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Objective: This study aimed to compare the insertion torque (IT),
flexural strength (FS) and surface alterations between stainless steel
(SS-MlIs) and titanium alloy (Ti-MIs) orthodontic mini-implants.

Methods: Twenty-four MIs (2 x 10 mm; SS-MIs, n = 12; Ti-MlIs,
n = 12) were inserted on artificial bone blocks of 20 Ib/ft* (20 PCF)
and 40 lb/ft* (40 PCF) density. The maximum IT was record-
ed using a digital torque meter. FS was evaluated at 2, 3 and
4 mm-deflection. Surface topography and chemical composition
of MIs were assessed by scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS). General linear
and mixed models were used to assess the effect of the MI type,
bone density and deflection on the evaluated outcomes.

Results: The IT of Ti-MIs was 1.1 Ncm greater than that ob-
tained for the SS-MIs (p = 0.018). The IT for MIs inserted in
40 PCF test blocks was 5.4 Ncm greater than that for those
inserted in 20 PCF test blocks (p < 0.001). SS-MIs inserted in
higher density bone (40 PCF) had significantly higher flexur-
al strength than the other groups, at 2 mm (98.7 + 5.1 Ncm),
3mm (112.0 £ 3.9 Ncm) and 4 mm (120.0 = 3.4 Ncm) of deflection
(p < 0.001). SEM evidenced fractures in the Ti-MIs. EDS revealed
incorporation of 18% of C and 2.06% of O in the loaded SS-MIs,
and 3.91% of C in the loaded Ti-MIs.

Conclusions: Based on the findings of this in vitro study, it
seems that SS-MIs offer sufficient stability and exhibit greater
mechanical strength, compared to Ti-MIs when inserted into
higher density bone.

Keywords: Torque. Flexural strength. Stainless steel. Titani-
um alloy (Ti-6Al-4V). Orthodontic appliances.
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Objetivo: O objetivo deste estudo foi comparar o torque de in-
sercao (TI), a resisténcia flexural (RF) e as alteracoes de su-
perficie em mini-implantes ortodonticos de aco inoxidavel
(MIs-Ai) e de liga de titanio (MIs-Ti). Metodos: Vinte e qua-
tro Mls (2 x 10 mm; MIs-Ai, n = 12; MIs-Ti, n = 12) foram inse-
ridos em blocos de osso artificial de densidades de 20 1b/ft?
(20 PCF) e 40 lb/ft? (40 PCF). O torque maximo de insercao foi
registrado por meio de um torquimetro digital. A resisténcia
flexural foi avaliada nas deflexoes de 2, 3 e 4 mm. Topografia de
superficie e composicao quimica dos Mls foram avaliadas por
Microscopia Eletronica de Varredura (MEV) e Espectroscopia
de Energia Dispersiva de Raios X (EDS). Modelos lineares ge-
rais e mistos foram utilizados para avaliar o efeito do tipo de
MI, da densidade dssea e da deflexao nos desfechos avaliados.
Resultados: O TI dos MIs-Ti foi 1,1 Ncm maior do que o obtido
para os MIs-Ai (P = 0,018). O TI para MIs inseridos em blocos
de teste de 40 PCF foi 5,4 Ncm maior do que para aqueles in-
seridos em blocos de teste 20 PCF (p < 0,001). MIs-Ai inseridos
em 0sso de maior densidade (40 PCF) apresentaram resistéen-
cia flexural significativamente maior do que outros grupos, em
deflexdes de 2 mm (98,7 £ 5,1 Ncm), 3 mm (112,0 = 3,9 Ncm) e
4 mm (120,0 + 3,4 Ncm) (p < 0,001). A MEV evidenciou fraturas
nos MIs-Ti. A EDS revelou incorporacao de 18% de C e 2,06%
de O nos MIs-Ai e 3,91% de C nos MIs-Ti, ambos submetidos a
testes mecanicos. Conclusoes: Com base nos resultados des-
se estudo in vitro, os MIs-Ai aparentam oferecer adequada es-
tabilidade e maior resisténcia mecanica, em comparacao aos
MIs-Ti, quando inseridos em osso de maior densidade.

