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Abstract: This paper presents a comparative analysis of the biomechanical characteristics of an
external fixator with a frame made of two different materials (stainless steel and composite material)
during anterior—posterior bending. Before the test itself, two representative configurations of the
Sarafix fixator were selected for application on the lower leg and upper extremities under the
designations B50 and C50, which are most widely used in orthopedic practice. The examination of
the biomechanical characteristics of the external fixator was carried out using the structural analysis
of the construction performance of the Sarafix fixator using the finite element method, the results of
which were verified through experimental tests. The developed experimental and FEM models study
the movement of the fracture crack and enable the determination of the stiffness of structural designs
as well as the control of the generated stresses at the characteristic locations of the fixator. The results
show that the fixator with a carbon frame has lower stresses at critical points in the construction
compared to the fixator with a steel frame, in the amount of up to 49% (at the measuring point MT+)
or up to 46% (at the measuring point MT—) for both fixture test configurations. The fixator with a
carbon frame has greater displacements at the fracture site compared to the fixator with a steel frame,
in the amount of up to 45% (for configuration B50) or up to 31% (for configuration C50). The stiffness
of the structure for both test configurations of the fixator is lower in the fixator with a carbon frame
compared to the fixator with a steel frame by up to 27%. Based on the findings of this study, we
can conclude that a fixator with a steel frame has better biomechanical characteristics compared to a

carbon frame.

Keywords: external fixation; stainless steel; composite materials; structural rigidity; fracture rigidity;
principal stresses; von Mises stress

1. Introduction

Within the framework of biomechanical research on external fixators, great attention
is paid to examining the structural parameters influencing the stability of the fixator, such
as the rigidity of the fixator, the value of the maximum von Mises stresses at controlled
points in the system, and the bearing capacity of the pin-bone connection. Numerous
experimental biomechanical studies of different types of fixators have been performed.
Remiger [1] experimentally investigates and compares the mechanical properties of a
pinless external fixator applied to the lower leg with AO tubular and Ultra-x fixators.
The study concludes that AO tubular fixators outperform the other two fixators in terms
of stability under all test loads. Grubor et al. [2] compare the biomechanical properties
of four external fixators: Ortofix, the M20 fixator, the Charnley fixator, and the Ilizarov
fixator. The results are obtained through the examination of 3D finite element method
(FEM) models of the fixators, physical models, and clinical investigations. Yang et al. [3]
perform biomechanical tests to analyze the influence of the location and number of pins
and needles on the stiffness of the hybrid fixator according to axial load and bending in

Appl. Sci. 2023, 13, 8621. https:/ /doi.org/10.3390/app13158621

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13158621
https://doi.org/10.3390/app13158621
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7366-202X
https://orcid.org/0000-0002-3695-416X
https://orcid.org/0000-0002-1419-2977
https://orcid.org/0000-0001-7763-9388
https://orcid.org/0000-0002-3943-4995
https://doi.org/10.3390/app13158621
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13158621?type=check_update&version=1

Appl. Sci. 2023,13, 8621

20f16

two planes. Vossoughi et al. [4] analyze the influence of the number of pins and trusses
as well as the position of the connectors on the pins on the stiffness of the Hoofmann
unilateral, uniplanar fixator. The rigidity of the fixator construction is evaluated according
to loads that simulate conditions during normal walking.

