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ABSTRACT

Previous studies related to monitoring muscle fatigue during dynamic motion have focused on
detecting the accumulation of muscle fatigue. However, it is necessary to detect both accumulation and
recovery of muscle fatigue in dynamic muscle contraction while muscle load changes continuously.
This study aims to investigate the development and recovery of muscle fatigue in dynamic muscle
contraction conditions following continuous load changes. Twenty healthy males conducted repetitive
elbow flexion and extension using 2kg and 1kg dumbbell, by turns. They performed the two tasks of
different intensity (2kg intensity task, 1kg intensity task) alternately until they felt they could no longer
achieve the required movement range or until they experienced unacceptable biceps muscle discomfort.
Meanwhile, using EMG signal of biceps brachii muscle, fatigue detections were performed from both
dynamic measurements during each dynamic muscle contraction task and isometric measurements
during isometric muscle contraction right before and after each task. In each of 2kg and 1kg intensity
tasks, pre, post and change value of EMG amplitude (AEMG) and center frequency were computed
respectively. They were compared to check the validity of the muscle fatigue monitoring method using
Wavelet transform with EMG signal from dynamic measurements. As a result, a decrease of center
frequency in 2kg intensity tasks and an increase of center frequency in 1kg intensity tasks were detected.
It shows that development and recovery of muscle fatigue were detected in 2kg and 1kg intensity tasks,
respectively. Also, the tendency of change value of center frequency from dynamic measurements were
corresponded with that from isometric measurements. It suggests that monitoring muscle fatigue in
dynamic muscle contraction conditions using wavelet transform was valid to detect the development
and recovery of muscle fatigue continuously. The result also shows the possibility of monitoring muscle
fatigue in real-time in industry and it could propose a guideline in designing a human-robot interaction

system based on monitoring user's muscle fatigue.
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1. INTRODUCTION

1.1 Research Background

1.1.1 Evaluation of muscle fatigue

Muscle fatigue is defined as a decline in the ability of a muscle to generate force. Prolonged
exposure to muscle fatigue makes a person feel painful or even leads to injuries. Muscle fatigue depends
on many peripheral and central factors. Peripheral fatigue is a decrease in force-generating capacity
induced at or distal to the neuromuscular junction. On the other hand, central fatigue is a loss in neural
drive or motor commands to the muscle, resulting in a reduction in force production or tension

development.
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Figure 1. Types of muscle fatigue (Cifrek, 2009)
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The onset of muscle fatigue is simply determined by measuring the time that an individual
becomes unable to generate certain force consistently. Generally, the measurement is performed by
keeping an isometric muscle contraction with a defined level of load. However, results obtained in this
manner considerably rely on psychological factors such as motivation on the task (Enoka, 1995; Enoka

& Duchateau, 2008).

Muscle fatigue can also be evaluated by physiological evidence. It has been suggested that



muscle fatigue might be due to the decrease in propagation velocity of action potentials along the muscle
fiber as a result of lactate accumulation within the working muscle (Broman, 1977; Komi & Tesch,
1979). Therefore, measuring lactate concentration in a muscle using blood samples is one of the
methods to estimate muscle fatigue. However, taking blood samples and determining its lactate

concentration is not possible to monitor the muscle fatigue in real-time.

Muscle fatigue can be assessed from the inducement of muscle stiffness. Resting tension
develops when muscles get fatigued, and the greater resting tension results in greater muscle stiffness
(Dresner et al., 2001). Therefore, it is assumed that muscle fatigue induces an increase in resting muscle
stiffness. The resting muscle shear modulus is evaluated using shear wave ultrasound elastography as a
muscle stiffness index (Dieterich et al., 2017; Eby et al., 2015) and has been used to evaluate the degree
of peripheral fatigue before and after a fatiguing task (Akagi, Fukui, Kubota, Nakamura, & Ema, 2017).
A previous study indicated that the combination of evaluating muscle stiffness and traditional methods,
such as surface electromyography (EMG) and evoked torque, may be helpful for more accurately

investigating muscle fatigue (Akagi et al., 2017).

Traditionally, measuring the myoelectric activity of particular muscles with surface EMG has
been proved to give reliable information on muscle fatigue detection and used by many researchers to
extract features of muscle fatigue. Fatiguing of muscle changes biochemical and physiological muscle
property and it is represented in myoelectric signals recorded on the surface of the skin above the muscle

concerned (De Luca, 1984).

Assessment of muscle fatigue based on EMG has limitations that the way is valid for muscles
which are located directly below the skin. Also, the signals from surrounding muscles can interfere with
the result (Farina, Fattorini, Felici, & Filligoi, 2002). However, the method of EMG has been generally
used to assess muscle fatigue because of its principal advantages of non-invasiveness, applicability in

situ and ability to detect fatigue of a particular muscle (Cifrek, Medved, Tonkovic, & Ostojic, 2009).



1.1.2 Muscle fatigue assessment based on EMG

Fatigue assessment in isometric muscle contraction

It has been well known that, under well-controlled conditions, muscle fatigue during
submaximal isometric muscle contractions is accompanied by increases in EMG amplitude and
decreases in center frequency. Cobb and Forbes (1923); Lippold, Redfearn, and VuCO (1960) noted
that the amplitude of EMG signal increases as one of the indicators of muscle fatigue during an isometric
contraction. It has been investigated that increases in EMG signal amplitude which is generated from
muscle fatigue may be attributable to the recruitment of new motor units (Farina, Merletti, &
Disselhorst-Klug, 2004). Others proposed that the synchronization of motor unit firing is increased from
muscle fatigue and subsequently increase EMG amplitude (Farina, Fosci, & Merletti, 2002). However,
the increase of EMG amplitude is rarely used as an absolute indicator of muscle fatigue because it
considerably depends on external factors such as muscle load or posture. Therefore, generally, muscle
fatigue is assessed by combination with spectral analysis (Joint Analysis of EMG Spectrum and

Amplitude, JASA).

In a frequency domain, the shift of the EMG signal spectrum toward lower frequencies can be
detected during sustained muscle contraction as a dominant indicator of muscle fatigue development.
Frequency analysis of myoelectric signals to evaluate muscle fatigue was provided by Petrofsky and
Lind (1980), who observed the shift of EMG signal spectrum to lower frequencies. Many researchers
reported similar observations in various muscles with different explanations (De Luca, 1984). It has
been reported that increased concentration of the lactates is responsible for fatigue by changes in
intracellular pH. As a result, muscle fiber conduction velocity (CV) decreases. Brody, Pollock, Roy, De
Luca, and Celli (1991) reported that the decrease of muscle fiber CV is determined from the decrease
of intracellular pH. As a consequence, the signal power spectrum shifts toward lower frequencies, and
the EMG signal amplitude is increased. Besides the decrease of fiber CV, the remaining activity of the
slow motor units which is accompanied by fatiguing and switching off fast ones was assumed as the

cause of the shift of the EMG power spectrum.

