Medicina Sportiva (2017), vol. XIII, no 1, 2805-2811
Journal of the Romanian Sports Medicine Society

2805

Numerical simulations and experimental flexion-extension measurements of
human leg joints during squat exercises

Petcu Alin1, Calafetenu Dan1, Tarnita Danut Nicolae2
1
Department of Applied Mechanics, University of Craiova, Romania
2
University of Medicine and Pharmacy, Craiova, Romania
Abstract: In this paper the variations of ankle, knee and hip flexion-extension angles during squat exercises of a
healthy male subject were obtained using a complex data acquisition system, based on electro goniometers. Using an
acquisition system based on electro-goniometers, measurements of flexion-extension angle for ankle, knee and hip
joints during squat movement on a healthy subject are performed. The curves of ankle, knee and hip angles are
normalized and the medium squat cycle for each leg joint are determined. The obtained experimental data series were
introduced as input data in the joints of the virtual mannequin and a squat simulation was performed in ADAMS
environment software. The variations of reaction forces in joints during squat are obtained by virtual simulation. The
reactions forces are very useful for simulation and numerical study of stresses for healthy, affected and implanted joints
and bones, using Finite Element Method.
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Introduction
The squatting movement is one of the most frequently used exercises in the field of strength and
conditioning, but, also, it has close specificity to many everyday tasks (picking up children, lifting packages).
Squatting is considered one of the most functional and efficient weight-bearing exercises for an increased
quality of life or for different performance in sport activities (1,2). In (2) the authors examine kinematics and
kinetics of the dynamic squat with respect to the ankle, knee, hip joints in order to optimizing exercise
performance. The strength and stability of the knee plays an important role in athletics and activities of daily
living (3). In rehabilitation and knee exercise prescription, in order to obtain an athlete’s or patient’s success,
a good understanding of knee joint biomechanics while performing variations of the squat is useful to
therapists, trainers, and athletes (1,3). Squatting is an activity that increase the risk of knee disorders,
including arthritis and menisci injuries (4,5). Because the squat is considered a closed kinetic chain exercise,
it can also be employed in knee rehabilitation programs, such as an effective exercise during anterior cruciate
ligament (ACL) rehabilitation (6-8).
Material and method
Measurements of flexion-extension angle of right leg joints during squat test were performed on a healthy
subject. Before the beginning of the final experimental test, the subject repeats for several times the squat
test. The study was approved by the Human Ethics Research Committee, University of Craiova, Romania.
The experimental measurements were performed for five trials of twenty consecutive squat cycles of a male
subject. The subject was pain-free and had no evidence or known history of motor and skeletal disorders or
record of surgery to the lower limbs. The experimental data were acquired for the right ankle joint, right knee
joint and right hip joint. In Table I the values for anthropometric data of male subject are presented.
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Table I. The subject’s anthropometric data
Indicator

Age
(years)
26

Weight
(kg)
72

Height
(cm)
177

Leg length
(cm)
86

Hip–knee length
(cm)
45

Knee–ankle length
(cm)
41

The experimental method used to obtain the kinematic parameters diagrams for the human knee joint is noninvasive, using a Biometrics data acquisition system based on wearable electro goniometers (9-11). Data Log
MWX8 is a device used for portable data collection on 8 channels simultaneously in human gait, human
performance, medical research, robotics (8).

Figure 1. Subject with mounted Biometrics
Data acquisition system

Figure 2. Biometrics flexible goniometers and Data
Log data acquisition system (8)

The schema block of Biometrics acquisition data system is presented in figure 3.

Figure 3. The schema block of Biometrics acquisition system

Results
The flexion-extension angular variations and the angular variation in frontal plane of right ankle, knee and
hip joints during squat exercise were obtained from the report, generated as data files, by the acquisition
system. In this paper, we are interested to process the variation of the three flexion-extension angles joints. In
Figure 4 the consecutive squat cycles diagrams for flexion-extension angle and frontal movement angle of
ankle, knee and hip joints collected using Biometrics system and wearable sensors, are presented.
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Figure 4. Consecutive squat cycles diagrams for flexion-extension angle and movement angle in frontal plane of ankle,
knee and hip joints

