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Abstract 
   The purpose of this project was to empirically develop a method of using electromyography to 

identify how humans coordinate their muscles during certain sequences of movement and the effect 

of an injured anterior cruciate ligament to muscle coordination. In this study, more simple 

movements of the lower extremities are examined and relatively accurate hypothesizes can be made 

solely based on anatomical theory. However, a general method for electromyographic studies would 

open up the possibility of exploring muscle coordination in more complex movements. This would 

facilitate further research in scientific fields such as biomechanics and neurophysiology. 

   Surface electromyography was used to acquire data of muscle activation from the primary muscle 

groups of the lower extremities, while body movements were recorded using video cameras. The 

neural signals sampled were rectified for systematic interference by the removal of electrical 

background noise and by centering the signal baseline. To address the problem of the neural signal 

pattern being random, a smoothing algorithm called “RMS EMG” that reflects the mean power of the 

signal was applied. Additionally, a high-pass filter was applied to filter out filter out frequencies 

outside the range of neural signals in muscles. 

   In order to correlate the body movement sequences with the electromyographic data, the video 

recordings were compared with activity-time plots of the electromyographic data. By localizing and 

interpreting local peaks and change of gradients, the motions where structured into distinct phases 

and the muscle coordination was evaluated. Through investigation of both bilateral and unilateral 

movements the effects on an injured anterior cruciate ligament were studied. 

   Results showed predominant muscle activation in the knee extensors during squatting and similar 

motions. Even though the motions included significant hip extension, the hamstrings displayed a 

nearly constant level of muscle activation throughout the movement. Activation of the muscles 

occurred simultaneously, but the motion appeared to be primarily executed by the knee extensors. 

During gait, muscle activation in the gastrocnemius was observed to be significantly higher than in 

any other muscle prior to the hind foot leaving ground. 

   Injury to the anterior cruciate ligament appeared to cause an increase of muscle activation in the 

lateral side of the knee extensors compared to the medial side. 
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1 Introduction 
   The coordination of human skeletal muscles is very complex, yet knowledge about it is crucial in 

many scientific fields, such as biomechanics, neurophysiology and engineering. In even the simplest 

motions we recruit an abundance of muscles; the human body relies on every muscle to synergize 

the motor task. Objective information about muscle coordination could provide an understanding 

important for planning of therapeutic intervention in individual subjects with gait disorders. It is also 

important for athletes so that the use of different training methods or equipment can be optimized 

(Hug, 2011). 

   An attempt to a thorough explanation of muscle coordination could quickly lead to a very 

philosophical discussion; however it has briefly been defined as “a distribution of muscle activation 

or force among individual muscles to produce a given combination of joint movements” (Hug, 2011). 

To understand the complexity of coordination one can consider that the human body has 244 

kinematic degrees of freedom, which greatly exceeds the six degrees of freedom (translation and 

rotation) required to place a body segment in a desired position. This is usually referred to as the 

redundancy of the human motor system. Due to this redundancy, any motor task, such as walking, 

can in theory be performed in an infinite number of ways. However, only a limited number of 

muscles are recruited by the human motor in order to complete desired motor tasks. (Prilutsky & 

Zatsiorsky, 2002). Muscle coordination is how we select these muscles. 

   A common way to examine muscle activation patterns is by electromyography studies of the motor 

tasks of interest (electromyography will be explained in section 2.2). These patterns can then be 

analyzed in terms of magnitude of the activation and the time of the activation. If there is a way to 

connect the results with the original movement it would provide information about the human 

motor system’s selection and what we call movement coordination. 

1.1 Research Goals and Objectives 
   The general goal of this project is to empirically develop a method for interconnecting results from 

electromyography measurements to a specific sequence of movement and to apply the method to 

study muscle activation and movement coordination. Primarily, the project will focus on coordination 

in movements using the lower extremities, such as walking and squatting. 

   Due to the current condition of the test subject the effects of a completely torn anterior cruciate 

ligament (ACL, see section 2.1.3) to the muscle activation will be investigated. This will be done by 

comparing the muscle activation in the injured and healthy leg during bilateral and unilateral 

movement. 

2 Literature Review 

2.1 Anatomy and Muscle Function 

2.1.1 Function of Muscles and Muscle Action 

   Skeletal muscles create movement in body segments by exerting force on the skeleton. However, 

muscles can only give cause to traction force. Each skeletal muscle is attached to the skeleton at two 

sites at least, usually at each side of a joint (e.g. above and below the knee joint). When a muscle 

contracts, it tightens and generates tension. If there is no external resistance present, the muscle will 
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pull the skeletal segments closer together. In other words, a muscle controls or creates a movement 

through the development of torque. 

   Despite the fact that each muscle only has the ability to create one type of joint rotation, muscle 

action is divided into three groups, namely concentric, eccentric and isometric muscle action. If a 

muscle shortens while contracting, the muscle action is termed concentric. Most joint movements 

are created by a concentric muscle action. For example, flexion of the knee or lifting of the forearm, 

as shown in Figure 2.1 (a), is produced by concentric muscle action (Hamill & Knutzen, 2009).  

 
Figure 2.1. The three different kinds of muscle action: Concentric, Eccentric and Isometric. 

   Eccentric muscle action can only occur when a joint is subjected to an external torque greater than 

the torque generated by the muscle. During eccentric muscle action the muscle elongates and 

decelerates the movement. This kind of action can be found in any everyday situation where 

something is lowered at a controlled pace. When the trunk is lowered, as in sitting down, gravity is 

resisted and the movement is controlled through eccentric muscle action (Hamill & Knutzen, 2009). 

   If the muscle contracts and generates tension with no change in the joint orientation, the muscle 

action is called isometric. To resist external force and maintain a static joint position requires 

isometric muscle action (Hamill & Knutzen, 2009). One example of an isometric muscle action is to 

hold one arm static, as shown in Figure 2.1 (c). 

2.1.2 Anatomy of Muscles 

   As a consequence of the muscle redundancy, it would be unfeasible to investigate every single 

acting muscle in a major motion, in any scientific study. Therefore, focus is generally put on the 

larger muscle groups. This project examines motions performed mainly by the lower extremities and 

only a few of the involved muscles will be studied. Consequently, those muscles are the topic of this 

section. 