Previous studies have introduced several fatigue indexes processed from EMG signals on the
frequency domain. In the earliest investigations, Fourier transform was the most often used method for
estimating the spectrum of the EMG signal. Kwatny, Thomas, and Kwatny (1970) applied the signal
processing method to explore properties of the power spectrum density of a surface myoelectric signal
recorded during a static fatiguing task. They introduced the mean frequency of the spectrum to
determine differences before and after fatigued. Many studies have noted that the frequency-based EMG
variables are less dependent than amplitude on the instantaneous force level of muscle and are, therefore,

more sensitive to fatigue-related changes. (frequency shift physiological evidence)



Fatigue assessment in dynamic muscle contraction

Although fatigue is normally resulted from dynamic movement and exercise, the majority of
researches in the past was quantified muscle fatigue in static muscle contractions situations. Isometric
contractions have served as a standard for EMG-based fatigue quantification, but recent evidence
suggests that fatigue may also cause changes in EMG signals measured during dynamic contractions.
In a dynamic muscle contraction situation, the EMG signal from muscle can no longer be considered

as steady state.

Therefore, The way to assess changes in the frequency content of EMG signals which is
resulted from muscle fatigue has been investigated over the last decade. Therefore, various time-
frequency signal processing methods such as short-time Fourier transform, Choi-Williams distribution,
and Wavelet transform have been suggested to find suitable spectral estimation techniques. S. Karlsson,
Yu, and Akay (2000) reported that continuous wavelet transform provided best accuracy in analyzing
EMG signals during dynamic contractions among short-time Fourier transform, the Wigner—Ville

distribution, the Choi—Williams distribution.

Wavelet Transform

A number of studies have mentioned that wavelet transform has a good performance in time-
frequency localization of EMG signal for fatigue detection (S. Karlsson et al., 2000). The basic idea of
wavelet analysis is expressing a signal as a linear combination of a particular set of functions obtained
by shifting and dilating one single function called a mother wavelet (Hostens, Seghers, Spaepen, &
Ramon, 2004). Considering Wavelets as building blocks for general functions, it is possible to express
any general function as an infinite series of Wavelets. Several different mother wavelets have been
studied. Based on the mother wavelet, the signal is decomposed to a set of coefficients called wavelet
coefficients and reconstructed as a linear combination of the wavelet functions weighted by the wavelet

coefficients.

In contrary to the short-time Fourier transform (STFT) which has been commonly used for
regularly segmented signals to add time domain to frequency domain, a wavelet analysis varies the
time-frequency aspect ratio. It produces good frequency localization at low frequencies (long time
windows), and good time localization at high frequencies (short time windows (Hostens et al., 2004)).

Figure 2 illustrates the difference between the short-time Fourier transform and the Wavelet transform.
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Figure 2. The tiling of the time-frequency plane in the case of STFT (left) and
the tiling of the time-scale plane in the case of DWT (right) (Hostens, 2004)

There are two types of wavelet: the continuous (CWT) and the discrete wavelet transform
(DWT). Unlike the discrete wavelet transform, the CWT can operate at every scale. Therefore, in the

case of EMG signals, the CWT will provide the most information and most detail. Given the input

signal x(t), the CWT is defined as:
CWT,(s,v) = [ x(D)g: ()dt (1)

where s is the scale parameter, t is the translation parameter (time shifting). The basic function ¢, ,(t)
is obtained by scaling the mother wavelet ¢(t) at time T and scale s. The power density function

which called Scalogram SCAL of CWT is estimated with:

SCAL(z,s) = | CWT,(s,7) | 2)

An example of the Scalogram as calculated for dynamic biceps contractions is shown in Figure 3.
Following the process, wavelets can analyze waveforms in very short duration so that changes in timing
and frequency content can be evaluated simultaneously. Also, Wavelet transforms are effective in

removing undesired artifacts from data, such as those caused by subject movement or other noise

sources.
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Figure 3. Scalogram for several dynamic biceps brachii contractions. The y-axis of the
scalogram is in inverse scales. (Hostens, 2004)

Many previous studies proved the validity of CWT to detect the development of muscle fatigue
in various muscles and motions such as elbow flexion (Hostens et al., 2004) or running (Koenig et al.,
2018). However, the application of the method of detecting recovery of muscle fatigue has rarely been
investigated. Kuorinka (1988) reported that the increase of mean frequency occurred when upper limb
muscle got recovered after a fatigue experiment. Also, Lariviére, Arsenault, Gravel, Gagnon, and Loisel
(2002) detected recover of back muscle fatigue using EMG signals and checked its reliability.
Chowdhury, Nimbarte, Jaridi, and Creese (2013) also showed recovery of shoulder muscle fatigue in a
Smin recovery session between repetitive fatiguing arm exertion sessions using the EMG signal
processed by DWT. However, these were limited to the identification of recovery of muscle fatigue
during the resting conditions. Investigation about change in muscle fatigue values after lowering muscle
load during continuous dynamic muscle contraction, without stopping the repetitive motion has not

been performed yet.



1.1.3 Application of EMG based muscle fatigue assessment

EMG signals have a wide range of applications, such as in rehabilitation and assistive
technologies, ergonomics, clinical diagnosis, and sport science (Bi, Feleke, & Guan, 2019). Mechanized
work in an industry usually requires repetitive physical work which accompanies neuromuscular fatigue
on muscles, and the muscle fatigue results in the occurrence of musculoskeletal disorder and, eventually,
a decrease in productivity of the system. To solve the problem, recent trend in industrial field is to
investigate assistive devices which rely on the EMG signal of workers to generate the desired assistive
force/torque and improve workers’ health and productivity (Bai, Lubecki, Chew, & Teo, 2012; Peternel,
Fang, Tsagarakis, & Ajoudani, 2019). The system that humans and robots work together is called
Human-Robot collaboration (HRC) and it has advantages in wusing human’s superior
flexibility/adaptability and retaining the jobs for the human workers. One of the key problems of HRC
is to make humans and robots aware of intentions of each other, and intelligently collaborate to achieve
manufacturing objectives. For one instance, muscle fatigue evaluated from EMG signals of workers can
provide evidence of their condition and control assistance robot. Thus, the assessment of muscle fatigue
plays an important role in such devices. The assessment of muscle fatigue in dynamic muscle
contraction conditions is especially important because performing traditional isometric fatigue tests

requires interruption of workers and it generates a loss of productivity.

