muscle contraction using LCS was indicated and further tested
with 2 canoeists (see table 8, physical information of subject 9 and 10) on elbow isometric
contractions. Besides torque and real-time LCS, surface electromyography (sSEMG) was also
measured simultaneously. Previous work [7, 16] have observed exponential relationships
between normalized SEMG RMS and torque as well as between sSEMG RMS and muscle
deformation. Hence, the curve fittings of sSEMG and were performed using the following

forms:

LCS = a(l—e’b'E')
NT =a-LCS+ (11)
NT =g(1-e"*)

where NT  is the normalized torque, E, is normalized EMG RMS. Typical correlations among
those 3 sources of signals are shown in Figure 11. The coefficients results, a,b, &, 5, g and h

are determined by the least square method, and are summarized in table 9.
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Figure 11 Typical relationships among normalized sSEMG RMS, normalized torque and LCS

Table 9 Coefficients of regression among SEMG RMS, NT and LCS during isometric contraction
at 30° flexion

. . . i Subject  Mean
Coefficients obtained through fitting Subject9

10 +Std
Exponential coefficient between E, and LCS (b ) (x107?) 1.45 2.14 1.75
+1.36  £1.22  +2.58
Goodness of fitting between E, and LCS (r?) 0.979 097  0.975
+0.025 +0.028 +0.053
Linear coefficient between NT and LCS (&) 25.6 28.2 26.8
+11.6 161  £27.7
Good  fittine b NT and LCS (1 0967 0956  0.962
oodness of fitting between an (r?) 10027 £0.032  £0.059

Exponential coefficient between normalized SEMG RMS and
NT(h) (xlO_z) 2.75 491 3.83
+1.9  +195 +1.92
Goodness of exponential fitting between normalized SEMG RMS 0.981 0.96 0.97
and NT (r°) £0.025 +0.028  +0.049
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The exponential coefficient, b, between the normalized SEMG RMS and LCS is 1.75, with a
goodness r?of 0.975. Comparison was made between current results and previous published
works on torque, muscle thickness and SEMG RMS [7, 16], as the LCS was induced by the
variation of biceps’ thickness. The goodness of fitting is better than previous work
(0.869+0.048), but the average exponential coefficient (1.75 xlO_z) is smaller than previous

published results (3.41x107).

Linear coefficient between the normalized torque and LCS is 26.8+13.7, the goodness of
linear fitting is 0.962. The good linear relationship between the NT and LCS also confirmed
that LCS can serve as an index for contraction of muscle. This linear relationship occurred in
all subjects under this study although individual subjects may have significant variation in the

slopes of the curves, or proportional coefficient &t .

Regressions among sEMG RMS, NT and LCS show an exponential relationship between
SEMG and LCS, and the linear relationship between NT and LCS was re-confirmed. As LCS

is another index for muscle deformation in thickness, these results were expected [7, 16].

The effective sample size should be pointed out to verify the validity of the results. With a
power of 90%, correlation coefficient of 0.90 or higher to confirm a linear correlation, 0.80 or
lower (correlated but ill-linear) to deny the linear correlation and the obtained standard

deviation of 0.050, it can be derived that a minimal sample size of 5 subjects is required to
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successfully recognize the linear correlation between LCS and NT. In this work, the sample

size was satisfied by 10 subjects.

5.2 Discussions

As mentioned before, since the relaxing phase of skeletal muscles is difficult to predict [23],

most of previous works have been focused on the loading phase of skeletal muscles instead of

relaxation phase [6, 9, 15, 16, 34]. In current research, only the loading phase of isometric

contraction has been analyzed up to now.

According to Equation 1, during elbow isometric contraction with a certain fixed position, the

LCS of upper arm should be in a linear relationship with NT. However, the measured values

of LCS and NT do not reveal a perfect linearity (0.9375+0.0499). Three possible factors

might contribute. First, the deformation of other skeletal muscles (such as triceps and

brachialis) did occur and contribute to the circumferences’ variation during elbow flexion, but

was considered small and ignored. Hence, the LCS could not fully represent the deformation

of the biceps as assumed. Secondly, the small pressures (less than 33mmHg) exerted by the

sensing belt might still hinder biceps’ free deformation. Skeletal muscles are not rigid during

contraction and can be squashed under pressure. However, to which extent could this pressure

effect the LCS has not been considered in this work. Thirdly, the belt is assumed to contact

firmly and intimately with human upper arm, and the slippage on the arm is ignored. Stress

relaxation of fabrics may also cause error [38], even though the LMS was calibrated for each

subject before each test. After long-time use, a sensing belt may not be tight as it was initially,
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especially for later subject(s) with slim upper arms.

