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Abstract: The aim of this study was to examine whether there are kinematic and kinetic differences 

in the lower limb and whether the symmetry of the lower extremities is different after prolonged-

running. Fifteen healthy male amateur runners (age: 22 ± 1 years, height: 173 ± 8 cm, mass: 65 ± 7 kg, 

BMI: 21.62 ± 2 kg/m2) were recruited as participants for this study. A Vicon eight-camera motion 

capture system and Kistler force plate were used to collect kinematic and kinetic parameters. A 

motorized treadmill, 15-point Borg scale and heart rate bands were used to monitor fatigue during 

a running-induced fatigue protocol. Paired sample T tests were used to check statistical difference 

(p = 0.05) between the lower limbs and the symmetry changes in pre-fatigue and post-fatigue 

running sessions. The symmetry angle (SA) of the knee flexion angle, hip flexion angle and hip 

extension angle in post-fatigue was significantly greater than in pre-fatigue, increasing by 4.32%, 

10.71%, and 23.12%, respectively. Moreover, the SA of hip flexion moment increased by 2.61%. 

However, the knee extension velocity and hip flexion velocity became more symmetrical than in 

pre-fatigue (p < 0.05), the SA decreased by 5.91% and 5.45%, respectively. Differences in limb 

function during post-fatigue may lead to changes of symmetry in the lower limbs. The variables of 

asymmetry may be used as a compensation mechanism to maintain gait stability. Physical therapy 

assessment of fatigue injuries and long-distance running training programs may want to consider 

the changes in symmetry due to limb dominance. 
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1. Introduction 

Symmetry is one of the basic concepts in mathematics and physics. In the study of biology, the 

usefulness of symmetry is often applied to morphology and systematics [1]. However, the 

morphological and functional characteristics of the human body are not completely symmetrical [2]. 

Previous research has shown that asymmetry has been observed in the upper limbs, with ~90% of 

individuals having more muscular asymmetry in the right upper limbs [3]. This may be caused by 

evolutionary characteristics and genetic predispositions [2]. 

Biomechanical studies on gait asymmetry have been focused on the clinical diagnosis of 

pathological populations [4], prosthetic technology of the disabled population [5], and performance 

and injury related research [6]. The gait of healthy populations was found to be not completely 

symmetrical [7], such as joint moments [8], joint angles [9], time parameters and vertical ground 
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reactive forces (GRF) [10] in running gait. Sadeghi et al. (2003) studied two consecutive gait cycles in 

people without impairments and found that there was a significant difference between each peak 

muscle moment value [7]. As reported, the symmetry of the lower limb joints moment was not 

affected by running speed [11]. Previous studies on gait biomechanics generally assumed that the 

lower limbs were symmetrical, and only a unilateral limb was selected in the study to simplify the 

complexity of data collection [12]. Potential error caused by bilateral limb asymmetry was thus 

neglected [13]. The asymmetry data obtained between the limbs indicated that the performance 

characteristics of both limbs were different [13]. An understanding of the bilateral differences in the 

lower limbs and relationships with running biomechanics is of great significance for injury 

prevention and subsequent treatments and rehabilitation [4]. The asymmetry of running gait may 

lead to compensation in one limb in favor of the other limb with increasing loadings and muscle 

contraction dynamics [14]. Lower limb biomechanical studies of running injuries compared the 

injured limbs of injured runners with the dominant limbs of healthy runners [15]. However, the 

biomechanical parameters of the dominant and non-dominant lower limbs in running are not 

completely symmetrical [16], the default gait symmetry may affect the experimental outcomes [15]. 

Therefore, limb dominance may be used to explain limb asymmetry [13]. Niu et al. showed that the 

injury risk of the dominant leg was greater than that of the non-dominant leg [16]. Furthermore, inter-

limb asymmetry was more apparent in the movement patterns with preferred limb dominance [17]. 

