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In vitro evaluation of loop design
influencing the sliding of orthodontic
wires: A preliminary study
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Abstract

Aim: Resistance to sliding between bracket and wire is present, in a different magnitude, in most orthodontic treatments
and it affects the biomechanics of the tooth movement. However, the influence of loop design on resistance to sliding
is currently unknown.

Methods: In total, 12 stainless steel orthodontic wires of different sizes (0.016"”%0.022"; 0.017"%0.025"), loop height
(6mm, 8mm, 10mm), and loop type (open, close) were analyzed. Wires were tied with elastic ligatures to a bracket and
tested during sliding at 0.5 mm/min. Straight wires were used as controls. Differences in the force to start the sliding (N),
force during the sliding (N), and displacement to start the sliding (mm), were evaluated with Kruskal-Wallis one-way
analysis of variance and Mann—Whitney tests (a=0.05).

Results: Open loops had a lower force to start the sliding compared to straight wires (p<0.05), and some closed loops
showed a similar trend. Open loops had lower force during the sliding compared to straight wires, but closed loops were
less predictable. Displacement to start the sliding increased with loop height, and differences were present between
loops and straight wires (p<0.001). Force to start the sliding and force during the sliding changed relative to loop type
(p<0.05), and closed loops showed higher resistance to sliding. Differences were also found in force to start the sliding
and force during the sliding between wire sizes, with larger wires associated with higher forces (p<0.05).
Conclusions: Loops should be considered as significant variables in the resistance to sliding, as they can influence both
the amount of force and the onset of sliding. Compared to straight wires, rectangular wires with open loops may help
clinicians reduce resistance to sliding. Further studies are necessary to confirm these preliminary findings.
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angle, i.e. the angle at which the wire keeps contact with
the slot of the bracket, can affect the RS,>!:12 and that the
critical contact angle itself is affected by the elastic proper-

Introduction

Resistance to sliding (RS) is relevant in orthodontics

because of the biomechanical effects of friction on clinical
treatments.!2 Studies have reported several variables affect-
ing the RS, such as material composition® and surface,*
size of bracket and wire,> ligating force,® velocity,” and
wetness.® Even though changing some materials’ character-
istics allows for control of the RS, this should not be the
only option available to clinicians to control this biome-
chanical variable.

Wire elasticity can influence the RS, which is evident
when the distance between brackets is reduced, decreasing
wire elasticity and increasing the RS.%10 This phenomenon
is supported by the demonstration that the critical contact

ties of the wire.*!0
In the presence of a loop, mechanical properties of the
wire such as the load/deflexion ratio change,'? thus the
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contact force on the bracket surface may change, and wire
geometry is also modified,!3 thus the contact surfaces may
also change. As a result, the RS may also be altered.

The RS is relevant in orthodontic sliding-mechanics,
which are primarily based on the sliding of the wire.!4
Although in some situations the loop may interfere with
the sliding, e.g. when the space occupied by the loop is
similar to the inter-bracket distance, loops are still compat-
ible with sliding when long segments of the wire are pre-
sent between two brackets. For example, in the case of
alternate bracket bonding during the initial levelling of the
dentition, ! in the presence of impacted or missing teeth,®
and during the space closure after extraction of teeth.!”
Furthermore, in non-sliding mechanics that are primarily
based on loops,'* sliding of the wire is still present. For
example, during the activation of loops for the retraction
of the anterior teeth, the wire slides in all brackets poste-
rior to the space to be closed.!

The current main options to reduce the RS are reducing
the ligation force,® increasing the size of the bracket slot,’
or reducing the size of the wire,’ which all negatively affect
the control of the tooth movement by increasing the wire-
play.!® Thus, alternative methods should be investigated.

Perhaps surprisingly, even though it is common to use
loops to control the mechanical properties of wires,? to the
best of our knowledge no published studies have investi-
gated how to control the RS through the use of loops.

The objective of the present study was to analyze the
opportunity to enhance the clinical management of the RS
using loops on wires. The hypothesis was that the presence
of a loop and its geometrical characteristics affect the
amount of RS of an orthodontic wire ligated to a bracket.

