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中文摘要 

肌肉的力量除了產生動作，另一方面也能維

持關節的穩定性，避免受傷。但在肌肉疲勞後

(After Fatigue)，關節的受力與力距會產生什麼變

化?而提升受傷的可能性，為此次研究的主要目

的。本次實驗邀請 14 位無上肢傷殘病史的年輕

男性舉重選手參與實驗計畫，在正常速度條件下

進行伏地挺身運動。我們將分析伏地挺身運動在

疲勞前(Before Fatigue)與疲勞後(After Fatigue)，
其單位運動循環時間、肘關節屈曲角度與關節受

力的變化。 
實驗結果發現伏地挺身運動疲勞後，肘關節

前向剪力 Peak 值增加、外側剪力 Peak 值增加。

肘關節屈曲角度在 Down 的部分變小、單位循環

的運動時間變長。整體而言，疲勞後因為肌力衰

退造成關節搖晃不穩定，而使得關節剪力增加，

易提高運動受傷機會。 

關鍵詞：伏地挺身、疲勞、力、肘關節 

Abstract 

Exercise and Strengthening of the Upper 
Extremity is becoming popular. How to avoid 
injuries during training process is an important 
issue. The purpose of this study was to investigate 
the effect of fatigue on joint loading during kinetic 
chain exercise of the upper extremity. 

Fourteen healthy male athletes were recruited 
to measure the joint kinematics and joint kinetics by 
using a three-dimensional motion analysis system 
and two force platforms. All subjects were 
requested to perform push-up exercise until the 
fatigue occurred. The kinematics and kinetics of 
each joint before and after fatigue were calculated 
and analyzed using laboratory-developed motion 
analysis procedures. 

After fatigue of exercise, subject would not 

complete full push-up cycle; while it’s cycle time 
would be increased. It’s necessary to avoid joint 
injury which caused by increasing of joint shear 
force after fatigue. 
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INTRODUCTION 

Literatures state that fatigue is a critical factor 
which might influence persons’ performance and 
result in various sports or occupation-related 
injuries. To stabilize a joint during a movement, not 
only surrounding tissues, such as ligaments and 
capsules, of the joint, but the muscular contraction 
strength may also be of crucial importance for 
providing adequate joint stability in both upper and 
lower extremities. That is to say, the maintenance 
and improvement of the muscle strength is 
fundamental to enhance performance ability as well 
as to prevent movement-related injuries. Among 
many of the training exercises, the push-up are 
usually seen in athletic training, clinical 
rehabilitation and military training protocols. 
Without any surprising facts, push-up exercise 
provides obvious achievements on the muscular 
strengthening and endurance improvements of the 
upper extremity. Few studies, however, have 
reported on the effects of the fatigue on the joint 
loads of the upper extremity while performing these 
trainings with respect to the biomechanical 
perspectives. It should be noted whether a proper 
push-up exercise to improve the trainees’ physical 
functions without producing adverse effects or not 
is a critical issue to be emphasized.  

The upper extremity biomechanical models 
have been established to investigate several 
kinematic and kinetic parameters during a 
simulated fall condition and upper extremity 
training exercises [1-6]. The outcomes of these 
reports provide worthy contributions to demonstrate 
some potential injury mechanisms resulting from a 



fall on the outstretched hand. However, there is 
very little information regarding to the effect of 
fatigue on the joint kinematics and load during 
upper extremity exercises. The current study 
attempts to explore the effect of fatigue by 
quantifying the joint kinematics and loads of elbow 
joint using the common push-up performances 
based on an established biomechanical model. 

METHODS 

Instruments  
The motion trajectories of the upper extremity 

were recorded using a three-dimensional Eagle 
Digit System (Motion Analysis Corporation, Santa 
Rosa, CA, USA) with 60 Hz recording frequency. 
This system consists of eight Eagle Digital Cameras, 
the EagleHub, and EVaRT software which assist in 
the motion data collection and post-process of the 
obtained data. Two Kistler force-plates (Type 
9281B, Kistler Instrument Corp., Winterthur, 
Switzerland) were used to measure the ground 
reaction forces at the frequency of 960 Hz. Both 
kinematic and kinetic data were synchronically 
collected. 

Participants and Experimental Procedures.  
Fourteen healthy male subjects (19.6±0.8 

years old; 69.6±8.6 kg; 168.7±5.5 cm) volunteered 
in this study. The subjects have no previous history 
of upper extremity injuries and are right-handed 
dominant. 