Exhaustion during prolonged running inevitably causes neuromuscular fatigue, which further 

leads to lower limb biomechanical changes [18]. Studies of biomechanical variability in post-fatigued 

are usually applied to unilateral limbs. As reported, a reduced body posture control was observed 

with running fatigue [19], which usually manifests itself as the change of biomechanical 

parameters[20]. Joint power generation and absorption are commonly used to quantify gait 

propulsion and stabilization, respectively [13]. Farris et al. found the net positive power of the 

bilateral lower limb joints was symmetrical in healthy gait [21]. Previous studies reported that 

running fatigue can increase the maximum knee extension angle, resulting in an increased medial 

arch load in the foot [22]. Researchers refer to this potential change as gait variability, which is a 

functional feature of the human regulation process [23]. Degache et al. reported that running fatigue 

reduces ankle stiffness and increases the range of motion (ROM) of the knee and hip joints, but with 

no significant change in joint moments [18]. Nevertheless, little attention has been paid to the 

relationship between fatigue and gait symmetry. Brown et al.[15] found no correlation between 

fatigue and limb dominance while comparing kinematic and dynamic changes in pre-fatigue and 

post-fatigue of the bilateral lower limbs. Wong et al. [24] demonstrated that prolonged walking 

increases the asymmetry and variability of the ankle joint in the elderly. Recent studies showed that 

gait symmetry in heathy populations changed with fatigue [8]. However, whether fatigue reduces 

symmetry in novice runners has not been fully investigated. Therefore, a potential difference in the 

running fatigue related biomechanical asymmetry in the lower limbs was proposed in the current 

study. 

The purpose of this study was to explore whether there was asymmetry in the kinematics and 

kinetics of the joints in the lower extremities in pre-fatigue and post-fatigue and whether fatigue 

would increase asymmetry. Therefore, three hypotheses were proposed for this study: (1) There is 

biomechanical asymmetry in both limbs pre-fatigue. (2) There is biomechanical asymmetry in both 

limbs post-fatigue. (3) The biomechanical symmetry of both lower limbs changes (either increases 

towards 0% or decreases towards 100%) during post- fatigue running. 

2. Materials and Methods 

2.1. Subjects 

Fifteen healthy male amateur runners volunteered as subjects in this study (age: 22 ± 1 years, 

height: 173 ± 8 cm, mass: 65 ± 7 kg, BMI: 21.62 ± 2 kg/m2). The dominant lower limb was defined as 

the preferred limb when kicking a ball. All participants had to meet the following requirements: (1) 

Each subject was an amateur rearfoot striking runner (the subjects ran less than 2–3 times a week for 
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a running time <45 min and/or a running distance <10 km) [25]. (2) There was no lower limb deformity 

or general body deformity. (3) There had been no history of any injury in the trunk, pelvis or lower 

limbs in the previous 6 months prior to the study. (4) The right- side limb was the dominant limb. 

The study was approved by the Ethics Committee of the Research Institute in Ningbo University. 

2.2. Test Protocol 

As presented in Figure 1, once participants were recruited, warm up and lab familiarization were 

conducted prior to biomechanical data collection. For the over-ground running test, the pre-fatigue 

baseline biomechanics data were collected. Following the previously established prolonged-running 

protocol [25], running-induced fatigue was conducted. For the over-ground running test, the post-

fatigue biomechanics data were collected. 

 

Figure 1. Outline of the test protocol. 

2.2.1. Biomechanical Variable Collection 

As illustrated in Figure 1, the marker-set includes twenty-one infrared reflective markers and 

six infrared rigid clusters (highlighted in red), fixed onto both lower limbs in accordance with human 

anatomical landmarks to define the hip, knee and ankle joints[26]. The over-ground running test was 

conducted using an in-lab 25 m runway, facilitated with an eight- camera motion capture system 

(Vicon Metrics Ltd., Oxford, United Kingdom) and a Force plate (Kistler, Winterthur, Switzerland). 

The Vicon system was used to record the kinematics at a frequency of 200 Hz, and the force plate 

embedded in the middle of a 25-m runway was used to record the ground reaction force (GRF) at a 

frequency of 1000 Hz. 

Participants were required to run at a comfortable pace during the over-ground running test 

pre- and post-fatigue intervention. A full foot (heel-toe) contact with the force plate was defined as a 

valid trial. Trials with adjusting steps, targeting the force plate or landing the force plate improperly 

(such as forefoot strike) were excluded for further data analysis. Four valid trials for the dominant 

and non-dominant limbs were collected. All participants performed the same biomechanical 

collection procedures in 5 min for the test setup (markers placement) after the running-induced 

fatigue protocol in the post-fatigue session, following our recent study design [27]. 

