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Abstract: The objective was to analyze the influence of dentary and orthopedic forces under static and
dynamic loads in temporary screw stability. Self-drilling titanium (Ti6Al4V) screws (6 x 1.5 mm) were
inserted and removed from pig ribs. Screws were loaded by static loads of 2 N and 5 N for 5 weeks.
Dynamic force was applied during 56,000 cycles for simulations of a patient’s opening—closing mouth
movements. Dynamic applied loads ranged from 2 to 5 N and from 5 to 7 N under a frequency of 1 Hz.
Torque peak values at placement and removal were measured before and after static and dynamic
cycles. Similarities in torque peaks (p = 0.3139) were identified at placement (12.54 Ncm) and removal
(11.2 Nem) of screws after a static load of 2 N. Statistical comparisons showed significant stability loss
after dynamic cycles under loads of 2 N (64.82% at p = 0.0005) and 5 N (64.63% at p = 0.0026). Limited
stability loss occurred in temporary screws submitted to 2 N static forces (p = 0.3139). The detrimental
effects of dynamic cycles in temporary screws stability was attested after the simulation of dentary
and skeletal forces, being intermittent forces more relevant in the loss of mechanical stability.
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1. Introduction

Temporary screws are multi-purpose devices used in different specialities of medical sciencesand
dentistry [1-3]. Titanium alloys have excellent corrosion resistance and adequate mechanical properties,
for applications as permanent devices in orthopedic spine surgeries or for temporary use in the
biomechanics involving the dental movements.

The selection of the adequate alloy is based on its application, including a commercially pure
titanium choice when osseointegration is desired or another types of titanium alloys when just
a temporary implantation period is planned. Because these devices are outlined for a limited period,
the primary stability is prioritized instead of the osseointegration potential.

Satisfactory mechanical interlocking can be attained if a suitable balance is accomplished among
screws design, host architecture and technical factors, which include surgeon’s expertise. Screw
design is dependent of threads and its diameters, shape (geometry, depth, and pitch), self-drilling
or self-tapping ability and screw body that might have tapered or cylindrical shape [4,5]. Regarding
influence of host tissue in stability, it is mainly ruled by bone features, its elastic modules compatibility
with screw alloy, and the thickness, quality and density of cortical and cancellous bone. Lekholm and
Zarb organized jaw bone tissue in four types, in coherence with its thickness, density, and quality [6]:
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Bone D1, mainly homogeneous compact cortical bone; D2, a thick layer of compact cortical bone
surrounding a dense trabecular bone core; D3, a thin layer of cortical bone bordering a lower
dense trabecular bone core; and D4, a thin layer of cortical bone surrounding a reduced-density
trabecular core.

The influence of cortical bone thickness into the primary stability was attested by different authors
in terms of screw-bone interlocking [7-9]. Although a positive correlation was identified between
cortical thickness and primary stability, an excessive thick and dense cortical thickness can contribute to
screw failure [7]. In maxillofacial region, different works showed that failures in temporary screws due
to its stability loss occurred when screws were placed in the thickest and densest cortical areas available,
as observed in the posterior buccal region of a mandible [10-13]. Innumerous works used placement
torque as an adequate method to evaluate the immediate stability after screw insertion [4,5,14-18].

The advantages of temporary screws for dentary demand is presented in [11-20]. When tooth
movements are desired, screws allow immediate possibility for biomechanical forces applications,
which include even pull back of more than 10 teeth at once [21]. For multiple teeth movements,
some biomechanic solutions involve the application of cyclic loads by the activation of elastomers
connected from one jaw to a temporary screw placed on the other jaw. Although this condition
represents an unexceptional situation for biomechanics, from our knowledge the effects of dynamic
load cycles in temporary screws stability has never been evaluated by a model that mimics the opening
and closing movements of patient’s mouth. The objective of this work evaluates the temporary
screw primary stability when submitted to dentary and orthopedic forces under dynamic and static
load cycles.

2. Materials and Methods

Similar method was previously disclosed in the preliminary experimentations of this work
published in a pilot study [19].

Forty temporary self-drilling titanium grade 5 (Ti-6Al-4V) screws (Conexao Sistema de Préteses,
Aruja, SP, Brazil) were divided into groups, whereas static, dynamic and no loads were applied.
The groups were labeled as static (n = 20), dynamic (n = 10), or control (n = 10) and were separated
according to the magnitude of the forces applied. Forces with magnitude of 2 N and 5 N were
considered as dentary and orthopedic, respectively. Control screws were not loaded and were able
to attest any influence of rib bones inhomogeneity into screw stability. All screws had the same
taper design and dimensions: 6 mm long and 1.5 mm at maximum diameter (Figure 1). Sample size
calculations, details of bone blocks preparation and statistical comparisons were all detailed in the
pilot study published as [19].

