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Fatigue induced deformation of taper connections imlental Titanium implants

The present study deals with in-situ microgap mesamsants in the internal taper connections
of dental implants. Using x-ray phase contrast atamography, the connecting interface
between implant and abutment is probed non-destaligtn three dimensions. Interference
fringes across the conical interface occur dudégoresence of microgaps, their intensity
being a measure of the gap's width. Thus, for @aait on the interface, interferences are
extracted from the volumetric image in terms ofmalk projection maps which are, at selected
points, compared to forward simulations to quarttiiy local gap width. Four designs of
dental implants are tested in the 'as-receivet® sgwell as after application of cyclic extra-
axial load. Results show different degrees of ngapopening by cyclic deformation
according to the implants' design as well as atgnemunt of detail on the actual interface,

i.e. fretting scars, grooves and wear debris.
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1. Introduction

Dental screw implants made of Titanium and Titanallays have been used for many
decades for the partial and full restoration ofupper and lower jaw [1]. Under the daily
exercise of chewing these implants have to be bnpadible and withstand corrosion as well
as fatigue forces [2-5]. Dental implants can eitbeedesigned as one-piece or two-piece
devices [6]. The latter comprises the hollow screylant and the abutment. Two-piece
implants have both medical and mechanical advastager a one-piece design [7]: |. After
inserting the implant it is covered easily withstie to allow for safe healing before the
abutment is added a few weeks later, and Il. Thg-pbcket connection between implant and
abutment is fastened with an additional abutmem@veevhich acts as a preloaded spring
holding the two pieces together. The tighteningdasf the abutment screw is set to remain
below its yield when random chewing forces appl@[8Thanks to this design, the bending
fatigue strength of two-piece implants has beenvsho be superior to any bulk one-piece
design [6,10,11]. Concerning the geometry of thelamt-abutment connection (IAC) a
variety of designs has been tested [2,3,12]. Wthidetraditional concept is based on a
horizontal butt joint connection, a significant paf modern dental implants feature taper
connections of varying taper ratio and angle [1P,IBis step towards tapered IACs was
mostly motivated by mechanical considerations. &tlhanical engineering butt joints are
mainly used for axially loaded connections. Consadly, technical failures such as screw
loosening and/or fracture occur when extra-axialdi®y moments are applied, as is the case
in vitro during chewing [8,9]. Compared to buttrjts, taper connections have been found to
perform much better in bending fatigue, becausertbments mainly turn into elastic
deformation at the IAC and do not become a levesti@ining the abutment screw [6,7].
Consequently, implant and screw fractures can b&lad [14-16]. However, due to
geometric imperfections both butt joints and tgparts contain hollow spaces inside the IAC

which have direct contact with the oral cavity. Ra$ bacterial infiltrationthrough the IAC
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and into the inner implant cavitieaihd of crevice corrosion are the consequenceg-{Ol

For the strains of bacteria present in the oraitgaa few micrometer wide gap is considered
sufficiently “open” for infiltration [20-22]. Despe the commonly acknowledged existence of
such microgaps, relatively little is known abowtfing and cyclic plastic deformation, in
other words the possible enlargement of initiathadl microgaps to larger cavities [5,23-25].
For tapered IACs the geometry, i.e. the taper anigéejoint diameter and length, have been
shown to play an important role for the implanéi8gue properties suggesting that the latter

can be judged from the time-evolution of microgdpseng fatigue [3,12,26,27].

By means of high-resolution radiography it has b@&emonstrated that microgaps exist in
conical IACs under load [28]. These microgaps itefsaim incongruent fit of implant and
abutment. Independent of this misfit, taper connastgive a certain mobility to the assembly
which can be considered advantageous as long asghking strains along the IAC are

purely elastic and do not accumulate to fatigueatgemn terms of cyclic deformation. By
means of quantitative phase-contrast radiograpdwitith of microgaps has been determined
in different taper connections from 30 um downdo@.1 um spaces depending on the desgin
and the applied force vector [29]. Cyclic fatigwastibeen shown to enlarge, in other words, to
‘open up' these microgaps permanently [30]. Thikwsan extension to these radiographic
observations: by applying phase contrast x-ray abaenography (XMT), the entire conical
interface across the IAC is mapped non-destrugtiakeing with the distribution of microgaps
and their local width. Four different commerciadlyailable implant systems are thus
analysed. For each system a virgin implant was @@mtong with another one which has

been exposed to cyclic fatigue prior to the XMT swgament.

