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Abstract

Ohjective. To determine how the manipulation of the parameters of fixation and components of the circular external frame could
improve and maintain optimal stability of bone fragments.

Design. We performed a multi-paramettic bipmechanical analysis of the extrinsic parameters effecting bone fragment stabiliza-
tion. Results of testing are presented as a percent change in stiffness due to the manipulation of frame components and their
interaction with other fixation parameters.

Background. Although there have been investigations of the biomechanical characteristics of circular external fixation, they
have becn limited to either individual frame components or full frame comparisons. Therefore, these studies did not provide a
comprehensive understanding of how the manipulation of cirewlar fixator components influences bone fragment stability.

Methods. Mechanical testing was performed in three phases examining the effect of numerous components including ring
diameter, wire angle, ring separation, stc. on axial, torsional and bending stiffness.

Results. For phase I (single ring) and phase 11 (double-ring block), ring diameter was the most significant factor affecting axial
and torsional stiffness, while wire angle, ring separation, and their mteraction had the most inflnence on bending stiffness. Phase
TI (two double-ring blocks) showed that ring positioning with respect to the osteotomy site had the most affect on bending and
torsional stiffness while axal stiffness was non-lincar and dependent upon the applied load.

Conclusions. The stability of bone fragments within a circular external fixator is affected by manipulation of the parameters of
fixation or individual componenis of the frame. The contribution of each component to overall bone fragment stability is
dependent upon the mode of loading. The changes in overall stability of bone fragments are dependent not only on the
individual frame components but also upon their interaction with other parameters of fixation.

Relevance

Understanding how the manipulation of individual frame components will affect overall bone fragment stabilization will allow
the surgeon to better control the stability of bone fragments for each clinical sitmation. @ 1998 Elsevier Science Lid. All rights
rescrved.
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1. Introduction

Circular external fixation using thin tensioned wires
has had in¢reasing popularity over the past decade,
gaining recognition for its advantages in fracture
healing, limb lengthening and deformity correction.
Those advantages include better tolerance of thin wires
by bony and soft tissues, and stabic, but not rigid,
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fixation of bone fragments promoting axial micromo-
tion during weight bearing. Based on clinical expen-
ence and numerous bigmechanical studies, the optimal
stabilization of bone fragments within an external
circular device is achieved through a two-level
segmental fixation with three or four wires inserted at
right angles [1,2]. In most clinical situations, however,
wires can not be positioned at right angles due to
anatomical limitations or complexity of bone deformity
[3.4]. Reducing the number of wires or decreasing the
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angle between wires may affect the bending stiffness of
the bone fragment, thercfore compromising the overall
fixation. In these cases, bone stabilization can be
improved by the manipulation of other parameters of
fixation or frame components such as ring diameter,
wire diameter, ring separation, etc.

Although there have been investigailons of the
biomechanical characteristics of circular external
fixation [S-15], they have been limited to either indivi-
dual frame components or fuli frame comparisons. The
goal of this study was to approach the biomechanics of
circular external fixation in a methodical fashion to
determine the relative effect of not only individual
frame components and specific parameters of fixatton
but their interactions on axial compression, torsional
stiffness, and bending. The main hypothesis to be
tested was that manipulation of individual components
of the circular external frame could improve and
maintain optimal stability of bone fragment fixation.

2. Methods

Mechanical testing was divided into three phases.
Phase I investigated the effect of two cross-tensioned
wires on stability of single-ring bone fragment fixation
(Fig. 1 {A)). Components tested in this phase were ring
diameter (RD): 120, 160, 200mm; wire diameter
(WD}: 1.5, 1.8 mm; wire tension (WT): 90, 130 kg: and
wire angle (WA): 30°, 45°, 90°. Phase II examined
components of a double-ring block, which is a typical
frame configuration for two-level segmental bone
fragment fixation (Fig. 1 (B)). This phase tested ring
diameter (RD): 120, 200 mm; ring separation (RS): 10,
200 mm; osteotomy site wire angle (OWA): 0°, 30°, 90%;
joint site wire angle (JWA): 30° 50° and number of
wires (WN): 3, 4. A 0° OWA, represented a three-wirc
double-ring block with the single wire inserted in the
M-L plane and hisecting the TWA. Loads were applied
to the Delrin 100 mm from the ring with the OWAL
Phasc I11 studied the stability of two asymmetric-length
bone fragments fixed to an external frame (Fig. 1 (C)).
The fixator consisted of two double-ring blocks

haxilat

A B.

