Sagheb et al. International Journal of
International Journal of Implant Dentistry (2023) 9:8

https://doi.org/10.1186/540729-023-00473-3 Im pla nt Dentistry

e : ®
Preload and friction in an implant- et

abutment-screw complex
including a carbon-coated titanium alloy
abutment screw: an in vitro study
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Abstract

Purpose An experimental approach was designed to measure the preload force, the coefficient of friction and the
component of the tightening torque that is needed to surmount the thread-friction in an implant-abutment—screw
complex that includes a carbon-coated screw. With the determined preload values the coefficient of friction was
calculated.

Methods 25 unused complexes, containing an implant, an abutment and a carbon-coated titanium alloy abutment
screw, were tested. A custom load frame with two load cells and associated electronics was used. The threads were
not lubricated. All abutment screws were torqued ten times to 25 Ncm. The produced preload values and a force that
was proportional to the thread-friction component of the tightening torque were recorded.

Results Mean preload values decreased significantly with the number of repetitions (p <0.0001) from initially

329.9 N=£33.3 (range 255.7 to 383.9) to 253.7 N+ 36.8 (range 200.1 to 332.5) for the last tightening procedure. The
corresponding change in the calculated coefficient of friction was 0.33 +0.04 (range 0.28 to 0.43) to 0.44 +0.07 (range
0.32 to 0.56). For the thread-friction no corresponding trend for consecutive tightening repetitions could be noticed.

Conclusions In the investigated implant-abutment units, repeated use of a coated abutment screw appears to
increase the friction of the screw head and thereby decrease the preload. These results indicate that a pre-used
coated implant-abutment-screw will fail reaching optimal screw preload.
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Background

One of the most common mechanical complications
regarding implant superstructures is the loosening of
abutment screws, which might occur under masticatory
loading [1]. Screw loosening can lead to various prob-
lems, like biological complications due to microleakage
at the increased gap between the implant and the abut-
ment [2]. In order to avoid biological complications and
to maintain a stable peri-implant situation, it is crucial
to prevent screw loosening [3]. The force that keeps the
parts of a screwed implant—abutment complex with a
butt-joint connection together is called preload. Optimal
preload decreases the risk of abutment screws loosening
and contributes to reduce microleakage [4]. Preload is
the mechanical stress that arises when the applied torque
causes the screw to stretch. It is a function of the applied
torque as well as the friction of the screw head and the
screw threads [5]. The friction depends on the material’s
properties, the type and presence of lubrication and is
mathematically indicated by the coefficient of friction
(COF). An increased COF leads to decreased preload val-
ues, and conversely, a decreased COF leads to increased
preload values using the same tightening torque. In
mechanical engineering, it is assumed that it needs
approximately 90% of the tightening force to overcome

the friction—50% for the friction of the screw head and
40% for the friction of the screw threads. Consequently,
only 10% of the tightening force generates the preload.
For this reason, some manufacturers offer screws with a
treated surface to reduce friction, and thereby achieve a
higher preload with the same tightening torque [6].

There is a mathematical relationship between the
applied torque and the preload force, but the coefficient
of friction must be known to calculate the preload [7].
For standardized screws, tables with coefficient of fric-
tion data are published, but they vary widely and are not
specific to our particular implant interface combinations.

Because the COF of the coated screws used in the pre-
sent implant—abutment units was unknown, this in vitro
study aimed to evaluate the preload, calculate the COF,
and determine the tightening torque needed to over-
come the thread-friction when repeatedly tightening—
untightening the screw. The null hypothesis was that the
repeated tightening sequences do not lead to significant
changes in preload.

Methods

The load frame device

A custom load assembly (Figs. 1, 2) was used to meas-
ure the tension within the abutment screw when it was
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Fig. 2 Diagram of the measurement device

tightened. One essential requirement for this measur-
ing method is that the two parts, which are screwed
together, must not come in contact with each other.
For that, a gap of 0.10 mm between the abutment and
the implant was assured at the end of the tightening
procedure.

The upper part was constructed to hold and position
the implant components and measure the preload as
well as the thread-friction component of the tightening
torque. With the lower part, the tightening torque was
reproducibly generated.
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The upper part was composed of an immovable frame
with two horizontal plates rigidly held together by three
side columns (Fig. 2, red frame). In this frame, a free-
rotating second frame with two horizontal plates and
three side columns was centrically pivoted (Fig. 2, black
frame). The implant was fixed at the lower tip of the sec-
ond frame. With a third frame, made of two platforms
and two side columns (Fig. 2, blue frame), the second
frame was mounted on a planar beam load cell (PB-
75 kg-C3; Flintec, Meckesheim, Germany), which was
located at the top of the device. The load cell had a load
range of 750 N, and the measuring path at nominal load
was 0.35 mm.