Palavras-chave: Torque. Resisténcia a flexao. Aco inoxidavel.
Liga de titanio (Ti-6Al-4V). Aparelhos ortodonticos.
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Orthodontic mini-implants (MIs) are devices that provide tem-
porary anchorage for the application of various orthodon-
tic mechanics without the need for patient collaboration.’3
To achieve optimal clinical performance when using Mls, these
devices should be made of a material whose mechanical prop-
erties allow them to provide adequate stability to support
immediate loads without suffering long-term alterations.

Mls are commonly made of titanium alloy (Ti-Mls; Ti-6Al-4V) or
austenitic stainless steel (SS-Mls; AlISI 316L).# Current evidence
seems to show that the Ml's material would not be a deter-
mining factor in achieving clinical success using these devices.>
Similar success rates and histological responses have been
reported for both types of MlIs.>® Therefore, both are suitable
for orthodontic use. However, in certain clinical contexts where
there is a greater bone density and thickness at the insertion
site (i.e., extra-alveolar regions), it would be interesting to
choose MlIs that provide greater mechanical resistance and,
consequently, a lower risk of fracture. Thus, SS-MIs are usually
recommended for extra-alveolar use instead of Ti-Mls, due to
their greater toughness.?°
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Unfortunately, the literature on the differences in mechanical
properties between Ti-MIs and SS-Mls is controversial. A previ-
ous study showed a higher insertion torque for SS-Mls,® while
others demonstrated, through torque analyses and/or reso-
nance frequency analysis, similar stability values for both types
of MIs.""12 Although greater flexural and torsional strength has
been reported for SS-Mls,'® there is also research demonstrat-
ing equal mechanical resistance between Ti-MIs and SS-Mis.™
Regarding surface deformation, inconsistent results were also
observed. While a study reported a higher frequency of defor-
mation in Ti-Mls,™ another investigation did not show important
morphological damage in the threads of any type of MI.™3

Since the evidence on the matter is still limited and inconclu-
sive, new research is necessary to confirm or reject previous
findings. Therefore, the present study aimed to provide fur-
ther information on the topic, comparing the insertion torque,
flexural strength and surface alterations between SS-Mls and
Ti-Mls inserted in artificial bone of different densities.

This in vitro study was conducted and reported following the
Checklist for Reporting in vitro Studies (CRIS) guidelines.®
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The independent variables evaluated in the present study were
the type of MI (SS-MlIs and Ti-MIs) and the density of the arti-
ficial bone. For the flexural strength evaluations, the variable
degree of deflection was also evaluated.

Atotal of 24 MIsof 2x 10 x4 mm (diameter x length x transmuco-
sal profile), made of stainless steel (n=12; Morelli, Sorocaba/SP,
Brazil) or titanium alloy (n = 12; Peclab, Belo Horizonte/MG,
Brazil) were inserted on mechanical test blocks of artificial
bone measuring 2 x 2 x 3 cm (length x width x height). Synthetic
bone models constructed from solid rigid polyurethane foam
(Nacional Ossos, Jau, SP, Brazil) of 20 Ib/ft® (20 PCF; 0.32 g/cm?3)
and 40 Ib/ft® (40 PCF; 0.64 g/cm?3) density were chosen as bone
tissue equivalent for the present study. Solid rigid polyurethane
foam has been recognized as a standard for testing orthopedic
devices and instruments, including bone screws, due to its ade-
guate representation of adult human bone (ASTM F-1839-08).
The selection of the densities used, as bone equivalents of
lower (0.32 g/cm?) and higher (0.64 g/cm?3) quality, was based
on a previous study.' According to the type of Ml and density
of the artificial bone, four study groups (n = 6 each) were finally
defined, as shown in Figure 1.