Fig. 1. Construct set-up for (4) phase L. (B) phase I and (C) phase 111

connected by four rods, which iz a typical frame
configuration used for fracture fixation, tibial iength-
ening, and deformity correction, This phasc investi-
gated the osteotomy site wire angle for both proximal
(PWA) and distal (DWA) fragments: 0°, 30°, 457, 90%;
distal fragment ring separation (DRS): 10, 60, 110,
160 mm; and number of wires (WN): 6, 7, 8 In
addition, two types of wire (olive, smooth), different
ring materials (stainless stecl, carbon composite,
aluminum), and two types of connecting rods
(threaded, telescopic) were examined in this phase.

Stainless steel (unless otherwise noted) Ilizarov
external fixation components (Smith & Nephew
Richards, Memphis, TN) were used. Solid 38 mm
diameter Delrin cylinders, centrally located within the
ring(s), were used as a bone model. K-wircs were
tensioned with a dynamometric wire tensioner (Smith
& Nephew Richards, Memphis, TN). To ensure clinical
applicability of the results, paramcters were restricted
to those typically encountered during the utilization of
the device. Variables not found to have significant
affect on bone fragment stability in one phase were
eliminated from subsequent phases.

Stability of fixarion was measured in axal compres-
sion (AC), torsion (T), anterior—posterior (A-P)
bending, and medial-lateral (M-L) bending using a
universal testing system (MTS 858, Minneapolis, MN).
Loads were applied through the Delrin at a distance of
100 mm from the wire—bone interface(s). For phases 1
and II, the rings were held rigidly to the test system
and loaded at a tate of 13Ns"!, 375 Nmms~' and
1.2 Ns™! for axial compression, torsion and bending,
respectively. For phase III, axial and torsional loads
were applicd at a rate of 20Ns™' and 375 Nmms~',
respeciively through the distal fragment with the
proximal fragmem held rigidly to the test system.
Transverse bending was applied at a rate of 3Ns™' in
a four-point bending method, which generated a
constant moment across the frame. Axial displacement
of the bone fragments was measured using an cxtens-
ometer (MTS, model 632.11B-26) positioned across the
fracturc gap. Torsional rotation was determined using
two transducers (Celesco, PT-1-1-10A) positioned at
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the fracture gap. Transverse displacement of both
fragments was analyzed with two linear potentiometers
(Maurey Instr. Corp., M1326-1-6102) positioned at the
fracture gap.

The load/displacement characteristics were plotted
on an X-Y plotter (Soltec VP-64248) and analyzed to
determine the stiffness in all four loading modes.
Resulting values had the units of Newton per milli-
meter (Nmm~') for axial and bending modes, and
Newton millimeter per degrees (Nmmdeg™') for
torsion. Each configuration was tested three times per
loading mode (AC, T, A-F, amd M-L), and the
averaged stiffness values were evaluated to detcrmine
the percent change in mcehanical stiffness due to an
individual frame component. Statistical analysis was
performed with the PC/SAS software package, using a
four-way analysis of vanance (ANOVA), allowing for
sccond-order  interactions. The percent of total
variance in stiffness that could be attributed to0 a
component or their interactions, and the total varia-
bility that could be explained by the model. were
calculated. Smail percentage values for a component
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Fig. 2. Stiffness graphs for phase | (single-ring).

would suggest that no matter how that component was
manipulated, the effect on bone fragment stabilization
would be negligible. Converscly, large percentage
values for 2 component indicated that manipulation of
said component would have significant impact on bone
fragment stabilization.

