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Abstract 31 

[1]
 
This study aims to enhance the understanding of the relationship between Ilizarov fixator 32 

configuration and its effects on bone fracture healing. Using Taylor spatial frame (TSF) as an 33 

example, the roles of critical parameters (i.e. TSF ring diameter, wire pretension, fracture gap 34 

size and axial load) that govern fracture healing during the early stages were investigated by 35 

using computational modelling in conjunction with mechanical testing involving an advanced 36 

3D optical measurement system. The computational model was first validated using the 37 

mechanical test results and then used to simulate mesenchymal stem cell (MSC) 38 

differentiations within different regions of the fracture site under various combinations of 39 

TSF ring diameter, wire pretension, fracture gap size and axial load values. Predicted 40 

spatially dependent MSC differentiation patterns and the influence of each parameter on 41 

differentiations were compared with in vivo results and good agreement was seen between the 42 

two.  Gap size was identified as the most influential parameter in MSC differentiation and the 43 

influence of axial loading and TSF configuration (i.e. ring diameter and wire pretension) on 44 

cell differentiation was seen to be gap size dependent. Most changes in cell differentiation 45 

were predicted in the external callus (periosteal) which is the crucial region of the callus in 46 

the early stages. However, for small gap sizes (e.g. 1 mm) significant changes were predicted 47 

in the endosteal callus as well. The study exhibits the potential of computational models in 48 

assessing the performance of Ilizarov fixators as well as assisting surgeons in patient specific 49 

clinical treatment planning. 50 

 51 

Keywords: Mechanoregulation, Taylor spatial frame, mesenchymal stem cell, mechanical 52 

test, 3D optical measurement system. 53 

 54 
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1 Introduction 55 

[2]
 
Minimally invasive surgical procedures to treat bone fractures have gained interest during 56 

recent decades 
1-3

. This has led to the evolution of different external fixator devices with 57 

variety of capabilities. The main advantage of external fixators over the alternatives is their 58 

adjustability of configurations according to how healing progresses  and thereby enabling 59 

better  microenvironments to be achieved at the fracture site throughout the healing process 
3
.  60 

[3]
 
An important achievement in the realm of external bone fixator devices is the advent of 61 

Ilizarov circular fixator (ICF), which minimises the invasion into the bones by using very fine 62 

pretensioned wires (e.g. diameters 1.5 – 1.8 mm ) 
4,5

. ICF is very effective in treating 63 

complex and unstable bone fractures 
6
 and a variety of other bone defects such as non-union, 64 

deformity, osteomyelitis and leg length discrepancy 
7
. One of the key advantages of ICF is 65 

that it allows patient specific fixator configurations to be deployed by varying the assembly 66 

of the fixator components such as modular rings, threaded rods and pretension wires.  67 

[4]
 
Taylor spatial frame (TSF) is an advanced variant of ICF, which uses a hexapod system 68 

with six adjustable length telescopic struts at the fracture site (Fig.1). The hexapod system is 69 

advantageous over the conventional ‘ring and threaded rod’ system in ICF, as it allows the 70 

fracture site to be adjusted three dimensionally with six degrees of freedom, which enables 71 

TSF to correct almost any multiplanar deformity easily and accurately 
8,9

. Thus, it makes TSF 72 

one of the most versatile external bone fixator devices. Most importantly, due to its feature of 73 

computer aided fixator adjustment, TSF is regarded as more reliable than the conventional 74 

ICF 
10

.  75 

[5]
 

It is known that mechanical stimulation highly influences the mechanical 76 

microenvironment at the fracture site and affect the healing process 
11,12

.  Therefore, good 77 

understanding of the mechanical performance of fixators is of great importance when treating 78 
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bone fractures. The mechanical stiffness of a fixator affects the interfragmentary movement 79 

(IFM) at the fracture site which is of critical importance; therefore, IFM should be controlled 80 

optimally to achieve timely and successful healing 
13

.  81 

[6]
 
Numerous experimental studies have investigated the influence of ICF frame elements 82 

and configurations on the biomechanical properties of the conventional ICF 
4,14-16

. However, 83 

there is only limited amount of data available on the biomechanical properties of TSF under 84 

different configurations
8
. Henderson et al.

9
 investigated the influence of ring-strut angle on 85 

the fixator stability using an isolated TSF hexapod. Khurana et al.
17

 compared the effect of 86 

wires and half pins using a single ring experimental setup. However, these studies mainly 87 

focused on isolated behaviour of different parts of TSF. A few other studies investigated the 88 

mechanical behaviour of different TSF constructs by using tubes to represent bones
8,18

. 89 

However, the influence of the stiffness characteristics of the frame constructs (TSF) on the 90 

fracture site movements (i.e. IFM) has not been fully investigated yet.  This is one of the 91 

current areas of interest in orthopaedic research 
8,19

.  92 

[7]
 
Computational methods are becoming increasingly popular in orthopaedic research 

20-24
. 93 

Several mechano-regulatory algorithms for predicting mechanobiological processes of 94 

fracture healing have been proposed so far 
24,25

. Based on these algorithms, numerous 95 

computational models were developed to study the influence of different fixator devices on 96 

fracture healing 
20,22,26

. However, computational studies on TSF or its influence on fracture 97 

healing are very limited and it is still not clear how TSF configuration alters the fracture 98 

microenvironment and affect the healing process.  99 

[8]
 
By developing computational models in conjunction with mechanical testing (Fig. 2), the 100 

present study aims to investigate the influence of TSF configuration (i.e. ring diameter and 101 

wire pretension) on the mechanical microenvironment of the fracture site. In addition, the 102 
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effects of the axial loading and fracture gap size on the fracture microenvironment are also 103 

investigated. The current study mainly focuses on the early stage of fracture callus (i.e. post 104 

inflammatory phase callus consisting of granulation tissue) as it has been shown that the early 105 

stage fracture site is very critical and decisive of the cell fate which could affect the entire 106 

healing process 
27,28

.  107 

2 Materials and Methods 108 

[9]
 
Mechanical tests were carried out on surrogate bone specimens with transverse fractures 109 

stabilized by a two ring TSF (Fig. 1a).  The details of the experimental setup are shown in 110 

Fig. 3. The specimens were axially loaded using INSTRON universal testing machine and the 111 

interfragmentary movements (IFM) were measured using a 3D optical measurement system 112 

(ARAMIS). The IFM measurements were then used to validate the numerical predictions 113 

made using a computational model developed in this study (Fig.4). After model validation, 114 

the computational model was used to predict the mesenchymal stem cell (MSC) 115 

differentiation within the early callus under different combinations of gap size, axial load, 116 

ring diameter and wire pretension.  117 

2.1 Mechanical Testing 118 

[10]
 

The surrogate adult human tibiae manufactured by SYNBONE AG (Malans, 119 

Switzerland) was used in the mechanical testing. The bone is made of specially formulated 120 

polyurethane foam that has the mechanical properties similar to those of adult human tibiae 121 

21,29
. It comprises of outer cortical bone and inner cancellous bone and imitate the anatomical 122 

structure of a real bone very closely. The average compressive Young’s modulus and 123 

Poisson’s ratio of the surrogate bone are 1500 MPa and 0.25 respectively 
21

 and the surrogate 124 

bone fractures were stabilized using TSFs, manufactured by Smith & Nephew PLC 125 

(Memphis, Tennessee, USA). 126 
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[11]
 
The coordinate system shown in Fig. 1 (and explained under section 2.5) was adopted in 127 

this study. Each TSF construct used in the mechanical test (Fig. 3) consisted of (i) two 128 

identical aluminium rings (one for the proximal fragment and another for the distal 129 

fragment); (ii) four 1.8 mm diameter stainless steel pretension wires (two mutually 130 

perpendicular wires per ring; one parallel to X and another parallel to Y direction), and (iii) 131 

six FAST FX struts (Smith & Nephew) per assembly. The rings and FAST FX struts were 132 

assembled to have a ring-strut angle of 65˚ (as shown in Fig. 1b) and the bone specimens 133 

were centred to the rings. The wires were affixed to a drill driver (Milwaukee, Wisconsin, 134 

USA) and their bayonet ends were used to directly drill through the bones and secured in 135 

position at both ends of the rings with slotted wire fixation bolts. Once the TSF was affixed to 136 

the bones, a 20 mm fracture gap was created at mid height of the tibia. The reason for 137 

choosing a relatively larger gap size was to prevent bone fragment apposition during loading.  138 