Puls GL, Maranén-Vasquez GA, Ramos CAYV, Reis CLB, Reis AC, Stuani MBS, Romano FL, Matsumoto MAN —
Insertion torque, flexural strength and surface alterations of stainless steel and titanium alloy orthodontic
mini-implants: an in vitro study

20 PCF 40 PCF 20 PCF 40 PCF
blocks blocks blocks blocks
(n =6) (n=16) (n =6) (n =6)

Figure 1: Distribution of the study groups according to the mini-implant type and density of
the artificial bone. SS-Mls = stainless steel mini-implants, Ti-Mls = titanium alloy mini-implants.

The dependent variables evaluated in the present study were
insertion torque, flexural strength, surface topography and
chemical composition.

Pilot holes of 1-mm depth were performed in the center of the
test blocks, prior to the insertion of Mls, using a 1.0-mm diam-
eter twist drill (Conexdo Sistemas de Prétese, Aruja/SP, Brazil).
As previously described,' the MlIs were inserted with a specific
manual key for each type of MI, connected to a digital torque
meter(model TQ-8800; Lutron, Taipei, Taiwan). Usinga mechan-
ical support, the insertion was carried out perpendicularly until
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One Ml per group, randomly selected, and a new MI (not submit-
ted to mechanical loading) for each MI type, were used for sur-
face topography and chemical composition analyses by means of
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), respectively. The Mls were fixed on metal-
lic platforms with the aid of colloidal graphite. An X-ray detector
system coupled to a scanning electron microscope (JSM-6610LYV,
JEOL, Akishima, Japan), operating at 20kv, was utilized. The SEM
Control User Interface program v. 3.06 was used to acquire pho-
tomicrographs of the surface of the head and the middle third of
the Mis, with magnification of 30x. Higher magnifications were
used to show characteristics of the observed failures. Surface
characteristics were evaluated in a qualitative manner. The chem-
ical composition was analyzed at the same sites, as the surface
topography evaluation. The Oxford Aztec software (version 3.3)
was used to obtain the relative amounts (%) of the chemical com-
ponents of the region of interest.

To estimate the sample size, an a priori calculation was per-
formed for pairwise comparisons of independent samples
(two-tailed t-test) based on previous reported results on
the insertion torque (Ncm) of SS-Mls (4.4 + 0.56) and Ti-Mls
(7.5 £ 0.79).? These values resulted in an effect size d = 4.53,
which was used for the subsequent calculations. The estimates
were made in G*Power 3.1 software, considering the following
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parameters: effect size d = 4.53, a error probability = 0.05,
power (1-B error probability) = 0.8, and allocation ratio = 1.
The calculation resulted in a minimum sample size of three Mls
per group. Considering the possibility of using non-parametric
statistics, the estimated amount was doubled, resulting in six
MIs by group.

Considering the limitations of the aforementioned approach,
post-hoc calculations of the power achieved by the finally
implemented statistical models were additionally performed.
The power estimate for the general linear model was based on
an effect size f=2.89 (calculated based on n?p =0.893, obtained
fromtheimplemented model),anaerror probability=0.05, total
sample size = 24, numerator df = 1 and number of groups = 4.
The power estimate for the mixed model was based on an effect
size f = 10.49 (calculated based on n?p = 0.991, obtained from
the implemented model), an a error probability = 0.05, total
sample size = 24, number of groups = 4, number of measure-
ments = 3, correlation among repeated measures = 0.5 and
nonsphericity correction = 1.
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The Mls were coded and randomized for each study group
using a random sequence generator (https://www.random.org).
This procedure was carried out by a researcher who did not
participate in the Mls insertion procedures or in the measure-
ments of the outcomes.

Blinding was not possible for any of the phases of the research.