2. Materials and method
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Four commercially available implant systems weresem for this study, all featuring a taper
connection between implant and abutment: Two syst® manufactured by Friadent
Dentsply, Germany: Ankylos (abbreviated 'Anp') @&mkylos c/x (‘An’). The third system is
produced by Astra Tech (labelled 'Ch’), Germanythedourth being the Bone Level system
from Straumann, Switzerland ('St’). Dimensionsgbliants and abutments as well as torque
of the abutment screws are listed in Table 1. Siheesystems 'Anp’' and 'An’ feature an
almost identical design, the three main implanblag are depicted in Fig. 1. Note that unlike
the Ankylos the 'c/x' version of the implant hasmternal positioning index (hex) below the
IAC and therefore has a shorter joint length (118 mstead of 2.2 mm). Figure 1 further
shows a magnified inset of the Ankylos taper intingathe basic mechanism of force
transmission over a lever, with the main pivot tedeon the implant shoulder. Thus, along
with taper ratio (major diameter over length) amgetr (half) angle, the lever angles with
respect to the IAC are listed in Table 1. All syssehave a lever angle around 60° with the
exception of the system 'St' which features aneargD°. The IAC in both Ankylos systems
has a standard 10:1 taper (i.e., a taper angle/af Similar to grounded glass joints) with a
diameter-length ratio (DLR) of 2.5/1.8 and 2.5/@rmm). Unlike the traditional Straumann
ITI system with its well known 8° morse-taper, Bdrevel ('St') features an IAC with a DLR
of 3.3/0.7 and a larger taper angle (16°). Findahg, 'Ch' implant features a 11.2°-taper with a
DLR of 3.8/2.4. For each system a pair of 2 sampie® purchased and prepared whereby
one sample was scanned after cyclic load whichapa$ied prior to the measurement while
the other one was imaged in the 'as-received’ g@jeSample preparation involved
embedding the implant bodies in a brass cylind®mgin diameter and height) by using
methyl meta-acrylate (X60 cement from HBM Inc. UBEn tightening the abutments with
the system specific abutment screws and torqueall{Fia 10 mm steel ball was cemented to
each abutment, using the X60 meta-acrylate. Asseaflihe implants and cyclic testing are

according to ISO 14801:2007 standard and scherfigtsteown in Fig. 2. One sample from
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each pair was then subjected to cyclic compressiwreby 12-t0-120 N (peak-to-valley)
forces were applied under 30 degrees inclinatidghecsamples' main axes. The stress ratio
was R =ojo/ayp = 0.1 according to 1ISO 14801:2007. During each &l @ sinusoidal load
cycles were applied to the samples at 15 Hz freqguenambient atmosphere (test were

performed at the Fraunhofer Institut fur Werkstaftrthanik, Freiburg, Germany).

As determined by energy dispersive x-ray anal\isi3X) in electron microscopy (ZELMI

TU Berlin, Germany using a Hitachi 4400) the Anks/kystems (‘An' and 'Anp’) are produced
in the standard materials configuration: the impleging made of cp-Ti grade 4 (ASTM F-
67), abutment and abutment screw of Ti-6Al-4V Ellbya(grade 5, ASTM F-136). Unlike

the Ankylos abutment those from Astra and Straun{d®ini and 'St') are made of the same
material as the implant, i.e. cp-Ti grade 4. Thetatent screw is made of Ti-6Al-4V ELI in

all systems except for 'St' which has a screw nohde-6Al-7Nb alloy (ISO 3.0731), a new

Vanadium-free version of the high strength graddicy.

