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ABSTRACT

Objective: To compare, using photoelasticity, internal stress
produced by USS Il type screw with 5.2 and 6.2 mm external
diameters, when submitted to three different pullout strengths.
Methods: Two photoelastic models were especially made. The
simulation was performed using loads of 1.8, 2.4 e 3.3 kgf.The
fringe orders were evaluated around the screws. In all the mo-
dels analyzed the shear stress were calculated. Results: Inde-

pendently of the applied load, the smaller screw showed higher
values of shear stress. Conclusion: According to the analysis
performed, we observed that the place of highest stress was
in the first thread of the lead, close to the head of the screws.
Experimental study.
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INTRODUCTION

The pullout strength of pedicle screws is a method widespread
in the literature and a way to objectively demonstrate their
resistance to axial load." It is one of the most important indexes
of interest to manufacturers and surgeons.? Studies have been
conducted by various researchers in order to evaluate the
pullout strength and the factors that can influence it.® However
, all studies were performed experimentally , without a numerical
study on the load and behavior during the pullout of the screw.?
Maintenance of compression between the bone and the screw
threads is the main factor to achieve a rigid fixation with screws
in the bone or screws and plaques.* According to Define and
Vendrame,® in general, the pedicle screw is fixed primarily on
cancellous bone using a small percentage of cortical bone in
the portion of the vertebral pedicle.

The insertion site, the technique used, the geometry and the dia-
meter of the screw can affect the mechanical stability of its fixation.®
The diameter and shape of the pedicle is an important factor that
influences the selection of screw used as implant.”

The displacement of the screw in the bone tissue is a commonly
found clinical problem, being caused by the pullout force.® The
increased fixation and stability of the implant requires a greater pullout
force reducing the incidence of failures by displacement of the screw.®

The pullout force, when applied on the screw, produces internal
tensions.'® Thus, the photoelasticity has been used in scientific
studies to determine the stress distribution in structural systems
using qualitative and quantitative analysis by optical elements."
The photoelastic analysis allows observing the stress distribu-
tion throughout the whole structure, allowing a general percep-
tion about the behavior of tensions.' This technique shows the
location of the tensions within an experimental model through
fringes of different colors. It is possible to infer the amount of
deformation resulting from a given force by comparing the volt-
ages observed with free hotspot.

The Law of Optical Tension is related to changes in refractive
index due to temporary birefringence, as the stress status of
the material. This relationship is expressed as:

N.fo
h (1)

ol-02 =

where fo is the optical constant of matter, in N/mm of fringe; N
is the fringe order; and h the thickness of the model.'34

This technique is widely used in engineering and medicine
in problems where there is need for information of stress/
strains in a large structure area, since it is a continuous opti-
cal field technique.™
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Therefore, the aim of this study was to determine, analyze and
compare the internal tensions of photoelastic models under
the influence of 5.2 and 6.2 mm outer diameter USS Il type
screws, when subjected to pullout efforts using flat transmis-
sion photoelasticity.

MATERIALS AND METHODS

For this study, a 5.2 and a 6.2 mm outer diameter titanium
screws 45 mm length, 2.0 mm thread pitch and 8 mm
thread height were used in the USS spinal fixation system
(Synthes®). (Figure 1)

Photoelastic models were made of flexible photoelastic epoxy
resin (Polipox®). This resin has elasticity modulus of 4.51 MPa
and Poisson’s coefficient 0.4 (n.t. o coeficiente de Poisson nao
tem unidade) To build the photoelastic models two standard
Teflon® (polytetrafluoroethylene) molds, that allowed the repro-
ducibility of dimensions and good surface finishing, were used.
The molds were sealed using two acrylic plagues, one on each
side. Between each acrylic plaque and the mold a sheet of
silicone rubber previously prepared was placed, so that the
acrylic plate did not stick to the photoelastic. (Figure 2) The
entire assembly was fixed with pressure staples. The finished
model was 12 mm thick, 51 mm wide and 58 mm long. For
each screw (5.2 and 6.2mm outer diameter) two photoelastic
models were made. These models were previously evaluated
for the presence of residual stress called “edge effect”, before
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Figure 1. 5.2mm (A) and 6.2mm (B) USS vertebral fixation titanium
screws (Synthes®).
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Figure 2. Schematic representation of flexible epoxy photoelastic models.

application of the pullout strength of the analyzed screws.
The photoelastic resin used had an optical constant of 0.375
N/mm of fringe. This constant value was used to calculate the
shear stress.

Photoelastic analysis

The photoelastic analysis was performed in a transmission po-
lariscope by applying a pullout force on the screw head fixed on
the photoelastic model. The model was fixed on an adjustable
stand that was positioned horizontally in the polariscope. A
load cell was used coupled to a signal analyzer to measure the
applied force. (Figure 3) Tensions produced by screws were
evaluated qualitatively and quantitatively.

Signal analyzer

Charge appliance
device

Figure 3. Schematic representation of polariscope used in photoe-
lastic analysis.

Qualitative Analysis

On qualitative analysis of the tensions the starting location for
fringe orders in the model, the point of highest stress concen-
tration, the location of higher shear and the behavior of stress
distribution by applying different loads were observed.

