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Abstract 

This article studies the effects of mechanical lateral impact on the knee joint and tibial plateau, 
with pelvic limb supported and unsupported on the ground, using a mathematical model in AUTOCAD 
and transposed in COSMOS program. The effects were evaluated at the level of the knee in both 
supported and unsupported situations.  The principle of the mathematical model of the knee joint was to 
decompose each joint component in thousands of finite elements. The most important conclusions were 
obtained when we analyzed the mathematical model of the proximal third of the tibia in the lateral 
impact. The results of the model analysis suggest that a lateral impact on the knee, with a lower limb 
support at a speed of 20-30 km/h, will damage only ligaments; as speed increases, bone lesions will 
appear and force dissipates in the femoral condyle, where subchondral fracture are appearing. If the action 
of the traumatic agent generates the rupture of the anterior external cruciate ligament, the effect of the 
maximum force applied on the knee is dissipating, and there is no longer transmitted to the bone. 
Ligament injury always occurs before the appearance of the bone fracture. The only exception is fracture-
dislocation when the movement of the bone fragments is associated with a secondary cruciate ligament 
injury. The mathematical models can fairly predict the type of the fractures involving the bones of the 

knee joint. 
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1. Introduction 

In 2010 we created a mathematical model which can predict the effects on the tibial plateau when 

exposed to longitudinal forces generated by the impact with different masses (Ungurianu, 2010a). This 

model can be used to demonstrate the formation of the type I-VI Schatzker fractures. This mathematical 

model also allows us a wide variety of modeling under various impacts angles and planes (Ahlberg, 

Nilson & Walsh, 1967, pp. 125-180). This study evaluates how the tibial plateau behaves on a lateral 

impact, with pelvic limb supported and unsupported on the ground.   

 

2. Problem Statement 

This study was initiated after we noticed that from 55 cases with fractures of the proximal third of 

tibia which were treated with orthopedic solutions or percutaneous screws, 15% accused a laxity and 

instability of the knee, 3-4 months after the first intervention. To complete recovery, some of these 

needed to associate a daytime immobilization of the knee which has further reduced the effects of 

instability. Following these observations, we attempted to develop a mathematical model to predict the 

behaviour of ligaments and bone structures of the knee in proximal tibia fractures.   

 

3. Research Questions 

Our research tried to estimate if a mathematical model based on the Finite Element Analysis 

(FEA), also known as Finite Element Method (FEM), could anticipate the behaviour of the cruciate 

ligaments of the knee in fractures of the upper third of the tibia. This analysis was based on the 

discretization method: the model body was divided into an equivalent system of many smaller bodies or 

units (finite elements), interconnected at points common for two or more elements (nodes or nodal 

points), and/or boundary lines, and/or surfaces. The results generated by the achieved model would be 

closer to the real life results when the number of finite elements is bigger. We analyzed the behaviour of 

the cruciate ligaments in several types of fractures of the upper third of tibia secondary to several types of 

impact forces.    

 

4. Purpose of the Study 

The purpose of the study was to identify the effects of a lateral impact on the knee bones and 

ligaments, using a mathematical model. The effects were analyzed in two settings – first, when the lower 

limb was unsupported and second, when the lower limb was fixed on the ground. We have analyzed the 

effects of the impact on both knee bones – tibia and femur, and on the cruciate ligaments of the knee: 

anterior external and posterior internal.    

 

5. Research Methods 

We used the mathematical  model of the knee joint, which was formed from the decomposition of 

each part of the joint in thousands of tetrahedral finite elements (Antonescu, 2008, pp. 368-374). The 

tetrahedral geometry was used because it has a similar aspect when compared to the Haversian bone cells. 
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The tips of these virtual bone cells are called nodes. A node is common to several neighboring finite 

elements (4, 5 or more). Forces acting on the body are distributed only to these nodes, and they are called 

nodal forces (Brunner et al., 2009). The movement of the nodes will be made in directions that make the 

resulting potential energy produced by deformation of the entire structure to be minimal. Once we have 

determined the directions of the nodes movements, the mechanical tension inside the finite elements, such 

as the specific deformation of them (tracts of fractures), could be easily calculated. These results were 

approximate but could be considered to be similar to the tracts generated in the real bones (Micula, 1978, 

pp.35-37). 

Applying a force on the system represented by the knee bones has the same mechanical effects of a 

small blunt object with a small mass and high impact speed or an object with a large mass and small 

impact speed. The common element is the kinetic energy of the object which is transformed into potential 

energy of deformation, causing the fracture (Böhmer, 1974). 