Samples were scanned by phase contrast x-ray mmsogfraphy (XMT) using the imaging
station at the BAMne (BESSY-II synchrotron light source of the Helmlze@entre Berlin,
Germany). The XMT setup has been described inldsta&ack et al. [31]. For this work an
x-ray energy of 50 keV was chosen, the sample-teetiar (propagation-) distance was

0.74 m and the effective pixel size 1.86 um, albalftthe width of the detector point spread
function (~4 pm), thus accounting for Shannon’sgarg condition. 1800 projection
radiographs were recorded for each scan correspgmaoia sample rotation of 180°. Because
the field of view (3.7 mm x 2.6 mm) was insufficie¢n capture the Astra and Bone Level
implants (4.5 mm and 4.1 mm respectively), scaa axtension (known as stitching) was
applied by recording two scans for each implantrebyg the samples were displaced
horizontally and perpendicular to the x-ray bean2bbym between the two scans along with

their rotation axes. Then, before starting the mstoiction, the two scans were recombined

5/20



Int. J. Mat. Res. - Tomography Workshop

into a single one. Tomographic volume reconstructias performed on a supermicro™

Linux server using PyHST software of the Europeamc8rotron Radiation Facility [32].

Figure 3 displays how the XMT data was processedeBch reconstructed 3D volume the
major axis inertia of the implant was determinedsbgrching the (x,y)-centre of every
horizontal cut (z-slice) trough the IAC. Microgapghis interface become visible thanks to
x-ray phase contrast. Note, that mounting the sesngbright for XMT put them in quasi-
vertical position, hence justifying the approxinoatiof the elliptical cut through the IAC by a
circle. From the resulting (x,y,z) centre-values thain implant axis was estimated by linear
regression, then conical surfaces with a radiusesponding to the IAC were extracted from
the volume in terms of cylindrical projection mgfse cones are projected onto a cylinder
which then is unrolled to a flat map, cf. Fig. B).order to capture the entire IAC, maps were
extracted like onion layers, starting from the dles{abutment) ca. 56 um 'above' the IAC and
going to the outside (implant) ca. 56 um 'below' tAC, by increasing the cone radius 0.93
pm (half a pixel) after each mapping, yielding @kof 120 maps ( = 2*56um/0.93um)he
horizontal axis in the projection maps shows thenath (0°-360°) for which the number of
angular increments was chosen to matain2/0.00186 with jac the major radius of the 1AC
(in mm) at the top of the taper. Thus, 4200 angstigps were used for 'An' and 'Anp’, 5530
for 'St' and 6440 for 'Ch'. Assuming that the peakalley intensity of the dark and bright
radial phase-contrast interference lobes at thedf€a measure for the local microgaps'
width, the difference between maximum and minimunjgetions were calculated for each
series of 120 projection maps. In order to drawntjtetive conclusions by inferring this max-
min value to the real gap width [29], numericaMard simulations of the IAC phase contrast

were carried out using GNU OCTAVE™ [33].

3. Results
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The max-min projection maps of the Ankylos samplepO1 (virgin) and Anp02 (tested) are
shown in Fig. 4a and b along with three magnifiegions of interest (ROI, each region
measuring approx. 0.98 mm in the horizontal an@ @ in the vertical direction) in Fig. 4c.
Both projection maps are shown on the same grdg-gtarder to compare the 'tested’ with
the unbiased state of the system, whereby brightsassed as a measure of the microgap
width. Unlike AnpO1 the 'loaded’ Anp02 shows twgaaént bright halos (gaps) on the upper
IAC, horizontally set 180° apart (cf. Fig. 4b). Twwre symmetrical gaps of minor vertical
extension and width appear at the bottom of the. [A@& brightest halo (top left in Fig. 4b)
can be clearly identified as the pivotal point whdre cyclic load applied leaving a dent in
the IAC. Furthermore both projection maps 'Anp@t sAnp02' show vertical and horizontal
brightness modulations. Scanning through the 1H#0drycal projection maps of the IAC
from the 'inside’ to the 'outside’ identifies tlegtical stripes as grooves on the inner implant
surface whereas the horizontal stripes originam fthe abutment surface. As can be seen
from Fig. 4c not only the local microgaps are indhdaut also microscopic surface damage
(fretting scars and scratches on the implant anth@mbutment surfaces) are marked with
high detail by the phase contrast XMT. Circles agdares in the projection maps of Fig. 4
mark the points where representative radial profilere extracted from the stack of

projection maps (referred to below).

Max-min projection maps of the Ankylos c/x sampks01' (virgin) and 'An02' (tested) are
shown in Fig. 5a and b along with three magnifi€@l&in Fig. 5¢. Surprisingly, both

implants — tested and virgin — show microgaps eupper IAC with the overall intensity
being slightly brighter for 'An02'. The latter sh®w bright halo — very similar to the one
observed in Fig. 4b - on the upper right IAC (afj.Fb). 180° to the left, on the opposite side
(upper left of Fig. 5b) a less pronounced microgap be seen which is — unlike the area

around the pivotal point - marked by numerous gattscars some of which are shown in the
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magnified inset (number 3 in Fig. 5¢). No gap iersen the lower IAC probably because the

indexed part (hex) of the IAC is not included iy .FPb.

