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Abstract

Among the factors determining the stability of external fixator osteosyntheses the deciding
factor is the configuration of the montage. The authors examined the stability of unilateral and
V-forms used in crural fractures together with a Budapest University of Technology task force.
They performed osteotomy on cadaver bones and used a total of 12 kinds of montage variations.
The various montages were exposed to 5 types of static load, their stability was tested, and finite
element model experiments were performed. The load tests were evaluated by computer and the
charts were compared. It was concluded that unilateral montages are most stable when the pins
are placed in the greatest possible distance from each other within one segment and the rods
are far from each other. In case of V-frame symmetrically inserted pins should be avoided in the
second plane for better stability. Finite element model has verified the biomechanical observa-
tions. During the biomechanical experiment the authors have gained useful experiences for
further clinical practice.

Keywords: external fixator, tibial fracture, finite element analysis, comparative study, fixator
montage, biomechanical analysis

Introduction the same method, and shifts were examined.
At the end finite element model experiments
In case of bone fractures the person’s inner  were performed?.
statical support structure gets injured. As  Planning:
1. Montage planning
2. Course of the study

3. Measurement planning

a result of the muscles’draught the limb
shortens, and the fracture dislocates. If inner
osteosynthesis is not desirable because of soft
tissue injury an outer statical frame: external 4. Comparision of results
fixator is used. Outer frames are different from
inner syntheses, they are less stable but their
effect on the fracture can be modified in space  Method

and time. Among the factors determining the

stability of fixator osteosyntheses the deciding
factor is the configuration of the montage!2:3*5,
We examined the stability of unilateral and
V-frames in crural fractures together with a
Budapest University of Technology task force
in a biomechanics laboratory®’. The various

montages were exposed to static load using

Elements of the fixator montage:

1. Position of pins within the shin and within
the segment

2. Position of rods as compared to the pins and
cach other

3. Properties of the linking element

4. Montage variations
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1. According to the theory ideal pin position
in case of unilateral frame is determined by
the soft tissue coating. While in the past frame
forms were used that were pierced through
actively moving muscle elements today we aim
the anterior medial surface of the tibia, avoid-
ing the soft tissue coating. The pins are inserted
in the sagittal plane, in line with each other.
The position of two pins within a segment can
be distant or close. In the distant type one of
the pins inserted in the same plane is situated
closest to the fracture and the other is furthest.
In the other type the two pins are inserted close
to each other (Figure I1). The latter type is used
by many fixator systems (Hoffmann-Vidal,
AO-Synthes double clamp)®10:11:12,

2. Position of the rods was also examined. Two
rods were mounted on the pins in two different
ways. In the distant type one of the rods was
placed closest to the skin while the other the
furthest. In the close type the two rods were
placed close to each other. Another condition
was also examined. In one group both rods

close far

Figure 1. The compared position of pins

symmetrical asymmetrical

Figure 3. Position of the pins in plane

were placed on the same side of the pins, while
in the control group the two rods were placed
to opposite sides (Figure 2).

3.In case of three-dimensional that is two-
plane montages the pins of the second plane
must be placed furthest from the midpoint
of the two pins inserted in the first plane within
the segment. Therefore they won’t act as
support ponts of a two-armed lever. In this
case the montage becomes instabile and the
effect on the fracture will not be appropriate.
The aim of our study is to prove this thesis
(Figure 3).

Position of the rods in V-frame was also ana-
lysed. In one group the rods were placed in the
inner side, in the other group the outer side.
In the third group we used connecting bars
(Figure 4).

Biomechanical tests were performed in

order to determine the right montage confi-

guration!31H15,16,17,18,19

b4

close far

same side  opposite side

Figure 2. The compared position of rods
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inner side outer side crossbars

Figure 4. Position of rods at V-shape
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Preparation of bone samples

Oblique osteotomy of 45 degrees was made on
cadaver tibias, and then unilateral frame was
mounted in the sagittal plane. The two pins in
the same segment were inserted in two different
distances (Figure 1). The pins were connected
by rods. Three configurations were used in the
rod positions: close to the bone, furthest from
the bone and same side or opposite sides of the
pins. In the other main group V-frames with
various pin positions were mounted. The pins
of the second plane were either inserted in the
midpoint or far away from it, asymmetrically.
The rods were placed on either the inner or
the outer side of the V-shape. At the end the
longitudinal rod-system was connected by
crossbars. By this method we created 12 types
of montages.