Materials and methods

Experimental test set-up

A stainless steel (SS) preadjusted bracket for upper left
premolar with slot 0.018"” (GAC, Japan) was utilized with
different wires ligated with elastic ligatures (G&H
Orthodontics, United States of America (USA)). In total,
12 SS wires (Remanium Dentaurum, Germany) of differ-
ent sizes (0.016"x0.022", 0.017"x0.025"), loop type
(close, open), and loop heights (6.00 mm, 8.00 mm, 10.00
mm) (Figure 1), were tested. Two straight wires of differ-
ent diameters (0.016"x0.022", 0.017"x0.025") were uti-
lized as controls. Each wire was tested 10 times, resulting
in 140 tests.

Loops were manually pre-formed with an internal
diameter of 2.5 mm (measured with a Vernier caliper,
+0.2mm), and left for 24 h for stress relaxation before test-
ing. The top edge of the loop was positioned 7.5 mm from
the top edge of the bracket (Figure 1). The custom-made
testing model (Figure 2) had the bracket fixed using epoxy
resin (SIC Corporation Ltd.) and left to harden for 24 h. To
eliminate the effect of the angular information of the

bracket slot, an SS jig (0.017"x0.025") was used during
the hardening of the glue to hold the slot of the bracket
parallel, that is, with a neutral orientation to the sliding
direction (Figure 2). Tests were performed in dry condi-
tions, using a universal testing machine (Instron ElectroPuls
E3000, USA), with a static load cell of £500 N. The testing
velocity was 0.5 mm/min along a displacement of 4.00
mm, and data were collected at 100 Hz.

Control tests were carried out to verify the correctness
of the neutral position of the bracket slot, to verify that no
sliding was present between the wire and the clamps and
that the elasticity of the glue was not relevant.

On the force/displacement diagram, the first part of the
growing function was identified as the elastic deformation
region of the loop. The point of transition from a growing
function to a plateau was identified as the beginning of the
sliding and not as the plastic deformation region, because
the parallelism of the wire was checked after testing and no
deformation was present (Figure 3). Then, three parameters
were analyzed: the force to start the sliding (F'g), that is, the
force value when the force or displacement function starts
becoming constant, the force during the sliding (F)), that
is, the average force while the force or displacement func-
tion is represented by a plateau (after the F ¢ value), and the
displacement to start the sliding (Dgg), that is, the length
value corresponding to the Fgg value (Figure 3).

Model-reliability assessment

The first control test was carried out to verify the correct
alignment of the bracket slot in the neutral position, pull-
ing a straight wire without ligature. The second tensile test
was carried out locking one side of a straight wire on the
support and clamping the other side in the locking system,
then applying tension to verify the wire could not slide in
the clamps. The final control test was carried out pulling a
straight wire with one side locked on the bracket, to verify
the elasticity of the glue was not relevant.

Statistical analysis

Data were processed with SPSS v.22 (IBM, USA), evalu-
ating the normality of the data distribution using the
Shapiro—Wilk test (0=0.05). The Kruskal-Wallis one-way
analysis of variance for unpaired values was used to check
differences between different heights, with the Mann-
Whitney test as post hoc evaluation applying the Bonferroni
correction of significance (0=0.05/4=0.0125). The Mann—
Whitney test for unpaired values was used to compare dif-
ferent wire sizes and loop types (a=0.05).

Results

Data were not normally distributed (p<0.05) and non-par-
ametric tests were applied. The first control tests showed a
mean RS<0.05 N, confirming the parallel orientation of
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Figure |. The 12 different loops tested in the 0.016"%0.022" (upper) and 0.017”%0.025" (lower) diameters. (a), (b), and (c) are
open loops of 6 mm, 8 mm, and 10 mm. (d), (e), and (f) are closed loops of 6 mm, 8 mm, and 10 mm.

