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ABSTRACT

Aim:The llizarov external fixator (IEF) is frequently used in trauma and elective orthopaedics. Many of its biomechanical variables (ring size, wire
diameter, wire number, half pins vs wires, etc.) and their influence on stability and stiffness have been investigated. There is, however, a paucity
in the literature regarding the influence of the connecting rod numbers and configurations between the rings on IEF stability. The primary aim
of this biomechanical study was to compare the stability between four- and three-rod IEF configurations. Secondarily to assess the difference
in stability between symmetrical and asymmetrical spacing of the IEF rods.

Materials and methods: A custom jig was designed to facilitate mounting of a basic two-ring IEF in a hydraulic press. Controlled centre and
off-centre (thus simulated bending) axial loading was then applied across the frame. The configurations were loaded up to 4,000 N. The frame
deformation was plotted and the data were then analysed and interpreted.

Results: Negligible differences were observed between different four- and three-rod configurations as long as the applied force at the loading
point (LP) was within the area of support (AOS) created by the rods. The different four-rod constructs were always more stable than the three-
rod constructs during bending.

Conclusion: There is comparable stiffness between a four-rod and a three-rod IEF construct as long as the LP is within the AOS created by the
rods. A four-rod IEF is stiffer than a three-rod IEF in bending.

Clinical significance: This study will possibly change some paradigms regarding the planning and application of IEFs by Orthopaedics

Traumatologists and Reconstruction Surgeons.
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INTRODUCTION

Professor Gavriil Abramovich llizarov developed his llizarov
external fixator (IEF) during the 1950s. It was only presented to
Western Medicine via ltaly in 1981 and subsequently become an
indispensable trauma and elective surgical tool.

A high volume of research has been and still is being conducted
on the different mechanical aspects of the llizarov frame. Most are
in vitro studies and of a biomechanical nature. The fine wires were
investigated for material type, wire type, thickness, pretension,
number, planes, and angles of convergence.'° The effects of half
pins were investigated''™"> as well as the wire fixation bolt holding
mechanism."'*'> The rings were studied in regard to material
type, size/diameter, design, number used, configuration as well
as position in relation to the bone segment.>”21316-19 Also, the
influence of the fracture configuration on frame stability has been
studied.>" The last component to comment on was the connecting
rods that hold the rings in a fixed relationship to each other, which
is parallel and fixed in spanning distance.

Classically, it was described by Ilizarov to use four connecting
rods, symmetrically spaced, between adjacent rings and most
authors will attest to this view.>'#2% Some situations may force a
clinician to use only three rods or space the rods asymmetrically
around the frame circumference. This may be to allow access to the
limb for a plastic surgeon or if the ring circumference is too small
to allow four rods and enough fixation points as with paediatric
sized rings.
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The number of rods (four or more), rod thickness, and rod angle
has been investigated.'®'? No research could be found pertaining
to the use of four rods vs three as well as to different spacing
positions of the rods around the circumference of the IEF rings and
its influence on frame stability. At least nothing is available in the
published English medical literature.
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The primary question we want answered was if there was
any difference in stability between four- and three-rod IEF
configurations. Secondarily if there was any difference in stability
between symmetrically and asymmetrically spaced rod IEF
configurations.

