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Abstract
Objective: To evaluate the durability and stability of Coaxial 
& 3D (Three-dimensional) -printed bonded lingual mandibular 
retainer wire (3-3) at the middle third position with the applica-
tion of forces. The objective is to evaluate the displacement of 
teeth, stiffness, and stresses on the wire.
Methods: A comparison of coaxial wire (six-stranded stain-
less-steel wire) with 3D-Printed retainer wire (chrome cobalt 
alloy) was done by conducting a FEM (Finite Element Method) 
study for which mesh models were prepared onto which forces 
were applied. A load of 10N was applied to simulate biting forc-
es and protrusive jaw movements during mastication.
Results: There was a uniform displacement of teeth in the 
3D-printed retainer wire whereas, in the case of coaxial retainer 
wire more force was noted onto the central incisor due to its 
low stiffness and thus inability to transfer force to an adjacent 
unit. High stiffness, von mises, and shear stresses were found 
to be present in the case of a 3D-printed retainer for which the 
high modulus of elasticity is responsible. The factor of safety for 
both materials was high but when compared to each other it 
was higher in the case of the 3D-printed retainer.
Conclusion: 3D-Printed retainer wire showed higher durability 
and stability when compared to coaxial wire retainer, but re-
quires clinical studies for better appraisal.
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Main points:
• Retention after orthodontic treatment is imper-

ative. Fixed retention methods owing to their ad-
vantages necessitated the study of different materi-
als like coaxial wire and 3D- printed wire.

• The durability and stability of both the wires were 
evaluated by application of forces as the design idea 
was to assess long term maintenance of achieved 
orthodontic results.

• In 3D-printed retainer wire high stresses were 
present but there was minor displacement of teeth 
as a unit providing better periodontal conditions.

• Whereas, in case of coaxial retainer wire there was 
more force accumulated on small unit of teeth due 
to low modulus of elasticity of wire.

INTRODUCTION:
Orthodontic retention is described as holding the 

teeth in adequate aesthetic and functional position af-
ter treatment.1

Retention protocols include fixed and/or remov-
able retainers. Fixed bonded retainers were first de-
scribed in 1973 by Kneirim1, used for long-term re-
tention of treated orthodontic cases to prevent relapse 
in anterior segment after correction of crowding, ro-
tation, midline diastema closure, generalized spacing, 
severely displaced teeth, impacted canine/ incisor, cas-
es with loss of periodontal support etc.2

Fixed retainers have significant advantages of pa-
tient comfort, aesthetic acceptability, effectiveness and 
lack of need for patient compliance over removable 
retainers.3

Fixed bonded retainers also have a few disadvan-
tages i.e. the need for precise bonding technique, un-
intended tooth movement, can cause occlusal inter-
ference, tendency to cause periodontal problems by 
affecting oral hygiene, bond failure or retainer break-
age.4 The retention protocol differs in each and every 
case depending on the patient’s initial malocclusion, 
diagnostic records, habits, cooperation, growth pat-
tern and age. 5 
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Initially, plain round or rectangular orthodontic 
wires were used as fixed retainers. Later multi-strand-
ed wires introduced by Björn Zachrisson became 
popular, due to its flexibility and the presence of its 
irregular surface providing increased mechanical re-
tention.3 Multistranded wires can be of different types: 
twisted, braided, coaxial. Coaxial wire is a single core 
wire wrapped by five wires and is twisted to form sin-
gle unit. 6

In recent years, bonded retainers are being man-
ufactured using CAD–CAM (computer aided de-
sign- computer aided manufacturing) systems and 
3D (Three-dimensional) printers. The advantages of 
3D-printed retainers are: precision and accuracy of fit 
thus promoting patient comfort and improved gin-
gival health by easy maintenance of oral hygiene and 
ensuring less plaque accumulation, less chair side time 
and reduction in wastage of raw material.7 