3. Resulis
3.1. Phase I — single ring (Fig. 2 {A)—(D), Table 1)

Ring diameter had the greatest effect in all four
loading modes (£ =0.0001). However, each 40 mm
enlargement in ring diameter decreased axial stifiness
30%, while reducing torsion, A~P and M-L bending
stiffness only 10%. Axial and torsional stiffness were
also reduced 10% (P = (.0001) when the wire diameter
was deereased from 1.8 to 1.54nm. Wire angle had no
substantial effect on axial or torsional stability, but was
the most notable parameter affecting bending
(P =0.0001). A reduction in wire angle from 90° to 45°
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deereased A~P bending stiffness 160% and increased
M-L bending stiffness 60%. Howcver, a further reduc-
tion in wire angle (45-30") decreased A-P bending
stiffnpess an additional 90%, while improving M-L
bending stiffness only 10%. Increasing wire tension,
from 90 kg to 130 kg, had a negligible effect on all four
loading modes.

3.2 Phase Il — double-ring block (Fig. 3 (4)-(D),
Table 1)

Due to a minimal contribution to stiffness during
phase [, testing of wire diameter and wire tension wete
climinated as variables. Therefore, 1.8 mm wires
tensioned to 130 kg were used for phase II and [

“Table 1
Percent contribution of parameters of fixation, components of
external fixator, and their interactions to overall stability of the bone
frapment(s} fixation

Torsion A-P M-L
bending bending

Component Axial
compression

Phasc | {single-ring)

Ring diameter o937 427 3.0 10.2
{0.000D) (.0001) (0.001)  (0.0001)

Wire diameter 36 34 01 15
{0.0001) (0.0001) (0.13)  (D.006)

Wire tension 0.4 36 s 20
(0.015) (0.046) (0.002) (D.002)

Wire angle 04 21 93.3 314
(0.043) (0.2 (0.0001) (0.0001)

% Total 98.1 79.8 97.6 94.7

Phase H (double-ring Block)
Ring diameter 88.9 272 53 76

(0.0001)  (0.0001) (0.0001) (D.0001)
Ostecotomy wire angle 57 300 7.8 4.7
(0.0001) (3:0001) ¢0.0001) (0.0001)
Ring separation 1.1 132 80.7 8.9
(0.0005) (00001} (0.0001) (0.0001)
Ring diamerter and ring 0z 5.7 1.6 0.03
separation {0.054) {0.003) (0.0003) (055)
Osteatomy wire angle and 0.6 18 12 46,2
ring separaiion (0.033) (0.13)  (0.009) (0.0001)
% Total 96.5 7.9 6.6 974
Phase 11 (two double-ring blocks)
Proximal wire angle 39 29.4 103 14.0
(DO001)  (0.0001) (040013 (0.002)
Distal wire angle 0.6 39 1.0 9.1
{0.013) (0.05) (0.045) (0.009)
Distal ong separation 03 48.2 84.0 520
(0.08) (0.0001) (0.0001) (0.0001)
Applied load 80.5 MNA NA NA
((L0001)
[Distaj wire angle and distal 0.6 23 o.M 13.1
ring separation {037 0.67)  (0.7) {0.026)
95,3 882

% Total 24.9 86.6

configurations. Because the effect of ring diameter on
stability of fixation was linear, this parameter was
reduced to two sizes (120 and 200 mm).

As with phase I, ring diameter had a substantial
effect on axial compression, torsion, and bending
(P =00001). A ring diameter enlargement of 80 mm
decreased axial stiffness 55%, torsional stiffness 10%,
and bending stiffness 30%. The distance between the
rings had the greatest effect on bending (F = (1.0001).
Increasing ring separation from 10mm to 200 mm
improved A-P bending stiffness 3409 and decreased
M-~L bending stiffness 35%. Ring separation had a
nominal effect on torsional rigidity decreasing it 10%
and had no substantial effect on axial stiffness.