Unexpectedly, the projection map of the virgin seedn01 (Fig. 5a) shows a bright halo
very similar to and only mildly less pronouncedrtithe one observed in Fig. 5b. Yet, the
sample has not been tested in cyclic fatigue. ki&aple An02, the microgap in the upper left
IAC is accompanied by an adjacent halo of lessghbress seen 180° to its right. Random
scratches appear to be part of the interfacesnf@1Aan 'An02' whereas pronounced fretting
scars are only present for the tested sample i@f5€E). Similar to the Ankylos system
horizontal and vertical stripes patterns can ba geée “c/x” version with only discrete

contact points at the intersecting dark stripes.

Max-min maps of the virgin (Ch01) and tested (Ch@&ra samples are depicted in Fig. 6.
Deformation and opening of a microgap appear legsre when compared to the Ankylos
systems, i.e. overall brightness of the project@ps in Fig. 6a and b is similar. A fatigue
induced enhancement of the microgap is only fountdearim of the upper right IAC of the
tested sample 'Ch02' while a broad bright haldseoved on the diametric opposite lower left
IAC (cf. Fig. 6b). An interesting particulate mistoucture is observed on the magnified
insets of the virgin samples IAC (insets 1 and Eign 6c) while different interface damage
appears for sample 'Ch02' (inset 3 in Fig. 6¢).rélcopic damage and fretting scars are
found superimposed onto the turning grooves ofAstea abutment and appear all over the

IAC of both samples.

Unlike the Ankylos and Astra systems, the IACsarhple 'St01' (virgin) and 'St02' (tested)
show severe wear, mostly in the upper part (iesecto the implant neck) of the IAC (cf. Fig.
7a and b). Cyclic loading is found to increasetttal width of the IAC (i.e. Fig. 7b appears
globally brighterhence more 'opethan Fig. 7a). Alocal microgap is observed in the lower

left IAC of the tested sample ('St02"), and is aqoanied byanotheropening on the diametric
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opposite upper right IAC (Fig. 7b$uperimposed onto the local gage fretting and wear
scars (mostly vertical). This damage appears tease significantly under cyclic load as
shown by the three magnified insets in Fig. 7cqiea2' and '3' show the damage at 'St02' as

compared to 'St01' shown in '1").

Prior to analysing the select radial profiles faxasuring the microgaps' width forward
simulations were carried out using the same appraaaletailed by Zabler et al. [29] and
adding tomographic reconstruction to the simulatidme results of these simulations are
shown on a surface plot in Fig. 8: Here, intenssitgt function of the radius (x) and of the gap
width ranging from 0.05 to 30 pm. Sub-micrometgogmainly cause a bright intensity
maximum, confined by less pronounced minima. Thaximum increases steadily for gaps
larger than 1 pm, whereby a pronounced valleynsiifiog left to the intensity peak. Both
peak and valley reach similar amplitudes at a dagpprox. 4 um width. For gaps as large as
~14 pm gap the valley reaches an intensity minintdemce, for larger gaps the interferences
are basically broadening while the peak-to-vallégfetence increases faintly. Three radial
profiles were extracted for 'Anp01' and 'AnpO2heked by the symbols in Fig. 4. In order
to get sufficient statistics, 2x2 binning and a &afilter of 3 pixels radius were applied to the
whole stack of projection 120 maps before extrgctire desired radial profiles which are
depicted in Fig. 9. The circular symbol in each mar map (cf. Figs. 4, 5, 6 and 7)
corresponds to the brightest 'spot' whereas therbatangle marks a spot of medium
brightness at the side of the IAC opposite to tletpand the hollow rectangle the darkest
point on each map. The most pronounced radiallprivfiFig. 9a mainly consists of a bright
fringe surrounded by two darker lobes and match#stive forward simulation of a 1.0 um
wide microgap. On the opposite side of the corlig@l (bulk square symbol) the opening of
the gap reaches only 0.4 um. The actual “contasttben the mating implant and abutment
surfaces takes only place at those points wherkdheontal and vertical dark stripes

intersect in the projection map and a continucassition from one material to the next is
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observed without interference fringes (dashed [@pfProfiles from the tested sample Anp02
are shown in Fig. 9b. The fringe contrast of thigghiest spot' appears inversed: two bright
lobes surrounding a minimum. Forward simulationgat a microgap of 14 pm width

whereas a 9 um gap is found on the adjacent sidk $quare symbol).