The reason of failure of lingual retainers most 
commonly is: separation at tooth-adhesive surface fol-
lowed by separation at wire-adhesive interface, break-
age of wire (usually in the first six months of use) and 
unwanted post debonding torque movements of teeth. 
The separation at tooth-adhesive interface is almost 
always related to extreme biting forces and the break-
age of wire is usually associated with metal fatigue 
in long term use.1,8 Studies also have concluded that 
lower incisors were susceptible to breakage and no dif-
ference was seen between direct and indirect bonding 
techniques regarding rate of failure.9

FEM (Finite Element Method) is an engineering 
tool which makes it feasible to analytically apply vari-
ous force systems at any point and in any direction and 
also quantitatively evaluate the distribution of such 
forces.10 Hence, this tool was preferred for the study.

There is abundant history studying various means 
of orthodontic retention. But due to the introduction 
of newer materials in dentistry it is necessary to con-
duct more advanced studies. In view of aforesaid, the 
present study intent was to compare and evaluate the 
extent of displacement patterns of teeth by applying 
forces on both 3D- printed and coaxial wire bonded 
retainer by placing it in middle third position of man-
dibular anterior teeth. The forces applied are to imitate 
biting forces and loading during protrusive jaw move-
ment. The purpose was to compare the durability and 
stability of wires by calculating various parameters like 
von mises and shear stress, deformation and displace-
ment stability of these two materials on the teeth by 

the same amount of force application to study the re-
tentive ability post orthodontic treatment to prevent 
relapse.

MATERIALS AND METHODOLOGY:

MATERIALS REQUIRED:
Computational facilities used for the study:
Hardware details:

• Intel core I 7 8th generation 8-core processor
• 32 GB RAM
• 8 GB Graphics

Software details:
• MIMICS (Materialise MIMICS, Materialise NV, 

Leuven, Belgium) software 
• GEOMAGIC (3D systems, Morrisville, North Car-

olina, USA) modelling software 
• ALTAIR HYPERWORKS (Altair Engineering, 

Troy, Michigan, United States) software

METHODOLOGY:
The FEM study was conducted in the following 

steps: (Figure 1)
CBCT (Cone Beam Computed Tomography) scan 

of an adolescent skull without any skeletal defects, 
trauma, lesions and with full complement of teeth up 
to 2nd molar were obtained from the archives of a re-
puted CBCT scan centre. Sequential CT (computed to-
mography) images were acquired at 0.5-mm intervals 
in the axial direction, parallel to the Frankfort plane. 
DICOM (Digital Imaging and Communications in 
Medicine) files were the output of the scan which were 
then imported into MIMICS software to develop a 3D 
model. This software assists in transporting the data, 
envisions and aids in 3D interpretation and calculating 
the CT scan details. Different parts of teeth and jaw-
bone were then extracted from MIMICS by separating 
them based on bone density. STL (Stereo-lithography) 
files were exported as a constructed 3D representa-
tion of all DICOM slices. STL file was imported into 
Geomagic software where it was converted into Sur-
face CAD (computer aided design) model. This CAD 
model was then imported into FEM software; Altair 
Hyperworks for the analysis.

The FEM is composed of an aggregate of small el-
ements that are sufficient to describe the complex ge-
ometry of the subjects. This process is called meshing, 
(Figure 2,3).
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The material properties of teeth (Table 1), PDL 
(periodontal ligament), and alveolar bone used were 
the average values reported in literature.11-16

Table 1
Material Properties used for Finite Element Analysis

Component Young Mod-
ulus (GPa)

Poisson’s 
Ratio (μ)

Periodontal Ligament 5.0E-5 or 
0.00005 0.49

Teeth 20 0.30
Co-Axial Wire 8.61 0.30
3D-printed lingual bonded 
retainer (chrome cobalt alloy) 260 0.29