Materials and methods

1. Measurement of the stability of crural
external fixator montages

The montages were exposed to comparative
study. Five types of static load were used:
axial, varus and valgus stress, recurvation and
antecurvation. Dislocation was examined in the
level of osteotomy. Our first idea was detection
using an optical camera but that wasn’t
accurate enough. We tried to use pressure
stamps built between the fracture surfaces but
those didn’t work either. Thus we got to use
indicator gauges detecting shift with 001 mm
accuracy. The rod system of the gauges was
fixed using fixator pins in a preset distance
from the fracture, on both sides of the fracture.
We calculated the shift projected to the fracture
plane using mathematical formulas. The shift
along the axis was tested by axial load, and
the load was increased by 10 N each time. For
further tests one end of the sample was fixed,
and weights were hanged on the other end; the

load was increased by 10 N each time. The shifts
were detected by 4 gauges in specific positions.
Bending and rotation were measured in two
planes perpendicular to each other.

The tests were performed in the Biomechani-
cal Laboratory of the Budapest University of
Technology.

1.1. Aim of the measurement

The external fixator montages mounted on
preparated (osteotomy) cadaver tibiac were
exposed to various loads (axial, valgus, varus,
antecurvation, recurvation), and the relative
shift and relative rotation between the fracture

surfaces were measured.

1.2. Measurement process

One end of the tibia was rigidly clamped
while the other end was exposed to gradually
increasing load. Relative shift between the
fracture surfaces was measured as a function
of the force used.

A mechanical system was used for measure-
ment with indicator gauges of 0.0l mm
accuracy (Figure 5).

Both ends of the cadaver tibia were stuck into
a metal basket using epoxy resin. The proxi-
mal end was rigidly fixed by a metal clamp,

Figure 5. Measuring disposition
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and then we hanged weights on the distal end.
Four gauges were installed. The gauges were
fixed to a preset distance from the plane of
osteotomy (fracture gap) by 2 Schanz screws.
The instrument measured the shift between
the two Schanz screws by 0.0l mm accuracy.
The shift projected to the plane of osteotomy
was calculated from the measured data using
mathematical formulas.

2. Interpretation of experiment
parameters

Figure 6, 7 show the geometrical parameters
of the montage used in the study (N, R), the
position of the gauges (O) and the relative shift
measured by the gauges (M).

N1,2,3 — distance between pins

R1,2 — distance between the rods and the mid-
line of the bone

M1,2,34 — distance between the gauges and
the midline of the bone

01,23 — relative shift of gauges in signed
numbers

The number of possible variations is 12. Each

Figure 7. Measuring parameters II.

g

) g =

cHN - T - -

< s = 2 &

1. Unilateral, pins close X X X X X

2. Unilateral, pins far X X X X X

3. Unilateral, rods close X X X X X

4. Unilateral, rods far X X X X X

5. Unilateral, rods same side X X X X X

6. Unilateral, rods opposite side X X X X X

7. V-shape, pins in the midline X X X X X

8. V-shape, close to fracture X X X X X

9. V-shape, far from fracture X X X X X

10. V-shape, rod in the inner side X X X X X
11. V-shape, rod in the outer side X X X X X
12. V-shape + crossbars X X X X X

Table 1. “X’ is for measurements that were performed. Red indicates the variation of pin positioning,
black indicates the variation of rod positioning”
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montages were exposed to 5 types of load,
therefore 60 measurements were performed.
The tests were repeated on 5 cadaver tibiae,
and then the mean value was calculated.
The variations are summarized in a table

(Table 1).

3.  Configuration of the tested montages

Detailed discussion on each variations would
be beyond the confines of this study, therefore
here we present only 6 measurements of the
12 considered as significant.

3.1. Configuration of unilateral montage
No. 1: N: far, R: far, same

The pins are positioned in the greatest pos-
sible distance from each other, that is one pin
is placed as close to the fracture as possible
(N2=42 mm) and the other is placed as far as
possible (N1 =N3=84 mm).

Position of the rods: As close to the bone as
possible (R1=45 mm) and as far as possible
(R2=90 mm), and the rods are positioned on
the same side of the pin (Figure 8).

Unilateral-antecurvation

P:far R:far

Figure 8. Montage variation Unilat
P: far R: far, same

3.2. Configuration of unilateral montage
No. 2: N: far, R: far, opposite

The pins are positioned in the greatest pos-
sible distance from each other, that is one pin
is placed as close to the fracture as possible
(N2=42 mm) and the other is placed as far as
possible (N1=N3=84 mm).