Forty self-drilling screws were attached with a perpendicular orientation into ribs following
a 1.0-mm-diameter pre-drilled hole at a speed of 5 rpm, until the transmucosal profile of the screw
neck contacted the cortical surface. The procedure was in accordance with ASTM F117 (ASTM F117,
Test Method for Driving Torque of Medical Bone Screws) and F543 (F543-13el, Standard Specification
and Test Methods for Metallic Medical Bone Screws). The same protocol was used in [9]. Placement
and removal torque peaks were measured with a digital torquemeter (Lutron TQ-8800, Taipei, Taiwan).

In static groups, 10 samples of two screws were attached into pig ribs at a distance of 20 mm.
A 6.0 mm long stainless steel close spring was stretched until a 2 N and 5 N was applied to screws.
The force was measured by a digital data collection module Pasco Xplorer GLX PS-2002 (Pasco scientific,
Roseville, CA, USA). The static load was maintained for 5 weeks (Figure 2) in order to simulate the
time period expected between consecutive clinical appointments. The static load applied to screws
were able to reproduce the moments imposed during a different range of orthodontic movements
addressed directly to the screw head.
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Figure 1. Temporary screws design. (A) Screws were tapered with a minor diameter of 1.5 mm and
a length of 6 mm. (B) Threads had self-drilling ability.

Figure 2. Static load of 2 N (A), static load of 5 N (B) applied for 5 weeks and dynamic (C) loads in
temporary screws attached in pig rib bones. Vertical (pull out) and horizontal (pulling) components
of the dynamic load (L), and the angle () between L and a horizontal baseline, are shown. 6 was 10°
during closed mouth and 15° during opened mouth simulations. |L| was in range of 2-5 N and 5-7 N.
Static load remained stable for 5 weeks at 2 N.

In dynamic groups, 10 screws were placed into pig ribs at a distance of 15 mm from each
other. A mechanical machine was developed to simulate opening—closing mouth movements by
up-and-down axial movements. The loads before cycles were measured by a digital data collection
module Pasco Xplorer GLX PS-2002 (Pasco scientific, Roseville, CA, USA) in a range of 2-5 N and
5-7 N under extension for groups of 2 N and 5 N, respectively. Dynamic loads were applied at an angle
of 10° and 15°, during simulations of mouth closed and opened, respectively. A total of 56,000 cycles
were applied to each screw, at a frequency of 1 Hz, in order to reproduce the amount of patient’s mouth
movements referred to a time period of 5 weeks (Figure 2). In both groups, placement and removal
torque were measured, as a reference of the screw stability before and after static and dynamic loads.
The dynamic load was able to reproduce intermittent forces if the screws were used to anchorage
intermaxillary mechanics.



Metals 2017, 7, 80 40f9

3. Results

Table 1 and Figure 3 show placement and removal mean peak torque values after static and
dynamic forces, from loads of 2 N and 5 N. The placement torque (12.54 & 1.75 Ncm) of the screws
after a static load of 2 N for 5 weeks was a slightly higher than the removal torque (11.2 £ 3.37 Ncm),
without statistical significant difference in that reduction (p = 0.3139). After a static force of 5 N,
the torque peak was reduced from 15.03 £ 2.96 Ncm at placement to 7.18 & 3.23 Ncm during screw
removal (at p = 0.0025). In the control group, differences were observed when comparing placement
and removal torque values at p = 0.0007. No differences were identified in placement torque values
comparison between control group and all the other groups evaluated at p > 0.05.

Table 1. Torque peak mean values (Ncm) and standard deviation from screw placement and removal
after static and dynamic forces, with loads of 2 N and 5 N.

Load 2N 5N
- Control
Torque Static Dynamic Static Dynamic
Placement 12.95 (1.55) 12.54 (1.75)  18.14 (4.14)  15.03 (2.96)  10.18 (1.17)
Removal 8.3 (1.76) 11.2 (3.37) 6.38 (2.01) 7.18 (3.23) 3.6 (2.22)

ANOVA with Tukey’s multiple comparisons were applied at p < 0.0001. Statistical difference
was also seen in paired t-test comparisons after dynamic load of 2 N (p = 0.0005) and 5 N (p = 0.0026).
The influence of different magnitude of forces was not confirmed by ¢-test comparisons between
removal torque of both static (p = 0.0518) and dynamic loads (p = 0.7223). No differences in placement
and removal torque peak values were seen between static (p > 0.05) and dynamic groups (p > 0.05) and
the control group. A difference was identified between insertion and removal torque and the control
group (p = 0.0007), which disclosed an influence of changes in bone architecture after screw attachment.

