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Abstract. Muscular coordination analysis of lower limbs during rising from a 
squat is one of the important categories in rehabilitation engineering and 
gymnastic science. This paper describes an efficient biomechanical model of 
the human lower limb with the aim of simulating the real human rising from a 
squat with lifting. To understand how intermuscular control coordinates limb 
muscle excitations，the optimal control technique is used to solve the muscle 
forces sharing problem. The validity of the model is assessed comparing the 
calculated muscle excitations with the registered surface electromyogramm 
(EMG) of the muscles. The results show that synergistic muscles are build up 
by the neural control signals using a minimum fatigue criterion during human 
squat lifting, with distinct phases that include the acceleration during the initial 
movement and the posture at the final specified position. Synergistic muscular 
groups can be used to simplify motor control, and are essential to reduce the 
number of controlled parameters and amount of information needing to be 
analyzed in the performance of any motor act. 

Keywords: Redundant Muscular force, Neural control analysis, Human squat 
lifting. 

1   Introduction 

The determination of muscle forces during human movement is not only essential for 
a complex analysis of internal loads acting on bones and joints, it also contributes to a 
deeper understanding of the underlying neural control. Due to the difficulty of 
measuring muscle forces directly within the living system by means of invasive 
techniques and due to the circumstance of the mechanically redundant arrangement of 
the actuators, static optimization [1] or dynamic optimization[2]have been used to 
estimate muscle forces during the movements. 

According to the optimization theory, a cost function is hypothesized, and muscle 
forces are calculated according to the mechanical, energetic, and physiological 
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properties of the neuro-musculoskeletal system. Static optimization has been the most 
common method used to estimate muscle forces during human movement. The main 
disadvantage of static optimization is that the results are heavily influenced by the 
accuracy of the available experimental data, particularly the measured limb motions.  

In this paper, we aim to develop a dynamical model which can be used to specify 
how individual muscles coordinate movement as humans rising from a squat with 
lifting. Dynamical models of the musculo-skeletal system combined with neural 
control models for the activation of muscles have been developed to simulate the 
integrative properties of the neuro-musculo-skeletal system in the movement of rising 
from a squat with lifting.  Through a quantitative comparison of the model and 
experiment, we show that unconstrained, point-to-point movements such as rising 
from a squat with lifting are well described by a quantity which a minimum fatigue 
criterion is able to reproduce the major features of the movement. 

2   Methods  

2.1   Human Experiments 

Five young and healthy male subjects voluntarily participated in this study. Their 
average age, height and body mass were 28±2 years, 1.74±0.04 m and 62±5 kg, 
respectively. Ethical approval from the Tsinghua University was granted for this 
study and all procedures were in accordance with ethical guidelines. 

Each subject was asked to perform six rising from a squat with lifting tasks. The 
task is, from a prespecified squatting position(90 degree in knee joint), and a barbell 

is on his shoulder（the mass of the barbell is equaled to 50 percent of the body 

weight(shown in Fig 1.), Kinematic, force-plate, and EMG data were recorded 
simultaneously. 

      

Fig. 1. The tasks of the rising from a squat with a barbell 

The EMG signals were recorded using a NoraxonTM (ARIZONA U.S.A) Ttelemyo 
2400R EMG Data Acquisition system sampling at 1500Hz. Pairs of EMG-
preamplifier surface electrodes (Meditrace™, center-to-center distance 4 cm,  
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circumference 12 mm) were attached to the left lower extremity of each subject to 
record activity in seven muscle groups: soleus (SOL), gastrocnemius (GAS),tibialis 
anterior (TA), vasti (VAS), rectus femoris (RF), hamstrings (HAMS), and gluteus 
maximus (GMAX). To record the body-segmental displacements, retroreflective 
markers (2.54 cm and 5.08 cm in diameter) were positioned over four bony 
prominences: lateral malleolus, lateral epicondyle, greater trochanter, and 
glenohumeral joint. Together, these landmaraks defined the three body segments of 
interest: tibia femur, and HAT segment (head, arms, and trunk). With  a 3-D, video-
based, kinematic, data-acquisition system (Motion Analysis Inc., Santa Rosa), 
absolute displacements were recorded in three dimensions at 60 Hz. These  data were 
then reflected onto the sagittal plane to obtain the two-dimensional coordinates of 
each landmark relative to an inertial frame fixed on the force platform. 