Hitting a body has two mechanical effects: a reversible (elastic) deformation of the body and the 

breakage (irreversible deformation) (Ungurianu, 2010b). The ratio in which the kinetic energy of the 

blunt body is divided between these two effects is difficult to determine, especially in biological 

structures containing tissues with very different mechanical properties (Sard, & Weinstraub, 1971, pp.95-

96). 

We used a mathematical model obtained through the specialized COSMOS program, submitted to 

side impact with the lower limb unsupported and supported (Botez, 2008, pp. 55-56). First, the model of 

the knee joint and bones has been generated in AutoCAD and then, using the COSMOS Works program, 

it has been transformed into a mathematical model with 15230 finite elements, 7674 nodes, and 92088 

degrees of freedom. The model generated with COSMOS Works has a finite number of elements of 

tetrahedral type. The distribution of the finite elements to the three bone structures of the knee joint was 

as follows: femur – 3425 elements, tibia – 3135 elements, fibula – 1757 elements. The rest of the finite 

elements were assigned to the osteosynthesis materials used in the study.  COSMOS Works imported 

loads from COSMOS Motion and COSMOS Flo Works. The program allowed applying forces and 

pressures as many times as desired. COSMOS Works superimposes all pressures, forces, and remote 

loads.   

 

6. Findings 

6.1. The study of lateral impact, with the lower limb unsupported 

When developing the mechanical model of the knee we observed that fractures occurring in a knee 

injury when lower limb is unsupported need a higher speed of impact to give a shear and a break between 

finite elements of the mathematical model (Omura, & Callori, 1999, pp.112-114). 

At speeds below 50 km/h the impact that takes place below the knee causes destruction of 

ligaments, and bone mechanical tensions remain at subcritical values (without causing fractures of the 

tibial plateau) (Mustonen et al., 2008). In these cases, we appreciate that the mass of impacting body 

should be approximate one ton and the speed of impact was the one who determines the nodes 

elongations and their rupture. 
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We modeled four cases in which the mass of impact was the same (approx. one ton) but the speed 

was different. In the first case, the speed was 20 km/h, and the mathematical model behaved as an elastic 

complex, which suffered only elongations in the tetrahedral breaking nodes (Fig. 1 left). The areas of 

maximum stretching, represented by yellow colour, and peripheral areas of tension represented by green 

colour, have no evidence of shear. Chromatic map of the mathematical model (Fig. 1 left) put to forces of 

20km/h indicates that the bone resistance may counteract the action of the traumatic agent whatever the 

maximum force trauma triggered by the force of impact. 

In the second case, we increased the speed to 40 km/h and we obtained an elongation of the knots 

without breaking them (Fig. 1 right). In this case, stretching areas are more intense but on a lower surface. 

It is possible that one or two nodes to be shearing (chromatic yellow map is more intense in certain nodes 

- can be seen from Table 1 that the number of nodes 45, 110, 125, 964 have tensions for shear rather than 

elongation). 

The figures bellow show that the deformation tensions were only elastic, being associated with 

bone edema lesions. 

	

 

Figure 01.  The mechanical stresses map in a mathematical model subjected to a traumatic agent 
acting  at a speed of 20km/h (left) and 40km/h (right)] 

 
We also have generated a table (Table 1) containing the values of maximum stress components – 

in yellow in Fig. 1 (left and right). 
 

Table 01.  The list of maximum stress components – yellow area from figures 
Node SIG_X SIG_Y SIG_Z 

44 -1.109e+003 -1.997e+004 0.000e+000 
45 -6.601e+003 -1.757e+004 0.000e+000 
46 -3.701e+003 -1.156e+004 0.000e+000 
47 -2.508e+003 -9.341e+003 0.000e+000 
48 -1.677e+003 -8.527e+003 0.000e+000 
49 -1.763e+003 -9.155e+003 0.000e+000 
50 4.802e+002 -1.305e+004 0.000e+000 
51 -4.681e+004 -2.856e+004 0.000e+000 