When torque was applied to the implant, the third
frame loaded the load cell on the top of the device. The
freely rotating second frame with the fixed implant was
countered against another load cell (Single Point Load
Cell 1002-K-Z, Soemer, Lennestadt, Germany) located at
the bottom of the device. This load cell had a load range
of 150 N, and the measuring path at nominal load was
0.4 mm. The moment of torque generated by the second
frame was proportional to the thread-friction compo-
nent of the implant—abutment—screw complex and to the
force needed to overcome the threads’ friction. The abut-
ment was mounted underneath the immovable frame.
In the lower part of the device, the tightening torque
was delivered steadily by a weight, which pulled at a disc
and hereby made the disc rotate. To secure that the disc
exerted accurate and reproducible torque values, the
weight was dipped into a water-filled tube, and via a cord,
over a pulley, the disc was rotated. During the assembly
and the manufacturing, it was ensured that all parts were
in line with the central loading axis.

The device’s base was a 20-mm-thick aluminum plate.
All other components of the load frame were made of
steel (E295, according to EN 10,027-1).

The load cells were connected with two load cell digi-
tizing units (LDU 68.1, Hauch & Bach, Lynge, Denmark).
These measuring amplifiers communicated via a RS
422/485 full duplex interface with the computer and the
corresponding analyzing software (DOP 2.06, Hauch &
Bach, Lynge, Denmark). With this application, the load
cell digital amplifier devices were calibrated. The applica-
tion could monitor values in real-time saving the meas-
ured data for a previously set interval and duration (here,
0.022-s intervals, 60-s duration).

Test protocol

25 unused titanium implant—abutment—screw units were
tested, each with an implant (Replace Select Tapered
implants, Nobel Biocare AG, Ziirich, Switzerland), an
abutment (Temporary Abutment Non-engaging, Nobel
Biocare AG, Ziirich, Switzerland) and a carbon-coated
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M, = applied make-up torque

Fym = preload force

d, = pitch diameter

d, = outer head frictions diameter

d, = hole diameter / inner head friction diameter

B = angle of the thread / thread profile angle

Uges = overall coefficient of friction

¢ = pitch angle / thread helix angle
Fig. 3 Formula describing the relationship between torque and
preload

abutment screw (Abutment Screw Nobel Replace, Nobel
Biocare AQG, Ziirich, Switzerland). The tests were con-
ducted under dry conditions without lubrication. The
abutment screws were torqued ten times to 25 Ncm,
maintaining the torque for 60 s before loosening. The
produced preload values and the force proportional to
the thread-friction component were recorded.

Calculation of the coefficient of friction

and the thread-friction component

According to the guideline VDI 2230 Part 1 (Verein
Deutscher Ingenieure, Systematic calculation of highly
stressed bolted joints—joints with one cylindrical bolt),
the mathematic formula (Fig. 3) describing the relation-
ship between the applied torque M, and the preload
force Fy, incorporates geometric data of the screw con-
nection and the coefficient of friction [5].

Since the introduced force was known and the preload
was measured, the coefficient of friction could be cal-
culated by solving the before-mentioned formula for it
(Fig. 4).

The geometric data of the investigated screw connec-
tion were measured in SEM photomicrographs (Zeiss
DSM 962 SE, Zeiss, Oberkochen, Germany) with a
50 magnification.

The load cell at the bottom of the device was used to
register a force, which was proportional to the thread-
friction component of the implant—abutment—screw
complex. The measured force could then be converted
to the moment of torque, employing the known length of
the corresponding lever arm (11 cm).
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Fig. 4 Formula for the coefficient of friction

Statistical analysis
The statistical software SPSS 23.0 (IBM, Chicago, USA)
was used for statistical data analysis. The preload and
thread-friction values were analyzed using a linear mixed
model with repetition as a fixed effect and the objects as
a random effect, thereby taking repeated measurements
on each object into account. The significance level was
chosen as a=0.05 for each of these two parameters.
When a significant result by the global F-test occurred,
the Tukey—Kramer test was used for the pairwise evalua-
tion of two repetitions.

Results

Preload

Figure 5 depicts the measured preload values. It shows
a noticeable decrease of preload for an increasing num-
ber of repetitions (p <0.0001). Overall, for preload, there
is a monotone decreasing trend. Table 1 shows the clos-
est repetitions with significantly different preload results
for this trend. Preload was significantly lower in the
second test than in the first (mean difference=17.4 N,
p<0.0001). In addition, the third test yielded signifi-
cantly lower preload than the second test (mean differ-
ence=13.8 N, p=0.001). No other preload values were
significantly different from the ones directly before.

