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

Petcu Alin*, Calafetenu Dan*, Tarnita Danut Nicolae?
!Department of Applied Mechanics, University of Craiova, Romania
2University 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.

Key words: squat, electro goniometers, virtual mannequin, numerical simulation, reaction forces.

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
Age Weight Height Leg length Hip—knee length  Knee—ankle length
Indicator (years) (kg) (cm) (cm) (cm) (cm)
26 72 177 86 45 41

The experimental method used to obtain the kinematic parameters diagrams for the human knee joint is non-
invasive, using a Biometrics data acquisition system based on wearable electro goniometers (9-11). Data Log
MWXS8 is a device used for portable data collection on 8 channels simultaneously in human gait, human
performance, medical research, robotics (8).

Figure 1. Subjc with mounted Biometrics Figure 2. Biometrics flexible goniometers and Data
Data acquisition system Log data acquisition system (8)

The schema block of Biometrics acquisition data system is presented in figure 3.
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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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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
[36.73% 40.87°], the maximum values of the knee angle vary in the interval [95.43% 110.53°] while the
maximum values of the hip angle vary in the interval the average cycle values vary in the interval [55.67°
63.35°]. 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 «=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 (t.,.=2.01<t,=2.31 and p=0.0795>0.05).
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Ifigure 5. The twenty normalised consecutive squat cycles (deg), the medium cycle (red color) for ankle joint
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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.
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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).

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

a)
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 weight-
bearing 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. lonut Geonea, for their assistance
with the numerical simulations.
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Ethanol and polysorbate-20 as permeability enhancer for iontophoretic
administration of glucosamine sulphate in patients with low back pain

Ayodele Teslim Onigbindel, Bukola Hafeez Ajenifujal, Adetoogun Gbadegesin Elubode B 2,
Adeoye Folorunso Ibikunle3, Emmanuel Odunayo Fashote”

"Department of Medical Rehabilitation, Faculty of Basic Medical Sciences, College of Health
Sciences, Obafemi Awolowo University, Ile-Ife, Osun State, Nigeria,

2Department of Pharmaceutics, Faculty of Pharmacy, Obafemi Awolowo University, lle-Ife, Osun
State, Nigeria

3Department of Physiotherapy, Obafemi Awolowo University Teaching Hospital Complex, Ile-Ife,
Osun State, Nigeria

Abstract Transdermal drug administration through iontophoresis may require permeation enhancer because most drugs
do not achieve sufficient concentration in tissues. 95% Ethanol are usually used as surfactants while polysorbate 20 is
rarely utilized for skin preparation during the procedure of iontophoresis in the management of cases of Low Back Pain
(LBP). The primary aim was to compare the effects of ethanol and polysorbate 20 as glucosamine sulphate permeability
enhancer in the management of symptoms of Low Back Pain. Fifty — four subjects with symptomatic low back pain
were recruited. Electrical muscle stimulator (MS-Dx-07 muscle stimulator) was used to administer glucosamine
sulphate using galvanic current. Ethanol, Polysorbate 20 and Tap water were used as skin cleansing agents prior to
administration of glucosamine sulphate cream for participants with LBP in groups 1, 2 and 3 respectively. The Low
back Pain Rating Scale Questionnaire was used to assess back and leg pain, disability index and physical impairments.
Each patient was treated twice a week for a period of 6 weeks. Descriptive, Paired t-test (dependent) and Repeated
Analysis of Variance (ANOVA) statistics were used to analyse the data obtained. The level of significance was set at
0.05. At onset, there was no significant difference in all the clinical and disability indices excluding physical
impairment of Ethanol group that was significantly higher than that of polysorbate group (p = 0.01). Same trend was
observed after six weeks (p = 0.008). The within group assessment for polysorbate-20 showed that there was significant
decrease in the pain and disability indices after six weeks (t = 13.02, p = 0.001; t = 5.14, p = 0.001). Similar trends were
observed for physical impairments and spinal range of motion. However, there was no significant difference between
spinal flexibility at onset and six weeks post intervention. There were no significant differences in all the clinical
indices, pre and post intervention after six weeks for both Ethanol and Tap water groups. It was concluded that
Polysorbate-20 was a better permeation enhancer for glucosamine sulphate iontophoresis than Ethanol and Tap water in
the management of symptoms of low back pain.

Key words: Glucosamine sulphate iontophoresis, surfactants, polysorbate-20, Ethanol, Tap water, Low Back Pain.

Introduction

Low back pain is a major problem worldwide and the annual prevalence and incidence is on the increase (1).
The management focuses majorly on pain control, swelling, minimizing disability and improving quality of
life of patients using medication and non-pharmacologic interventions (2). Pharmacological approaches
include mostly use of oral Non — steroidal anti — inflammatory drugs (NSAIDS) to reduce pain and
inflammation but it is associated with serious potential side effects such as nausea, vomiting, peptic ulcer
disease, gastro-intestinal hemorrhage and cardiovascular episodes (3).

The transdermal route is considered alongside with oral treatment as the most viable in drug delivery, with
almost 40% of the drug delivery studies related to dermal system (5). Several topical medications such as
glucosamine sulphate, methyl salicylate creams have been developed to by-pass the gastrointestinal tract and
therefore mitigate the adverse effects associated with oral administration (6-9). There are several means of
administering medications but electromotive administration through the skin (iontophoresis and
ultrasonophoresis) are gaining wider acceptance among physiotherapists. Iontophoresis of ionized drug
products provides a multiple fold increase in penetration over topical application (10).
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