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Abstract 

Biomechanics is a combination of engineering with anatomy and physiology. Studies of biomechanics and 

ergonomics established to examine the effects of forces on human and animal bodies. Research on 

biomechanical behavior of the human body during physical activity, help to design special equipment for 

particular sports and exercises in order to avoid injuries. Spine considered as the most complex structure of 

the human musculoskeletal system providing support on human movement. This paper aims to explore the 

ability of a hip simulator to withstand similar forces acting on vertebral body and thus the possibility to 

replace the spine simulator. The design and stress analysis of the hip simulator performed with CREO 

Parametric software to show the ability of the design setup to withstand the forces acting on the hip and the 

loading acting on the vertebral body. For this research, measurements derived from the ORTHOLOAD 

website and rotation angles estimated in order to import the data to the hip simulator. 
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1. Introduction 

1.1. The spine 

The spine referred as the most complex structure of 

the human musculoskeletal system. It provides the 

main support and stability to the body, it allows 

movement and bending with flexibility, and protects 

the spinal cord, which is the column of nerves 

connecting the brain with the rest of the body. Many 

research studies, most of them using performance 

tests or models (like finite element models and 

animal models) conducted to help to understand the 

biomechanics of healthy and diseased spine, 

fractures on vertebral body, and to test and optimize 

the surgical treatments of the spine [1]. Many 

 

 
fractures occur on the thoracic and lumbar region of 

spine because the position of the vertebral in the 

spine is low and must bear more weight than others 

[2]. A way to understand the structure and the 

function of the spine, the biomechanics divides the 

spinal column into three different parts; the anterior 

vertebral body, the anterior longitudinal ligament, 

and the anterior portion of the annulus fibrosis. When 

two adjacent columns or the middle column 

disrupted by congenital disease, trauma, or an 

operation, then the spine considered as unstable by a 

general rule [3]. 
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1.2. Biomechanics 

Biomechanics aids to a better understanding of 

forces and their effects on human and animal bodies. 

However, many different parameters induced in 

biomechanics of the spine that make the human spine 

hard to explain. For example, the biomechanical 

behavior of the vertebrae most likely affected by 

different physiological loading conditions, geometric 

and material changes, stiffness, and range of motion. 

The clinical studies of human lumbar spine have 

been significant for the better understanding of the 

spine biomechanics [4][5]. During designing 

facilities, tools, and equipment, the ergonomics is 

involved to identify unsafe conditions and poor body 

mechanics. Physical activities are important to help 

to maintain a healthy body. Exercises improve the 

strength and the mechanical properties of the bones 

by increasing their density and consequently their 

Young’s modulus [6][7]. A wrong exercise though is 

possible to cause injuries. Therefore, studies on 

ergonomics and biomechanics of the human body 

during physical activities help to design assistive 

devices for particular sports and workouts. Before 

designing the special equipment and playing surfaces 

such as footwear, bandages, protective padding, 

artificial turf, sports training and aerobic flooring 

etc., the effects of all dead and dynamic loads have 

seriously considered during physical activities for 

protecting human body. In addition, the 

biomechanics considers the design of equipment for 

muscular exercises providing resistance. Similar to 

everyday activities, in sports and exercises, loads on 

bodies affected by many other grounds. For instance, 

the apparent weight of a human body is smaller under 

the water due to the upward buoyant force, therefore 

there is less resistance [6][7]. 
 

1.3. Mechanical properties of the bone 

The mechanical properties of a bone vary from point 

to point because it is an anisotropic material [6]. In a 

fibrous organic matrix, the bone surrounds the cells 

that contain the bone tissues. Collagen takes 90 

percent of the organic matrix and the rest 10 percent 

is amorphous ground substance. From these organic 

matrices, mineral salts are infusing providing the 

rigidity and strength characteristics [8]. Two bony 

tissues combined to construct the whole bone, the 

cortical bone and the trabecular (also known as 

cancellous) bone. The cortical bone has osteon, the 

main structural element, same as the trabeculae for 

the trabecular bone. Cancellous bone is more porous 

and makes it spongier, which assists to absorb 

energy. On the other hand, cortical bone is denser 

and has a higher strength [9]. Stiffness is important 

to the mechanical properties of a bone, presented in 

Table 4, because it makes the bone to resist 

compression and shear stresses. The higher the 

stiffness the more brittleness the body is, with less 

toughness [6]. 