MATERIALS AND METHODS

Two 155-mm Taylor Spatial Frame™ (TSF) (Smith and Nephew,
Memphis, USA) full rings were used to construct 10 basic frame
configurations consisting of 2 rings only. The configurations were
divided into two groups. The first group (Group Square — S#) all
were constructed using four rods and had five different constructs
(S1-5). The second group (Group Triangle — T#), using three rods,
also had five different constructs (T1-5). The groups were pairable
in design, e.g., S1/T1, S2/T2, S3/T3, S4/T4, and S5/T5 (Fig. 1). The
rods were of 6-mm threaded medical grade stainless steel (Smith
and Nephew, Memphis, USA). The distance between the rings was
fixed at 15 cm. The first test sample in each group (S1 and T1) was
constructed with the rods equally spaced around the circumference
of the rings. Thus, S1's rod placement was every 90° and T1's rod
placement every 120°. Then, subsequent configurations in each
group had the anteriorly placed two rods be moved wider and
wider apart. The posterior two rods in the square group were moved
proportionately closer. In the triangle group, the third rod, making
up the triangle, was always positioned at the most posterior point
on the ring. Thus, the apex of the triangle was always posterior in
the anterior-posterior (AP) plane. Test samples S3 and T3 both had
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Fig. 1: Two paired test groups consisting of four- (Square — S#) and
three- (Triangle —T#) rod configurations. The solid black dots represent
rod positions on the rings. The greyed out area represents the area of
support (AOS) formed between the rods. The black circle represents the
centre loading point (LP). The grey circle represents the off-centre LP
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the anterior two rods positioned on the ring equator with spacing
in-between of 180°.

The frames were then loaded into a Zwick 1484 Universal
Testing Machine. A custom-made jig was developed for this study,
so that the frames could be securely mounted in the Zwick machine.
All the frames were then axially loaded at T mm/minute up to
4000 N (Fig. 2). Previous studies used upper loading values of 700
N, far less than what was applied here, due to that representing
the downward force of a standing man of average weight.'” We
argued that during normal gait up to 4.45 times body weight could
pass through the lower third tibia.?! Also, a high percentage South
Africans are generally obese, with more than 50% of men and
more than 60% of women being overweight in 2008.22 During the
centrally directed axial loading tests, all five test samples of each
group (S1-5 and T1-5) were tested. During the off-centre (simulated
bending) axial loading test, the last test sample of each group (S5
and T5, respectively) was not tested due to test samples S4 and T4
already demonstrating severe instability (bending). Bending was
only tested in the AP plane, and on the anterior aspect of the ring,
as this was the area of interest. This was the area where the anterior
two struts were being moved incrementally further apart and thus
where the frame would theoretically have increasingly less support
and stability. Torsional stress was not tested as we were unable
to attain a modification of the custom jig that would convert an
axially directed force into a coupled torsional directed force (as was
performed by Podolsky and Chao’).

We did not use a biological model due to the complexity of
recreating a representative model of the in vivo tibia. We felt that any
attempt would not be representative and introduce unnecessary
variables.

The first and second authors constructed all the frames,
using the standard llizarov set tools, performed all the tests, after
being trained by the Engineering department, and analysed the
data. Each test was performed only once. Frame deformation,
seen as shortening of the set 15 cm between the two rings, was
electronically captured by the Zwick machine. The results were
plotted by testXpert II™ software. The results were then further
analysed in Microsoft Office Excel 365™. Descriptive statistics were
used to describe the data and no further statistical analysis was
performed after discussion with a statistician.

Fig. 2: A four-rod test sample mounted in the custom jig before testing
in the Zwick 1484 Universal Testing Machine
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Fig. 3: A graph depicts the sudden decreases in load as the rods shift
in the ring holes
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The initial parts of the load-deformation curves varied in no
consistent pattern between the different frames. This was seen
between the values of 0 and 500 N. We realised that this was due
to the different contact points between the Zwick machine, the
custom jig, and the frame components “settling in” as the initial
loading pressure was being applied. Afterward, the curves started
to show a smooth trend which made interpretation possible.

In some of the samples at the extreme of testing (Fig. 3), we
noticed a sudden dip in the load-displacement curve which was
attributed to the rods, being held in the TSF ring rod hole by nuts
on both sides, shifting. It is well known that the holes in the classic
llizarov and the TSF rings’ diameter are wider than the 6 mm rods.
After the rod settled in a firmer position on the side of the hole, the
curve quickly returned to its normal overall trend.

After eliminating the initial parts of the curves between 0 and
500 N, we zeroed all the curves to start from the same point on the
chart, so that comparison between test samples could be made.

