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Doctor Thesis Title 
    A study on the motor control mechanism of bilateral lower limb coordination during pedaling 
exercise based on muscle synergy theory 
Thesis Abstract 
    Much research has been done to clarify the sport–specific skills of athletes aiming to transfer 
their skills to others by formulating explicit knowledge. In the field of competitive cycling, 
pedaling skills need the bilateral muscle coordination of the lower extremities, that is key to 
achieve high–efficiency pedaling motion with reducing non–traumatic injuries due to localized 
muscle fatigue. However, most of the researches that investigated the pedaling strategy under the 
assumption of that both legs move symmetrically. A few researches support the symmetry of 
muscular active mass in lower limb, however, none of them examined its mechanisms. Thus, this 
study aims to understand the motor control mechanism of inter lower limb coordination during 
pedaling exercise based on muscle synergy theory. In specific, this study investigates bilateral 
muscle coordination that evenly distributing muscle fatigue. This methodology consists of several 
steps. First, the surface electromyography (sEMG) of both leg muscles were measured to quantify 
the muscle activities under the experimental conditions simulating a competitive cycling 
environment. Second, the time–frequency component of sEMG that integrates the physiological 
characteristics of muscles in the both legs were extracted by using wavelet transform. Then, the 
muscle synergies were obtained from the wavelet power spectrums via dimensionally reducing 
algorithms; principal component analysis and non–negative matrix factorization, and it showed 
neuromotor mechanism of the bilateral muscle coordination. The results of this study clarified that 
the pedaling motion was accomplished by the asymmetric cooperation of the both legs. The 
switching of pedaling motion was also confirmed at every pedaling phases, in order to adapt to the 
change of cadence and muscular fatigue. The research outcomes suggested that the switching of 
pedaling motion between legs could contribute to alleviate localized muscle fatigue and maintain 
muscle coordination in a high cadence, which represented pedaling skills. This doctoral 
dissertation consists of five chapters. The first chapter briefly describes background, purpose, and 
structure of this study. The theoretical part of redundancy problem in musculoskeletal system 
introduces the neuromotor mechanisms of human’s dexterity as motor skills. The second chapter 
shows the bilateral muscle coordination based on muscle synergy to validate the hypothesis that 
both legs move symmetrically. The third chapter investigates the effect of the change of cadence on 
inter lower limb coordination and clarifies the pedaling strategy. The fourth chapter describes 
compensatory muscle coordination to understand the switching of pedaling motion between legs. 
The final chapter provides the main findings and contribution of this dissertation. 
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Figure 1.1.1–1: Schematic understanding of redundancy in musculoskeletal system. Even if a 

trajectory of end effector is determined, there are infinite possibilities of joint angle and muscle tension. 

1. Path and trajectory

3. Muscle coordination
2. Joint coordination

Even a simple reaching task
has an infinite possibilities of ...
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Figure 1.1.2–1: Inter lower limb symmetry in each pedaling phase. Asymmetry of pedaling motion 

occurs when the crank is rotated by only either the left or right leg. Hereby, the functional role of the 

both legs varies at every pedaling phase. 
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Figure 1.2.5–1: Rectification of the sEMG and frequency analysis. The sEMG envelop (on the left), 

which represents activation pattern of the muscle #1 (in the red box), is obtained through rectification 
procedure. On the other hand, the power spectrum of the sEMG (on the right) is obtained through 

frequency analysis.  
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Figure 1.3.1–1: Schematic understanding of muscle synergy. The measured muscle activity can be 

decomposed into spatio–temporal component of muscle synergy. Temporal component (synergy 

activation coefficient) and spatial component (synergy vector) are represented on the left and right in 
this figure, respectively. 
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Table 2.2.1–1: Functional role of targeted muscles in lower limb. 

Functional role Location Hip joint Knee joint Ankle joint 
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  4Thigh muscle group5 
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(Hamstring group) 

Gastrocnemius medialis; GM  Flexion Plantar flexion 
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Figure 2.2.1–1: Riding posture during the experiment (right) and targeted muscles in the lower 
extremities that were closely involved in the pedaling exercise (left). The grip position is fixed at the 
hoods of the handle bar. The positive direction of the crank rotation is defined from the top dead center 

to the bottom dead center. 
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Figure 2.2.1–2: Experimental environment and experimental device. The laboratory is consists of 

the monitoring room and the measurement room. In the latter, both temperature and humidity are 

controlled. The front and rear tires of the road bike are fixed to alleviate vibration caused by pedaling 
exercises. 
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Table 2.2.2–1: The characteristics of wavelets’ time–frequency resolution. 

