Efficiency Considerations for the
Purely Tapered Interference Fit
(TIF) Abutments Used in Dental
Implants

A tapered interference fit provides a mechanically reliable retention mechanism for the
implant-abutment interface in a dental implant. Understanding the mechanical properties
Sinan Mﬁﬂﬁ* of the tapered interface with or without a screw at the bottom has been the subject of a

considerable amount of studies involving experiments and finite element (FE) analysis. In
this paper, approximate closed-form formulas are developed to analyze the mechanics of
a tapered interference fit. In particular, the insertion force, the efficiency, defined as the
ratio of the pull-out force to insertion force, and the critical insertion depth, which causes
the onset of plastic deformation, are analyzed. It is shown that the insertion force is a
function of the taper angle, the contact length, the inner and outer radii of the implant, the
static and the kinetic coefficients of friction, and the elastic modulii of the implant/
abutment materials. The efficiency of the tapered interference fit, which is defined as the
ratio of the pull-out force to insertion force, is found to be greater than one, for taper
angles that are less than 6 deg when the friction coefficient is 0.3. A safe range of
insertion forces has been shown to exist. The lower end of this range depends on the
maximum pull-out force that may occur due to occlusion in the multiple tooth restorations
and the efficiency of the system; and the upper end of this range depends on the plastic
deformation of the abutment and the implant due to interference fit. It has been shown that
using a small taper angle and a long contact length widens the safe range of insertion
forces.[DOI: 10.1115/1.1784473
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Introduction and magnitudes. The axial component of the occlusal force is
‘,ﬁredominantly compressive for a single tooth restoration. How-
gvar, for multiple tooth restorations supporting a bridge, the axial
imponent of the occlusal force could become tensile with a mag-

A dental implant is a prosthetic device of alloplastic materi
implanted into the oral tissues beneath the mucosa and perios
tissues and into the jaw bone to support a fixed or removabi
prosthesis. An abutment is the component of the dental impla{H
system, which helps the soft tissue heal around it, or serves't

support and/or retain the prosthesis. Prosthetic abutments ca ) .
i P hat could result in abutment loosening. In systems that rely on

connected to the implant immediately following surgical place - " e f dql ina
ment or after osseointegration takes place depending on the dégl’[-ﬁ(‘;\’zo"t?]gosnanrﬁg 1ons, compressive forces and loosening torques

sion of timing of the loading. The abutment is retained in th h 0 . . .
implant by employing a mechanical attachment method. Ideally, APProximately 80% of the implants sold in the United States
the abutment should stay fixed with respect to the impla atL;]re a pureh_scr:]rgw-type mplant-at;}utme{rhf.\) connectllon_
throughout the life of the implant. In the most common mechani€¢ anlsn{3]_ which IS r%presented by the design by N_obe Bio-
cal attachment method, the abutment is secured to the implant e(l_\lobgl Blocart_e AB, Gteborg, Swede)ne_zx_ternal hex_lmplant

y in Fig. Xa). High rate(up to 40% of clinical complications

using a retaining-screw. In other designs, a taper-integrated sc .
(TIS) or a purely tapered interference (fitIF) are used in order to related to thg screw, such as Iqosenlng and fracture h_ad been en-
countered with the screw-retained abutment connection mecha-

connect the implant and the abutment. - . © St
Reliability of the abutment retention mechanism is an importafiS™. Particularly in single tooth replacemefits5]. Inadequate

consideration for the implant biomechanics and clinical succeSEeW preload, the misfit of the mating components and rotational
as the instability of the implant-abutment interface is one of tHgharacteristics of the screws were considered to be the reasons
most commonly observed modes of implant complicatiddsin ~ '€ading to screw loosening or fractuf8]. These problems have
particular, in single tooth replacements screw loosening can b&@€n alleviated, in part by material selection and surface treat-
problem. The mechanical design of the connection method, whiBNt. in the recent versions of this type of attachment mefifipd

is influenced by biological and clinical factors, has a significant Screw loosening has been less problematic with the taper-
effect on the reliability of the implant-abutment interface, and thdgtegrated screwed-ifTlS) abutments, where the tapered, top end
directly influences the long-term success of an implant system©f the screw makes an interference fit with the implgf9). In