Position of the rods: As close to the bone as
possible (R1=45 mm) and as far as possible
(R2=90 mm), and the rods are positioned on
opposite sides of the pin (Figure 9).

3.3. Configuration of unilateral montage
No. 3: N: far, R: close, opposite

The pins are positioned in the greatest possible
distance from each other, that is one pin is
placed as close to the fracture as possible
(N2=42 mm) and the other is placed as far as
possible (N1=N3=84 mm).

Position of the rods: As close to the bone as
possible (R1=45 mm) and close to each other
(R2=65 mm), and the rods are positioned on
opposite sides of the pin.

Unilateral-recurvation
P:far R:far

Figure 9. Montage variation Unilat
P: far R: far, opposite
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3.4. Configuration of unilateral montage
No. 4: N: far, R: close, opposite

The pins are positioned in the greatest possible
distance from each other, that is one pin is
placed as close to the fracture as possible
(N2=42 mm) and the other is placed as far as
possible (N1 =N3=84 mm).

Position of the rods: As far from the bone as
possible (R1=65 mm) and close to each other
(R2=90 mm), and the rods are positioned on
opposite sides of the pin.

3.5. Configuration of unilateral montage
No. 5: N: close, R: far, opposite

The pins are positioned as close to each other
as possible, that is one pin is placed as close
to the fracture as possible (N2=42 mm) and
the other is placed as close to the first pin as
possible (N1=N3=24 mm).

Position of the rods: As close to the bone as
possible (R1=45 mm) and as far as possible
(R2=90 mm), and the rods are positioned on
opposite sides of the pin (Figure 10).

Unilateral-recurvation

P:close R:far

Figure 10. Montage variation Unilat
P: close R: far, opposite

3.6. Configuration of V-frame montage
No. 6: N: far, R: far, opposite
2nd plane: N: far, R: far, same

The pins are positioned in the greatest possible
distance from each other, that is one pin is
placed as close to the fracture as possible
(N2=42 mm) and the other is placed as far as
possible (N1=N3=84 mm). The pins of the
second plane are also positioned in the furthest
possible distance from each other, that is one
pin is placed as close to the fracture as possible
(N2=54 mm) and the other is placed as far as
possible (NI =N3=90 mm).

Position of the rods: As close to the bone as
possible (RI=45 mm) and as far as possible
(R2=90 mm), and the rods are positioned
on opposite sides of the pin. The rods of
the second plane are also placed like this:
closest to the bone (R1=45 mm) and furthest
from the bone (R2=90 mm), and the rods
are positioned on the same side of the pin.
The rods are connected with crossbars
(Figure 11).

Figure 11. Montage variation Unilat

P: far R: far, opposite
Plane 2 P: far R: far, opposite
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4. Load types
4.1. Axial load

The sample was posted on its end covered by
the larger cup and was fixed. The other end
was gradually loaded along the axis of the
bone (axial load). In this case the data detected
by the gauges No. 1, 2 and 3 were recorded
(Figure 12).

4.2. Bending

The stress falling on the fixator montage is
best modeled by force perpendicular to the
bone axis. The force axis of unilateral and
V-frames we used are not aligned with the
bone axis therefore torque occurs in the fixator
combination. By exposing various montages to
similar load we could establish a stability order
among the variations. That’s how we could tell
which is the most stable form.

4.2.1. Valgus

The unilateral montage inserted in the saggital
plane can be loaded in 4 main directions. The
first test was pressing away from the body

Figure 13. Valgus strain Meter: O1-02-03-04

midline that is valgus stress. The load weight
was increased by 10 N each time and shift was
registered on all 4 gauges (Figure 15).

4.2.2. Varus

The second test was the opposite of the first one
that is the distal end of the tibia was pressed in
the direction of the body midline. In this case
also 4 gauges were used (Figure 14).

4.2.3. Antecurvation

For forward bending — antecurvation — the
fixator inserted in the sagittal plane was
exposed to bending force in the sagittal plane
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Figure 14. Varus strain Meter: O1-02-03-04

Figure 16. Recurvation strain Meter:
01-02-03-04

trending towards the dorsal direction and shift
was recorded (Figure 15).

4.2.4. Recurvation

For backward bending — recurvation — the
fixator inserted in the sagittal plane was
exposed to bending force in the sagittal plane
trending towards the ventral direction and shift
was recorded (Figure 16).