# Wavelet Center frequency [Hz] Time resolution [ms] 

1 19.29 59.00 

2 37.71 40.50 

3 62.09 31.50 

4 92.36 26.00 
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Figure 2.3.2–1: The interpretation of the correlation value of synergy vectors extracted from the 
left and right legs. The correlation value in each block, divided by each muscle, shows the tendency of 

bilateral muscle coordination. 
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Table 2.3.2–1: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR TFLL 

BFR
* TAL 

TAR TAL 

GMR
* TFLL, RFL, TAL 

* means the correlation in different frequency range between lower limbs. 

 
Table 2.3.2–2: Strong deactivation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

BFR RFL, GML 

GMR GML 

 

Table 2.3.2–3: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 110 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR
* BFL, GML 

BFR
* TAL 

TAR
* BFL 

GMR
* RFL 

* means the correlation in different frequency range between lower limbs. 
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Table 2.3.2–4: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR BFL, TAL, GML 

BFR TAL, GML 

TAR BFL, TAL, GML 

GMR
* RFL, TAL, GML 

* means the correlation in different frequency range between lower limbs. 
 

Table 2.3.2–5: Strong deactivation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

GMR
* TFLL 

 

Table 2.3.2–6: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 110 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR TAL 

BFR RFL 

TAR GML 

GMR RFL 

* means the correlation in different frequency range between lower limbs. 
  



 

(a) 90 rpm–150 W 

 

 (b) 110 rpm–150 W 
 

Figure 2.3.2–2: The coefficient of correlation of synergy vectors extracted from the left and right 
leg muscles for the beginners at 90 rpm under 150 W (a) and at 110 rpm under 150 W (b) The 

color bar shows the correlation coefficient of synergy vector in both legs. The correlation coefficient 

in each block divided by each muscle shows the tendency of bilateral muscle coordination.  



 

(a) 90 rpm–150 W 

 

(b) 110 rpm–150 W 
 

Figure 2.3.2–3: The coefficient of correlation of synergy vectors extracted from the left and right 
leg muscles for the experienced cyclists at 90 rpm under 150W (a) and at 110 rpm under 150 W 
(b) The color bar shows the correlation coefficient of synergy vector in both legs. The correlation 

coefficient in each block divided by each muscle shows the tendency of bilateral muscle coordination. 
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Figure 3.3.1–1: Mean synergy activation coefficients for the beginners at 70, 90, and 110 rpm 
under 150 W. The top, middle, and bottom panels represent the first, second, and third mean synergy 
activation coefficients for whole 35, 45, and 55 cycles across 70, 90, and 110 rpm, respectively; the blue 

solid line, orange dashed line, and yellow dotted line represent 70, 90, and 110 rpm, respectively; the x-
axis and y-axis represent the crank angle and synergy activation levels, respectively. 
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Figure 3.3.1–2: Synergy vectors for the beginners at 70, 90, and 110 rpm under 150 W. The top, 

middle, and bottom panels represent the first, second, and third synergy vectors; the x-axis shows the 
right (R) and left (L) lower limb muscles, showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 

92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to right; the y-axis shows the activation 
level of synergy vectors; the blue stacked bar with solid edge, orange stacked bar with dashed edge, and 

yellow stacked bar with dotted edge represent 70, 90, and 110 rpm, respectively. 
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Figure 3.3.1–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
beginners. Each block shows the result from each experimental condition; 70 rpm (top left), 90 rpm 
(top right), and 110 rpm (bottom left). Each circle shows three types of pedaling phases; Propulsive 

phase (green)–pushing phase (orange)–pulling phase (blue). Each line in each block shows the type of 

synergies; synergy #1 (bold line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) 
and right (solid). In addition, the initial crank angle position is defined as 0° where the right foot is 

placed on the top center of the pedal. The crank rotation follows a clockwise manner. 

70 rpm cadence 90 rpm cadence

0�

180�

90�270�

Pushing phasePulling phase

Propulsive phase
0�

180�

90�270�

Synergy #1: 
Synergy #2: 
Synergy #3: 

Right leg Left leg

Red line: Asymmetry in inter lower limb coordination; 
the comparatively greater activation of muscle 
coordination in the lower limb in each synergy during 
different pedaling phases 