Several researchers investigated methods to evaluate muscle fatigue related to Human-Robot
collaboration and confirmed its validity (Bai et al., 2012; Hamaya, Matsubara, Noda, Teramae, &
Morimoto, 2017; Peternel et al., 2019). However, there are no, or few investigations about the change
of muscle fatigue after the intervention of an assistance robot lowering muscle load. The detection of
muscle fatigue before robot intervention is also important to control follow-up assistance appropriately.
Also, the research about the response of muscle fatigue following a continuous change of muscle load
can be extended to the prediction of time the workers could sustain and continue the repetitive manual

job in Human-Robot collaboration system to facilitate robot intervention.



1.2 Research Objectives

Therefore, there is a clear need for research related to the detection of muscle fatigue in
dynamic muscle contraction conditions accompanying the continuous change of muscle load. There
were two objectives in this study. The first was to evaluate biceps brachii muscle fatigue while changing
the intensity of the dynamic muscle contraction continuously. The second was to compare two fatigue
evaluation methods each of which were based on Fourier transform in isometric muscle contraction

situation and Continuous wavelet transform in dynamic muscle contraction situation.

1.3 Research hypotheses

First, it was hypothesized that the development of biceps brachii muscle fatigue would be
detected during conducting elbow flexion/extension using 2kg dumbbell and the fatigue would be

detected to be recovered during the following elbow flexion/extension using 1kg dumbbell.

Second, the same tendency of development and recovery of muscle fatigue between isometric

measurement and dynamic measurement was expected to be observed.



2. METHOD

2.1 Participants

Twenty young healthy males volunteered to participate in the study. Participants who had
discomfort in conducting elbow flexion and extension movement with load were excluded, and all
participants do light exercise more than once a week. Five of the participants were left-handed, and the
rest were right-handed. There was no skin allergic reaction to alcohol for all participants that were used
for utilizing EMG sensors. Informed consent approved by the institutional review board was provided

prior to conduct the experiment. Table 1 shows the participant information.

Table 1. Participant information mean (standard deviation)

The number of

participants Age (years) Height (cm) Weight (kg) BMI (kg/m”2)

20 22.40 (1.77) 175.20 (4.95) 74.25 (9.15) 22.16 (2.54)

2.2 Instruments
2.2.1 Electromyography (EMG) measurement system

10-channel digital EMG system (FlexComp Infiniti System, Thought Technology Ltd., Canada)
was used to collect the EMG signal of biceps brachii muscle while conducting the task. The non-
invasive Ag-AgCl triode surface EMG sensor (MyoScan-z) was able to detect EMG signals from O -
2000uV within a frequency range from 20 to 500Hz. EMG data were collected at 2048Hz.

Figure 4. FlexsComp system and EMG sensor (myoscan-z)



2.2.2. Motion capture system

A 3D motion capture system (OptiTrack V120: Trio, NaturalPoint, Inc., OR) was used to track
arm movement. Three cameras in a tracking bar detected infrared light and allowed obtaining spatial
information of marker positions at a sampling frequency of 120 Hz. The tracking bar was located 2 m

from the lateral side of the dominant arm and at the height of the elbow of each participant.

Three axes were defined as follows: anterior-posterior axis as X-axis, superior-inferior axis as
Y-axis, and medial-lateral axis as Z-axis. Three axes location and rotation data for each rigid body were
recorded. Data acquisition and filtering were performed with the software Motive (NaturalPonint Inc.,

Corvallis, OR).

Figure 5. 3D motion capture system (Optitrack V120: Trio)

2.3 Experimental protocol

Session I: Preparation

There are three sessions in this laboratory experiment (Figure 8). Session [ was the preparation

stage. An experimenter collected participants’ age and measured their height and weight.

Prior to the attaching EMG electrodes, dead cells were removed by cleaning each
participant’s skin with ethyl alcohol (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000). An Ag-AgCl
triode surface EMG sensor (Flexcomp, Thought Technology, Canada) was attached to the most
prominent bulge of the biceps brachii muscle belly of the participant’s dominant side (Hermens et al.,

2000). The muscle was chosen to assess the physical demands of repetitive elbow flexion and extension.

Three reflective markers were located to the center of the radius and lateral side of the greater
tuberosity to construct rigid bodies of the forearm and upper arm, respectively. The reflective markers

were tracked by a motion capture system to quantify the elbow flexion-extension movement.
Session I11I: Maximum Voluntary Contraction (MVC) measurement and Practicing

Maximum Voluntary Contraction (MVC) EMG of the biceps brachii muscles was recorded to

normalize EMG data during tasks. The participant seated on a chair with the upper arm pointing

10



downward and the forearm pointing forward. To obtain MVC, they exerted the maximum elbow flexion
against an experimenter pushing his forearm downward in a seated posture. To compute the mean MVC
EMG amplitude of the biceps brachii muscle, the middle 1s window from the EMG signal during MVC

was selected and averaged. One-minute rest was provided after each exertion for recovery.

Also, a reference upper limb posture was defined in full elbow extension posture with the
upper limb vertical to the ground. The sagittal plane angles of the upper arm and forearm rigid bodies
in the reference posture were defined as 180° orientations. (Figure 6) Prior to the main task, time for
training and practicing were given sufficiently to make the participants reduce the learning effect and

perform warm-up.

\ .

Figure 6. Reference posture (elbow flexion angle = 180°)

Session III: Main experiment and Data collection

After sufficient rest, until the participants didn’t feel any fatigue on their upper limb, they
conducted the main task. The main experiment was conducted while on a chair in a stabilized seated
posture. They were tightened to the chair to minimize the use of other body parts (Figure 7). The main

experiment consists of two intensities of dynamic contraction tasks.

Two intensities of dynamic contraction tasks included: ‘2kg intensity task’ and ‘1kg intensity
task’ where participants performed repetitive elbow flexion and extension of the dominant arm with a
given weight of dumbbell for 2 minutes. (Figure 7) In each intensity of dynamic contraction tasks, the
weight of the dumbbell was 1kg and 2kg, respectively (Figure 9). Right after the experimenter gave

selected dumbbell to the participants, they were asked to start repetitive elbow flexion and extension

11



with verbal signal “start” from the experimenter. The motion was ranged from full elbow extension to
full elbow flexion. The pace of the cycle of elbow flexion and extension was restricted to be repeated
every 3 seconds (2/4, 40 bpm). To indicate the start points of each elbow flexion and extension, sound
from the metronome was provided. Participants were encouraged to continue regular dynamic
contraction tasks until they felt they could no longer perform the required movement range or they felt
unacceptable biceps brachii muscle discomfort. The weight of dumbbells was chosen after several pilot
tests considering participants' safety and repeatability that an adult male could run at least four sets of
2kg and 1kg intensity tasks with a weight in the hand. However, the number of sets that each participant
could perform was different. At the point where a participant proceeded the next 2kg intensity task
following 1kg intensity tasks, it was considered the participants proceeded another set of 2kg and 1kg

intensity tasks.