Static loads Dynamic loads

N

B 2N
E SN
3 Control

&3 2N
El 5N
3 Control

Torque (Ncm)

Figure 3. Mean peak torque values (Ncm) after static and dynamic loads cycles. The control group
showed placement torque to identify any influence of pig rib bones on stability of the different
screws evaluated.

Dynamic cycles imposed significant reductions in torque means at p = 0.0005 after loads of 2 N and
at p = 0.0026 after a 5 N load. The placement torque (18.14 £ 4.14 Ncm) was higher than the removal
torque (6.38 £ 2.01 Ncm) after 2 N loads; and a reduction from 10.18 Nem =+ 1.17 Nem to 3.6 £ 2.22 Nem
was seen after 5 N loads. The components of the dynamic forces applied were presented in Figure 2.
They were showed in terms of vertical and horizontal orientations, and were decomposed based on the

angle (6) formed between the dynamic load vector (L) and a horizontal reference baseline. The 0 angle
settled at 10° and 15° during mouth simulations for closed and opened situations, respectively. The two
components of dynamic force (| L |) were exposed in terms of | L |.sin 0 for the vertical (pull out force)
component and |L|.cos 0 for the horizontal (pulling force) component. Calculations indicated that
just 17%—-25% of the applied forces were available at vertical orientation (pull-out component) while
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96%-98% of the applied (| L |) force were available at horizontal (pulling forces) orientation during
closed and opened mouth simulations in dynamic cycles.

Based on the removal torques, differences were identified only in screws submitted to loads at
2N (p = 0.0179). Screws loaded at 5 N revealed similarities in removal torque after static and dynamic
cycles (p = 0.0661). Analogies between removal torques after loads of 2 N and 5 N, under the same
type of force regime (static or dynamic), showed similarities after static (p = 0.0518) and intermittent
(dynamic cycles) forces (p = 0.7223).

4. Discussion

The primary stability of temporary screw is a reference of the mechanical interlocking attained
between screw surface and bone architecture. This torsional moment is analyzed in terms of the
placement torque, mainly in situations where a non-osseointegration device response is planned for
temporary purposes [4,5,15-18,22-25]. In this work, torque values were measured before and after
two different loads conditions with different intensities. The magnitude of the applied forces are in
accordance with dentary and orthopedic demand for clinical needs.

Dentary loads handled by stainless steel springs are a common application for biomechanics
when a tooth movement is desired, instead of using another tooth as backing. The mechanics can
be supported by different devices, from elastomers linked to temporary screws, through headgear
appliances when greater forces are needed [21,26,27]. We selected stainless steel springs only to
minimize the force loss commonly observed during polymers degradation. The load proposed (2 N) is
in accordance with literature for a movement of a group of 3—4 teeth; commonly, a temporary screw is
suggested to achieve faster results for improvements in dental treatment progress. A load at 5 N is
adequate where orthopedic results are demanded.

Although bone turnover could not be simulated from this work, the results collected by the
insertion and removal torque after static loads of 2 N showed the maintenance of the primary
stability achieved after a screw placement at p = 0.3139 [28]. The insertion torque was also considered
relevant information on the quality of bone, as shown in studies of [15,29]. On the other hand,
5 N forces as a static load imposed a significant loss of stability after 5 weeks since a reduction
of 52.22% was observed. The significance of this reduction was confirmed by a paired t-test at
p =0.0025. Hence, clinicians must be cautious when planning a load beyond the limits tested in
this work. The maintenance of the screw stability after 5 weeks under an immediate static load of
2 N demonstrated an adequate device stability to support grouped teeth movements during dental
treatments. The screw placement torque of the present work was in line with the literature and was
considered safe to prevent the transmission of excessive strains and the appearance of cracks, which
contribute to the reduction of the device stability [4,30].

The choice of pig ribs as bone sources for screw placement was justified in [19]. Even though
a low-density bone source was selected, a pilot hole 1 mm in diameter was to prevent any kind of
crack formation in the cortical shell [19,31-34].Authors decided to perform pilot holes to prevent
the propagation of cracks, which would be intensified by the different load protocols proposed in
this work.

The dynamic cycles proposed in this work simulated the routine of patient’s opening-closing
mouth, in which cycles impose relevant loads onto screws. Forces were in magnitude range from
2 N (mouth closed) through 5 N (mouth opened). The relevance of this simulation is coherent with
intermaxillary biomechanics, when a huge block of teeth, or even an entire jaw, is desired to be moved.
Examples of these biomechanics were presented in [27,35] and this method was preliminary tested
in the pilot study of this work [19]. Currently available appliances involve the use of several springs,
which can be accessible on [19,36,37].