   Quadriceps femoris is a group of four muscles on the front side of the thigh. These four muscles 

extend the knee joint when contracting concentric.  The quadriceps femoris consists of the rectus 

femoris and vastus intermedius forming the middle part of the muscle group, the vastus lateralis on 

the lateral (outermost) side, and the vastus medialis on the medial (innermost) side (Hamill & 

Knutzen, 2009). Due to their site of attachment being different, muscle action in the separate 

muscles has additional functions. The position and attachment sites of the quadriceps femoris 

muscles are presented in Figure 2.2. 
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Figure 2.2. Muscles of the right quadriceps femoris. In (A), a scaled off view of the quadriceps femoris is presented, while 

(B) shows the muscle group in context. 

   The only muscle of the quadriceps femoris acting on two joints is the rectus femoris. Due to its 

attachment to the pelvic bone rather than the end on the femur (thigh bone), it acts both as a knee 

extensor and a hip flexor. However, the actual function of the rectus femoris depends on the lever it 

has in respect to the distinct joints. If the hip joint if flexed, the ability of the rectus femoris to extend 

the knee joint is limited, while its ability flex the hip joint further is facilitated. Reversely, the rectus 

femoris acts mainly as a knee extensor if the hip is extended (Hamill & Knutzen, 2009). 

   The largest and strongest of the quadriceps femoris is the vastus lateralis. Due to its position and its 

attachment to the patella, the vastus lateralis applies lateral force to the patella and knee joint. The 

vastus medialis pulls medially and thereby helps stabilize the knee joint and contribute to correct 

tracking of the patella (Hamill & Knutzen, 2009). In electromyographic research, the vastus 

intermedius is generally not examined, mostly due to it being located deep within the thigh, beneath 

the rectus femoris. 

   The hamstring is the major muscle group contributing to knee flexion. The muscle group is located 

on the back of the thigh and consists of the biceps femoris, the semitendinosus and the 

semimembranosus (Hamill & Knutzen, 2009). In Figure 2.3, the locations of the hamstring muscles 

are presented. All of the three muscles in the hamstring attach to the ischial tuberosity, a prominent 

bony part at the lower end of the pelvic bone, causing the muscles to act over two joints. Besides 

flexing the knee, the hamstring pulls the ischial tuberosity downwards when the muscles contract, 

and as a result, the hip is extended (Hamill & Knutzen, 2009). 

   Due to the fact that the hamstring consists of two-joint muscles, its muscle action is very complex. 

Motions such as rising from a squatting position include both knee extension and hip extension. 

While contraction of the hamstrings muscles would contribute to extension of the hip, it would 

counter the quadriceps femoris effort to extend the knees. However, the hamstrings operate most 

effectively as knee flexors from a position of hip flexion (Hamill & Knutzen, 2009).  
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Figure 2.3. Muscles of the right hamstring. The three muscles are shown in a more scaled off view in (A), while (B) shows 

them in context. 

   The biceps femoris is the most laterally positioned muscle in the hamstring group. When this 

muscle contract it causes, apart from the earlier mentioned functions, external rotation of the lower 

leg.  The medial part of the hamstring consists of the semitendinosus and the semimembranosus, 

and is responsible for rotating the lower leg internally (Hamill & Knutzen, 2009). In Figure 2.4, the 

three muscles are shown separately and all of their attachments are exposed. 

 
Figure 2.4. The three muscles of the right hamstring with their attachments fully visible. 

   The semimembranosus and the semitendinosus lie very close together and the semimembranosus 

is located slightly deeper in the thigh, somewhat beneath the semitendinosus. Consequently, these 

two muscles are difficult to distinguish when making electromyographic recordings of muscle 

activation. 

   Plantarflexion is a term for the action of flexing the foot downwards, pushing the toes down. One 

of the primary movers of this action is the gastrocnemius, a muscle located on the backside of the 

lower leg. The gastrocnemius attaches to the lower end of the femur and is therefore a two-joint 
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muscle, also capable of flexing the knee. Due to mechanical advantage it is more effective as a 

plantar flexor when the knee joint is extended and the quadriceps femoris is activated (Hamill & 

Knutzen, 2009). The muscle belly of the gastrocnemius is divided into two sections, the medial and 

the lateral head. In Figure 2.5, the anatomy of the gastrocnemius is illustrated. Standing on the toes 

of the foot requires the feet to be plantar flexed and is therefore one example of when muscle action 

in the gastrocnemius is necessary. 

 
Figure 2.5. The primary muscles contributing to plantarflexion. 

   Dorsiflexion is the opposing action of plantarflexion. When the foot is dorsiflexed it is tilted up and 

the toes are moved proximal to the tibia (shin bone, see Figure 2.6). Located on the front and lateral 

side of the tibia is the tibialis anterior, the primary and most powerful dorsiflexor (Hamill & Knutzen, 

2009). The position of the tibialis anterior is presented in Figure 2.6. 

 

Figure 2.6. Muscles contributing to dorsiflexion. 

2.1.3 Anterior Cruciate Ligament 

   A ligament is a short band of tough fibrous connective tissue that binds bone to bone. Ligaments 

usually provide support in one direction. Because ligaments stabilize, control, and limit joint motions, 

an injury to a ligament influences joint motion. Damage to a ligament can result in joint instability, 
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which in turn, can cause altered joint kinematics, resulting in altered load distribution (Hamill & 

Knutzen, 2009). 

   The anterior cruciate ligament is classified as an intra-articular ligament, meaning it is located inside 

the joint it supports. It is one of the ligaments connecting the lower end of the femur to the top of 

the tibia. The location of the ACL is illustrated in Figure 2.7. One of the primary purposes of the ACL is 

to prevent the tibia from moving forward relative to the femur. Additionally the ACL limits external 

rotation of the knee joint (Immersion Media, 2011). 

 
Figure 2.7. The anterior cruciate ligament can be seen below the patella (knee cap). 

   Damage to or loss of the ACL creates both planar and rotator instability, since the stabilizing 

function of the ACL is diminished. Whereas planar instability is usually the tibia moving forward, 

rotator instabilities can occur in a variety of directions, depending on the other structures injured. 

Instability created by an inefficient or missing ACL places added stress on the secondary stabilizers of 

the knee (Hamill & Knutzen, 2009). Contraction of the hamstring muscles exerts traction force on the 

head of the tibia and pulls it backwards, thereby decreasing the stress within the ACL, regardless of 

the degree of knee flexion (Lass, Kaalund, leFevre, Arendt-Nielsen, Sinkjaer, & Simonsen, 1991). 

