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Abstract: Purpose: To investigate the resistance to sliding (RS) related to self-ligating and conventional ligation 
bracket systems at several first order rotational angulations using typical aligning arch wires in a 3-bracket experi-
mental model. Materials and methods: Resistance to sliding (RS) was measured in self-ligating (SL: Interactive self-
ligating brackets with closed slide) and conventional ligation (CL: Interactive self-ligating brackets with open slide 
and elastomeric ligatures) groups in conjunction with 0.014-in heat-activated NiTi (Af temp: 36°). A custom-made 
machine was used to measure frictional resistance with tests repeated on 5 occasions at each simulated angula-
tion. Results: The RS increased significantly as the angulation increased in both groups (P < 0.0001). However, 
RS measurements were significantly higher at each angulation (P < 0.0001) with the conventional ligation system 
than with self-ligation. Conclusion: During simulated tooth movement with low stiffness wires, RS is increased in 
conventional-ligating systems particularly at higher degrees of angulation.
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Introduction

During fixed appliance-based treatment, the 
resistance to sliding (RS) impedes the tooth 
movement. Attenuation of applied forces as a 
consequence of friction has been estimated at 
12% to 60% [1]. This degree of variability may 
also make the rate of tooth movement inconsis-
tent; minimizing the causes of RS may both 
accelerate tooth movement and increase its 
predictability. 

The RS between bracket and wire depends on 
two chief determinants: classical friction (FR), 
in which the ligation method is influential, and 
the force of binding (BI) [1, 2]. Controlling the 
phenomena contributing to RS may lead to 
more efficient and reproducible fixed appliance 
treatment. FR is proportional to the normal 
force (FN), acting perpendicular to the direction 
of movement on the contact surface and 
depends on the coefficient of friction (µ) of a 

specific material according to the formula: FR = 
µ FN [3]. BI represents the force produced when 
the wire first contacts both opposing edges of 
the slot and is governed by the angular relation-
ship between bracket slot and wire [3]. BI is 
encountered throughout treatment, and indeed 
during arch alignment and leveling. Based on in 
vitro findings, the height and width of both 
bracket slot and arch wire [3], wire stiffness [4] 
and brackets design [5] are thought to contrib-
ute most significantly to binding forces during 
second order correction. 

First order correction is also governed by these 
factors, although the depths of the bracket slot 
and wire thickness are likely to assume greater 
importance. Self-ligating brackets have been 
proposed as a mechanism of reducing resis-
tance to sliding, expediting orthodontic treat-
ment, although there remains little clinical 
proof of their effectiveness in this respect [6].
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The RS expressed by self-ligating and conven-
tional ligation systems at specific angular 
bracket slot to wire relationship has not been 
investigated in relation to first order correction. 
Second order correction, however, has been 
assessed with both high [2, 4, 7] and low stiff-
ness archwires [8, 9]. These studies confirmed 
that binding increases with increasing angula-
tion, while the main component of RS differed 
between studies, being attributed either to 
binding [2, 4, 7], or being primarily influenced 
by the ligation method [8, 9]. If binding were 
shown to be the primary contributor to RS, a 
dramatic reduction in RS would be unlikely with 
use of self-ligating brackets (SLBs) [4] as bind-
ing phenomena are independent of the method 
of ligation during second order correction. This 
ex vivo study aimed to compare the resistance 
to sliding (RS) between self-ligating and con-
ventional ligation systems during derotation of 
teeth in an experimental model with simulated 
first order rotational angulations. 

Material and methods

One hundred twenty self-ligating brackets (Em- 
power; ®American Orthodontics, Sheboygan, 
WI), including 40 lateral incisor, 40 cuspid and 
40 first premolar brackets were divided into 
self-ligating (SL) and conventional ligation (CL) 
groups. The bracket groups shared the follow-
ing features: MBT prescription; nominal slot 
height dimension - .022-in; nominal slot depth 
dimension - .028-in; wire engaging system - 
interactive (lateral incisor/canine) and passive 
(premolar). For the CL group, self-ligating brack-
ets with open slides were surrounded by elasto-
meric ligatures (1 mm internal diameter; 
®Leone S.p.A., Florence, Italy) placed with a 
needle holder. The tested wires were supplied 
in straight lengths: 0.014-in heat-activated NiTi 
wires with nominal Af temperature stabilization 
at 36°C (Therma-Lite; ®American Orthodontics, 
Sheboygan, WI). 

