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Annotation. Based on experimental studies, an analytical method is proposed for assessing the functional reliability of 
osteosynthesis systems. As criteria for the rigidity of osteosynthesis systems, displacements and mutual rotations of parts of bone 
fractures with fixation tools were used. The characteristics of the “bone with a fracture - fixation system”, necessary for 
calculations, determined experimentally from individual loads by compression, bending, and torsion of bone samples with simulated 
fractures and fixation tools. 
The characteristics of the plates for fixation of tibial fractures are determined, the level of allowable loads is calculated according to 
the combined action of compression, bending and torsion, and the areas of valid loads are determined. 
The proposed criteria for functional reliability make it possible, using simple tests and analytical calculations, to determine 
permissible load levels that do not lead to the occurrence of dangerous movements in the fracture area. 
Keywords: osteosynthesis, tibia, functional reliability, stiffness criteria, displacement of fracture parts, linear displacements, mutual 
rotation angles. 
 

 
Introduction 
 
During the knitting of bone fractures fixed by means of fixation, in most cases, disposable or reusable, mainly 

cyclic, loads occur. At the same time, it is impossible to completely eliminate the dangerous displacements of individual 
points in the fracture area. These displacements can lead to improper reposition of fractures or slow down the process  
of fusion [1–5]. 

The practice of using various means of fixation of fractures (OS systems) has shown that one of the main 
functional indicators of these systems is the mutual linear displacements (Λ) of adjacent fracture points and the mutual 
rotation angles (G) of the fracture parts. Based on many years of research in the field of practical surgery,  
the established allowable linear displacements (displacement) of fracture points [Λ] = 1 mm, and the mutual angles  
of rotation of the fracture parts [G] = 3° [6, 7]. 

Thus, the requirements for deformation indicators of the systems “bone with a fracture – a means of fixation  
of a fracture”, which are determined by the physiological properties and type of fracture, have the form [8]: 

 

  max
i   ; (1) 

 

  max
i   , (2) 

 

where i is the designation of the fracture points. It can be [9]: M – medial (located in the middle, closer to the 
longitudinal axis of the human body), L – lateral (located on the side, away from the longitudinal axis), V – ventral 
(located in front), D – dorsal (located behind) or other fracture points. 
 

Accounting for the mutual displacement of the fracture points 
 
Displacements and rotation angles in the fracture area are determined by the influence of such forces (Fig. 1, a): 

Р1 – force acting along the longitudinal axis of the bone (for the lower extremities it is mainly human gravity);  
P2 – transverse force (muscle strength, limb weight in the supine position of the victim); P3 – the force acting  
on the foot when walking (muscle action during rotational movements of the body during walking, the weight  

ISSN 2521-1943. Mechanics and Advanced Technologies #3 (87), 2019

29



of the foot in the supine position of the victim) and causes torsion of the bones of the limbs. Due to the action of these 
forces, bending moments and torsion moment arise: 

 k k kM P e  ,  

where ek – the distances from the line of action of the corresponding force to the place of fixation of the fracture; 
1,  2,  3k   – designation of forces and corresponding moments (Fig. 2). 

 

 

a 

 

b 

Fig. 1. Loads acting on the limb (a), directions of the coordinate axes and components  
of the main displacement vector Λi

 (b) 

 

                                     

a                                                             b                                                          c 

Fig. 2. Influence of axial (a), transverse (b) forces and torsion moment (c) on the fixation system 
 

We take into account that most OS tools are located on the lateral (external to the center of the body) or medial 
(internal) side of the bone. In this case, the axis of the longitudinal force P1 passes through the frontal plane (the one 
that divides the body into the front and back) of the bone. In the future, we consider the case when the line of action of 
the most dangerous force P2 also lies in the front plane. Therefore, the displacement arising from these forces and the 
corresponding moments must be added algebraically. 

Note that the direction (sign) of external forces is not known in advance. Therefore, in what follows we will 
consider the most dangerous arrangement of the forces P1, P2, and P3 when the directions of the projections of the 
movement of all these forces coincide. In this regard, when constructing the criteria of functional reliability, consider 
that all components of displacements have the same sign. 