   In earlier electromyographic studies of muscle coordination during gait among subjects with a 

complete rupture of the ACL, a systematic deviation in the timing of activation of muscles acting on 

the knee joint have been detected (Lass, Kaalund, leFevre, Arendt-Nielsen, Sinkjaer, & Simonsen, 

1991). In general, all the muscles activate earlier prior to the heel-ground contact in the injured knee, 

and the duration of the muscle activity is prolonged. Most notably are the differences in activity in 

the biceps femoris and the medial part of the gastrocnemius (Lass, Kaalund, leFevre, Arendt-Nielsen, 

Sinkjaer, & Simonsen, 1991). 

2.2 Electromyography 
   In short, when using electromyography, electrodes are used to detect the signals from our neural 

system to our muscles. There are two different kinds of electromyography, surface and intramuscular 

EMG, the difference between them is in the nature of the electrodes used. When using surface EMG 

the electrodes are positioned on the skin, on the surface of the muscle. When using intramuscular 

EMG the muscles of interest are penetrated with electrodes in the shape of needles. 
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   In studies focusing on muscle coordination, surface EMG is generally preferred to intramuscular 

EMG (Hug & Dorel, 2009). The needle technique can lacerate muscle tissue and cause pain during 

movement, leading to abnormal movement patterns. Due to its invasive nature, the needle 

technique also requires medical personnel. With needle electrodes, the volume of muscle from 

which signals can be recorded is relatively small, and thus, may not be representative of the total 

muscle mass involved (Hug, 2011). Consequently, this section focuses on surface EMG. 

   Ways of processing EMG data for the purpose of facilitating analysis of EMG data already exist. This 

section examines previous research and work in order to provide guidelines for this project. 

2.2.1 Baseline Shift 

   Every neural signal measured passes two electrodes and therefore the potential difference is 

measured once as positive and once as negative. As a consequence, all data points occur in pairs with 

opposite signs and the mean value of the raw EMG data should be zero.  In other words, the baseline 

of the EMG signal graph should be centered at zero. An offset of the baseline indicates the presence 

of constant systematic interference (Konrad, 2006). The problem can be solved by simply removing 

the offset, centering the baseline at zero. A graph with a visible shift in the baseline is depicted in 

Figure 2.8. 

 
Figure 2.8. Raw EMG data have been modified to have an excessive baseline offset. The red line is the baseline of the 

data. 

2.2.2 Signal Filtering 

   The frequency of the neural signals in the muscles measured by the EMG electrodes ranges from 6 

Hz up to 500 Hz, showing the most powerful signals between 20 Hz and 150 Hz (Konrad, 2006). 

Consequently, this is the frequency interval of interest in the recorded data. However, the raw EMG 

data contains multiple frequencies superimposed, some of which may be outside the interval of 

interest. Frequencies outside the interval cannot origin from the muscles and are therefore the result 

of interference. To solve this problem the EMG data needs to be filtered.  Recommendations are to 

use digital band-pass filters to remove any output outside the frequency interval 10-500 Hz (Konrad, 

2006). 

   A digital band-pass filter is a combination of a high-pass and a low-pass filter. Filtering digital data 

using a high-pass filter will remove signals of frequencies below the filter’s threshold (called the cut-

off frequency) from the superimposed data; only high enough frequencies pass. A low-pass filter has 

the opposite function, only low enough frequencies will pass. The combination will create an interval, 

or a band, of allowed frequencies and is called a band-pass filter. 



Muscle Activation and Movement Coordination 
 

 

  
12 

 
  

   According to the Nyquist-Shannon sampling theorem, signal frequencies above the Nyquist 

frequency cannot be sampled properly (Konrad, 2006). The Nyquist frequency is defined as 

          
         

 
       

   Sampling of signals above the Nyquist frequency will result in aliasing effects, illustrated in Figure 

2.9. As a consequence, a minimum sampling frequency of 1000 Hz is required for EMG recordings in 

order to avoid loss of information (Stegeman & Hermens, 1998). 

 
Figure 2.9. The blue curve is the original signal, the black dots are sampled data points and the red curve is the digital 

measured signal. 

2.2.3 Signal Smoothing 

   The interference pattern of EMG is mainly of random nature, due to the fact that the actual set of 

recruited motor units constantly changes within the diameter of available motor units and the 

arbitrary way the motor units’ signals superpose. Additionally, when using surface EMG the 

electrodes are attached to the skin and not the muscle itself. As a consequence, the electrodes’ 

position relative to the muscle belly changes slightly through dynamic action, as the muscle shortens 

or lengthens (Konrad, 2006). 

   This results in the fact that a raw EMG burst cannot be reproduced a second time by its exact 

shape. To address this problem, the non-reproducible part of the signal is minimized by applying 

digital smoothing algorithms that outline the mean trend of signal development (Konrad, 2006). 

Steep spikes are removed this way and the data is transformed into more of a movement pattern. 

Figure 2.10 depicts raw EMG data where several spikes and irregularities are visible. 

 
Figure 2.10. Unprocessed EMG data obtained from measurements of normal gait in graphical format are shown. 
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   Root Mean Square EMG (RMS EMG) is one established algorithm for smoothing. It is a combination 

of RMS value and a method referred to as “Sliding window” or “Moving average”. When applying the 

moving average method, each data point is replaced by the mean value of itself and its neighboring 

data points. The user defines a “time window”, analogous to the time interval over which the mean 

value is calculated. For example, if the time window is 50 ms, then the data point obtained at the 

time t =75 ms would be replaced by the mean value of every data point in the interval 50 ms < t ≤ 

100 ms. 

   The difference in RMS EMG is simply that the RMS value is used instead of the mean value. RMS 

EMG reflects the mean power of the signal and is the preferred recommendation for smoothing 

(Konrad, 2006). For a set of discrete values        
 , the root mean square is defined as 

       
 

 
   

 

 

   

       

   Recommendations are to use a time window between 50 ms and 100 ms, depending on the speed 

of the measured movement. A lower time window works better for faster movements and while it 

may be superfluous for slower movements (Konrad, 2006). 

2.2.4 Amplitude Normalization 

   One major problem with EMG analysis is that the amplitude of the signals is strongly affected by 

the given detection conditions. The registered general amplitude can vary greatly between electrode 

sites, different subjects and even day to day measures of the same muscle site. One way to address 

this problem is to normalize the data to a reference value. Most commonly the signal data is 

normalized to the subject’s maximum voluntary contraction (MVC) value (Konrad, 2006). 