Subject 3 was observed with abnormally high proportional coefficients (223.78 and 281.04)
for initial position 0°, as in Figure 10(a). Some possible reasons may jointly be addressed. If
somehow the sensing belt was mounted lower than target location, the sensing belt could be
loose and very small strain would be detected. Meanwhile, subject 3 was observed with thick
fat in upper arm (although the BMI of subject 3 is 22.9), which could also obscure the
circumferential strain measured during contraction. For 0° position in isometric contraction,
the max LCS measured is 0.4% for subject 3, while for other subjects it is higher than 1.5%.
The error in LCS measurement can finally lead to the over-calculation in proportional

coefficients.

The fitting error S is the intercept of the NT-LCS linear fitting on the NT axis, and is
affected by the initial status of each test. Torque and limb circumference were measured
simultaneously, and according to the test protocol, each test should start from relaxation.
However, it’s difficult to hold the lever without exerting any torque on it. For an extreme
example, during isometric contraction of 90° position, subject 6 held the lever tightly and the
torque measured by Biodex started from 24.5 N -m other than from around O N -m. In this

case, the fitting error 3 was found as high as 40%.

According to Equation 10, the proportional coefficients represent to which extent the

voluntary muscle (biceps brachii) deforms during contraction. Although linear relationship
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was found between NT and LCS (as in Figure 10(b)), and the proportional coefficients are

sensitive to positions, individual variation in proportional coefficients was observed between

subjects. Correlation between maximum voluntary contractions (index for strength) has been

calculated and proportional coefficients is -0.482, showing there is no correlation between

them. These findings reveal the un-even proportional coefficient for different joint positions

and for different subjects, implying the importance of studying the proportional coefficient for

subjects in kinetic contraction modes, such as isokinetic contractions and isotonic

contractions. Moreover, the detecting of joint position appears essential for an independent

monitoring of contraction (currently the joint position was detected by the Biodex®).

The chosen FSSs in the LMS have similar mechanical-electrical properties. However, as

viscoelasticity has been observed on the FSSs [38, 39], time-dependent creep effect of the

FSSs in the LMS is inevitable, of which initial-resistance-drift is one of the consequences. In

this study, LCS was utilized other than LC to represent the circumferential deformation of

upper arm during contraction and the error caused by sensors’ creep is automatically

eliminated.

Based on the novel fabric strain sensors, the novel wearable fabric sensing system, LGMS , is

gifted with the merits of lightweight, portability, comfort and suitable for not only research in

lab and clinic, but also for fitting and sport training. However, the validity of indexing muscle

contraction with LCS relies on successfully extracting the increments of circumference due to

contraction. With the relaxation effect of FSSs, the measured LCS is inaccurate at small
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values in extreme circumstances such as muscle fatigue or muscle pump due to excessive

training, both should be avoided from working condition of the sensing device.

6. Conclusions

The paper describes a novel flexible and convenient limb anthropometric measuring device

consisting of a series of FSSs, aiming to collect an anthropometric perimeter, that is, the upper

arm circumference and its change ratio, the circumferential strain, during elbow flexion in

isometric mode. During loading phase of isometric contraction, the normalized torque and

limb circumference strain demonstrate a very good linear correlation. The experimental

results confirm that the limb circumference is a useful index for muscle contraction of up-arm

in isometric contraction.

More importantly, this work shows significant differences in normalized torque and limb

circumference strain for the loading phase of isometric contraction at different positions,

which implies that the ratio between torque increment and circumference increment highly

depends on joint positions which may be one of the most important contributors to big error

in [34]. The effects of joint positions are incorporated into our study of isokinetic contraction

mode, and will be reported separately.

This work opens a door to an exploratory study of limb circumference strain as an index to

monitor muscle deformation of other modes (isotonic and isokinetic) of contraction and

different limbs and skeletal muscles. Additionally, the measurement system has been designed
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for wearable and easy use in training so that its application for real-time measurement of

muscle deformation and torque generated is feasible.
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