2.2   Musculoskeletal Model  

For the task of rising from a squatting position, we modeled the human lower limb as 
a three-segment, articulated, planar linkage, with adjacent links joined together by 
frictionless revolutes. The skeleton was actuated by ten musculotendinous units with 
each muscle modeled as a three-element, lumped-parameter entity in series with 
tendon. Fig. 2 is the schematic representation of the model used to simulate the rising 
from a squat[3]. 
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Fig. 2. Schematic representation of the model 

Note that the foot was assumed to be rigidly attached to the ground. Symbols 
appearing in the diagram are tibialis anterior (TA), soleus (SOL), gastrocnemius 
(GAS), other plantarflexors (OPF), vasti (VAS), hamstrings (HAMS), rectus femoris 
(RF), and gluteus maximus (GMAX) and ILIP, ADDL.  
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Fig. 3. The styles of the ten musculotendinous units  (a) GMAX, TA, OPF, SOL, ILIP, ADDL; 
(b)VAS; (c)HAMS, GAS; (d) RF 

The ten musculotendinous units can be classified as 4 styles: (a), (b), (c) and 
(d). The styles of the ten musculotendinous units are shown in Fig 3. 

The dynamical equations of motion for the musculotendonskeletal system are:  

(a) skeletal dynamics 

),()()()()( 2 qqTPqMqGqqBqqA T +++=  (1) 

where )(qA is 3×3 system mass matrix； 2)( qqB is a 3×1 vector describing both 

Coriolis and centrifugal effects； )(qG is a 3×1 vector containing only gravitational 

terms； )(qM is a 3×10 the moment arm of musculotendon force； TP is an 10×1 

vector of musculotendon actuator forces； ),( qqT is the passive movements at each 

joint； q  q  q  are 3×1 vectors of lower limb segmental displacements, velocities, 

and accelerations. 
(b) musculotetendon dynamics, 

10,1));(,,,( i

.

== itaPqqfP i
TT  (2) 

where ai(t) is the level of activation in the ith muscle.  
(c)neural  control and muscle excitation-contraction dynamics 

a i(t) = (1/τ r)(1-ai(t))ui(t) + (1/τ f)(1-ai(t))(1-ui(t)) (3) 

where u(t)is the control vector (input excitation) given to the muscles in the 
model(Zajac et al., 1989); τ r and τ f are the rise and decay times for muscle 
activation, respectively. 

(d) parameterized optimal control theory and solution 
The optimal control problem can be stated as follows: minimize the performance 

criterion subject to the dynamical equations of the model (Eqs.(1)-(3)), and the 
constraints imposed at the beginning and end of the simulated SQUAT-RISING 
movement. 
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In the research we have focused on evaluating 6 performance criteria (OB1-OB6) 
for the movement: 
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Finally, we hypothesized that the motor patterns that typify rising from a squat 
movement are the result of a minimization in OB6. The objective function proposed 
by us is based on the relationship between endurance time (T, time during which a 

muscle can produce a given force) and muscle stress (P/PCSA)（Y.Y. Yang, 2004）. 
The dynamical equations of motion for the musculotendonskeletal system and the 
performance criteria can be defined as a fatigue-change model. 

The optimization problem was solved using the routine constr() of the optimization 
toolbox of MATLAB (The MathWorks Inc., Natick, MA, USA) on a PC computer. 

3   Results 

3.1   Muscle Excitation Patterns  

The predicted activations from the model’s sub-optimal minimum performance 
criterion solution were compared to the experimental activations (i.e., processed 
EMG). Rectified and normalized EMG activity recorded from subjects and the 
optimal neural excitation signals obtained by minimizing “a fatigue-change model”. 
The results show that the model’s activation for the uniarticular knee and hip 
(GMAX) extensors, and biarticular leg muscles matched well with the EMG. In 
general, the model predicted muscle excitation patterns similar to the processed 
EMGs.  
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3.2   Musculotendon Forces Synergy 

Fig. 5 shows time-varying musculotendon forces predicted by the model of the ten 
actuators during the rising from a squat movement. 