A set of eleven retro-reflective markers was 
placed on selected anatomic landmarks of the upper 
extremity for each subject (Figure 1). The 
placements of these markers assisted in the 
definition of the coordinate system of each segment 

of the upper extremity and trunk. The selected 
anatomic landmarks, the 7th cervical vertebra, the 
4th thoracic vertebra and acromion process, were 
intended to simulate the rigid body assumption for 
the trunk. The markers on the acromion process, 
medial and lateral epicondyles of the humerus were 
used to define the upper arm. The anatomic 
positions of the medial, lateral epicondyles of the 
humerus and ulnar styloid process represent the 
forearm segment. The hand segment was defined by 
the markers on the radial and ulnar styloid 
processes and the third metacarpal bone. A triad of 
markers was additionally placed on the upper arm 
in order to minimize potential errors due to skin 
movement of the medial and lateral epicondyles 
during the exercises. 

For calibration of the markers, each subject 
was requested to maintain the body in a “neutral 
anatomic position” with the arms at the side of the 
body and the palms facing forward Afterwards, the 
subjects were asked to continue performing the 
push-up until they cannot persist for executing the 
exercises owing to the fatigue. 

Data Processing and Analysis  
Since the aim of this experiment is to analyze 

each joint load of the elbow joint during the 
push-up exercises, a three joint multi-linkage 
system, which was formed by the hand, forearm, 
upper arm of the upper extremities, and trunk, was 
constructed as the biomechanical testing model of 
the upper extremityThe free body diagram which 
assisted in calculating the joint force and moment 
of each joint (wrist, elbow, and shoulder) is shown 
in Figure 3. The governing equations for estimating 
the joint forces and joint moments which are on the 
basis of the theory of Newton’s laws of motion are 
shown as follows: 

dp FgmamF


  (1)

The force and moment in the free body diagram of 
the forearm: 

fd hpF F 
 

 (2)

fp f f f fdF m a m g F  
  

 (3)

The symbols of the equilibrium equations are 
described as follows:  
Where h = hand, f = forearm and u=upper arm. 

pF


 is the proximal joint force.  

am


 is the effective force.  
gm


 is the gravity force of the local segment.  

dF


 is the distal joint force.  

m  is the mass of the segment.  
Each segment was assumed to be a rigid body. 

Three orientations of the joint movements, hinge 
angle, rotational angle and horizontal deviation, 

Figure 1.Marker setup for the kinematical 
measurement 



were calculated using Euler’s method with a y-x’-z” 
rotational sequence via the marker-based coordinate 
systems. The force plate data included one vertical 
and two shear forces as well as the location of the 
center of pressure on the palm and the moment 
about the axis normal to the force plate during the 
exercises. Segment mass and inertia data were 
estimated by anthropometric database [7]. Angular 
velocity and acceleration were calculated with Euler 
parameter’s method [8]. The force place loading 
equals the hand loading, with a reversed vector. The 
wrist loading is then calculated, using an inverse 
dynamic procedure with the Newton-Euler 
equations [8, 9]. Afterwards, the joint loadings of 
the elbow as well as the shoulder were also 
determined. 

  A generalized cross-validation spline 
smoothing (GCVSPL) routine at a cut-off 
frequency of 6 Hz was used for data smoothing [10]. 
Joint angles, forces and moments of the joints as 
functions of temporal percentile during the exercise 
cycle were calculated and then used for analysis. 

Statistical Analysis 
Statistical analyses for the experimental 

parameters, such as time duration for each cycle, 
joint angle, and joint load, were performed using 
SPSS 13.0 (SPSS Inc., Chicago, Illinois, USA). The 
paired t-test with p < 0.05 as statistical significance 
was used to compare the measured variables 
between the before and after-fatigue conditions. 

RESULTS 

The time duration for each cyclecyclic time of 
motion in the push-up exercise before and after 
fatigue is 1.68 and 2.05 seconds, respectively. The 
statistical result shows significant difference of this 
temporal factor between the before- and 
after-fatigue conditions (Table 1). The kinematical 
and kinetic changes of each joint between the 

different states of fatigues are shown as follows: 
After fatigue from push-up exercise, there is a 

significant decrease of 13° in the maximum elbow 

flexion angle (p=0.03). The joint force of the elbow 
joint represents that the peak force in the 
anterior/posterior direction, the down position and 
the peak value in the medial/lateral direction have 
significant differences between the before and after 
fatigue during the push-up exercise (Table 3). 

