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14.1 Introduction

Bone fractures occur due to a range of injuries such as road and sport accidents. The

most common of types of fractures are perhaps distal radius, metacarpal and proximal

femur fractures. The tibia diaphyseal fractures is one of the most prevalent type of all

tibial fractures (Court-Brown and Caesar, 2006; Rennie et al., 2007), with road traffic

and sport injuries being their main cause (Court-Brown and McBirnie, 1995; Singer

et al., 1998). There are numerous techniques to operatively manage a tibial diaphyseal

fracture: intramedullary nailing (IM nail), open reduction internal fixation, closed

reduction and percutaneous fixation, external fixation with circular fine wires frames,

or monolateral devices (Fig. 14.1). Each fixation type presents an array of benefits and

limitations depending on the specific clinical scenario.

Intramedullary nailing system relies on forcing the nail in the medullary canal of

the bone and fixation by locking bolts in the bony fragments. This fixation has high

stiffness under axial compression but can deform under bending and shear forces.

Plating system relies on fixing a plate laterally with either locking or nonlocking

screws (locking screws fix the screw heads to the plate). The stiffness of this fixation

is depended on a number of factor, e.g., number and position of screws in relation to

the fracture line. Both plating and nailing are internal fixation methods with relatively

lower infection rates compare to the external fixators. External fixator system relies on

stabilizing the fracture using an external frame using wires, pins. This fixation has

lower stiffness compared to the aforementioned fixation methods but is a good option

when internal fixation is not a feasible option due to, e.g., type of injury (see also

Simpson and Augat, 2015).

Nonunion, i.e., no sign of fracture healing beyond 6–9 months of treatment, is the

most common complication following treatment of tibial fractures (Antonova et al.,

2013; Schmidt et al., 2003). There are several contributing factors to nonunion, includ-

ing the patient and injury specific factors as well as treatment protocols (Copuroglu

et al., 2013; Zimmermann andMoghaddam, 2010). Stability of initial fracture fixation

and postoperative loading of the fracture are among the key treatment-related factors

(Augat et al., 1996; Goodship and Kenwright, 1985; Hak, 2011; Moazen et al., 2012).

Both contribute to the mechanobiology of fracture healing, where it is well established

that there are certain strain thresholds that promote callus formation (Claes and

Heigele, 1999; Gómez-Benito et al., 2005; Wehner et al., 2014).
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A number of experimental and computational studies (Hoegel et al., 2012;

Lowenberg et al., 2008; Yang et al., 2003) have investigated the biomechanics of tibia

fracture fixation. These studies compare and contrast the different methods of fracture

fixations in terms of overall construct stiffness and fracture movement with the

overall aim of improving the clinical outcome of tibial fracture fixations. This is

becoming crucial given the range of options available for treatment of these fractures

and huge cost associated with complication associated with these fractures (Dahabreh

et al., 2007).

The aim of this chapter was to review the biomechanical studies on diaphyseal

tibia fracture fixations. Current experimental and computational methodologies were

detailed and evaluated. Results of these studies were critically compared, highlight-

ing any areas of disagreement. Areas that require further work are discussed and

suggested. Nonetheless the same type of reviews could have been carried out for other

fractures and the principles covered here can be applied to other fracture fixations

(see, e.g., Moazen et al., 2011; Wang et al., 2019).

14.2 Materials and methods

A detailed literature survey was carried out to identify the studies that used experimen-

tal or computational techniques (based on finite element method) to evaluate the

biomechanics of diaphyseal tibia fracture fixation in human. The review was carried

out in 2017 based on the published articles between 1987 and 2017. A number of data-

bases were used: Scopus, PubMed, Web of Science, and Google Scholar and were

Fig. 14.1 Four types of tibia fixators: (A) intramedullary nailing, (B) plate, (C) circular external

fixator, and (D) unilateral external fixator.
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searched with the following keywords: biomechanics AND tibia AND diaphyseal
AND fracture AND fixation AND finite AND element AND experimental. A total of

60 published articles that met the inclusion criteria of this review were identified.

Details with respect to the methodologies used in these studies were reviewed and

summarized here under the experimental and computational studies in Tables 14.A1

and 14.A2 (see Appendix). Note there is a vast body of research on animal models

of fracture fixation that were not covered here and we think that we have covered

a good majority of key studies in this area.

14.2.1 Experimental studies

14.2.1.1 Specimen details

The experimental studies used either cadaveric or synthetic bone (McKellop et al.,

1993—see, e.g., Fig. 14.2). While the cadaveric specimens may lead to a closer

approximation to the clinical scenario, however, due to differences in the age and

quality of the bone there could be a huge variability within the specimens. Synthetic

tibias made of composite materials have a clear advantage of reducing variability within

the specimens and are reasonable alternatives to cadaveric bone (Cristofolini and

Viceconti, 2000). Simple synthetic cylinders replicating the diaphysis has also been

used by several researchers, simplifying the anatomical morphology of the tibia

(Chondros et al., 2014; Gardner et al., 2010; Gardner and Evans, 1992; Oh et al.,

2009; Osei et al., 2006; Pavic et al., 2013; Pugh et al., 1999). These models are made

of different materials such as glass fiber, polyvinylchloride, or polyacetal. It must be

Fig. 14.2 An example of experimental study using (A) synthetic bone versus using (B) cadaver

tissue.
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noted that the majority of the studies did not include the fibula in their study with the

exception of Galbraith et al. (2016).

14.2.1.2 Fracture

Fractures were most commonly generated with a band saw, with fracture gaps and

morphologies varying between studies. The fracture gap range from 1 mm (Stoffel

et al., 2003) to larger gaps of 60 mm (Gardner and Evans, 1992). The fracture angle

ranges from 0 degree (i.e., a transverse fracture, in many of studies; Gessmann et al.,

2011; MacLeod et al., 2015; Maher et al., 2007) to an oblique fracture with 60 degree

angle (Dong et al., 2005; Lowenberg et al., 2008), but most studies have not mentioned

the direction in which the fracture was induced. Most of the studies modelled a mid-

diaphysis fracture, with a few studies investigating the effect of fracture configuration

on the stability and overall stiffness of the constructs (Metcalfe et al., 2005).

14.2.1.3 Loading

A number of different loading scenarios have been implemented by authors. These can

be summarized into four categories: (1) Axial static or cyclic compression: the static
loading range varies from 50 N (Gardner et al., 2001) to 10 kN (Mueller et al., 2005),

where failure analysis was carried out. It is noteworthy that the majority of the studies

used a maximum force of 200 N (Khalily et al., 1998), several studies carried out

cyclic loading (Penzkofer et al., 2009; Stoffel et al., 2003). Generally, a compressive

load with frequency of 0.25 Hz in the range of 0–750 N was carried out (Chondros

et al., 2014; Dailey et al., 2012). The number of cycles varies between studies, ranging

from 3 to 100,000. (2) Pure bending: A minimum amount of 2.75 N m to a maximum

amount of 620 N m momentum was applied on the tibia (Carter et al., 1987; Dailey

et al., 2013; Penzkofer et al., 2009). Some studies specified the direction of bending

(Fleming et al., 1989). (3) Pure torsion: The maximum torsion applied on the tibia

specimen was 50 N m on a composite cylinder (Dobele et al., 2010). The minimum

torsion applied was 1.92 N m, but a torsion of 5 N m was the most frequently used in

many studies. (4) Shear: a few studies had also studied shear load on fractured tibia

(Augat et al., 2008; Penzkofer et al., 2009), where the upper clamp was positioned as

close as possible to the distal side of the osteotomy to minimize effects of bending

(Dailey et al., 2013). Some studies utilized a combination of these loads on the tibia

fixator (Goodwin et al., 2005; Hasenboehler et al., 2006).

14.2.1.4 Measurements

The parameters measured in most studies were overall stiffness and the intrafrag-

mentary displacement. These two factors are derived from the geometric as well as

material properties of the bone and the fixator. Overall stiffness was calculated based

on load-displacement data. The intrafragmentary motion was measured using displace-

ment sensor (Gardner et al., 2001) or motion capture systems (Dobele et al., 2010;

Lenarz et al., 2008). Several studies also evaluated the failure load and mechanism

(Stoffel et al., 2003) Failure was defined as breakage of the fixator or screws or loos-

ening of the screws in the fixator or bone (Fairbank et al., 1995).
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14.2.2 Finite element studies

14.2.2.1 Bone and fracture

Anatomical models were developed based on data frommedical images (Raunest et al.,

1996; Vijayakumar et al., 2006; Wehner et al., 2011), or simply by a hollow cylinder

(Nassiri et al., 2013; Oh et al., 2009). Some authors also developed models that con-

tained both cortical and trabecular bone (Son and Chang, 2013; Stoffel et al., 2003).