During the entire main experiment, muscle fatigue measurement was performed. While
participants performed each task, “dynamic measurements” were performed to evaluate the progress of
muscle fatigue. Also, right before and after each task, “Isometric measurements” were performed to
evaluate the change of muscle fatigue during each task. For isometric measurements, the experimenter
gave 6kg load to participants with giving verbal signal “start”. Then, participants conducted isometric
muscle contraction of biceps brachii by holding the load on their dominant hand for 6 seconds with the
posture that forearm parallel to the ground (elbow angle of 90°) (Figure 7, left). The weight of the load
that participants needed to hold in isometric measurements was selected with 30~40% of the average
maximum voluntary isometric contraction torque of the elbow joint. Participants’ biceps brachii muscle

was activated as 38.14% MVC which was targeted in this study.

"o\ A 78 il 28

Figure 7. Scenes of isometric measurements (left) and dynamic measurements (right)
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2.4 Data processing and analysis

2.4.1 Movement tracking

Acquisition and filtering of upper limb kinematic data were conducted with Motive
(NaturalPoint Inc., Corvallis, OR). After collecting the movement data of the upper limb, using ‘Fill
gaps’ function. missed data points were reconstructed. It calculated the missing markers trajectory with
interpolation methods. Unwanted noise was also filtered out using the ‘Smooth function’ with a cut-off

frequency of 6 Hz.

Kinematic data of forearm and upper arm in the sagittal plane was used to confirm whether
participants performed regular elbow flexion and extension. Elbow joint angle was defined as the
subtraction of the forearm flexion angle from the upper arm flexion angle. The mean value of peak

elbow flexion (-) and extension (+) velocity was calculated from all the 40 cycles in each task.
2.4.2 Muscle fatigue evaluation

Muscle fatigue evaluation was conducted based on the EMG signal of biceps brachii muscle
from both isometric and dynamic measurement. Raw EMG signal was recorded at 2048Hz. The raw
EMG signal was bandpass filtered (10-500Hz) and 2" order low-pass Butterworth filter with a cut-off
frequency of 6 Hz was used to smooth the data. To remove any interference from electrical devices, a
notch filter with 60Hz was used to. These processes were conducted through MATLAB 2019a (The
MathWorks Inc., Natick, MA).

The processed EMG data were analyzed to evaluate fatigue values by calculating central
frequency and amplitude of EMG signal from each isometric and dynamic measurement. From EMG
signal during isometric measurement, pre, post and change (post-pre) value of EMG amplitude (AEMG)
and median frequency (MDF) were obtained. From EMG signal during dynamic measurement, pre,
post and change (post-pre) value of EMG amplitude (AEMG) and instantaneous mean frequency
(IMNF) were obtained.

To obtain fatigue value with the amplitude of EMG signal from each measurement, the
processed EMG data were normalized to the maximum EMG amplitude obtained during a maximum
voluntary contraction (MVC). In isometric measurement, using middle 4s data among each 6s
measurement, mean amplitude values of the normalized EMG data (AEMG) were computed in pre and
post-stage in each task. By subtracting AEMG in the pre-stage from that in the post-stage, change in
AEMG value was computed. In the case of normalized EMG data collected during dynamic

measurements, the AEMG data were calculated for each entire 2-minute task.
Center frequency was calculated differently in the isometric measurement and the dynamic
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measurement. Because collected EMG signals from the isometric measurement were stational, median
frequency (MDF) was calculated from middle 4s as the central frequency using Fourier Transform. Pre,
Post, and Change (Post - Pre) value of MDF during each intensity of tasks were computed to evaluate
the change of fatigue value. When analyzing EMG signals from the dynamic measurements, the center
frequency was calculated using Continuous wavelet transform. In each of 2 min of 2kg and 1kg intensity
task, Instantaneous mean frequency (IMNF) was computed using Eq. (3):

[ sxSCAL(s)ds

IMNF = 2
Jis SCAL(s)ds

3)

With Is the lowest scale and hs the highest scale of interest.

Once the time histories of AEMG and IMNF over time while conducting each task were
determined, average values were taken from each 40 flexion and extension cycles (3s/cycle). Using
averaged AEMG and IMNF values from each task, a second-order polynomial regression analysis was
performed to develop models for predicting the progress of the magnitude of AEMG and IMNF with
cycles. These polynomial equations were used to estimate the change in AEMG and IMNF overtime
during each task. The first and final values predicted by each model at the first and the last cycle (40"
cycle) of each task were used to represent the fatigue values of the pre and post-stage of each task. The
change in AEMG and IMNF was calculated by subtracting the estimated final value from the first value
(40" value — 1* value) (Figure 10).
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Figure 10. Example polynomial regression model of IMNF during one set of 2kg intensity task (left)
and 1kg intensity task (right)
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2.5 Statistical analysis

Using mean peak elbow flexion and extension velocity during the tasks, it was evaluated
whether participants conducted regular elbow flexion and extension motion between 2kg intensity tasks
and 1kg intensity tasks. The peak elbow flexion and extension velocity were averaged out among the
cycles and the sets of each task. One-way repeated-measures ANOVA was performed to compare elbow
joint motion between 2kg and 1kg intensity task. The participants variable was regarded as a random

factor.

To verify the first hypothesis and check the significance of the development and recovery of
the biceps brachii muscle fatigue during each 2kg and 1kg intensity task, pre and post values of AEMG
and center frequency (MDF and IMNF) were compared in each intensity of tasks as dependent variables
from EMG signals. All dependent variables were averaged out over the performed sets of each intensity
of task in each subject. To compare pre and post values of AEMG and center frequency from isometric
measurement and dynamic measurement, one-way repeated-measures ANOVA was used in each

intensity of the task. The participants variable was regarded as a random factor.

To verify the second hypothesis, it was checked whether both dynamic and static fatigue
measurement methods could detect the development and recovery of muscle fatigue significantly and
whether the change tendency would be the same or not. Therefore, as dependent variables from EMG
signals, the change values of AEMG and center frequency (MDF and IMNF) from both dynamic and
static measurements were calculated and were compared between the two intensity levels of tasks (2kg
intensity vs 1kg intensity). Also, the accordances of the tendency of the change values were quantified
by calculating accordance rates of increase and decrease of fatigue values between the two measurement
methods. In addition, correlation coefficients between the two measurement methods were calculated
with the change values during both 2kg and 1kg intensity. Minitab 18 (Minitab Inc., State college, PA,

USA) was used to conduct all statistical analyses.
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3. RESULTS

3.1 Movement tracking

There was no significant effect of intensity of task on mean peak velocity of flexion

(F(1,19)=2.18, p=0.156) and extension velocity (F(1,19)=0.58, p=0.46) (Figure 11, Table 2).
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Figurell. Mean peak angular velocity while conducting tasks

Table 2. Mean peak angular velocity while conducting tasks. Mean (standard deviation)

