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Abstract Extramedullary devices are being extensively employed to treat fractures
in normal and diseased bone. Studies conducted in hospitals have shown that there
is a wide variability in the manner different surgeons employ these devices for
similar fracture types. Clinically, fixation devices are required to be able to: sustain
loads; minimise patient discomfort and possible implant loosening; and promote
healing. Computer simulation of the mechanical behaviour of these devices can
help clinicians in selecting a device and optimising its configuration. Numerical
modelling of the mechanical behaviour of bone-fixator constructs has been used
in the past to evaluate the performance of these devices with respect to some of
the clinical requirements. This Chapter considers the mechanics of some of the
most commonly used extramedullary devices, their peculiarities and modelling
implications while appraising existing numerical modelling literature that has
attempted to address the above clinical demands. It finds that while many of the
clinical questions have been answered satisfactorily using simple models, answers
to some others require complex and sophisticated modelling approaches.

1 Introduction

Fixation devices that use screws, pins, or wires are widely used for fracture
management. Any implant will alter the natural load distribution within the host
bone. Indeed, in fracture fixation, the intention is to redirect load and shield the bone
from undesirable motion while supporting motion beneficial for callus formation
until healing has occurred [1, 2]. This redirection of load also results in other
unwanted effects: stress-shielding and stress concentration at the bone-implant
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interface. Stress-shielding, where the implant unloads a region of bone, has received
much attention [3]. If shielding occurs, the load that has been removed from one
area must be transferred somewhere else; hence, overloading of the device can
also occur. On the other hand, stress concentrations in the bone arise because loads
are transferred via the screws, pins, or wires that traverse the bone inducing large
stresses/strains at the bone-implant interface. Extramedullary devices represent a
considerable engineering challenge as they are eccentric to the dominant loading
axis which induces additional bending and shear [4]. This chapter will focus
exclusively on fixators which transmit the full weight-bearing loads until fracture
healing is initiated (i.e. load-bearing as opposed to load-sharing devices).

For any fixation device there are three key clinical requirements and mechanical
demands arising from them:

(a) The device must promote healing. The correct level of relative motion between
the bone ends at the fracture site, inter-fragmentary motion (IFM), is crucial
for healing; too much or too little can inhibit fracture healing [2]. The most
commonly investigated aspect of a device is its axial stiffness—usually derived
from the IFM produced by a given load. The term “stability” is often used,
clinically, as a synonym.

(b) The device must sustain the applied loads for the duration of healing. This
concerns the strength and potential failure of the device itself. Stresses within
implants are of interest as breakage can occur; this is more likely if healing has
been delayed [5]. Failure of devices is generally due to fatigue and not a single
traumatic event, meaning small differences in stress can have a significant effect
on the lifespan [6].

(c) To minimise the detrimental impact of the device on the limb and any patient
discomfort resulting from it. Excessive stress at the screw-bone (or wire-bone)
interface is known to cause loosening around screw holes and carries a risk
of infection [7, 8]. In addition, compromising the integrity of the bone due to
screw holes or bone atrophy can lead to periprosthetic fracture during fixation
or re-fracture after device removal [9].

The above requirements can be interdependent, for example, faster healing may
reduce the fatigue strength demanded of a device; minimising damage to host bone
around the screws will prevent discomfort and loosening and will, therefore, lead to
faster healing. Therefore, the key variables of interest in numerical simulations, most
commonly conducted using finite element (FE) models, are: IFM, device strength,
and screw-bone interface damage.

With an ageing population fracture incidence will continue to rise leading to
an increased use of these devices, particularly in bone of poorer quality. This will
require robust biomechanically grounded guidance to help clinicians in selecting a
device and optimising its configuration. This chapter outlines the mechanics of some
of the most commonly used extramedullary devices. Each device has peculiarities
which must be considered in the development of a computational model capable of
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addressing the above clinical requirements. The aim of this Chapter is to appraise
the existing FE modelling research with respect to its ability in providing clinical
guidance to surgeons who employ these devices.

