
Abstract 
The purpose of this study was to use photoelasticity to analyze the 
inner stress produced by screws of the vertebral fixation system 
when submitted to pullout strength. Twelve photoelastic models 
were divided into three groups (n=4 per group) according to the 
outer diameter of the screws: group 1: 5-mm screws; group 2: 
6-mm screws and group 3: 7-mm screws. A simulation of the 
pullout strength was performed with a force of 7.5 N. The fringe 
orders were evaluated in 19 points around the screw using the 
Tardy compensation method. The results showed that the highest 
shear stress in all three groups was always observed at the peak 
of the crests of each thread ridge, especially closer to the tip of 
the screws. The highest shear stresses were observed in the 5-mm 
screws, showing that these screws were more critical than the 
others and probably more susceptible to pullout.
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I. Introduction
Photoelasticity is particularly useful as a technique to determine 
the stress distribution in structural systems (Mahler and Peyton, 
[1]). It is an experimental technique that allows for a qualitative and 
quantitative analysis of the inner stress in materials by observing 
the resulting optical effects. This technique is used to evaluate 
the stresses or strains of transparent elastic bodies by means of 
the light physical effects (Hirokawa, Yamamoto and Kawada 
[2], Rubo and Souza [3]). Using photoelasticity, it is possible to 
observe the localization of stresses inside an experimental model 
prepared with transparent epoxy resin, expressed by means of 
fringes of different colors. The amount of strain resulting from a 
force can be evaluated by comparing the stresses observed with 
the stress-free area (Rubo and Souza [3]). This technique is used 
in studies of models with complicated shapes or with complex 
load distributions or both (Jaes and William [4], Doyle and Phillips 
[5], Wang  and Tsai [6]). 
Vertebral fixation systems have been extensively used for the 
treatment of traumatic, degenerative or tumor diseases and 
deformities of the spine (Boosa and Webb [7], Hailong et al., 
[8], Vaccaro et al., [9]). Screws are anchoring elements for the 
vertebral fixation system, and the performance and mechanical 
functional properties of the system are directly related to the 
quality of screw fixation in the vertebrae. Failure of the stability 
of the vertebral fixation system may be related to mechanical 
failure of the implant or of the interface between the bone tissue 
and the implant (Benzel [10], Lastra and Benzel [11], Law, Tencer 
and Anderson [12]).
In general, the screws of the vertebral fixation system are 
submitted to flexion momentum, shear and pullout strength. The 

application of pullout strength to the screws produces stress around 
the implants (Browner et al., [13], Coe [14]). 
Photoelasticity is a didactic technique that allows for the analysis 
of the inner stresses of materials, and it represents an important 
tool for comparative studies of this nature (Hirokawa, Yamamoto 
and Kawada [2]). 
In this research the analysis was made using the plane transmission 
photoelasticity. In this technique it is possible to estimate the 
difference of principal stresses using the stress optical law which 
indicates that the effects of birefringence depends on a temporary 
property of the photoelastic resin used, the thickness of model and 
lag relative to a specific point of the model (fringe order). The 
technique assumes that the stresses are constant along the thickness 
of the model and therefore, the loads must be applied in the plane 
perpendicular to the projection of light in the polariscope.
The purpose of the present study was to use photoelasticity to 
observe, analyze and compare the inner stresses produced by 
screws of the vertebral fixation system submitted to pullout 
strength.

II. Materials And Methods
Stainless steel screws of the USS vertebral fixation system 
(Synthes™) were used. All screws were 50 mm in length and 
differed in their outer diameter: 5, 6 and 7 mm (Fig. 1).

Fig. 1: The 5- (A), 6- (B) and 7-mm (C) screws (Synthes™) used 
in the study.

The photoelastic models were obtained from an acrylic mold that 
allowed for reproducibility of the dimensions. The models were 
fabricated with a flexible photoelastic epoxy resin (Polipox™) 
at a ratio of 2.2 ml resin to 1.0 ml catalyzer (amine base). This 
resin has a Young’s Modulus of 4.51 MPa and a Poisson´s Ratio 
of 0.4.
The final model had the following dimensions: 12 mm in 
thickness, 58 mm in width and 50 mm in length. The screws 
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were perpendicularly inserted into the photoelastic models during 
the placement of the resin in the mold. The depth of insertion was 
standardized at 30 mm (Fig. 2).

Fig. 2: Photoelastic models with the 5, 6 and 7-mm screws. A, 
lateral view. B, frontal view of the model with the 5-mm screw. 
Note that only 30 mm of the threaded part of the screw was inserted 
into the photoelastic model. 