The tibiawasmodelled as an elastic isotropic and homogeneousmaterial in themajority

of studies (Duda et al., 2001;Gardner et al., 2000)with someexceptions (e.g., Kim et al.,

2010). The elastic modulus of the bone ranges from 0.6 (Nassiri et al., 2013) to 20 GPa

(Miramini et al., 2015), depending on three main factors: stage of healing (Gardner

et al., 2000; Kim et al., 2010; Vijayakumar et al., 2006), age (Donaldson et al.,

2012a,b), and type of bonemodelled (Raunest et al., 1996; Stoffel et al., 2003). Fracture

is modelled by inducing discontinuity in the bone model mainly in the form of a clear

transverse cuts with the fracture gap varied from 1 (Ganesh et al., 2005) to 30 mm (Wee

et al., 2017). Oblique fractures have also been modelled with angles up to 45 degrees

(Miramini et al., 2016). Location of the fracture (Duda et al., 2001) and the depth of the

bone defect (Oh et al., 2009) have also been evaluated in some studies. It should be noted

that some researchers modelled healing by modelling the callus around the fracture

(Byrne et al., 2011; Gardner et al., 2000; Wang et al., 2017).

A few groups have included and investigated the effect of other tissues such as lig-

aments, tibiofibular joint, muscles, and interosseous membrane in their models of tibia

fracture fixation (Duda et al., 2001; Gómez-Benito et al., 2007; Sonoda et al., 2003).

For example, Duda et al. (2001) investigated the effect of muscles attached to the tibia.

They highlighted the importance of including muscle forces in modelling fracture fix-

ation. Also a few studies have investigated the effect of various input parameters on

the outcome of the FE results (Gómez-Benito et al., 2007; MacLeod et al., 2012;

Sonoda et al., 2003). For example, MacLeod et al. (2012) investigated the effect of

pin-bone interface on their FE model of tibia fracture fixation and suggested that fix-

ing this interface or allowing some degree of micromotion does not have an impact on

the overall outcome of their FE results but see also study of Moazen et al. (2013)

who showed the importance of modelling the micromotion at such interfaces in

periprosthetic femoral fracture fixations.

14.2.2.2 Loading and boundary conditions

Loading used in studies can be summarized into three different categories: (1) Axial
load: the axial load varied between 70 to 3000 N (Kim et al., 2011) in both dynamic

and static loading; mostly applied to the proximal tibia or distal tibia (Nassiri et al.,

2013) while the other side is fixed. The distribution of load was not necessarily uni-

form on the tibia; (2) Bending: The bending varied from 0.001 (Ganesh et al., 2005) to

150 N m (Oh et al., 2009); (3) Torsion: The minimum torsion used by some authors

was 2 N m to a maximum torsion of 15 N m (Sonoda et al., 2003). The muscle and

ligament force were modelled in some studies (Byrne et al., 2011; Duda et al., 2001).
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14.2.2.3 Measurements

Similar to the experimental studies, most of the finite element studies focused on

predicting the overall construct stiffness and the intrafragmentary movements as

the main two output parameters when comparing data with clinical or experimental

studies. Time and quality of the healing process was another factor evaluated in some

of the finite element studies; this was mainly measured by the deviatoric strain that

developed in the callus as the mechanical stimulus.

14.3 Results

Tables 14.A3 and 14.A4 summarize the results of studies reviewed in this chapter.

Considering the variability between the methods implemented in these studies, a

direct comparison between the findings of different studies is challenging. However,

several general trends were observed, and these are summarized in this section.

Considering the fracture fixation devices, within the external fixators there is a

general consensus that using half-pins instead of wires, as well as increasing the

number of half-pins could increase the overall stiffness of the fracture fixation con-

struct (Donaldson et al., 2012b; Henderson et al., 2016; Lenarz et al., 2008). Further,

the fixator should be as close as possible to the bone (Dong et al., 2005; Roseiro

et al., 2014; Wehner et al., 2010) and that the linear fixators either unilateral or bilat-

eral are found to be more stable than the circular or hybrid fixators. Within IM nails,

the reamed nails show higher stiffness compared to the unreamed nails (Fairbank

et al., 1995; Gómez-Benito et al., 2007; Penzkofer et al., 2009) and increasing

the dimensions of the nail generally increases the stability of fracture fixation

(Penzkofer et al., 2009; Wehner et al., 2011). Flexible nails, such as nails with no

interlocking screws, can lead to a higher fracture movement (Augat et al., 2008;

Goodwin et al., 2005; Maher et al., 2007). It was also found that lower medullary

distance (the distance between the nail and bone) can enhance the overall stability

(Augat et al., 2008; Wang et al., 2017). Within the plates, there is an overall consen-

sus that increasing the plate-bone distance results in decreased in overall axial

stiffness (Miramini et al., 2015; Nassiri et al., 2013; Stoffel et al., 2003) and that

the LCP plates provide a higher stiffness compared to DLP plates (Dobele et al.,

2010; MacLeod et al., 2015). Overall, comparing the plates, IM nails, and external

fixators, IM nails have the highest overall stiffness and lowest interfragmentary

displacement (Hasenboehler et al., 2006; Hoegel et al., 2012; Mueller et al.,

2005). Moreover, material property of the fixator was also found to be crucial for

the stability of the tibia and the healing process (Son and Chang, 2013). For example,

flexible composites for nails and plate showed beneficial effects on the callus for-

mation and development (Kim et al., 2011; Mehboob et al., 2013).

Considering the fracture configuration, several studies have highlighted its impact

on the overall stability of the fracture fixation construct. Oblique fractures tend to

reduce the overall stability (Kim et al., 2011; Lowenberg et al., 2008; Miramini

et al., 2016; Nassiri et al., 2013) and the healing efficiency. For example, Mehboob
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et al. (2013) found that, fracture angles larger than 15 degrees (with transverse fracture

being a 0 degree) might be detrimental to the healing process. Similarly, the presence of

a fracture gap (i.e., not a perfect reduction) postoperatively can reduce the overall stiff-

ness of the construct. Oh et al. (2009) and Nassiri et al. (2013) found that the fracture

gap size had no important effect on the stiffness; however, Miramini et al. (2015) found

that interfragmentary movement for a medium gap size (e.g., 3 mm) is relatively higher

than that for a small gap size (e.g., 1 mm). However, this is clearly dependent on the

level of loading.

14.4 Discussion

The current literature on the biomechanical testing of diaphyseal tibia fracture fixation

was reviewed in this chapter, a total of 60 studies were investigated. While we believe

that, the majority of studies focused in this area were reviewed here, given the wealth

literature in this area, there might be studies that we have missed that were not

included. Nonetheless, we believe that the majority of the studies and the key findings

were summarized here.

In experimental studies, several studies focused on comparing different types and

designs of fixators. The variations between different studies, makes direct compari-

sons of the results difficult; however, in the different fixation methods investiga-

ted, several studies showed that in general intramedullary nails had higher stability

than external fixators and plates (Hasenboehler et al., 2006; Hoegel et al., 2012;

Mueller et al., 2005). Several authors also agreed on other fixator’s factors; higher

dimension of nail and decreasing the bone- fixator distance in external fixators and

plates could result in higher stability, and in external fixators the pin had better results

than wire. Nonetheless, it is important to note that each of these fixator types may be

useful in different circumstances depending on, e.g., the level of injury and fracture

configuration, and it’s not possible to make a singular assumption in all cases.