   Typically, MVC is tested against static resistance. Excellent stabilization and support of all involved 

body segments is important for a maximal contraction to be possible. Despite good testing 

conditions, untrained subjects may have problems reaching the absolute maximum capacity of the 

muscles (Konrad, 2006). Injury to body structure may invalidate or directly prevent measuring of 

MVC. 

   MVC normalization provides two significant benefits. First, MVC normalized data provides an 

estimation of the neuromuscular effort required for a given task. If carried out properly, 

normalization can provide an understanding at what capacity level the muscles are working. 

Secondly, the rescaling to percent of a reference value unique for every muscle eliminates any 

varying influence of local signal detection conditions (Konrad, 2006). 

   The preciseness of the normalized data is strongly dependent of the quality of the MVC trial. As 

muscle capacity varies with muscle length it is questionable whether a static trial can be 

representative for dynamic movements. Additionally, finding a static position where the subject can 

contract its muscles to their maximum capacity is difficult. Several studies have observed readings 

exceeding MVC during dynamic exercises (Konrad, 2006). 
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3 Method 

3.1 Approach 
   To achieve the goals in section 1.1, research was performed in three steps. First, electromyographic 

recordings of muscle activation during specific motions were collected in a laboratory. Next, the EMG 

data was processed using MathWorks’ software Matlab. Different methods were applied to filter, 

normalize and smooth the recorded activity data and turn it into readable graphs. Thirdly, the EMG 

data of the muscle activation patterns was analyzed and the contribution of distinct muscles during 

the duration of the motions was examined. 

3.2 Experimental Setup 
   The EMG apparatus used had a maximum capacity of ten channels, allowing detection of muscle 

activation in ten muscles simultaneously. Along with EMG, two video cameras were used to record 

the performed motions. The video cameras were time-synchronized with the EMG measuring, 

providing a universal time scale. 

   EMG recordings of muscle activation patterns were gathered at two separate occasions. The first 

experiment was implemented 21 days after the occurrence of the ACL injury. Consequently, the knee 

joint was still swollen and had limited range of motion and limited capacity of force development. 

During the first experiment, EMG electrodes placed on the rectus femoris, vastus lateralis, vastus 

medialis, biceps femoris, and semitendinosus of each leg in order to enable comparison of lateral 

versus medial muscle activity. 

   On the second occasion, 61 days had passed since the date of the injury and common motor tasks 

could be performed without visible abnormalities in the motion pattern. Electrodes were placed on 

the rectus femoris, vastus medialis, biceps femoris, medial gastrocnemius, and tibialis anterior of 

each leg in order to enable analysis of thigh and lower leg interaction. 

   The test subject of the EMG measurements was a 21 year old male with five years of experience as 

a national elite level athlete and a diagnosed ruptured anterior cruciate ligament. 

3.2.1 Experimental Tasks 

   The motions examined during the first experiment were: 

 Standing up bilaterally. The subject started sitting on a chair, rose to erect position using 

both legs and then sat down again. 

 Squatting bilaterally. Starting in an erect position, the subject flexed the knees and lowered 

the trunk, as if to sit down. When the joint angle of the knee was approximately 100 degrees 

the subject returned to erect position. This was performed three times. 

 Sitting on a chair. This was measured in an attempt to obtain data from the muscles in a 

relaxed position. It was used to estimate the amplitude of the background noise. 

   During the second experiment, more dynamic motions were examined and some of the motions 

from the first experiment were tried a second time. The studied motions were: 

 Gait. The subject walked across the laboratory in a normal pace, following a straight path. 
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 Squatting bilaterally. This time the subject was able to perform the motion with a greater 

range of motion. However, the reflectors on the subject’s body prevented the motion from 

being performed with a full range of motion. 

 Jump. The subject started in an erect position, flexed the knees and the hip and jumped by 

rapidly extending the same joints. 

 Sitting on a chair. The same measurement as mentioned above was performed for the same 

purpose as mentioned above. 

3.3 Experimental Procedure 

3.3.1 EMG Testing 

   Before the testing could begin, the electrodes had to be placed properly and the skin had to be 

prepared. First, the body hair was removed to improve the adhesion of the electrodes and to 

improve overall conduction. Secondly, the skin was cleaned with alcohol to remove dead skin cells 

and dirt in order to lower the electrical impedance. Thirdly, two electrodes were placed at each 

prepared site. The electrodes themselves were covered in a gel with good conducting properties and 

low impedance. For optimal positioning of the electrodes, the guidelines and recommendations of 

the SENIAM project (Surface Electromyography for the Non-Invasive Assessment of Muscles) of the 

European Union were followed (SENIAM, 1999). 

   Wireless transmitters were connected to the electrodes and attached to the skin using double-

sided tape. Data registered by the electrodes was amplified and sent to an EMG system connected to 

a computer equipped with the software Vicon Nexus. External forces causing sudden movement of 

the transmitters may generate invalid signals due to the high sensitivity of the transmitters. In an 

attempt to minimize external effects and interference the transmitters were stabilized using straps. 

The positioning of the electrodes and the transmitters during the first experiment is illustrated in 

Figure 3.1. Once all EMG electrodes were placed, proper connection and electrode positioning was 

verified through active movements. 

 
Figure 3.1. EMG electrodes and transmitters are attached to the biceps femoris and the semitendinosus of the 

hamstrings. The transmitters on the left leg are stabilized with straps, while the transmitters on the right leg are visible. 
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   The recording frequency of the EMG measurements was 1000 Hz, thus each collected data point 

represents a time interval of 1 ms and the numerical value of the point is the measured potential 

difference in volts.  

3.3.2 Maximum Voluntary Contraction 

   Maximum voluntary contractions were performed for each muscle during the second experiment 

to provide a reference value for normalization. Each muscle was recorded during one maximal 

manual isometric muscle test for approximately ten seconds. The subject was strapped tightly to a 

special designed chair for stabilization, where the knee joints were fixated at an angle of 

approximately 80 degrees and the ankles were kept in an close to neutral position. The MVC 

measurements were executed on bilateral isometric muscle action, i.e. both legs were tested 

simultaneously for each muscle group. 

   No MVC tests were made during the first experiment. The fact that the knee had not yet recovered 

from the recent trauma prevented testing of isolated knee extension at higher stress levels. 