Twelve models were divided into three experimental groups, 
according to the outer diameter of the screw. Each experimental 
group consisted of four photoelastic models: group 1 consisted 
of models using screws with a 5-mm outer diameter, group 2 was 
composed of models using screws with a 6-mm outer diameter 
and group 3 consisted of models using screws with a 7-mm 
outer diameter. All photoelastic models used in the study were 
tested for the presence of residual stress before the application of 
pullout strength. Only photoelastic models that did not show any 
residual stress were used in the study. The photoelastic models 
were placed under a support with a constraint on the top and the 
loading was applied though the screw using a fixing pin. The 
boundary conditions used here aimed simulates only a tensile 
load considering the fixed vertebra..
The photoelastic resin was calibrated using a circular disk 
under a compressive load, obtaining an optical constant (fr) of  
0.21 N/mm fringe, which was used to calculate the shear stress 
(τ). Photoelastic analysis was performed with a transmission 
polariscope fig. 3 by applying a pullout strength to the head of 
the screws inserted into the photoelastic models using a Kratos™ 
load cell with a capacity of 100 N. The stresses produced by the 
screws were evaluated qualitatively and quantitatively.

Fig. 3: Schematic drawing of the transmission polariscope.

For the qualitative analysis, the distribution of stresses around the 
screws was observed (initial site, type of growth and site of highest 
stress  concentration). Another qualitative analysis was performed 
with a progressive load until it reaches the values needed for the 
complete formation of fringe order one along all the thread ridges 
of the screw.
For quantitative analysis of shear stress, a force of 7.5 N was used 
in order to evaluating the fringe order in the photoelastic models. 
The load was defined in view of the low Young’s modulus of the 
photoelastic resin, so that the load level included in the elastic 
phase would indicate a good pattern of fringe analysis.
For the quantitative evaluation, the shear stresses were measured 
along selected points in the screw, according to the distribution 
illustrated in fig. 4. Nineteen points distributed along the body of 
the screw were selected and used to measure the shear stresses in 
a standardized manner for the different screws. The points were 
located at a standard distance from the screw, which was 0.5 mm 
for all screws. 

Fig. 4: Schematic view of the 19 points along the screw selected 
for stress analysis.

Quantitative analysis was used to assess the intensity of shear 
stress (τ) around the screw, with the Tardy compensation method 
being used for this calculation. The fringe order N is related to 
the principal stress difference by the stress optical law (Dally and 
Riley [15]), as follows:

h
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−
=
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τ

    (1)
where σ1 and σ2 are the principal stresses in KPa, fr is the optical 
constant value of the photoelastic material   and h is 
the thickness of the photoelastic model.

It should be emphasized that the models used are not actually 
plans, since he uses actual bolts embedded in a prismatic block 
of photoelastic resin. This model could be classified as an almost 
three-dimensional model, since the block of photoelastic simulates 
the thickness surrounding the screw functioning as a sensor in 
this region. However, the stress values along the thickness are not 
specifically listed but vary slightly depending on the geometry of 
the screw, loading and imposed boundary conditions. However, 
because the tensile load acting directly on the bolt and the 
approximate symmetry of fillets, the highest stress levels are at 
about half the screw slightly varying along the thickness. This 
variation is always less than the thickness that covers the screw 
is not too large. In the models analyzed the difference of the 
maximum outer contour to the edge of the screw was 3.5 mm. 
Therefore, the voltage values are average values and can be 
compared roughly between the different screws.
Data were analyzed by multifactorial analysis of variance 
(ANOVA) of the following variables: screw (with 3 levels) 

  InternatIonal Journal of  research In MechanIcal engIneerIng and technology 43

I S S N  :  2 2 4 9 - 5 7 6 2 ( O n l i n e )

w w w . i j r m e t . c o m

IJRMET Vol. 1, IssuE 1, ocT. 2011



and points analyzed (19 levels). Comparative analysis of the 
experimental groups was performed using the post hoc Bonferroni 
method. The level of significance was set at 5 % (p ≤ 0.05).

III. Results

A. Qualitative Analysis
For qualitative analysis, the fringe order along the crest of the 
screws was observed in all photoelastic models. In all models, the 
starting site of the fringe order and the site of highest concentration 
were located at the tip of the screws and grew in a helicoidal 
manner based on the shape of the screws.
The 5- and 6-mm screws required a load of 12.5 N, while the 7-mm 
screw required a load of 11.5 N to produce complete fringe order 
one. Fig. 5 illustrates the images of the fringe orders of the 5-, 6- 
and 7-mm screws when a pullout strength of 12.5 N was used. 

Fig. 5: Analysis of the crests of 5-mm (A), 6-mm (B) and 7-mm 
(C) screws under a load of 12.5 N (X 20) with emphasis on the 
tip of the screw and on the first crest with a size large enough to 
measure (white arrow).