In the last few years, researchers, in addition to conducting experimental tests, in-
creasingly use the advantages of 3D modeling and numerical analysis to obtain a more
complete picture of the behavior of a fixator and its components during loading. Thus,
Radke et al. [5], Meleddu et al. [6], Oh et al. [7], and many others have developed FEM mod-
els for biomechanical testing of the analyzed fixators. These models are used to determine
the displacement values of bone segments at the fracture site and the stiffness values of the
system under observed loads. Additionally, the FEM models provide information on the
maximum von Mises stress values at characteristic locations, such as the pin—-bone contact
and the bone segment interfaces. The results obtained through the finite element analysis
are validated through experimental testing of the analyzed fixators. With the development
of new biomaterials such as polymers and composites, research into the possibility of
their application in orthopedics begins [8-10]. The term composite materials refers to
materials made up of two or more components that differ both in chemical composition
and other properties. The development of these materials has emerged from the need to
achieve higher strength and rigidity while reducing weight in many structures. Essentially,
composites consist of a matrix and reinforcing materials (fibers or particles). The matrix,
which binds the reinforcing materials together into a unified whole, is typically made of
polymer resins (such as epoxy, polyester, phenolic), but can also be ceramic, metal, and
other materials. The reinforcing fibers can be glass, carbon, aramid, boron, and other mate-
rials, while particles can include wood, stone, and other substances. [11]. Baidya et al. [12]
conduct numerical and experimental investigations on the stiffness of the Ilizarov fix-
ator ring made of different materials (steel, aluminum, Kevlar, and carbon), as well as
its radiotransparency. Lee et al. [13] perform numerical and experimental tests on the
C-ring of the Ilizarov fixator, which is made of a carbon fiber-reinforced composite material.
Fu et al. [14] perform numerical investigations on the elastic modulus of implants made
from (HA)/epoxy composite reinforced with carbon fibers. Zahra et al. [15] conduct tests
on the mechanical properties of a hybrid composite material used for manufacturing bone
fracture fixation plates. They develop a new composite material and compare its results
with the standard metallic material used for bone fracture fixation plates.

Saidpour [16], in their research, attempts to address the issue posed by bone fixation
plates made from conventional metallic materials in the later healing stages of bones,
namely the potential occurrence of osteoporosis. They numerically analyze stress distribu-
tion in composite plates under various loading conditions.

All commercial fixators that are in use today have gone through biomechanical research
before their first application. Biomechanical testing of the Sarafix fixator, due to the wartime
circumstances in which it was created, was not performed in terms of an exact assessment
of its stability under the loads to which it is exposed during the postoperative period
of patient treatment. The basic quantity for stability comparison is the stiffness of the
system obtained based on the interfragmentary displacement at the point of fracture and
the point of loading. In this work, a biomechanical test of the Sarafix fixator with a frame
made of two different materials (stainless steel and composite material) was performed for
two different configurations of the fixator (B50 and C50). The main goal of this research is
to quantify the mechanical behavior of the standard Sarafix fixator under the influence of
anterior—posterior bending for different frame materials, as well as different configurations
of the fixator.

2. Development of the External Fixation Model

Before the test itself, two appropriate configurations of the Sarafix fixator that have
the greatest application in orthopedic practice were selected. When forming the test
configurations, the position of the tibia in the lower leg and other specifics were taken
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into account. Namely, the tibia in the lower leg is located eccentrically and close to the
skin, which has the effect of making this bone extremely exposed to external influences,
i.e., injuries and fractures, but at the same time, its specific position facilitates the application
of fixators. Two representative configurations of the Sarafix fixator were selected for
application on the lower leg and upper extremities under designations B and C (Figure 1).

Figure 1. Sarafix fixation device with steel frame; (a) B50 configuration, (b) C50 configuration.

It is important to note that for the test configuration of the fixator, an open bone
fracture with a bone structure defect in the value of the interfragmentary gap of 50 mm
was simulated. This value was obtained based on data from orthopedic practice and
corresponds to the length of an open fracture with a larger bone structure defect [17,18].

Configuration B is a unilateral external fixator consisting of four half-pins placed in the
upper and lower segment of the bone (Figure 1a). All half-pins are located in the AP plane
parallel to each other. Version B is mainly used on the lower leg and upper extremities.
Configuration C is a unilateral biplanar external fixator consisting of four half-pins each
placed in the upper and lower segments of the bone (Figure 1b). Unlike version B, it
has one half-pin each in the upper and lower segments placed in a plane that overlaps
with an angle of 45° in relation to the AP plane. In this way, the half-pins are arranged
in two planes and, together with the other components, form one so-called triangular
or delta construction, which achieves biplanar stiffening of bone segments. During the
development of the device for external fixation (Sarafix with a frame made of composite
material) care was taken to ensure that it geometrically and dimensionally corresponds
to the original device (frame made of stainless steel) in order to be able to compare the
obtained results. Additionally, when choosing the composite material, it was taken into
account that it should be the material that is most often used today in the manufacture
of fixators, which is a composite material reinforced with carbon fibers. The mechanical
characteristics of the composite material used in the manufacture of the fixator frame are
shown in Table 1.