Filtek flow composite material 4.24 0.39
Alveolar bone 2 0.30

Coaxial wire (Table 2) was built on the model of 
the jaw in the software by drawing a line which forms 
the path of the wire from one end to another. This 
guiding line was based upon nodes constructed onto 
the lingual side of anterior teeth based on the position 
of placement of bonded lingual retainer. A mesh was 
generated on one end and providing the specifications 

Figure 1: Steps in construction of Finite Element Model

Figure 2: Finite Element Model with Coaxial Wire Retainer
A: Occlusal View B: Lingual View

Figure 3: Finite Element Model with 3D- Printed Retainer
A: Occlusal View B: Lingual View

Table 2
Dimensions of Wires used

S.No Name Dimension

1 Coaxial Wire 0.4445 mm (0.0175’’) – 
diameter

2 3D-printed lingual bond-
ed retainer

0.4 mm- width
0.4 mm- height
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of wire the same mesh is swept across till the other end 
generating a 3D Mesh framework.

Same methodology was used for the 3D printed 
retainer (Table 2) wire except the guiding line frame 
passed through the gaps fully contoured and a 3D 
mesh was generated as in the coaxial wire.

Next step was defining the boundary conditions 
that is basically the way model is held in the Finite Ele-
ment space & the way forces are applied on the model, 
(Figure 4).

Figure 4: Application of Forces

A vertical load on the incisal edges of the midline 
to simulate vertical loading while biting and lingual 
loading from the labial surface of the teeth to simulate 
protrusive jaw movement during mastication.3

RESULTS:
1. Assessment of maximum displacement of teeth 

Co-axial wire showed the red color more towards 
inner sides of the central incisor indicating its higher 
displacement compared to adjacent unit.

In case of the 3D printed wire, a more evenly dis-
tributed plot of displacement was noted, indicating 
the movement of the entire anterior segment as a unit, 
(Figure 5).
2. Assessment of von mises stress results-

The second parameter measured was the von mises 
stress contained in both wires. It is equivalent tensile 
stresses, it is calculated when combined multiaxial 
loading occurs.

It is observed that stress in 3D-Printed retainer 
wire was higher than in co-axial wire, (Figure 6). This 
was due to the stresses observed in the bends as was 

Figure 5: Maximum Displacement of Teeth seen on Application of Force

Figure 6: Von Mises Stresses Calculated on Application of Force 
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more engaged with the tooth movement due to its 
curvature and embedding into grooves and due to the 
modulus of wire.
3. Assessment of shear stress 

Shear stress is responsible for sudden breakage of 
the wire across its cross-section (Figure 7).

It was observed that the Shear Stress was higher in 
3D printed wire compared to Co-Axial wire due to the 
stiffness of 3D printed wire being substantially higher 
than Co-Axial wire.
4. Calculation of factor of safety for von mises and 

shear stress
Factor of safety is simply defined as a load carrying 

capacity of a system up to which load can be sustained. 
It is the ratio of the ultimate stress of an object to the 
calculated stress in the object. It is an important factor 
while designing any components, to help predict the 
maximum stress which can be applied not resulting 
into failure.

Factor of Safety = (tensile limit of wire material) / 
(Calculated Stress in the wire)

As we can see that factor of safety of both 3D print-
ed wire and Coaxial wire was higher but when com-

pared amongst each other, it can be established that 
3D-Printed wire will have higher factor of safety hence 
better durability when compared to Co-Axial wire.

Factor of safety of both von mises stresses and 
shear stresses are graphically represented (Figure 8,9).