The radial profiles for the samples 'An01' and "2r(@ested) are shown in Fig.10a and b,
respectively. The analysis of the profiles confitims observations from Fig. 5. An opening
of 10 um is found for the brightest area of ther&xzived' sample 'An01' while 1.5 pm are
measured on the adjacent side of the IAC. The teggipoint in the max-min map of the
tested sample 'An02' corresponds to a 16 pm gap.prefiles were calculated at points of
intermediate brightness (bulk square and bulk€intlFig. 5b) revealing gaps of 6 um and 1
pm width. Note that the interference fringes of diféerent profiles in Fig. 10 appear to be
shifted by 3-10 um indicating cyclic deformationiwmiplant and abutmen& similar shift is

observed in Fig. 9b. Hence, the circular crossisedf the IAC became slightly elliptical.

Three representative radial profiles for each Astnaple (cf. Fig. 6) are shown in Fig. 11a
and b. A maximal opening of 0.7 um was found feriicrogap in the virgin sample '‘Ch01’
whereas this value rose slightly during cyclicitegsto 1.2 um for sample 'Ch02' (Fig. 11b).
None of the profiles of intermediate intensity fbatjuare symbol) could be quantified in
these two samples. From the weakly pronouncedf@nterces it can be concluded that the

opening is <0.1 pm.

Radial profiles for both Straumann samples are shawig. 12a and b whereby a maximal
microgap of 0.15 pum width is found in the upper I18CSt01' increasing to 0.6 pm in 'St02'.

Again profiles corresponding to intermediate bngdss in Fig. 7 are found of <0.1 pum width.
4. Discussion

Using non-destructive phase contrast XMT togeth#ér axtraction of three-dimensional

interference patterns at the implant-abutment cctoe of four commercially available
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dental implant systems, the tightness of the lattes characterized virgin and after cyclic
fatigue. With the exception of An01 (Ankylos c/*) systems showed a reasonably tight IAC
in the unbiased 'as-received' state, with locatogiaps of 0.15 - 1.0 um width interrupted by
local contact points. After cyclic fatigue, all $gs1s showed an increase in gap width with a
maximum of 16 pum for sample 'An02'. As an additlarault of the cyclic fatigue all systems
showed plastic deformation at the IAC, accompabiedccurrence of wide and broad gaps
around the pivotal point of the force vector amda tmilder extent, at the diametric opposite
side of the IAC (counter-pivot). Obviously, the mxaxial force turned the abutment into a
crowbar, which through its lever deformed the IAfbia slightly elliptical shape after 5X10
cycles. Unlike all the other virgin samples, 'AnQankylos c/x) showed similar
characteristics, i.e. a broad localized gap, aljhatihad not been tested in cyclic fatigue. The
two only possible explanations for this observaaoa (a) either the implant had been
manufactured with tolerances as large as the map®that were measured in this study, or

that (b) the implant had been loaded in some unknoest-production process or test.

By using numerical forward simulations brightnesshe max-min projections was translated
into local gap width. But these maps are not juseasure of the incongruent fit of implant
and abutment surfaces. They also mark with highildetimerous kinds of microscopic
surface damage at the IAC. Thus surface scratghesyes and particulate debris were
observed in the unbiased as well as in the testte of all implant systems. Some of these
defects are likely to result from the productiongqess of implant and abutment but other
probably occur during tightening of the abutmeme®g e.g. the severe longitudinal scars on
the abutment surface in 'St01'. During cyclic faéighese initial defects appear to grow worse
and new defects are likely to occur with a parac@mphasis on friction marks and scratches