Figure 2. The bracket was fixed on the aluminum plate and
held with the slot vertical and perpendicular to the floor,
whereas the wire was connected with the locking system of
the testing machine for force application (loop position is for
reference only) (a). During glue hardening the orientation of
the bracket’s slot was maintained neutral (parallel) respect to
the sliding direction using a 0.017"%0.025" wire jig, which was
removed after 24h (b).

the slot; the second and third control tests showed a rapid
increase in the force associated with small displacements,
confirming negligible sliding of the wire in the clamps and
negligible elasticity of the glue, respectively.

Frictional forces

Regarding the Fg, among the 0.016”x0.022" samples,
the smallest /g was shown by high open loops (0.34 N),
and the greatest by high closed loops (0.53 N). Among
the loops of 0.017"x0.025" size, results were similar,
with the lowest value associated to high open loops (0.55
N), and the greatest to high closed loops (0.81 N) (Table
1 and Figure 4A).

Relative to the F)5, among the 0.016"x0.022" samples,
the lowest /',y was shown by high open loops (0.53 N) and
the greatest by high closed loops (1.00 N). Among the
0.017"x0.025" samples, results were similar, with the lowest
value associated to high open loops (0.78 N) and the greatest
to high closed loops (1.37 N) (Table 1 and Figure 4B).
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Figure 3. Example of force or displacement diagram of the
test from 0.00 to 3.50 mm. After the elastic region of the
deformation of the loop, the beginning of the slope (%) was
used to identify the transition from force to start the sliding
(Fss) to force during the sliding (Fps). No plastic deformation
was present, and in this case the region of the curve that

in a standard force-displacement diagram is associated to
permanent deformation of the material represents the
beginning of the sliding. This point was identified as Fg,

the respective displacement to start the sliding (D) was
determined on the horizontal axis, and the Fy¢ was calculated
as the mean force between the D¢ and 3.50 mm.

Wires with loops always revealed greater Dg than
straight wires. Among the 0.016"x0.022" samples, the
greatest D¢ was shown by close high loops (0.53mm), and
among the 0.017"x0.025" samples by close high loops as
well (0.41 mm) (Table 1 and Figure 4C).

Relationship with loop height

Regarding F, open loops resulted in lower values com-
pared to straight wires of both 0.016"x0.022" (p<0.001)
and 0.017"x0.025" (p=0.004) size. Similar results were
shown by closed loops in the 0.016"%0.022" size (p=0.016),
but the 0.017"%0.025" size did not show significant differ-
ence to straight wires (p=0.873) (Table 1).

Fpg had a similar behavior with regard to open loops,
which showed lower values compared to straight wires in
both the 0.016"x0.022" (»p=0.002) and 0.017"x0.025"
(»=0.001) size. However, a less regular pattern was shown
by 0.016"x0.022" loops, and no significant differences to
straight wires were shown by 0.017”x0.025" loops
(»=0.372) (Table 1).

All values of Dy increased from straight wires to high
loops, for both close and open loops of 0.016"x0.022"
and 0.017"x0.025" size. Significant differences were
present in all samples compared to straight wires
(p<0.001), and among almost all different loop heights
(Table 1).

Comparison between different loop types

Significant differences were found between open and
closed loops regarding both Fg and Fjg (p=0.019 to
p<0.001). Absolute differences ranged from 0.11 N to 0.50
N, and relative differences between 22.0% and 80.4%,
with closed loops always related to greater force.

Concerning the Dy, closed loops were associated with
greater values compared to open ones. Differences ranged
from 0.01 mm to 0.27 mm in absolute values and from
6.7% to 50.9% in relative values (Table 2).

Comparison between wire sizes

Significant differences were found between the
0.016"%0.022" and 0.017"x0.025" sizes regarding both F
and F'g (p=0.019 to p<0.001). Absolute differences ranged
from 0.16 N to 0.52 N, and relative differences between
24.1% and 49.5%, with 0.017"x0.025" size always related
to greater force.

Concerning the Dygg, no significant differences were
found between different sizes, apart in case of the 6 mm
close loop (p=0.043) (Table 2).