109 2.136e+004 7.652e+003 0.000e+000 
110 -7.574e+003 5.209e+003 0.000e+000 
116 1.055e+004 2.465e+003 0.000e+000 
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117 -4.351e+003 5.969e+003 0.000e+000 
123 8.584e+003 1.371e+004 0.000e+000 
124 8.526e+003 7.019e+003 0.000e+000 
125 -9.258e+003 1.548e+003 0.000e+000 
135 1.418e+003 -6.946e+003 0.000e+000 
144 9.078e+002 8.492e+003 0.000e+000 
145 2.652e+003 5.709e+003 0.000e+000 
146 -6.782e+003 2.146e+002 0.000e+000   
147 -1.989e+004 -1.543e+003 0.000e+000 
167 -5.233e+003 1.241e+003 0.000e+000 
602 -2.890e+004 1.260e+004 0.000e+000 
603 9.303e+003 2.627e+004 0.000e+000 
604 5.087e+003 1.242e+004 0.000e+000 
605 3.208e+003 8.705e+003 0.000e+000 
606 2.788e+003 7.624e+003 0.000e+000 
607 2.240e+003 7.595e+003 0.000e+000 
608 2.465e+003 8.691e+003 0.000e+000 
609 2.259e+003 9.558e+003 0.000e+000 
610 -3.832e+001 7.818e+003 0.000e+000 
611 4.714e+004 2.318e+004 0.000e+000   
938 -1.025e+004 -7.116e+002 0.000e+000 
939 -2.010e+003 -1.898e+003 0.000e+000 
941 -4.785e+003 -4.982e+003 0.000e+000 
942 213e+003 -3.528e+003 0.000e+000 
951 1.377e+003 6.926e+003 0.000e+000 
952 2.672e+003 -8.731e+001 0.000e+000 
953 -1.789e+003 -4.346e+003 0.000e+000 
954 1.827e+004 1.833e+003 0.000e+000 
960 -1.750e+004 -3.573e+003 0.000e+000 
962 3.732e+002 -2.724e+003 0.000e+000 
964 -6.863e+003 -9.559e+003 0.000e+000 
965 -4.370e+003 3.655e+002 0.000e+000 
966 3.056e+003 2.127e+004 0.000e+000 
967 3.560e+003 1.307e+004 0.000e+000 
970 2.553e+003 9.057e+003 0.000e+000 
971 3.387e+003 1.013e+004 0.000e+000 
972 3.898e+003 1.203e+004 0.000e+000 
973 1.126e+004 1.756e+004 0.000e+000 
974 1.191e+004 8.220e+003 0.000e+000 
976 4.413e+003 -3.750e+003 0.000e+000 

 

When the impact velocity was increased, the shear mathematical model was obtained. Thus, when 

the impact speed was 60 km/h, in addition to cruciate and collateral ligament rupture, we obtained a tibial 

plateau fracture - comminuted, mixed (Kayali et al., 2008). In another simulation with a higher speed of 

80 km/h, the mathematical model was broken by shearing tibial nodes of tension, producing a 

comminuted fracture of proximal third tibia (Fig. 2) (Niculescu et al., 2010). 
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Figure 02.  Mathematical model broken and shearing in key points of  tetrahedron all tibial plateau  and 
femoral condyle, without comminuted  (left) and with comminuted  (right) 

 

Also, in the unsupported foot impact at a high speed, the mathematical model of the femoral 
condyle was discretized (broken). Using the mathematical model we have observed shear at the junction 
of the tibia metaphysis and diaphysis with the probability of epiphyseal-metaphysis fracture (Cannada et 
al., 2008). 

If in the Table 1 the nodes were only elongated, without breaking, in the table obtained after high-
speeds impact (Table  2), all the nodes were shearing and broken, giving the most critical image of the 
simulation.  

 
Table 02.  The points of maximum shear model at 80km/ 

Node SIG_X SIG_Y SIG_Z 
43 2.715e+004 6.950e+003 0.000e+000 
44 -1.109e+003 -1.997e+004 0.000e+000 
45 -6.601e+003 -1.757e+004 0.000e+000 
46 -3.701e+003 -1.156e+004 0.000e+000 
47 -2.508e+003 -9.341e+003 0.000e+000 
48 -1.677e+003 -8.527e+003 0.000e+000 
49 -1.763e+003 -9.155e+003 0.000e+000 
50 4.802e+002 -1.305e+004 0.000e+000 
51 -4.681e+004 -2.856e+004 0.000e+000 