Occlusal forces on dental abutments act in different directiofe TIS abutments, the connection is secured by the frictional
forces on the screw threads and on the tapered section. Depending
*Corresponding author: Northeastern University, Department of Mechanical gfn the des_lgn, the contact area and th_e contact forces on the ta-
gineering, 334 SN Boston, MA 02115. Telephone: 617-373-4743; fax: 617-37@ered section of the abutment are considerably larger as compared
2921; e-mail: smuftu@coe.neu.edu. to those of the screw threads. Therefore, most of the resistance to
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ude as large as 450 \2]. Design of the implant-abutment
erface should consider these loading mechanisms. In TIF type
tems, tensile forces and loosening torques are the loading types
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(a) (b) (0) (@)

Fig. 1 Various implant-abutment attachment methods are used in commercially available dental implants.
(a) screw only; (b) and (c) TIS; (d) TIF type attachment methods

burg, Switzerlang shown in Figs. (b) and Xc), respectively, a tion coefficientu, was varied between 70 and 100% sof [10].
tapered screw is incorporated to the end of the abutment, thiise authors showed that low efficiency was associated with low
eliminating the need to use a third component. The market shaftion coefficient and high efficiency is related to the difference
of implant sales for the ITI system in the US is approximatelyetween the kinetic and static friction coefficients.

15%[3]. The prosthetic complication rate of 3.6% to 5.3%, for the The third method of attachment uses a tapered abutment and an
ITI impl_ant system is considerably lower th_an the retentionnmam with a tapered receiving hole. The engagement of the
mechanism using only a scref7—9]. Mechanics of the TIS ap iment with the implant is provided by an impact force acting

method for the ITI system is analyzed by finite element method by, the ongitudinal axis of the abutment. The tapered interfer-

Merz et al.[7]. TIS type implants are investigated analytically inence fit(TIF) desian by BiconBicon Inc.. Boston. MA. USAis
[10] where closed-form formulas are developed for estimating tl&%picteé in )Fig. ﬂg)- T}ée marr(ket share.é)f TIE tybe in’1plar}1)£ sys-

tightening and loosening torque values. . . . i
The occlusal forces apply axial and tangential forces, and mtgms is small compared to the implants using the other two con

ments on the implants, in part due to the geometry of the pro'%écuo.n methods mentioned abaid. For this system, prosthetic
thetic components[ll].’ This complicated loading mechanismcompllcatlons related to IA connection mechanism failures were
could apply a large enough torque to loosen the abutment. EffgPorted to be 0.74% for single tooth replaceméi. Similar to
ciency, defined as the ratio of the loosening torque to tightenifig® T!S type connection mechanism, the tapered surface of the
torque, has been used as an evaluation metric for the TIS type | abutments create a relatively large frictional resistance area,
connection method. Efficiency of the ITI system has been studig@fd the interference fit provides the necessary large normal forces
experimentally. At clinically relevant torque levels of 300—40dor frictional retention. . .

N-mm, different investigators found different efficiency ranges; Previously, approximate analytical solutions for the contact
0.84-0.91 by Nortof12]; 1.1-1.15 Sutter et aJ13], and 0.79— pressure, the pull-out force and the loosening torque acting in a
1.06 Squire et al[14]. The general range of efficiency was preTIF-type system were developed, by modeling the tapered inter-
dicted to be 0.85-1.37, by Bozkaya and fiiuwhen the static ference as a series of cylindrical interferences with variable radii
coefficientus was varied between 0.1 and 1 and the kinetic fricey O’Callaghan et al[16] and then by Bozkaya and Ntu [17].
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These formulas were compared with nonlinear finite elemer
analyses for different design parameters and the results agre F i
well [17]. An elastic-plastic finite element analysis of a TIF
implant-abutment interface, with different insertion depths
showed that the stresses in the implant and abutment locally e abutment
ceed the yield limit of the titanium alloy at the tips of the interface
for an insertion depth of 0.10 mm. The plastic deformation regiol
spreaded radially into the implant, for insertion depths greate
than 0.1 mm. It was also found that the plastic deformation de
creases the increase in the pull-out force due to increasing inst
tion depth. The optimum insertion depth was obtained when th
implant starts to deform plastically.7].

A complete analytical solution of the tapered interference fit ha
not yet been reported. The cylindrical interference fit formulas, o
the other hand, can be found in many textbooks including Shigle
and Mischke18]. The elastic-plastic analysis of cylindrical inter-
ference fits was studied, for example, by Gamer andti/L9].