In several present studies, a number of drawbacks were found: (1) there was a lack

of standardization in the methods. In experimental models, the chosen specimen

(cadaver, composite tibia, or a hollow cylinder), loading patterns (static or dynamic

loading with various amounts and cycle numbers), and details of the fixator (e.g.,

number of screws and chosen material) varied in each study. In finite element studies,

in addition to those mentioned, the material property, size, and geometry of the tibia

was different in each study. These elements make it extremely difficult to make con-

clusive comparisons between the findings. (2) For a realistic result in the biomechan-

ical study, morphology of the simulations should be more detailed. To mention a few,

most of the modelled fractures were in early stages of healing, which do not include

external callus covering the fracture. It is important to consider that the material prop-

erties of bone change temporally, as will the shape and volume of the callus through-

out the healing process. Also, most biomechanical studies have concentrated on very

simple fractures of the tibia. The majority of both experimental and finite element

studies have only modelled a transverse fracture or a simple oblique fracture, which

are a small subset of clinical tibia injuries. An important point is that the muscle, soft
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tissues, and other bones connected to tibia such as fibula is neglected in most of the

studies. The recent study by Moazen et al. (2019) highlighted that the same fracture

fixation on a cadaveric leg had about 5-times higher overall stiffness than on a surro-

gate tibia without the fibula and other soft tissues. Similarly soft tissues and muscles

around the fractured bone will decrease interfragmentary movements during loading

(Augat et al., 2008).

Other simplifications were made in some studies; the tibia was considered simply a

hollow cylinder with linear elastic material instead of a proelastic material. While

some argue that these simplifications do not affect the final result (Gómez-Benito

et al., 2005; Roseiro et al., 2014), others believe that the simplifications may not fully

characterize the bone (Lacroix and Prendergast, 2002). The simplified models are

cost effective and provide invaluable information, but their limitations should be con-

sidered when interpreting their results.

Finally, themost important aim of biomechanical studies is to find optimum fixation

methods for specific fracture types in the clinical practice. The bridge between clinical

studies and biomechanical studies needs to be better defined and requires more work.

The ultimate goal of the biomechanical studies is to decrease the incidences of fixator

failure during healing, to reduce the rate of nonunion, and achieve an ideal union for

patients with different fractures. However, it is widely accepted this a multifactorial

process, and that it is indeed challenging to compare stiffness found in situ and that

found in biomechanical studies. A patient-specific 3D visualization tool can help to

find the optimum fixator for a particular case. Avşar and €Un (2016) developed a graph-
ical user interface (GUI) based on a mathematical theory that automatically generates a

realistic model of the bone-fixator system (see also Petfield et al., 2017).

One important factor, which has been overlooked, is providing a comprehensive

description of the interrelated factors involved in the fracture and fixator. Most studies

have focused on the effect of one particular aspect of fracture fixation fixator on its

overall outcome, e.g., clinical studies have focused on the effect of nonmechanical-

related factors, e.g., smoking and alcohol consumption while, e.g., biomechanical

studies have only focused on the effect of mechanical related factors, e.g., devices

and loading. Perhaps a holistic approach at present is missing to combine these

two set of studies. This can be potentially be addressed by developing mathematical

models of relationships between various non/mechanical factor using, e.g., a machine

learning approach (Wee et al., 2017).

This review provides a comprehensive overview of the current experimental and

computational biomechanical studies of diaphyseal tibia fractures. It is now known that

precise mechanical environment provided by fixators is an important factor, which

effects bone healing however, little consideration is given to biomechanical factors

when the fixator is chosen. The literature reviewed in this chapter highlights studies

focused on human tibia published between 1987 and 2017. The gap between clinical

data and biomechanical studies needs to be bridged, and thus clinicians and researchers

need to collaborate more closely to providemore clinically relevant data in this domain.
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Appendix

Table 14.A1 Estudies on fractured tibia; details of fixator, fracture, specimen, and the loading regime as much as it has been clear to us are included.

Author Fixator Fracture Specimen details Loading regime

Carter et al.

(1987)

(1) Cast

(2) Intramedullary nail (Howmedia, USA)

(3) Dynamic compression plate (ASIF)

(4) Unilateral external fixator with stain-less

steel sidebar (Hoffmann)

(5) Aluminum sidebar delta frame

(6) Titanium sidebar delta frame

Middiaphyseal,

transverse

Five fresh frozen

cadavers

(1) Axial compression:

(2) Bending: Four-point

bending, max 20.6 N m,

rate: 0.25 mm/s

(3) Torsion:

Fleming et al.

(1989)

(1) Centered Ilizarov with two smooth wire,

angle of 90/90 vs. and angle of 45/135

(2) Off center Ilizarov with two smooth wire,

angle of 90/90, wires were tensioned to 90 N

vs. 130 N

(3) Off center Ilizarov with two Olive wire,

angle of 90/90, wires were tensioned

to 130N

Mid-diaphyseal,

transverse, gap size:

6.4 mm

Standard acrylic

pylons geometry: not

clear to us.

(1) Axial compression

(2) Anteroposterior (AP)

bending, lateral bending

(3) Torsion

Note: loading level is not

clear to us.

Gardner and

Evans (1992)

(1) Unilateral external fixator, monotube

(Howmedica R5 and R6)

(2) Unilateral external fixator, monotube

(Howmedica B5 and B6)

(3) Unilateral external fixator, Lazo rolling rod

(Hoffmann, 5 and 6)

(4) Unilateral external fixator, Modulsystem

(Orthofix, 5 and 6)

(5) Unilateral external fixator Dynabrace

(Dynabrace, 6)

(6) Unilateral external fixator Unifix, A.O.

(Unifix, 6)

Pin diameters were 5 and 6 mm.

Mid-diaphyseal,

transverse, gap size:

60 mm

Two glass fiber

tubing geometry:

length:135 mm;

diameter: 25 mm

(1) Axial compression: 230 N

(2) Bending: 2.75 N m

(3) Torsion: 6 N m

Continued



Table 14.A1 Continued

Author Fixator Fracture Specimen details Loading regime

McKellop et al.

(1993)

(1) Functional brace

(2) AO-Unifix external fixator (Unifix)

(3) Ilizarov fixator

Mid-diaphyseal,

oblique

Eight cadaver tibias (1) Axial compression: 150 N

static and sinusoidal loading

(2) Bending:

(3) Torsion:

Fairbank et al.

(1995)

(1) Unreamed intramedullary nail (10 mm)

(2) Reamed intramedullary nail (13 mm—

Smith & Nephew, USA)

Mid-diaphyseal

transverse

Six cadaver tibias (1) Axial compression:

(2) Bending:

(3) Torsion: 175 cycles stars at

5 N m torque, increased at

2.5 N m after every

25 cycles until failure of

the specimen

Caja et al.

(1995)

(1) Linear, external fixator: quadrilateral

Hoffmann-Vidal fixator (Howmedica, USA)

vs. small Orthofix vs. the four- and six-pin

configurations of the standard Orthofix

fixator (Orthofix, Italy)

(2) Circular external fixator: three

configurations of the Ilizarov fixator

(Smith & Nephew, USA) vs. two

configurations of the Monticelli-Spinelli

fixator (Howmedica. USA)

(3) Hybrid external fixator: one configuration of

the Monticelli-Spinelli fixator

(Howmedica. USA)

Not mentioned Foam tibia,

geometry:

length:190 mm;

diameter: 25 mm

(1) Axial compression: 889 N,

rate:111 N/min

(2) Bending: max of 133.3 N,

rate: 22.2 N/min

(3) Torsion: max torque of

11.3 N m rate :

11.3 N m/min



Khalily et al.

(1998)

(1) Four-ring Ilizarov (Smith & Nephew, USA)

with wire

(2) Hybrid configuration (Smith & Nephew)

with two rings and half pin

(3) Hybrid configuration (Smith & Nephew)

with hybrid strut consisted of two arms

connected to form a V.

Mid-diaphyseal

transverse

Wooden dowel

geometry: length:

510 mm; diameter:

31.75 mm

(1) Axial compression: 200 N

(2) Bending: Four-point

bending: moments oriented

at 0, 45, 90, 135 and 180

degrees

(3) Torsion: 5 N m, applied

through the end-caps

Pugh et al.