[12] In the next step, the wires were pretensioned by keeping one end of the wire tightly fixed 139 

to the ring using slotted wire fixation bolts and nuts and stretching the other end using a 140 

dynamometric wire tensioner (Smith & Nephew). This device provides graduations of the 141 

standard range of clinical wire pretension levels in kilograms (i.e. 50 – 130 kg) which was 142 

used to measure the pretension level in the wires as they were stretched. Once the desired 143 

pretension was achieved, the wire tensioner was locked in position and the wire was secured 144 

to the ring tightly at the stretching end using slotted wire fixation bolts and nuts. 145 

[13]
 
Two different TSF constructs, one with 130 mm ring diameter and another with 155 mm 146 

ring diameter were used in the mechanical testing. It should be noted that these diameters 147 

refer to the internal diameter of the rings. In both cases, wire pretension of 883 N (90 kg) was 148 

applied to all wires. The distal bone ends of the assembled TSF constructs were fixed to a 149 

lathe chuck and the assembly was loaded at the intercondylar eminence of the tibia in the -Z 150 
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direction using the universal testing machine (INSTRON 5569A, Massachusetts, USA). This 151 

test setup resembles the physiological load application (e.g. standing) on tibia from knee and 152 

ankle joints 
21,30

.  153 

[14] With the help of the cross hairs of ARAMIS, the specimens were placed in the 154 

INSTRON machine each time carefully so that the fragments are vertical and properly 155 

aligned. This was done to ensure that the compressive load is applied axially (-Z direction) 156 

and to minimize the lateral movements of the fragments during axial loading. To simulate a 157 

partial weight bearing condition after surgery, an axial compressive load of 150 N (i.e. 158 

around 20 % of the body weight) was ramped over 0.5 s 
29

 using the INSTRON machine. 159 

Each test was repeated five times and the IFMs were recorded using ARAMIS 3D optical 160 

measuring system at 25 N intervals.  161 

2.1.1 IFM measurement using ARAMIS 3D optical measuring system 162 

[15] The purpose of this mechanical test is to measure the fracture site movements at number 163 

of points along the fracture ends rather than at just one point (e.g. mid-point) using the 164 

ARAMIS 3D optical measuring system (GOM, Braunschweig, Germany); which, allows full 165 

field measurements at multiple points to be taken simultaneously. ARAMIS provides very 166 

accurate non-contact measurements, eliminating the sources of measurement errors that are 167 

present in contact measurements. It can measure deformations as small as 0.0002 mm with a 168 

strain accuracy of 0.01 %; thus, making the effect of measurement errors insignificant for the 169 

range of displacements measured in this experiment (Fig. 4). 170 

[16] To capture the displacements using ARAMIS, a stochastic speckle pattern consisting of 171 

black dots on white background was created using spray paints around the fracture gap of the 172 

tibia (Fig.3) as per the specifications of the GOM 
31

. ARAMIS creates facets (small 173 
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rectangular areas) from this speckle pattern and uses them to determine the displacements 174 

based on the relative movements of the facets between subsequent images captured.  175 

[17] In this study, two cameras (50 mm focal length lenses) of the ARAMIS system, set up 176 

according to the specifications of GOM 
31

 were used to capture the images. The facets were 177 

of 19 x 19 pixel (15 x 15 pixels with 2 pixel overlapping) which is the recommended facet 178 

size of ARAMIS for normal deformation measurements 
31

. Before each test, to ensure that the 179 

speckle pattern is adequate, an image covering the fracture gap and the surrounding areas 180 

with speckle pattern was captured and processed using the ARAMIS control machine (Fig. 3) 181 

to see if ARAMIS could detect the fragment ends and the surrounding areas which is the area 182 

of interest. Mechanical test and displacement measurements were carried out only after 183 

ensuring this. 184 

[18] Full field (i.e. X, Y, Z) displacements of multiple points along the proximal end of the 185 

fracture gap and the corresponding points (lying vertically below) in the distal end of the 186 

fracture gap were measured and the relative movements between the proximal points and the 187 

corresponding distal points were calculated as IFM in each direction. In each test, the first 188 

image was captured when the axial load was zero and then images were captured at every 25 189 

N intervals up to 150 N.   190 

2.2 Computational modelling 191 

[19]
 
To study the influence of ring diameter, wire pretension, gap size and axial load on the 192 

early fracture microenvironment, a 3D computational model of the fractured tibia with TSF 193 

was developed (Fig. 1b). The 3D geometry of the tibia was reconstructed from CT scan 194 

images of the surrogate tibia, which enabled the tibial geometry to be reconstructed with its 195 

the inner open volumes. The geometry was then imported to the commercial CAD software 196 

SOLIDWORKS (Dassault Systèmes, Massachusetts, USA) where the geometric operations 197 
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were carried out. The finalised geometry of the fractured tibia was then imported to the 198 

commercial finite element software package COMSOL MULTIPHYSICS (COMSOL AB, 199 

Stockholm, Sweden) where the geometry of the TSF was developed around the tibia. 200 

Subsequently meshing and numerical analysis were conducted using COMSOL 201 

MULTIPHYSICS.  202 

[20] First, the computational model was validated using the axial IFMs measured in the 203 

mechanical test. The purpose of this validation process is to ensure that the computational 204 

model could be implemented to simulate IFMs (mechanical stimulus for cell differentiation 205 

within the callus) under different combinations of the parameters studied (e.g. wire 206 

pretension, axial load etc.). As shown in Fig. 2, to simulate the mechanical test, the model 207 

was created with a gap at mid height of the tibia and the material properties of SYNBONE 208 

surrogate tibia were assigned to the bone fragments. The TSF components (i.e. aluminium 209 

rings, stainless steel FAST FX struts and stainless-steel pretension wires) were modelled as 210 

linear elastic materials and the axial loading was applied as a point load to represent the 211 

narrow loading region in the mechanical test (Fig. 2). The IFM predictions were then 212 

compared with the mechanical test results. After validation, our previously developed 213 

poroelastic callus model 
21,22,29

 was imported into the model and added around the fracture 214 

gap as shown in Fig.2 where the bone-callus interface was connected using continuous solid 215 

to solid connections. The properties of the materials used in this study are given in Table 1. 216 

2.3 Governing equations   217 

[21]
 
Based on the theory of porous media, the mechanical behaviour of the early stage 218 

fracture callus could be explained as given below 
22,32

. The stress tensor 𝛔 of the callus could 219 

be expressed as  220 

𝛔 = −𝑝𝐈+  𝛔𝐞                                                                                         (1) 221 

This article is protected by copyright. All rights reserved.



10 

 

where, 𝑝 is the incremental interstitial fluid pressure, 𝐈 an identity matrix and 𝛔𝐞 the elastic 222 

stress of solid matrix 
22

. Neglecting the body forces and assuming that the tissue is under 223 

quasi static condition, the momentum equation could be expressed as 
22

 : 224 

∇.𝛔 =  −∇𝑝 + ∇.𝛔𝐞 = 0                                                                                  (2)                            225 

where, ∇𝑝 is the gradient of 𝑝,  ∇.𝛔  and ∇.𝛔𝐞 are the divergences of 𝛔 and 𝛔𝐞, respectively. 226 

16 
The continuity of solid and fluid phases could be expressed by the following divergence 227 

equation: 228 

                      ∇. (𝐯𝐬 − 𝐤∇𝑝) = 0                                                                                              (3)                                  229 

where,  𝐯𝐬 is the velocity of the solid phase and k is the tissue permeability tensor. 230 

2.4 Mechano-regulation  231 

[22] Several mechano-regulatory theories for fracture healing have been proposed so far 
25,33-

232 

36
. These theories either use a combination of mechanical parameters such as principal strain 233 

and hydrostatic stress 
33

, strain and hydrostatic pressure 
34

, deviatoric strain and fluid 234 

velocity
23,25

 or single mechanical parameter such as interfragmentary strain 
35

 or deviatoric 235 

strain 
36

 to simulate the mechano-regulation at fracture site. Isaksson et al. 
24

 compared 236 

several of these mechano-regulatory theories with in-vivo sheep experimental data and 237 

concluded that the algorithm for poro-elastic formulations based on deviatoric strain and fluid 238 

velocity by Prendergast et al. 
23,25,37

 was reasonably accurate, more versatile and shows better 239 

agreement with the experimental observations than the alternatives. Therefore, we 240 

incorporated the theory of Prendergast et al. 
23,25,37

 in the present study along with the 241 

material properties (Table 1) used in their models. 242 
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[23]
 