Table 1. Mechanical properties of the composite material Std-CF-UD and beech wood [1,19].

Std-CF-UD Beech Wood
Property Mark
Value

Longitudinal tensile strength Xt 1500 MPa 135 MPa
Transversal tensile strength Y 50 MPa 2.8 MPa
Longitudinal compressive strength Xe 1200 MPa 60 MPa
Transversal compressive strength Ye 250 MPa 13 MPa
Longitudinal flexural strength Xg 1200 MPa 148 MPa
Ultimate in-plane shear strength S 70 MPa 8.5 MPa
Longitudinal modulus of elasticity ErL, Ein 135 GPa 15.4 GPa
Transversal modulus of elasticity Et, Exn 10 GPa 1.12 GPa
Poisson’s ratio V12 0.3 0.66

Shear modulus G2 5 GPa 0.45 GPa

Density P 1600 kg/m? 740 kg/m3
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Before performing the tests, it was necessary to create human bone models on which
the Sarafix external fixation system versions would be placed. Different materials are
used to make human bone models. The most commonly used materials are PVC, wood,
aluminum, copper, etc. In these studies, a simplified model of the human lower leg bone
made of beech wood, with known mechanical characteristics similar to human bone, was
used (Table 1) [20,21]. The final appearance of the Sarafix fixator with a frame made of
composite material applied to bone models made of beech wood is given in Figure 2.

Figure 2. Sarafix fixation device with composite frame; (a) B50 configuration, (b) C50 configuration.

3. Finite Element Model and Structural Analysis of Fixators

Modeling a structure is the creation of an idealized and simplified presentation of the
behavior of a structure exposed to various actions. This is a key step in analysis and design
because errors and omissions in modeling can cause problems in the functioning of the
structural system. The formulation of the model implies the choice of geometric, physical,
mathematical, and, finally, numerical approximation of the phenomenon. The goals of
practical (not only qualitative) analysis limit the number of possible models. There is always
a dilemma when choosing a model, because more complex models are more accurate, but
at the same time, less efficient. The fixator and bone model are discretized with linear (TE4)
and parabolic (TE10) tetrahedron finite elements. A linear tetrahedron contains four nodes
at the vertices and has a total of twelve degrees of freedom. A parabolic tetrahedron is a
form of a curvilinear tetrahedron with ten nodes and a linear change of deformations within
the element. The FEM model of the fixator is discretized with 120,953 TE4 finite elements
(46.7%) and with 109,816 TE10 finite elements (42.4%). Both elements belong to the group
of 3D isoparametric elements, i.e., solids with six edges. With isoparametric elements, the
same interpolation functions and the same nodes are used to approximate their geometry
and the field of basic unknowns in the element. In each node of these finite elements, there
are three degrees of freedom (displacement). Connections between individual parts of the
fixator structure (solid, contact, and screw connections) as well as connections for modeling
the influence of the supports (sliding connection) were modeled with spider-type elements
(28,232 finite elements or 10.9%). In this way, the FEM model of the fixator consists of a
total of 259,001 finite elements with 262,652 nodes, which results in 787,959 degrees of
freedom (number of DOF), (Figure 3). For the production of medical devices, the device
from Figure 1 is completely made of stainless steel, which is modeled as an isotropic linear
elastic material in the FEM analysis. In the case of isotropic materials, the constitutive
relations, that is, the stress—strain relations, contain only two constants: the modulus of
elasticity and Poisson’s ratio, which, for the given steel, have the values E = 215 GPa and
v = 0.29, respectively. The device from Figure 2 is made of stainless steel (couplings,
coupling carrier, and half-pins) and composite material (fixator frame). For steel, we have
already noted that in the FEM analysis, it is modeled as an isotropic linear elastic material,
while the composite material is modeled as an anisotropic material, and thanks to the
cylindrical symmetry of its structure, it can be viewed as an orthotropic material where
the properties are defined in three planes determined with transverse, tangential, and the
radial section of the frame. The models of bone segments are made of beech wood, which
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has known mechanical characteristics (Table 1). Wood belongs to the group of anisotropic
materials, but thanks to the cylindrical symmetry of its structure, it can be viewed as
an orthotropic material where the properties are defined in three planes determined by
the transverse, tangential, and radial cross-section of the trunk. A small rectangular
segment with three axes of symmetry, longitudinal (L), radial (R), and tangential (T), can
be distinguished from the truss, which are approximately perpendicular to each other.