If the components of the displacement are known (the projections of the total vector Λ on the coordinate axis 
(Fig. 1, b) at the most dangerous point, then condition (1) can be written as:  

 

        
2 2 2

max
max

i i i
x y z         , (3) 

 

where  , ,i i i i
j x y z     – projections of the full displacement of the point «і» on the axis «j». 
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We denote by λ the displacements as the ratio of the absolute displacements to the acting forces, and by   the 
displacements as the ratio of the absolute values of the displacements to the acting moments: 

 

i
jki

jk
kP


  ; 

i
jki

jk
kM


  , 

where i
jk  – displacement projections of the і-th points caused by forces Рk on the j-th axis. 

The reduced displacements are determined experimentally by measuring the displacements under the influence  
of the corresponding forces and moments, for example, by digital recording using a camera [9, 10, 11]. 

If the displacements are known, the components of the absolute displacements can be determined for any values 
of the components of the force vector Pk and the corresponding components of the moment vector Mk. So,  
the projection of the total displacement Λi on the axis X is determined as follows: 

 

1 1 2 2 3 3 1 1 2 2 3 3
i i i i i i i
x x x x x x xP P P M M M                   . 

 

The projections of the displacement Λi on the Y and Z axes are determined similarly. In general terms, we have: 
 

3

1

( )i i i
j k jk jk k

i

P e


      . 

 

The stiffness condition (3) using, as a criterion, the maximum linear mutual displacement in compressed form  
is written as follows: 

   
23 3

max
1 1

max

( )i i
k jk jk k

j k

P e
 

 
        

 
   (4) 

 
Accounting for the angles of mutual rotation of the parts of the fracture 
 
The angle of rotation of the line connecting two opposite fracture points M and L. 
 

  
2

2
2

arccos 1
2 ML

L L

S

 
   
 
 

, (5) 

 

where 1 1 2 2 2MLS M L M L M L    – the distance between points M and L in different positions (Fig. 3);  

1 1,  M L  – the position of two opposite fracture points to the load; 2 2,  M L  – position of two opposite fracture points after 

loading; ,  ,  , ,  ,   M M M L L L
X Y Z X Y Z       – projections of the displacement of points М and L on the axis X, Y, Z; L  – 

the position of point L after application of the load without taking into account the rotation of the fracture (parallel 
displacement of the segment 1 1M L ); 2L L  – the displacement of the point L due to only the mutual rotation of the 

fracture parts. 

    

a       b 
 

Fig. 3. Detailed (a) and simplified (b) scheme of movement of fracture points  
and angles of rotation of fracture parts 
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Choosing the maximum mutual angle of rotation of the fracture parts as the rigidity criterion and taking   
into account the relation (5), condition (2) is obtained in the following form: 

 

        
23 3

max 2
1 1

max

1
arccos 1

2
L M L M

k jk jk jk jk k
j kML

P e
S  

                 
   

  , (6) 

 
Accounting for cyclic loads 
 
The process of treating victims is accompanied by exposure to limbs cyclically acting loads (walking, exercise). 

In this case, the mutual displacements of the fracture points can significantly increase, and the conditions of stiffness (4) 
and (6) must take into account the deformations (displacements) that accumulate in the OS system during  
the application of cyclic loads: 

                
1 223 3

max 0 0
1 1

max

i i i i
k kjk jk N jk jk N

j k

N P e
 

              
   

  ; (7) 
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e Г

 

          
 

        

 
 (8) 

 

In (7) and (8) it was taken into account that the components of the point displacement consist of instantly elastic 
displacement  0

i
jk  and displacement  

i
jk N  that occurred during the action of N loading cycles (Fig. 6) 

 

(0) ( )
i i i
jk jk jk N    . 

 

This ratio can be expressed through the reduced displacements which are related to the action of forces  i
jk  and 

moments  i
jk : 

(0) ( )
i i i
jk jk jk N    ; (0) ( )

i i i
jk jk jk N    . 

 

Index 0 means instant-elastic component, index N – 
accumulated displacements: 

 

(0)
(0)

i
jki

jk
kP


  ;     ( )

( )

i
jk Ni

jk N
kP


   ;     (0)

(0)

i
i jk
jk

kM


  ;    

( )
( )

i
i jk N
jk N

kM


  . 