Table 1 : Pattern of the mean values of shear stresses (KPa) of 
the screws

Points 5-mm 6-mm 7-mm
01 6,12 ± 0,81 5,46 ± 0,81 5,06 ± 0,95
02 6,93 ± 0,29 6,54 ± 1,00 5,21 ± 0,98
03 7,65 ± 0,62 6,96 ± 1,23 5,83 ± 1,10
04 8,61 ± 0,91 7,68 ± 1,08 6,62 ± 0,83
05 9,70 ± 0,84 10,18 ± 2,81 11,85 ± 3,62
06 10,30 ± 0,81 10,06 ± 1,54 9,20 ± 0,56
07 12,26 ± 0,13 11,78 ± 1,40 10,64 ± 1,45
08 12,73 ± 1,29 11,30 ± 1,27 9,63 ± 1,01
09 14,55 ± 1,57 13,12 ± 1,34 10,37 ± 0,63
10 13,03 ± 2,57 14,43 ± 2,34 9,78 ±  2,06
11 14,79 ± 1,63 12,54 ± 1,90 10,19 ± 1,67
12 11,79 ± 1,16 10,56 ± 1,58 9,61 ± 0,82
13 11,14 ± 1,35 10,19 ± 1,25 10,00 ± 0,59
14 9,50 ± 1,55 11,46 ± 3,18 9,20 ± 0,80
15 9,08 ± 0,98 8,60 ± 1,59 7,83 ± 1,32
16 7,77 ± 0,26 7,33 ± 1,02 7,32 ± 0,57
17 7,07 ± 083 5,95 ± 0,84 5,84 ± 0,92
18 6,90 ± 0,67 5,66 ± 0,31 5,41 ± 0,95
19 6,73 ± 0,99 5,07 ± 0,74 6,07 ± 0,18
Average 9,82 ± 2,88 9,20 ± 3,12 8,19 ± 2,43

B. Quantitative Analysis
The shear stresses at the 19 points in all photoelastic models 
were submitted to quantitative analysis. The mean values of the 
shear stresses for the screws of three different outer diameters 
are presented in Table 1. The mean + SD shear stress was 9.82 
± 2.88 KPa in the 5-mm screw, 9.20 ± 3.12 KPa in the 6-mm 
screw and 8.19 ± 2.43 KPa in the 7-mm screw (Fig. 6). The 5-mm 

screws showed a higher shear stress than the other screws, with 
a statistically significant difference (p < 0.001).

Fig. 6: Mean value of shear stresses of the screws.

IV. Discussion
The photoelasticity technique utilized pullout strength to measure 
the stability of different screws fixed into the photoelastic model by 
means of the analysis of fringe order and the calculation of shear 
stress. The homogeneity and symmetry of the models allowed 
a standardized photoelastic analysis of the effect of the screws 
without the influence of model geometry.
In this research the resin to replace the interface with the bone 
screw fixation of the spine and therefore the shear stress obtained 
are not identical to the real system, because of the influence of 
different loads and boundary conditions and also due to the 
relative stiffness between bone and screw that are different with 
the resin and the screw. However, considering small strains within 
the elastic regime the stresses near the contour of the screw are 
approximate because they depend on the material used, in other 
words, depend only on the applied forces and the geometry of 
the screw. Evidently, the addition of viscoelastic bone is also 
anisotropic and it slightly modifies the levels of stress in this 
region.
The models were produced with screws fused into the photoelastic 
resin, stimulating screws submitted to a chronic postsurgical 
period as occur in clinical practice after surgeries using a vertebral 
fixation system.
The 30 mm screw insertion depth into the model was chosen so 
that the head of the screw would not influence the photoelastic 
analysis. This limitation was also used in order to allow for a 
simulation of the experimental models used in the study by Defino 
et al. (2007) [16], who performed pullout tests using screws of the 
vertebral fixation system inserted 30 mm into the lateral surface 
of swine lumbar vertebral bodies in order to avoid perforation 
through the opposite cortical.
In the qualitative analysis we observed the optical effects by means 
of the changes in color in the photoelastic models identifying the 
fringe orders with increasing pullout strength (Ueda, Markarian 
and Laganá [17]). In general, we observed that the fringe order 
started to increase at the tip of the screws and that this distribution 
followed the geometry of each screw.
For quantitative analysis, the shear stresses were calculated in the 
19 selected points, and the values obtained were in agreement with 
the qualitative findings. The highest shear stress was observed near 
the tip of the screw, between points 7 and 13. This was the most 
critical site and is probably the most susceptible to loosening. The 
site of the highest fringe order was always observed in the first 
thread ridges and started in the tip of the screw.

 44  InternatIonal Journal of  research In MechanIcal engIneerIng and technology

IJRMET Vol. 1, IssuE 1, ocT. 2011 I S S N  :  2 2 4 9 - 5 7 6 2 ( O n l i n e )

w w w . i j r m e t . c o m



The lack of references on the subject of the present investigation 
makes it difficult to compare our results with those of other studies. 
However, our photoelastic analysis of the screws of the vertebral 
fixation system under pullout strength showed that the shear stress 
was higher in the 5-mm screw than in the other diameter screws. 
These data suggest that the 5-mm screws have the most critical 
behavior. These results are in agreement with those reported by 
Barber et al., 1998 [18] and Gayet et al., 2002 [19], who performed 
in vitro studies using vertebral bodies for screw pullout tests. The 
results also showed that screws with a smaller diameter withstood 
a lower pullout strength than screws with wider diameters. 

V. Conclusions
It was observed that when a pullout strength is applied to a screw, 
the origin of the fringe orders and the most critical point were 
located near the tip of the screw, indicating that, if loosening should 
occur, it would probably occur initially in this region.
The screw with the smallest diameter was observed to have the 
highest shear stress, suggesting that this was the most critical 
screw in terms of pullout strength.
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