(1999)

(1) Ace hybrid external fixator (Ace

medical, USA)

(2) EBI Hybrid external fixator, with two ring

connectors

(3) Hybrid Hoffman/Monticelli-Spinelli

external fixator (Howmedica, USA)

(4) Hybrid HexFix/Ilizarov (Smith &

Nephew, USA)

(5) Synthes hybrid external fixator (Synthes

USA, USA)

(6) Torus hybrid external fixator

(Zimmer, USA)

Diaphyseal transverse

gap size:15 mm

Polyvinylchloride

(PVC) tube

geometry: length:

406 mm; inner

diameter: 25 mm

(1) Axial compression: 5 mm

displacement

(2) Bending: (a) Flexion

bending: 50 N in 5 s,

40 mm from axis,

(b) Extension bending

load:50 N in 5 s, 40 mm

from axis, and (c) Varus/

valgus bending load: 50 N

40 mm from axis

All with preloading

(3) Torsion: angle of twist of 5

degrees in 5 s

Gardner et al.

(2001)

(1) Pin-less rapid external fixators (AO,

Switzerland)

(2) Centrafix rapid external fixators Mk

11 (Owandar Medical, UK)

(3) AO/ASIF standard tubular system (AO,

Switzerland)

(4) The Single Pin Triax (Howmedica

International, UK)

(5) The Shearer (Thackray, UK)

Mid-diaphyseal,

transverse, gap size:

20 mm

Sawbones (1) Axial compression: 50 and

100 N

(2) Bending: 0.66 N m (reduced

to 0.33 N m for the Pinless

and Centrafix)

(3) Torsion: 2 N m (all three

for gait simulation) 10,000

cycles

Continued



Table 14.A1 Continued

Author Fixator Fracture Specimen details Loading regime

Stoffel et al.

(2003)

(1) Locking compression plate (LCP, Mathys

Inc., Switzerland) eight vs. twelve-hole size:

4.5 mm, 2 mm vs. 6 mm distance from bone

Diaphyseal, transverse,

gap size: 1 or 6 mm

56 Epoxy reinforced

glass fibers filled

with a rigid

polyurethane foam

cylinders, geometry:

length: 250 mm;

outer diameter:

35 mm

(1) Axial dynamic load:

0.023–230 N,
frequency:5 Hz, 100,000

cycles

(2) Bending:

(3) Torsion: 5 N m

Yang et al.

(2003)

(1) Ilizarov hybrid external fixator (Smith &

Nephew Healthcare Ltd.)

(2) A bar-ring hybrid fixator (Orthofix srl)

(3) A reinforced version of the bar-ring

hybrid fixator

(4) A two-ring hybrid fixator (Orthofix srl)

(5) A conventional four-ring, eight-wire Ilizarov

fixator (Smith & Nephew Healthcare Ltd.)

(6) Four-screw unilateral fixator with the

dynamization facility locked (DAF,

Orthofix srl)

Mid-diaphyseal,

transverse, gap size:

20 mm

Acrylic rods,

geometry: diameter:

30 mm

(1) Axial compression:

(2) Bending: four-point

bending in two planes.

Loading levels are not clear to us.

Goodwin et al.

(2005)

Titanium Elastic Nail (TEN) system

(Synthes, PA)

(1) Two C-shaped flexible nails

(2) One C-shaped nail and one S-shaped nail

Mid-diaphyseal,

transverse, gap size:

10 mm

Six reamed synthetic

tibias geometry: not

clear to us.

(1) Axial compression: 20 N

(2) Bending:

(3) Torsion: �1 N m,

10 cycles



Dong et al.

(2005)

(1) Sheffield Ring Fixator (Orthofix rls, Italy)

with two 150 mm rings, three diaphyseal

screws

Two vs. four distal metaphyseal wires (2 mm in

diameter).

Mid-diaphyseal,

oblique 60 degrees

Sawbones Several loading regimes were

tested to measure tension in

wires.

Mueller et al.

(2005)

(1) Unreamed tibial nail (UTN; Synthes,

Switzerland)

(2) (Not mentioned if it was reamed or

unreamed) Cannulated tibial nail

(CTN, Synthes, Switzerland)

(3) Lateral tibial head buttress plate

(LPO, Synthes, Switzerland), size; 4.5 mm

(4) Less invasive stabilizing system-proximal

lateral tibia (5-hole) (LISS, Synthes,

Switzerland)

(5) External fixator (EF, Synthes, Switzerland)

in a V-configuration

(6) Hybrid fixator (HF, Synthes, Switzerland)

Diaphyseal, transverse,

gap size: 10 mm

Frozen cadaver tibia (1) Axial compression: 300 N

and 10 kN.

(2) Bending:

(3) Torsion:

Metcalfe et al.

(2005)

(1) Sheffield Ring Fixator (Orthofix srl, Italy).

Four metaphyseal wires with a 70 degree

crossing angle

(1) Oblique from

antero-superior to

postero-inferior

(AS–PI)
(2) Oblique antero-

inferior to postero-

superior (AI–PS).

– No gap.

Eight sawbones (1) Axial compression: 70 mm

off-axis compression in four

directions (anterior,

posterior, medial, and

lateral).

(2) Bending load:

(3) Torsion load:

Continued



Table 14.A1 Continued

Author Fixator Fracture Specimen details Loading regime

Hasenboehler

et al. (2006)

(1) Reamed interlocking tibial nail (IMN,

Russell-Taylor Delta)

(2) Ilizarov external fixators

Mid-diaphyseal,

transverse, gap size

25 mm

Twelve Synthetic

bone

(1) Axial compression: 178 N,

rate: 5 mm/min

(2) Bending:

(3) Torsion: 1.92 N m, rate:

5 degree/min, frequency:

3 Hz, 84,000 cycles

Maher et al.

(2007)

(1) Unreamed expandable nail

(2) Reamed standard M/DN locked nail

(Zimmer, USA)

Four different Length of Nails

Diaphyseal, transverse,

gap size: 10 mm

Six frozen cadavers (1) Axial compression:

(2) Bending:

(3) Torsion: 5 N m at 1 N m/s

for preconditioning cycles

Lenarz et al.

(2008)

(1) Ilizarov external fixator wire frame (90°-W)

(2) A 5-mm half pin frame (90°-P)
(3) A 6-mm divergent frame (60°-D)

Diaphyseal, transverse,

gap size: 20 mm

Sawbones (1) Axial compression: 500 N

at a frequency: 1 Hz for

3660 cycles.

(2) Bending load:

(3) Torsion load:

Augat et al.

(2008)

(1) Reamed intramedullary nail, 9 mm T2 tibia

standard nail (Stryker, Germany)

Mid-diaphyseal,

transverse, gap size:

8 mm

Six cadavers (1) Axial compression: 100 N,

(2) Bending: Four-point

bending: 620 N m and

Shear load: 100 N

(3) Torsion: �5 N m for 3

cycles at 1.0 degrees/min

Lowenberg

et al. (2008)

(1) Classic Ilizarov construct (Smith &

Nephew)

(2) Hex-Fix half-pins (Smith & Nephew, USA)

(3) Arced wires

(4) Steerage pins (a half pin parallel to the

fracture line and below the fracture)

Diaphyseal, oblique (0,

15, 30, 40, 50,

60 degrees)

Sawbones (1) Axial compression: 1000 N

(2) Bending load:

(3) Torsion load:



Penzkofer et al.

(2009)

(1) Reamed intramedullary nail, T2 tibia

standard nail (Stryker, Germany)

Nail size: 9 mm vs. 11 mm

Mid-diaphyseal,

transverse, gap size:

8 mm

Six pairs of cadavers (1) Axial load: from 0 to

�100 N (compression)

then to 50 N (tension) and

back to 0 N, at the rate of

1 mm/min

(2) Four-point bending: from 0

to 20 N m to �20 N m and

back to 0 N m

(3) Torsion: from 0 N m to

�5 N m then to 5 N m and

back to 0 N m

Oh et al. (2009) (1) Locking compression plate (LCP) Mid-diaphyseal,

transverse, gap size

(mm) and bone defect

(%): 0 mm/0%, 1 mm/

100%, 4 mm/100%,

4 mm/50%.

Epoxy-reinforced

glass fibers cylinders

cortical tibia,

geometry: length:

250 mm; diameter:

35 mm outer; cortical

thickness:2.5 mm

(1) Axial compression:

(2) Bending: Four-point

bending, rate: 1 mm/min

until failure.

(3) Torsion load:

Gardner et al.

(2001)

Locking compression plate (LCP, Synthes,

USA), with 10 holes

(1) Affixed to an aluminum cylinder, using

holes 1–4 with locked screws.