 

From a practical point of view, the greatest interest is the 
displacement of the points of fracture, which accumulate when 
exposed to a sufficiently significant number of load cycles. In 
this case, conditions (7), (8) show displacements that occur on 
the N-th cycle, it is expedient to replace them with limiting ones 
(with the maximum number of cycles): 

      
1/2

3 3
i i

max k jk(0) jk(0) k max
1 1

Λ P λ + e |i
jk

j k

k
 

          
  ; (9) 
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Fig. 4. Scheme of development of displacements of 
adjacent points and accepted notations 
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where 

  ( )

(0)

1
i
jk грi

jk i
jk

k


 


 (11) 

 

is the coefficient of influence of cyclic creep, which shows an increase in the total displacement occurring  
at a significant number of cycles compared to the displacement under a single load. 

 
Analytical description of cyclic creep curves 
 
Previous experiments have shown that the curve that connects the upper points of the cyclic creep diagram 

(dashed in Fig. 4) it is possible to approximate with a sufficient degree of accuracy the sum of exponential functions. 
The number of members of this sum is sufficient to limit by three so that the error of approximation does not exceed  
the instrumental error. This is, in fact, the use of a generalized Kelvin-Voigt model by formally replacing the period  
of the force's application by the number of load cycles. 

Imagine fracture displacements under the action of long cyclic loads as follows: 
 

    (0) ( )
1

1 exp
n

i i i
jk jk jk m i

m m

N
N

N

  
            

 , (12) 

 

where (0)
i
jk – displacements, can be determined under single loads; ( ) ,

i i
jk m mN  – coefficients that can be determined 

from cyclic creep curves; N – number of load cycles; m is the serial number of the exponent; n is the total number  
of exponents. 

Dividing both parts (12) by kP , we obtain for the reduced displacement  
i
jk N : 

 

  (0) ( )
1

( ) 1 exp .
n

i i i
jk jk jk m i

m m

N
N

N

  
            

  (13) 

 

Similarly for the reduced displacement ( )i
jk N : 

 

  (0) ( )
1

( ) 1 exp
n

i i i
jk jk jk m i

m m

N
N

N

  
            

 . (14) 

 
Generalized forms of conditions of functional reliability 
 
Taking into account (13) and (14), the stiffness conditions (7) and (8) at repeated cyclic loads will have  

the following form: 
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Determination of the allowable loads at fractures of tibia bone, fixed with plates 
 
As an example, consider the application of the above criteria to estimate the allowable loads of the system “tibia 

with fracture - fixing plate” [8, 12, 13]. The following points of fracture were considered: point M (medial, point near 
the attachment of the plates) and point L (lateral, the point furthest from the plates). We assume that the external forces 
are applied in such a way that the directions of the projections of the displacement vectors of the point L, which arise 
due to individual forces and moments of forces, coincide (the most dangerous case). 

According to formula (4), in order to accurately evaluate the functional reliability of the fracture fixation  
and to determine the allowable loads, it is necessary to know nine values of the reduced displacements i

jk   

and nine values of i
jk . Obviously, identifying all the components, even using the digital method of recording 

movements [9], is quite difficult. However, it turned out that the number of displacements that influence the results  
of calculations can be significantly smaller. 

The above displacements were determined from the results of experiments for angled medial plates with angular 
stability (hereinafter 2M), medial blocked plates (3M), and X-shaped medial blocked plates for open correction 
osteotomy (4M).  

Tibial bones with simulated fractures fixed by these plates have been tested for compression, bending and torsion 
by the method [9, 14]. In table 1 shows the distances from the points of application of loads to the locking plates. 

 
Table 1  

The location of the point of application of loads to the locking plate (see Fig. 2) 

Type of plates е1 е2 е3 

2M 11.0 21.5 59.5 

3M 17.5 20.6 56.9 

4M 21.1 35.8 49.8 

 
The most dangerous area is the area of fracture in which, under the action of loads, maximum mutual 

displacements of adjacent points occur. It is obvious (and this is confirmed experimentally) that in most cases maximum 
displacements will occur at the point of fracture farthest from the fixation means (plate or rod apparatus of external 
fixation). Therefore, in our opinion, as the point і in the calculations of maximum displacements, we need to take  
the point itself from the clamp (point L in Fig. 2). 

Analyzing the experimental material [12, 14] we can conclude that the main displacement vector Λ is determined 

mainly by the components 1
i
X , 2

i
X , 1

i
Z , 2

i
Z , and 3

i
Y . 