The possibility of bone quality, density variation, and its influence on the placement torque were
appraised by a statistical test, whereas multiple comparisons of insertion torque peak values were
performed among all groups. Comparisons were established taking into account the different distances
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among the screw positions in each testing group, whereby the two outer screws from the control
group were compared just with static load group, while the three central screws were confronted with
devices in the dynamic load group. Despite the different comparisons, the complex architecture of the
cortical shell and cancellous matrix enforced differences in bone behavior regarding stability of control
screws when they were removed (p = 0.0007). However, when comparing the placement and removal
torque values from control screws with screws from 2 N and 5 N groups separately, no differences
were detected at p > 0.05. These similarities in torque values have disclosed an acceptable homogeneity
in the bone sources from the different groups evaluated. The use of ribs was also observed in [30] and
supported our decision to use the ribs as bone sources in all testing groups.

After dynamic loading, a detrimental effect in primary stability was seen due to the reduction
of the removal torque in paired comparisons with the placement torque measured before the cycles.
This result shows the main role of the pulling forces in the screw stability under dynamic cycles,
which condition was not observed after static loads of 2 N for 5 weeks. Different works have
simulated the same conditions of the static loads applied by opened springs between two temporary
screws in laboratory and in vivo in animals and humans [26,38—40]. The same absence of statistical
significance (p = 0.3139) of the static load influence on stability was disclosed in [38,40]. Cehreli
and Arman-Ozcirpici ranked insertion torque values in different ranges according to clinical needs,
the values lower than 5 Ncm being considered poor for clinical applications [41]. The values of our
removal torque after dynamic loads of 5 N were below 5 Ncm (3.6 £ 2.22 Ncem), which demonstrated
the detrimental effect of the intermittent loads applied by the dynamic cycles in the primary stability
of the temporary screws. This approach was preliminary showed in the pilot study [19] and is
corroborated by our results. However, the influence of vertical component was limited (just 15%—-17%
of the dynamic load), the strain distribution was not uniform throughout the bone-screw interface [42].
This statement is in agreement with [43], whereas several factors that interfere with the holding strength
of a screw was discussed [43]. Based on these factors, we considered that the pull out parameters
might be compared with our dynamic load protocol, since the continuous cycles applied also have
a vertical component. Only the intermittence of the dynamic load had not been considered previously
in literature regarding pull out strengths, and we believe that is one of the major reasons of the
significant decrease in screw primary stability after dynamic load cycles.

Figure 2 showed that the dynamic loads into screw stability can be decomposed in two vectors,
based on the angle between the load direction and a bottom baseline. This analysis was entirely
discussed in the angle resulted from the load application direction ranging from 10° (closed
mouth simulation) to 15° (open mouth situation). From this perspective, the pull out influence
is limited, since the value of the sine influence is 17%—-25% smaller than the entire applied load (IL ).
The horizontal component represented by cosine had an influence of 96%-98% from the IL| force
applied. Therefore, if a 5 N load was transferred to screws, only 0.85-1.25 N resulted in a vertical
orientation, while 4.5-4.8 N were transmitted, pulling the screw in a horizontal direction. Different
works have considered the pull out strength when evaluating the stability of temporary screws [43—46].
This parameter is a complementary indicator of primary stability, apart from placement torque.
Although a complete simulation of biomechanics involved during clinical routine is not possible,
the attempt to mimic dynamic load cycles under angulation, can efficiently commute axial pull out
forces into component with shear behavior. The same approach was reported by Xu et al. during
evaluations of angulated temporary screw stability in dogs [47]. In this work, Xu et al. reported
that slight angulated temporary screws demonstrated an enhanced stability compared to vertical or
extremely tilted screws. The results of this present work support the development of our dynamic
model loaded by pulling forces applied under angles between 10° and 15° [47].

5. Conclusions

The stability of temporary screws after dentary and orthopedic forces under static and dynamic
loads allows for the following conclusions:
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e Limited influence in screws primary stability were identified by static loads applied by 2 N forces
(dentary forces), although 5 N loads (orthopedic forces) had produced significant influence in
stability loss;

e  Dynamic loads applied under 56,000 cycles showed relevant influence in screw stability loss after
paired comparisons;

e  The magnitude of dynamic loads had limited impact into torque peak values, being the type of
load significant in primary stability changes. Intermittent forces (dynamic cycles) had relevant
effects onto stability loss of temporary screws.
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