.. . Intensity of task
Peak joint angular velocity ensity of tasks

(Deg/s) 2kg intensity 1kg mntensity F P
Elbow flexion 155.15 (37.97) 169.23 (33.00) 2.18 0.156
Elbow extension 159.23 (33.54) 167.16 (31.88) 0.58 0.46
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3.2 Muscle fatigue detection

3.2.1 Comparison between pre-stage and post-stage of tasks

In fatigue evaluation from isometric measurement, a significant decrease of MDF from pre-
stage of tasks (98.89 Hz) to post-stage of tasks (93.65 Hz) was found in the 2kg intensity tasks
(F(1,19)=30.94, p=<.001). A significant increase from pre MDF (93.65 Hz) to post MDF (97.09 Hz)
was found in 1kg intensity tasks (F(1,19)=27.98, p=<.001). AEMG data evaluated from isometric
measurement didn’t have a significant difference between pre (50.82 %MVC) and post AEMG
(51.38 %MVC) while conducting the 2kg intensity tasks (F(1,19)=0.47, p=0.501). Pre AEMG
(53.34 %MVC) significantly increased to post AEMG (56.29 MVC) while conducting 1kg intensity
tasks (F(1,19)=8.4, p<.01) (Table 3).

Fatigue evaluation from dynamic measurement showed that, during the 2kg intensity tasks,
there was a significant decrease in IMNF (pre: 86.61 Hz, post 83.58Hz) (F(1,19)=39.34, p=<.001). A
significant increase of IMNF (pre: 81.09 Hz, post: 86.19 Hz) was also found in the measurement during
the 1kg intensity tasks (F(1,19)=143.69, p=<.001). AEMG evaluated from dynamic contraction was
found to be increased (pre: 27.41 %MVC, post: 32.21 %MVC) in the 2kg intensity tasks (F=27.88,
p=<.001) but had no significant difference between pre AEMG (19.76 %MVC) and post AEMG
(20.17 %MVC) in the 1kg intensity tasks (F=0.53, p=0.474) (Table3).
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Table 3 Pre and post values of each dependent variables and ANOVA results. Mean (standard deviation)

Center frequency Amplitude
(Hz) p- (%MVC) p-
pre post value  pre post value
MDF  MDF AEMG AEMG
Isometric ~ 2kg 989 937 508 51.38
measurements intensity  (13.4) (13.6) S00% <0001 526y 227y 047 0501
kg 937 97.1 5334 5629
intensity  (13.6) _(14.0) 2798 <0001 o045 (073 B4 <001
pre post pre post
IMNF  IMNF AEMG AEMG
Dynamic 2kg 86.6 83.6 2741  32.21
measurements intensity  (7.6)  (72) 0o+ <0001 30y (je.q) 2788 <0.001
kg 811 862 1976 20.17
intensity  (6.1)  (6.3) =001 194y 102y 923 047
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3.2.2 Effect of intensity of fatigue tasks

In fatigue evaluation from both isometric and dynamic measurements, a significant effect of
intensity of task was found on change values of AEMG and center frequency. Isometric measurement
shows that MDF change while conducting 1kg intensity tasks (+0.56 Hz) and 2kg intensity tasks (-5.24
Hz) were significantly different (F(1,19)=32.12, p=<.001). In the case of change value of AEMG from
isometric measurement, a significant difference between 1kg intensity task (-2.95 %MVC) and 2kg

intensity task (+0.56 %M VC) was found (F(1,19)=3.89, p=<.01). (Table 4)

There was a significant effect of intensity of task on change value of IMNF (2kg intensity: -
3.03 Hz, 1kg intensity: +5.10 Hz) collected from dynamic measurement (F(1,19)=128.72, p=<.001).
AEMG change was found to be increased by 27.41 %MVC during 2kg intensity tasks and decreased
19.76 %MVC during 1kg intensity tasks. The difference of AEMG change between two intensity of
task was statistically significant (F(1,19)=13.29, p=<.01). (Table 4)

Table 4. Change values of each dependent variables and ANOVA results. Mean (standard deviation)

Isometric measurements

- - . . F p-value

2kg intensity 1kg intensity
MDF change (Hz) -5.24 (4.10) 3.44 (2.83) 32.12 <0.001
AEMG change (%MVC) 0.56 (3.58) 2.95 (4.44) 3.89 <0.01

Dynamic measurements

- - _ . F p-value

2kg intensity 1kg intensity
IMNF change (Hz) -3.03 (2.11) 5.10 (1.85) 128.72 <0.001
AEMG change (%MVC) 27.41 (13.23) 19.76 (10.35) 13.29 <0.01
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3.2.3 Comparison of fatigue evaluation from isometric and dynamic measurements

Table 5 shows that the accordance rates of increase and decrease of center frequency between
dynamic and isometric measurement methods were ranged from 60~100% (average: 78.2%, standard
deviation: 14.1%). Also, the accordance rates of increase and decrease of AEMG between dynamic and
isometric measurement methods were ranged from 50~83.3% % (average: 61.8%, standard deviation:

11.7%). (Table 6)

A strong positive correlation (r > .70) for the biceps brachii muscle was found between MPF
change from isomeric measurements and IMNF change from dynamic measurements. A very weak
correlation (r=-.11) was found between AEMG change from isometric measurements and dynamic

measurements. (Figure 13)

22



Table 5. Raw change values of center frequency from isometric measurements (MDF) and dynamic measurements (IMNF) with the accordance rates between
two measurement methods. The unit of change values was Hz and that of accordance rates was %.

. Setl Set2 Set3 Set4 Set5 Set6 Set7 Set8 Set9 Accor
subj Variable dance
# 2kg 1kg 2kg 1kg  2kg 1kg 2kg 1kg 2kg 1kg 2kg 1kg 2kg 1kg 2kg 1kg 2kg 1kg rate
I1so -17 11 -6 8 -13 4 -4 -4