The mechano-regulatory theory of Prendergast et al 

25,37
 suggests that the differentiation 243 

of mesenchymal stem cells (MSC) into osteoblast, chondrocytes or fibroblasts depends on the 244 

stimulation index ‘S’ (𝑆 = 𝛾/𝑎 +  𝑣/𝑏  ; where, 𝛾 is the octahedral shear strain of solid 245 

phase, 𝑣  is the interstitial fluid flow,  a = 0.0375 and b = 3 µm s
-1

) 
23,37

. During the early 246 

stage fracture healing, small magnitudes of S ( < 1) would lead to osteoblast differentiation, S 247 

in the range of 1 < S < 3 would lead to chondrocyte differentiation, while large magnitudes of 248 

S ( > 3) would lead to fibroblast differentiation 
37

.  249 

2.5 Boundary conditions and loading protocol 250 

[24]
 
In this study, the early callus was assumed to be filled with MSC, and its external 251 

boundaries were assumed to be impermeable to fluid flow 
24

.  As shown in Fig. 1, a right-252 

handed Cartesian coordinate system was used in the model with positive X pointing the 253 

anterior direction; positive Y pointing the medial direction; and positive Z pointing proximal 254 

direction. Wire pretensions were applied as initial stress (initial condition at t = 0) to the wire 255 

elements along their axial direction (i.e. either X or Y direction depending on the orientation 256 

of the wires). The bottom end of the distal fragment was fixed. The axial compression was 257 

then applied over a period of 0.5 seconds at the top of the proximal end (in the -Z direction) 258 

as depicted in Fig. 1b.  259 

[25] In real circumstances, around 60 % of the knee load is taken by the medial condyle and 260 

40 % is taken by the lateral condyle 
38

. Therefore, the distribution of the load on the tibial 261 

plateau is generally nonuniform across the surface 
38

. For simplification, the axial load could 262 

be as uniformly distributed loading applied on the tibial plateau 
39

, and this simplification 263 

would have little effect on the mechanical microenvironment of the bone cells. During the 264 

mechanical test, the pretension wires drilled through the bones had a very firm grip on the 265 

bones. Therefore, the wire-bone interface was modelled using rigid connections as in the 266 
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study of Nielsen et al. 
40

 and the simulation results fitted the experimental data reasonably 267 

well (Section 3.1).   268 

2.6 Geometric non-linearity of pretension wires 269 

[26]
 
The relationship between the transverse load and the corresponding deflection of the 270 

pretension wires is generally non-linear 
41

 due to the stress stiffening effect of the wires 271 

which tends to increase the resistance to deflection as the transverse load increases 
2
. 272 

Therefore, the geometric non-linearity of the wires was considered in the analysis.  273 

2.7 Numerical solutions 274 

[27]
 
As shown in Fig. 1b, the entire fracture geometry was meshed using second order solid 275 

tetrahedral elements. A mesh convergence analysis was conducted to determine the optimum 276 

mesh size for the model and the numerical model was solved using the time dependent solver 277 

with absolute tolerances of 10
-1 

Pa and 10
-4

 m for pore pressure and displacement, 278 

respectively. These tolerance values were chosen based on the degree of accuracy required 279 

for the solution and computational efficiency. Based on our previous studies 
22,29

, the 280 

dependent variables, i.e. displacement and pore pressure were calculated to 10
-4

 m (or 0.1 281 

mm) and 10
-1

 Pa (or 0.1 Pa) accuracies. The mesh sizes were chosen such that the differences 282 

between subsequent solutions in the convergence analysis were less than 2 %. As pore 283 

pressure and fluid velocity are rapidly changing variables within the callus, the convergence 284 

analysis resulted in finer mesh for the callus than the other elements in the model. The entire 285 

geometry was meshed with 216496 and 207595 tetrahedral elements for 155 mm and 130 286 

mm ring TSFs respectively. 287 

2.8 Parametric studies 288 
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[28]
 
Using the developed computational model, a series of parametric studies were conducted 289 

to investigate the influence of different TSF configurations, fracture gap sizes and loading 290 

conditions on cell differentiations within the callus during the early stage of healing. Two 291 

different ring diameters (i.e. 130 mm and 155 mm) and three different wire pretensions (i.e. 292 

491 N (50 kg), 883 N (90 kg) and 1275 N (130 kg)), gap sizes (i.e. 1 mm, 3 mm and 5 mm) 293 

and axial loads (i.e. 100 N, 150 N and 200 N) were considered in this study as shown in 294 

Table 2. The cell differentiations within different regions of the fracture callus, namely, 295 

periosteal callus, intercortical callus and endosteal callus (Fig. 5b) were numerically 296 

predicted under each of the cases (Table 2). 297 

3 Results 298 

3.1 Model validation 299 

[29]
 
The mechanical test results showed that the IFMs were predominantly vertical (Z 300 

direction) and both vertical and lateral components (X ,Y directions) of IFMs increased with 301 

axial load. However, the largest lateral IFMs (X or Y direction) were observed to be 0.077 302 

mm and 0.101 mm for TSF with 130 mm and 155 mm diameter rings respectively at 150 N 303 

axial load. The corresponding model predicted IFMs were 0.073 mm and 0.097 mm 304 

respectively which are close enough to the mechanical test results (5 % and 4 % 305 

respectively). Since the lateral components (X or Y) of the IFMs were negligible compared to 306 

the vertical components (less than 2.5 % of the Z components for both rings), the lateral and 307 

rotational components were ignored from further analysis. Therefore, IFM would refer to the 308 

axial IFM (Z direction) hereinafter. 309 

[30] To obtain a more representative value of the IFM, the mean values of IFMs were 310 

calculated from three points along the proximal end and the corresponding points in the distal 311 

ends. Fig. 4 compares the mean axial IFM components calculated from the mechanical test 312 
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with those predicted numerically. The non-linear relationship between axial load and IFM 313 

can be seen in Fig. 4 which is due to stress stiffening effect of the pretensioned wires 
41

. This 314 

nonlinearity is geometric as reported in many studies 
41-43

 and depends on the level of 315 

transverse movements of the wire. This explains the difference in the nonlinearities under 316 

different ring sizes.  It was observed that the numerical predictions were either within the 317 

experimental error range or very close to the mean IFM values (maximum of 7 % deviation) 318 

for the entire range of loading considered. Therefore, the developed computational model 319 

could reproduce the mechanical experiment reasonably well.  320 

3.2 Parametric studies 321 

3.2.1 Spatially dependent MSC differentiation pattern 322 

[31]
 
After validation, the model was used to investigate the effects of fracture gap size, axial 323 

load, TSF ring diameter and wire pre-tension on MSC differentiations during the early stage 324 

healing. Fig. 5 shows cell differentiations within the fracture callus, stabilized with TSF (ring 325 

diameter = 155 mm, wire pre-tension = 883 N (90 kg) and axial load = 150 N) under different 326 

gap sizes (i.e. 1 mm, 3 mm and 5 mm). It can be seen that, MSC differentiation in the fracture 327 

callus is spatially dependent with osteoblast differentiation in both proximal and distal ends 328 

of the external callus (i.e. periosteal callus) far from the fracture gap, chondrocyte 329 

differentiation in the external callus and fibroblast differentiation within the internal callus 330 

(i.e. intercortical and endosteal callus).  331 

[32] Histological observations of early stage bone fracture healing 
44-46

 have shown that (i) 332 

bone forming from intramembranous ossification (i.e. directly from osteoblasts) takes place 333 

farther away from the fracture site in the external callus adjacent to periosteum where the 334 

interfragmentary movements cause very little strain; (ii) formation of cartilaginous tissue 335 

from chondrocyte differentiation takes place in the external callus adjacent to the fracture 336 
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line; and, (iii) fibrous connective tissue forms within the fracture gap and between the 337 

cartilaginous zones where the tissue strains are high. It can be seen that, the predicted 338 

differentiation patterns in Fig. 5 agree reasonably well with patterns observed histologically 339 

44-46
. Furthermore, as shown in Fig. 5, the model predicts that the internal and external callus 340 

regions are in different mechanical microenvironments. The internal callus is affected more 341 

than the external callus as a result of IFM  which concurs with other studies in the literature  342 