2.2.2. Running-Induced Fatigue Protocol 

Prior to the prolonged running induced fatigue protocol, participants were introduced to the 

Borg Rating of the 15-point Borg scale (Ratings of Perceived Exertion, RPE, 6–20 Borg’s scale) [28]. As 

presented in Figure 1, a motorized treadmill (Satun h/p/cosmos, Nussdorf- Traunstein, Nußdorf, 

Germany) was set to a slope of 1% to mimic the outdoor running environment [29]. Participants then 

performed running as per the previously established running-induced fatigue protocol [25]. The 15-

point Borg scale and heart rate monitor (Polar RS100, Polar Electro Oy, Woodbury, NY, USA) was 

used to record the perceived exertion and heart rate changes per minute during the fatigue 
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intervention. As reported, either two consecutive minutes of 90% of maximum heart rate (HRmax = 

220-age) or RPE > 17 (very hard) were considered as the point of human fatigue [25]. Participants 

reported RPE scores in the last 10-s of every minute during the intervention, and the corresponding 

heart rate was recorded. Initially, participants walked on a treadmill at a speed of 6 km/h. Then, the 

running speed was iteratively increased by 1 km/h every two minutes until RPE scores reached 13 

(somewhat hard), which was defined as steady state speed. Participants then continued to run at the 

given steady state speed until reaching the fatigue point which lasted for at least two minutes. RPE 

scores at the start and end of the prolonged running induced fatigue protocol were selected for 

statistical comparison. 

2.3. Data Processing 

This study focused on the variation of the sagittal plane as of particular interest, due to the 

reported dominant variation in the sagittal plane during running [30]. A customized function in 

Visual 3D (c-motion Inc., Germantown, MD, USA) was used to process and calculate variables in the 

sagittal plane of the hip, knee and ankle joints using C3D files generated from Vicon Nexus Software. 

Bi-directional second-order low-pass Butterworth filters were used for the de-noising process of 

marker trajectories and the force plate signal [15]. The cut-off frequencies were 6 Hz and 50 Hz, 

respectively [31]. The models were first created using the recorded static marker position with the 

measured participants’ anthropometric parameters (height and mass). A participant’s individualized 

model was created with a defined joint motion axis and a scaled inertia center in each segment (pelvis, 

thigh, shank and foot). The inverse kinematics algorithm was performed in Visual 3D to calculate the 

joint angles and angular velocities. The calculated joint angles and collected ground reaction force 

were inputted to run the inverse dynamics algorithm, thus obtaining the joint moments. 

Joint stiffness (Kjoint) (Equation (1)), as a discrete parameter, was used to evaluate and quantify 

the interaction between joint torque and joint range of motion [32]. 

Kjoint=△M/RoM (1) 

Δ M was defined as the change of ankle, knee, and hip joint moment during the stance phase. 

RoM was defined as the joint range of motion during stance [33]. 

The joint power (Pjoint) (Equation (2)) is usually used to indicate the type of action at a given point 

during movement [34]. 

Pjoint= Mjoint╳ωjoint (2) 

Mjoint and ωjoint were defined as instantaneous joint moment and joint angle velocity, respectively 

[35]. For averaging purposes, the joint moment and power of each subject was normalized using body 

mass. Discrete maximum and minimum values of joint angle, joint angle velocity, joint moment, and 

joint power were selected for the statistics. 

The time-varying data of the joint angles, moments, and powers were interpolated to a length of 

100 data points for comparative analysis and statistics. Moment and power parameters were 

normalized using the respective weights. The biomechanical variables were averaged across each of 

the four successful trials for both pre-fatigue and post-fatigue conditions. The symmetry angle (SA) 

(Equation (3)), previously reported for right versus left parameters comparison [36,37], was used to 

evaluate the biomechanical symmetry of the subjects’ dominant limb and non-dominant limb. 

