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THONGCHAI LEETHA : THE DESIGN AND DEVELOPMENT
MECHANISM DYNAMIC OF EXTERNAL FIXATION DEVICE FOR
OPEN TYPE TIBIAL FRACTURE. THESIS ADVISOR : ASSIST. PROF.

SUPAKIT ROOPPAKHUN, Ph.D., 83 PP.

EXTERNAL FIXATION DEVICE/ TIBIAL FRACTURE/ INTER FRACMENTARY

MOVEMENT

This research is to develop a dynamic external fixation device for an open tibial
fracture using the finite element (FE) and experiment methods. The purpose was to
focus on the design of a stimulus mechanism to increase bone tissue regeneration
performance. In the study, the design and biomechanical performance consisted of
structural strength, and stiffness was performed based on basic load following axial
loading, anteroposterior (AP) bending moment, medial-lateral (ML) bending moment
and torsion. The prototype of dynamic external fixation devices included the
mechanical testing apparatus were developed. The mechanical performance of a device,
also the dynamic response of the mechanism were evaluated in laboratory testing.
According to the results, the designed device which using a slider-crank mechanism
revealed the magnitude of construction stiffness in axial loading, AP bending moment,
ML bending moment and torsional moment of 77.5 £ 2.8 N/mm, 197.4 £+ 39.9 N/mm,
64.8 = 4.1 N/mm and 0.71 + 0.04 N-m/degree, respectively. For the strength analysis,
the maximum stress occurred on the inserted pin closed to the region of the clamp
component in a case of torsional loading, which a magnitude of 325.42 MPa (the safety
factor of 3.29 based on von Mises theory). Regard to the dynamic response analysis,

the device could be displayed the micro-movement of the fracture gap in a range of



0.1 mm to 0.4 mm with a frequency of 1 Hz. Also, the simulation results were then
compared to the experiment for validation. The results exhibited that the FE analysis

displayed close to the experimental method which a maximum error value of 7.38%.
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A13197 3.1 aUITABINAYDIIAA [Thananan S, et al.,2012]

Material Young Poisson’s Yield Tensile Density
Modulus ratio Strength Strength
Units (GPa) (MPa) (MPa) (kg/m’)
Stainless SUS 304 190 0.29 215 520 8000
Stainless SUS 316LVM 200 0.33 899 1243 8000
Carbon fiber 135 0.3 - - 1600
Polyoxymethylene 2.5 0.3 - 70 1410

A1519% 3.2 mumuaxﬂmﬁ@maﬁmuﬁ

FuaIU VINAPANUA (aduns)
% 1599519 (Central Body) 2
o =R
¥AUEA (Clamp Set) 2
Tiigﬂ@ﬁ'ﬂ (Schanz Screw) 1
Y A ~
YANTLAUMIIAADUN (Actuator) 2
11N4 Polyoxymethylene (POM) 4
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Abstract

Interfragmentary movement (IFM) in bone formations
during tibial shaft fracture stabilization is known to influence
the outcome of fracture healing. as well as the performance
of external fixation devices. Theoretically, the construction
stifness of a fixation device,
configuration. is associated with tibial fracture stability. The

including pin insertion

objective of this study is to investigate the effect of
interfragmentary movement during tibial fracture healing
time using finite element analysis, with particular regard for
the construction stiffness of the external fixation device. The
effect of the distance between pin insertion and the pin length
on the mechanical performance of the cxternal [fixation
device was also performed, with reference to the ASTM
F1541 standard. The mechanical stiffness ratio between the
fracture site and skeleton device during cach healing phase
was calculated. According to the numerical results, the axial
stiffness of the device displayed values in the range of 130 —
950 N/mm. The effect of the pin length on the construction
stiffness was found to be higher than the effect of the distance
between pin inscrtions. Tt is implicd that the load sharing
between the stabilization occurred in fixation device and
callus during first seven weeks.