The places
of load

(@)
The places The places

- The places i
t rt A
of suppo. of load ot support

(b)
Figure 3. FEM model of the Sarafix device—preprocessing; (a) B50 configuration, (b) C50 configuration.

For the composite material and the material of the bone segment model, which is
modeled as a 3D orthotropic linear elastic material in FEM analysis, it is common to define
material parameters such as the modulus of elasticity, Poisson’s ratio, and slip modulus
(Table 1). During application, the fixator is exposed to a complex load that is a combination
of pressure, bending, and twisting. In most studies of external fixation devices, using the
finite element method and/or experimental tests, separate tests are performed on axial load
with compressive force and sagittal or anterior—posterior (AP) bending and twisting [22,23].
In this study, the external fixation device was tested for anterior-posterior bending. An
FEM model was developed that simulates an experimental test on anterior—posterior
bending, taking into account the complete geometry of the fixator and the bone model, the
connections between the components, the applied load, and the applied restrictions. The
structural analysis of AP bending of the FEM model of the Sarafix fixator prototype was
performed by making two flat surfaces for support on the models of the upper and lower
segment of the bone, i.e., the cylindrical bone models were leveled at the places of support.
The support is achieved by utilizing contact with virtual parts attached to the flat surfaces
on the bone segment models (Figure 3).

The structural bending analysis of the fixator model was performed with a concen-
trated load at the fracture site, the maximum value of which was 500 N, i.e., 250 N at
both ends of the bone model segment symmetrically. To prevent the movement of the
model in space, three translations are prevented on one of the support surfaces on the bone



Appl. Sci. 2023,13, 8621

6 of 16

Pty e o

model segment, while two translations are prevented on the other bone segment model.
The load intensity corresponds to the physiological load of the fixator after its application
in the patient and is defined based on the results of in vivo tests [7,24]. The structural
analysis was carried out with the following assumptions concerning the actual situation:
the load is quasi-static, the support is modeled with appropriate frictionless joints and
supports, the connection between the half-pins and the bone is solid, and the characteristics
of the material for the bone model correspond to the mechanical characteristics of beech
wood. During the structural analysis, the displacement values at the point of loading were
monitored (Figure 4), based on which the stiffness of the fixator structure is defined as the
relationship between the load and the displacement of the bone at the point of impact of
the load. The stiffness of the fixator structure according to AP bending (Cp) is calculated
using the following relation [25]:

_ kK N
=3 [H

Cs ] )

where F; is the bending force (N) and J; is the deflection due to load (mm).
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Figure 4. FEM model of the Sarafix device (C50)—postprocessing.

When defining fracture stiffness, displacements in the x, y, and z direction of a pair
of adjacent points on the end planes of the proximal (upper) and distal (lower) segment
of the bone model at the fracture site were determined, for which the vector of the re-
sulting relative displacement (R) has a maximum value. The intensity of the maximum
interfragmentary displacement vector at the fracture site R is defined by [26]:

k= (o) + (o) + (roe))” @

The relative displacements of a pair of observed points on the end planes of the
proximal (upper) and distal (lower) segments of the bone model in the x, y, and z directions
are determined as [27]:

D(x) = Dp(x) = Da(x)
"p(y) = Dpry) = Dagy) ®)