(2) Same as (1) but in holes 6, 8, and 10, slots

were created in the near cortex, while the

standard pilot hole was drilled in the far

cortex

Mid-diaphyseal,

transverse, gap size:

10 mm

Cylinder fiberglass-

reinforced epoxy in

cortex, polyurethane

foam in core

Geometry: length:

125 mm

(1) Axial compression:

displacement 0.01–8 mm,

frequency: 1 Hz,

Force: 700 N, frequency: 2 Hz

for 10,000 cycles.

(2) Bending:

(3) Torsion:

Continued



Table 14.A1 Continued

Author Fixator Fracture Specimen details Loading regime

Dobele et al.

(2010)

(1) Locking compression plate (LCP) and

screws dynamic locking screw (DLS) vs.

locking screw (LD, Synthes, Switzerland)

Mid-diaphyseal,

transverse, gap size:

3 mm

Polyoxymethylen-

copolymerisat

cylindrical tibia,

geometry: length:

120 mm; diameter:

30 mm; thickness:

7 mm

(1) Axial compression: 200 N

(2) Bending:

(3) Torsion : 50 N m

Gessmann et al.

(2011)

(1) Ilizarov external fixator with four rings

(Smith & Nephew, USA) with weight-

bearing platform vs. without one

Two 160-mm rings, two 1.8-mm stainless steel

wires on each ring. Wire crossing angle of

60 degrees.

Mid-diaphyseal,

transverse, gap size:

2 mm

Synthetic tibia (1) Axial compression: 1000 N,

rate 0.5 mm/min

(2) Bending:

(3) Torsion:

Dailey et al.

(2012)

(1) Reamed tibial intramedullary nail, modified

from (Synthes, Switzerland)

Mid-diaphyseal,

transverse, gap size:

2 mm

Eight cadavers (1) Axial loading: complex set

of cyclic loading was

applied see the paper for full

details.

(2) Bending load:

(3) Torsion load:

Hoegel et al.

(2012)

(1) Reamed T2 tibia standard nail

(2) Unreamed nailing using the angle stable

interlocking technique

(3) Unreamed nail in the conventional

interlocking technique

(4) 6-Hole medial locked plate

Diaphyseal, transverse,

gap size: 10 mm

Twenty sawbones (1) Axial compression: 350 N

rate:10 mm/min.

(2) Bending:

(3) Torsion: 10 N m



Pavic et al.

(2013)

(1) Constructed novel fixator

(2) Standard dynamic axial external fixator

(Orthofix slr, Italy)

Mid-diaphyseal,

transverse, gap size: 0

and 10 mm

Polyacetal tibia

geometry: 30 mm in

diameter each and

200 mm in length

each

Two situations:

(a) bone fragments in

contact, (b) bone

fragments without

contact

(1) Axial compression: cyclic

loading between 0 and

200 N, frequency of 1 Hz for

10,000 cycles

(2) Bending: four-point bending

with a load of 250 N at 5 N/s

(3) Torsion load

Dailey et al.

(2013)

(1) Control nails were unmodified Synthes

Expert Tibial Nails

(2) Flexible Axial Stimulation (FAST)

Intramedullary nail

Mid-diaphyseal,

transverse, gap size: 3

and 10 mm

Twelve cadavers (1) Axial loading: compression:

735 N; tension: 367 N, rate

0.25 mm/s.

(2) Bending: 20 N m, rate

0.25 mm/s in the antero-

posterior (AP) and medio-

lateral (ML)

(3) Torsion: 5 N m rate 18 deg/

min

(4) Shear load: 100 N rate of

0.25 mm/s

Chondros et al.

(2014)

(1) Ilizarov external fixator with 2 proximal

rings (160 mm in diameter) and 4 wires

(1.8 mm by Smith & Nephew, UK)

Each ring supports the fractured bone through

two K-wires, at 60 degree crossing angle

(2) A conventional slotted-bolt clamping system

for the 4 wires

Diaphyseal, transverse,

gap size: not clear.

Polyethylene

cylinders geometry:

diameter: 33 mm

(1) Axial compression: 800 N at

the frequency of 0.5 Hz;

initial pretension was

1400 N at 600 cycles

(2) Bending load:

(3) Torsion load:

Continued



Table 14.A1 Continued

Author Fixator Fracture Specimen details Loading regime

Miramini et al.

(2016)

(1) Plate, size: 206 mm long, 17.5 mm wide and

5.2 mm thick with 11 holes provided by

(DePuy Synthes, Switzerland)

Mid-diaphyseal,

oblique 0, 15, 30,

45 degrees, gap size: not

clear.

Twenty sawbones (1) Axial compression: 100,

150, 200 N

(2) Bending load:

(3) Torsion load:

Henderson

et al. (2016)

External fixator with four rings (Smith &

Nephew, USA):

(1) Wires only,

(2) Pins only

(3) Three different configurations of half pin

and wire.

Mid-diaphyseal,

transverse, gap size:

20 mm

Acrylic tube (Clear

Plastic Supplies,

Chesterfield, UK)

Geometry: outer

diameter:32 mm;

thickness: 4 mm

(1) Axial compression: 700 N

(2) Bending: 20 N m

(3) Torsion: 20 N m

Galbraith et al.

(2016)

(1) Reamed intramedullary nails (Synthes). Nail

sizes used were one 10 mm vs. four 11 mm

vs. one 12 mm nail.

Mid-diaphyseal,

transverse gap size:

3 mm

Six cadavers, tibia

and fibula

(1) Axial compression: cyclic

loading of 735 N, rate of

0.25 mm/s

(2) Bending: 20 N m, rate of

0.25 mm/s

(3) Torsion: �5 N m

In places there are inconsistency between the levels of details included between different studies, due to us not being able to find or verify such details.



Table 14.A2 Finite element studies on fractured tibia; details of fixator, fracture, computational model, and load applied on it.

Authors Fixator Fracture

Geometry of the

model Loading regime

Raunest et al.

(1996)

(1) Unreamed interlocking

nail (UTN, Synthes,

Germany)

Diaphyseal, transverse and

oblique, gap size: 0 and 50 mm

Based on MRI images (1) Axial compression: 500 N

(2) Bending:

(3) Torsion: 15 N m

Gardner et al.

(2000)

(1) Unilateral external fixator

with three 6 mm screws

(Orthofix)

Mid-diaphyseal, oblique, gap

size: not clear to us

2D geometric (1) Axial compression: Not

clear to us.

(2) Bending load:

(3) Torsion load:

Duda et al.

(2001)

(1) Unreamed intramedullary

nail (UTN, Synthes

Germany)

Five different fracture locations

were evenly distributed along the

tibia, transverse, gap size: 11 mm

Based on CT images. Based on gait analysis data

Lacroix and

Prendergast

(2002)

(1) External fixator with

two pins

Mid-diaphyseal, transverse, gap

size: 3 mm

A synthetic human left

tibia was sectioned

every 3 mm and each

slice was scanned.

(1) Axial compression: 300

and 500 N.

(2) Bending load:

(3) Torsion load:

Sonoda et al.

(2003)

Biomechanics of stress

fractures were investigated

without a specific fixation

device.

Several stress fractures were

considered.

Based on CT images. (1) Axial compression: 2790 N

(2) Bending: 240 N

(3) Torsion load: 15 N m

Stoffel et al.

(2003)

Locking compression plate

(LCP, Mathys Inc.,

Switzerland), 8 vs. 12 hole,

size: 4.5 mm

Diaphyseal, transverse, gap size:

1 or 6 mm

Simplified cylinder (1) Axial compression: 230 N,

rate: 5 Hz.

(2) Bending:

(3) Torsion: 5 N m (dynamic

testing)

Continued



Table 14.A2 Continued

Authors Fixator Fracture

Geometry of the

model Loading regime

Ganesh et al.

(2005)

Bone plate:

Three different plates, size:

length 60 mm:

(1) Stainless-steel plate,

(2) Stiffness-graded plate

along the thickness,

(3) Stiffness-graded plate

along the length (SGL)

Mid-diaphyseal, transverse, gap

size: 1 mm

Morphology of the

tibia was obtained

using a 3D digitizer.

(1) Axial:

(2) Bending: 1 N mm.