Keywords: External fixation. Inter fragmentary movement,
Open tibial fracture, Mechanical performance

1. Introduction
Open factures of the tibia caused by high-energy trauma

are the most common type of long-bone in hurry. Generally,
the objectives of tibial shaft fracturc management arc the

DOI: 10.12792/iciac2017.045
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prevention of infection, achievement of bony union. and the
An external fixation device is
recommended for definitive or provisional

restoration of function.
clinically
stabilization of the fracture until soft tissue recovery and
complete bone healing have occurred. Normally, external
fixators are designed to provide sufficient interfragmentary
motion (called the “static phasc™) to stimulatc sccondary
bone healing by callus formation (called the “dynamics
phase”™).

According to the process of fracture healing, the natural
bone regeneration consists of the inflammation, reparative
and remodeling phases, as shown in Fig 1. The inflammation
phase is the earliest stage of bone fracture healing, and ends
when the bone begins its formation, which will take about 3-
4 days or 10 percent of the total time. During this phase, a
hematoma is formed in the reparative phase a proliferation
of cartilage cells from the inner cell membrane skeleton
occurs, and the hematoma is converted to fibrous tissue and
cartilage. A hard callus is formed which is capable of
generating the texture of the bone formation. This phase
takes about 3-4 weeks or 40 percent of the time. Finally, the
remodcling phasc occurs. During this period, there will be a
decrease and increase new bone structure inside the cell

o Inflammatory Reparative Remodeling
9 )
§ phase phase phase
3
9
[<4
)
S
z
Z
2
el
10% 40% 70%
Time

Fig 1. The process of fracture healing.
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through a temporary soft bone formation and breakdown of
bone cells. This period can take anything from several
months to years. However, even after the repair has been
completed successfully the effectiveness of the repaired bone
is ofien inferior (o the bone before. Stimulation of the bone
during healing has been suggested to improve the potential
bone fracture mineralization and biomechanical properties,
with the stimulus being movement in the arca of the bone
fracture, which is known as interfragmentary motion
([1:]\/[)(1.2).

Commercially there are three types of external fixation
device in common use: the unilateral external fixator; the
Tllizarov cxternal fixator; and the hybrid cxtcrnal fixator.
Each of these has 3 major components: the schanz screw (or
pin), a sct of clamps, and a body (in the form of rods and/or
rings), as illustrated in Fig. 2. It can also allow for the
implementation of an additional mechanism. called a
dynamization external fixation. The function of this device
is as a mobile device that transmits axial movement to the
[racture, using the stiffness of the fixator to influcnce the
transfcr motion.

The unilateral external fixation device consists of a rod
positioned on one side of the fractured bone. and is simple
and quick to install. The distance between the pins can easily
be aligned and adjusted to match the characteristics of the
fracture. It can act to stabilize the fracture as much as

LOCK ROD

(a) (b)
Fig 2. (a). Unilateral External fixation device.
(b). Detail components of unilateral External fixation
device.
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possible. but at the cost of the patient being unable to fully
put weight on the leg with the device. A properly applied
fixator may improve the healing process. while one
improperly applicd might delay the healing process®. The
usc of an external fixator can also allow for the stimulation
of fracture healing by application of IFM in the axial
direction of the fractured bone. using a dynamization
external fixation. This can benefit the quality of the healed
bone, for example by resulting in an increase tensile strength,
bone mineral density, and/or bending stiffness of the newly
formed bone ©© when compared to a fracture that has been
rigidly fixed.

This study aims (o investigate the cffect of dynamic
interfragmentary movement on the mechanical performance
of an cxternal fixation device for open tibial fracture by
creating a model for a unilateral external fixator, so that the
effects of interfragmentary movement and pin insertion can
be investigated. This can allow for the optimum performance
in fracture healing to be determined.

2. Materials and Methods

In this study. the external fixation device was created
using computer-aided design (CAD) software (in this case
SolidWorks 2015). The device consists of pins 5.5-mm in
diameter, clamps (consisting of a lock rod, body. lock pin and
nuts), and a rod 11-mm in diameter, as shown in Fig 2. To
simplify thc modclling, acrylic rods 30-mm in diamctcr were
uscd as the tibia bone models, which are herein referred (o as
the polyacetal (POM).

The model of the external fixation device was analyzed
to take into consideration the assembly requirement of the
ASTM (American Socicty for Testing and Malcrials)
technical standard F1541-standard specification and test
methods for skelctal fixation devices”). The details of the
asscmbly arc represented in Fig 3 and Table 1.