Descriptive statistics were used to present the data of the eval-
uated outcomes. A general linear model was implemented to
evaluate the effect of the Ml type (SS-MI/TI-MI), bone density
(20 PCF/40 PCF), and the interaction Ml type*Bone density on
the insertion torque. Furthermore, to evaluate the effects on
flexural strength, a mixed model was implemented, in which
the MI type, bone density, deflection and the possible inter-
actions (i.e., Ml type*Bone density, Ml type*Deflection, Bone
density*Deflection, and MI type*Bone density*Deflection)
were considered as fixed effects of variation, and the mini-im-
plants were considered as a random intercept in the models.
Post-hoc comparisons between the study groups using the
Bonferroni test were carried out, in case of significant effects
of the interactions were detected. Test assumptions were
verified using the Shapiro-Wilk test to assess normality of
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residuals and Levene's test to assess homogeneity of residual
variances. All tests were performed in Jamovi software (ver-
sion 2.0), using a significance level of 5%.

No losses were reported during the evaluations; therefore, all
24 MIs were part of the analyses.

The EDS analysis confirmed the chemical composition of the
MIs used in the present study. The new SS-MIs were made of
Fe, Cr, Ni, Mo and Mn; while the new Ti-Mls contained Ti, Al
and V (Table 1).

No significant effect of the interaction Ml type*Bone Density on
the insertion torque was detected (p = 0.565; Table 2). The Ml
type (p = 0.018) and bone density (p < 0.001) had significant
independent effects on the insertion torque values (Table 2).
The insertion torque of the TI-MIwas 1.1 Ncm greater than that
obtained for the SS-MI. The insertion torque for Mls inserted
in 40 PCF test blocks was 5.4 Ncm greater than that for those
inserted in 20 PCF test blocks. Detailed insertion torque values
are reported in Table 3. The power of the model was greater
than 90% for the sample size used.
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Table 1: Relative amounts (%) of chemical components in each mini-implant (Ml) type.

Mini-implant (MlI) Chemical component Mis inserted in 20 Mis inserted in 40
type P PCF blocks PCF blocks

18.72
0 2.06
| cr 18.12 14.71 18.49
e Mn 1.93 1.45 1.95
Fe 62.13 49.45 6217
Ni 14.56 11.41 14.31
Mo 256 2.20 3.08
C 3.91
Titanium alloy Al 5.91 5.62 5.64
(Ti-Mis) T 90.30 90.42 86.73
v 3.79 3.95 3.71

Table 2: Effect of the variables Ml type, bone density and interaction on the insertion
torque values.

. variables . F | pvalee
Ml type 6.6 0.018*
Bone density 159.1 <0.001*
MI type*Bone density 0.3 0.565

* Indicate statistically significant effect.

Table 3: Means + SD and mean differences (95% Cl) of insertion torque according to the
mini-implant type and bone density.

Mean difference
+
Farianie “ sample size e (95% Cl)

Stainless steel (SS-Mls) 13.4+3.0

Ml type 1.1(0.3-1.9)
Titanium alloy (Ti-Mls) 12 145+ 3.0
) 20PCF 12 11.3+0.8

Bone density 54(4.6-6.2)
40PCF 12 16.6 +1.4

SD = standard deviation, Cl = confidence interval.
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The interaction MI type*Bone Density*Deflection showed a
significant effect on the flexural strength values (p = 0.021,
Table 4). As expected, in general, the greater the degree of
deflection, the greater the flexural strength. A significant effect
of the interaction Bone density*Deflection was demonstrated
(p <0.001, Table 4) —that s, the increase in flexural strength as
the deflection was greater was only evident in the Mls inserted
in the 40 PCF test blocks, and not in the MIs inserted in the
20 PCF test blocks (Fig 3). A significant effect of the interac-
tion Mini-implant*Bone density was also detected (p < 0.001,
Table 4) — that is, the differences observed between SS-Mls
and Ti-Mls were only evident in the Mls inserted in the 40 PCF
blocks, and not in those inserted in the 20 PCF blocks (Fig 3).
Post-hoc comparisons showed that SS-Mls inserted in higher
density bone (40 PCF) had significantly higher flexural strength
than the other groups, at 2 mm (98.7 + 5.1 Ncm), 3 mm
(112.0 £ 3.9 Ncm) and 4 mm (120.0 £ 3.4 Ncm) of deflection.
The flexural strength values for all the groups evaluated are
reported in Table 5. The power of the model was greater than
90% for the sample size used.
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Table 4: Effect of the variables Ml type, bone density, deflection and interactions on the
flexural strength values.