This paper extends the discussion about the tapered interferer
fit given in a previous study by the authdir7]. In particular,
approximate closed-form formulas are developed jarstimating
the insertion force; b evaluating the efficiency of the TIF abut-
ments; ¢ estimating the critical insertion depth, which causes thi
onset of plastic deformation; and) dletermining an insertion
force range, which provides a safe pull-out force during occlusio
and prevents plastic deformation in the material. These variabl
are investigated with respect to different parameters. The equ
tions developed here, provide a relatively simple way of assessi
the interdependence of the geometric and material properties
the system; and in one case, presented later, show a reasong .
good match with experimental measurements of O'Callagha lmplant
et al.[16]. The important design variables that affect the retentiol
and their effects are investigated.

crmimifpiaimim i e i m e m -

Theory (@)

Figure 2 describes the geometry of a TIF abutment system. T}
insertion forceF; required to seat a taper lock abutment into the
matching implant is typically applied by tapping. The interference
fit takes place, once the abutment is axially displaced by a 7
amountAz by tapping. Interference gives rise to contact pressur >
p.(z2) whose magnitude changes along the axial directiohthe
cone[17]. The resultant normal forad (Fig. 2(b)), acting normal
to the tapered face of the abutment, is obtained by integratir Z
p.(z) along the lengtts of the interference]17]

wEAzL.sin 26 5 o . .
N= T[S(bz_ rap) —LeSind(3ra,+L.sing)]
2
@

wherel is the contact length), is the outer radius of the im-
plant,r ., is the bottom radius of the abutmentis the taper angle
as shown in Fig. 2, and is the elastic modulus of the implant
and abutment, assumed to be made from the same material.

An average value for the insertion forée can be found from
the energy balance, where the work done by the insertion fkce
is equal to the sum of the work done against frictidf and the
strain energyJ, stored in the abutment and the implant. This is
expressed as,

X

D

S}

W =FiAz=W;+U,. @ _ - .
. o o ) Fig. 2 (a) Definition of the design parameters of the tapered
The work done against frictiow; by sliding a tangential force interface. (b) The free body diagram of the tapered abutment
ukN along the sides of the taper, by a distanaks, is found from, depicting the force balance during insertion.

As Az dz
szﬂkfo Ndszﬂkfo N oso (3)
o
where u, is the kinetic coefficient of friction, and the geometric :WMkEAZ Lcsing 220 1w .
relation As=Az/cos@ is used. Note that, in this equation the ki- ' 6b3 [3(b3=rap) ~LcSiNO(3raptLesing)].
netic friction coefficient is used, as abutment insertion is a dy- (4)
namic process. The work done against friction is calculated from
Egs.(1) and(3) as, During the insertion of the abutment, some portion of the work
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done by the insertion force is stored as strain energy in the ablizble 1 The parameters of the tapered interface in three com-
ment and the implant. The total strain enetdyof the system is mercially available systems. Bicon  (implant: 260-750-308; abut-

given by ment: 260-750-301; ITI implant: 043.241S and the matching ITI-
' abutment: 048.542; and Ankylos part number 3101-00530 ). The
Lccosd by parameters of Bicon were taken as the base and the ranges of
U,= J J mr(oh el +05,e5,)drdz variables were tested using the developed relations.
0 0
Base Values
Lccosd (b, o o Range of Parameters
+ f f (O & + Oyeele)drdz, (5) ITl Ankylos  Bicon  Used for TIF System
0 b1 0() 8 55 15 1-10
where the radial and tangential stressesafeando,,, and the # I 01'3 01'3 01'3 0.70'(1)51 1
radial and tangential strains asg ande,,, and the superscrift L: (mm) 0.73 3 3.25 '0-5
and i refer to the abutment and the implant, respectively. Th® (mm) 2.24 2.76 1.37 1-4
radius of the abutmeri, varies along the axial direction as A2 (#m) 5 0.75 0.15 0-5
_ _ . b (MM) 1.42 0.97 0.76 -
bi(2)=r 4+ (L. cosf—2)tand. The stresses and strains for a TII'—rE (GPa 113.8 113.8 113.8 _
connection can be approximated as follo3], oy (MPa) — _ 950 _
R - — 1 -
. . EAztand[ (by(2))\2 -
O =0gp~ — 2b,(2) - b, (6) * u is the friction coefficient when it is assumed that= w, .
A Aztang(1-v) b,(z)\?
Err= 890~ 2b,(2) 1 7p (7)  where the static coefficient of frictiops is used, as the pull-out
1 2 . A L. . . .
force is applied on the initially stationary implant. The following
. EAzb(z)tand b,)? simplified efficiency »’ formula for the TIF type abutment is
"'“Zz—bz _(T ; obtained by using Eqg11) and(12),
2
5 , Fp 2coso .
. Edzb(z)tand b, n'=—= (psCOSO—sinb). (23)
Too= " op2 - (8) F; Mk
2
5 The relative errore involved in using Eq(11) to find the in-
. bi(z)Aztan b, . sertion force is evaluated as,
en= oz |~ +A-))
2 (Wi+U)/Az—Ws/Az U, 1 Wi (14)
e= = =1— )
. by(z)Aztang b, 2 (Wi+Up)/Az Wi+U, Wi+ U,
ehp=—=7— | (1+v)| =] +(1-v) 9) . . ) ] )
2b3 r Critical Insertion Depth. The interference fit results in a