Experimental apparatus 

A stainless steel apparatus (Figure 1) was con-
structed to hold 3 vertically- and horizontally-
aligned brackets with the set-up designed to 
simulate a dental segment involving a lateral 
incisor, canine and first premolar. The inter-
bracket distance, measured from the center of 
the brackets, was 14.5 mm in accordance with 
Wilkinson et al. [10]. Composite resin (Trans- 
bond; ®3M Unitek, Monrovia, CA) was used to 

Figure 1. View of the experimental model. A. Stain-
less steel apparatus; B-D. Lateral incisor, canine, first 
premolar bracket-brass mount couples. 

Figure 2. View of the mounting apparatus. A. Mount-
ing apparatus; B. Single bracket-brass mount couple; 
C. Stainless steel jig (0.022 × 0.028-in).

Figure 3. 0.022 × 0.028-in stainless steel jig en-
gaged within all brackets. A. Mounting apparatus; 
B-D. Lateral incisor, canine, first premolar bracket-
brass mount couples; E. 0.022 × 0.028-in stainless 
steel jig.
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bond each test bracket on a dedicated brass 
mount in a mounting apparatus (Figure 2) 
before incorporating them into the 3-bracket 
system. The bonding procedure, described by 
Matarese et al. [11] and Cordasco et al. [12], 
was used for the outer brass mount-bracket 
(lateral incisor and first premolar) couples of 
the mounting apparatus.

The central pit of the 3-bracket apparatus had 
no base on either side, allowing the brass 
mount soldered to a protractor, which was fixed 
to the testing machine, to be set on the 3-brack-
et apparatus. A canine bracket was placed on 
this brass mount with the top end of the verti-
cal line aligned with the dedicated line engraved 
on the 3-bracket apparatus to guarantee a cor-
rect mesio-distal positioning. Before bonding 

the canine bracket, a 0.022 × 0.028-in SS jig 
was used so that its largest cross-section 
(0.022-in) occupied the entire slot height of the 
lateral incisor, canine and first premolar brack-
ets (Figure 3). During the bonding phase, a 
metal ligature was used to attach the canine 
bracket to the jig and bring it into contact with 
the floor of the slot. Consequently, the influence 
of the pre-adjusted bracket prescription on fric-
tion was eliminated (with all slots parallel); 
moreover, it also ensured that bracket position 
was reproducible in all 3 spatial planes.

Testing machine

A custom-made testing machine (Figure 4), 
based on the Universal testing machine (Istituto 
per i Processi Chimico Fisici, Consiglio Na- 
zionale delle Ricerche, Messina, Italy), was 
used to measure the resistance to sliding. It 
consisted of a static carriage, bearing the 
3-bracket apparatus firmly fixed to a vertical 
rod through acting on a force sensor. The out-
put from the sensor was read by a computer via 
a special interface. The aligning wire, passing 
through the brackets on the static carriage, 
was fixed to the end of a moving carriage with 2 
stop screws. The moving carriage was driven by 
a computer-controlled stepper motor at a set 
speed of 4 mm per minute. 

A protractor (Figure 4) was mounted on the 
static carriage allowing the central bracket to 
be rotated along the horizontal plane. The pro-
tractor was set at the following rotational angu-
lations: 0°, 3°, 7° and 10°. The testing machine 
calculated the average sum of the static friction 
resisting initial movement and the kinetic fric-
tion expressed in newton (N) and recorded dur-
ing the test over approximately 100 data points 
for the first run of the wire through the set of 
brackets on a 5-mm section of arch-wire. An ini-
tial test was carried out for each set of brackets 
and each wire. All tests were repeated 5 times 
and the wire and brackets were replaced before 
each test. The testing machine was placed in a 
temperature-controlled room, with the tests 
carried out at a constant temperature of 35.5°C 
in a dry state (Figure 5) [13]. 