Centrally Applied Axial Force

Like the study performed by Tan et al.,'® we also demonstrated that
all the frames are more stiff during centrally applied loading than
off-centred loading (simulating a bending moment). Paired samples
S1/T1, S2/T2, and S3/T3 displayed similar load-bending curves
(Fig.4). There was no significant observed difference between them
and their stability did not seem to weaken in a specific logical order.
There was overlap at different places between the curves of S1, T1,
S2, and T2. S3 and T3 did display less stiffness but this was only
really apparent nearing forces more than 3,000 N. What was very
apparent was the reduction in stiffness displayed by test samples
S4/T4 and even more so by S5/T5. This instability is due to the
distance between the anterior two rods being more than 180°. All
therods were thus posterior to the ring equator and to the centrally
applied axial force loading point (LP). The applied force was thus
acting as a bending moment.

Off-centre Applied Axial Force

In these tests, the difference between the two test groups became
more apparent. All the constructs showed increasing less resistance
tobendingin alogical ordinal manner (Fig. 5). S1/T1 were the stiffest,

4500
4000
3500

0 02 04 06 038 1 12 14 16
Displacement (Millimeters)

--T1 --T2 ~-T3 --T4 --T5
—S1 —S2 —S3 —S4 —S5

Fig. 4: The load-displacement curves during centre axial loading
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Fig. 5: The load-displacement curves during off-centre axial loading
(simulated bending)

followed by S2/T2, then S3/T3 and finally S4/T4 being the weakest
(to such a degree that the S5/T5 bending tests were abandoned).
In the paired groups, the four-rod test sample was always stiffer in
comparison to its three-rod counterpart.

Discussion

It has been well demonstrated using Perren’s strain theory?>
that bone healing was influenced by axial force vectors.?*2® The
beneficial as well as detrimental effects of axial force and frequency
(compressive and distractive) have been well investigated, even
though there is uncertainty to which one is best.?” The other force
vectors (bending, translational, and torsional) are still considered
to be detrimental to bone healing,>?® even though some
authors found evidence contradicting this.?’ Due to this current
understanding of force vectors on bone healing, the priorities
of any fixation device (be that either internal or external) are to
neutralise any bending, translational, and rotational shear forces
while at the same time controlling axial forces within the boundaries
of the device’s design and application purpose. On the one hand
for direct healing, absolute stability (torsional, translational, and
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bending all neutralised) with compression across the fracture gap is
required. On the other hand for indirect healing torsion, translation
as well as bending must be neutralised but axial forces have to be
controlled within the tolerable stress range of the tissue that needs
to form. The IEF also needs to deliver on these requirements.

The various IEF components, and each’s influence on the
different force vectors, have been extensively studied, except for the
connecting rod configurations. It is assumed from Ilizarov’s original
work that four connecting rods, as near to symmetrically spaced
around the circumference of the rings, are the standard of care.
Numerous authors attest to this view of using four rods.>'8-2° Only
Podolsky and Chao mentioned three rods may be used, although
it did not form part of his investigation.” Even though some studies
have looked at an increased number of rods (more than four),”®
none investigated the use of three. Some clinicians prefer the use
of three rods as this reduces the complexity of the frame. Also, none
of the studies looked at asymmetrical spacing of the rods. This is
very much the case in clinical practice, as the rods may need to be
moved out of a position of symmetry to account for a wire or half
pin that needs to be put in that very position on the ring. This also
is the case when an ankle spanning frame is applied. A full ring on
the distal tibia needs to be connected to a U-ring around the foot.
Symmetrical spacing around the distal tibia isimpossible as the full
and U-rings do not match up in shape.

After comparing the different test samples, a few observations
could be made by looking at the load-displacement curves.