Four-wire configurations were more stable than
three-wire configurations for all modes of testing
(P=0.0001}. Axial and torsional stiffness was
improved 30% in four-wire configurations. However,
neither joint nor osteotomy wire angles influenced axial
compression and torsion. Furthermore, joint wire angle
had no influence on bending stability, while osteotomy
wire angle had a substantial effect on bending stiffness.
Both A-P and M-L bending stiffness were improved
25-30% in four-wire configurations with osteotomy
wire angle 30° and ring separation 10 mm.

Further increase in osteotomy wire angle (30-90%)
improved A-FP bending stiffness 30% and M-L
bending stiffness 20%. In four-wire configurations with
a 30° osteotomy wire angle and Z00 mm ring separa-
tion, A-P and M-L bending stiffness were improved
10% and 60%, respectively.

Further increase in osteotomy wire angle to S0°
improved A-F bending stiffness only 10%, while
increasing M—L bending stiffness 70%%.

3.3 Phase Il — two double-ring blocks (Fig. 4 {A)—{D),
Table 1}

Because ring diameter’s effect on stiffness was linear
for phase I (single ring) and phase II (double-ring
block), this parameter was eliminated as a variable.
Joint wire angle was also eliminated as variable due to
its minimal contribution to stiffness during phase II
testing. Therefore, 150 mm diameter rings with a joint
wirc angle of 90° were used for phase |III
configurations.

The load/displacement plots for axial compression
demonstrated a non-linear relationship that was not
seen in previous phases of testing. For analysis, load/
displaccment curves were divided into three load
ranges: 0-215N, 215-415N, and 415-620N as
described by Podosky et al. [14]. There was an average
35-40% increase in axial stiffness between ranges. As
with phase Ii, wire number had a substantial effect on
axial stability (£ =0.0001) improving it 10% with the

L
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insertion of each additional wire. Distal fragment ring
separation and both osteotomy wire angles had no
effect on the axial stiffness.

Torsional stability was highly influenced by distal
fragment ring separation (£ =0.0001). A 110 mm distal
fragment ring separation was 5%, 10%, and 30% more
stable than ring separations 160, 60, and 10 mm,
respectively. The number of wires also had a substan-
tial effect on torsional stiffness with a 10% improve-
ment for each additional wire.

Distal fragment ring separation greatly influenced
both A-P and M-L bending (£ =0.0001). A distance
of 160 mm provided the most stable configurations
regardless of wire angle. A-P bending stiffness demon-
strated a 40% decreasc, whereas M-L bending showed
a 309 decrease in stiffness for cach 530 mm reduction
of distal fragment ring separation. Number of wires
had a substantial effect on bending of the proximal
fragment and only nominal influence on bending of the
distal fragment (P<0.05). This effect was best empha-
sized at a distal fragment ring separation of 60 mm
demonstrating 30% stiffness increase with four-wire
fragment fixation.

A. Axlal Compression

o .
OWA U %[0 30 45[0 30 45 o0
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Fig. 3. Stifiness graphs for phase I (double-ring black).

Wire angle in general had only a modest effect on
both A-P and M-L bending. Therefore, this effect was
noticeable only when the wire angle, cither proximal or
distal, was 90° producing 10% stiffness increase.
Proximal wire angle was a more influential factor om
A-~P bending (P=0.05), while distal wire angle had
more effect on M—-L bending stiffness (P« 0.05).

Transverse shear motion was determined by the
relative displacement between the proximal and distal
fragments. For the load range applicd (up o S0 N)
both A-F and M-L bending modes demonstrated less
than ! mm transverse shear hetween fragments for a
distal ring block separation of 160 mm. At a ring separ-
ation of 110 mm, a force of 7) and 43 N was required
to generate a displacement of 1 mm for A-P and M=L
bending, respectively. Decreasing the distance between
the distal rings to less than 60 mm required less than
30N to generate the same amount of shear.

Telescopic rods improved bending and torsional
stiffness of two double-ring blocks configurations 10%
and 25%, respectively compared to 6 mm threaded
rods. Although olive wires had no influence on axal,
torsional, and A-P bending stiffness, they improved

B. Torslon

D. M-L Banding
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M-L bending stiffness 20% but only for distal
fragment ring separations of 60mm, 110mm, and
160 mm. The ring materials did not affect any mode of
testing.