2 Commonly Used Extramedullary Devices

2.1 Mono-Lateral Fixation

External fixation devices using screws can have a wide range of configurations [7].
One of the most widely used is the mono-lateral configuration which uses pins
rigidly connected to an external frame on a single side of a limb (Fig. 1a) making it
useful in bones with subcutaneous boundaries such as the tibia [10]. Mono-lateral
devices are fairly unobtrusive and are often better accepted than devices which
encircle the whole limb, particularly by children [11]. Unfortunately, in all external
fixation devices, pin loosening and infection are common complications, although
these, and the risk of neurovascular and musculotendinous injury, are minimised
when using “safe corridors” [7, 8, 12].

Fig. 1 Depiction of the three devices: (a) mono-lateral fixation; (b) Illizarov fixation, and (c)
locked plating
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2.2 llizarov Fixation

In the Ilizarov fixator each bone fragment is supported by two or more tensioned
Kirschner wires (typically 1.5-1.8 mm diameter) which are clamped to circular
frames that surround the limb (Fig. 1b) [13]. Paradoxically, Ilizarov devices
are associated with lower rates of loosening than mono-lateral devices despite
their smaller wire diameter, which would be expected to result in larger stress
concentrations [14]. All external fixation devices allow for modifications during the
course of healing; Ilizarov devices, in particular, are remarkable in their potential
for bone regeneration with limb-lengthening gains of up to 1 mm per day [15].
They are, however, unwieldy and like all external fixators, they require significant
wire entry-site care to prevent infection [8]. Compared with mono-lateral devices,
Ilizarov fixation requires wires at many more entry sites around the bone which
can tether musculotendinous units [7, 12, 16]. Hybrid devices comprising mono-
lateral elements and Ilizarov rings have also been used to overcome the respective
limitations of each.

2.3 Locked Plating

A specialised type of screw with a threaded head is able to “lock” into a plate
producing a fixed-angle device—thereby functioning as an internal fixator rather
than a plate (Fig. 1¢) [9, 17]. Locked plating is not associated with the many preloads
induced by compression screws and is being widely promoted as having superior
fixation in osteoporotic bone [18]. One of the benefits of internal fixation is fast
rehabilitation and precise anatomical alignment. Percutaneous surgical techniques
have also been developed to retain the soft tissue envelope reducing the detrimental
impact of the operation [19]. Due to their close proximity to the bone locking plates
can produce a very stiff mechanical environment [20]. While this has advantages, it
can reduce inter-fragmentary movement inhibiting fracture healing [21]. Recently,
some studies have advocated far-cortical locking where the locking screw only
engages with the far cortex and thus produces a more flexible system [22].

3 Modelling Challenges

3.1 Modelling Boundary and Loading Conditions

Human gait imposes a number of different loading sources and directions. Bone
experiences forces emanating from the joints and from muscles and ligaments.
Ideally, all muscle forces and joint reactions should be included an a computational
model; however, inclusion of all muscle forces in finite element models for a range
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of physiological activities is complex and is rarely undertaken [23, 24]. It can be
argued that simplifications that incorporate key muscle forces and joint reactions
are adequate for reasonable predictions of the behaviour of bone-fixator constructs.
It is important, however, to ensure that the boundary conditions represent the in vivo
loading scenario as closely as possible. Sometimes simplifications are made in order
to validate in vitro experiments which have limitations in the type of loading that can
be applied to the bone. Fully restrained boundary conditions (also called clamped
or potted) are often used in experimental and numerical work to provide stability to
the bone [24]. In some cases, fully restrained boundary conditions have been shown
to offer an acceptable representation—provided they are far enough away from the
region of interest [25]; in other cases, a clamped region will influence the global
mechanical behaviour [23, 24].

The authors have been particularly interested in the manner in which the load is
applied to the bone (in a lab experiment or for numerical simulation); this can result
in significant differences to the mechanical response of the bone-fixator construct.
For example, a common method of load application is through a universal joint
which restrains translation but allows rotation [26, 27]. This produces an entirely
different mechanical behaviour to an unrestrained load (which is only possible
numerically). Clearly, the amount of restraint applied to the bone will influence
the global stiffness of the bone-fixator system. This is reflected in the wide range of
stiffness values predicted in the literature [26—28]. Typical conditions employed are
shown in Fig. 2 along with the corresponding stiffness estimates for locked plating.
It can be seen that, in the configuration shown, the predicted stiffness can vary
by over seven times; however, with larger bridging spans or more flexible plates
the differences observed could be even greater. The location of peak stress around
screws or pins is also altered by the restraint applied to the system. It has been
shown that critical screw location also changes with the manner of load application;
the screw farthest from the fracture is critical for conditions 5a and 5b [28], whereas
the screw closest to the fracture is critical for the condition shown in 5c¢ [29, 30].