3.4 Signal Processing Method 
   The motion data had to be rectified for the influence of any systematic error first, meaning the 

baseline had to be centered. The mean value of the measured data for each muscle from each 

measurement was subtracted from each respective set of data points. This resulted in the mean 

value of the shifted data points being equal to zero, which indicates that the offset had been 

removed and the baseline had been centered. Relaxation and MVC data were rectified as well. 

   The background noise was accounted for by using equation (2) to find the RMS value of the 

relaxation data. The algorithm used for removing the background noise studied each data point in 

the motion data set separately and set every data point smaller than the RMS value to zero. Data 

points greater than the RMS value were decreased by the RMS value. 

   Due to the sampling frequency being 1000 Hz, the Nyquist frequency of the signal sampling and the 

maximum expected signal frequency are both 500 Hz. Consequently, the raw EMG data cannot 

contain frequencies above 500 Hz and the use of a band-pass filter would be superfluous. Instead, a 

high-pass filter with a cut-off frequency of 10 Hz (based on literature recommendations, section 

2.2.2) was applied. 

   A built-in high-pass filter in Matlab, called butter, was used to create a transfer function able to 

filter the EMG data. The transfer function was of the form 

       
                     

                     
       

where   is the order of the filter. Different filter orders were tried in an attempt to find the minimum 

order required for sufficient filtering. The EMG data was transformed using the designed transfer 

function and the Matlab function filtfilt. 

   The RMS EMG method (explained in section 2.2.3) was used to smooth the EMG data and remove 

lone spikes, deviating from the general trend. A time window of 50 ms was used. The RMS of each 

window was calculated using the equations 
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where   is the window size and   is the total number of data points in the data set. Equation (5) and 

(6) were used for the first       and the last     data points, where a window of full size could 

not be used. 

3.4.1 Normalization 

   Before being used, the MVC data was processed following the same procedure in order to increase 

its reliability. The maximum value of the data set of each muscle was used as reference value due to 

the fact that the maximal possible contraction is what is sought for. 

   All data sets from the second experiment were divided by the corresponding reference MVC value. 

This enabled presentation of data as fractions of MVC. The data from the first experiment were not 

normalized. 

3.5 Analysis of Video and EMG 
   Muscle activation was first plotted as a function of time, enabling localization of rest periods and 

activity peaks. The examined motions were then divided into specific phases depending on joint 

movement and angle. Equation (2) was used to calculate the RMS muscle activation of each muscle 

during each phase in order to gain an overview of the general trend in activation.  

   VideoLAN’s software VLC media player 2.1.3 was used to study the recorded motions and examine 

the movements corresponding to the peaks in the EMG data. The software is equipped with a slow-

motion function, allowing the time of occurrence of separate movements to be studied with higher 

precision. However, the elapsed time could not be displayed in units less than seconds, thus 

hindering the evaluation of motions at the level of milliseconds. 

   Due to technical issues, the video recordings from the second experiment were incomplete or 

nonexistent and provided limited information. Predictions were thereby based mostly on theory.  

4 Results 
   In this section the EMG data derived using the signal processing method, described in section 3.4, is 

presented. Three letter acronyms are used to abbreviate the measured muscles, where the first 

letter is either “L” or “R” and indicates if it is a muscle on the left or the right leg. The last two letters 

abbreviate the muscle name. Interpretation information is provided in Table 4.1. 
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RF VL VM St BF TA GM 

Rectus 
Femoris 

Vastus 
Lateralis 

Vastus 
Medialis 

Semi- 
tendinosus 

Biceps 
Femoris 

Tibialis 
Anterior 

Gastro- 
cnemius 
Medial 
Head 

Table 4.1. The meanings of the muscle acronyms are shown. 

4.1 EMG Data of the Medial and Lateral Thigh 

4.1.1 Standing Up Bilaterally 

   No MVC data was collected during the first experiment and consequently the EMG data of the 

motions cannot be normalized. Therefore the graphs in Figure 4.1 are in units of microvolt. 

 
Figure 4.1. The graph shows the muscle activity of the quadriceps and the hamstrings when the subject rises. 

   At approximately the time           all muscles activate simultaneously. The muscle activity is 

at its highest initially, when the muscles go from rest to concentric contraction as the motion is 

initiated. Thereafter, the muscle activity decreases in general during the late phase of the motion. In 

Figure 4.2 through Figure 4.5 the motion is depicted. 

 
Figure 4.2. The picture is 

taken at           
during the “standing up” 

measurement. 

 
Figure 4.3. The picture is 

taken at          . 

 
Figure 4.4. The picture is 

taken at          . 

 
Figure 4.5. The picture is 

taken at          . 

   An explanation to the second peaks occurring in the right hamstrings (semitendinosus and biceps 

femoris) could be that the hip is being forced into full extension while the knees are extended. Due 

to the injury the subject might favor different muscles in different legs. 
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   In Table 4.2 the maximum peak activity value for each muscle is listed along with the time of 

occurrence. Noticeable is the difference in peak activity in the rectus femoris and the biceps femoris 

between the respective legs. The peak activity is significantly higher in the rectus femoris of the left 

leg and significantly lower in the biceps femoris. This could be compensation due to the injury. 

 LRF LVL LVM LSt LBF RRF RVL RVM RSt RBF 

Activity 
(mV) 

0.63 0.59 0.44 0.030 0.022 0.29 0.36 0.66 0.041 0.050 

Time 
(ms) 

1560 1590 1570 1800 1800 1620 1580 1610 2120 1600 

Table 4.2. The maximum registered activity and the time of occurrence for each muscle during the “standing up” 
measurement. 

   EMG data from the specific time interval                   are illustrated in the graphs in 

Figure 4.6. The values in Table 4.2 and the graphs in Figure 4.6 suggest an earlier onset of the left 

quadriceps femoris compared to the right. Additionally, Figure 4.6 indicates that the right hamstrings 

reach a higher peak value earlier through the motion. 

 
Figure 4.6. EMG data from the “standing up” phase. 