. . , . stress variation in the implant and the abutment as predicted by

wherev is the Poisson’s ratio. _ _ Egs. (6)—(9). Typical circumferentialo,, and radialo,, stress

The total strain energy, of the system is calculated by usingyayiation along the radial direction ff ,,) in the abutment and the
Egs.(5)—(9). OnceU is evaluated, the insertion fordg§ can be jmplant, as predicted by these formulas, is presented in Fig. 3, for
found in closed form, from Eq$2) and(4). This expression is not gitferent locations(z) along the contact length.. This figure
given here in order to conserve space. However, its results &f¢ys that the maximum stresses occur in the implant, at location
presented later in the paper. z=L.cosé, where the abutment radius g =r,,. It is clear,

Efficiency of a Tapered Interference Fit Abutment. The ef- from Egs.(6)—(9), that both radial and circumferential stresses are
ficiency » of a TIF type abutment system is defined here as the
ratio of the pull-out force=, to the insertion force;,

3.0x10%
E
n=—. (10) z=0
F; - — — — z=Lco0%6/2
20x10%F ... z:l_cc 08

An approximate relation for the efficiency can be obtained bw

noting that in Eqs(1)—(9) the strain energy, of the system is

small as compared to the work done against friction. For exampl$  1.0x10%
the strain energyl, of the system is approximately 6% of the total &

work doneW; for a 5 mm inplant-abutment system, using the &
parameters given in Table 1. With this assumption the insertic§  0.0x10°®
force can be approximated by considering only the work dong

LU NI B LN L B N L O |

against friction (V,=W;) as, 4
5 110
~  muEAzL.Sing _— ) . €  E----—-—-—-——-—-—-c
Fi=——————[3(b5—rg,) —L:Sin6[3r,,+L,sing]]. S EF--g oo
i 6b§ [ ( 2 ab) c [ ab c ]] =2 Ge: = CS: = 'Pc

(11) 20a0

The pull-out force of the tapered interference was given b | | |
y " 03 L L L L L L L I L 1 L 1 L I
Bozkaya and Mftu as[17], 204075 G 10 1z
Radial direction, rfr,

F _mEdzl 3(b2-r2,)—L,sin6[3r,,+L,si
P 3b§ [3(b2=1ap) ~LeSiN O[3 aptLe Sin]1(us cosO Fig. 3 The distribution of the radial and circumferential
stresses in the abutment and the implant at different axial (2)
—sin#)cos 6 (12) locations
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linearly proportional to the insertion depthz. Thus a critical 0.150 - =
insertion depth value exists, which causes plastic deformation N This work -1020
. P . ’ . P S - —-—e—-— Experimental Data (O'Callaghan etal) ]
the implant material. The von Mises stress yield criterion is use - — — — — Error g
to determine the onset of yielding. The equivalent von Mise__ 0125 4
stress is defined as, £ B ]
£ B 4015
1 N - ]
0= —((01=0)*+ (01— 03)*+ (03— 0x))"?  (15) T 0100 ]
V2 -.E. C ] s
- . £
where the principal stresses,, o, and o3 are oy,, 0 ando,, . B | 010 w
respectively. Then by evaluating,, and o, atz=L.cos¢ and § 0075 ]
b;=r,, from Egs. 88) and 8p), the following relation for the % - .
critical insertion depthAz,, which causes the onset of plastic 2 B doos
deformation can be obtained from E35), = oos0f il
2 21-1/2 B i
ay| T r b B .
AZp:RC_l(EY taﬁtt; bib) +(r_2) } (16) 0025 [ M |"r NI RO VAT U TN WU N T N T N NN N N N T N O | |-
2 ab 025 10 30 0 20 50

where oy is the yield strength of the implant material obtainec
from uniaxial tension test, and; is a stress concentration factor.
It should be noted that the plain stress elasticity approach us,gg_ 4 The insertion depth as a function of work of insertion.