Statistical analysis

Statistical power analysis was performed on 
preliminary data obtained from 10 measure-
ments at 7° angulation of the self-ligating and 

Figure 4. Testing machine. A. Static carriage. B. Mov-
ing carriage. C. Vertical road. D. Tipping protractor. E. 
3-brackets apparatus.

Figure 5. Thermostatic appliance.
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conventional ligation set-ups with the following 
parameters: Variance 1, 2: 0.26, 3.29; alpha, 
0.05; power, 0.8. A total of 5 repeated mea-
surements was found to be sufficient to accom-
plish power of 0.8. 

Data analysis was performed with statistical 
software (GraphPad Prism 5 for Windows; 
®GraphPad Software Inc., La Jolla, CA, USA). 
Before descriptive and inferential statistical 
analysis, each data set was analyzed using the 
Shapiro-Wilk normality test. Two-way Analysis 
of variance (ANOVA) and Bonferroni’s multiple 
comparison tests were used to compare the RS 
at each angulation in the self-ligating (SL) and 
conventional ligation (CL) groups. Student 
t-tests were also carried out to compare the RS 
between the two groups at each angulation 
tested.

Results

Descriptive statistics for RS at all tested angu-
lations are shown in Table 1. A student’s t-tests 
(Table 2) showed higher RS values in the con-
ventional ligation (CL) group than in self-ligating 
(SL) group for each first order rotational angula-
tion (P < 0.0001). In the SL group (Table 2), RS 
increased significantly as the degree of first 
order displacement increased (P < 0.0001). 
Bonferroni’s Multiple Comparison Test showed 
no statistically significant differences between 
RS recorded at 0°, 3° and 7° (P > 0.05), 
although a statistically significant difference 
was found between 7° and 10° (P < 0.0001).

In the conventional ligation (CL) test group 
(Table 2), RS increased significantly as the 
degree of rotation increased (P < 0.0001). A 

4]. With increasing first order rotational angula-
tion the interactive clip of self-ligating brackets 
(SL group) is likely to flex, while the elastic liga-
tures of the conventional brackets also stretch 
increasing the perpendicular force on the arch-
wire (FR). In the present study the RS in the CL 
group was significantly higher than in the SL 
group for each first order rotational angulation 
simulated. The observed differences are almost 
certainly related to the addition of elastomerics 
in the conventional ligation system. 

In the SL group, the first significant increment in 
RS was noted between 7 and 10 degrees sug-
gesting that the wire was not in an active con-
figuration until almost 10 degrees of displace-
ment was reached. In the CL group, RS 
increased significantly between zero and 3 
degrees, with no significant differences found 
for higher increments. This finding suggests 
that ligation forces exerted by elastomerics 
may introduce resistance to sliding during ini-
tial alignment with NiTi wires [8] even in the 
presence of relatively minor rotations. With 
conventional ligation the wire inevitably inter-
acts with the ligature irrespective of how 
oblique its orientation relative to the slot. 
Pandis et al., in a well-designed in vitro study 
[14], found an increased rotational moment 
respectively for Damon 2 brackets (passive) 
compared with In-Ovation R (inter-active) and 
conventional brackets, with 0.14 × 0.025-in 
NiTi wires. From a clinical perspective, these 
contrasting results may be explained by self-
ligating bracket slot walls allowing significant 
play when small diameter wires are engaged, 
while their rigidity results in higher loads and 
moments during engagement of rectangular 

Table 1. Descriptive statistics of RS (N) in the self-
ligating and conventional ligation groups

Ligation Degree of 
rotation

Obser-
vations Mean SD Mini-

mum
Maxi-
mum 

SL group 0° 5 0.028 0.004 0.02 0.03
  3° 5 0.028 0.02 0.01 0.06
  7° 5 0.082 0.008 0.07 0.09
  10° 5 0.808 0.09 0.72 0.94
CL group 0° 5 2.734 0.037 2.7 2.79
  3° 5 3.008 0.049 2.95 3.06
  7° 5 3.054 0.061 2.95 3.11
  10° 5 3.064 0.027 3.02 3.09
RS, Resistance to sliding; N, newton; SL, self-ligation; CL, conven-
tional ligation; SD, standard deviation.

statistically significant difference between 
0° and 3° (P < 0.0001) was identified; how-
ever, there were no differences in RS at 3°, 
7° and 10° (P > 0.05). In general, the 
change in angulation and the ligation meth-
od affected the RS, respectively accounting 
for 2.19 % and 96.6 % of total variation in 
RS (Table 2).