1 Dyn -5 4 -2 3 -3 4 -7 1 87.5
I1so -5 12 -17 14 -18 6 -15 13

2 Dyn -1 4 -1 6 -3 4 -4 10 100

3 Iso 12 6 0 -4 8 -11 -4 4 3 1 -8 11 58.3
Dyn -5 3 -4 4 -2 7 -6 4 -6 8 -4 4 '

4 Iso 8 5 -7 0 1 5 -9 1 -2 -3 -3 7 58.3
Dyn -3 3 0 6 1 5 0 4 2 4 1 6

5 Iso -4 1 -2 1 -3 4 -5 1 -2 2 -5 4 100
Dyn -6 3 -4 3 -3 6 -3 6 -2 4 -4 3

5 Iso -11 5 -18 21 -10 7 -8 7 -3 -4 -1 11 -8 3 78.6
Dyn -7 4 -1 3 -3 3 0 8 1 8 -5 1 -1 4 '

7 Iso -12 5 -7 5 1 -1 -1 2 -4 0 80
Dyn -4 8 -5 7 -4 7 -3 5 -6 4

8 Iso -10 8 -10 8 -6 5 -7 1 1 2 80
Dyn -7 3 -5 3 -6 1 -3 1 -3 -1

9 Iso 2 -3 -10 6 -16 8 -10 3 -10 9 80
Dyn -2 10 -2 7 -2 7 -2 5 -1 6
Iso -7 3 -3 2 -6 3 -8 7 -2 -6 3 -7 9 -12

10 Dyn -3 4 -3 7 -5 7 -4 5 -7 7 -7 7 -5 8 64.3
Iso -7 2 1 -2 -4 4 2 5 -4 -2

1 Dyn 0 8 0 7 -1 5 3 3 -1 4 60
Iso 0 8 -9 4 -4 3 -4 5 -9 7 -11 2

12 Dyn 2 8 -1 8 -2 4 -1 8 -1 5 -3 5 N7

13 I1so 0 -1 -6 7 -3 -1 -2 2 -2 2 -3 -4 66.7
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Table 6. Raw change values of AEMG from isometric measurements and dynamic measurements with the accordance rates between two measurement
methods. The unit of change values was %MVC and that of the accordance rate was %.

. Setl Set? Set3 Set4 Setb Set6 Set7 Set8 Set9 Accor
subj .
# Variable 1k 2k 1k 2k 1k 2k 1k 2k 1k 2k 1k 2k 1k 2k 1k 2k 1k dance
g g g g g g g g g g g g g g g g g rate
1 Iso 13 -6 15 -12 30 -17 13 -5 75
Dyn 6 1 3 2 5 -5 0 -3
) Iso 8 -4 94 80 111 20 97 -62 75
Dyn 16 1 23 -8 32 -3 -3 -14
3 Iso -3 0 11 -5 18 26 16 -11 16 -10 24 -15 50
Dyn 10 5 19 2 15 0 24 9 2 2 3 7
4 Iso 13 1 4 2 0 0 -1 2 -3 8 2 -10 583
Dyn 4 2 3 -1 1 -1 2 0 -1 0 2 1
5 Iso 15 -7 6 -1 1 0 10 -4 4 -5 7 -5 233
Dyn 8 -2 3 -1 2 0 5 0 3 0 2 0 '
6 Iso 16 -10 41 24 29 29 36 -39 22 -15 24 28 20 -6 5714
Dyn 3 0 1 1 5 0 1 6 0 1 1 3 2 '
7 Iso 21 -9 17 -8 2 2 -1 0 5 2 40
Dyn 2 2 2 1 -3 -1 3 -3 -3 2
3 Iso 0 0 0 0 0 0 0 0 0 0 40
Dyn 0 0 0 0 0 0 0 0 0 0
9 Iso 12 -4 11 11 23 -18 32 32 46 21 70
Dyn 2 1 7 2 7 3 10 -4 11 -1
Iso 0 -6 7 -9 29 20 13 -3 -11 12 -13 5 -9 14
10 Dyn 2 0 1 1 5 0 9 0 0 1 3 6 0 0 429
Iso 12 -7 3 4 14 -12 4 -11 4 16
= Dyn 1 0 3 2 3 1 4 -2 2 0 70
12 Iso 8 -4 11 -15 12 -8 7 -6 6 -5 12 1 50
Dyn -4 4 4 1 2 4 6 -1 0 2 11 5
13 Iso 24 31 -6 12 28  -19 -5 26 -7 2 15 -76 58.3
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4. DISCUSSION

There were two objectives in this study. The first was to evaluate biceps brachii muscle fatigue
while changing the intensity of the dynamic muscle contraction continuously. The second was to
compare two fatigue evaluation methods each of which were based on isometric and dynamic muscle
contraction situations. The study result shows changes in fatigue values following each intensity of

fatigue protocols using both evaluations from isometric measurements and dynamic measurements.

Also, there was no effect of intensity of tasks on the peak velocity of elbow flexion and
extension. That is, there was no difference in elbow movement between two intensity of fatigue tasks.
Considering participants performed consistent elbow flexion and extension regardless of intensity
(Figure 14), it is implied that the difference of muscle fatigue changes between two tasks was caused

by its intensity, not by the elbow movement.
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Figure 14. Example data of elbow joint angular velocity while conducting 2kg (top) and 1kg (bottom)
intensity task (+: extension, -: flexion).
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4.1 Muscle fatigue detection

4.1.1 Detection of development and recovery of muscle fatigue

A significant decrease of MDF and IMNF was detected in 2kg intensity tasks from both
isometric and dynamic measurements. Also, a significant increase of MDF and IMNF was detected in
lkg intensity fatigue protocol from isometric and dynamic measurements, respectively. It implies that
the established load condition in each intensity of the tasks was proper to induce and recover fatigue on

the biceps brachii muscles.

Decrease of the center frequency of biceps brachii muscle shown by MDF and IMNF
represents the development of fatigue while participants were performing the 2kg intensity tasks. The
decrease is consistent with previous findings that the development of muscle fatigue shifts the frequency
spectrum of EMG signal leftward (Cobb & Forbes, 1923; Lippold et al., 1960). The decline of center
frequency has most often been attributed to decreases in muscle fiber conduction velocities and selective
fatigue of the fast-twitch fibers, caused by increased lactate levels in the fatigued muscle. In the research
of Potvin and Bent (1997), from isomeric muscle contraction measurement, the median frequency was
reported to be decreased from 72.6 Hz to 53.0 Hz when the muscle was totally fatigued. The median
frequency of biceps brachii was also decreased from 75 Hz to 55.7 Hz from dynamic muscle contraction
measurement. (Figure 15) Because of the difference in the protocol and data analysis process, it is
impossible to compare the absolute value of the center frequency. However, it was confirmed in this
experiment that both isometric and dynamic measurements were valid to detect the development of
biceps brachii muscle fatigue during the repetitive elbow flexion and extension tasks using 2kg
dumbbell. Also, muscle fatigue could be identified in the middle of the development even when the

muscle was not totally fatigued.