Discussion

Most of the literature about the RS in orthodontics has
been focused on the influence of materials and surface
characteristics.>*20-23 After the suggestion to divide the RS
in classic friction, binding, and notching,>2* more attention
has been paid to the three-dimensional interaction between
bracket and wire. However, the interest still focused on the
bracket characteristics rather than the wire. In fact, even
though the wire elasticity plays a fundamental role in RS,
very few articles have investigated this phenomenon.%!0
Furthermore, one of the most used and well-established
methods to control the elasticity of orthodontic wires, that
is, forming loops on the wire, has not been taken into con-
sideration in the context of the RS.

In the present study, force values related to the presence
of loops varied in respect to straight wires. The current
results explain that loops can influence the Fg and are
mainly able to reduce it, up to -44% in the case of a
0.016"%x0.022" wire with an open loop of 10 mm, com-
pared to a straight wire (p<0.001) (Table 1). It is worth
noting that the sliding of the bracket on the wire, or vice
versa, is not characterized by a continuous movement, but
is rather made of continuous starts and interruptions of the
sliding, known as stick-slip,?® and the F can be particu-
larly relevant in this context. In particular, because the
static friction is usually greater than the dynamic one,!! the
Fg¢s may account for most of the RS encountered during
orthodontic clinical movement.

Regarding the /g, wires with loops had more variable
behavior, such that loops were capable of decreasing the
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Table I. Values of the Fg, Fjg, and D related to the loop height (0 = straight wire, and 6 mm, 8 mm, 10 mm).

Height  0.016"x0.022" 0.017"%0.025"
(mm)
AV SD Cl P AV  SD Cl P
Fes (N) 0 061 0.0 055-067  <0.001* 080 0.5 071-0.89  0.004*
open 6 041 015 032-050  (0>6;0>8; 058 008 053-063 (0>6; 0>8;
8 039 008 035-044  0>10)* 055 0.6 045-065 0>10)*
10 034 012 027-0.4 060 0.13  0.52-0.68
0 061 010 055-067  0.0I6* 080 0.5 071-089 0873*
cose 6 051 009 046-056  (0>8; 0>10)* 080 0.18 069-091 NA
8 050 006 0.46-0.54 081 0.4 0.73-0.89
10 053 002 0.52-0.54 077 0.14 0.68-0.86
Fos (N) 0 082 0.3 074090  0.002* 118 024 1.03-133 0.00*
open 6 063 020 050-076  (0>8; 0>10) 083 0.1 076-090 (0>6;0>8;
8 057 0.0 0.51-0.63 078 021 065-091 6<I0)*
10 053 018 042-0.64 105 024 0.90-1.20
0 082 013 074090  0.003* 118 024 1.03-133 0372*
cose 6 080 0.4 072-088  (0<I0; 6<I0; .14 020 102-126 NA
8 081 009 075-087  8<I0)* 128 022 1.14-1.42
10 100 009 0.94-1.06 137 024 1.22-152
0 003 00l 002-004  <0.00I* 003 002 002-004 <0.00I*
Dy (mm) open 6 0.14 006 0.11-0.17  (0<6;0<8;0<I0; 0.2 002 O0.11-0.13 (0<é; 0<8;
8 0.18 004 016020  6<I0)* 020 006 0.14-024 0<I0; 6<8<I0)*
10 026 0.1 0.19-0.33 037 007 032042
0 003 00l 002-004  <0.00I* 003 002 002004 <0.00I*
cose 6 0.5 003 0.13-0.17  (0<6;0<80<I0; 0.9 004 0.16-022 (0<6; 0<8;
8 029 004 026-032  6<8<I0) 032 005 029-035 0<I0; 6<8<10)*
10 053 00l 0.52-0.54 041 005 0.38-0.44

AV: average; SD: standard deviation; Cl: confidence interval; O: straight wire; Fe: force to start the sliding; Fyg: force during the sliding; Dgg: displace-

ment to start the sliding.

*Kruskal-Wallis one-way analysis of variance (¢=0.05); #Mann—Whitney post hoc test (Bonferroni correction a.=0.0125).