VELELES F p-value
Ml type <0.001*
Bone density <0.001*
Deflection <0.001*

MI type*Bone density <0.001*
MI type*Deflection . 0.914
Bone density*Deflection <0.001*
MI type*Bone density*Deflection . 0.021*

* Indicate a statistically significant effect.

Ml type
m=mmm Stainless steel

" === Titanium alloy

Bone density

(00}
o

@ 20PCF
- 40PCF

Flexural strength

.-__--_-..----

3mm

Deflection

Figure 3: Flexural strength according to the Ml type, bone density and deflection.
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Table 5: Mean + SD of flexural strength, according to Ml type*bone density and deflection.

Smpesze T 2mm [ smm [ amm
= ____Mean:SD | Mean:SD | Mean:SD

Stainless steel*20 PCF 6 448 +4.1° 48.2 £ 2.4° 52.3+3.3°
Titanium alloy*20 PCF 6 489 £ 1.2° 51.5+1.4° 55.0 £ 1.6°
Stainless steel*40 PCF 6 98.7 £ 5.1° 112.0 £ 3.9° 120.0 + 3.4°
Titanium alloy*40 PCF 6 82.5+%2.2° 96.4 £ 1.6° 105.0 + 1.6¢

SD = standard deviation.
Different superscript letters indicate statistically significant difference among the values for the columns.

SEM analysis showed no or minimal surface alteration in any
of the MIs' heads after being submitted to mechanical load-
ing (Fig 4). The head surfaces of the MIs were homogeneous,
well-polished and with minimal structural defects, such as stria-
tions. Onthe other hand, plastic deformation without fracture was
observed in the threads of SS-Mls (Fig 4H and 4l), while obvious
fractures on the middle third of the screw were observed in the
threads of Ti-Mils (Fig 4K and 4L). Figure 5 shows, at higher mag-
nification, a microfacture and oblique fracture lines in the Ti-Mls.

The EDS analysis evidenced the presence of 18% of C and
2.06% of O in the SS-Mis inserted in test blocks of 20 PCF, after
being submitted to loading. Incorporation of 3.91% of C was
also observed in the Ti-MlIs placed in 40 PCF blocks. The per-
centages of the chemical components on the surface of the
evaluated Mls are presented in Table 1.
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Insertion torque is a parameter that reflects the frictional
resistance between the screw and the surrounding bone, and
is a widely used measure to evaluate mechanical stability."®=°
Although with low certainty of the evidence, the orthodontic
literature is somewhat consistent about the existence of a pos-
itive correlation between the primary stability of the Mls and
the quality of the receptor bone site (i.e., cortical/compact bone
thickness).22' The findings of the present study confirmed this
information. Regardless of the MI material, the insertion torque
values were significantly higher when the MIs were inserted
into more compact bone blocks (i.e., 40 PCF).

Regarding the influence of the type of material, previous evi-
dence comparing SS-Mls and Ti-MlIs showed no or very little
difference in stability values.®' An animal study assessing
Mls of 6 x 1.6 mm reported that SS-Mls required significantly
greater insertion torque than Ti-Mls; however, the values for
each type of Ml were not very distant from each other (S5-Mls:
12.00 £ 0.25 Ncm; Ti-Mls: 11.01 £ 0.24 Ncm).® An in vitro study
evaluating MlIs of 10/12 x 2 mm inserted in artificial bone, but
assessing primary stability by means of resonance frequency
analysis, reported similar stability values for both Mis types.™
The findings of the present study also showed only a small
difference in insertion torque values between both types of
materials. There was even a trend for SS-Mls to show slightly
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lower values than Ti-Mls (SS-Mls: 13.40 + 3.00 Ncm; Ti-Mls:
14.50 £ 3.00 Ncm). This would be in favor of SS-MIs, since it has
been suggested that excessive stress could cause necrosis and
local ischemia, which could prevent adequate secondary sta-
bility.2>?* Despite these findings, and evaluating the available
evidence as a whole, it could be assumed that this difference
seems not to be clinically relevant: both types of Ml would show
adequate primary stability when inserted in bone of greater or
lesser density.