There seems to be no significant difference between the
stability, during central axial loading, of the four- and three-rod
test samples as long as the LP falls within the area of support (AOS)
created between the rods (refer to the schematic of test samples
S1/T1 and S2/T2 in Fig. 1). This observation is also applicable if
the LP falls on the border of the AOS (refer to the schematic of
test sample S3/T4 in Fig. 1). Once the LP falls outside the AOS, the
same centrally applied force becomes a bending moment and
the frame starts to deform. The resulting effect being that the
anterior part of the frame is being compressed while the posterior
part is being distracted. This rate of deformation becomes more
pronounced the further outside the AOS the LP falls. If the bone
segment is seen as the axis of the LP, then to be sure that the LP
is within the AOS there has to be a visible rod on each side of the
bone segment on both the AP and lateral views. The “rule of twos”,
as described by Rozbruch and llizarov, is a well-known guide to
IEF construction:?°

+  2.cm between skin and frame.

- 2rings per bone segment.

« 2 point of fixation per ring.

« 2 X2 (thus 4) connecting rods between rings.

«  Bothends (thus 2) of the bone segment must be stabilised — the
“near and far” principle.

« 2 planes of fixation per ring.

Due to the test findings, it could be considered adding to the
rules “rods on 2 sides on 2 views (one on either side of the bone
segment)”. This would be most relevant in the tibia where the
bone is eccentrically placed within the lower leg and the rings.
Care should be taken to keep the tibia within the AOS of the frame.

The off centre axially applied (simulated bending) tests gave
more insight into the difference in stability between the four- and
three-rod test samples. Between the different test pairs, S1/T1, S2/
T2, S3/T3, and S4/T4, the four-rod test sample was always more
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resistant than the three-rod test sample to bending. Since the LP
was outside the AOS from the onset the load-displacement curves
were worse than for the corresponding centrally loaded test pair.
Thereason for the square four-rod test samples being more resistant
to bending was likely due to the two posterior rods that provided
more rigidity than the single posterior rod of the triangular three-
rod test samples.

All the test samples had a curved load-displacement graph.
Even the test samples loaded centrally with the LP falling within the
AOS. This means that with any frame, even sturdily built, following
correct placement principles of all the components as described
by the literature, that there will be a very minor shortening of the
distance between the rings spanning the fracture site on each step.
This indicates that the rods have to be bulging sideward, within its
elastic capacity, during the weight-bearing phase of the gait cycle.
Does this actually happen in vivo? Maybe not as the smooth wire
and half pins are likely absorbing the axial force. Since this study
did not apply the axial forces through a bone-wire interface, we
can only speculate.

Study Limitations

There are limitations to our study, foremost it being an in vitro
study. Manipulating only one isolated variable in a biomechanical
study will never be a proper substitute for a randomised control
clinical trial. But it is still a good and safe departure point for
further research. Also, we did not test posterior, lateral, or medial
bending. Rotational stability was also not assessed. Critique may
also be levered at the manipulation of the data to make the load-
displacement graphs overlap and thus be more comparable. Since
it was never the aim of the study to gather absolute values for
stiffness but rather to compare trends this may well be considered
a minor weakness. Another limitation was that only a single ring
size (160 mm) was used during testing. With smaller ring sizes (e.g.,
80 mm), the construct’s stiffness may be so high that the spacing
of the rods may be irrelevant.

Future Research

Future investigation may further exploit the LP in the AOS, the
“rods on 2 sides on 2 views”, principle. By constructing further test
samples with asymmetrically spaced rods, the LP could be shifted to
always stay within the AOS and see if the load-displacement curves’
trend changes. Torsional stiffness also needs to be investigated
between different rod configurations. The same concept may also
be tested with a biological model, with a standardised wire or half
pin configuration (to remove confounding factors) to see if the bone
segment can be substituted for the LP.

CONCLUSION

There is comparable stiffness between a four- and a three-rod IEF
during axial load as long as the LP remains within the AOS (formed
by the rods). A four-rod IEF is stiffer in bending than a three-rod
IEF. Recommendations regarding the use of a three-rod construct,
if unavoidable, cannot be supported or refuted by this research.

CLINICAL SIGNIFICANCE

Some elements or techniques regarding the applications of IEFs are
sometimes very dogmatic and the origin of some of the “seen as
standard” principles are never explored. This study aims to explore
one of these application principles and possibly the results will
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change the paradigm of some Orthopaedic Traumatologists and
Reconstructive Surgeons.
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