which are oriented along the main (vertical) implaxis.
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Hence, the Straumann implant does appear to reghei same way as the Astra and Ankylos
systems. Deformation of the latter can be easiplaemed by the cyclic forces acting through
a 'lever' across the IAC, yet the lever angle ef3traumann system is superior to 90° which
means thathe plug-and-socket connection is not self-lockiggnere friction at the IAC. The
dislocation of the abutment is prevented by thewdmwhich has a tapered head and a higher
torque compared to the other systems). Bendingesagtsaining the screw, the 'lever' is most
likely established underneath the IAC where thatrohal index touches the implant. Hence,
the distribution and interactions of bending mormsesatrew and implant depend on the
stiffness of these components, force, clearancgdset the parts and overall geometry.
Recent bending tests on tapered systems have roedfithe large deformability at the 1AC,
but also attested a bending strength similar toa@t 'Anp' [34] Among the three other
systems, sample Ch02 (Astra) appears to show lihidanighest resistance to cyclic loading,
the microgap width being most homogeneous andlegsgement - due to fatigue — minimal
(2.2 um for 'Ch02"). An apparent explanation fa difference between the Astra Tech
system and its competitors from Ankylos is thateys'Ch' has a larger contact interface thus
distributing the tensile and compressive forces avgreater area, whereas the |staface
pressurdor the Ankylos system is much higher. The ch@t@&i grade-4 for the abutment
material does not seem to have a negative effetttemicrogap evolutiobepending on the
geometry, a smaller stiffness and a higher dugtiifitthe abutment could even be beneficial.
The results of this study, match with the microgapning that was already observed under

static load, as investigated by phase-contrasbgaaphy [30].
5. Conclusions

The most important conclusion of this study is fhlastic deformation at the implant-
abutment interface is evident after cyclic loadwith a force amplitude as low as 120 N.

Experimental S-N plots (components strength vebyer of cycles) of implants with tapered
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IACs indicate that the fatigue strength of this iam type always lies in the range between
400 N and 600 N [2,3,12,26]. Consequently, defoimnatinder cyclic load with an amplitude
as low as 120 N should be totally elastic, yet stigly proofs the contrarit.is known that
microcracks can occur even in the elastic raiiges study indicates that deformation and
microgap enlargement - observed from the IAC - memtsteady-state', and do not — in
extremis - lead to the failure of the implant,eddt not during the 5xi@ycles which are
routinely applied. Yet, there are significant difaces according to the implants' design: the
most severe deformation was observed in the Ankggsems while Astra Tech and
Straumann remained relatively 'close’. In-vivo, nogap opening will increase the risk of
bacterial infiltration and consequently of implédodsening through a retarded infection
[35,36]. In conclusion, implant systems should p&mized to have as little ‘'opening' at the

IAC as possible.
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Table 1:
. . Material
Dimensions of
Cone half- | (1: implant, Torque
Sample | Manufacturer | implant and IAC
angle [°] | A: Abutment, | [Ncm]
°[mm] /L [mm]
S: Screw)
ANO1, Ankylos ¢/x Implant: I: cp-Tigr. 4
Taper: 5.7
An02 (indexed) 3.5(3.0)/14.0 A: Ti-64 gr. 5 15
. Lever: 57.8
(tested) Friadent IAC: 2.5/ 1.8 S: Ti-64 gr. 5
AnpO1, Implant: I: cp-Tigr. 4
Ankylos Taper: 5.7
Anp02 3.5(3.0)/14.0 A: Ti-64 gr. 5 15
Friadent Lever: 51.8
(tested) IAC: 2.5 /2.2 S: Ti-64 gr. 5
chot, Implant: I: cp-Tigr. 4
Taper: 11.2
Ch02 Astratech 4.5 (3.5)/13.0 A: cp-Tigr. 4 25
Lever: 66.0
(tested) IAC:3.8/2.4 S: Ti-64 gr. 5
St01, I: cp-Tigr. 4
Bone Level | Implant:4.1/14.2| Taper: 16.0
St02 A:cp-Tigr. 4 35
Straumann AG|  |AC:3.3/0.7 | Lever: 92,5
(tested) S: Ti-6Al-7Nb
Captions

Table 1: Samples, manufacturers, geometric parametershanoitgue values for fastening

the abutment screws of the four investigated demjalant systems.

17/20




Int. J. Mat. Res. - Tomography Workshop

Fig. 1. Schematic drawing of the three designs of theetkfit implants systems, each
comprising the I. Implant body, II. Abutment antd Abutment screw. The inset shows a
magnified view of the implant-abutment connectiothie Ankylos implant marking the taper

angle as well as the lever angle (for an appli€de3fra-axial force vector).

