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Abstract

There are several types of primary and secondary stability measuring methods, but there are no calculating methods to determine
direct primary stability. The aim of this work is to make a calculation method for primary stability. The out coming result of the calculation
should be the same form and unit as available in the clinical and used RFA (Resonance Frequency Analysis) method, especially the
ISQ (Implant Stability Quotient). Dental implant analog screws were inserted in bone modelling standard PUR (Polyurethane) solid
foam blocks, and the insertion torque and the micromotion was monitored. The ISQ values of the inserted screws were measured
also. On the basis of results, the characteristic equation was determined, which showed an excellent correlation (r = 0.96) between
the micro mobility and I1SQ. To simulate the micro mobility of an inserted screw with FEA (Finite Element Analysis) in any case of the
change the bone material properties is not difficult instead of in vitro and in vivo examinations. Using the simulation results and the
characteristic equation the clinically used ISQ value could be determinable. Thanks to this simple method, it is easy to monitor virtually
the stability change in any lesion of bone structure. As a result of the conducted measurements and simulations, it can be concluded
that the ISQ value, which represent the implant primary stability, can be calculated via FEA. With this simulation method, it is possible
to predict and monitor pre-clinically the primary stability of dental implants with new geometries.
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1 Introduction

There are different methods to measure an implant primary
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Fig. 1 with *) which can perform according standards, Periotest
but these standards are not direct for dental implants,
but for metal medical bone screws (e.g. ASTM F543-17,
ISO/TS 22911:2016 [8, 9]). Some types of these methods

do not allow to measure primary and secondary stability
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as well, or to monitor the stability change during the heal- s

ing period. There are also methods, which are not allowed
to use in vivo.

There are scientific publications which discuss how can be
simulated some of these measuring methods and how influ-
ence the implant type (shape, threads, surface) the stress dis-
tribution around the implant depending of the bone material
properties and structures [10-14]. The direct simulation of
a screw implant stability is not a clear process. The direct
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Fig. 1 Implant stability measuring methods
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simulation of the ISQ (Implant Stability Quotient) stability
with an easy implementable normal static load case is not
possible because the ISQ value based on RFA (resonance
frequency analysis) measurement and it is a dynamic load.
Due to this, the ISQ is determinable just indirect way or direct
with a modal analysis [15-17]. The ISQ value is an integer
between 0 and 100, where four main range was determined
to show the osseointegration stages. The lowest range, where
the implant has weak stability and difficult the outcome is
under 60. The next range is between 60 and 65, which is
called traditional range. Traditional range mean the implant
need healing time without loading. The range between 66
and 70 is called early loading range, where the implantolo-
gist can decide what is the earliest time as possible to load
the implant. Over 70 the implant has a perfect stability, which
let the patient to load immediately the implant [18, 19].
The ISQ value can give result for primary and secondary
stability as well, but there are publications which analyses
the big standard deviation of this method [20-22]. After the
literature overview, there are results for the correlation
between ISQ and mechanical stability measuring meth-
ods like insertion torque, pull-out test and micromotion.
The measuring of the insertion torque or the pull out test
are not allow the monitoring the stability by time, because
they let it do with one implant just one time. The definition
of micromotion is the following: a displacement between
bone and implant, which displacement above 150 pm can
cause the failure of the osseointegration and can induce
fibrous tissue connection instead of bony hard tissue con-
nection. Micromotion is measured under lateral static load
above the bone level [23-26]. According to the definition
of the micromotion, it is possible to monitor the osseointe-
gration stage with the use of low forces during the healing
time. Micromotion correlates to the stability, which means
the micromotion of a screw implant decreases, when the