12,23
. Figures 6-9 presents the influence of each parameter (i.e. gap size, axial load, wire 343 

pretension and ring diameter) on the cell contents within different regions of the callus (i.e. 344 

periosteal, intercortical and endosteal). But, the results of callus regions where there were no 345 

significant changes (all changes < 5%) are not presented. 346 

3.2.2 Gap size 347 

[33]
 
Figure 6 shows the change of fibroblast, chondrocyte and osteoblast contents relative to 348 

the control case G3 (i.e. gap size = 3mm (Table 2)) under different gap sizes (i.e. 1 mm and 5 349 

mm). The results show that cell differentiation is very sensitive to gap size. Decreasing the 350 

gap size from 3 mm to 1 mm increased the osteoblast content by around 120 % but decreased 351 

the chondrocyte and fibroblast contents by around 70 % and 90 %, respectively in the 352 

periosteal callus. On the other hand, increasing the gap size from 3 mm to 5 mm, increased 353 

the fibroblast content in the periosteal callus by around 80 % but decreased the osteoblast 354 

content by around 55 %. In the intercortical callus, the changes were relatively small (< 4 %) 355 

and the cells were mostly fibroblasts. However, in the endosteal callus, chondrocyte content 356 

increased (by 35 %) and the fibroblast content decreased (by 35 %) as the gap size decreased 357 

from 3 mm to 1 mm. But, no noticeable changes were seen as the gap size increased.  358 

3.2.3 Axial load 359 
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[34] Figure 7 shows the changes in cell contents within different zones of the callus under 360 

different axial loads (i.e. 100N and 200N) relative to control case (i.e. axial load = 150N 361 

(Table 2)). It indicates that the influence of axial load on cell differentiation is location and 362 

gap size dependent. For example, under a small gap size (i.e. 1mm), the change in the 363 

magnitude of axial load had little influence on osteoblast content; however, under mid and 364 

large gap sizes (i.e. 3mm and 5mm), obvious increase (i.e. up to 45%) was seen in the 365 

periosteal callus when reducing axial load from 150N to 100N. In the endosteal and cortical 366 

callus no noticeable changes were seen in the osteoblast content.   367 

[35] Differentiation of chondrocytes in the periosteal zone, increased with the axial load for 368 

small and medium sized gaps (i.e. 1 mm and 3 mm); however, under a large gap size (i.e. 5 369 

mm), increase in axial load predicted decrease in chondrocyte content. The fibroblast content 370 

in the periosteal callus generally increased with the axial load and the increase was more 371 

significant under relatively small gap sizes (e.g. 1 mm) as shown in Fig. 7. No noticeable 372 

changes in the chondrocyte or fibroblast contents were predicted in the intercortical or 373 

endosteal callus due to changes in axial load magnitude for mid and large gap sizes (i.e. 3 and 374 

5 mm). However, for 1 mm gap, endosteal callus showed increase of chondrocytes (up to 80 375 

%) and decrease of fibroblasts (50 %) as the load reduced to 100 N; but, decrease of 376 

chondrocytes (up to 60 %) and increase of fibroblasts (35 %) were noticed as the load 377 

increased to 200 N. 378 

3.2.4 TSF ring diameter and wire pretension 379 

[36]
 
Figure 8 shows the changes in cell contents within different callus regions under 130 mm 380 

diameter ring relative to control case (i.e. ring diameter = 155mm (Table 2)) for different gap 381 

sizes. The results show that decreasing the ring diameter from 155 mm to 130 mm affects 382 

osteoblast content significantly (around 20 % increase); but, only in the periosteal callus for 383 
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large gap sizes (e.g. 5mm). The increase in TSF mechanical stiffness resulting from the 384 

reduction of the ring diameter from 155 mm to 130 mm was insufficient to affect the 385 

fibroblast or chondrocyte contents significantly except in the endosteal callus for small gap 386 

sizes (e.g. 1 mm) where chondrocytes increased and fibroblasts decreased by 20 % and 15 % 387 

respectively.  388 

[37]
 
Figure 9 shows the effects of different wire pretensions on cell contents within different 389 

regions of the callus relative to control case (i.e. 883N or 90 kg (Table 2)). The changes in 390 

wire pretension significantly changed the osteoblast content (around 10 %) only in the 391 

periosteal callus under a large gap size (i.e. 5 mm). The fibroblast contents did not change 392 

significantly by changing the wire pretensions and the chondrocyte content was also not 393 

predicted to change significantly, except in the endosteal callus for a small gap size (i.e. 1 394 

mm) where 10 % increase was observed as the wire pretension increased to 1275 N. 395 

 396 

4 Discussion 397 

[38] Differing from previous studies in literature which mainly focus on the mechanical 398 

behaviour of Ilizarov fixator (TSF), the current study provides a mechanobiological 399 

perspective to its performance. A single fully coupled 3D computational model of Ilizarov 400 

fixator (TSF) including poroelastic soft tissues of bone is presented in this study. This enables 401 

mechanobiological assessment of the effects of fixator configuration and patient specific 402 

geometric and load conditions on the biomechanical microenvironment of the fracture site. 403 

[39] Since the axial stiffness of TSF is dependent upon the IFM itself (due to stress stiffening 404 

of pretensioned wires), important parameters that affect IFM such as gap size and axial load 405 

were also considered in this study along with TSF ring diameter and wire pretension. The 406 
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present study closely mimics the realistic bone fracture conditions stabilized by TSF and a 407 

range of clinically relevant values were chosen for the parametric studies. i.e. (i) Axial 408 

loading ranging from 100 N to 200 N, which represents the allowable weight bearing after 409 

surgery 
21

; (ii) Common wire pretensions ranging from 491 N (50 kg) to 1275 N (130 kg) 
4
; 410 

and (iii) TSF ring diameters of 130mm and 155mm (Smith & Nephew).  411 

[40] It should be noted that ring-strut angle plays an important role in the stability of TSF. An 412 

experimental study 
9
 showed that TSFs would reach instability as the ring-strut angle reduces 413 

and recommended to avoid ring-strut angles less than 30°. The study also showed that TSFs 414 

are generally stable under compression for ring-strut angles in the range of 30-70° with larger 415 

angles leading to lower stresses in the struts which could be explained using simple truss 416 

mechanics. Therefore, we adopted a ring-strut angle of 65° in this study (Fig. 1). 417 

[41] In this study, the effects of each parameter (i.e. gap size, axial load, ring diameter and 418 

wire pretension) and their interactions on the fracture environment were studied numerically 419 

using the computational model based on predicted cell differentiations (mechanobiological 420 

performance). The purpose of the mechanical test was to only validate the computational 421 

model and not to study the mechanical performance of the fixator under different parametric 422 

values as many studies in literature 
2,4,17

 have already done this. However, we carried out a 423 

two-way ANOVA test on the mechanical results which revealed that both axial load and ring 424 

diameter have strong effects on the axial stiffness of the fixator (p < 0.05) with ring diameter 425 

having the strongest effect. However, their interaction did not appear to affect the axial 426 

stiffness significantly (p = 0.06).  427 

[42] In the mechanical test, we ensured no bone apposition during loading by creating a large 428 

gap (i.e. 20 mm) in the tibia due to the fact that, if the fragments get into contact under 429 

loading, the load could pass directly through the contact surface, making the fixator 430 
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ineffective. In general, flexible fixations such as TSF are ideally expected to permit 431 

interfragmentary strains (IFS) around 10 – 30 % for the best healing outcomes 
12,22,47

. IFSs 432 

above 30 % are considered high 
12,48

 and may have detrimental effects on healing. IFS due to 433 

loading depends on the flexibility of the fixator. An Ilizarov fixator that is too flexible 434 

(unstable) may result in large IFMs and even bone apposition under partial weight bearing 
49-

435 

51
 leading to very high IFSs which are detrimental to healing. Therefore, surgeons generally 436 

strive to achieve moderate IFS by limiting the IFM.  437 

[43]
 
Although the computational model developed in this study mainly focuses on the early 438 

stage cell differentiations within the callus, it provides very useful data for two reasons. 439 

Firstly, the early microenvironment is of prime importance as it is decisive of the cell fate and 440 

affect the healing pathway of the progenitor cells and subsequently the entire healing process 441 

27,28
. Secondly, the fixator’s role in the fracture stability is predominant in the early stage 

1
, 442 

when the fracture callus stiffness is too low with very soft tissues.  443 

4.1 Predictive capacity of the model 444 

[44]
 