For all the components of the system it was assumed that
the behavior of the material was homogeneous, linear, elastic
and isotropic ), and could be defined using the modulus of
clasticity E and Poisson’s cocfficient. The values used for
cach of thc components arc given in Table 2.

In the modelling, a weight of 7Kg person was applied to
the POM. which corresponds to 10 percent of the 70Kg
weight of an average person (714,

The callus stiffness (Kc) is related to the
interfragmentary movement (IMF) and axial reaction force,
and was assumed from estimating the walking conditions
which trigger the fracturc healing outcome '),
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Frontal view

Fig 3. External Fixator assembly F1541-Standard
Specification.

Table 1. Assembly parameters (F1541).

PS 90 mm
Fy 50 mm
Py 20 mm
G 20 mm

30 mm

Table 2. Propertics of the materials ©.

Description Material E(GPa) v
Piii Stainless SUS 200 033
316LVM
Clamp, Nut | Stainless SUS 304 190 0.29
Rod Carbon fiber 135 0.30
POM Polyoxymethylene 235 0.30

Finite Element (FE) analysis was performed on the
assembly using a commercial FE software package (ANSYS
Workbench). In the analysis, 2-mm tetrahedral elements
were used to gencrate the FE model. For the contact
conditions, all contact areas were assumed frictionless (%,
The contacts between two adjacent objects were restricted to
having no relative movement, with the exception of the
contact between the pin and the acrylic POM which allowed
relative displacement @),
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3. Results

3.1  Effect of interfragmentary movement

Using the external fixation device —asscmbly
configuration as defined in ASTM F1541, the axial stiffness
of the device from the finite element simulation was found
10 be 205.28 N/mm.  This is shown in Table 3, along with
the values obtained in previous studies. Fig. 4 shows the
relationship between the stiffness ratio [defined as the Callus
stiffness, (Kc) per Device stiffness, (Kd)] and healing time.
The figure shows an increase in the stiffness ratio during the
healing process. Notc that the stiffness ratio in first seven
weeks is relatively low. but shows a significant increase after
the seventh week of the healing process. The cause of this is
due to the soft tissuc bone have less strength and more the

Table 3. Construction stiffness.
External Fixation System DS
( N/mm )
Yang ct al'? 126.00
Mesic et al™® 143.00
Tananan et al”’ 166.50
Present Study 205.28
Koo et al''” 246.00
Marcelo et al'” 307.60

—_ — ) o
=} w S U

Stiffness ratio ( Ke/Kd )

w

2 [
L3 25 35 45 55 75 95 12
Time Healing ( Weeks )

Fig. 4. Relative stiffness ratio (Kc/Kd) at different
times during the healing process. Kc is the stiffness of
the callous, obtained from experimental data ¥ and
Kd is the stiffness of the external fixation device
calculated from the present FE model.
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movement of bone fracture during the first seven weeks of
healing. The stiffness ratio will influence the displacement
and force on the external fixation device. and hence the
displacement and force on the bone fracture according to a
relationship given by the following cquation:
5=k
F

o

Where &, is a device displacement, 6. is the
displacement of bone fracture, F, is the axial load with the
device, F, is the axial load with bone fracture, K is the
stiffness ratio.

3.2 Effects of F, and PS parameter of pin insertion.

(a) Strength.
The stress distribution under axial loading conditions is
presented in Fig 5. The magnitude of maximum stress values
in the case of axial loading presented in table 4 and 5.

96.41 Max
85,608

74,986

64,274

53.561

42,849

32137

21425

10,712
5.9041e-11 Min

(b)
Show the 3D FE model of the analyzed Unilateral
Extcernal fixation device afier the action of axial load 70
N. Maximum stress of structure of vary pin insertion

Fig. 5

occur on pin of structure are represent in Table 4 and 5.
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Table 4. Influenced of pin length.

Fy Maximum stress
(mm) (MPa)

30 46.53

40 77.00

50 96.41

60 97.81

70 110.43

Table 5. Influenced of distance between pin insertions.