Quantitative Analysis

In quantitative analysis the shear stress was measured us-
ing 1.8, 2.4, and 3.3 kgf pullout strength, recorded through
Kratos® charge cells, with a 10 kgf capacity. To measure the
shear stress on the quantitative analysis a computer program,
called “Fringes”, developed for the automated determination
of photoelastic parameters implemented in Matlab® 7.0 was
used. The methodology is similar to a technique developed
by Yoneyama and Takashi,'® which uses an elliptical polarized
white light and color image processing. According to Yoneyama
and Takashi,'® the results reach acceptable values for points
with fringe order of 0.5 to 3. The program aims to determine
the parameters of isochromatic, eliminating normal reading
process. Its advantage is the direct determination of fringe or-
der using only one photoelastic image of the model analyzed.
The images of the photoelastic models were captured by a
good resolution movie camera, endowed with a good luminosity
lens and professional zoom. This camera was directly coupled
to the polariscope, images being captured and subsequently
transferred to the computer in order to be analyzed by the pro-
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gram. Each photoelastic model was subjected to five images
for each load value (1.8, 2.4 and 3.3 kgf) captured by the ca-
mera as follows: the model was placed in the load application
system, subjected to different loads and their respective images
were captured and, later, his entire load was reduced and the
model removed from the charging system. Furthermore, this
procedure was performed four times for the other image ac-
quisitions, totalizing 30 images for both photoelastic models.
This procedure is important to reduce the experimental error,
since small variations in stress distribution models due to high
sensitivity of photoelastic resin have been observed. Thus, the
average shear stress, corresponding to each group was mea-
sured, yielding a more reliable value.

By using the program, the system requested the number of
points to be analyzed in the model, the optical constant and
the thickness of the model. Therefore, 15 points around screws
standing at 1.5 mm away from their outline were analyzed.
(Figure 4) The values for optical constant and thickness of the
photoelastic model were 0.375 N/mm of fringe and 12.0 mm,
respectively. Upon completion of these data, the program re-
quested the image selection of the model to be analyzed.
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Figure 5. Standard orders of isochromatic fringes obtained in the analysis
of 5.2 mm USS pedicle screw applying a load of 3.3 kgf.
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Figure 4. Scheme of mapping grid used on tests showing the fifteen
points analyzed in pedicle screws.

RESULTS

Qualitative Analysis

The qualitative analysis showed that the starting location of the
fringe orders and the highest concentration point was the first
threads of the lead, next to the screw head region. In the region
near the tip of the screw, the fringe format was round shaped.
Regarding the behavior of stress distribution, it was seen that
the higher the applied load, the greater the formation of the
fringe along the screw body and consequently the higher the
stress in the most critical area (near the bolt head). (Figure 5)

Quantitative Analysis

In this analysis, the shear stresses in the 15 points of all photoe-
lastic models were calculated. The average values of maximum
shear stress of 5.2 mm and 6.2 mm type USSII pedicle screws
are shown in Figure 6.

DISCUSSION

The photoelasticity technique was discovered at the beginning
of the 20" century and its application in the area of Orthope-
dics and Traumatology is still current. This line of experimental
research has motivated several articles published in the area,
Acta Ortop Bras. 2014;22(1):17-20

Figure 6. Mean and Standard deviation of shear tension on both screws
submitted to three different pullout strengths.

however, there are not yet scientific reports using this technique
in the analysis of vertebrate fixation systems components.
Photoelasticity was shown an efficient technique, being capa-
ble of evaluating rapidly and satisfactory the sites of greater
shear tension through pullout strength. Through this technique
photoelastic models with USS screws fused in the photoelastic
resin. These models suggest a simulation of a screw integrated
with a bone in a chronic postsurgical period, as used in clinical
practice in surgeries with vertebrate fixation system. The regular
geometry of these photoelastic models allowed the analysis of
vertebrate fixation screws, comparing their external diameters.
In this case, the geometry possibly did not interfere in the results
obtained through the photoelastic analysis.

In the qualitative analysis it was observed that the site of origin
of the first orders of the fringe and the most critical region
was the first threads of the lead, near the head of the screw.
| can also be seen that the shape of the orders of fringe in
the region of the tip of type USS Il screws was round, in
accordance with its geometry.

In the quantitative analysis three load values were used to carry
out the screws pullout (1.8, 2.4, and 3.3 kgf). These were low
load values, therefore, they only served to generate a stress
to screw pullout, since the flexible epoxy resin has high pho-
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toelastic sensitivity. The gradual increase of the applied force
was important to observe the behavior of the photoelastic mo-
del by increasing the number of fringe orders that arose with
increasing load, due to increased tension in the model. Thus,
with increased pullout strength, the shear stress became more
critical, thus there is an increased tendency to loosen the screw.
This conclusion is consistent with the research of Fakhouri et
al.'” Regardless the amount of force applied, it was found that
the values of shear stress on the 5.0 mm screw were higher
than those for the 6.2 mm screw. These results can be explai-
ned by geometric and size differences of the screws. The most
susceptible shearing sites of the screw are the first threads near
the head of the screw, as it is the site of greatest shear stress.
Thus, the point of maximum stress concentration was in this
region, due to the influence of the screw head and its lower
strength and stiffness.

Independently of the screw type, the screw with the lower external
diameter is the most susceptible to possible clinical complications
according to the dimensions of the screw and the fact that it shows
a higher value of shear stress. According to Barber et al.,'® Gayet
etal.,'® Kwok et al.,' and Siqueira et a/.,%° the higher the outer dia-
meter of the larger screw, the higher the pullout strength, being,
thus, more difficult to pull out the screw. Therefore, the findings
obtained in this study are in agreement with these authors.
Barber et al.'® conclude that the screw performance is also
influenced by the geometrical variation, where the higher the
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