The predictive capacity of the developed computational model was assessed by 445 

comparing the IFMs predicted by the computational model with the IFMs measured 446 

experimentally using the ARAMIS 3D optical measuring system (Fig. 4). It was observed 447 

that the IFM predictions for 155 mm ring showed larger differences from the mechanical test 448 

compared to those of 130 mm ring. This could be possibly attributed to the relative 449 

movement of the wire in the bone-wire interface. As the wires deflect under transverse load, 450 

they tend to elongate and move relative to the bone. For 155 mm ring the effect would be 451 

more compared to that of 130 mm as the axial stiffness of 155 mm ring would be relatively 452 

low and the movements would be relatively big. Also, this effect would be more perceptible 453 

at relatively small loads, because the axial stiffness would be low at low loads. As the load 454 
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increases, the axial stiffness would increase due to stress stiffening effect and the incremental 455 

deflection of wires for a given load increment would get smaller. However, in the present 456 

model, the interface was modelled as rigidly connected to each other. Incorporating the 457 

relative movement in the computational model would have resulted in relatively more axial 458 

movements as reported in the study of Zamani and Oyadiji 
43

. Nevertheless, it could be seen 459 

that the computational model can reproduce the experimental observations reasonably well as 460 

the numerical predictions were always either within the experimental error range or very 461 

close to the mean values (maximum of 7 % deviation).  462 

[45] In addition, the model predicted cell differentiations were consistent with,  in vivo 463 

observations 
12,44-46

 and predictions of well established computational models 
23,24

. For 464 

example, the cell differentiation patterns predicted in this study (Fig. 5) concur with patterns 465 

observed in histological studies 
44-46

 and those predicted by the computational models of 466 

Lacroix and Prendergast 
23

 and Isaksson et al. 
24

. In addition, the model predicted that the cell 467 

differentiations within the fracture gap is affected very much by the IFM; but, the effect of 468 

IFM gradually diminishes with the increase of distance from the fracture gap which is in line 469 

with other studies 
23

. 470 

4.2 Parametric study and comparison with in vivo studies 471 

[46] In studying human orthopaedic conditions, rat, mouse and rabbit models are the most 472 

commonly used in laboratories 
52

. However, due to the size of these animals, their 473 

applicability is limited to basic orthopaedics and acceptable only in the early stages 
52

. To 474 

study more complex issues (e.g. fracture fixations) larger animals with limbs and skeletal 475 

segments of sufficient sizes such as non-human primates, sheep, goats, dogs and pigs 
52

 are 476 

required. Among these, sheep is found to be (i) easy to handle; (ii) more feasible in terms of 477 

economy, emotions and ethics and (iii) similar to humans in terms of body weight 
52

. A lot of 478 
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studies using external fixations have been carried out on sheep models in the past 
12

 479 

11,53,54
.The present study compares the model predictions with some of the relevant sheep 480 

experiment results in the literature.  481 

[47]
 
The model predicted that most of the changes resulting from parametric changes were 482 

within the periosteal region of the callus and the changes in the internal callus (intercortical 483 

and endosteal callus) were insignificant in most cases. This is because the internal callus 484 

would be highly affected (S >> 3) by IFM in the early stages of the healing and varying the 485 

external parameters within the physiological range would not be enough to turn the 486 

mechanical microenvironment favourable (S<=3). Only reducing the fracture gap to very 487 

small sizes (e.g. 1 mm) could stabilize the environment and make it more favourable for 488 

healing as observed in sheep experiments
12,53

. The present model was able demonstrate this 489 

as the internal callus was predicted to be favourable and responsive to other parameters only 490 

for 1 mm gap size (Fig 6-9).  491 

[48] The changes in external callus (periosteal) are thought to be very crucial in the early 492 

stages as external callus plays the role of surrounding the fracture site and stabilizing it in the 493 

early stages so that the fracture site movements can be limited 
36,44,45

. This would gradually 494 

turn the fracture site microenvironment favourable for healing (S<=3). Therefore, we focus 495 

mainly on the changes within this region of the callus. 496 

[49] Among the four parameters explored in this study (i.e. gap size, axial load, ring diameter 497 

and wire pretension), gap size is the most critical parameter affecting the cell differentiations 498 

within the callus. As shown in Fig. 6, relatively smaller gap sizes (e.g. 1 mm) result in larger 499 

osteoblast differentiation within the periosteal callus, which is indicative of osteogenic 500 

pathway and faster bridging of the fragments. In contrast, larger gap sizes (e.g. 5 mm) lead to 501 

the increase of fibroblast content which is indicative of delayed healing. These observations 502 
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are consistent with the sheep experiment of Claes et al. 
12

 which investigated the roles of gap 503 

size and fracture stability on fracture healing and indicated  delayed healing with the increase 504 

of gap size from 1 to 6 mm. This observation could be attributed to the increase of 505 

interfragmentary strain (IFS) with gap size (when all other parameters are kept unchanged) 506 

12,23
.  Smaller IFSs (under small gap sizes) result in more stable mechanical 507 

microenvironments (S<1) which is conductive to osteoblast differentiation, whereas 508 

relatively unstable microenvironments (S>3) resulting from larger IFS (under large gap sizes) 509 

are conductive to fibroblast differentiation. 510 

[50] The present study suggests that the chondrocyte content is high in the periosteal region 511 

of mid-sized (e.g. 3 mm) fractures (up to 70 % more than other gap sizes) which is indicative 512 

of greater cartilage tissue formation (Fig. 6). This  prediction is also comparable with the 513 

results  of the sheep experiment 
12

 which reported that a 2 mm gap size induced more 514 

cartilage formation (up to 60 %) than those of 1 mm or 6 mm gap sizes   
12

. This is because 515 

mid-sized gaps (i.e. 3 mm) result in moderate IFSs which gives rise to mid-range S values 516 

(i.e. 1<S<3) within the callus which is conductive to chondrocyte differentiation and 517 

subsequently cartilage formation.  518 

[51]
 
Physiologically relevant loading imposed on the fractured bone after surgery is another 519 

important factor that influences the healing outcomes. The results in Fig. 7 show that the 520 

increase of axial load (from 150 N to 200 N) could increase the fibroblast content (up to 60 521 

%) but decrease the osteoblast content (up to 25 %) in the periosteal callus. However, 522 

chondrocyte content could increase with the axial load only for small (i.e. 1 mm) and mid-523 

sized (i.e. 3 mm) gaps (up to 45 % and 5 % respectively). For large gap sizes (i.e. 5 mm) 524 

chondrocyte content tends to decrease with the axial load (up to 15 %). This observation too 525 

concurs with the sheep experiment results of Claes et al.
12

 where IFS increase from 7 % 31 % 526 
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resulted in callus area increase of 19 % and 29 % for 1 mm and 2 mm gaps respectively; but a 527 

37 % decrease for 6 mm gap. This is because fractures with relatively small and mid-sized 528 

gaps (i.e. 1-3 mm) are relatively stable. Therefore, moderate loading (100 – 200 N) would 529 

give rise to moderate stimulation (1<S<3), increasing the chondrocyte content. However, for 530 

relatively large gaps (i.e. 5 mm), where the fracture site is unstable, the same magnitude of 531 

load would result in larger IFS and hence higher S values (S>3), which could lead to increase 532 

in fibroblast differentiation. The implication of the model predictions is that the amount of 533 

weight bearing has to be carefully chosen considering the patient specific parameters such as 534 

gap size to prevent delayed healing or non-union.  535 

[52]
 
Within the range of values considered in this study, the stiffness changes due to change 536 

of TSF ring diameter or wire pretension appeared to be insufficient to make significant 537 

changes to the cell contents within the periosteal callus for small and moderate gap sizes (i.e. 538 