(3) Torsion:

Vijayakumar

et al. (2006)

(1) Unilateral external fixator

(Orthofix srl, Italy)

Mid-diaphyseal, oblique,

noncomminuted

Based on CT images. Based on gait data

Gómez-Benito

et al. (2007)

(1) Unreamed medullary

interlocking nail, UTN

(Synthes, Switzerland),

(2) Reamed medullary

interlocking nail, Grosse

Kempf nail

(Howmedica, USA)

Proximal, mid and distal

diaphyseal, transverse, gap size:

9 mm

Based on CT images. (1) Axial compression: 975 N

(2) Bending load:

(3) Torsion load:

Oh et al. (2009) (1) Locking compression plate

(LCP) with 6 holes

Mid-diaphyseal, transverse gap

size and bone defect (BD): four

with GS = 1 mm and BD of 25%,

50%, 75%, or 100%, and four

with GS = 4 mm and BD of 25%,

50%, 75%, or 100%

Simplified cylinder (1) Axial compression:

1400 N

(2) Bending: 150 N m

(3) Torsion:5 N m

Wehner et al.

(2010)

(1) Unilateral external fixator

(Mefisto, Synthes,

Switzerland)

Mid-diaphyseal, transverse, gap

size: 1.4 mm

Simplified cylinder The forces and moments of

this load case were F = (Fx,Fy,

Fz,Mx,My,Mz)
T =

(0.48,0.21,�4.22,0.09,

�20.05,�15.98,43.80)T



Kim et al.

(2010)

Plate with 6 holes:

(1) Plain weave carbon/epoxy

composite (WSN3k,

Korea),

(2) Kevlar/BCP composite

Mid-diaphyseal, transverse, gap

size: not clear to us.

Simplified cylinder (1) Axial load: several

loading regimes were

applied exact loading was

not clear to us perhaps

up to 2100 N.

(2) Bending:

(3) Torsion:

Kim et al.

(2011)

(1) Plate with curved cross-

section and 6 holes

Mid-diaphyseal, oblique (15, 25,

35 degrees)

Gap size: 1 mm

Simplified cylinder (1) Axial compression:

several loading regimes

were applied exact

loading was not clear to

us perhaps up to 3000 N.

(2) Bending load:

(3) Torsion load:

Wehner et al.

(2011)

(1) Reamed intramedullary

nail, T2 tibia standard nail

(Stryker, Germany)

Mid-diaphyseal, transverse, gap

size: not clear to us.

Based on CT images. Based on the gait data:

(Fx,Fy,Fz,Mx,My,Mz)
T =

(0.25,�3.87,0.06,�19.13,�
14.16,52.91)T and

(Fx,Fy,Fz,Mx,My,Mz)
T =

(0.01,�0.13,�0.01,

0.55,0.40,1.73)T

Byrne et al.

(2011)

(1) Unilateral external fixator

with two pins

Mid-diaphyseal, transverse, gap

size: 3 mm

Based on CT images. Based on gait data.

Donaldson

et al. (2012a,b)

(1) Ilizarov external fixator

with wire:

Two-wire vs. four-wire

configurations

Mid-diaphyseal, transverse, gap

size: not clear to us.

Based on CT images. (1) Axial compression:

700 N

(2) Bending:

(3) Torsion:

Continued



Table 14.A2 Continued

Authors Fixator Fracture

Geometry of the

model Loading regime

Donaldson

et al. (2012b)

(1) Ilizarov external fixator

with wire half-pin: two vs.

three equally spaced pins

with diameter of 6 mm

Mid-diaphyseal, transverse, gap

size: not clear to us.

Based on CT images. (1) Axial compression:

700 N

(2) Bending:

(3) Torsion:

MacLeod et al.

(2012)

(1) Locking compression

plate (LCP)

(2) Dynamic compression

plate (DCP)

Both based on typical industry

standards with 9 holes

Mid-diaphyseal, transverse, gap

size: not clear to us.

Based on CT images. (1) Axial compression: 1890 N

(2) Bending:

(3) Torsion:

Nassiri et al.

(2013)

(1) Locking compression

plate (LCP)

Size: length 138 mm, 4 locking

screws

Plate-bone distance ranged

from 0 to 6 mm

Mid-diaphyseal, oblique 6 to �6

degrees, gap size: 1–5 mm

Simplified cylinder (1) Axial compression: 400 N

(2) Bending:

(3) Torsion:

Mehboob et al.

(2013)

Reamed Intramedullary nail:

(1) Carbon/epoxy fabric

composite (WSN3k, SK

Chemical, Korea)

(2) lass/polypropylene

composite (Twintex, jb

martin, France)

Mid-diaphyseal, oblique (0, 15,

25, 35 degrees), gap size:1, 2, 3,

6, 10 mm

Simplified cylinder (1) Axial compression: 70,

1400, and 2100 N

(2) Bending:

(3) Torsion:



Son and Chang

(2013)

Bone plates:

(1) Plain weave carbon/epoxy

fabric composite (WSN3k,

SK Chemical, Korea)

(2) Plain weave glass/

polypropylene dry fabric

composite (Twintex; TW-

22-P, France)

Mid-diaphyseal, oblique (15, 25,

35 degrees), gap size: 3 mm

Simplified cylinder. (1) Axial compression: 70,

1400, and 2100 N

(2) Bending:

(3) Torsion:

Roseiro et al.

(2014)

Unilateral external fixators Mid-diaphyseal, transverse, gap

size: 4 mm

Based on CT images. Several loadings regimes were

applied in this optimization

study.

MacLeod et al.

(2015)

(1) Locking compression

plate (LCP)

(2) Dynamic compression

plate (DCP) with 9-

hole plate

The screws had an external

diameter of 4.5 mm

Mid-diaphyseal, transverse, gap

size: not clear to us.

Based on CT images. (1) Axial compression: 1200 N

(2) Bending:

(3) Torsion:

Miramini et al.

(2015)

(1) Locking compression plate

with 6 holes (LCP,

Synthes, Switzerland)

Mid-diaphyseal, transverse, gap

sizes: 1 and 3 mm

Simplified cylinder. (1) Axial compression: 150 N

(2) Bending:

(3) Torsion:

Miramini et al.

(2016)

(1) Locking compression plate

with 6 holes (LCP,

Synthes, Switzerland)

Mid-diaphyseal, oblique (0, 15,

30, 45 degrees), gap sizes: 1 and

3 mm

Based on CT images. (1) Axial compression: 100,

150, 200 N.

(2) Bending:

(3) Torsion:

Continued



Table 14.A2 Continued

Authors Fixator Fracture

Geometry of the

model Loading regime

Petfield et al.

(2017)

(1) Circular external fixator Not mentioned Based on CT images. (1) Axial compression:

100–200 N.

(2) Bending:

(3) Torsion:

Wang et al.

(2017)

(1) Intramedullary

interlocking nail with 2

proximal and 3 distal

locking screws.

Mid-diaphyseal, transverse, gap

size: 3 mm

Based on CT images. (1) Axial load: 2.5%, 5%,

and 50% of the normal

loading magnitude in the

first 48 days then ramped

to full magnitude in the

following 126 days.

(2) Bending load:

(3) Torsion load:

Wee et al.

(2017)

(1) Locking compression plate

(LCP, Depuy Synthes,

USA) with length of

15.2,18.8, 22.4, 26, and

29.6 cm and hole number

of 8, 10, 12, 14, 16

Mid-diaphyseal, transverse, gap

size: 2, 5, 10, 15, 20, 25, and

30 mm

Simplified cylinder. (1) Axial compression: 400 N

(2) Bending: 10 N m

(3) Torsion: 2 N m



Table 14.A3 Key findings of the experimental studies to us.

Fixator Results

Carter et al. (1987) Plate x Stiffness: The most flexible fixators such as unilateral external fixators had nearly double the stiffness

of the cast and IM fixators.IMN x

EF x

Fleming et al.

(1989)

Plate Interfragmentary displacements: The stability of the Ilizarov fixator was a function of bone

position within the fixator rings and fixation wire tension.

Stiffness: All configurations of the Ilizarov fixator were significantly less stiff than most of the

unilateral one-half pin fixators in lateral bending.

IMN

EF x

Gardner and Evans

(1992)

Plate Interfragmentary displacements: Unilateral fixators are too flexible to provide the most beneficial

stress/strain environment for healing under average conditions of full weight bearing.IMN

EF x

McKellop et al.