Predicted individual musculotendon forces for the ten actuators were analyzed to 
determine their contribution to the rising from a squatmovement. The primary 
extensors (TA, RF, GMAX, HAMS) force magnitudes all increased and maintained at 
all time (about 85% movement cycle). They had a somewhat similar force pattern. 
After their peaks, the force magnitudes don’t decrease to allow the limb to decelerate, 
the flexors group (ILIP, ADDL, VAS) then reactivated to clamp the final position.  
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Fig. 4. Time-varying musculotendon forces predicted by the model 

The biarticular leg muscles (GAS, RF, HAMS) redistributed the segmental force, 
producing much force and were excited first . Because of the redistribution of force, 
by the biarticular muscles, propulsion could be prolonged (i.e., so extension of the 
joints could be coordinated with full leg extension occurring near lift off).An increase 
in muscle strength was shown to be most effective in producing higher rising, with 
faster contracting muscle fibers being the next most effective. We also found that the 
uniarticular knee (VAS) and hip (GMAX) extensors produce high work output during 
leg extension[11]. 

In generally, all the muscles are excited and necessarily, there are not excrescent or 
waste actuators, the different muscles were controlled and combined into units of 
synergistic muscular group necessary to rise, that is group1-the primary extensors 
(TA, RF, GMAX, HAMS: group1), the primary coordinated muscles(GAS, 
SOL,VAS: group2) and the primary stabilization muscles(OPF, ILIP, ADDL: 
group3). 

3.3   Neural Control 

Fig.5, Fig.6 and Fig.6 show the corresponding controls histories which were obtained 
from the ten muscles.  

As shown in Fig.5, it is noted that group1 is almost fully active during the rising 
from a squat . However, in Fig.6, group 2 is mainly active at the middle and toward  
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Fig. 5. The control histories of the primary extensors(group1) 
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Fig. 6. The control histories of the primary coordinated muscles(group2) 

the end of the interval. In contrast, the control histories predicted by group 3 shows 
that muscles are essentially inactive for the first 15-20 percent of the interval (Fig.7), 
it is active for the last 50 percent. It is noted that there is a substantial difference 
between the predictions of group1, group2 and group 3. 

The different muscles were controlled and combined into three units of synergistic 
muscular groups necessary to rise, we named that the group1 is the primary extensors 
(TA, RF, GMAX, HAMS), it’s task is mainly to rise, the group2 is the primary 
coordinated muscles(GAS, SOL,VAS) and the group3 is the primary stabilization 
muscles(OPF, ILIP, ADDL). 
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Fig. 7. The control histories of the primary stabilization muscles(group3) 

4   Discussion  

In this paper, we proposed a performance criterion for the movement of the rising 
from a squat based upon an important and previously overlooked dynamical property 
of muscles: fatigue-change model. Our motivation for including this quantity in a 
mathematical description of the goal of a motor task is founded upon the belief that 
the rising from a squat movement are effected by rapid fluctuations in muscle force 
rather than gradual increases by in force over time. 

Several investigators have used optimal control theory to determine the sensitivity 
of muscle force predictions to changes in the performance criterion [4]. They 
computed the movement patterns which minimized various measures of physical cost 
including movement time, distance, peak velocity, energy, peak acceleration, and the 
rate of change of acceleration (jerk). By comparing the response of a model with the 
movements, and argued with skilled movements are well described by a minimum-
jerk criterion or energy criterion. In a similar study, Pandy et al [5]showed, using a 
single-mass, single-force model, that optimal control solutions are generally sensitive 
to changes in the performance index. Because smooth movement patterns could be 
generated by minimizing the time derivative of acceleration integrated over time, they 
argued that non-ballistic movements are well described by minimization of 
jerk[6]7][8]. 

Our fatigue-change model criterion is consistent with the biomechanical 
requirements of rising from a squat position. We believe that it obeys the principle 
that most muscles, and especially all uniarticular extensor muscle, ought not to remain 
silent until just prior to rising. With the ballbell exerting a reaction force on the body, 
muscle, particularly the uniarticular knee and hip extensors VAS and GMAX, have to 
contract and exert force to counteract the effects of gravity. Our fatigue-change model 
criterion is able to reproduce the major features of rising from a squat position.  
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We argued that that synergistic muscles are build up by the neural control signals 
using a minimum fatigue criterion during human squat lifting, with distinct phases 
that include the acceleration during the initial movement and the posture at the final 
specified position.  
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