Discussion

In the present study, RS increased in both 
conventional and self-ligating systems with 
increasing first order rotational angulations; 
it is difficult to pinpoint whether this could 
be attributed to either binding or frictional 
resistance to a greater or lesser degree [2, 
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Table 2. St atistical data obtained by 2-way ANOVA, Bonferroni’s post-hoc test and Student’s t-test
Source of variation % of total variation Significance Sum of square Mean Square F
Interaction 1.12 *** 0.8658 0.2886 184.8
Angulations 2.19 *** 1.686 0.562 359.9
Ligation method 96.6 *** 74.45 74.45 19287
Post-hoc test Post-hoc test

Student’s T-test
SL group CL group
0° (n = 5) vs 3° (n = 5) ns 0° (n = 5) vs 3° (n = 5)*** 0° SL (n = 5) vs 0° EL (n = 5)***
0° (n = 5) vs 7° (n = 5) ns 0° (n = 5) vs 7° (n = 5)*** 3° SL (n = 5) vs 3° EL (n = 5)***
0° (n = 5) vs 10° (n = 5)*** 0° (n = 5) vs 10° (n = 5)*** 7° SL (n = 5) vs 7° EL (n = 5)***

10° SL (n = 5) vs 10° EL (n = 5)***
3° (n = 5) vs 7° (n = 5) ns 3° (n = 5) vs 7° (n = 5) ns
3° (n = 5) vs 10° (n = 5)*** 3° (n = 5) vs 10° (n = 5) ns
7° (n = 5) vs 10° (n = 5)*** 7° (n = 5) vs 10° (n = 5) ns
ANOVA, Analysis of variance; SL, self-ligation; CL, conventional ligation. ***P < 0.0001; *P < 0.05; ns = non significant.
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wires [14]. The results of the present study 
therefore suggest that self-ligating brackets 
may delay complete rotational correction for 
which the engagement of a rectangular NiTi 
wire is required. 

In this study, ligation forces were found to have 
a major bearing on RS recorded for each tested 
bracket displacement. This finding may relate 
to the low stiffness of the wires tested [15-17]. 
Henao and Kusy [18, 19] found that self-ligaingt 
brackets outperformed conventional brackets 
with a 0.14-in SE NiTi wire, while both systems 
showed comparable values of RS with stiffer 
NiTi wires. These results suggest that during 
initial alignment with flexible NiTi wires, SL may 
present less frictional resistance than conven-
tional brackets with other variables being 
equal. The relative importance of binding as a 
factor in RS is related to the tooth movements 
required and may also be influenced by wire 
size and alloy characteristics during various 
stages of orthodontic treatment. 

While these results suggest that, during the 
alignment phase of orthodontic treatment, the 
use of self-ligating brackets in conjunction with 
low stiffness wires may promote more consis-
tent force delivery and the possibility of more 
efficient tooth movement, the ex vivo nature of 
this study leaves unanswered questions. It is 
impossible to reproduce the biological process-
es underpinning tooth movement [20]. Tooth 
movement does not occur as a smooth pro-
gression but rather as a series of intermittent 
steps [17] with static friction of greater rele-
vance than dynamic [21]; the sum of static and 
kinetic friction were considered in the present 
investigation. Certainly, there is no convincing 
clinical proof that self-ligating brackets have a 
bearing either way on the rate of tooth move-
ment or on the duration of orthodontic treat-
ment [6, 22-26].   

In conclusion, the RS increased significantly 
with the increasing first order rotational angula-
tions in both self-ligating and conventional liga-
tion systems. RS within the conventional liga-
tion system group were significantly higher than 
those with SL at each degree of rotational 
displacement.
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