SA(%)  =
(45°−arctan(

Xleft

Xright
))

90°
×100%  (3) 

X represents the value of the biomechanical variables in the right or left lower limb. A value of 

0% for the SA indicates that the variable is complete symmetry [36], and 100% indicates completely 

asymmetry. In order to make the SA of each variable easier for comparison, all values were rectified 

to positive [37]. 
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2.4. Statistical Analysis 

SPSS Statistical Software (Version 19; SPSS, Inc., Chicago, IL, USA) was used to analyze the 

significance of biomechanical parameters in the dominant limb and non-dominant limb, and the SA 

significance in pre-fatigue and post-fatigue. The Shapiro-Wilks test was first used to check the 

normality of the data. The paired sample t-test was used to check the significance in the parameters 

that were normally distributed. The Wilcoxon test was used to check the parameters that were non- 

normally distributed. Repeated Measures Analysis of Variance was used to examine the significance 

of the RPE scores during running-induced fatigue intervention. The significance level was defined at 

p < 0.05. 

3. Results 

The RPE scores was 6.6 ± 0.13 during the pre-prolonged-running induced fatigue test session, 

which was significantly lower than the scores of the post running-induced fatigue session (18.33 ± 

0.16, p < 0.05). The significant differences of the biomechanical variables between dominant and non-

dominant limb in pre-fatigue are presented in Figure 2. For kinematics variables, the minimum value 

of hip extension angle (p = 0.02) and ankle plantar flexion angle velocity (p = 0.03) of the dominant 

limb were significantly larger than the non- dominant limb. The maximum value of the hip flexion 

angle was significantly lower in the dominant limb. For kinetic variables, the minimum value of hip 

extension power (p = 0.02) of the non-dominant limb was significantly lower than the dominant limb. 

 

Figure 2. Illustration of the significant difference in the parameters of the dominant and non-

dominant lower limbs during pre-fatigue for the over-ground running test. Note: the dotted box 



Symmetry 2020, 12, 720 14 of 11 

indicates a statistically significant difference, p < 0.05. Left: Left lower limb (non-dominant). Right: 

Right (dominant) lower limb. The solid curve indicates the mean value at each time point. The shaded 

area indicates the standard deviation at each time point. 

The significant differences of biomechanical variables between the dominant and non-dominant 

limb in post-fatigue are presented in Figure 3. For kinematic variables, the minimum value of ankle 

plantar flexion angle (p ≤ 0.01) and knee extension angle velocity (p = 0.02) of the dominant limb were 

significantly larger than the non-dominant limb. The maximum value of ankle dorsiflexion angle (p 

≤ 0.01) of the dominant limb were significantly larger than the non-dominant limb. For kinetics 

variables, the minimum value of hip flexion power (p = 0.02) of the non-dominant limb were 

significantly lower than the dominant limb. 

 

Figure 3. Illustration of the significant difference in the parameters of the dominant and non-

dominant lower limbs during post-fatigue for the over-ground running test. Note: the dotted boxes 

indicate a statistically significant difference, p < 0.05. Left: Left lower limb (non-dominant). Right: 

Right (dominant) lower limb. The solid curve indicates the mean value at each time point. The shaded 

area indicates the standard deviation at each time point. 

Significant differences in SA of ankle, knee, and hip biomechanical variables between pre-fatigue 

and post-fatigue are presented in Tables 1–3. For kinematic variables, the SA minimum of knee 

flexion (p = 0.02) and hip extension (p = 0.02) angle during post-fatigue were significantly larger than 

pre-fatigue session. However, the SA of maximum knee extension angle velocity (p = 0.02) and hip 

flexion angle velocity (p ≤ 0.01) during post- fatigue were significantly lower than the pre-fatigue 

javascript:;
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session. The SA of the maximum of hip flexion angle (p ≤ 0.01) in post-fatigue were significantly larger 

than the pre-fatigue session. For kinetic variables, the SA of the maximum hip flexion moment (p = 

0.02) in post-fatigue was significantly larger than the pre-fatigue session. 

Table 1. The significance of symmetry angle (SA) in the variables of the ankle joint during pre- and 

post-fatigue session. 