109 2.136e+004 7.652e+003 0.000e+000 
110 -7.574e+003 5.209e+003 0.000e+000 
116 1.055e+004 2.465e+003 0.000e+000 
117 -4.351e+003 5.969e+003 0.000e+000 
123 8.584e+003 1.371e+004 0.000e+000 
124 8.526e+003 7.019e+003 0.000e+000 
125 -9.258e+003 1.548e+003 0.000e+000 
135 1.418e+003 -6.946e+003 0.000e+000 
144 9.078e+002 8.492e+003 0.000e+000 
145 2.652e+003 5.709e+003 0.000e+000   
146 -6.782e+003 2.146e+002 0.000e+000 
147 -1.989e+004 -1.543e+003 0.000e+000 
167 -5.233e+003 1.241e+003 0.000e+000 
602 -2.890e+004 1.260e+004 0.000e+000 
603 9.303e+003 2.627e+004 0.000e+000 
604 5.087e+003 1.242e+004 0.000e+000 
607 2.240e+003 7.595e+003 0.000e+000 
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608 2.465e+003 8.691e+003 0.000e+000 
609 2.259e+003 9.558e+003 0.000e+000 
610 -3.832e+001 7.818e+003 0.000e+000 
611 4.714e+004 2.318e+004 0.000e+000 
938 -1.025e+004 -7.116e+002 0.000e+000   
939 -2.010e+003 -1.898e+003 0.000e+000 
941 -4.785e+003 -4.982e+003 0.000e+000 
942 4.213e+003 -3.528e+003 0.000e+000 
951 1.377e+003 6.926e+003 0.000e+000 
952 2.672e+003 -8.731e+001 0.000e+000 
953 -1.789e+003 -4.346e+003 0.000e+000 
954 1.827e+004 1.833e+003 0.000e+000 
960 -1.750e+004 -3.573e+003 0.000e+000 
962 3.732e+002 -2.724e+003 0.000e+000 
964 -6.863e+003 -9.559e+003 0.000e+000 
965 -4.370e+003 3.655e+002 0.000e+000 
966 3.056e+003 2.127e+004 0.000e+000 
967 3.560e+003 1.307e+004 0.000e+000 
970 2.553e+003 9.057e+003 0.000e+000 
973 1.126e+004 1.756e+004 0.000e+000 
974 1.191e+004 8.220e+003 0.000e+000 
976 4.413e+003 - 3.750e+003 0.000e+000 
 

6.2. Side impact study regarding ligaments, with lower limb fixed on the ground 

The mathematical model allowed us to evaluate how the cruciate ligaments are affected by the 
impact. In the original mathematical model we integrate the cruciate ligaments to take account of their 
position: anterior external and posterior internal (Fig. 3). Because posterior internal ligament is shorter 
and thicker, thus stronger, we anticipated that the anterior external cruciate ligament will tear first 
(Purghel et al., 2008). Simulations were made using a lateral impact, in which lower leg is supported. 
Impact energy causes the tensions in ligaments and bone structure request until the maximal strength of 
one of them is reached (Ungurianu, 2010c). 

 

 

Figure 03.  Mathematical model of the knee positioning cross ligaments with their inserts A and B; an 
external force F is applied on the lateral side of the knee 

 
Depending on the movement of the upper joint, the ligament elongation is calculated based on the 

graphic lines presented in the Fig. 4, where l0 is the initial ligament length, l is the ligament length 
obtained after force is applied, delta (δ) is the elongation of the ligament without breaking and h is the 
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distance between the two bone structures of the knee: tibial spines and the femoral condyle (Cannada et 
al., 2008). 

	

Figure 04.  Scheme for calculating the ligament length changes 
 

Length variation of the displacement is expressed as 

𝑙 = (𝑏 + 𝛿)! + ℎ! 𝑙 = (𝑏 + 𝛿)! + ℎ! 

where l is the length of the ligament after tibia – femoral distance becomes δ and l0 is the initial 
ligament length. We calculated these variations for three values of height h, - the results are shown in the 
following diagram (l0=35 mm) (Fig. 5). 

 

45
47
49
51
53
55

0.0 2.0 4.0 6.0
Movement (delta) [mm]

Elongation l [mm]

Series1

Series2

Series3

 
Figure 05.  Ligament forces occurring in young people and elderly (breaking point 430N) 

 
The force applied on the ligament depends on many factors: patient age, sport, physical inactivity, 

prolonged immobilization etc. For organic materials similar to human bone composition there is a non-

linear relationship between elongation and applied force expressed by a function of the following type: 

𝐹lig = 𝐹! + 𝑐 ⋅ 𝑙
!
!! , where "k" is a stiffness coefficient (coefficient of "age") (Shen et al., 2009). 

For young persons, under 35 years of age, who can sustain a ligament elongation of 25-30% of its 

length, k = 10 … 12. At an older age, over 35 years, where elongation is not more than 15-20% of length, 

k = 18 ... 20. F0 is a force equivalent to ligament stiffness in the relaxed state ("pre-stressing"). The 

coefficient c is a temperature factor, in this case, c = 1.  