here provides only approximate answers. One drawback, of thigperimental results of O'Callaghan et al.  [16] represented by
approach is that it does not capture the stress concentrations at@eurve fit formula, Az=1.55X10"2W?5" are compared with
ends of the contact regiofl7]. The stress concentration factorthe results of this work calculated for the base parameters of
R., which should have a value greater than one, could be usedBioon system.

take this effect into account.

Insertion work, W, [N-mm]

Results insertion depthAz, with the outer radius, of the implant for

The desian formulas develoned ab . dt luat ifferent abutment radii,,,. This figure indicates that the critical
€ design formulas developed above aré used to evaluate filg, o, depth decreases with increasing implant outer radius.

effects of various design parameters on the connection stability is result may seem counter intuitive at first, but it can be ex-

a TIF system. The design parameters are applied in a relat'vglgiined by noting that the contact pressure also increaseshwith

the tip of the abutmeritl7]. Therefore, the stress levels rise
ith increasing b,—r ,,,) distance. On the other hand, for a fixed
\halue of implant radiu$,, increasing the abutment radiug, has

tHe effect of increasing the value of the critical insertion depth.

wide range around the base values, taken from a Bicon implal
which is the most widely used TIF type implant system, albe
with a small share of the U.S. markg?]. The geometric and
material properties of this system are given in Table 1, along wi
the properties of the tapered section of the ITI and Ankylos sys-
tems. This table shows that the geometric parameters are similaiffects of System Parameters on Efficiency. The effect of
between these systems, with the exception of the taper antile design parameters on the efficiengyf the system is inves-
where the TIF system has the smallest taper angle. The geometigated for the TIF interface in Fig. 6, using Eq4.0) and (13)
parameters of the TIF system are varied in the neighborhood ofigh complete £;) and simplified F;) insertion force formulas.
base parameters. In selecting the applied ranges, indicatedirigestigation of Eq(13) shows that the efficiency of the interface
Table 1, practical implant size and values of the Ankylos and IT}" depends on the kinetic and static coefficients of frictigrand
systems were considered. taper angled. In Fig. 6, both the completey and simplified 7’

Checking the Insertion Depth Formula. In Fig. 4, the inser- €fficiency relations are plotted for different taper angleis the
tion depthAz is plotted as a function of work done during inser/@nge 1-10 deg, coefficient of frictign (= w\= ) in the range
tion W, (=F;Az). The solid lines indicate the predictions base§-1~0-9 and the kinetic coefficient of friction as a fraction of static
on the formulas developed here, and the circles indicate the cufRgefficient of frictionu, / us in the range 0.7-1 fors=0.5. Fig-
fit to the experimental results of O'Callaghan et 16]. The Ure 8@ and Fig. &c) show that increasing and /s results in
curve fit, which is valid in the range 0.028\z<0.15mm, is efficiency reduction, whereas Figur¢bp shows that increasing
given by O'Callaghan et al. asz=1.55x 10‘2\/\/?'579, where the (= ux=ms) results in efficiency increase. Fersmaller than

. _ ) : : 5.8 deg, one finds;>1. For large taper angles, such as 10
units of Az andi; are mm and R-mm, respectivelfrig. 9. On (}?g, the efficiency of the interface is around 0.5. Increasing coef-

:he (;ther ?and, Ike)tlx: co.n3|de.r|nEg, Ecirl)eﬁmple, t?.e s:;npltlllled. "NSGicient of friction from 0.1 to 0.2 increases the efficiency from
lon force tormular; given in =q. » theinsertion Aeptidz 1S 4 5415 1 56. A further increase in the coefficient of friction results

found to be proportional vy . The error between the experi-i, an increase in the efficiency with decreasing slope as shown in
mental curve fit formula and this work is plotted as broken lines ipigyre gb). As the difference between static and kinetic coeffi-
Fig. 4, and is seen to be less than 20%. The discrepancy is largg¥nt of friction is increased by taking the static friction coefficient

due to the plastic deformation of the implant, which is predicted ﬁarger, the efficiency of the system increases. A difference of 30%
start around\z=0.13 mm and occupy a wider area at deeper . the static friction coefficient results in an efficiency of 2.6.

values. Therefore, it is concluded that Ef1) provides a fairly The relative erroe between using; andF; is defined by Eq.