DISCUSSION 

With the increase of popular interests in the 
promotion of physical fitness and athletic training 
by exercises, the facts of favorable and adverse 
effects regarding the training protocol must be 
clarified. The investigation of the upper extremity 
biomechanics during the push-up may not be a 
novel topic for discussion; however, there is very 

Table 1. The cyclic time of motion in the pushup 
exercise before and after fatigue 

Cyclic Time of the Pushup Exercise 

 
Before Fatigue

Mean (SD) 
After Fatigue 
Mean (SD) 

p‡

Cyclic Time† 
of Motion  
(second) 

2.1 (0.42) 2.58 (0.46) 0.04 

†: The definition of a cyclic time is the period which 
requires spending for completing one cycle of a pushup. 

‡: indicates the significant difference (p<0.05) of the cyclic 
time between the before- and after-fatigue conditions, using 
the pair t test. 

Table 2. Joint angular changes of the upper 
extremity before and after fatigue in the pushups 
xercises.. 

Pushup exercise 
Mean (SD) 

Before Fatigue After Fatigue p 

Elbow  

Flex.(+)/Ext.(-)  

up 6.24(5.56)  4.48(6.30) 0.51

down 107.88(12.78)  93.44(14.83) 0.03*

range of motion 101.63(10.97)  88.95(16.96) 0.06
*p<0.05 
 
Table 3 – Joint load changes of the upper 
extremity before and after fatigue in the pushup 
exercises. 

 Pushup exercise 

Mean (SD) 

Before Fatigue After Fatigue p 

Elbow    

Anterior(+)/posterior(-) 

up 3.34(1.89) 6.33(3.20) 0.10 

down  1.44(2.88) 2.69(4.08) 0.58 

peak 4.25(1.20) 8.19(1.85) 0.002*

Medial(+)/Lateral(-) 

up -4.76(3.62) -6.01(3.57) 0.52 

down  -13.09(7.18) -23.40(4.40) 0.006*

peak -15.73(6.24) -29.17(3.65) 0.002*

Axial compression(+) 

up 30.20 (4.62) 27.95(3.60) 0.17 

down  36.25 (6.16) 36.13(8.61) 0.96 

peak 42.59 (5.08) 43.00(6.44) 0.85 
*p<0.05 



little scientific investigation regarding to the effect 
of the fatigue on the joint kinematics and loads 
during these exercises. In retrospect, the effects of 
the fatigue on the sensorimotor system function 
have been addressed in some of the reports related 
to the issues of movement acuity in a performance 
and repetitive resultant pain of the muscles. 
Assuming the kinematics and joint loads might be 
able to be altered after fatigue, this study thus 
attempts to provide constructive depictions of the 
relationship between the fatigue and joint 
kinematics, as well as kinetics during the push-up 
exercises by conducting a mechanics-based 
experiment. Previous studies have established 
several biomechanical models which are useful for 
analyzing the kinematics and kinetics of the upper 
extremity in the various tasks. Based on these prior 
efforts, this study investigates and represents the 
performances of the upper extremity before and 
after fatigue occurrence from biomechanical 
mechanism perspectives. The detailed discussion is 
described as follows. 

The findings of kinematical results show that the 
time duration to complete a cycle of motion in both 
push-up exercises is significantly increased after 
fatigue from exercise. In addition, the joint angular 
changes are significantly decreased in the 
flexion/extension of the elbow joint.  

This result obviously reveals a general 
performance of the upper extremity has been 
changed. 

CONCLUSIONS 

In this study, the kinetics and kinematics of 
the elbow before- and after-fatigue were analyzed. 
The results showed that the elbow load differed 
significantly between before- and after-fatigue. The 
peak axial forces and peak extension moments 
occurred near the “Down” position as the push-up 
speed increased. The peak elbow anterior/posterior 
force and medial/lateral force after-fatigue were 
1.93 and 1.85 times those before, respectively. 

After fatigue of exercise, maximum elbow 

flexion angle 13° than before-fatigue, that means 

subject would not complete full push-up cycle, 
while it’s cycle time would be increased. In 
conclusion, it’s necessary to avoid joint injury 
which caused by increasing of joint shear force after 
fatigue.  
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