Center frequency of the biceps brachii muscle was hypothesized to be increased after the 1kg
intensity tasks, implying recovery of muscle fatigue. The result from the current study corresponds with
a number of previous studies that verified the assessment of muscle fatigue recovery immediately after
fatigue tasks using EMG signals. Kuorinka (1988) reported that after isometric biceps brachii muscle
contraction (60% MVC) until exhaustion, the EMG spectrum returned rapidly towards starting values
at the beginning of the rest period and slowed down reaching a plateau approximately before the fifth
minute. (Figure 16) However, Previous studies which investigated the recovery of muscle fatigue were
limited to the evaluation of muscle fatigue recovery in rest condition after exercise (Chowdhury et al.,
2013; Kuorinka, 1988). The continuous development and recovery of shoulder muscle fatigue following
continuous repetition of 20min arm exertion tasks and 5 min rest was investigated from Chowdhury et

al. (2013). (Figure 17) However, this was the first study that reported significant recovery of muscle
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fatigue when muscle load was lowered, maintaining repetitive motion. Compared to studies that just
compared the difference in the development of muscle fatigue between relatively high intensity and low
intensity muscle contraction (Kuorinka, 1988), this finding gives an insight into the importance of
continuous changes of muscle fatigue values following changes of muscle load intensity. In the previous
study, repetitive elbow flexion/extension motion using a 1kg dumbbell was reported to occur fatigue on
the biceps brachii muscle (Bueno, Lizano, & Montano, 2015). However, in the current study, it was
found that biceps brachii muscle recovers from fatigue while conducting elbow flexion and extension
using a lkg load lowered from 2kg. Therefore, it could be concluded that the immediate change of
muscle fatigue values while conducting repetitive motion is determined by the ‘relative’ intensity from
the previous intensity, not an absolute intensity of the load. The recovery of fatigue in the 1kg intensity

fatigue protocol is probably due to the recuperation of the muscle cell metabolism.
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However, in case of evaluation of muscle fatigue from AEMG couldn’t detect the change of
fatigue value sensitively, during tasks. Also, a previous study showed that an increase in EMG amplitude
occurred by reduced muscle fiber conduction velocity and shift of EMG signal power spectrum toward
lower frequencies. De Luca (1984) And Potvin and Bent (1997) reported that the change of EMG
amplitude represents a sensitive index. (Figure 15) The reason for the disagreement between the
previous study and the current study seems that the assessment of muscle fatigue by the amplitude of
EMG was more influenced by muscle force and, it was less sensitive because it is possible that
participants couldn’t maintain the posture during the isometric measurement. Several studies pointed
out the difficulty of maintaining consistency during isometric muscle fatigue tests (Cifrek et al., 2009).
In the case of evaluation of AEMG, the effect of the participant’s motion is significant, but it is hard to
control their motion in an extremely fatigued situation. Also, it is assumed that muscle fatigue

evaluation from EMG amplitude was not sufficient to detect change of muscle fatigue during each set
32



because selected duration (2 min) and load (1, 2kg) in one task was relatively smaller than in previous
studies (6kg, average 155 sec in Potvin’s experiment (1997). Therefore, muscle fatigue detection should
be conducted with other indicators such as frequency value of EMG or muscle stiffness, not only with

EMG amplitude itself (Joint Analysis of EMG Spectrum and Amplitude, JASA).

4.1.2 Validity of dynamic muscle fatigue measurements

It is one of the main goals of this study to validate the assessment of muscle fatigue in dynamic
muscle contraction situation using continuous wavelet transform, compared to the traditional method
with Fourier transform. Therefore, assessment of muscle fatigue was performed in both dynamic muscle
contraction situation using Continuous wavelet transform and isometric muscle contraction situation
using Fourier transform. The result of this study reports that both assessments detected significant
changes in AEMG and center frequency. It implies that both methods are possible to detect the

development and recovery of muscle fatigue in each 2kg andlkg intensity task.

Also, the correlation result of the evaluation of muscle fatigue from isometric measurements
and dynamic measurements tells that two fatigue detection methods have a strong positive correlation.
Considering fatigue detection from isometric measurements as a standard, it is implied that fatigue
detection from dynamic measurement using Continuous wavelet transform is as valid as the one from

1sometric muscle contraction.

Traditionally. isometric contractions have served as the standard for EMG based fatigue
quantification, however, it is inevitable to stop the motion and begin the test again to evaluate muscle
fatigue using isometric muscle contraction. Therefore, because dynamic measurement using continuous
wavelet transform has valid detection of muscle fatigue development and recovery, the method has a

big advantage to detect the change of muscle fatigue without interruption of the motion.

Potvin and Bent (1997) investigated a relationship between dynamic and isometric change
before and after elbow flexion and extension tasks. They reported that there was no sufficient
relationship between isometric changes and dynamic changes in the experiment. (Figure 15) The result
does not correspond with the current study’s result. It might be because Potvin’s study analyzed EMG
signal during bicep brachii dynamic contraction using Fast Fourier transform which has been reported
to have less sensitivity than Wavelet transform (S. Karlsson et al., 2000). Also, the study was limited to
verify muscle fatigue evaluation in dynamic muscle contraction conditions compared to isometric
condition. In addition, to confirm the validity and advantage of dynamic muscle fatigue measurement
in detecting progress of muscle fatigue, the current study suggests the validity of using dynamic muscle

fatigue measurement using Wavelet transform of EMG signals to assess not only the development of
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muscle fatigue but also that of recovery.

Furthermore, considering the deviation of change value of center frequency, deviation of
IMNF change between participants was smaller than the deviation of MDF change at both 2kg and 1kg
intensity tasks. F value from ANOVA result which compared the mean difference between the two
intensity of tasks was much bigger in IMNF change than in MDF change. It is hard to evaluate the
degree of sensitivity of each fatigue assessment method, but it seems that fatigue assessment in dynamic
contraction situation using Continuous wavelet transform can quantify muscle fatigue more regularly
and distinguish the effect of intensity of muscle load on the fatigue more powerfully than the assessment

for isometric muscle contraction situation.

4.2 Implication

The result from the current study suggests a possible application of detecting change of muscle
fatigue of industrial workers in the Human-Robot collaboration system to get robot assistance after
muscle fatigue. It implies that muscle fatigue of workers would be recovered as the robot assistance is
applied to the job after they got fatigued. Previous studies have investigated methods to evaluate muscle
fatigue related to Human-Robot collaboration and confirmed their validity (Bai et al., 2012; Hamaya et
al., 2017; Peternel et al., 2019). In the concern of the investigation about muscle fatigue detection in
Human-robot collaboration system, Bai et al. (2012) and Peternel et al. (2019) suggested methods where
the index of frequency features of EMG and muscle force are combined, which was found to be valid
to detect the development of muscle fatigue. However, as the investigations were limited to assessing
only the accumulation of muscle fatigue, the progress of muscle fatigue after a robot intervention has
still remained to question. The result from the current study suggests that robot intervention in form of
lowering muscle load after workers get muscle fatigue might reduce muscle fatigue and it can be

monitored in dynamic muscle contraction situations without interrupting workers.