?noé)igse;gr;ﬁe of the insertion fordg, when the material re- (14). The accuracy of th(_a s_implifie_d insertion forge formula _
’ (Eg.(11)), which gives an insight to interdependence of the design

Critical Insertion Depth.  Figure Fa) shows the effect of the parameters, is also investigated in Fig. 6. In general, it is seen that
bottom radius of the abutmeny, on the critical insertion depth Eg. (13) overestimates the efficiency of the attachment. The rela-
Az, (Eg. (16)) for different taper angle®. This figure demon- tive error introduced by using; increases with increasingand
strates that if a design has small radiyg and a large taper angle decreasingu. The simplified formula can be used with less than
0, then onset of plastic deformation occurs at a lower insertiod0% relative error for the following ranges, &2<0.9 and
depth valueAz. Figure 3b) shows the variation of the critical 1 deg <6<2.4 deg.
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Fig. 5 The critical insertion depth Az, , which causes onset of 24F 038
plastic deformation as a function of (a) bottom radius of the 22 E ]
abutment r,, for different taper angles 6, and (b) implant outer “E Jo03
radius b, for different r,, values. The other parameters, which 2E E
are fixed, are reported in Table 1. 1.8 i_ 025 S_
8 16F ] £
5 14 5_ ———— Complete n (Eqn {(10)) Jo2 g
Effects of System Parameters on Forces.In this work, the & oF — — — — Simpiified ' (Eqn (13)) 1 2
implant is assumed to be a cylinder. Commercially available imi "“g  — =7~ Relative Error = (Eqn (14)) Jois 2
plants are not cylindrical; they typically have a variable oute E ] o«
radius profile. This issue has been addressed in the authors’'p  08F doa
vious work, where it was shown that this condition introduces o,ez- 1
small effect[17]. Egs.(11) and (12) provide a relatively simple 04E _ _ _1005
way of assessing the interdependence of the geometric and me Y e I
rial properties of the system. For example, the magnitudes of tl -05' T T ':0
insertionF; and the pull-outF, forces, found in Egs(11) and V.7 0.75 08 0.85 0.9 095 1
(12), depend on the parametekz, E, u linearly; on the param- Ratio of Kinetic to Static Friction Coefficient, p, / 1,
etersh,, r,, parabolically; on the parametér. in a cubic man-
ner; and, on the parametétrigonometrically. The details of these ()

functional dependence are investigated next.
. Fig. 6 The variation of the efficiency of the attachment with
Effect of Taper Angle. Figure 7a) shows the effect of taper yespect to different parameters. 6, p and g,/ p. are the signifi-
angle 6 on the insertiorF; and pull-out forced=j,. In evaluating cant parameters affecting the efficiency of the attachment. The
this figure, the interferencé= Az tan6 was kept constant atdm  other parameters, which are fixed, are reported in Table 1.
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Fig. 7 Variation of pull-out F, and insertion F; force with (a) taper angle 6, (b) contact length L., (¢) coefficient of friction,
and (d) ratio of kinetic to static friction coefficient. The other parameters, which are held fixed, are reported in Table 1.

for 6=1.5 deg and\z=0.1524 mm. Keeping thévalue constant to determine exactly. First, a distinction must be made between
implies that the insertion force is kept approximately constant #se static and kinetic coefficient of friction values; typically, the
the taper angle varies in the range 1-10 deg. In fact Fig(ae 7static coefficient of frictionu, is greater than the kinetic coeffi-
shows this assertion to be correct for the most part. The magnituydgnt of friction wi [20]. Second, the value of the coefficient of

%f :26583”;\??; ft(;]rge;: grhgr;;;]gem?_ﬁ; h;&]ﬁbﬂf?(;‘regs%sefcrgmeglg iction could be affected by the presence of saliva, which acts as
than the insertion force for taper angles greater than 5.8 deg. Thj ubricant in the contact interface. The friction coefficient could

figure in general shows that larger taper angles reduce the pull-alﬁo depend on the surface roughness and treatf@ant With
force; this is a situation, which should be avoided for the longlany factors affecting its value, it is important to understand the
term stability of the interface. effect of a relatively wide range of friction coefficients, on the

mechanics of the connection.