’p(z) = Dpz) = Pagz)
where rp(y), 7p(y), and rp(;) are the relative displacements of the bone segment points
in the x, y, and z directions (mm), Dp(x), Dp(y), and Dp(z) are the displacement of the
proximal bone segment in the x, y, and z directions (mm), and Dy(,), Dyg(,), and Dy, are
the displacement of the distal bone segment in the x, y, and z directions (mm).
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Fracture stiffness is determined as the relationship between the load and the resulting
maximum interfragmentary (relative) displacement of the bone segments [28]:

F. F,
Cps = : (4)

o) o) (o)’

Figure 3b shows the FEM model of the fixator of the C50 configuration after prepro-
cessing, while Figure 4 shows the same configuration of the fixator after postprocessing,
i.e.,, moving the points of the structure during AP bending. For the biomechanical studies of
the stability of the fixator to be complete, in addition to the analysis of displacement at the
fracture site, it is necessary to include the analysis of the main stresses at the characteristic
points of the fixator structure [29]. During the structural analysis, when monitoring the
displacement values of the characteristic points on the bone models, the values of the
main and von Mises stresses were controlled at two places in the middle of the truss. The
measurement location closer to the bone model segment is marked with MM —, while the
location on the opposite side of the truss is marked with MM+ (Figure 5).

Stress principal tensor symbol.1
[N_m2]
1.31x10°
I 1.11x10°
9.11x10%
7.11x10%
5.11x10%
3.11x10%
l 1.11x10%
-8.95x 107
-2.90x10°
I -4.90x10°
-6.90 % 10%

On Boundary

(a)

Von Mises stress (nodal values)
N_m2
1.29x 107
l 1.16 x10°
1.03x10°
9.04x 10°
7.75x10°
6.46x10°
I 5.16x10°
3.87x10°
2.58x10°
I 1.29x10°
8.38x10°
On Boundary

(b)

Figure 5. FEM model of the Sarafix device (C50); (a) main stresses, (b) von Mises stress.

The value of the maximum main stress (1) at the location MM+ is significantly higher
(of the order of 103) compared to the other two main stresses (0, and ¢3). Based on this, it
is obtained that the von Mises stress (0vm) is equal to the highest principal stress (o) at the
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location MM+ (Table 2). Also, the value of the minimum main stress (¢03) at the location
MM-—, in absolute value, is significantly higher (of the order of 10%) compared to the other
two main stresses (0 and 05). Based on this, it is obtained that the von Mises stress (0ym)
is equal to the smallest principal stress (c3) at the location MM— (Table 2).

Table 2. Examination results for the Sarafix fixation device.

g g = % g Displacement at the Site of Fracture, Mm :-',; g § . % £ Stress, MPa
o= (7] ~ — on ot
= S B EQ EsE KEE DE
- = e 5} . . Y = = &S
=} — 1) £ 9 Proximal Part Distal Part gL 8 =z o Z + \
oo © o = D W = L =R > b
g v a, S ! g oK & 5 2 =
5 & > S _ _ _ _ _ _ < g 50 SRS =
O = o 2 ) C) 2 > 3 &= 2 8 = o
@ o S = =S I < < a0 - i 5 5
A- Q Q Q Q ) Q A n
B50 § 3.38 3.87 —0.31 -0.69 3.89 —0.42 3.11 3.80 147.93 131.58 147 —154
C50 S S 3.40 3.87 —0.35 —-0.67 3.90 —0.56 2.93 3.60 147.06 138.88 149 —154
m
B50 < - 247 2.81 0.15 —0.53 2.81 0.15 2.09 2.62 202.43 190.55 284 —284
[}
C50 ) 2.48 2.80 —0.03 —-0.53 2.80 —0.03 2.21 2.74 201.61 182.22 284 —284
B50 8 = 3.65 3.96 - —0.48 3.91 - 3.43 - 136.98 - 156 —167
e
c50 8 £ 330 376 - 061 3.84 - 2.75 - 151.52 - 136 —148
=
B50 < :g 2.48 - - - - - - - 201.61 - 263 —269
[
a0 » M 259 - - - - - - - 193.05 - - -