Flexural strength is the stress that exists at failure in bending.
It is desired that the MlIs have high flexural strength to avoid
fracture of the Mls, mainly in contexts where the Mlis are placed
in higher density bone.>'® A previous study evaluating 8-mm
Mls demonstrated greater flexural strength for SS-Mls than for
Ti-Mls.”* Another research carried out with extra-alveolar Mls
of 10 and 11 mm showed no difference in the flexural resis-
tance between both types of material.” However, this study
applied the bending load in a MI's region close to the insertion
surface and far from the head of the Mls, and evaluated 0.1
and 0.2 mm-deflections, favoring more similar results between
SS-Mls and Ti-Mls. Both studies conducted their evaluations
using standard mechanical testing procedures, in which Mls
are fixed to rigid supports to receive bending loading. With
the objective of simulating a more real clinical situation, where
the MIs must resist bending in a biological tissue that is not
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completely rigid (i.e., MlIs displace within the bone),** the bend-
ing loads were applied with the Mls fixed in artificial bone of
different densities. As expected, in lower density bone (i.e.,
20 PCF), both types of MI showed similar flexural strength; the
less dense bone initially yields to the loading application, the
MI displaces, and a minor deformation of the Mls is observed.
In the bone of greater density (i.e., 40 PCF), bone yields to a
lesser extent, more load is necessary to displace the Mls and,
consequently, greater deformation of the Mls is observed. In
this last context, the SS-Mls showed better mechanical behav-
ior. More force was necessary to achieve 2, 3, and 4 mm-deflec-
tions for the SS-Mls than for the Ti-Mls. The lower mechanical
resistance of the Ti-MlIs was evidenced by the presence of frac-
tures close to the bending region of these Mis.

The above-mentioned results have an important clinical rele-
vance, since they suggest that in higher density bone regions,
SS-Mls would have greater mechanical resistance than Ti-Mls.
Previous evidence has suggested that a bone density of
0.32 g/cm?3 is mainly observed in the posterior region of the
maxilla; while a density of 0.64 g/cm?3 can be expected in the
anterior mandible, buccal shelf and midpalatal region.?2¢
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Therefore, the present findings reinforce the indication of
SS-Mls instead of Ti-MlIs for these insertion areas. However,
it must be recognized that the artificial bone blocks used in
the present study do not represent all the characteristics of
specific regions. To do this, test blocks with different densi-
ties, representing both cancellous and cortical bone, should be
prepared, in addition to working with different cortical thick-
nesses. In this way, the different regions of the bone, both
interradicular and extra-alveolar, could be better represented.
Thus, further research should investigate differences between
the Mls evaluated in more specific representations of the dif-
ferent areas for the insertion of these Mls.

It is important to mention that some confounding factors may
have influenced the present results. The risk of fracture during
the clinical use of extra-alveolar Mls depends on other vari-
ables, such as the diameter and length of the Mls, geometric
design, and insertion angle, in addition to the type of alloy cho-
sen.’”>'> The use of MIs from different brands implies possi-
ble variations in their geometric design. It has been previously
demonstrated that even Mls with the same diameter but from
different brands may present variations in their mechanical
properties.?’” Therefore, future studies should evaluate the
interaction of all the mentioned factors on mechanical param-
eters of MlIs inserted in bone of different densities.
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Considering the limitations of this in vitro study, the results
seem to demonstrate that:

» Both SS-Mls and Ti-Mls provided adequate primary stability.

» Regardless of the type of Ml material, MIs inserted in higher
density bone had greater primary stability.

» SS-Mls showed greater flexural strength and less surface
deformation than Ti-MlIs, when inserted into high-den-
sity bone.
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