   The duration of the EMG bursts vary for the distinct muscles, e.g. the activities of both the left and 

the right rectus femoris diminish approximately halfway through the motion. This gives reason to 

divide the motion into two phases. Figure 4.7 displays the RMS values of muscle activity during an 

early phase, defined as                  , and a late phase, defined as           

       , for each muscle. The bar chart suggests a significantly higher recruitment of both 

quadriceps femoris during the early phase, when the knee joint angle is larger. The ratio of activity in 

the rectus femoris to activity in the vastus muscles decreases dramatically between the phases for 

both legs, suggesting that the rectus femoris muscle primarily contributes to the motion at large 

knee joint angles, when the torque on the knee joint is greater. The activity in the vastus muscles also 

decreases throughout the two phases, the amount of decrease is however more dramatic in the 

injured leg. Additionally, the ratio of activity in the vastus medialis to activity in the vastus lateralis 

differs between the two legs during the motion. In the injured leg the vastus lateralis is dominant at 
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greater knee joint angles while the ratio remains approximately constant through the motion in the 

right leg. 

 
Figure 4.7. The RMS value of the muscle activity is illustrated in the bar chart. Early phase is defined as           

        and late phase as                  . 

4.1.2 Squatting Bilaterally 

   Figure 4.8 presents the EMG data from three consecutive squats. No MVC data was available and 

consequently the graphs are in units of microvolt. The EMG data indicates a faster diminution of 

activity in the rectus femoris compared to the vastus muscles in the late phase of the motion. 

Additionally, peaks in activity in the right semitendinosus occur after the offset of the right vastus 

muscles. 

 
Figure 4.8. The graph shows the muscle activity of the quadriceps femoris and the hamstrings when the subject squats 

three times. 

   The maximum peak activity values and the corresponding times of occurrence are presented in 

Table 4.3. This measurement displays almost no difference in peak activity due to injury. Compared 

to the peak activity in the “standing up” data, the quadriceps femoris peaks are lower and the 

hamstrings peaks are somewhat higher. This suggests that motions where the load suddenly 
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increases greatly have a higher quadriceps to hamstrings recruitment ratio than motion where the 

load is increased gradually. 

 LRF LVL LVM LSt LBF RRF RVL RVM RSt RBF 

Activity 
(mV) 

0.36 0.47 0.38 0.041 0.030 0.38 0.35 0.37 0.067 0.056 

Time 
(ms) 

3230 11270 11000 11000 11640 7280 3200 12070 4110 11550 

Table 4.3. The maximum registered activity and the time of occurrence for each muscle during the squat measurement. 

   The overall muscle activity gradually increases initially, peaks as bottom position is reached, and 

gradually decreases during the latter half of the motion. This gives reason to divide the motion into 

three phases: an eccentric phase, a transition phase, and a concentric phase. The transition phase is 

regarded as the brief period of time when the descending motion is completely decelerated and the 

ascension initiated. The phases of the motion are depicted in Figure 4.9 through Figure 4.11 and data 

of the time intervals of the phases are presented in Table 4.4. 

 
Figure 4.9. The picture is taken during 

the eccentric phase of a squat. 

 
Figure 4.10. The picture is taken 

during the transition phase. 

 
Figure 4.11. The picture is taken 

during the concentric phase. 
 

 Eccentric Phase (ms) Transition Phase (ms) Concentric Phase (ms) 

Squat 1 1800-3000 3000-3250 3000-4800 
Squat 2 6000-7000 7000-7500 7500-9250 
Squat 3 10000-11250 11250-11750 11750-13250 

Table 4.4. The time intervals of the distinct phases were determined by observing the video recordings. 

   Figure 4.12 presents bar charts of the RMS values of muscle activity for each muscle during the 

different phases and for the separate repetitions of the motion. Compared to the “standing up” 

measurement, the right vastus medialis is less dominant in proportion to the right vastus lateralis. 

Data of the two first squats show an increasing ratio of the rectus femoris to the vastus muscles as 

the knee joint angle increases, suggesting that the rectus femoris is more dominant at greater knee 

joint angles. As the knee joint angle increases, the ratio of activity in the vastus lateralis to activity in 

the vastus medialis increases in the injured leg. In the healthy leg, the ratio remains approximately 

constant. No significant changes in balance of lateral versus medial activity in the hamstrings of 

either leg occur during the motion. 
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Figure 4.12. The bar charts present the RMS value of the activity during the different phases. 

4.2 EMG Data of the Thigh and Lower Leg 

4.2.1 Gait 

   In Figure 4.13, EMG data recorded during gait is presented. MVC data was available for this 

measurement and consequently the graphs have been normalized. The graphs show a cyclic pattern 

where the quadriceps femoris, biceps femoris and the tibialis anterior activates initially and are 

followed by activity in the gastrocnemius. A phase shift of approximately half a cycle can be noted 

between the two legs. 

 
Figure 4.13. Muscle activity in the lower extremities during normal gait. 

   This cyclic pattern gives reason to divide the gait into two different phases for each leg: a stance 

phase and a swing phase. Stance phase refers to the time period where the foot is in contact with the 

ground. Swing phase refers to the time period where the leg is brought forward, not in contact with 

the ground and therefore not carrying any load. The phases are illustrated in Figure 4.14 through 

Figure 4.21. 
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Figure 4.14. Heel contact. 

 
Figure 4.15. Initial stance. 

 
Figure 4.16. Mid stance. 

 
Figure 4.17. Terminal stance. 

 
Figure 4.18. Toe off 

 
Figure 4.19. Initial swing. 

 
Figure 4.20. Mid swing. 

 
Figure 4.21. Terminal swing. 

   Prior to heel contact, the ankle is dorsiflexed and the knee is extended, as can be seen in Figure 

4.14. This suggests activity in the quadriceps femoris and the tibialis anterior. Upon impact, angle of 

the knee, hip and ankle are held stable which indicates that the quadriceps femoris, hamstrings and 

tibialis anterior responds to the increase of load. 

   Following heel contact, activity in the hamstrings should peak during the initial and mid stance 

phase as the hip is extended through the phase, as can be seen in Figure 4.15 and Figure 4.16. When 

in the terminal stance phase the weight is shifted towards the toes and the foot starts to plantarflex, 

as can be seen in Figure 4.17. This suggests muscle activity in the gastrocnemius should be detected 

during this period. Activity in the gastrocnemius should peak during the toe off phase, directly after 

heel contact of the opposite leg. During the swing phase shown in Figure 4.19 through Figure 4.21, 

the hip and knee joint are flexed while the ankle is dorsiflexed. This should require the rectus 

femoris, hamstrings and the tibialis anterior to activate. 

   Based on this, the EMG graphs in Figure 4.13 can be divided into phases; the specific time intervals 

of the phases are presented in Table 4.5. For simplicity, the phases described above have been 

combined to reduce the number of phases to three. The time intervals are estimates derived from 

comparison of Figure 4.13 to the hypothesized muscle activity pattern. 