osseointegration growths according to the bone regener-
ation. The implant micro mobility gives more information
about the osseointegration than micromotion. Micro mobil-
ity shows the strength of the bone-implant connection.
The unit is um/N, and shows the effect of 100 N lateral
force above 10 mm of bone level. This value depends on the
implant size, geometry and the surrounding bone mechan-
ical properties [27-30]. Thanks to the correlation between
micromotion and ISQ, micro mobility is also correlated to
ISQ. This is the reason why micro mobility was chosen to
simulate numerically and calculated from the result the clin-
ically often-used ISQ value. This method will give a pos-
sibility to check easily and virtually novel implant's ISQ
value or the change of the ISQ value of an inserted implant
due to the dramatic change of the bone's physical properties.
The aim of the research was to prove the fact, that finite ele-
ment analysis (FEA) can be used easily to determine ISQ
stability of the bone screw implant, and the calculated values
correlated to the real stability values, which was measured
by clinically used machines. The hypothesis of the research:
the clinically used stability measured values (ISQ) cor-
related to the numerical simulated micromotion values and
it is possible to calculate ISQ from the micro mobility result.

2 Materials and Methods

2.1 Materials

During the laboratory in vitro examinations standard
polyurethane (PUR) solid foam blocks were used to model
the healthy bone material, which blocks meet the standard
ASTM F-1839 [31]. Eight different densities of solid foam
blocks were used (Table 1) [32].

For the modelling of a dental implant, simple tapping
screw with hexagonal head was used. In the middle (cen-
ter) of the screw, a tapped hole was made to adopt the mag-
netic beam, which was needed to the RFA stability test.

Table 1 Material properties of the standard PUR solid foam blocks

Nr. Density Porosity Compressive Tensile Shear
) PCF ) Strength Modulus Strength Modulus Strength Modulus
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

01 5 0.07 0.6 16 1 32 0.59 7.1
02 10 0.14 2.2 58 2.1 86 1.6 19
03 12 0.16 32 81 2.5 112 2.1 24
04 15 0.20 49 123 37 173 2.8 33
05 20 0.27 8.4 210 5.6 284 4.3 49
06 25 0.34 12.9 317 8.8 399 5.9 68
07 30 0.41 18 445 12 592 7.6 87
08 35 0.47 0.47 24.4 15.6 713 94 108




The magnetic beam was produced by the manufacturer of
the RFA machine. The magnetic beam is for a commer-
cial used dental implant. The tapping screw geometry was
similar to a commercial available dental implant (Fig. 2).
The Table 2 shows the screw's geometrical parameters.

2.2 Methods

In the clinical life, implants must be inserted according
to the surgical/insertion protocol. This protocol contains
the drilling protocol as well. The protocol determines
which drill must be used depending on the implant geom-
etry (diameter, length, pitch, profile, tapping, etc.) and the
bone physical properties. In the present study, thanks to
the simple geometry of the screw, the drilling protocol was
used a screw's core diameter drill. With this drill, five holes
perpendicular to the surface were drilled into the eight
PUR solid foams. The drilled holes depth was approxi-
mately three mm bigger then the screw's length.
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Fig. 2 (a) The standard PUR bone modelling solid foam blocks.
(b) The geometrical analogy between the real dental implant and
the chosen tapping screw. (c¢) The inserted magnetic beam into the

screw, which is allow us to measure the implant stability quotient.

Table 2 The implant modelling screw's geometrical parameters

Type of screw Tapping
Head type Hexagonal
Length (mm) 13
Diameter (mm) 39
Core diameter (mm) 2.8
Pitch (mm) 1.35
Revolution 8
Thread profile symmetric
Tapped hole type M2
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The biomechanical examination of the implant model-
ing screw was made with a tensile test machine (Instron
5965 - Instron Norwood, MA, USA) with a special head
(for rotation) and pins (for micromotion). The measure-
ments were done according to the following steps:

1. Insertion of the screws into the drilled holes of
the PUR solid foams with the tensile test machine and
registered the torque-rotation functions. The screws
were inserted 0.5 mm above the "bone level".

2. After the insertion of the screws, one of them
from each type of PUR solid foams was cut out, and
cross section analysis was made (Stereo microscope -
Olympus SZX16), to see the compressed material
structure around the screw direct after the insertion.