The dependence of the insertion fofeeon the kinetic friction
coefficient w,, and the pull-out forceF, on the static friction
coefficientu are shown to be linear in Eq&) and(12). Figure
'}?c) demonstrates the effect of coefficient of friction whan
= us. This figure shows that the pull-out fordg, is more ad-
the same. . range the pull-out forc€ , varies between 290 N and versely affectcid by the reduction of qoefflment of frlc_tlon. _For
1250 N. example, atu=0.1 the pull-out force is equal to th_e insertion

force (200 N), but atu=0.7 the pull-out forcé2000 N is nearly

Effect of Friction. The coefficient of friction, despite its sig- twice as much as the insertion for¢e000 N. This behavior is
nificant effects on the insertion and pull-out processes, is difficidtso evident in the simplified efficiency formula, given in Eq.

Effect of the Contact Length.The pull-out and insertion forces
increase with the cube of the contact lengthas shown in Egs.
(2) and (12). However, in the region of interest for dental im-
plants, I<L.<5 mm, this dependence appears linear, as shown
Figure 1b). Increasing the contact length causes insertion fBrce
to increase from 150 N dt,=1 mm to 700 N at..=5 mm; In
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1200 Table 2 Minimum F™" and maximum F™ insertion forces and

0=15° the corresponding pull-out forces F, are listed for different
[ : taper angles @ and contact lengths L. “*” denotes the critical
1000 [ — - 0=3° e contact length when the minimum required insertion force is
B o 2 equal to the maximum insertion force.
— - 08=45 ‘
5 - - =4. e
- e . - -
Z gl FAforlo=dmm PR ’ or Lo [mm 7 FIM-FIN] FE—Fg™[N]
w” B // P 15 1.94 1.71 233-233 400-400
v B - : 2.50 1.71 233-298 400-510
- Fe=for L, =325 4
8 e e £ 7 3.25 171 233-383 400655
© 600 // Phd 4.00 1.71 233-465 400-795
""_', [ F=forL =25 mm 17 3.0 2.2% 1.45 275-275 400-400
3 - b 7 2.50 1.45 275-304 400-439
2 400 [ SET forLe= 199" 7~ 3.25 1.45 275-385 400-555
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angle values of=1.5, 3 and 4 deg and contact length values of
L.=2.5, 3.25 and 4 mm are presented in Table 2. This table shows
that using a large taper angtehas an adverse effect on the de-
sign; as the taper angle increases from 1.5 to 4.5 deg it is seen that
the minimum insertion force increases, the admissible insertion
force range narrows and the maximum pull-out force becomes
lower.

(13), and plotted in Fig. @). Close inspection of this formula .
shows that whenu, = u., and for infinite friction (—o) the Summary and Conclusions
simplified efficiency of the system behavesgs—2 cog 6. The There may be significant differences in load magnitudes and
complete and simplified efficiency formulas approach this limit idirections acting on the abutment of a single tooth restoration, as
Fig. 6(b), which has the value of 1.997 fé==1.5 deg. Figure @) compared to that of a multiple tooth restoration. In a single tooth
shows the effect of the kinetic coefficient of friction on the inserrestoration, the abutment could be subjected to a compressive
tion force F; by varying the ratiou, /us in the range 0.7-1 for axial load, a loosening torque and a bending moment. Therefore,
us=0.5. This figure shows that the insertion force varies linearlyull-out is not expected to be a problem for a TIF type system.
in this range from 580 N to 800 N. However, it has been shown that tensile axial forces may act on
. _— . the abutments supporting multiple tooth restorations. This, along
thg?:g;t?gr:n?;ré'gg ligr%ees.gp\;\é)(l)ié?;tt%rstl‘l]lénI;E)Z?nr%igtnllt:l#jsgOf with the loosening torque, is the main load component that could
! : i _cause abutment loosening in the TIF implants. The effects of loos-

should be sufficiently large to seat the abutment securely, aj ing torques have been investigated1]. In this paper, the

hence prowde enoug_h frictional resistance to pull-out forces. Sl?ﬁ]ll-out force is considered, along with insertion force, insertion
ond, excessive plastic deformation of the implant and the ab%tfficiency and plastic deformation of the materials

ment due to interference-fit should be avoided. The minimum ad-1,4 tensile(pull-out, F ,) force value at which a TIF type abut-