(1993)

Plate Interfragmentary displacements: The motion in the fractures stabilized with the braces was

multidirectional and of an order of magnitude greater than fractures fixed with external fixators.IMN

EF x

Fairbank et al.

(1995)

Plate Interfragmentary displacement: The smaller diameter unreamed nail may not afford the same

stability of the reamed nail in the fracture model considered in this study. The unreamed nails

showed greater angular displacement than their reamed counterparts.

IMN x

EF

Caja et al. (1995) Plate Interfragmentary displacement: Circular and hybrid fixators showed a nonlinear pattern in axial

load although in Hybrid fixator the load-displacement curve was flatter.

Stiffness: Axial compression, bending and torsional stiffness was higher in linear fixators when compared

to the circular fixators.

IMN

EF x

Khalily et al.

(1998)

Plate Interfragmentary displacement: In axial load, bending and torsion, the Ilizarov frame had less

fracture displacement than “hybrid” and strut-augmented.

Stiffness: Stiffness of Illizarov frame increases with the increasing deformation but the stiffness

of the “hybrid” decreases.

IMN

EF x

Pugh et al. (1999) Plate Stiffness: Fixators with multiple levels of fixation in the fragment were stiffer than those with one

level. Specially, the EBI ring connector was stiffer than all models tested. Stiffness tends to

increase with increasing the number of rings.

IMN

EF x

Continued



Table 14.A3 Continued

Fixator Results

Gardner et al.

(2001)

Plate Stiffness: The stiffness and strength of both rapid fixators in simulated walking was low, and the

stiffness and strength of the Centrafix in simulated stretcher-bearing was low as well.IMN

EF x

(Stoffel et al.,

2003)

Plate x Interfragmentary displacements: For less extreme fractures, two or three screws on either side of

the fracture should be enough.

Stiffness: The distance between the plate and the bone should be kept small and long plates should be used

to provide sufficient axial stiffness.

IMN

EF

Yang et al. (2003) Plate x Interfragmentary displacements: For less extreme fractures, two or three screws on either side of

the fracture should be enough.

Stiffness: The distance between the plate and the bone should be kept small and long plates should be used

to provide sufficient axial stiffness.

IMN

EF

Goodwin et al.

(2005)

Plate Interfragmentary displacements: The C and S configuration had a significantly lower range of

motion compared with the dual C configuration. There was no statistical difference in failure load at 5 mm

of gap closure between the C and S configuration and the dual C configuration.

IMN x

EF

Dong et al. (2005) Plate Interfragmentary displacements: There was a negative relationship between wire tension and

deflection. Bone-clamp distance also had a negative relation the wire tension-deflection.IMN

EF x

Mueller et al.

(2005)

Plate x Interfragmentary displacements: IMN had the lowest axial deviations in varus and valgus.

The highest axial deviations were recorded for the buttress plate and LISS.

Stiffness: Higher loads were better tolerated by centrally placed load carriers than by eccentrically placed

ones. IMN had the highest stiffness

IMN x

EF x

Metcalfe et al.

(2005)

Plate Interfragmentary displacements: Significant differences were detected between the fracture

directions. Interfragmentary displacements were generally reduced in antero-superior to postero-

inferior fractures compared with antero-inferio to postero-superior fractures

IMN

EF x

Hasenboehler et al.

(2006)

Plate Interfragmentary displacements: The Ilizarov construct provided an increased axial micromotion.

IMN x

EF x



Maher et al. (2007) Plate Stiffness: Average construct stiffness of Zimmer nail was significantly greater than Fixion nail.

IMN x

EF

Lenarz et al.

(2008)

Plate Interfragmentary displacements: The transfixation wire model was less rigid than the 90 degree

half pin model and the 60 degree oblique model. The 60 and 90 degree half pin frames had similar

median strains and were similar in their frame rigidity.

IMN

EF x

Augat et al. (2008) Plate Interfragmentary displacements: For torsion and bending, a significant portion of the movement of

the fracture gap resulted from the flexibility of the intramedullary nail; for compression and shear,

the majority of the movement was related to the clearance of the nail within the bone.

IMN x

EF

Lowenberg et al.

(2008)

Plate Interfragmentary displacements: The classic Ilizarov construct successfully stabilized fractures

with up to 30 degrees of fracture obliquity. Arced wires provided stability up to 40 degree fracture

obliquity. Steerage pin construct provided stability for all fracture models.

IMN

EF x

Penzkofer et al.

(2009)

Plate Interfragmentary displacements: The largest possible nail diameter should be used, with minimal

reaming for minimum fracture site movement.IMN x

EF

Oh et al. (2009) Plate x Stiffness: The decrease in stiffness was similar in models with the same defect (depth) and different

gap size. More stress was concentrated around the central hole of the plate in gap models with bigger depth

of bone.

IMN

EF

Gardner et al.

(2001)

Plate x Stiffness: The slotted specimens reached both max load and failure load at a significantly greater

displacement than the nonslot group. The magnitude of the max load achieved was no different

between groups. In the cyclic loading tests, the axial stiffness in the slotted group was significantly

lower than the nonslotted group.

IMN

EF

Dobele et al.

(2010)

Plate x Stiffness, interfragmentary displacements: The DLS reduced the axial stiffness by approximately

16% while increasing the interfragmentary motion at the near cortical side significantly from 282 (LS)

to 423 μm (DLS) applying an axial load of 150 N.

IMN

EF

Gessmann et al.

(2011)

Plate Stiffness: A higher axial load was necessary to achieve an osteotomy gap closure at indirect loading.

Mechanical stress on the tensioned wires was 400% higher on the proximal wires and 250% higher on the

distal wires at a max axial loading of 1000 N.

IMN

EF x

Continued
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Fixator Results

Dailey et al. (2012) Plate Interfragmentary displacements: The average force required to cause distraction of the fracture gap

in micromotion mode was 37.0 N.

Stiffness: The mean construct stiffness was 1046.8 N/mm in static locking mode and 512.4 N/mm

in micromotion mode.

IMN x

EF

Hoegel et al.

(2012)

Plate x Interfragmentary displacements: Intramedullary nailing exhibits better biomechanical behavior than

plate fixator under axial and torsional loads.IMN x

EF

Pavic et al. (2013) Plate Interfragmentary displacements: The dynamic axial external fixator outperformed the novel one in

bending with simulated bone fragment contact. the novel fixator outperformed the dynamic axial external

fixator in bending with a distance between the bone fragments.

IMN

EF x

Dailey et al. (2013) Plate Stiffness: The novel FAST nails produced 1 mm of controlled axial interfragmentary motion, which

was associated with a 22% reduction in axial stiffness compared to standard controls. The FAST constructs

also allowed less low-load torsional movement compared to the controls, associated with a 14% increase in

overall construct torsional stiffness

IMN x

EF

Chondros et al.

(2014)

Plate The new design presented in this study provides the advantages of a more accurate axial alignment of

the K-wires, low prestress loss, and lack of slippage.IMN

EF x

Miramini et al.

(2016)

Plate x Interfragmentary displacements: A large angle of obliquity (i.e.,θ � 30 degrees) can significantly

decrease the magnitude of axial IFM. Axial IFM at near cortex of fracture decreases with θ, while
shear IFM significantly increases with θ. While a large θ can increase shear IFM by fourfold

compared to transverse fracture, it also results in the tension-stress effect at near cortex of fracture callus

IMN

EF

Henderson et al.

(2016)

Plate Interfragmentary displacements: Half-pins over wires reduced planar interfragmentary motion.

Stiffness: half-pins over wires was associated with increased overall construct rigidity.IMN

EF x

Galbraith et al.

(2016)

Plate Stiffness: Overall construct stiffness decreased slightly with fibular osteotomy compared to intact bone.

IMN x

EF

Abbreviations: IMN, intramedullary nail; EF, external fixator.



Table 14.A4 Key finding of the finite element studies to us.

Fixator Results

Raunest et al. (1996) Plate Stiffness: Homogenous tension profile was calculated for the whole tibia diaphysis with a tension

ranging from 24.18 to 121.14 MPa. Application of a torsional moment induces significantly increased

tension in the nail-interlocking screw interface

IMN x

EF

Gardner et al. (2000) Plate Stiffness: concentration of stress on the fracture caused tissue damage and consequently have

precipitated partial structural failure of the callus.IMN

EF x

Duda et al. (2001) Plate Stiffness: With all muscle and joint contact forces included, nailing leads to considerable unloading

of the interlocked bone segments. Unreamed nailing of the distal fracture results in an extremely

low axial and high shear strain between the fragments.