5. Calculated data

It is laborious to measure fracture surfaces and
it gives a less accurate number therefore the
extent of shift was measured further away each

Figure 15. Antecurvation strain Meter:
01-02-03-04

case and it was converted to the fracture site.

Letters of the formulas are indicated on figures

of measurement settings. Values are given in

millimetres (Figure 7, 8, 9).

N1,2,3 — distance between pins

R1,2 — distance between rods and bone
midline

M1,2,3,4 — distance between gauges and bone
midline

01,2,3 — signed relative shift of gauges

5.1. Calculation of axial shift between
fracture surfaces

Axial shift calculated in planes 1 and 3

(O1-03)x M1
M1+M3

tl-3 = Ol

Axial shift calculated in plane 2

=Rl
R1+M2

Axial shift

= tl-3+12
21
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5.1.1. Calculation of rotation between
fracture surfaces

Rotation calculated in planes 1 and 3

01-03

S1-3 = arctg
MI1+M3

Rotation calculated in plane 2

S2 = arctg&
M2+R1
6. Evaluation of measurements

Results of measurements are shown in the
Table 3. The header contains montage parame-
ters. The frame, the position of pins and rods
and the distance between them are specified.
Linearly increasing load was recorded and the
gauges were read after each step. The table
contains calculated shifts as a function of load
which was increased step-by-step by 10 N. The
diagram shows signed values of axial shift
between fracture surfaces for various montages
(1-4) and various loads (axial, valgus, varus,
antecurvation, recurvation). Positive shift stands
for distancing between fracture surfaces.

The recorded data was charted. The 6 different
montages were charted with 5 types of load.
4x5-1 charts were prepared. The montages
were represented by different colors. The load
types were distinguished by signs on the chart
curves (Diagram 1, 2, 3). The following table
shows the notation (Table 2).

Color of montage:

1 N: far, R: far, same — red rombus

2 N: far, R: far, opposite — yellow square

3 N: far, R: close, same — yellow triangle

4 N: far, R: close, opposite — cyan blue X

5 N: close, R: far, opposite — dark blue X

6 V-frame, N: far, R: far, opposite — purple rombus

Table 2. Range of colors for montages

Results

Aspects of evaluation:

— axial shift

— rotation in planes S1 and 3
— rotation in plane S2

— bending

Each shift types were charted by 5 load types.
First we show axial shift during axial load, re-
curvation, inward bending, antecurvation and
outward bending. This is followed by another
5 charts of shift in planes S1 and 3 as a result
of 5 types of load. The charting continues with
plane S2 and bending. It is understandable
that during the test for bending axial load
wasn’t used therefore one chart is missing from

the last series.

It is apparent that as a result of axial pressure
the distance between fracture surfaces de-
creases. The montages No. 1, 2 and 3 are much
more rigid than No. 4 and 5. On the graphic
charts we see that purple and cyan blue curves
show the largest shifts that is these frames
are less stable. The most conspicouos in the
bending chart series is montage No. 5 showing
significant shift and bending for each load

types.

Finite element analysis?%2?1,22:23

The aim of the analysis was to find the most
stable fixator montage. The entire analysis is
beyond the confines of this study. The four
most important montage types were pointed
out. Based on static aspects and fixation
techniques of the unilateralis montages there
are two main aspects of analysing the different
montages.

The first aspect of comparision is the position
of fixator pins correlated to each other and the
fracture.
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Montage Axial shift Rot. S1-S3 Rot. S2 Bending

& | 1 N: far, R: far, same 0.34 0.13 0.11 0.35
§ 2 N far, R: far, opposite 0.17 0.11 0.10 0.22
IE 3 N: far, R: close, same 0.58 0.22 0.20 0.64
'é 4 N: far, R: close, opposite 0.68 0.31 0.28 0.74
% 5 N: close, R: far, opposite 1.2 0.56 0.50 1.3
& 6 V-frame, N: far, R: far, opposite 0.11 0.07 0.06 0.19
é 1 N: far, R: far, same 0.35 0.15 0.12 0.39
Z | 2 N: far, R: far, opposite 0.19 0.13 0.12 0.17
IE 3 N: far, R: close, same 0.58 0.25 0.23 0.58
.§ 4 N: far, R: close, opposite 0.64 0.37 0.34 0.71
§ 5 N: close, R: far, opposite 1.4 0.58 0.60 1.6
é 6 V-frame, N: far, R: far, opposite 0.16 0.12 0.09 0.18