Fpg compared to straight wires, up to -35% in the case of a
0.016"%0.022" wire with an open loop of 10 mm (»p=0.001),
or to increase it up to +22% in the case of a 0.016"x0.022"
wire with a close loop of 10 mm (p=0.005) (Table 1). A
possible explanation is that during sliding the loop opens
until a point that achieves an angular divergence between
the two ends of the wire that leads to the critical contact
angle, thus causing an increase in the RS.> Macroscopically,
such a situation has already been noticed when the activa-
tion of a closing loop determines the angulation of the
mesial and distal part of the wire.?6?° Furthermore, the
above-mentioned stick-slip behaviour?® may also be trig-
gered by this change in angulation. In fact, F) values
showed fluctuations after reaching the plateau (Figure 3).
Overall, results regarding Fgs and F,g support the use of
open loops to reduce the RS, because the ability of closed
loops to increase it is less evident and of limited clinical
relevance.

Accordingly, 0.017"%0.025" wires showed smaller RS
differences with straight wires compared to 0.016"x0.022"
wires. This was evident with closed loops, which did not
show statistical significance in the Fgg (p=0.873) and F)q
(p=0.372). A possible explanation is related to the greater

moment-to-force ratio exhibited by smaller wires com-
pared to larger sizes, as already reported during loop acti-
vation.’? Thus, if clinicians aim at using loops to control
the RS, 0.016"x0.022" wires appeared to be more indi-
cated compared to wires of a larger size.

Concerning the Dy, a fair comparison with a straight
wire was not possible because no displacement is present
in absence of a loop, unless the ultimate stress of the wire
is reached. In fact, the D results related to straight wires
were very close to zero (0.02 mm and 0.03 mm) with sig-
nificant differences in the displacement values compared
to wires with loops (p<0.001) (Table 1). In addition, the
height of the loop could greatly influence the Dy, intro-
ducing a displacement dependency of the beginning of the
sliding, a phenomenon that is not possible with straight
wires. Interestingly, this delay in the onset of the sliding
was noticed in all samples, and it was significantly differ-
ent between each loop height of both close and open loops
(»<0.001) (Table 1). In this regard, loop type also played a
significant role, and closed loops were associated with
higher displacement values compared to open ones (Table
2). This behavior suggests the use of open loops when the
delay in the beginning of the sliding has to be minimized.
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Figure 4. Average values of the 0.016"%0.022" wire (left, markers of small size) and of the 0.017"%0.025" wire (right, markers of
large size), relatively to force to start the sliding (a), force during the sliding (b), and displacement to start the sliding (c). Triangular
markers represent straight wires, rhomboidal markers represent open loops, and square markers represent closed loops. Vertical

bars show the standard deviation.

Finally, the results indicate that some loop height and
type combination might enable the clinician to use wires of
greater sizes without increasing the RS. This is particularly
relevant when both an increased control of tooth position
and a reduced RS are required, such as during retraction of
the anterior teeth with sliding mechanics utilizing skeletal
anchorage.!” For example, this behavior was noticed when
a 0.016"x0.022" straight wire was compared to a
0.017"%0.025" wire with a 6 mm loop, showing the straight
wire of smaller size to have higher Fg (0.61 N) than the
larger wire with a loop (0.58 N) (Table 1).

By comparing loops of the same height, significant dif-
ferences were found between open and closed loops
regarding Fg; and Fg for both 0.016”x0.022” and
0.017"x0.025" wires, confirming the relevance of open
loops to reduce the RS. Greater RS with closed loops may
be explained by the helix, which has been associated to
reduced load-deflection ratio,!” and greater wire deflec-
tions leading to earlier binding.’

Not surprisingly, RS values were different between
0.016"%0.022" and 0.017"%0.025" wires, with larger wires
increasing the Fgg up to 43.3% and the F)g up to 49.5%
compared to smaller ones. However, no significant differ-
ences were found in the Dy when comparing wire thick-
ness (Table 2).