Joint Variables 
Symmetry Angle (%) ± SD 

Pre-Fatigue Fatigue p-Value 

Ankle    

Dorsiflexion 9.63 (6.98) 13.67 (7.65) 0.28 

Plantarflexion 20.10 (12.53) 21.66 (36.07) 0.61 

Dorsiflexion velocity 3.55 (3.36) 3.61 (2.34) 0.87 

Plantarflexion velocity 5.19 (3.43) 2.97 (3.32) 0.11 

Dorsiflexion moment 16.30 (14.54) 22.45 (16.09) 0.11 

Plantarflexion moment 22.03 (20.49) 28.69 (18.78) 0.57 

Dorsiflexion power 19.85 (16.73) 26.98 (20.30) 0.57 

Plantarflexion power 18.67 (16.25) 25.97 (19.59) 0.50 

Stiffness 18.66 (16.62) 26.17 (19.59) 0.31 

Table 2. The significance of SA in the variables of the knee joint during pre- and post-fatigue session. 

Joint Variables 
Symmetry Angle (%) ± SD 

Pre-Fatigue Fatigue p-Value 

Knee    

Extension 8.11 (7.36) 22.25 (20.78) 0.50 

Flexion  4.66 (2.79) 8.98 (4.23) 0.02 * 

Extension velocity 8.94 (5.77) 3.03 (1.70) 0.02 * 

Flexion velocity 4.60 (4.58) 4.39 (2.58) 0.96 

Extension moment 16.53 (13.18) 29.17 (16.38) 0.33 

Flexion moment 14.87 (12.20) 21.19 (15.37) 0.19 

Extension power 17.38 (9.50) 16.48 (13.02) 0.11 

Flexion power 24.07 (13.88) 25.47 (18.78) 0.91 

Stiffness 14.40 (12.71) 22.06 (13.72) 0.11 

Note: “*” indicates the significance of SA in the bilateral lower limb (p < 0.05). 

Table 3. The significance of SA in the variables of hip joint during pre- and post- fatigue session. 

Joint Variables 
Symmetry Angle (%) ± SD 

Pre-Fatigue Fatigue p-Value 

Hip    

Flexion 2.43 (1.71) 13.14 (6.88) 0.00 * 

Extension 18.12 (29.96) 41.24 (34.76) 0.02 * 

Flexion velocity 22.43 (16.47) 16.98 (17.36) 0.00 * 

Extension velocity 4.60 (4.58) 4.39 (2.58) 0.61 

Flexion moment 3.01 (2.23) 5.62 (3.37) 0.02 * 

Extension moment 14.87 (12.20) 21.19 (15.37) 0.53 

Flexion power  13.20 (12.91) 22.11 (12.92) 0.82 

Extension power 13.12 (6.91) 12.95 (8.85) 0.91 

Stiffness 6.04 (5.01) 7.73 (8.46) 0.53 

Note: “*” indicates the significance of SA in the bilateral lower limb (p < 0.05). 
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4. Discussion 

In the current study, findings indicated that the biomechanical parameters in the dominant and 

non-dominant lower limbs were asymmetric between pre-fatigue and post- fatigue. These findings 

are consistent with hypothesis (1), (2) and (3). Specifically, the hip joint exhibited larger extension and 

smaller flexion in the dominant limb while the ankle joint has a smaller plantarflexion velocity during 

pre-fatigue over-ground running. The extension power of the hip joint was significantly lower than 

the non-dominant limb. The ankle dorsiflexion angle and knee extension velocity of the dominant 

limb are larger than the non- dominant limb, but the ankle plantarflexion angle and hip flexion 

moment were lower during the pre-fatigue session. RPE scores during post-fatigue were significantly 

greater than pre-fatigue, which suggested that the human body was in a fatigue state after the 

running- induced fatigue intervention protocol. The biomechanical symmetry of both lower limbs 

was changed in post-fatigued. The SA of the knee flexion angle, hip flexion angle, hip extension angle, 

and hip flexion moment increased during post-fatigue. Interestingly, the SA of the knee extension 

velocity and hip flexion velocity reduced significantly during post- fatigue, suggesting the symmetry 

of the flexion velocity in the knee joint and hip joint enhanced significantly. 