By monitoring the development and recovery of muscle fatigue in the Human-robot
collaboration system, the external intervention can be controlled to make workers do their job longer
and safer, maintaining their superior flexibility/adaptability in the system. Also, understanding the
progression and recovery of muscle fatigue following continuously changing muscle load might provide
an insight to predict the time that workers could sustain and continue the repetitive manual job in the

Human-Robot collaboration system.
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4.3 Limitation

Several limitations should be noted in this study. First of all, the weights conditions in which
participants should perform their tasks were not selected considering the participant’s individual
physical ability. Because the capacity of biceps brachii muscle differs by individuals, normalization of
the load on the muscle would make the result of the study better to be applied to the real world. Also,
the motion of elbow flexion and extension was too restricted in this experiment. Elbow flexion and
extension motion in daily life and work environment is usually accompanied by other body parts’
movements and not strictly repetitive. Therefore, the result of the current study might not represent the

progress of muscle fatigue in the real world.

In this study, all dependent variables were averaged out over the performed sets of each
intensity of task for each subject because the number of sets that participants completed differed.
Therefore, it was impossible to figure out the effect of time on the change of fatigue values while
conducting the whole task. In fact, when comparing fatigue values of the first two sets and the last two
sets in each subject, there was no significant difference between the two stages of the task on fatigue
values. If it was possible to normalize the number of sets or make muscle load conditions in which
participants are totally exhausted at the same duration, it would be better to interpret the effect of time

on the progression of fatigue following the continuous change of muscle load.

Also, the muscle load condition was limited to only two levels (2kg, and 1kg). Assuming
Human-robot collaboration system can provide the multi-level intensity of external assistance, the result
of this research have limitation to estimate the tendency of change in muscle fatigue following the
external intervention. Furthermore, diverse factors affecting muscle fatigue also neede to be considered
to provide a better insight into the progression of muscle fatigue during the task and to the estimation
of the duration that an individual can sustain. In this study, restricted participants were recruited (males
who do light exercise more than once a week). Therefore, the result might not be applied to all range of

gender and physical condition.
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S. CONCLUSION

The principal aim of the current study was to evaluate biceps brachii muscle fatigue while
changing the intensity of the dynamic muscle contraction continuously and to compare two fatigue
evaluation methods each of which were based on isometric and dynamic muscle contraction situation.
The study result shows that muscle fatigue was increased when conducting a 2kg intensity of fatigue
task, but it was decreased when conducting 1kg intensity of fatigue task right after the 2kg intensity
task. Therefore, it was concluded that the immediate change of muscle fatigue values while conducting
repetitive motion is determined by the ‘relative’ intensity from the previous intensity, not by an absolute

intensity of the load.

Also, it was revealed that muscle fatigue measurement in dynamic muscle contraction situation
using Continuous wavelet transform can detect muscle fatigue as precisely as the measurement in
isometric muscle contraction situation. Both the development and recovery of muscle fatigue were

detected from both dynamic measurement and isometric measurement.

The result from the current study suggests a possible application of detecting change of muscle
fatigue of industrial workers in the Human-Robot collaboration system to enable robot assistance after
muscle fatigue. Progressed from previous studies, the current study suggests that robot intervention in
form of lowering muscle load after workers got muscle fatigue might reduce muscle fatigue and it can

be monitored in dynamic muscle contraction situations without interrupting workers.

To broaden these findings, further studies about muscle fatigue monitoring in which diverse
individual physical conditions and multi-level of muscle load are considered need to be conducted.
They may enable estimation of the duration for which an individual can sustain with a defined load by
taking into account the muscle load factor with diverse factors affecting muscle fatigue such as gender,

muscle mass or psychological factors.
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APPENDICES

APPENDIX A

Full Analysis of Variance Tables (Compare pre vs post value)

Pre vs post MDF value from isometric measurements during 2kg intensity tasks

Source DF Adj SS Adj MS F-Value P-Value
Participants 19 7113.8 374.409 42.24 0
pre vs post 1 274.3 274.262 30.94 0
Error 19 168.4 8.865

Total 39 7556.5

Pre vs post MDF value from isometric measurements during 1kg intensity tasks

Source DF Adj SS Adj MS F-Value P-Value
participants 19 7538.28 396.751 93.97 0

pre vs post 1 118.12 118.115 27.98 0

Error 19 80.22 4.222

Total 39 7736.61

Pre vs post AEMG value from isometric measurements during 2kg intensity tasks

Source DF Adj SS Adj MS F-Value P-Value
Participants 19 2.66818 0.14043 135.16 0
pre vs post 1 0.00873 0.008731 8.4 0.009
Error 19 0.01974 0.001039

Total 39 2.69665
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Pre vs post AEMG value from isometric measurements during 1kg intensity tasks

Source DF Adj SS Adj MS F-Value P-Value
Participants 19 2.05905 0.108371 160.35 0
pre vs post 1 0.00032 0.000317 0.47 0.501
Error 19 0.01284 0.000676
Total 39 2.07221

Pre vs post IMNF value from dynamic measurements during 2kg intensity tasks
Source DF Adj SS Adj MS F-Value P-Value
participants 19 2135.66 112.403 48.15 0
pre vs post 1 91.85 91.853 39.34 0
Error 19 44.36 2.335
Total 39 2271.87

Pre vs post IMNF value from dynamic measurements during 1kg intensity tasks
Source DF Adj SS Adj MS F-Value P-Value
participants 19 1512.81 79.622 43.98 0
pre vs post 1 260.12 260.117 143.69 0
Error 19 34.4 1.81
Total 39 1807.33

Pre vs post AEMG value from dynamic measurements during 2kg intensity tasks
Source DF Adj SS Adj MS F-Value P-Value
participants 19 0.84962 0.044717 54.02 0
pre vs post 1 0.02308 0.023081 27.88 0
Error 19 0.01573 0.000828
Total 39 0.88843
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APPENDIX B

Full Analysis of Variance Tables (Compare 2kg vs 1kg intensity in change values)

2kg vs 1kg intensity in AEMG change value from isometric measurements

Source DF Adj SS Adj MS F-Value P-Value
Participants 19 0.037258 0.001961 1.34 0.267
Intensity 1 0.005718 0.005718 3.89 0.006
Error 19 0.027907 0.001469
Total 39 0.070883

2kg vs 1kg intensity in MDF change value from isometric measurements
Source DF Adj SS Adj MS F-Value P-Value
Participants 19 52.22 2.749 0.12 1
Intensity 1 752.35 752.347 32.12 0
Error 19 445.06 23.424
Total 39 1249.63

2kg vs lkg intensity in AEMG change value from dynamic measurements
Source DF Adj SS Adj MS F-Value P-Value
Participants 19 0.01543 0.000812 0.56 0.894
Intensity 1 0.01936 0.019358 13.29 0.002
Error 19 0.02767 0.001456
Total 39 0.06246

2kg vs lkg intensity in IMNF change value from dynamic measurements
Source DF Adj SS Adj MS F-Value P-Value
Participants 19 59.92 3.154 0.61 0.852
Intensity 1 661.12 661.115 128.72 0
Error 19 97.58 5.136
Total 39 818.62
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