missible insertion forcd="" should be based on the maximuMyent pecomes loose is an indication of the stability of the
pull-out force F,, which could occur during occlusion. BrUnSkiimpIant-abutment connection. The present study showedthit
states this value to be 450[]. Then, for a given design, tH™  |inearly proportional to the insertion fordg and to the insertion
value can be found from Eq10). The maximum admissible in- depthAz. The insertion force, which is provided by an impact,
sertion forceF{™ depends on the critical insertion depftz, could be difficult to control and could vary between clinicians. A
given by Eq.(16) and it is found as described in E@®). safe range of insertion forces has been shown to exist. The lower
Next, the effects of the taper angfeand the contact length,  end F™ of this range is determined by the maximum pull-out
on the insertion forc&; are investigated. Arguably} andL; are force applied by occlusion and the efficiency of the system. The
two of the many design parameters which could be changed witllsper endF" of this range is determined by the plastic defor-
gg:wn;léﬁhtrgipna}s,cért(i)gnt?oerc?eloamngctuaenrl)zsll gL:?ﬁrsgséerbeAorgg?r?ﬁaﬂon of the abutment and the implant due to interference fit. The
) e ects of taper angl® and contact lengtit.. on F™" and F{"™
from Egs.(2) and (12); as both the insertion forcg; and the have been investigated. It has been shown thatlsmall tapl)er angle

pull-out forceF , depend on insertion deptz in a linear fashion, nd lon n lenath imor h fe ran f insertion
their interdependence is also linear. Note that this linear depqca Fd ong contact length improves the safe range of insertio

dence was also shown in an experimental work presented in re
erence22].

The variation of the pull-out forcé , with respect to the inser-
tion forceF; is plotted in Figure 8 fo=1.5, 3, and 4.5 deg. The
plﬂ(,li'xo_m force is taken as 400 N. The maximum insertion forcg, o o agtic modulus of the implant materibl, is constrained by
Fi™"is evaluated for different contact lengths lof=2.5, 3.25, the ayailable bone space and the stresses transferred to the bone,
and 4 mm forg=1.5 deg, as described above, and marked on thg,qy . is constrained by, and 6. Precise control of both of the
figure. This figure shows that as the contact lerigttdecreases, friction coefficient valuesus and u, is nearly impossible. There-
the maximum admissible insertion forég™ also decreases. In fore, emphasis has been placed on varying the taper ahatel
fact, there exists a critical contact length wh&@"=F"%. It is, the contact length. .
therefore, concluded that, in order to allow a wide range of inser- The efficiency, which is defined as the ratio of the pull-out
tion forceF; for the clinician, a relatively long contact length ~ force to the insertion force is another significant parameter in
is necessary. The admissible range of insertion foFGeer taper evaluating the stability of the attachment. The taper amghed

Insertion Force, F, (N)

Fig. 8 The pull-out force F, as a function of insertion force  F;,
for different contact lengths L. and taper angles #.

It should be noted that in determining the safe-range of inser-
tion forces, the other system parameters such,gsb,, E, uy,

and u could also be varied. However, often, there are practical
constraints on these parameters. For exantple,constrained by
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friction coefficient are determined to be the parameters that havé’] Merz, B. R., Hunenbart, S., and Belser, U. C., 2000, “Mechanics of the
the most significant influences on the efficiency. Surprisingly con- implant-abutment connection: An 8-degree taper compared to a butt joint con-
. . . ' nection,” Int. J. Oral Maxillofac Implantsl5, pp. 519-526.

te.lCt _I(_engtth, |mplant radIUSbZ and elastic _m_OdUI_UE have no [8] Levine, R. A., Clem, D. S., Wilson, Jr., T. G., Higginbottom, F., and Solnit, G.,

Slgn!f|cant eﬁeCt. ony. A large friction coefflqlent Improves the 1997, “Multicenter retrospective analysis of the ITI implant system used for

efficiency of the interface. However, the friction coefficient could  single-tooth replacements: Preliminary results at 6 or more months of load-

be subject to large uncertainties, due to various factors such as ing,” Int. J. Oral Maxillofac Implants12, pp. 237-242.

presence of saliva, surface finish of the mating components, etd® ge‘{_'“e'lgé é“';‘AC'eml‘t,D' St"W"tSO”' J"Q.T' G., "I"g.g'”bfott;oml’T'lz'.’ anld Sta“”?ers‘
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