In external fixation devices where the bending rigidity of the traversing screws
or pins is much lower than the device itself, the majority of the IFM is produced
by the deformation of the traversing elements. This is particularly true for full-pin
or Ilizarov devices with bi-lateral or circular support. Due to the cantilever support,
mono-lateral devices are more liable to bend resulting in IFM contributions from
both screw bending and the device itself [4, 30]. The IFM generated by locking
plates is largely produced by plate bending; as such, the length of plate free to
bend between the two innermost screws (known as working length) has the most
significant influence on construct stiffness [26, 27].

When the majority of IFM is produced by flexure of the traversing elements, the
external frame or plate can be assumed to be rigid simplifying the numerical model
[13,30].
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Fig. 2 Examples of typical loading conditions employed by previous studies and the axial stiffness
produced by the construct: (a) fully restrained proximally and distally [31, 32]; (b) fully restrained
proximally pinned distally [28]; (c) pinned proximally and distally [26, 27]; and (d) hinged
proximally and pinned distally which could be used as an alternative to the other conditions
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3.2 Modelling Implant-Bone Interface

Extramedullary devices rely on a secure bone-implant connection to transfer loads
from bone to device. One of the difficulties when using extramedullary fixation
is the progressive mechanical deterioration of the screw-bone interface [8, 20].
Stress/strain localisation at the implant-bone interface is the cause of the most
common complications—Iloosening and infection, which are often severe enough
to require implant removal [8].

Interface modelling is generally conducted using one of the following two
approaches: (a) the implant and bone are assumed to be tied or (b) the interface
is assumed to be separable with appropriate frictional contact conditions. The latter
condition makes the model non-linear. The primary reason for inclusion of contact
non-linearity between the screw and the bone is that a tied interface does not allow
separation and so tensile strains can develop where in reality separation would occur
[4, 33, 34]. A tied interface can, therefore, significantly underestimate strains at the
screw-bone interface as they are transmitted in both tension and compression [4,
34]. Frictional contacts generally use linear Coulomb friction, with coefficients of
friction ranging from 0O to 0.9 with the larger values used to represent screw threads
[35, 36]. Non-linear friction has been used to replicate load-deformation pullout
behaviour in the absence of screw threads [37]; however, idealised cylindrical
representations of screws neglect the significant influence that screw threads can
have on the local strain environment and the pullout force of screws [38]. It is known
that, under pullout loading, the amount of load transmitted by each thread reduces
with its distance from the screw head and the majority of the load is transferred
at the first few threads [39, 40]. It should be noted that, despite the profound local
influence, both the screw-bone interface representation and the inclusion of screw
threads have minimal impact on the global load-deformation in most situations [34].

Studies have shown that each device produces a specific pattern of strain through
the cortex at the screw-bone interface as shown in Fig. 3 [13, 29, 34]. Mono-
lateral devices and locking screws (Figs. 3b, c) induce large strains that penetrate
the full cortical thickness particularly in bone of poor quality [29]. In Ilizarov and
far-cortical locking fixation, however, strain localisation is at the periosteum and
endosteum and does not penetrate the entire cortical thickness (Fig. 3a, d) [13].
Device asymmetry and offset from the bone affect the stiffness of the construct.
Although Fig. 3a shows a bone centrally positioned between the supports at the
mid-span of the wire, this is rarely possible as a prohibitively large ring would be
required [16]. Asymmetric positioning of Ilizarov devices is known to increase their
stiffness, due to a decrease in wire length to the support [7]; however, it also causes
greater stress on the cortex closer to the ring. Similarly, when using mono-lateral
devices, increasing offset from the bone has an approximately linear increase on
screw-bone interface stress [4].