4. Experimental Testing of Fixators

The experimental tests are of the in vitro type (tests on models) and are performed on
a material testing machine with the use of appropriate measuring equipment and a device
for supporting the model (Figure 6). In real conditions, the fixator is exposed to loads
through bone segments and this fact was taken into account, so during the experimental
tests, the load of the fixator was carried out by means of bone model segments made of
beech wood [30]. One pair of wooden models of the lower leg bones was made in order
to simulate an open fracture with a bone structure defect, the inter-fragment distance
of which is 50 mm. The surfaces for supporting the wooden models are adapted to the
supports on the appropriate devices for their acceptance. After assembling the tested
designs of the Sarafix fixator for bone models, they were placed on the material testing
machine (Figure 6). In this way, the load is transferred from the bone model to the fixator,
corresponding to the actual condition. The value of the tightening torque of the screw
connections has a significant influence on the mechanical characteristics of the fastener.
Here, it is important to know the minimum value of the tightening torque that will prevent
the clamping connections from slipping. If one or more connections slip, the stability of the
entire system is impaired, i.e., the load—displacement connection is no longer linear. For
these reasons, before starting the test, all screw connections on the Sarafix External Fixation
System versions were tightened with a calibrated torque wrench. The tightening torque
is 20 Nm.
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Figure 6. Experimental setup: 1—displacement transducer; 2—force transducer; 3—light source;
4—distal part of the bone model; 5—proximal part of the bone model; 6—support device; 7—digital
high-speed CMOS camera.

The loading of test configurations of the Sarafix fixator was carried out over the tops
of two half-pins located on the upper and lower segments of the bone model closest to the
fracture site (Figure 6). The bending load was performed in the interval 0-500 N with a
force change rate of 2 N/s. The unloading of the fixator structures from 500-0 N was also
performed with the same rate of change in the load value. The load intensity is controlled by
means of a force transducer on the material testing machine. The support device contains
two horizontally placed cylinders on which the segments of the bone model are supported.
The distance between the central axes of the cylinders is 362 mm (Figure 6).

During the test, the movement at the load point was monitored through a displace-
ment sensor, and the load was controlled employing a force sensor (type U2A manufactured
by HBM—Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) on a material
testing machine (Zwick GmbH & Co., Ulm, Germany, model 143501). On the other hand,
the displacements of the bone model segments at the fracture site were monitored utiliz-
ing a digital high-speed CMOS camera (PCO AG, type: pco.1200 s, Kelheim, Germany)
(Figure 6). Stress analysis through tensometric measurements was performed using the
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modern data acquisition (DAQ) system QuantumX MX840B (HBM) to receive signals from
type 3/120LY11 electrical resistance strain gauges (HBM). The strain gauges are formed
of two Wheatstone quarter bridges, which are then connected to the QuantumX system
via two measuring channels. Quarter bridges consist of an active strain gauge and a
compensating, i.e., inactive, strain gauge of the same type (Figure 7).

Figure 7. Strain gauge arrangement; 1—active strain gauges; 2—compensation strain gauges;
(a) mounting, (b) experiment.

Active strain gauges are placed on the opposite sides of the middle of the truss at the
closest (MM —) and farthest (MM+) places from the bone model (Figure 7), in such a way
that their longitudinal axis coincides with the direction of the maximum main deformation,
that is, with the direction of the largest and smallest of the main stress at the measurement
points. The previously performed structural analysis determined the direction and intensity
of the main stresses at the measurement locations. Compensation strain gauges are used for
temperature compensation and are of the same type as active ones. They are placed on a
plate that is tied to the truss near the active strain gauges (Figure 7). The plate and the stem
of the fixator are made of the same composite material. Active and compensatory strain
gauges are protected from possible mechanical damage with adhesive tape after gluing.
The deformation registered by the used Wheatstone bridge is given by the relation [31]

4V
where V) and V; are the input and output voltage of the Wheatstone bridge and K; is the
strain gauge factor.
Based on the known deformations (e; and €3) at the measuring points and the known
modulus of elasticity of the fixator frame material, using Hooke’s law for the uniaxial stress
state, we can determine the intensities of the main stresses at the measuring points:

o] = €1E; 03 = €3E (6)

DAQ software Catman (HBM) was used for the acquisition, monitoring and processing
of measurement results from the QuantumX system.