DISCUSSION:
Rigorous evaluation of various retention tech-

niques have been carried out in the last years. During 
this time, numerous clinical trials of high method-
ological quality were carried out in which effectiveness 
of bonded as opposed to removable retention, direct 
versus indirect bonding, or round twisted versus rect-
angular braided wire for mandibular retainers were 
compared.17-19 The last decade also brought attempts 
to use CAD/CAM technology to improve accuracy of 
fabricated retainers or to replace metal wire with alter-
native materials.7,20 

The aim of the present study was to compare the 
durability and stability of wires of two different mate-
rials on the same amount of force application to assess 
the retentive ability post orthodontic treatment. The 
methodology involved FEM preparation from the pri-

Figure 7: Shear Stresses Calculated on Application of Force 

Figure 8: Graphical Representation of Factor of Safety for Von 
Mises stress of both wires

Figure 9: Graphical Representation of Factor of Safety for Shear 
stress of both wires
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or constructed CAD model. The material properties 
of teeth, PDL, and alveolar bone used were the values 
reported in literature. 11-16 Vertical loading from the in-
cisal edge and lingual loading from the labial surface 
of the teeth was simulated for biting forces and protru-
sive jaw movements during mastication respectively. 
FEM models were then used and various parameters 
were studied by application of forces of 10 N each. 

Firstly, the maximum displacement of teeth was 
measured. This was indicated by the red color in the 
center in the first model whereas one could see contin-
uous shades of blue in the model with 3D-printed re-
tainer, (Figure 5). This means that the force on central 
incisor was high as compared to adjacent teeth in case 
of coaxial wire than in the case of 3D-printed retainer 
where more uniformity is seen pertaining to its high 
stiffness, it dissipates the force to the entire anterior 
segment as a whole. 

Secondly, the amount of von mises stress and shear 
stress were higher in the 3D-printed retainer, (Figure 
6,7). Von mises stresses were used to determine if a 
given material will yield or fracture. Shear stress are 
developed due to sliding of one object over another. 
This is justified by the high elastic modulus of the wire 
and the engagement of the wire into the curvature and 
embedding into grooves. Co-axial wire has 30 times 
lower modulus compared to 3D printed wire. Modu-
lus affects the stiffness of wire, that is stiffer the wire 
more will be the resistance to applied force.

Lastly, we evaluated the most important compo-
nent, factor of safety for a given material. Factor of 
Safety factor simply expresses how much stronger a 
system is than it needs to be for its intended load. 
Its purpose is to define the risk of failure of a prod-
uct by calculating the total stress and the tensile 
limit of the wire. Both wires showed a high factor 
of safety but when compared to each other, a higher 
safety factor in 3D- printed retainer was encoun-
tered in case of both shear and von mises stresses. 
This is elaborated further by a graphical represen-
tation, (Figure 8,9). Thus, it would conclude better 
durability and stability of 3D-printed retainer in 
comparison to coaxial wire.

FEM studies describe one of the best ways to anal-
yse force systems effectively, delivered by orthodontic 
appliances. Also, the results of the simulation are lim-
ited as in vitro and in vivo study results may differ. 
When analysing force on coaxial and 3D-printed re-
tainer wire, it should always be kept in mind that there 

are other factors influencing the durability and stabil-
ity of wire. These factors are isolation control, precise 
bonding technique, aftercare of the retainer, mainte-
nance of oral hygiene etc. Unfortunately, most of these 
factors cannot be attributed in FEM study.

Another limitation in the FEM study in ortho-
dontics is the approximation in modelling the mate-
rial properties of biological components, in particular 
PDL. Despite the increase in scientific evidence in this 
field, modelling of PDL properties remain an issue to 
consider when interpreting FEM studies results. 21,22

CONCLUSION:
Considering the results obtained through the finite 

element analysis, we can conclude the following:
1. There was uniform displacement of teeth in the 

3D-printed retainer wire whereas, in case of coaxi-
al retainer wire more force is noted onto the central 
incisor due to its low stiffness and thus inability to 
transfer force to adjacent unit.

2. High von mises and shear stresses were found to be 
present in case of 3D-printed retainer for which the 
high modulus of elasticity is responsible.

3. High stiffness was present in case of 3D- printed 
retainer than in coaxial wire.

4. Factor of safety for both materials were high but 
when compared to each other it was higher in case 
of 3D-printed retainer.  
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