IMN x

EF

Lacroix and

Prendergast (2002)

Plate Stiffness: It was shown that the stiffness changed in a similar manner that observed clinically.

IMN

EF x

Sonoda et al. (2003) Plate Stiffness: There was no difference between the anterior middle third and the posteromedial distal

third during expansion of the fracture area. The anterior middle third had significantly more stress than

the posteromedial distal third when the bending-compression load was applied during expansion of the

fracture area.

IMN

EF

Stoffel et al. (2003) Plate Interfragmentary displacements: The bar-ring hybrid fixator that simply connected a unilateral

fixator body to a wire/ring assembly was too flexible. Reinforcing the bar-ring hybrid system

with diagonally placed struts eliminated the deformation associated with the unilateral body and

the resulting construct performed considerably better.

IMN

EF x

Ganesh et al. (2005) Plate x Stiffness: Stiffness-graded plates are providing higher compressive stress at the fractured interface

(to induce accelerated healing) as well as higher tensile stress in the intact portion of the bone.IMN

EF

Vijayakumar et al.

(2006)

Plate Healing: The proportion of fixator load-sharing was found to decrease substantially as the fracture

tissues matured.IMN

EF x

Gómez-Benito et al.

(2007)

Plate Stiffness: best results were obtained in the mid-diaphyseal fractures for the reamed nail. The

interlocking bolts were subjected to higher stresses in the unreamed nail than in the reamed one.IMN x

EF

Continued
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Fixator Results

Oh et al. (2009) Plate x Stiffness: The decrease in stiffness was similar in models with the same defect (depth) and different

gap size. More stress was concentrated around the central hole of the plate in gap models with

bigger depth of bone.

IMN

EF

Wehner et al. (2010) Plate x Healing: The composite bone plate provided better conditions for normal remodelling of bones.

Appropriate composite property can contribute positively to the healing of bone fractures by offering a

wide range of advantageous strain distributions at the fracture site in the early stages.

IMN

EF

Kim et al. (2010) Plate Interfragmentary displacements: The time course showed good agreement of the

interfragmentary movement compared with the in vivo measurements. Defining ideally stiff connection

clamps (SC), a stiffer fixation body (SB) and a shorter free bending length of the pins, both axial and

shear stiffness were greatly increased.

IMN

EF x

Kim et al. (2011) Plate x Interfragmentary displacements: The highest oblique angle (35 degrees) needed a slightly higher

bone plate in the early period of the healing process. Flexible composite bone plates provided the most

beneficial effects on callus development.

IMN

EF

Wehner et al. (2011) Plate Interfragmentary displacements: Shear movements could be reduced by approximately 30%

either by implant modifications or the use of a 1-mm thicker nail. Combining the implant modifications

with a 1-mm thicker nail, the shear movements could be reduced.

IMN x

EF

Byrne et al. (2011) Plate x The simulation based on combining mechano-regulation of cell activities in a lattice with finite

element modelling successfully predicted the sequence of tissue differentiation patterns that appear

in the callus.

IMN

EF

Donaldson et al.

(2012a,b)

Plate Stiffness: Old-aged cases showed considerably greater bone yielding at the wire-bone interface

than young cases. The volume of yielded bone at all wire-bone interfaces decreased with an increase in

wire pretension.

IMN

EF x

Donaldson et al.

(2012b)

Plate Stiffness: The use of three, rather than two half-pins (on either side of the fracture), reduces the

volume of yielded bone by 80% in all age groups. The use of titanium half-pins resulted in

approximately 60%–65% greater volumes of yielded bone.

IMN

EF x

MacLeod et al. (2012) Plate x Interfragmentary displacements: Frictional and tied representations did not have significantly

different peak strain values. Used tie constraint can be used effectively when the only interest is

the global load-deformation behavior.

IMN

EF



Nassiri et al. (2013) Plate x Stiffness: Increasing the distance from the plate to bone resulted in a decreased axial stiffness.

Interfragmentary displacements: Increasing translation and/or fracture angle post fixation

reduced construct stability. The fracture gap had no effect on the construct stability when no

bone contact occurred during loading.

IMN

EF

Mehboob et al. (2013) Plate x Healing: when the oblique angle was lower than 25 degrees, 100%BW with the plate of WSN3k

[0]18 provided the highest healing efficiency, and when the oblique angle was higher than

25 degrees, 10%BW and the plate of Twintex [0]18 provided the best condition for fracture healing.

IMN

EF

Son and Chang (2013) Plate Healing: The 15 degree oblique angle with moderate fracture gaps (below 6 mm) had higher healing

performance with the application of flexible composite nail. Highest nail modulus (stainless steel) was

the most efficient for healing the bone fracture.

IMN x

EF

Roseiro et al. (2014) Plate Interfragmentary displacements: Appropriate selection of the external fixator geometrical

features can lead to an improvement on the stability of the external fixator. The optimal position of the

side beam and the first pin should be as close as possible to the bone interface and as close as possible to

the fracture focus.

IMN

EF x

MacLeod et al. (2015) Plate x Stiffness: The strain environment at the screw-bone interface explains the superior performance of

LCP in osteoporotic bone. Compared with osteoporotic bone, healthy bone produces much

smaller regions of high strain in both plate types. Locking plates produce lower tensile strains

around screw-hole locations in osteoporotic bone than DCPs.

IMN

EF

Miramini et al. (2015) Plate x Interfragmentary displacements: Increasing flexibility of the LCP by changing the bone-plate

distance or the plate working length could enhance interfragmentary motion in the presence of a

relatively large gap size. Titanium fixation generally results in a relatively larger IF in comparison with

stainless steel fixation.

IMN

EF

Miramini et al. (2016) Plate x Interfragmentary displacements: A large angle of obliquity (i.e.,θ � 30 degrees) can

significantly decrease themagnitude of axial IFM. Axial IFM at near cortex of fracture decreases with θ,
while shear IFM significantly increases with θ. While a large θ can increase shear IFM by fourfold

compared to transverse fracture, it also results in the tension-stress effect at near cortex of fracture callus

IMN

EF

Petfield et al. (2017) Plate Interfragmentary displacements: The medullary contact could significantly enhance the fixation

stability. Low initial loading level was found to be a more potential risk factor for the

insufficient loading-induced nonunion.

IMN x

EF

Continued



Table 14.A4 Continued

Fixator Results

Wang et al. (2017) Plate CT-derived VST (virtual stress testing) of patients undergoing circular external fixation

successfully identified which patients would experience clinical failure after weight bearing and which

patients would progress to uneventful union.

IMN

EF x

Wee et al. (2017) Plate x Stiffness: Working length between inner screws was the strongest predictor of maximum plate and

screw stresses.IMN

EF

Abbreviations: IMN, intramedullary nail; EF, external fixator.



Acknowledgments

This work was supported by EPSRC-NIHR Healthcare Technology Co-operative (HTC) Part-

nership Award - UNIFY: A network focused on the treatment of fracture nonunions (EP/

M000230/1); UNIFY Plus (EP/N027221/1) and EPSRC Doctoral Training Partnership

(DTP) Case Studentship (539270/173067).

References

Antonova, E., Le, T.K., Burge, R., Mershon, J., 2013. Tibia shaft fractures: costly burden

of nonunions. BMC Musculoskelet. Disord. 14, 42. https://doi.org/10.1186/1471-2474-

14-42.

Augat, P., Merk, J., Ignatius, A., Margevicius, K., Bauer, G., Rosenbaum, D., Claes, L., 1996.

Early, full weightbearing with flexible fixation delays fracture healing. Clin. Orthop. Relat.

Res. 194–202. https://doi.org/10.1097/00003086-199607000-00031.
Augat, P., Penzkofer, R., Nolte, A., Maier, M., Panzer, S., Oldenburg, G.V., Pueschl, K.,

Simon, U., B€uhren, V., 2008. Interfragmentary movement in diaphyseal tibia fractures

fixed with locked intramedullary nails. J. Orthop. Trauma 22, 30–36. https://doi.org/
10.1097/BOT.0b013e31816073cb.
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