3. Following the inserting process, the magnetic beam
was mounting with "finger-tight" (approximately
5-8 Nem tightening torque) into the screw and
with the RFA machine (Osstell ISQ - Osstell AB,
Gothenburg, Sweden) the primary ISQ stability of
the screw was measured [33] (Fig. 3).

4. Micromotion measurement were done with tensile
test machine (Instron 5965 - Instron Norwood, MA,
USA) according to the definition of micro mobility.
A special beam was inserted into the screws to give
the 10 mm distance from the bone level.

2.3 Simulation

The simulation was made with Autodesk Simulation
Mechanical 2017 software. The material parameters
for PUR solid foam blocks were used from Table 1.
The screw material parameter was defined from the soft-
ware's material library as titanium (Ti6Al4V) as the
most used material for commercial dental implants.

Fig. 3 ISQ measurement of the screws in bone modelling PUR solid

foam. The measurement was made in four perpendicular direction.
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The simulation type was static stress analysis with lin-
ear elastic material models to simulate the displacements
(micromotion) in standard loading cases. The reason why
elastic material model was used is the fact, that after plas-
tic deformation of the bone (in our case the PUR solid
foam) the primary stability cannot be further interpreted.
The simulation set up was similar with the measurements
set up. The screw digital model was made with reverse
engineering. The CAD screw 3D model was embedded
in a cube (15 x 15 x 15 mm), which contained the negative
form of the screw. For the screw-PUR block contact type
was bonded used, to simulate the highest primary stability
and in later stage the highest osseointegration (secondary
stability) level. For the block outer surfaces constrain fixed
was used, except the bone level surface.

3 Results

3.1 Cross section analysis

Three cross section analysis was made to see the com-
pressed PUR solid foam material structure around the
screws. From the lowest, medium and highest density
of PUR solid foam were taken samples and grinded.
The microscopy analysis of the grinded surfaces (Fig. 4)
shows the solid foam cells deformation, the compressed
area and the material continuity around the dental implant
depending of the foam densities.

3.2 Insertion Torque

During the insertion of the screws, the monitoring of
the insertion curve is a first stage of the analysis of the pri-
mary stability. If the graph does not show high drops,
and continuously increases to the limit torque, then the
implant stability will reach the expected primary stabil-
ity value. The Fig. 5 shows the average insertion curves
of the screws in different PUR solid foam block densities,
with the SD range.

Fig. 4 Cross sections of inserted screws in different
PUR solid foam densities.
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Fig. 5 The insertion torque curves of a screw in different PUR solid
foam blocks, with SD.

3.3 Calibration curve

The calibration curve was determined from the measured
primary stability ISQ values and micro mobility values
(Table 3). On the basis of the measured point, a curve was
fitted and the characteristic equation was determined.
The ISQ as a function of the micro mobility shows how
the screw's surrounding material properties influence
the primary stability (Fig. 6).

Table 3 The measured values of ISQ and micro mobility.

Type of solid foam  Micro mobility (um/N) 1SQ ()
PCF05 82.67 2275
PCF10 53.02 235
PCF12 30.99 32.58
PCF15 7.15 49.16
PCF20 1.85 56.95
PCF25 1.68 63.67
PCF30 1.75 66.17
PCF35 1.68 66.75
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Fig. 6 The fitted curve and the characteristic equation, which shows
how change the primary stability of the tapered screw in different

type of solid foams.



3.4 Comparison of measured and simulated results

To the calculation of the ISQ values the characteristic
equation was used, which helps to convert the FEA sim-
ulated micro mobility values to ISQ (Table 4), which is
used in the clinical life, and easier to evaluate as a pri-
mary stability indicator.