 Initial Stance (ms) Terminal Stance (ms) Swing (ms) 

Left Leg 
200-500 

1260-1570 

500-790 

1570-1880 
790-1260 

Right Leg 
700-990 

1790- 
990-1310 

280-700 

1310-1790 
Table 4.5. The time intervals of the distinct phases of gait are estimates based on the EMG graphs and video recordings. 

   Figure 4.22 shows the EMG data from Figure 4.13, but with the different phases listed in Table 4.5 

highlighted. The figure shows how the activity in the quadriceps femoris, hamstrings and tibialis 

anterior reach a high peak during the initial stance phase, and then diminish as the gait shifts phase. 

The terminal phase displays high activity in the gastrocnemius through the whole phase. During the 

swing phase, minor activity in the rectus femoris, biceps femoris and tibialis anterior can be seen. 
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Figure 4.22. The colored fields illustrate the three phases of gait for each leg. Red represents the initial stance phase, 

cyan represents the terminal stance phase, and green represents the swing phase. 

   Figure 4.23 presents the RMS value of each muscle during each phase in the form of bar charts, 

facilitating comparison of muscle effort between different muscles. The charts indicate that the 

gastrocnemius is the primary contributor to movement during terminal stance. Quadriceps femoris 

and biceps femoris absorb the shock of impact during the initial stance phase. Additionally, 

quadriceps femoris maintains knee extension during initial stance, while biceps femoris extends the 

hip. Figure 4.23 also shows a significant difference in the ratio of activity in the quadriceps femoris to 

activity in the biceps femoris between the left and the right leg. The left leg shows a higher activity in 

the quadriceps femoris, especially in the rectus femoris, during the swing and initial stance phase. 

Activity in the gastrocnemius is significantly higher in the left leg during stance. It should be noted 

that the gastrocnemius displays high activity during the initial stance phase of the opposite leg, 

suggesting that the gastrocnemius could be a primary mover even when both feet are planted. 

 
Figure 4.23. RMS values of the EMG data during the phases described in Table 4.5 were calculated for each leg and 

muscle. The second initial stance phase of the right leg was excluded due to incomplete data. 



Muscle Activation and Movement Coordination 
 

 

  
25 

 
  

4.2.2 Squatting Bilaterally 

   Figure 4.24 presents normalized EMG data of a squat. In general, the muscle activity increases 

gradually during the eccentric phase, peaks when direction of motion is reversed, and decreases 

towards the end of the motion. A late peak in activity in both biceps femoris is shown. This could be 

as the hip reaches full extension; however, the overall activity in each biceps femoris is very low. High 

levels of activity in both tibialis anterior are displayed through the entire motion. Muscle activity is 

high in both quadriceps femoris, indicating that they are primary contributors to the motion. In both 

legs, the activity in the rectus femoris is significantly higher than in the vastus medialis in terms of 

%MVC. The gastrocnemius activity is negligibly low in both legs.  

 
Figure 4.24. EMG data recorded when the subject squats down and rises in a controlled pace. 

   Figure 4.25 presents the RMS value of the muscle activity of each muscle during an eccentric and a 

concentric. The phases are defined as                and                  

respectively. 

   The bar charts in Figure 4.25 show a higher activity in the quadriceps femoris during the concentric 

phase than during the eccentric. In comparison with the vastus medialis, the rectus femoris is closer 

to its maximum capacity during both phases. This suggests that rectus femoris could be a more 

dominant knee extensor compared to the vastus medialis. In the left leg, the ratio of activity in the 

rectus femoris to activity in the vastus medialis is closer to unity than in the right leg. However, 

muscle activity in the rectus femoris and the tibialis anterior is significantly higher in the right leg 

during both phases. 
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Figure 4.25. The squat has been divided into three phases: an eccentric, a concentric, and a late phase. They are defined 

as                and                  respectively. 

4.2.3 Jump 

   Figure 4.26 illustrates normalized EMG data recorded as the subject jumps. Two phases are obvious 

in the graphs, a takeoff and a landing phase. Before the take off phase however, high activity in both 

tibialis anterior is visible. This could be the tibialis anterior preventing plantarflexion while the feet 

are planted and thus maintaining balance. From a position of flexed knees and hips and dorsiflexed 

ankles the quadriceps femoris, biceps femoris and gastrocnemius activate and extend the knees and 

hips and plantarflex the ankle, thereby propelling the body upwards. High activity in quadriceps 

femoris and gastrocnemius can be seen both during takeoff and landing. Gastrocnemius activity 

diminishes quickly from           to           which indicates that ground contact ceases 

during this time interval. 

 
Figure 4.26. EMG data recorded when the subject stands still and jumps. 

   Figure 4.27 presents RMS values of the EMG data of the jump, divided into five phases. The jump 

has been divided into a preparation, takeoff, mid-air, early landing, and late landing phase. They are 
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defined as                 ,                  ,                  , 

                 , and                   respectively. 

   Tibialis anterior is mainly active during the preparation phase and through the whole landing phase, 

displaying the highest activity value during landing. According to the figure, the gastrocnemius only 

contributes significantly during takeoff and early landing. Figure 4.26 shows how the muscle activity 

of the gastrocnemius peaks during the most terminal part of the takeoff and the most initial part of 

the landing, suggesting that the muscle produces the most force when the foot is plantar flexed and 

not completely planted. 

   Furthermore, quadriceps femoris appears to be the most dominant muscle during takeoff and early 

landing in Figure 4.27. Especially the rectus femoris displays a tremendously high activity in both legs. 

The activity increases greatly in the rectus femoris of both legs during the most terminal part of 

takeoff according to Figure 4.26. These peaks and the gastrocnemius peaks occur simultaneously, 

indicating the existence of a connection between rectus femoris activity the plantarflexion caused by 

the gastrocnemius. 

   Muscle activity in both biceps femoris is consistently low during the motion. There appears to be a 

slight increase in activity following impact, during the early landing phase. However, the overall low 

activity suggests that biceps femoris is not a primary contributor to the motion of jumping. 

 
Figure 4.27. The bar chart presents RMS values of the EMG data during the specific phases. 

5 Discussion of the Results 

5.1 Signal Processing Method 
   The processed EMG data shown in graphical format in this report appear to be consistent with the 

expectations of muscle activity during the examined motions. Peaks in muscle activity in the 

quadriceps femoris muscles appear where the torque acting on the knee joint is naturally greater. 