4. Discussion

Successful application of external circular fixation for
limb lengthening, deformity correction, and fracture
healing is dependent upon numerous biclogical and
biomechanical factors. Biological factors include the
type and level of osteotomy, the preservation and
maintenance of adequate blood supply, and the quality
of bony and surrounding soft tissues. The biomechan-
ical factors determined to be important are fixator
rigidity and stability of bone fragment fixation within
the circular framc. The fundamental difference
between circular and monolateral external fixators is
the use of thin pretensioned wires as fixarion elements.
These wires are better tolerated by the bone and soft
tissue, thereby significantly reducing the rate of compli-
cations. Small diameter fixation wires also provide
¢lastic fixation at low loads allowing micromotion of
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Fig. 4. Stiffness graphs for phase 111 (two double-ring blacks).

the bone fragments during weight bearing, which has
been deemed beneficial to fracture healing and the
formation of distraction regeneratc [16]. The stability
of bone fragment fixation is highly dependent upon the
number and orientation of the wires. Clinical experi-
cnce and biomechanical studics have demonstrated
that optimal stabilization of a bone fragment within
rings can be achieved by two-level segmental fixation
with three or four wires inserted at right angle to each
other [1,2]. However, the anatomy of the limb segment
may limit the number of fixation wires and the angle of
their  intersection, which is often less than 9°
Reducing the number of wires and decreasing the
angle between them may affect the stability of bone
fixation, especially in the sagittal plane. In these cases,
compromised fixation can be improved by changing the
other parameters of fixation wires such as length,
diameter, or tension, as well as by the manipulation of
other components of the circular fixator,

Several prior biomechanical investigations have
analyzed the cffect of some individual components of
the external circular fixator on the bone fixation [5-15].
These studies, however, did not demonstrate the
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contribution of each individual component to the
overall stiffincss and how the interaction between
different components influences the stability of bone
fragment fixation. In the present study each individual
component was biomechanically evalvated in three
phases (single ring, double-ring block, and complete
two double-ring block frame) to demonsirate the effect
of said component on overall stiffness as levels of bone
fragment fixation increased. Therefore, the utilization
of a four-way analysis of variance allowing for sccond-
order interactions permitted the quantification of the
relative effect those different components and their
interactions had on the vanability seen in stability of
fixation.

The present study confirmed the importance of ring
diameter. wire angle, wire tension, and wire diameter
on bone fragment stabilization with circular external
support. Ring diamcter had the most influence on
overall stability, while wire angle had the most effect
on bending stifiness. While the effect of wire diameter
was significant for all modes of testing, except A-F
bending (Table 1), it only substantially accounted for
the variability seen in torsional stiffness. The effecr of
wire tension was also significant for all four loading
maodes, but had the least effect on construct variability,
except M-L bending.

Ring diameter was the most influcntial component in
all four Ioading modes of the double-ring construct
(Table 1). Axial and torsional stiffness were improved
by the insertion of additional wires while ring separa-
tion and wire angle were the most important compo-
nents affecting bending. Individually, ring separation
and wire angle could not adequately explain the varia-
bility in bending stiffness between diffcrent configura-
tions. Therefore, bending stability was dependent upon
both variables. A small wire angle substantially
impraved stiffness for a small ring separation whereas
a large wire angle improves bone stabilization for a
larger ring scparation. The most prominent effect of
this interaction was seccn for M-L bending of the
double-ring block configurations. The effect of ring
separation on the stability of the three-wirc double-ring
frame configuration was previously studied by Orbay ez
al. [13]. Their results demonstrated that as the ring
separation increases, M-L bending stiffness remains
constant, whereas A—P bending stiffness increascs but
only when the ring separation is greater than 3 cm.
Results of our testing were similar for both A-F and
M-L bending stiffness but only for the small distances
between two mngs. With the larger ring separation
(200 mm) used in the current study, M-L bending stiff-
ness decreases due to bone slippage along the third
wire. Distance between the rings in the double-ring
block configurations also affected torsional rigidity
reducing it when ring separation was increased.