1 – 3 mm). However, for a large gap size (i.e. 5 mm) significant changes were observed, 539 

especially with osteoblast content (Fig.8 and Fig. 9). The results suggest that, in the early 540 

stages of healing, for small or mid-sized fractures (i.e. 1-3 mm), controlling the loading (i.e. 541 

partial weight) could be more effective than striving to modify the stiffness of TSF by 542 

changing the wire pretension or ring diameter. However, for relatively large gap sizes (e.g. 5 543 

mm) surgeons would also have the option of adjusting these parameters to a certain extent to 544 

control biomechanical microenvironment of the fracture site. But the most important of all is 545 

careful reduction of the fragments; because, it would decide the gap size which is the most 546 

influential parameter of all. 547 

[53] In the internal callus (intercortical and endosteal), it could be seen from Fig. 6 that 548 

reducing the gap size to 1 mm from 3 mm could result in chondrocyte increase and fibroblast 549 

decrease (around 35 % each) in the endosteal region. Furthermore, Fig. 7-9 show that 550 
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significant changes occur in the endosteal callus in response to other parameters only for 1 551 

mm gap size. In general, stabilizing the fracture site increases chondrocyte content and 552 

decreases fibroblast content within the endosteal zone for small gap sizes (e.g. 1 mm). For 553 

example, decreasing the axial load (from 150 N to 100 N) or decreasing the ring diameter 554 

(from 155 mm to 130 mm) or increasing the wire pretension (from 883 N to 1275 N) could 555 

increase the chondrocyte content up to 80 %, 20 % and 10 % and decrease the fibroblast 556 

content up to 50 %, 15 % and 5 % respectively.  The histological observations of sheep 557 

osteotomy sites by Claes et al.
55

 showed fracture bridging to take place via both periosteal 558 

and endosteal callus for all sheep with 1 mm osteotomy which was not observed for sheep 559 

with 2 mm or 6 mm osteotomies. In addition, increasing the gap size from 1 mm to 2 mm and 560 

increase of IFS from 7 % to 31 % in the 1 mm group was observed to considerably increase 561 

the fibrous connective tissue within the fracture site. These observations are in agreement 562 

with the model predictions of this study.   563 

[54] A different sheep study by Yamaji et al. 
53

 with external ring fixators have indicated that 564 

even a larger IFS (35 %) in smaller fractures (2 mm) could result in relatively lesser 565 

connective tissues (around 50 %) within the callus than those with a smaller IFS (12 %) in 566 

larger fractures (6 mm). So, it appears that smaller fracture gap sizes could result in better 567 

mechanical microenvironments throughout the callus. 568 

[55] Because of this, it is recommended that reduction of fragments need to be carried out 569 

carefully under flexible fixations such as TSF to improve fracture healing 
12

. Generally, it is 570 

suggested that reductions should be made with small gap sizes as possible 
12

. However, 571 

relatively large gap sizes (i.e. 5 mm or more) may sometimes become inevitable in clinical 572 

situations. Especially, where there is significant bone loss due to high energy fractures 
56

 or 573 

surgical removal of bone tumours 
7
.  574 
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[56] Therefore, to determine the most desirable environment within the fracture site, it is 575 

necessary to consider the patient specific parameters such as gap size and loading levels 576 

along with the fixator stiffness parameters. In this regard, models like the one presented in 577 

this study would be of assistance to surgeons in making patient specific treatment planning. 578 

4.2 Limitations  579 

[57] It is known that tibial bone is an anisotropic material, the mechanical properties of which 580 

depend on its microstructure and mineral composition 
57

. Therefore, the mechanical response 581 

of human tibia in different directions would be different 
57,58

. However, in this study, 582 

mechanical tests were carried out using surrogate tibia and the bone tissues were assumed to 583 

be isotropic to simplify the computational analysis.
 

584 

[58] It should be mentioned that, to simplify the complex loading scenarios, only axial 585 

compressive load (representing knee joint loading as uniform compression) was considered 586 

and the growth of fracture callus and change of mechanical properties were ignored in this 587 

study. In addition, bio-regulatory effects (e.g. growth factors) were not considered in this 588 

study. Moreover, as the current study was focused on the early stage, only the initial response 589 

is predicted in this study. Most importantly, further experimental and clinical evidence is 590 

required to validate the model predictions. 591 

5 Conclusions 592 

[59]
 
The outcomes of this study provide new insights (in a mechanobiological perspective) 593 

into the use of Ilizarov fixator (TSF) in treating bone fractures. The computational model 594 

developed in this study enables the selection of optimal parameters (i.e. fracture gap, TSF 595 

ring diameter, wire pretension and axial loading) during the early stage fracture healing. A 596 

summary of the main findings of this study are as follows: 597 
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• The developed model was able to predict the spatially dependent MSC differentiation 598 

patterns observed in histological studies. Also, the numerical predications from the 599 

parametric study concur well with in vivo observation which exhibits the potential of 600 

numerical modelling in assisting treatment planning. 601 

• Gap size is the most important parameter that affects cell differentiations within the 602 

callus. Small gap sizes (e.g. 1 mm) could result in better healing microenvironments 603 

throughout the callus; whereas, mid (e.g. 3 mm) and large size (e.g. 5 mm) gaps tend 604 

to rely mostly on periosteal stabilization. Therefore, careful reduction of the fracture 605 

is of paramount importance.   606 

• The influence of axial loading on cell differentiation is gap size dependent. The 607 

changes in cell differentiation due to axial load changes are mainly noticeable in the 608 

periosteal callus; but for small gap sizes (e.g. 1 mm) changes are noticeable 609 

throughout the callus.   610 

• The change in TSF mechanical stiffness resulting from change of the ring diameter 611 

(i.e.155 mm to 130 mm) or wire pretension (491 N – 1275 N) could only change the 612 

cell contents in the periosteal callus significantly for large gap sizes (e.g. 5mm) and 613 

the changes are mainly noticeable in the osteoblast content. For smaller gap sizes (e.g. 614 

1 mm) significant changes (up to 20 %) could be achieved within the internal callus as 615 

well. 616 

• It is preferable to achieve gap sizes as small as possible. But, when larger gap size 617 

(e.g. 3 – 5 mm) are unavoidable, controlling the axial load (i.e. partial weight bearing) 618 

would be more effective than adjusting the TSF stiffness by changing the ring 619 

diameter or wire pretension in the early stages of healing. 620 

Conflict of Interest 621 

This article is protected by copyright. All rights reserved.



27 

 

[60]
 
No benefits in any form have been or will be received from a commercial party related 622 

directly or indirectly to the subject of this manuscript. 623 

Acknowledgements 624 

[61]
 
Authors would like to thank the support provided by The University of Melbourne. 625 

References 626 

1. Goodship A, Watkins P, Rigby H, Kenwright J. The role of fixator frame stiffness in 627 

the control of fracture healing. An experimental study. Journal of Biomechanics. 628 

1993;26(9):1027-1035. 629 

2. Bronson DG, Samchukov ML, Birch JG, Browne RH, Ashman RB. Stability of 630 

external circular fixation: a multi-variable biomechanical analysis. Clinical 631 

Biomechanics. 1998;13(6):441-448. 632 

3. Fragomen AT, Rozbruch SR. The mechanics of external fixation. HSS Journal. 633 

2007;3(1):13-29. 634 

4. Fleming B, Paley D, Kristiansen T, Pope M. A biomechanical analysis of the Ilizarov 635 

external fixator. Clinical orthopaedics and related research. 1989;241:95-105. 636 

5. Antoci V, Voor MJ, Antoci V, Roberts CS. Effect of wire tension on stiffness of 637 

tensioned fine wires in external fixation: a mechanical study. AMERICAN JOURNAL 638 

OF ORTHOPEDICS-BELLE MEAD-. 2007;36(9):473. 639 

6. Tucker HL, Kendra JC, Kinnebrew TE. Management of unstable open and closed 640 

tibial fractures using the Ilizarov method. Clinical orthopaedics and related research. 641 

1992;280:125-135. 642 

7. Erler K, Yildiz C, Baykal B, Atesalp AS, Ozdemir MT, Basbozkurt M. 643 

Reconstruction of defects following bone tumor resections by distraction 644 

osteogenesis. Archives of orthopaedic and trauma surgery. 2005;125(3):177-183. 645 

This article is protected by copyright. All rights reserved.