4 Discussion

The research shows a method how to determine in vitro
a dental implant or any kind of screw geometry calibra-
tion curve and characteristic equation, which are the base
correlation of a virtual ISQ stability analysis. The novelty
of this study is the direct calculation of the ISQ stabil-
ity values from the FEA simulated micro mobility result.
Scientific studies analyses numerical methods to simulate
the stress distribution around dental implants [34-41] but
these stress results do not give any comparable informa-
tion about the actual stability of the implant. It is not pos-
sible to determine direct form the simulated stress distri-
bution the clinically used ISQ values.

To the calculation of the ISQ stability from FEA simu-
lated micro mobility, three main steps needed during the
in vitro measurement to insure, that the correlation
between micro mobility and ISQ is correct.

1. During the in vitro measurements the insertion
torque must be monitored and analyzed. If the torque
graph does not show high drops, and continuously
increases to the limit torque, then the implant sits
well in the position, and the stability will reach
the expected primary stability value. The general
point in clinical use of dental implants is (accord-
ing the insertion protocol of the implant manufac-
turer) to reach a maximum (peak) insertion torque
value [42-45]. This one number does not contain
the whole insertion procedure, and cannot warn

Table 4 The summary table of the measured and calculated ISQ values.

Type of bone Measured Calculated
modelling ) o ) o

PUR solid Micro mobility  ISQ  Micro mobility — ISQ
foam block (nm/N) © (nm/N) ©
PCF05 82.67 2275 76.45 25.04
PCF10 53.02 23.5 56.37 26.39
PCF12 30.99 32.58 35.03 28.73
PCF15 7.15 49.16 10.12 36.72
PCF20 1.85 56.95 2.06 58.36
PCF25 1.68 63.67 1.84 61.53
PCF30 1.75 66.17 1.80 62.21
PCF35 1.68 66.75 1.74 63.31
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about high drops or growth area. This one number
is not enough to give information about the insertion
and primary stability of an implant. That is the rea-
son why insertion torque curve need to be monitored
and analyzed in vitro and in vivo as well [46-49].

2. The inserted implants have the same geometry, which
geometries deform in different ways the surrounding
material during in vitro examination (bone model-
ling standard PUR solid foam). The 2D microscopy
analysis of the bone implant contact (BIC), where
the solid foam cells deformation, the compressed
arca and the material continuity around the dental
implant correlated to the implant stability. Studies
where in vivo examination were done, 2D histology
and histomorphometry analysis and 3D microCT
were used to determine the correlation between BIC
and implant stability depending bone densities, and
healing stage [50-54]. These methods can be used just
preclinically, and they are not suitable for monitoring
during the healing period the change of the stability.

3. Clinically used direct dental implant stability mea-
surement systems must be used, to check the implant
primary stability. After the insertion of a dental
implant there are not too many options to check or
monitor in clinical life the stability. The most com-
mon used method is the imaging technology, spe-
cially the cone beam computer tomography (CBCT).
The CBCT images give information about the bone
stage around the dental implant, and approximately
it is the possibility to determine the bone implant
contact (BIC), but there is no option to determine
psychically the implant stability [55-59]. Therefore is
necessary to apply such a measuring method (Fig. 1,
e.g. RFA), which gives information about direct
implant stability and has physical content.

5 Conclusion

The possibility to determine in vitro the calibration curve
in case of each kind of implant geometry opens the door to
analyze during the lifetime the actual status (health and sta-
bility) of a dental implant. Thanks to the numerical simula-
tion (FEA) further analysis are possible to predict the critical
and the risk cases, when the implant will be endangered and
influence the implant stability. During the simulation the
bone structure and mechanical properties can be easily mod-
ifiable, and many simulation cases can be done in short time.
Thanks to the calibration curve from the simulated micro
mobility it is easy to calculate the clinical used ISQ values.
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A correlation and values, which represent the implant
stability in three different ways, must be proved.
These methods should be the following: biomechanical
(e.g. insertion torque, micro mobility), histomorphome-
try (e.g. microscopy), clinical used direct stability method
(e.g. RFA-ISQ).

The importance of the monitoring (clinically and simu-
lated as well) of the implant stability during their lifetime
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