Fig. 2: Assembly of the implant systems (this figure: Gtnann Bone Level) for fatigue
testing. The latter is explained by a sketch framISO 14801:2003 standard for whom a
stress ratio of R = 0.1 is applied with 120 N maadicompression repeated at 15 Hz

frequency.

Fig. 3: Scheme showing the flow of data processing: Sefi@800 phase contrast
radiographs are recorded whereby the sample rata@e&° incremental steps. The total set of
projections is reconstructed into a 3D volume im@gmogram) from which cylindrical

normal projection maps are extracted, thus mapihiegnterferences over the entire IAC.

Fig. 4: Max-min projection maps for samples 'Anp01' (virga) and 'Anp02' (tested, b) along
with magnified regions of interest shown in (c)ckaf the three regions corresponds to an
area of approx. 0.98 mm x 0.56 mm size. Symbolgatd the coordinates for the extraction

of radial profiles which are depicted in Fig. 9.

Fig. 5: Max-min projection maps for samples 'An01' (virgap and 'An02' (tested, b) along

with magnified regions of interest shown in (c)ckaf the three regions corresponds to an
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area of approx. 0.98 mm x 0.56 mm size. Symbolgatd the coordinates for the extraction

of radial profiles which are depicted in Fig. 10.

Fig. 6: Max-min projection maps for samples 'Ch01' (virgihand 'Ch02' (tested, b) along
with magnified regions of interest shown in (c)ckaf the three regions corresponds to an
area of approx. 0.98 mm x 0.56 mm size. Symbolgatd the coordinates for the extraction

of radial profiles which are depicted in Fig. 11.

Fig. 7: Max-min projection maps for samples 'St01' (virginand 'St02' (tested, b) along
with magnified regions of interest shown in (c)ckaf the three regions corresponds to an
area of approx. 0.98 mm x 0.56 mm size. Symbolgatd the coordinates for the extraction

of radial profiles which are depicted in Fig. 12.

Fig. 8: Surface plot showing the results of the numeirf@alard simulations: the intensity is
plotted versus radial coordinate x [mm] and gaptlvjdhm], the latter ranging from 0.05 to

30 pm.

Fig. 9: Radial profiles extracted from the stack of cytindl normal projections of samples
'‘Anp01' (a) and 'Anp02’ (b), ranging from the abenito the implant and mapping the radial
interference fringes locally. Prior to the profdgtractions a Gauss-filter with radius 3 pixels
was applied to the projection maps. The circulansyl marks the profile which is extracted
from the brightest region in Fig. 4, the bulk squararks the adjacent region of intermediate

brightness and the hollow square indicates thdlpraff a supposed 'contact point'.
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Fig. 10: Radial profiles extracted from the stack of cyfiodl normal projections of samples
'‘An01' (a) and 'An02' (b), ranging from the abuttrterthe implant and mapping the radial
interference fringes locally. Prior to the profdgtractions a Gauss-filter with radius 3 pixels
was applied to the projection maps. The circulansyl marks the profile which is extracted
from the brightest region in Fig. 5, the bulk squararks the adjacent region of intermediate

brightness and the hollow square indicates thdlpraff a supposed 'contact point'.

Fig. 11: Radial profiles extracted from the stack of cyfiodl normal projections of samples
'Ch01' (a) and 'Ch02' (b), ranging from the abutnbethe implant and mapping the radial
interference fringes locally. Prior to the profdgtractions a Gauss-filter with radius 3 pixels
was applied to the projection maps. The circulansyl marks the profile which is extracted
from the brightest region in Fig. 6, the bulk squararks the adjacent region of intermediate

brightness and the hollow square indicates thdlpraff a supposed 'contact point'.

Fig. 12: Radial profiles extracted from the stack of cyfiodl normal projections of samples
'St01' (a) and 'St02' (b), ranging from the abutnemhe implant and mapping the radial
interference fringes locally. Prior to the profdgtractions a Gauss-filter with radius 3 pixels
was applied to the projection maps. The circulanisyl marks the profile which is extracted
from the brightest region in Fig. 7, the bulk squararks the adjacent region of intermediate

brightness and the hollow square indicates thdlpraff a supposed 'contact point'.
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