5. Results

Comparative diagrams of point displacement at the load point of the Sarafix fixator
(configuration C50) with a frame made of composite material, obtained through structural
analysis using FEM and experimental testing, are shown in Figure 8.
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Figure 8. Comparative diagram of the deflection at the point of load for configuration C50.

From Figure 8, we can see that the deviations of the results of deflection values, obtained
through FEM analysis of the results of experimental tests, amount to 2.9%, which is within
the limit of permissible deviations, considering the complexity of the analyzed structure.

Also, the deviation of the results of the main stresses 01 MM+ and 03 MM— during
loading from AP bending during the experimental testing and structural analysis of the
C50 fixator configuration (Figure 9) amounts to a maximum of 9.5% for the main stress
o1 on the frame of the fixator made of composite material, which is within the limit of
permitted deviations, considering the complexity of the analyzed structure. The results of
the displacements, as well as the main stresses for the case of other fixator configurations
with different frame materials, are presented in Table 2, where one can notice a fairly good
match between the results obtained through structural analysis and experimental testing.
The results of the tensometric measurements of the value of the largest and smallest main
stress at the center of the truss of the analyzed fixer designs are shown in Figure 10.
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Figure 9. Comparative diagram of the principal stresses (01 on MM+) and (0’3 on MM —) for configu-
ration C50.
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Figure 10. Values of the principal stresses due to AP bending; (a) B50, (b) C50.

The results of measuring the displacement of the bone model segments at the fracture
site for the Sarafix fixator with the composite frame are shown in Figures 11 and 12. The
displacements of the bone model segments at the fracture site were monitored in the
direction of the x and z axis. The results of the displacement of the bone model segments at
the fracture site for the case of other fixator configurations with different frame materials
are shown in Table 2.

F=3500N;
Dpie) = 3.96 mm;
Dpiyy = - mm;
n".’pr.\'r =) mm; IJI”'-'-" =—0.48 mm;
Dpey) = 0 mm;
Dpe) = 0 mm; D) = 3.91 mm;
Ddgy= - mm; z
Ddex) = 0 mm; D) = 3.43 mm;
Didey) = 0 mm;
Ddez) = 0 mm; =
(a) (b)

Figure 11. Displacement at the site of fracture for configuration B50; (a) F =0 N, (b) F = 500 N.

Based on the displacement of the bone model segments at the fracture site, using
Expression (3), the relative displacements of the analyzed endpoints of the proximal and
distal segments (r(py, 7(p)y and r(p),) were determined, for which the relative displacement
vector at the point of fracture (R) has a maximum value. When analyzing the stiffness of
the structure (Cs) of the Sarafix fixator, the movement of the point at the point of load in
the direction of the x-axis (Js) was observed (Figure 4). The results of the fixator test due to
the maximum load value from AP bending Fs = 500 N are shown in Table 2.
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Figure 12. Displacement at the site of fracture for configuration C50; (a) F =0 N, (b) F = 500 N.

6. Discussion

When designing and constructing external fixators, anatomical and biomechanical
factors should be taken into account. From a biomechanical point of view, fracture fixation
should have sufficient stability, which means a reduction in interfragmentary movement
caused by external loads and muscle activity. In this paper, a comparative analysis of the
biomechanical performance of the Sarafix external fixator was performed, which aimed
to quantify the mechanical behavior of the fixator under the load from anterior-posterior
bending for different frame materials, as well as different configurations of the fixator.
Analyzing the results of displacement at the point of load from the perspective of the fixator
configurations, we can notice that we have a slight difference in the values of displace-
ment, i.e., both analyzed versions of the fixator B50 and C50 show almost equal values
of displacement at the point of load. However, if we analyze the results of displacement
at the load point from the perspective of the material of the fixator frame, then it can be
seen that the fixator with a carbon frame has significantly higher displacements compared
to the fixator with a steel frame, in the amount of up to 37% (for both configurations B50
and C50). Comparing the results of the transverse displacement of the ends of the bone
segments at the fracture site from the perspective of fixator configurations, we can state
that the B50 version has smaller displacement values than the C50 configuration in the case
of the steel frame, in the amount of 5%, while in the case of the carbon frame, we have the
opposite situation, i.e., the C50 configuration has smaller displacement values than the B50
configuration by the same amount as the steel frame case.