110 rpm cadence

0�

180�

90�270�

: Operating point of pedaling motion



 
Figure 3.3.2–1: Mean synergy activation coefficients for the experienced cyclists at 70, 90, and 110 
rpm under 150 W. The first, second, third, and fourth panels represent the first, second, third, and 

fourth mean synergy activation coefficients for whole 35, 45, and 55 cycles across 70, 90, and 110 rpm, 

respectively; the blue solid line, orange dashed line, and yellow dotted line represent 70, 90, and 110 
rpm, respectively; the x-axis and y-axis represent the crank angle and synergy activation levels, 

respectively. 
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Figure 3.3.2–2: Synergy vectors for the experienced cyclists at 70, 90, and 110 rpm under 150 W. 
he first, second, third, and fourth panels represent the first, second, third, and fourth synergy vectors, 
respectively; the x-axis shows the right (R) and left (L) lower limb muscles, showing, in each muscle, 

wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to 

right; the y-axis shows the activation level of synergy vectors; the blue stacked bar with solid edge, 
orange stacked bar with dashed edge, and yellow stacked bar with dotted edge represent 70, 90, and 110 

rpm, respectively. 
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Figure 3.3.2–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
experienced cyclists. Each block shows the result from each experimental condition; 70 rpm (top left), 
90 rpm (top right), and 110 rpm (bottom left). Each circle shows three types of pedaling phases; 

Propulsive phase (green)–pushing phase (orange)–pulling phase (blue). Each line in each block shows 

the type of synergies; synergy #1 (bold line), #2 (bold double lines), #3 (bold triple lines), and #4 (single 
line) in the left (dotted) and right (solid). In addition, the initial crank angle position is defined as 0° 

where the right foot is placed on the top center of the pedal. The crank rotation follows a clockwise 

manner. 
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Figure 4.3.1–1: Boxplot of the MDF slopes of muscles for all subjects. The red line in each box shows 

the median value for all subjects. On the y–axis, the negative values indicate muscle fatigue. The X–
axis shows the right (R) and left (L) lower limb muscles. Each symbol in the legend represents an 

individual subject. 

 

 
Figure 4.3.1–2: The iMDF values across whole cycles for the subject F. Each line and symbol in the 

legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles (30 

secs). The y–axis shows the iMDF values. 
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Figure 4.3.1 3: The iMDF values across whole cycles for the subject S1. Each line and symbol in 

the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 

 

 
Figure 4.3.1–4: The iMDF values across whole cycles for the subject S2. Each line and symbol in 
the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 
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Figure 4.3.1–5: The iMDF values across whole cycles for the subject S3. Each line and symbol in 

the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 
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Figure 4.3.2–1: Fatigue–adaptation of mean synergy activation coefficients for the subject S1 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–2: Fatigue–adaptation of synergy vectors for the subject S1 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 

and the cyan bar represent the results in the first and last 45 cycles, respectively. 



 

Figure 4.3.2–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S1 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–4: Fatigue–adaptation of mean synergy activation coefficients for the subject S2 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–5: Fatigue–adaptation of synergy vectors for the subject S2 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 
and the cyan bar represent the results in the first and last 45 cycles, respectively. 

  



 

Figure 4.3.2–6: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S2 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–7: Fatigue–adaptation of mean synergy activation coefficients for the subject S3 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively.  
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Figure 4.3.2–8: Fatigue–adaptation of synergy vectors for the subject S3 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 
and the cyan bar represent the results in the first and last 45 cycles, respectively. 

  



 

 

Figure 4.3.2–9: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S3 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–10: Fatigue–adaptation of the first and second mean synergy activation coefficients 
for the subject F in the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels 
represent the first and second mean synergy activation coefficients, respectively; the blue solid line and 

the dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-
axis represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–11: Fatigue–adaptation of the first and second synergy vectors for subject F in the 
first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels represent the first and 
second synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 

showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 
and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 

and the cyan bar represent the results in the first and last 45 cycles, respectively. 
 

  



 

Figure 4.3.2–12: Fatigue–adaptation of the third and fourth mean synergy activation coefficients 
for the subject F in the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels 
represent the third and fourth mean synergy activation coefficients in the first 45 cycles and third 

synergy in the last 45 cycles, respectively; the blue solid line and the red solid line represent the third 
and fourth synergy, respectively; the x-axis and y-axis represent the crank angle and synergy activation 

levels, respectively. 
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Figure 4.3.2–13: Fatigue–adaptation of the third and fourth synergy vectors for the subject F in 
the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels represent the third and 
fourth in the first 45 cycles and third synergy vectors in the first 45 cycles, respectively; the x-axis shows 

the right (R) and left (L) lower limb muscles, showing, in each muscle, wavelets #1–9 (19.29, 37.71, 
62.09, 92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to right; the y-axis shows the 

activation level of synergy vectors; the blue bar and the red bar represent the third and fourth synergy, 

respectively. 
  



 

Figure 4.3.2–14: Schematic understanding of asymmetry in inter lower limb coordination for 
subject F in both flesh and fatigue adaptation period. The left and right block show the result for the 

first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase (orange)–

pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold line), #2 
(bold double lines), #3 (bold triple lines), and #4 (single lines) in the left (dotted) and right (solid). In 

addition, the initial crank angle position is defined as 0° where the right foot was placed on the top center 
of the pedal. The crank rotation followed a clockwise manner. 
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