PS Maximum stress
(mm) (MPa)

70 95.52

80 95.79

90 96.41

100 97.02

110 97.49

(b) Stiffness.

Fig. 6 shows the rclationship of the horizontal
displacement (F,) of the external fixation device to the
stiffness of the device (Ky). Included arc 30, 40, 50, 60, and
70 mm displacements. The results from the simulation of the
assembly at increase displacement (F,) result in a reduced
device stiffness (K;). Conversely, reducing the displacement
(Fy) increases the device stiffness (Ky).

1000 1
900 { BN
800 1 b
700 1 §
600
500
400
300
200
100

Device Stiffness, Kd (N/mm)

30 40 50 60 70
Displacement F; (mm)

Fig. 6. Relative of Device stiffness (Kd is the stiffness
of device form the FE model) with displacement
assembly parameters Fo of F1541 Standard Specification.
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308 A
307 A
306
305 A
304 A
303 A
302
301 A

Device Stiffness, Kd (N/mm)

70 80 90 100 110
Displacement PS (mm)

Fig. 7 Relative of Device stiffness (Kd is the stiffness of
device form the FE model.) with displacement assembly
parameters PS of F1541 Standard Specification.

Fig 7 shows the relationship between the vertical
displacement (PS) of the external fixation device pins and
the stiffness of the device (Kj). Included are 70. 80, 90, 100,
and 110 mm displaccments. The results from the simulation
show that an increased displacement (PS) will result in an
increase in the device stiffness (K,;). Conversely. the results
from the simulation of the assembly at reduced displacement
(PS) suggest a reduction in the device stiffness (Kj).

The simulation results for adjusting parameters Fo and
PS compliance with behavior stiffness of external fixation
device suggest that the Fy values affect the behavior of
stiffness more than the varying the PS valuc by a factor of
53.65%.

The axial stiffness of the device under study had a
stiffness value that is more than device by Yang et al 7.
Mesic ct al !®, and Tananan ct al ¥ by approximately
62.92%, 43.55%, and 23.35% respectively, and lower than
device by Koo et al ¥ and Marcelo et al @ by
approximately 16.55% and 33.26% respectively.

4. Discussion

For construction stiffness, the results from the present
study arc comparcd (o the other results in the litcrature in
Table 3. There are a wide range of values for the stiffness in
the literature. This contrast occurs from the clamp design of
the external fixation device. and the stiffness can be varied
by varying the displacement of assembly device.

The results show that the stiffness ratio increases with
time, the while device makes the bone fracture movement

252

decrease with time. It is evident that a greater likelihood of
the displacement of the rod happening results in an decrease
in the healing time.
fracture movement, the movement was only active for the
first five weeks or Reparative phasc®?, not the full 12 weeks
of healing time.

The outcome of varyving the displacement (F, . PS) of
the assembly suggests that the healing time could be greatly
reduced by modification of the fixator design to increase the
fixation stiffness. When using external fixation devices, this
could be achieved by decreasing the free bending length of
the pins, using a stifl fixation body and a stiff conncction
between the pins and the body 9. However. in this study we

However, in the stimulation of bone

investigated external fixation devices by decreasing the
length of the pins, which also resulted in an increasc in the
stiffness of the external fixation device, as shown in Fig. 4
and Fig. 5. In this study. the assembly used was defined by
ASTM F1541. However in trcatment, the positions of
fixators are usually defined by surgeons based on his/her
own cxpericnce. Although from a clinical point of view there
arc scveral factors that can determine the pin and side bar
positions, an optimized model could contribute to the best
clinical decision. Generally, for treatment of an open type
tibial fracture an external fixation device will use a rigid
fixator. For better results, this device should be working in
both rigid and flexible conditions. Flexible devices could be
moved into the canal during the healing time. External
fixation devices should be able (o control the reduction of
bone [racturc axial movement as the healing time progresses

and/or allow for inverse dynamization ?*.

5. Conclusions

The results demonstrate that the greater displacement PS
rclates to greater device stifTness, and also that a lower
displacement Foprovides a greater device stiffness. This will
affect the bone fracture movement during healing, leading to
improved mechanical properties of the bone after the healing
process has finished.
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