Coefficient of friction

The geometric data of the investigated coated screws
were needed to calculate the coefficient of friction. These
data, which were measured using SEM images, were
d,=1.74 mm, d,=2.5 mm, d;,=1.99 mm, f=60° and
$p=4.18"

The calculated values of COF are proportional to 1/
preload and are presented in Fig. 6.

The friction coefficient is inversely proportional to
preload. Consequently, the statistical analysis for COF
correlates with the investigation for preload regarding
which test repetitions show substantial differences.

Thread friction component

Figure 7 presents the distribution of the thread-friction
component of the tightening torque, which was needed
to overcome the thread-friction. After 10 consecu-
tive test sequences, no definite trend could be observed
for the thread-friction part. Furthermore, there were
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Table 1 First test following any test with significantly different preload

Test no. First subsequent test with Difference (N) 95% CI (N) Adjusted p-value
significantly different preload
Lower B Upper B
1 2 174 4.1 30.6 0.0016
2 3 138 0.6 27.1 0.0328
3 5 19.6 64 329 0.0002
4 6 14.5 13 278 0.0192
5 8 14.1 0.8 27.3 0.0270
6 9 15.6 2.3 28.8 0.0082
7 10 16.8 35 30.0 0.0029

no significant differences between any mean values
(»=0.3005, F-test).

Discussion

With an overall mean coefficient of friction of 0.33, a
high friction was found already at the first tightening
of the screws. With tightening repetitions, the fric-
tion increased due to cumulative wear. Other friction
couples commonly used for bolted joints in engineer-
ing have much lower coefficients of friction (steel,

depending on the lubrication, from 0.08 to 0.16) [5].
But poor friction and wear resistance are known as
the main weaknesses of titanium alloys [8], which is
why titanium screws fail to reach high preload values
[6]. For this reason, some manufacturers offer carbon-
coated screws to compensate for this disadvantage by
applying a diamond-like carbon surface. In addition,
it is reported that when using an equal torque, gold or
gold-coated screws could reach higher preload values
than titanium screws [9]. In some cases, coated gold
screws show even higher preload than coated titanium
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screws [10, 11]. Other studies found that using different
material types for the abutment or for the hybrid abut-
ment—crown has no significant influence on preload
[12, 13].

The calculated coefficient of friction at first tightening
corresponds to friction coefficients found in other stud-
ies, which were made in another context with titanium
alloy couples [8, 14].

A high coefficient of friction results in a low preload
value. However, our measured preload values differ
from some other studies. Martin et al. recorded removal
torque values of abutment screws, tightened with 20 and
32 Ncm. They used these removal torque values to cal-
culate preload for abutment screws with treaded surfaces
and untreated surfaces. But for comparable titanium
alloy abutment screws with treated surfaces and a lower
tightening torque than those used in this study, they cal-
culated higher preload values (355.9 N — 470.2 N) [11].
Haack et al. calculated preload after measuring the elon-
gation of titanium screws after tightening with a torque
of 20 Ncm, with a preload of 381.5 N, they also calcu-
lated higher preload values [15]. However, our results are
comparable with the results of Park et al. After tighten-
ing different implant—abutment—screw complexes with
varying types of connection with a tightening torque of
30 Ncm, they measured preload values of 306-504 N for
coated titanium alloy screws depending on the implant
type [16]. Zipprich et al. measured preload for self-man-
ufactured components to investigate the influence of the
angle of the screw head on preload. When using 25 Ncm
tightening torque and screw head angles equal to or
larger than 120°, they yielded similar preload results as in
this paper [17]. The differing results among papers might
be explained due to the diverse methods used to calculate
or measure the preload [18].

This study finds that the preload values vary widely
within different specimens already at the first tightening
test (min. 255.7 N max. 383.9 N), which corresponds to
other studies [4, 11, 18, 19]. In engineering, variations
in friction are random phenomena with an equally high
probability for deviations above or below the mean value
[20]. Less than 10% of the tightening torque contributes
to the tightening of the screw, and therefore, more than
90% is lost due to friction. Taking this into account, one
could deduce that even small friction differences—caused
by small variations in the microstructure or by macro-
scopically inconspicuous manufacturing defects—could
be responsible for the variations in preload [18, 21].

The global F-test showed that mean preload values
decreased significantly with the number of repetitions.
Therefore, the null hypothesis was rejected. The changes
in preload with repeated screw tightening are not con-
sistently described in the literature. Some authors have
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found an increase in preload with repeated tightening [4,
15, 22], others observed a decrease after retightening [18,
23-25], and in some studies, the preload did not change
[9, 10]. These reports of differing preload changes after
repeated tightening might be attributed to varying meas-
uring methods, and especially the use of differing mate-
rials, which may have individual friction characteristics
and wear phenomena. These are the same factors which
might cause varying preload values within the first tight-
ening test.