The first four components are the longitudinal (along the X-axis) and transverse (along the Z-axis) displacements 
by forces P1 and P2. The fifth component – is the displacement in the plane perpendicular to the longitudinal axis  
of the bone due to the moment of rotation M3. 

The results of calculations of the reduced displacements, which are included in formulas (4) and (6), are given  
in Table 2. The other components of the displacement of the breakpoints are close to zero and are within the 
measurement error. 

Table 2 
The reduced displacements of the point farthest from the fixing point by the  plate L and closest to the plate M 

Plate 
1

L
x , 1

M
x  2

L
z , 2

M
z  1

L
x  2

L
x  3

L
y  1 2 1 2,  ,  ,  L L M M

z z z z     

×103,  mm / N × 103,  mm / (N⋅mm) 

2M 3.03 2.13 0.458 0.460 0.702 0.105 

3M 4.75 0.64 0.429 0.427 1.213 0.134 

4M 0.80 2.77 0.193 0.189 0.319 0.023 

 
Taking into account only those non-zero displacements, the conditions of functional reliability (4), (6) under 

simplified loads significantly simplify: 
 

  
    

     

22

max 1 1 1 1 2 2 2 3 3 3

1/22

1 1 1 2 2 2 2    | ;

L L L L
x x x y

L L L
z z z

P e P e P e

P e P e

                 

             

 (17) 
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2 2

max 1 1 1 2 2 2 3 3 32
max

1
arccos 1 .

2
L L L
x x y

ML

P e P e P e
S

                    
 (18) 

 
Using the criterion of maximum linear displacement recorded in the form (17) and the value of the reduced 

displacements, are given in Table 2, the values of the allowable loads [P1], [P2] and [P3] were calculated with their 
simultaneous action. The results of the calculations are shown in Table 3. It is permissible for the reciprocal movement 
of the breakpoints to be taken   1 mm  . 

 
Table 3 

Allowable loads [Р1], [Р2] and [Р3] that do not lead to the mutual displacement of fracture points  
by more than 1 mm when fixing the fracture by different types of plates 

Plate 2М Plate 3М Plate 4М 

[Р1], N [Р2], N [Р3], N [Р1], N [Р2], N [Р3], N [Р1], N [Р2], N [Р3], N 

0 

0 9.50 

0 

0 5.49 

0 

0 20.89 
40.0 8.56 40.0 5.09 40.0 19.90 
80.0 4.75 80.0 3.61 100.0 13.44 
92.4 0 105.9 0 130.2 0 

60 

0 8.28  

40 

0 4.76  

60 

0  19.98 
20.0 6.79 20.0 4.00 30.0 17.94 
40.0 3.88 40.0 2.68 60.0 14.07 
48.1 0 53.5 0 94.2 0 

80 

0 7.20 

60 

0 3.64  

100 

0 18.23  
10.0 6.21 10.0 2.97 20.0 16.16 
20.0 4.81 20.0 1.95 40.0 13.03 
33.0 0 27.0 0 69.1 0 

122.6 0 0 80.1 0 0 203.7 0 0 

Note: Calculations of allowable loads are made provided that the force P3 acts at a distance of e3 = 150 mm from the longitudinal 
axis of the tibia bone (lateral loading on the distal region of the 1st metatarsal bone). 

 
The allowable loads calculated by condition (18) using the allowable angle of mutual rotation of the fracture parts 

at [G] = 3° had significantly larger values. Because the values of loads (Table 3) calculated through the allowable linear 
displacements under condition (17) were selected as valid ones. 

For clarity, the data in table 3 is presented in the form of three-dimensional diagrams (limit regions) that limit the 
areas of allowable loads. Any point under each of the surfaces corresponds to three values of loads P1, P2, and P3, the 
joint action of which leads to the occurrence of displacements and angles of rotation of fracture parts exceeding 
allowable: [Λ] < 1mm and [G] < 3°.  

If the point belongs to the surface, then this combination of P1, P2, and P3 causes a displacement of [Λ] = 1mm. 
In the case where the point is beyond the limiting surface, such a combination of loads is dangerous, with the 
displacement of the fracture point Λ > 1 mm away from the plate. 