Previous studies that bhave examined full frame
configurations [5,7-11,14,15] have typically tested two
equal length bone segments attached to symmetric
fixation blocks. Usually two wire angles (i.e., 90 and
45%) were evaluated and comparcd to the standard
reference construct. In clinical practice, however, an
osteotomy for limb lengthening or deformity correction
is often performed at the levcl of metaphysis gener-
ating a short proximal and long distal bone fragments.
This surgical protocol was used in our study to
asscmble phase I1I frame configurations consisting of a
short proximal and variable distal double-ring blocks.

During axial compression, bone fragment stability
demonstrated a non-linear relationship with respect to
the applied load. This non-linear relationship has been
demaonstrated by previous investigators [10,14] and was
attributed to a stress stiffcning effect of the wires,
which arc more resistant to deflection as loads
increase. Further improvement of axial stiffness in our
study was contributed to increasing number of fixation
wires,

Torsional stability was substantially affected by the
location of the proximal ring on the distal fragment
(Table 1), The most stable frame configuration with
respect to torsional stiffness occurred when the distal
block ring separation was equal to the distance
between the two double-ring blocks. Translating the
proximal ring of the distal fragment cither prozimally
ot distally incrcases the length of either distal block
ring separation or the distance between the two
double-ring blocks, therefore reducing the torsional
stability.

Analysis of the bending stability showed that there
was a substantial reduction in bending stiffness in both
A=P and M-L planes, with a reduction in distal block
ring separation. Translating the proximal ring of the
distal fragment distally creates a longer unsupported
bone segment that is rcadily displaced, promoting
shear between the bone fragments. Although trans-
verse shear motion has not been extensively studied,
this type of displacement between bone fragments is
thought to be detrimental to fracture healing [17].

There arc several limitations to the current study.
Although the intrinsic factors (Le., soft tissue tension
and bone regenerate stiffness) provides substantial
contribution to overall bone fragment stabilization [18],
this study specifically focused on the extrinsic factors
such as ring diameter, wire diameter, wire angle, etc. In
clinical situations, variations in bone geometry and
mechanical properties of bone tissues will inherently
affect the overall stability of fixation. The use of a
uniform plastic cylinder as a bone model eliminated
this variability and allowed an investigation of only
those factors that can be directly controlled during
frame application.
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5. Conclusion

The stability of bone fragments within circular
external fixator is affected by manipulation of the
parameters of fixation or individual components of the
frame. The contribution of each component to overall
bone fragment stability is dependent upon the mode of
loading. Ring diameter, determining the length of the
wires, has the greatest effect on stability of fixation.
Minimization of the ring diameter substantially
improves axial stability, torsional stiffness and bending
rigidity of the bone fragments. Increasing the number
of wires improves both axial and torsional stiffness,
while torsional stability may be further improved by
reducing the distance of ring separation. Bending
stability in anterior—posterior or medial-latcral direc-
tions ¢an be improved by rcducing the relative wire
angle while sacrificing stability in the opposing dirce-
tion. However, a small wire angle permiis bone
slippage and special wires with stoppers should be used
to increase the stability of the bone fragment.

The changes in overall stability of bone fragments
arc dependent not only on the individual frame compo-
nenis but also upon their interaction with other param-
eters of fixation. Torsional and bending stiffness are
the most affected by component intcractions. Ring
diamecter has substantial effect on torsional stability
only for small (about 10 mm) distances of the ring
separation. This effect is reduced as ring separation
increases until the influence of ring separation
dominates in torsional stitffness. The contribution of
the interaction between wire angle and ring scparation
is similar. For the small ring separation, a minimization
of the angle between crossing wires is the most
effective way to increase bending stiffness. For the
larger ring separation, either incrcasing the wire angle
or the use of the special wires with stoppers will
substantially improve bending stiffness.
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