 
 

2. Methodology 

2.1. Movements data 

This paper takes into consideration some physical 

activities of humans in a typical daily life, such as 

sitting down, standing up for squats movement, lifting 

arms, lifting pelvis, walking on a terrain, and walking 

on a treadmill. The data measurements of the forces 

and torques developing during the six (6) movements 

mentioned before, based on the Cartesian coordinate 

system (see Fig.1), found and downloaded from the 

ORTHOLOAD website. The ORTHOLOAD is a 

free publicly accessible online database with 

numerical load data on replacement orthopedic 

implants. The series of measurements taken from 

ORTHOLOAD e-library refer to the forces and 

torques acting on the vertebral bodies of five patients 

(aged 60-72), all with a lumbar vertebra fracture and 

an implant surgically added to their spine. The 

volunteer patients are presented in Figure 2 and their 

profiles are listed in Table 1 [7][10]. 
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Figure 1. Coordinate system of the acting forces [11] 

 
 

 

Figure 2. Patients with an implant surgically added to their spine forces [11] 

 

 

 

Table 1: List of patients’ basic information 
 

patient gender Weight [Kg] 
Age of Implantation 

[Years] 
Indication 

WP1 M 66 62 Fracture L1 

WP2 M 72 71 Fracture L1 

WP3 F 64 69 Fracture L1 

WP4 M 60 64 Fracture L1 

WP5 m 63 67 Fracture L3 



Ntantis E. /Bioengineering Research 2021;3(2): 1-11 

4 

 

 

 

 

 

Table 2: Formulas for the calculations of the rotation angles 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

Table 3: Values of force during the activity of lifting arms 
 

 

 

 

 

 

 

 

 

The data measurements of forces and torques from 

ORTHOLOAD, inserted as input parameters into the 

formulas shown in Table 2, to determine the rotation 

angles in degrees. For example, the values of the 

forces Fx and Fz during the movement of an arm lift 

taken from ORTHOLOAD are 45.52N and 285.98N 

 

 

respectively  (see   Table   3).   The   conversion into 
rotation angle Z using the formula taken from Table 

2, solved below. The calculated rotation angle Z is 

0.158 radians and after the conversion turned into 

9.053 degrees. The list of the calculated rotating 

angles Z in radians for all under consideration 

movements (i.e. walking on a terrain, walking on a 

treadmill, lifting arms, lifting pelvis, sitting down, 

standing up for squat movements) plotted against the 

Gait Cycle (see Fig.3) which is the time period 

during the movement of activity. 

 



Ntantis E. /Bioengineering Research 2021;3(2): 1-11 

5 

 

 

 
 
 

  
 
 
 

 
 
 

 

 
Figure 3. Calculated rotation angles (in degrees) vs Gait cycle (in secs) of the examined activities 
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2.2. Hip simulator 

Due to the very large number of rotating angles Z 

from the solved equations and graphs, only 127 values 

kept to ensure the graphs would clearly plotted. These 

values imported as input data separately for each 

axis in the hip simulator and the simulation process 

let to run. The fact that the walk at the treadmill and 

the terrain are almost the same, their rotation angles 

at some points were ignored [11]. The same 

happened to the graphs of the squats exercises, where 

the sitting down and standing up movements are 

alike; hence, the rotation angles while the patient is 

sitting down on the chair also ignored. After the first 

diagram, new graphs plotted with smoother angles, 

which then inserted into the hip simulator system for 

a try. In addition to the first angle, which was 

initially zero, it changed to a value closer to the last 

one, so anytime the operation repeats the movement, 

it will not have a rough reaction [12]. 

2.3. Setup design 

The vertebral body attached to the hip simulator must 

stay stable during the experiments thus it should be 

potted in a bone cement (see Fig.4) and connected to 

the hip simulator with some aluminium parts (see 

Fig.5). The aluminium used because it is light but 

strong material with low cost. The structure designed 

with CREO Parametrics software followed by 

structural analysis to confirm the ability of the setup 

to withstand the loads acting on it (see Fig.6). For the 

test, the materials with proper mechanical properties 

identified (see Table 4), and a downward distributed 

load from the top inserted, however different ways 

were also examined (see Fig.7). The design set the 

dimensions of the vertebral body, the hip simulator 

engine and the Loading Simulator Machine. The Von-

Mises yield criterion performed in the structural 

analysis to estimate numerically the normal and the 

shear stresses acting on the body [13]. 
 

 

 

 

Table 4: Mechanical Properties of aluminium, cement, and bone 
 

 

 
 

 

 
Figure 4. Vertebral body (left) and the potted bone in bone cement (right) 
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Figure 5. The aluminium assembly holds the vertebral body in the middle 

 

 
 

Figure 6. The assembly setup design with the constrains, materials and loading to be identified 

 

 

Figure 7. Information of each activity imported into CREO and waiting for the analysis results 
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3. Results 

3.1. Results of hip simulator 

During the rotation angles of lifting arms activity 

operated in the hip simulator in all three axes, the 

movement in the machine had a very strong 

vibration, with the movement on X-axis being the 

strongest one. While the graph got smoother, the X-

axis movement did not change but the movement on 

Y- and Z- axis was a little bit softer on the second 

trial but afterwards it had no notable difference. 