Analyzing the results of the transverse movements of the ends of the bone segments
at the fracture site from the perspective of the fixator frame material, we can notice that
the fixator with a carbon frame has greater displacements at the fracture site compared
to the fixator with a steel frame, in the amount of up to 45% (for configuration B50) or
up to 31% (for configuration C50). The stiffness values of the designs of the fixator were
determined based on the displacement of the point at the point of loading, while the
stiffness values of the fracture were determined based on the relative displacement of the
analyzed pair of points of the bone segments at the fracture site (Figure 4). In the absence
of major rotations, deformations, sliding joints, and plastic deformation of the fixator
frame components, which is the basic requirement in terms of preserving the anatomical
reduction in bone fragments in postoperative load conditions, the conducted research
showed that there is a linear dependence between the load and the displacement of the
bone segments, identically to the case of loading of the fixator to axial pressure [19]. Based
on the anterior—posterior bending tests, we can note that both analyzed versions of the
fixator B50 and C50 (for both frame materials) show almost equal values of structural



Appl. Sci. 2023,13, 8621

14 of 16

stiffness and ensure similar fracture stiffness. This means that the influence of placing
two half-pins in a plane at 45° to the AP plane and their distance from the load point did
not significantly affect the reduction in the values of the analyzed stiffnesses according to
AP bending. Also, the difference in stiffness between the B50 and C50 versions is expressed
to a lesser extent than in the case of the fixator loading on axial pressure [19]. Analyzing
the stiffness results from the perspective of the fixator frame material, we notice that the
stiffness of the structure for both test configurations of the fixator is lower in the fixator
with a carbon frame compared to the fixator with a steel frame by up to 27%. Also, we have
a reduction in fracture stiffness in the amount of up to 31% (for the B50 configuration) or
up to 24% (for the C50 configuration). Similar differences in stiffness between the B50 and
C50 versions are only expressed to a lesser extent in the case of axial pressure loading of the
fixator [19]. Based on the research conducted on the selected design versions of the Sarafix
fixator, it can be established that the position of the half-pins has a negligible effect on the
stability of the external fixation system in both configurations of the fixator. Observing the
values of the main stresses at the control points, we can notice that with the fixator with a
steel frame, we have identical stress values at both control points, for both configurations
of the fixator, while with the fixator with a carbon frame, we have a slight difference in
the stress values, where at the measuring point MM—, a higher stress value was measured
compared to the measuring point MM+, in the amount of 5%. On the other hand, we
can notice that the fixator with a carbon frame has lower stresses at critical points in the
construction compared to the fixator with a steel frame, in the amount of up to 49% (at the
measuring point MT+) or up to 46% (at the measuring point MT—) for both fixture test
configurations. Similar differences in stress, only expressed to a lesser extent, are present
in the case of axial pressure loading of the fixator [19]. Similar to the case of stiffness and
stress, the research did not record a significant influence of the position of the half-pins on
the stresses generated at the measuring points for either of the fixator configurations.

7. Conclusions
By analyzing the biomechanical characteristics of the fixator, it was established that:

- the configuration of the fixator with a carbon frame shows better performance only in
the case of stress in critical points of the structure, i.e., it has lower stress compared to
configurations with a steel frame;

- the configuration of the fixator with a carbon frame shows worse performance in
terms of biomechanical characteristics, i.e., it has larger movements both at the place
of loading and at the place of fracture, which, in this case, are on the border of clinically
required movements;

- asaresult of larger displacements in the configurations of the fixator with a carbon
frame, we have less stiffness of the structure, that is, the fracture compared to the
configuration of the fixator with a steel frame;

- based on the performed research, we can conclude that the configurations of the fixator
with a steel frame are superior to the configurations of the fixator with a carbon frame,
and the reason for this can be found in the fact that the composite material used has
weaker mechanical characteristics than stainless steel.
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