It is known that anterior external cruciate ligament is shorter than the posterior internal and narrower, so 

more sensitive to stretching. After walking few kilometers the ligament lengthens physiologically with 

almost 30%, (so the coefficient c in the formula is 0.3), while if a patient undergoes a knee 

immobilization of about 6 weeks, the decrease of elasticity is around 40% (coefficient c is -0.4). These 

variations are represented in the Fig. 5. In younger patients who are having longer walking distances, the 

upper limit is supported by the ligament tear, which means that the bones are more protected than in older 
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people [6] and an average person has a diagram located between the two limit diagrams in the figure (Fig. 

5). 

The results of the calculated ligament length, a value which was inserted into the formula of the 

force, and represented in the diagrams above, are listed in Table 3. 

 
Table 03.  Ligament length calculation 

b=44.28 
h=8 

b=38.07 
h=9 

b=20.62 
h=10 

Delta 
[mm] 

 

 
Elongation 

[mm] 
 

 
Delta 
[mm] 

 

 
Elongation 

[mm] 
 

Delta 
[mm] 

Elongation 
[mm] 

0.0 44.9969 0.0 45.0036 0.0 45.0020 
0.5 45.4890 0.5 45.4274 0.5 45.2333 
1.0 45.9813 1.0 45.8526 1.0 45.4689 
1.5 46.4737 1.5 46.2794 1.5 45.7088 
2.0 46.9664 2.0 46.7077 2.0 45.9528 
2.5 47.4591 2.5 47.1373 2.5 46.2010 
3.0 47.9520 3.0 47.5683 3.0 46.4532 
3.5 48.4451 3.5 48.0007 3.5 46.7095 
4.0 48.9383 4.0 48.4343 4.0 46.9696 
4.5 49.4317 4.5 48.8693 4.5 47.2336 
5.0 49.9251 5.0 49.3054 5.0 47.5014 
5.5 50.4187 5.5 49.7428 5.5 47.7729 
6.0 50.9125 6.0 50.1813 6.0 48.0481 
6.5 51.4063 6.5 50.6210 6.5 48.3270 
7.0 51.9003 7.0 51.0618 7.0 48.6093 
7.5 52.3944 7.5 51.5036 7.5 48.8951 
8.0 52.8885 8.0 51.9466 8.0 49.1844 
8.5 53.3828 8.5 52.3905 8.5 49.4770 
9.0 53.8773 9.0 52.8355 9.0 49.7729 
9.5 54.3718 9.5 53.2814 9.5 50.0721 

10.0 54.8664 10.0 53.7283 10.0 50.3744 
 
The mathematical model was performed at different loads, depending on the k coefficient. 

Elongations of 30% were followed by a reversal to the original length in all young people but this reversal 

was present in only 17% of the individuals over 35 years. The breaking point, signalled by the force 

applied to the external femoral condyle was about 430N for both young and elderly at an elongation of 

about 20 mm for young people. In clinical practice, this suggests that a young patient will make an impact 

injury rather than a broken ligament injury, while an elderly person will be especially prone to a fracture 

than a ligament injury. If during the action of the traumatic agent, the rupture of the anterior external 

cruciate ligament occurs the maximum force acting on the knee is dissipated and is no longer transmitted 

to the bone. 

 

6.3. Discussion 

In the first type of simulation, the impact was in the lateral part of the knee and the knee supported 

the force of the traumatic agent. This case was associated with variable capsule-ligament and bone 
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injuries depending on the speed of the impact. At the low speed we had only ligament damage and bone 

edema while at speeds of 60 km/h bone lesions were present - comminuted fractures Schatzker stage V-

VI. At these speeds, there are mirror injuries at the femoral condyle level. This mathematical model can 

help us to understand how the action of traumatic agents is followed by a specific type of injury. In the 

translation of these results in clinical practice will suggest that a young patient will suffer a broken 

ligament injury rather than a bone injury, while an elderly person will be especially prone to fracture than 

a ligament injury. .   

 

7. Conclusion 

When there is a lateral impact on knee, with a lower limb support at a speed of 20-30 km/h, only 

ligament damage will appear.  At a speed of 50-60 km/h, bone lesions are appearing. As speed increases, 

the bone lesions will increase and force dissipates in the femoral condyle, where subchondral fracture are 

appearing. Breaking point – identified by a force applied to the external femoral condyle, was about 430N 

for both young and elderly, associated with a ligament elongation of about 20 mm for young people. If 

during the action of the traumatic agent, the rupture of the cruciate ligament occurs on the anterior 

external side, the maximum force acting on the knee is dissipating and is no longer transmitted to the 

bone. Ligament injury always occurs before the onset of the bone fracture. The only exception is when 

the movement of the dislocated secondary fragments of the fracture is associated with the cruciate 

ligament injury.   
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