1 N: far, R: far, same 0.43 0.23 0.23 0.44
S 2 N: far, R: far, opposite 0.24 0.21 0.21 0.24
Z 3N far, R: close, same 0.68 0.31 0.32 0.62
lz\cn 4 N: far, R: close, opposite 0.76 0.40 0.41 0.77
§ 5 N: close, R: far, opposite 1.9 0.64 0.66 1.9

6 V-frame, N: far, R: far, opposite 0.15 0.17 0.17 0.21

1 N: far, R: far, same 0.48 0.28 0.29 0.48
é 2 N far, R: far, opposite 0.29 0.24 0.27 0.28
Z 3 N: far, R: close, same 0.73 0.36 0.36 0.67
ED 4 N: far, R: close, opposite 0.79 0.44 0.48 0.79
;‘ 5 N: close, R: far, opposite 2.4 0.69 0.69 2.4

6 V-frame, N: far, R: far, opposite 0.15 0.19 0.19 0.25

1 N: far, R: far, same 1.43 0.93 0.63 0
g 2 N far, R: far, opposite 1.14 0.81 0.71 0
2 3 N: far, R: close, same 1.38 0.91 0.82 0
§ 4 N: far, R: close, opposite 1.71 0.80 0.93 0
& | 5N: close, R: far, opposite 2.9 0.94 0.95 0

6 V-frame, N: far, R: far, opposite 0.65 0.37 0.47 0

Table 3. Measure of shift in millimeters at 70 N
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Diagram 1. Axial shift between fracture surfaces

Rescuryahion

Bendan tetween fraot

Diagram 3. Bending between fracture surfaces

Two forms are distincted in virtue of this:

— The pins in the fracture segments are in the
largest possible distance from each other
(pin — far)

— The pins in the fracture segments are rela-
tively close to each other (pin — close)

The other aspect of comparision is the position
of rods connecting the pins correlated to each
other.

— The rods are far from each other (rod — far)
— The rods are close to each other (rod — close)

Considering these aspects we analysed four
settings in our study. During the analysis
the given parameter was a force of 100 N

Diagram 2. Rotation in planes S1-3 between
fracture surfaces

Reaurvatio

Diagram 4. Rotation in planes S2 between
fracture surfaces

perpendicular to the longitudinal axis of the
bone but parralel with the montage.

Running the finite element analysis we found
the following results:

1. The pins are positioned close to the fracture
and far from each other; the rods are close to
each other (Figure 17).

If the stiffener rods are close to each other
then the maximal shift by 100 N force is
3.48 mm.

2. The pins are positioned close to the fracture
and far from each other; the rods are far from
each other (Figure 18).

If the stiffener rods are far from each other
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then the maximal shift by 100 N force is
3.46 mm.

3. The pins are positioned far from the fracture
but close to each other within the two fracture
segments; the rods are close to each other
(Figure 19).

If the pins and the stiffener rods are close to
each other then the maximal shift by 100 N
force is 6.018 mm.

4. The pins are positioned far from the fracture
but close to each other within the two fracture

segments; the rods are far from each other
(Figure 20).

If the stiffener rods are far from each other
then the maximal shift by 100 N force is
5.35 mm.

Discussion

During the study we found what we expected
in advance namely, that if the pins are
positioned close to the fracture and far from
each other the significant difference is seen
in comparision with the further position.
Contrarily, the position of rods has less impact
on stability but it can be stated that based

on physical considerations it is favorable to
position the rods far from each other.

Figure 17. Montage variation Unilat
P: far R: close, opposite

Figure 18. Montage variation Unilat
P: far R: far, opposite

Figure 19. Montage variation Unilat.

P: close R: close, opposite

Figure 20. Montage variation Unilat
P: close R: far, opposite
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Naturally, these theoretical calculations do
not give a perfect insight into the behavior of
fixator montages but they correlate very well
with biomechanical studies and measure-
ments.

The stable fixator montage form defined in
this experiment can be very effectively used

in clinical practice. The first step of treatment
in case of open crural fractures is immobiliza-
tion by fixator then, after the soft tissue heal-
ing another fixation form is chosen (bone
nail, plate)22526:27:28,29.30 Best results can
be achieved in the treatment of open crural
fractures by using combined methods e.g.
fixator + bone nail, fixator + plate.
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