28 

 

8. Henderson DJ, Rushbrook JL, Harwood PJ, Stewart TD. What Are the Biomechanical 646 

Properties of the Taylor Spatial Frame™? Clinical Orthopaedics and Related 647 

Research®. 2017;475(5):1472-1482. 648 

9. Henderson ER, Feldman DS, Lusk C, van Bosse HJ, Sala D, Kummer FJ. 649 

Conformational instability of the taylor spatial frame: a case report and biomechanical 650 

study. Journal of Pediatric Orthopaedics. 2008;28(4):471-477. 651 

10. Keshet D, Eidelman M. Clinical utility of the Taylor spatial frame for limb 652 

deformities. Orthopedic Research and Reviews. 2016;55(unknown):51-61. 653 

11. Goodship A, Kenwright J. The influence of induced micromovement upon the healing 654 

of experimental tibial fractures. Bone & Joint Journal. 1985;67(4):650-655. 655 

12. Claes L, Augat P, Suger G, Wilke HJ. Influence of size and stability of the osteotomy 656 

gap on the success of fracture healing. J Orthop Res. 1997;15(4):577-584. 657 

13. Duda GN, Eckert-Hübner K, Sokiranski R, Kreutner A, Miller R, Claes L. Analysis of 658 

inter-fragmentary movement as a function of musculoskeletal loading conditions in 659 

sheep. Journal of biomechanics. 1997;31(3):201-210. 660 

14. Watson M, Mathias K, Maffulli N, Hukins D, Shepherd D. Finite element modelling 661 

of the Ilizarov external fixation system. Proceedings of the Institution of Mechanical 662 

Engineers, Part H: Journal of Engineering in Medicine. 2007;221(8):863-871. 663 

15. Roberts CS, Antoci V, Voor MJ. The effect of transfixion wire crossing angle on the 664 

stiffness of fine wire external fixation: a biomechanical study. Injury. 665 

2005;36(9):1107-1112. 666 

16. Yilmaz E, Belhan O, Karakurt L, Arslan N, Serin E. Mechanical performance of 667 

hybrid Ilizarov external fixator in comparison with Ilizarov circular external fixator. 668 

Clinical Biomechanics. 2003;18(6):518-522. 669 

This article is protected by copyright. All rights reserved.



29 

 

17. Khurana A, Byrne C, Evans S, Tanaka H, Haraharan K. Comparison of transverse 670 

wires and half pins in Taylor Spatial Frame: a biomechanical study. Journal of 671 

orthopaedic surgery and research. 2010;5(1):23. 672 

18. Tan B, Shanmugam R, Gunalan R, Chua Y, Hossain G, Saw A. A biomechanical 673 

comparison between Taylor’s Spatial Frame and Ilizarov external fixator. Malaysian 674 

orthopaedic journal. 2014;8(2):35. 675 

19. Kold S. CORR Insights®: What Are the Biomechanical Properties of the Taylor 676 

Spatial Frame™? Clinical Orthopaedics and Related Research®. 2017;475(5):1483-677 

1485. 678 

20. Byrne DP, Lacroix D, Prendergast PJ. Simulation of fracture healing in the tibia: 679 

mechanoregulation of cell activity using a lattice modeling approach. Journal of 680 

orthopaedic research. 2011;29(10):1496-1503. 681 

21. Miramini S, Zhang L, Richardson M, Mendis P, Ebeling PR. Influence of fracture 682 

geometry on bone healing under locking plate fixations: A comparison between 683 

oblique and transverse tibial fractures. Medical engineering & physics. 684 

2016;38(10):1100-1108. 685 

22. Miramini S, Zhang L, Richardson M, et al. Computational simulation of the early 686 

stage of bone healing under different configurations of locking compression plates. 687 

Computer methods in biomechanics and biomedical engineering. 2015;18(8):900-688 

913. 689 

23. Lacroix D, Prendergast P. A mechano-regulation model for tissue differentiation 690 

during fracture healing: analysis of gap size and loading. Journal of biomechanics. 691 

2002;35(9):1163-1171. 692 

24. Isaksson H, Van Donkelaar CC, Huiskes R, Ito K. Corroboration of 693 

mechanoregulatory algorithms for tissue differentiation during fracture healing: 694 

This article is protected by copyright. All rights reserved.



30 

 

comparison with in vivo results. Journal of Orthopaedic Research. 2006;24(5):898-695 

907. 696 

25. Prendergast P, Huiskes R, Søballe K. Biophysical stimuli on cells during tissue 697 

differentiation at implant interfaces. Journal of biomechanics. 1997;30(6):539-548. 698 

26. Zhang L, Miramini S, Mendis P, Richardson M, Pirpiris M, Oloyede K. The effects of 699 

flexible fixation on early stage bone fracture healing. Int J Aerosp Lightweight Struct. 700 

2013;3(2):181-189. 701 

27. Epari DR, Taylor WR, Heller MO, Duda GN. Mechanical conditions in the initial 702 

phase of bone healing. Clinical Biomechanics. 2006;21(6):646-655. 703 

28. Klein P, Schell H, Streitparth F, et al. The initial phase of fracture healing is 704 

specifically sensitive to mechanical conditions. Journal of orthopaedic research. 705 

2003;21(4):662-669. 706 

29. Zhang L, Miramini S, Richardson M, et al. Computational modelling of bone fracture 707 

healing under partial weight-bearing exercise. Medical Engineering & Physics. 708 

2017;42:65-72. 709 

30. Duda GN, Mandruzzato F, Heller M, Kassi J-P, Khodadadyan C, Haas NP. 710 

Mechanical conditions in the internal stabilization of proximal tibial defects. Clinical 711 

Biomechanics. 2002;17(1):64-72. 712 

31. GOM. ARAMIS user manual–Software. In: GOM mbH Braunschweig, Germany; 713 

2013. 714 

32. Gardiner B, Smith D, Pivonka P, Grodzinsky A, Frank E, Zhang L. Solute transport in 715 

cartilage undergoing cyclic deformation. Computer methods in biomechanics and 716 

biomedical engineering. 2007;10(4):265-278. 717 

33. Carter DR, Beaupré GS, Giori NJ, Helms JA. Mechanobiology of skeletal 718 

regeneration. Clinical orthopaedics and related research. 1998;355:S41-S55. 719 

This article is protected by copyright. All rights reserved.



31 

 

34. Claes L, Heigele C. Magnitudes of local stress and strain along bony surfaces predict 720 

the course and type of fracture healing. Journal of biomechanics. 1999;32(3):255-266. 721 

35. Perren S. Physical and biological aspects of fracture healing with special reference to 722 

internal fixation. Clinical orthopaedics and related research. 1979;138:175-196. 723 

36. Isaksson H, Wilson W, van Donkelaar CC, Huiskes R, Ito K. Comparison of 724 

biophysical stimuli for mechano-regulation of tissue differentiation during fracture 725 

healing. Journal of biomechanics. 2006;39(8):1507-1516. 726 

37. Huiskes R, Van Driel W, Prendergast P, Søballe K. A biomechanical regulatory 727 

model for periprosthetic fibrous-tissue differentiation. Journal of materials science: 728 

Materials in medicine. 1997;8(12):785-788. 729 

38. Duda GN, Mandruzzato F, Heller M, et al. Mechanical boundary conditions of 730 

fracture healing: borderline indications in the treatment of unreamed tibial nailing. 731 

Journal of Biomechanics. 2001;34(5):639-650. 732 

39. Lacroix D, Prendergast P. Three-dimensional simulation of fracture repair in the 733 

human tibia. Computer Methods in Biomechanics & Biomedical Engineering. 734 

2002;5(5):369-376. 735 

40. Nielsen JK, Saltzman CL, Brown TD. Determination of ankle external fixation 736 

stiffness by expedited interactive finite element analysis. Journal of orthopaedic 737 

research. 2005;23(6):1321-1328. 738 

41. Zhang G. Geometric and material nonlinearity in tensioned wires of an external 739 

fixator. Clinical Biomechanics. 2004;19(5):513-518. 740 

42. Zamani A, Oyadiji S. Analytical modelling of Kirschner wires in Ilizarov circular 741 

external fixator as pretensioned slender beams. Journal of The Royal Society 742 

Interface. 2009;6(32):243-256. 743 

This article is protected by copyright. All rights reserved.