Additionally, the amplitude of the peaks appears to be in proportion to acceleration and thus the 

torque required by the muscle. For example, the greatest quadriceps femoris activity was observed 

when jumping. 
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   The minor variations still present in certain EMG graphs could be removed by additional smoothing 

of the signal. However, further smoothing of the signal would also affect steep peaks describing rapid 

onsets and offsets. Thus, fast and sudden movements would appear as slow and smooth movements 

in the EMG graphs if the data is smoothed too much. One way to address this dilemma, if necessary, 

could be to treat each EMG burst separately when smoothing the data set. 

   Due to the anatomy of the hamstring, the electrodes on the hamstring muscles are likely to register 

activity from neighboring muscles. Especially the electrodes on the semitendinosus will most 

probably detect activity in the semimembranosus as well. This is referred to as “Cross Talk” (Konrad, 

2006) and could explain the activity variations in the hamstrings. 

5.2 Coordination 
   The results show that quadriceps femoris is the primary mover when standing up, squatting and 

jumping. Furthermore, the rectus femoris displayed what could be a correlation to acceleration. 

Muscle activity in the rectus femoris reached notably high peaks whenever the torque on the knee 

increased rapidly or inertia had to be overcome. For example, when the legs cease contact with the 

chair and the muscles go from rest to contraction, when overcoming inertia and changing the 

direction of motion in the bottom position of a squat, or when accelerating through the final takeoff 

phase of a jump. 

   A significant contribution of the hamstrings to squatting and jumping was hypothesized due to the 

involvement of hip extension, but did not appear in the EMG data. The low variance in muscle 

activity in the hamstrings during the motions could have a more complex mechanical explanation. 

When squatting down, the hamstrings’ distance to their attachment at the hip increases due to hip 

flexion. Simultaneously, the distance to their attachment at the tibia decreases due to knee flexion. 

Consequently, the change of muscle length is not necessarily of the same order of magnitude as for 

the quadriceps femoris. Additionally, the hip extensors lift the upper body while the knee extensors 

lift everything above the knees. 

   During gait, the healthy leg displays predominant activity in the biceps femoris during initial stance 

and in the gastrocnemius during terminal stance. Furthermore, the activity in the gastrocnemius is 

high during the initial stance phase of the opposite leg. This suggests that the hamstrings and the calf 

muscles are the primary muscles moving the body forward when walking, while the quadriceps 

femoris and tibialis anterior absorbs shock during impact and stabilizes the knee and ankle through 

the stance phase. Muscle activation in the gastrocnemius appeared to peak during plantarflexion 

when the knee was extended completely in both the gait and jump data. Mechanically, this could be 

explained by the gastrocnemius attaching to the femur, thus the muscle’s lever for exerting torque 

on the ankle joint is increased when the knee is extended. 

5.3 Effects of Injury  
   For the rectus femoris and the vastus lateralis, there was a significant difference in change of 

activity between the injured and healthy leg during the motion. In the injured leg, the rectus femoris 

and vastus lateralis displays a greater change of activity due to knee joint angle. A possible direct 

explanation of this altered coordination is that the injury and swelling of the knee has changed the 

possible tracking of the joint during flexion and therefore requires a slightly different muscle 

recruitment pattern to maintain stability. A possible indirect, and more likely, explanation is that the 
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subject subconsciously wants to avoid loading the injured joint and has a greater ability to shift the 

weight to the healthy leg at an upright position. 

   During gait, the activity peaks of the quadriceps femoris were significantly higher in the injured leg 

during initial stance. Furthermore, the activity was at a higher level during longer periods of time in 

the injured leg. This is most likely due to the injury. One possible explanation is that the subject 

subconsciously attempts to protect the injured joint from the shock of impact. Earlier studies have 

provided similar results of prolonged muscle activity among ACL injured subjects during gait (Lass, 

Kaalund, leFevre, Arendt-Nielsen, Sinkjaer, & Simonsen, 1991). 

   One alternative explanation of the high activity values in the quadriceps femoris in the injured leg 

could be improper MVC values. During bilateral tasks and motions, an injured person is likely to favor 

the healthy leg. Maximum voluntary contractions were tested bilaterally and therefore they might 

not reflect the actual maximum capacity of the injured leg. The use of a too low reference value 

would cause the normalized data to show too high values. Contraction of the quadriceps femoris 

puts stress on the ACL and consequently the ACL injury would affect MVC tests of the quadriceps 

femoris especially. 

   It was later found (69 days after injury) through arthroscopy that the subject’s ACL had healed 

towards the posterior cruciate ligament, providing planar stability but not rotator stability. This 

discovery renders the results of the injury’s effect on muscle coordination questionable. 

6 Conclusions 
   The timing of the occurring muscle activity peaks in the processed EMG data validates the 

functionality of the method of signal processing. The developed method fills its purpose of facilitating 

analysis of muscle coordination. 

   Results suggest that the muscles of the quadriceps femoris are the primary muscles used when 

standing up from a chair or squatting unloaded. The underlying hypothesis that both quadriceps 

femoris and the hamstrings contribute significantly appeared to not be entirely correct. Although the 

motions involved hamstring muscle action, activity in the quadriceps femoris was significantly higher. 

Additionally, the activity in the quadriceps femoris increased as the knee joint angle increased, 

indicating a correlation between muscle activity in the quadriceps femoris and active movement. 

   Gastrocnemius activity showed to increase dramatically whenever weight was shifted from the 

heels to the toes. High muscle activity of the gastrocnemius was observed during the terminal stance 

phase of gait, the toe off phase during takeoff when jumping and prior to heel contact. It appears as 

if activation of the gastrocnemius occurs during the end phase of motions resulting in ceased ground 

contact. 

   An altered ratio of activity in the vastus lateralis to activity in the vastus medialis was observed in 

the injured leg. The ratio deviated more from the ratio in the healthy leg as muscle activity increased. 

Quadriceps femoris and gastrocnemius muscle activity was significantly higher in the injured leg 

during the entire gait cycle. 

   Future studies should combine EMG with measurements of body kinematics. This project did not 

quantify movement; kinematic data enables quantification of movement and would, combined with 
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EMG, facilitate quantification of movement and muscle activation relations. Future studies should 

involve statistical analysis for more conclusive results. 
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