Congenital slight asymmetry exists in the form and function of the human body [2]. The 

difference in this study, which was observed in the pre-fatigue session, may be related to the body’s 

biomechanical and neuromuscular asymmetry at baseline [13]. This study found that the left hip had 

a greater flexion, extension angle in the contact phase during pre-fatigue following over- ground 

running. This might be due to the relatively weak neuromuscular control of the non-dominant limb. 

Thereby, the range of motion of the hip joint was increased. The hip extension power of the dominant 

limb was significantly lower than that of the non-dominant limb, suggesting that the musculoskeletal 

system of the dominant limb had a better load absorption capacity. As a result, the non-dominant 

limb may be prone to damage from overuse [38]. Differences in bilateral limb kinetics were found to 

influence gait variations [2]. Excessive ankle flexion angle velocity of the dominant limb could 

provide forward acceleration for the body center of mass during stance, thus contributing to the 

propelling function of the dominant limb [13]. 

Generally, the propelling effect of the dominant limb and the stabilizing effect of the non- 

dominant limb are considered to be some of the reasons contributing to gait asymmetry [13]. The left 

lower limb showed a greater flexion moment in this study. Therefore, the asymmetry of the hip 

flexion moment was significantly enlarged. This can be explained by the fact that the hip flexion 

muscles of the non-dominant limb make a greater contribution to the control of body balance during 

stable gait [7]. A smaller ankle dorsiflexion angle was observed in the post-fatigue session. This may 

be due to the fact that the non-dominant limb, as the stable limb plantar flexors uses eccentric 

contractions to suppress the tibia during the forward progression over the foot, thus maintaining the 

balance of the center of gravity [39]. The knee maximum flexion velocity of the non-dominant limb 

was greater than the dominant limb, which are consistent with previous studies [8]. However, the 

knee maximum extension velocity was greater in the dominant limb, which may be due to the greater 

contribution from propulsion, which may be associated with the functional nature of the dominant 

limb [13]. 

While comparing the symmetry changes of the lower limbs during pre-fatigue and post- fatigue 

sessions, Brown et al. observed that the symmetry did not change as a result of fatigue [15]. However, 

the symmetry in a few variables during post-fatigue was significantly different from the findings of 

this study. In general, gait variability increased from fatigue-intervention [40]. The asymmetry of 

knee flexion angle, hip flexion angle, and hip extension angle was significantly enlarged. These 

results might be due to insufficient motor neuron drive by the central nervous system and peripheral 

changes at the muscular level under the fatigue condition [41,42]. Therefore, the biomechanical 

variability due to fatigue is not identical in both lower limbs. The risk of injury related to body control 

will increase [19]. In addition, the symmetry of the flexion velocity of the knee joint and hip joint was 

significantly enhanced. This may be explained as a compensation mechanism produced by the body 

during post-fatigue in order to maintain stability [40]. 
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Some limitations should be considered in this study. First, the running-induced fatigue 

intervention was conducted on a treadmill while the biomechanics test was performed over the 

ground in the lab. Symmetrical variations in the sagittal plane were mainly investigated as the 

variable of interest. The inclusion of other planes may reveal comprehensively the inter-limb 

symmetry of asymmetry. An interval of no more than five minutes exists at the end of the fatigue 

protocol and at the start of the post-fatigue over-ground running test. Another limitation was that 

the location of the anatomical point was determined by palpation in this study, which may affect the 

accuracy of the marker calibration and the movement of the skin may reduce data accuracy. The final 

limitation was that only male participants were recruited, and findings are not generalizable for 

females, which needs to be considered in future studies. 

5. Conclusions 

The current study found that due to fatigue from prolonged running, the symmetry of the knee 

flexion angle, hip flexion angle, hip extension angle, and the hip flexion moment were reduced, while 

the knee extension velocity and hip flexion velocity were enhanced during running stance. These 

findings provide preliminary evidence that fatigue alters lower limb symmetry during running gait. 

According to the difference in motor function from limb dominance, the amateur runners’ lower 

limbs showed symmetry changes from prolonged running fatigue. The findings provide implications 

for potential fatigue-related injury risk and provide a reference for possibly reducing injury from 

long-distance running performance. 
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