 

 

P1, N 

P1, N 
P1, N 

P2, N 

P2, N P2, N 

P3, N P3, N P3, N 2М 3М 4М 
   

Fig. 4. Areas of allowable loads [Р1], [Р2] and [Р3] that do not lead to physiologically 
dangerous displacements greater than [Λ] = 1 mm 
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It should be noted that the reduced displacements (see Table 2) were determined experimentally on full-scale 
bone specimens with simulated diastase fractures not filled with bone regenerate. This fracture state corresponds only to 
the initial stages of fusion, when the regenerate is absent or the mechanical properties do not affect the deformation 
(displacement) of the fracture points under the influence of physiological loads. 

Therefore, the values of allowable loads (see Table 3), calculated using these reduced displacements, also 
correspond only to the initial condition of the bone regenerate. To determine the allowable loads for later stages of 
fracture fusion, it is necessary to know the kinetics of changes in the deformation properties of bone tissue in the 
fracture region during its regeneration. 

 
Conclusions 
 
1. The criterion ratios obtained for calculating load levels that do not cause unacceptable displacements and 

mutual rotations of fracture parts. The coefficients required for the calculations (displacements are given)  
are determined by simple tests at separate loads by compressing, bending, and torsion of bone samples with simulated 
fractures and fixation means. 

2. Using displacement data obtained for simple types of loads (compression, bending, torsion), displacements  
for three types of plates for fixing tibial fractures are calculated. 

3. For set reduced displacements, the levels of allowable loads at the combined action of compression, bending 
and torsion are calculated, and the areas of allowable loads application are determined. Under the acting of these 
allowable loads, linear and angular displacements in fractures will be within physiologically justified values (mutual 
displacement within 1 mm, rotation angle within 3°). 
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Пространственное деформирование систем остеосинтеза. Сообщение 1. 
Критерии функциональной надежности 
 
Н. С. Шидловский, М. М. Дымань, А. П. Заховайко, Т. Н. Омельченко 
 
Аннотация. На основе экспериментальных исследований предложено аналитический способ оценки функциональной 
надежности систем остеосинтеза. Как критерии жесткости систем остеосинтеза использовано перемещения и 
взаимные повороты частей переломов костей со средствами фиксации. Характеристики системы “кость с переломом - 
средство фиксации”, необходимые для расчетов, определенные экспериментально отдельных нагрузок сжатия, изгиба и 
кручения образцов костей с моделированными переломами и системами фиксации. 
Определены характеристики пластин для фиксации переломов большеберцовой костей, рассчитано уровни допустимых 
нагрузок при совместных действиях сжатия, изгиба и кручение, определены области действия допустимых нагрузок. 
Предложенные критерии функциональной надежности дают возможность с помощью простых испытаний и 
аналитических расчетов определять допустимые уровни нагрузок, которые не приводят к возникновению опасных 
перемещений в области перелома. 
Ключевые слова: остеосинтез, большеберцовая кость, функциональная надежность, критерии жесткости, смещения 
частей перелома, линейные перемещения, взаимные углы поворота. 
 
 

Просторове деформування систем остеосинтезу. Повідомлення 1.  
Критерії функціональної надійності 
 
М. С. Шидловський, М. М. Димань, О. П. Заховайко, Т. М. Омельченко 

 
Анотація. На основі експериментальних досліджень запропоновано аналітичний спосіб оцінки функціональної надійності 
систем остеосинтезу. Як критерії жорсткості систем остеосинтезу використано переміщення та взаємні повороти 
частин переломів кісток з засобами фіксації. Характеристики системи “кістка з переломом - засіб фіксації”, необхідні 
для розрахунків, визначені експериментально за окремих навантажень стиском, згином та крученням зразків кісток  
з модельованими переломами та засобами фіксації.  
Визначені характеристики пластин для  фіксації переломів великогомілкових кісток, розраховано рівні допустимих 
навантажень за сумісної дії стиску, згину та кручення і визначені області дії допустимих навантажень. 
Запропоновані критерії функціональної надійності дають можливість за допомогою простих випробувань та аналітичних 
розрахунків визначати допустимі рівні навантажень, які не призводять до виникнення небезпечних переміщень в області 
перелому. 
Ключові слова: остеосинтез, великогомілкова кістка, функціональна надійність, критерії жорсткості, зміщення частин 
перелому, лінійні переміщення, взаємні кути повороту. 
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