Limitations

Compared to the common discrimination between static
and kinetic friction adopted in classical RS, further consid-
erations were necessary in the presence of a sliding loop.
For example, even though the three main parameters, that
is, Fg, Fps, and Dy, were analyzed separately, the transi-
tion from the opening of the loop and the beginning of the
sliding could not be defined at a single point, because of an
overlapping region of opening and sliding. This said, once
the force reaches its plateau, the amount of opening of the
loop is stabilized as well, and the displacement is com-
pletely imputable to the sliding.

The loop design (Figure 1) was kept as simple as pos-
sible to allow good reproducibility of the shape while
changing the selected variable, that is, the height from 6
mm to 10 mm. Furthermore, although a 10 mm loop may
not be clinically applicable, the inclusion of such high val-
ues is aimed at better understanding the proportionality
between the RS and the loop height.

The choice to test the same wire 10 times was made
because orthodontic archwires are usually removed from
the brackets at each appointment, and often re-inserted and
re-ligated without substitution of the wire. Because the
ligating method is the usually main parameter involved in
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Table 2. Absolute and relative (%) differences (A) between loop type (open vs close) and diameters (0.016"%0.022" vs

0.017"%0.025"), concerning Fg, Fpg, and Dg.

Height (mm) Open vs close 0.016"%0.022" vs 0.017"%0.025"
Wire diameter A (N) A (%) P Loop type A (N) A (%) P*
Fes 0 straight 0.19 238 <0.001
(N) 6 0.016"%0.022" 0.41 80.4 0.019 open 0.17 293 0.009
8 0.11 220 0.002 0.16 29.1 0.005
10 0.19 358 <0.001 0.26 433 0.019
6 0.017"x%0.025" 0.22 27.5 0.011 close 0.29 36.3 <0.001
8 0.26 32.1 0.004 0.31 383 0.001
10 0.17 22.1 0.019 0.24 312 <0.001
Fos 0 straight 0.36 30.5 <0.001
(N) 6 0.016"%0.022" 0.17 21.3 0.011 open 0.20 24.1 0.001
8 0.24 29.6 <0.001 0.21 26.9 0.015
10 0.47 47.0 <0.001 0.52 49.5 0.015
6 0.017"%0.025" 0.31 27.2 <0.001 close 0.34 29.8 <0.001
8 0.50 39.1 <0.001 0.47 36.7 0.001
10 0.32 234 0.003 0.37 27.0 <0.001
Dgs 0 straight 0.00 0.0 <0.001
(mm) 6 0.016"%0.022" 0.0l 6.7 0.353 open -0.02 -16.7 0.912
8 0.11 379 <0.001 0.02 10.0 0.280
10 0.27 50.9 <0.001 .11 29.7 0.481
6 0.017"x%0.025" 0.07 36.8 <0.001 close 0.04 21.1 0.043
8 0.12 375 <0.001 0.03 9.4 0.075
10 0.04 9.8 0.218 -0.12 -29.3 0.353

*Mann—Whitney test.

Fgs: force to start the sliding; Fpg: force during the sliding; Dg: displacement to start the sliding.

the RS, re-ligating the same wire aimed at simulating the
variability of the procedures, which is probably more rel-
evant than the variability in the wires. However, the fric-
tion between the two materials may have generated
microscopic surface roughness in the two accessories,
which may have eventually affected the RS values.* In
addition, using the same wire may have increased the
chance of type I error and false positive results.

Conclusions

The loops should be considered as significant variables in
the RS, because significant differences were found in the
Fand in the Fg between wires of different sizes, as well
as between wires with different loop types. However, the
height of the loop influenced mainly the D

The present findings suggest that in some phases in
which the inter-bracket distance is large enough to allow
sliding of a loop, an open loop may be utilized to reduce
the RS. This is of interest when the clinician aims at reduc-
ing the RS while maintaining control of the tooth move-
ment by using the same wire size.

The decrease of RS was proportional to the open loop
height, and it was particularly evident with 0.016"x0.022"
wires. Further studies are necessary to confirm these pre-
liminary findings.
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