The flexion-extension data files were exported from Biometrics to Simi Motion software (12), and the
normalized curves of flexion-extension angles corresponding to each squat cycle and the medium squat cycle
were obtained (Figure 5-7). The mean squat cycle curves of each joint (represented by red color) the mean+
standard deviation envelope cycle (orange color) and the mean - standard deviation envelope cycle (green color)
are shown in Figure 3. The maximum values of the ankle angle vary from one cycle to other in the interval
[36.730; 40.870], the maximum values of the knee angle vary in the interval [95.430; 110.530] while the
maximum values of the hip angle vary in the interval the average cycle values vary in the interval [55.670;
63.350]. The minor differences obtained by comparing the maximum amplitudes of consecutives cycles show
a good repeatability of the imposed exercise for subject. The maximum values of each joint cycle determined
during the performed trials were compared and tested with a Student t-test, considering α=0.05. The p-values
corresponding to these tests are calculated using ANOVA. The maximum flexion angles for all cycles of each
of the three joints were not significantly different (tcalc=2.01<tcr=2.31 and p=0.0795>0.05).

Figure 5. The twenty normalised consecutive squat cycles (deg), the medium cycle (red color) for ankle joint

Figure 6. The twenty normalised consecutive squat cycles (deg), the medium cycle (red color) for knee joint
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Figure 7. The twenty normalised consecutive squat cycles, the medium cycle (red color) for hip joint

Virtual squat simulation
Based on the average anthropometric data taken from table 1, a virtual model of a mannequin was developed
(Figure 8) using SolidWorks software (13). The virtual model was transferred from SolidWorks to ADAMS
simulation environment, which is often used for numerical simulation of virtual models of robotic structures
(11, 14-18). Kinematic joints of lower limb: hip, knee and ankle, were defined as revolute joints. The curve
of final medium cycle and the corresponding data files for the three joints of human leg were taken from
experimental results and then the corresponding polynomials were determined by interpolation in MATLAB
software (19) and introduced in ADAMS environment, as laws of motion of the mannequin joints. The
orthogonal system is defined having x axis – the horizontal walking direction, y axis - along the tibia, and z
axis - the knee joint rotation axis. Taking into account the difficulty of obtaining the variation in vivo of the
reactions forces developed in the human joints during a squat cycle, it is very important to obtain by virtual
simulation, the variation of reaction force in all leg joints, during a cycle movement.
The aim of this study was to obtain, by numerical simulations in ADAMS, the reaction forces in lower limb
joints based on experimental measurements of angular variation of joints angles.

Figure 8. Mannequin virtual model

The resultant force developed in the knee joint is presented figure in 9. Similar graphics are obtained for the
variation of the reaction forces developed in ankle and hip joints.
The reactions forces are very useful for simulation and numerical study of stresses for healthy, affected and
implanted joints and bones, using Finite Element Method.
The stress analysis allows to study the behavior of a normal or implanted bone (20, 21), the behavior of a
normal or affected virtual joint (22-26) as well as a prosthetic joint (27).
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In Figure 10 are shown the von Mises stress distribution (top and bottom views) on the femoral cartilage, on
the tibia cartilage and on the menisci for healthy knee joint, obtained by using the Finite element analysis
applied in ANSYS 14.5 software, a very powerful Computer –Aided – Design software (25).
In a similar manner, the experimental and numerical analysis and virtual simulation can be applied to the
joints and the bones of the upper limb (28-32).

Figure 9. Reaction force variation in virtual knee joint during squat exercise

a)

b)

c)

Figure 10.Von Mises stress distribution (top and bottom views) on the femoral cartilage a), on the tibia cartilage b) and
on the menisci c) for healthy knee joint (25)

Conclusions
In this paper the variations of ankle, knee and hip flexion-extension angles during squat exercises of a
healthy male subject were obtained using a complex data acquisition system, based on electro goniometers.
The squat movement presents interest because is considered one of the most functional and efficient weightbearing exercises whether an individual’s goals are sport specific or are for an increased quality of life.
When comparing the maximum values of the consecutives cycles for each of the three joints: ankle, knee and
hip, we observe that the minor differences obtained by this comparison show a good repeatability of the
imposed exercise for male subject. There were not big differences in the shape of the flexion angle. Based on
the average anthropometric data taken from Table 1, a virtual model of a mannequin was developed using
SolidWorks software. The virtual model was transferred to ADAMS simulation environment and numerical
simulation of squat movement was performed. The variation of reaction forces in the leg joints were obtained
by numerical simulation.
Determination of reaction forces in lower limb joints is useful in order to study the joint stresses and bones
stresses using Finite Element Method applied on the virtual three-dimensional models.
The results obtained can be used as a reference for the normal knee joint movement for further studies of
abnormal movement.
Acknowledgements. The authors are grateful to dr. Daniela Tarnita and dr. Ionut Geonea, for their assistance
with the numerical simulations.
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