Clinically, in extramedullary fixation, the pilot hole initially drilled prior to screw
insertion has a smaller diameter than the screw; this induces preloading at the screw-
bone interface which has been shown to reduce loosening rates [41]; however, this
feature is still rarely incorporated in modelling [37, 41-43]. A recent study by the
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Fig. 3 Depiction of screw-bone interface stress for external fixators: (a) Ilizarov; (b) mono-lateral;
and internal fixators: (c¢) locking plate, and (d) far-cortical locking. The applied loading direction
is shown

authors employed anisotropic thermal expansion to mimic this preload and found
that even small mismatches in size (1 %) can produce strains larger than those due
to weight-bearing, causing yielding of surrounding bone [34, 44]. Bone, however,
exhibits viscoelasticity causing a reduction in radial and circumferential preload
over time [42, 43]. These effects can considerably influence predictions of interface
stress and pullout strength and must be considered if the longer-term response is of
interest.

The principal reason for screw-bone interface modelling is to examine the impact
of the device on the host bone; therefore, the constitutive model of bone is also
fundamental to the prediction [33].

3.3 Constitutive Modelling of Bone

Bone is known to be well represented by orthotropy or transverse isotropy [45];
despite this, isotropic representations are almost always used in simulation. In
osteoporotic bone the cortex is thinner and the strength lower which increases
susceptibility to damage at the screw-bone interface [13]. Due to the offset from the
bone, mono-lateral devices can cause substantial pullout forces [29]. Osteoporotic
bone is known to deteriorate more transversely and radially than axially, meaning its
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Fig. 4 Load-deformation response at the fracture site due to plate bending under axial load
showing the importance of non-linear geometrical effects for different working lengths

resistance to transverse forces is compromised [46]. This highlights the importance
of material anisotropy when predicting bone damage in patients with osteoporosis
[29, 47]. As well as a reduction in Young’s modulus, the cortical thickness of
osteoporotic bone is known to decrease [48], which will influence predictions of
screw-bone interface stress [4]. A wide range of constitutive models have been
employed to represent the post-elastic behaviour of bone; these have been well
summarised in some previous reviews [25,49]. Itis now generally agreed that strain-
based constitutive models are more suitable than their stress-based counterparts [50,
51]. If damage or loosening at the screw-bone interface is to be predicted, material
non-linearity must be included. Its inclusion, however, does not significantly
influence IFM predictions [25, 29].

3.4 Modelling Geometrical Non-linearities

The inclusion of non-linear geometrical effects updates the deformation of the
system as the loading increases. The geometric non-linearity of Ilizarov systems
has been previously noted [52]. The wires behave more like cables than beams
and axial forces transmitted through them change rapidly as the wires sag. As a
result, geometrically non-linear analysis becomes essential. Also in these devices
the inclusion of wire pretension increases the wire stiffness and hence reduces
the screw-bone interface stress [13]. The deformation response of the system also
becomes more linear with an increasing wire pretension [52].

In plating, the effect of plate bending must be captured to accurately predict IFM
and stress in the plate. As load is applied to the plate, the plate bends which increases
the eccentricity of the load. Figure 4 shows the relative importance of plate working
length with and without the incorporation of non-linear geometrical effects.
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The inclusion of non-linear geometrical effects is, therefore, essential for
predictions of stress within the implants and motion at the fracture site [53].
This will be particularly relevant for fracture healing simulations in which
interfragmentary strain is used at the stimulus [54].

4 Conclusions

Computer simulation of extramedullary devices can provide valuable information
with respect to the clinical requirements which include: sustaining loads; minimis-
ing patient discomfort and possible implant loosening; and promoting healing. [IFM
or bone-fixator stiffness is a key determinant in indirect bone healing. Loading and
boundary conditions can dramatically influence the stiffness and IFM of the bone-
fixator system and must therefore be carefully considered in all fixator analyses.
Similarly, inclusion of geometric non-linearity can radically alter IFM predictions
and needs to be included. If only IFM prediction is required, then simplified material
properties and implant-bone interactions are adequate.

If prediction of damage at the screw-bone interface or device loosening is
required, the models need to be more complex as the local mechanical environ-
ment around the screws is significantly influenced by the bone properties and
the model employed for screw-bone interaction. Consequently, these predictions
require non-linear interface modelling and improved constitutive modelling of bone
incorporating both anisotropy and material non-linearity. Due to this additional
complexity, fewer studies have addressed these issues satisfactorily and research
into non-linear modelling of bone and implant-bone interaction is on-going though
it is still in its infancy.
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