32 

 

43. Zamani A, Oyadiji S. Theoretical and finite element modeling of fine Kirschner wires 744 

in Ilizarov external fixator. Journal of Medical Devices. 2010;4(3):031001. 745 

44. Einhorn TA. The cell and molecular biology of fracture healing. Clinical 746 

orthopaedics and related research. 1998;355:S7-S21. 747 

45. Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and inflammatory 748 

conditions. Nature Reviews Rheumatology. 2012;8(3):133. 749 

46. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions. Nature 750 

Reviews Rheumatology. 2015;11(1):45. 751 

47. Comiskey D, MacDonald B, McCartney W, Synnott K, O’Byrne J. The role of 752 

interfragmentary strain on the rate of bone healing—a new interpretation and 753 

mathematical model. Journal of biomechanics. 2010;43(14):2830-2834. 754 

48. Claes L, Eckert-Hübner K, Augat P. The fracture gap size influences the local 755 

vascularization and tissue differentiation in callus healing. Langenbeck's archives of 756 

surgery. 2003;388(5):316-322. 757 

49. Gessmann J, Jettkant B, Schildhauer TA, Seybold D. Mechanical stress on tensioned 758 

wires at direct and indirect loading: a biomechanical study on the Ilizarov external 759 

fixator. Injury. 2011;42(10):1107-1111. 760 

50. Duda GN, Sollmann M, Sporrer S, et al. Interfragmentary motion in tibial osteotomies 761 

stabilized with ring fixators. Clinical orthopaedics and related research. 762 

2002;396:163-172. 763 

51. Duda GN, Sporrer S, Sollmann M, et al. Interfragmentary movements in the early 764 

phase of healing in distraction and correction osteotomies stabilized with ring fixators. 765 

Langenbeck's Archives of Surgery. 2003;387(11-12):433-440. 766 

52. Martini L, Fini M, Giavaresi G, Giardino R. Sheep model in orthopedic research: a 767 

literature review. Comparative medicine. 2001;51(4):292-299. 768 

This article is protected by copyright. All rights reserved.



33 

 

53. Yamaji T, Ando K, Wolf S, Augat P, Claes L. The effect of micromovement on callus 769 

formation. Journal of Orthopaedic Science. 2001;6(6):571-575. 770 

54. Augat P, Burger J, Schorlemmer S, Henke T, Peraus M, Claes L. Shear movement at 771 

the fracture site delays healing in a diaphyseal fracture model. Journal of orthopaedic 772 

research. 2003;21(6):1011-1017. 773 

55. Claes LE, Heigele CA, Neidlinger-Wilke C, et al. Effects of mechanical factors on the 774 

fracture healing process. Clinical orthopaedics and related research. 1998;355:S132-775 

S147. 776 

56. Haines NM, Lack WD, Seymour RB, Bosse MJ. Defining the lower limit of a “critical 777 

bone defect” in open diaphyseal tibial fractures. Journal of orthopaedic trauma. 778 

2016;30(5):e158-e163. 779 

57. Fan Z, Swadener J, Rho J, Roy M, Pharr G. Anisotropic properties of human tibial 780 

cortical bone as measured by nanoindentation. Journal of Orthopaedic Research. 781 

2002;20(4):806-810. 782 

58. Rho J-Y. An ultrasonic method for measuring the elastic properties of human tibial 783 

cortical and cancellous bone. Ultrasonics. 1996;34(8):777-783. 784 

59. McCartney W, Mac Donald B, Hashmi M. Comparative performance of a flexible 785 

fixation implant to a rigid implant in static and repetitive incremental loading. Journal 786 

of materials processing technology. 2005;169(3):476-484. 787 

60. Davis JR. Aluminum and aluminum alloys. ASM international; 1993. 788 

 789 

 790 

 791 

 792 

 793 

 794 

This article is protected by copyright. All rights reserved.



34 

 

 795 

 796 

Tables 797 

 798 

Table 1: Properties of materials used in this study 799 

 800 

 801 

Material E (MPa) ʋ  Ф k (m4 N-1 s-1) Ks (MPa) Kf (MPa) 

Cortical bone 20000 
23 

0.3 
23 

0.04 
23 

10
-17 23

 13920 
23

 2300 
23

 

Bone Marrow 2 
23

 0.167 
23

 0.8 
23 

10
-14 23 

2300 
23

 2300 
23

 

Granulation Tissue 0.05
 59

 0.167 
23

 0.8 
23

 10
-14 23

 2300 
23

 2300 
23

 

Stainless Steel 197000 
14 

0.29 
14 -------- --------

 
-------- -------- 

Aluminium  69000 
60  

0.33 
60

 
 -------- -------- -------- -------- 

E – Young’s modulus          ʋ  - Poisson’s Ratio       Ф – Porosity          k –Permeability  

Ks – Solid compression modulus  Kf – Fluid compression modulus 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 
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 819 

 820 

Table 2: Simulation cases used in this study 821 

Case Control 

Case  

Gap size 

(mm) 

Ring diameter 

(mm) 

Wire pre-tension 

(N) 

Axial load 

(N) 

1) Effect of gap size 

G1  G3 1
 

155 
 

883 (90 kg)
 

150  

G3 -  3 155  883 (90 kg) 150  

G5  G3 5 155  883 (90 kg) 150  

2) Effect of axial load
 

F1a G1 1 155  883 (90 kg) 100  

F1b G1 1 155  883 (90 kg)
 

200 
 

F3a G3 3 155  883 (90 kg)
 

100 
 

F3b G3 3 155  883 (90 kg) 200  

F5a G5 5 155  883 (90 kg) 100  

F5b G5 5 155  883 (90 kg) 200  

3) Effect of ring diameter 

R1 G1 1 130 883 (90 kg) 150  

R3 G3 3 130 883 (90 kg)
 

150 
 

R5 G5 5 130 883 (90 kg) 150  

4) Effect of wire pre-tension 

P1a G1 1 155 491 (50 kg) 150  

P1b G1 1 155 1275 (130 kg) 150  

P3a G3 3 155 491 (50 kg) 150  

P3b G3 3 155 1275 (130 kg) 150  
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P5a G5 5 155 491 (50 kg) 150  

P5b G5 5 155 1275 (130 kg) 150  
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Bone fracture healing under Ilizarov fixator: influence of fixator configuration, fracture 

geometry and loading  

Ganesharajah Ganadhiepan, Saeed Miramini, Minoo Patel, Priyan Mendis and Lihai Zhang* 

Brief abstract: Using computational models validated by mechanical tests involving 

an advanced 3D optical measurement system, this study aims to enhance the 

understanding of the effect of Ilizarov fixator configuration, fracture geometry and 

external loading on bone fracture healing. The effects of fixator configuration and 

external loading on healing was found to be dependent on fracture gap size which was 

the most dominant parameter of all. The study exhibits the potential of computational 

models in assisting patient specific clinical treatment planning. 
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Figure Captions 

 

Figure 1  (a) Schematic diagram showing the configuration of the Taylor Spatial Frame 

(TSF) used in this study ; (b) The developed 3D finite element model of the fracture. 

Figure. 2  Methodology adopted in this study 

Figure 3  Details of experimental setup using INSTRON 5569A testing machine and 3D 

optical measurement system (ARAMIS). 

Figure 4 Comparison of axial interfragmentary movements (IFM) obtained from the 

experiment and numerical simulation of the experiment (gap size = 20 mm, wire pre-tension 

= 883 N (90 kg)) : (a)130 mm diameter ring and (b) 155 mm diameter ring. 

Figure 5  a) Computational model of the fractured tibia; b) schematic diagram of the 

longitudinal section of the fracture site showing different regions of the fracture site; and c) 

spatially dependent cell differentiations within the fracture callus, stabilized with Taylor 

spatial frame (ring diameter = 155 mm, wire pre-tension = 883 N (90 kg) and axial load = 

150 N) under different gap sizes (i.e. 1 mm, 3 mm and 5 mm).  

Figure 6 The change of cell contents within different regions of the callus relative to control 

case G3 (ring diameter = 155 mm, gap size = 3 mm, wire pre-tension = 883 N (90 kg) and 

axial load = 150 N) under different gap sizes (i.e. 1 mm and 5 mm). 

Figure 7  The change of cell contents within different regions of the callus under different 

axial loads (i.e. 100 N and 200 N) relative to control case G1 for (a) 1 mm; relative to control 

case G3 for (b) 3 mm and relative to control case G5 for (c) 5 mm gap sizes (Note : Callus 

regions with negligible cell content changes are not shown). 

Figure 8  The change of cell contents within different regions of the callus under 130 mm 

diameter ring relative to control case G1 for (a) 1 mm; relative to control case G3 for (b) 3 

mm and relative to control case G5 for (c) 5 mm gap sizes (Note : Callus regions with 

negligible cell content changes are not shown). 

Figure 9  The change of cell contents within different regions of the callus under different 

wire pretensions (i.e. 491 N (50 kg) and 1275 N (130 kg)) relative to control case G1 for (a) 1 

mm; relative to control case G3 for (b) 3 mm and relative to control case G5 for (c) 5 mm gap 

sizes (Note : Callus regions with negligible cell content changes are not shown). 
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