 

The rotation angles of sitting down activity were very 

small, because of the low intensity of the movement. 

Once the changes completed on Y-axis, the 

movement improved with small differences each 

time. Until the last trial, the Z-axis showed a 

significant change with a smoother movement. On 

the other hand, the movement on X-axis stayed 

strong and vibrant. 

 

Similarly, during the standing up activity on the first 

trial, the X- Y- and Z- axis had a strong shuddering 

movement but after the graphs got smoother, the 

movement on Y- and Z- axis became less trembling. 

However, the movement on X-axis remained the 

same. 

 

For the physical activity of walking, the hip 

simulator operated exceptionally fast with large 

movement. There was no difference shown in the 

experiments on walking on a treadmill followed. 

 

The rotation angles on X-axis for the movement of 

walking on a treadmill (with a speed of 5 km/h) were 

too small, almost same with the zero line. The rotation 

angles on Z- and Y- axis were larger. Although the 

machine had a strong vibration during movement, it 

did not change after the modifications on the graphs. 

 

The lifting pelvis movement in contrary with most of 

other activities, performed with large rotation angles 

except the angles on Z-axis which crossed the limit  

and so they were not accepted. On X-axis, even if 

the angles were in the limit of acceptance in the hip 

simulator the movement cut off during the experiment. 

Only the movement on Y-axis was small and strong. 

This activity was not tested again because the changes 

of the angles needed to be done were immense and 

most likely they could affect the demonstration of 

the movement. 

 

As already observed, the phenomenon plays an 

important role in the wear of the metal prosthesis and 

it is the object of study in several research 

investigations. However, conventional simulators do 

not meet the needs of these research teams. The main 

reason is that in order to analyze the CREO process 

in pair of metals, a more demanding and specialized 

modeling software is required, where for instance a 

pair of prosthetic implants could undertake a 

dynamic and a kinematic analysis of the joint of a 

hip. In order to observe in details, the relationship of 

the CREO process with the applied load or with the 

kinematics adopted, there is a way to vary these 

characteristics. Under this context, the realization of 

the present research paper is justified. 

 

 
3.2. Results of CREO Analysis 

The CREO Simulation Analysis has showed that the 

setup design for the vertebral body can withstand the 

forces developed during the experiments in the hip 

and the load simulator. However, the results of the 

forces acting on the assembly design for the hip 

simulator did not show the impact of the forces all 

the way until the vertebral body. For that reason, a 

stress analysis completed at different parts of the 

assembly, in order to demonstrate a more detailed 

image and better understanding of the distribution of 

the applied load on the vertebral body. Images of the 

analysis illustrated below, selected randomly. 
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Figure 8. Analysis of bone during lifting arms 

 

 

 

 

 

 
 

 

 
Figure 9. Analysis of the potted bone and the aluminium case during lifting arms 
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Figure 10. Analysis of the assembly during lifting arms 

 

 

 

 

4. Discussion 

The analysis shows that the setup for the hip simulator 

properly designed, although more tests should be 

conducted to show even better and more precisely 

the forces acting on the bone under different 

occasions. From the results of the Von- Mises stress 

analysis and the provided yield strength 

characteristics of the bone, was observed that no 

fractures occurred during the simulation of the 

selected activities. The results of the experiments 

indicated that the hip simulator could not replace the 

spine simulator for all the activities because it did 

not give a clear movement of the spine throughout a 

particular activity. A further improvement of the 

graph could make possible the replacement of the 

spine simulator by the hip simulator, but only if the 

rotation angles would be considered. Therefore, the 

rotation angles cannot used for any movements 

beyond those experimented. Regarding the 

simulation outcome, it could better validated with 

more detailed analysis, with the use of another 

simulation program instead of CREO software, 

which would be able to specify further the forces acting 

 
on the bone with or/and without the setup for the hip 

simulator. 

 

5. Conclusion 

The biomechanical investigation of a hip simulator 

during physical activity achieved in this paper. 

Studies of biomechanics and ergonomics established 

to examine the forces developed on the vertebral 

body. A design setup for the vertebral body created 

in CREO Parametric 3D Modeling software to 

investigate the ability to withstand the forces acting 

during the experiments in the hip simulator. The data 

of measurements for different physical activities of 

humans in a typical daily life received from 

ORTHOLOAD website. The stress analysis in 

CREO Parametric software and the experimental 

data from the hip simulator, demonstrated a proper 

use of the setup design for the hip simulator, 

although more tests shall conducted for higher 

precision and detailed forces acting on the bone 

under different occasions. 
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