The decrease of the preload for repeated tightening
is associated with the increase of overall COF result-
ing from both thread-friction and head-friction of the
screw. However, our measurements showed that thread-
friction did not change. Therefore, the increase of COF
must have occurred in the screw head. Corresponding
surface alterations at the screw head, in the area of the
junction between the screw head and the screw shank,
were indeed macroscopically visible for all screws after
ten tightening tests.

Figure 8 shows the effect of repeated tightening on
the bearing surface of the screw head in a SEM photo-
micrograph with a 50x magnification. The left picture in
Fig. 8 shows the initially unaffected bearing surface of an
unused screw. However, after ten tightening sequences
various surface abrasions are visible on the bearing sur-
face for the same screw (right picture in Fig. 8).

These abrasions in the area of the screw head seem to
increase the friction and thus decrease the preload. These
characteristic wearing effects may occur due to the indi-
vidual shapes of the bearing of the screw head and the
corresponding contact area of the abutment. Therefore,
the results might be divergent in other screw connections
or in the same connection with another abutment.

The COF values measured at the first tightening
sequence in this study were lower than those in a preced-
ing study, where uncoated screws were used, conducting
the same measuring procedure. The loss of preload due
to repeated tightening was comparable in both studies.
As expected, the coated screws achieved higher preload
with the application of the same tightening torque [26],
but this difference was more pronounced than expected.
A prominent similarity in both studies were the macro-
scopically visible surface alterations at the screw heads
after repeated tightening.

A potential problem of low preload values, even at first
tightening, is the seal performance of butt-joint connec-
tions [27, 28]. Some studies stated that screw retained
joints in butt-joint connections may show an increased
gap formation even when following the manufacturer’s
recommendations for the applied torque strictly [27-29].
By comparison, conical connections are more resistant
to abutment movement and microgap enlargement [6,
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28, 30]. Independent of the abutment—implant connec-
tion type, a sufficiently high preload is crucial for main-
taining stability and preventing microgaps [31]. In the
synopsis, tightening torques recommended by manufac-
turers might be too low in some cases, and higher tor-
ques would be necessary to mitigate the risk of screw
loosening.

Conclusions

Preload values reached at a given tightening torque can
vary widely, and the repeated use of implant—abutment
screws could cause decreased preload despite constant
tightening torque. These results suggest applying a used
screw from the try-in appointment may be unfavorable
for obtaining optimal preload.

Abbreviations
COF Coefficient of friction
SEM Scanning electron microscope

Acknowledgements
The data from this study are part of the dissertation work submitted to the
Johannes Gutenberg University Mainz by Stefan Andreas Doll.

Author contributions

KS was responsible for writing the manuscript and the preparing the data
for publishing. CG contributed by reviewing the original draft. SD conducted
the tightening sequences and recorded the test data for further analysis. IS
contributed to the formal analysis and statistical interpretation of the data.
SW was responsible for the conceptualization and the development of the
methodology, specially the designing and assembling of the measurement

device. He had the role of supervision including research planning and over-
sight of the execution of the tests. He was a major contributor in writing the
manuscript. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its Additional files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details

'Department of Prosthodontics and Materials Science, University Medical
Center of the University of Mainz, Augustusplatz 2, 55131 Mainz, Germany.
?Institute for Medical Biostatistics, Epidemiology and Informatics, University
Medical Center of the University of Mainz, Obere Zahlbacher Stra3e 69,
55131 Mainz, Germany.

Received: 2 February 2023 Accepted: 13 March 2023
Published online: 22 March 2023

References
1. Watanabe F, Hiroyasu K, Ueda K. The fracture strength by a torsion test at
the implant-abutment interface. Int J Implant Dent. 2015;1(1):25.



Sagheb et al. International Journal of Implant Dentistry

20.

21.

22.

23.

(2023) 9:8

Kihara H, Hatakeyama W, Kondo H, Yamamori T, Baba K. Current complica-
tions and issues of implant superstructure. J Oral Sci. 2022,64(4):257-62.
Waltenberger L, Wolfart S. SafetyCrown: a patient-centered, fully digital
concept for immediate implant restoration following the one-abutment/
one-time concept-a pilot case series of a new treatment concept. Int J
Implant Dent. 2022;8(1):35.

Tzenakis GK, Nagy WW, Fournelle RA, Dhuru VB. The effect of repeated
torque and salivary contamination on the preload of slotted gold implant
prosthetic screws. J Prosthet Dent. 2002;88(2):183-91.

Bickford JH, Nassar S. Handbook of bolts and bolted joints. 3rd ed. New
York: Marcel Dekker, Inc; 1998. p. 911.

Gracis S, Michalakis K, Vigolo P, Vult von Steyern P, Zwahlen M, Sailer I.
Internal vs external connections for abutments/reconstructions a system-
atic review. Clin Oral Implants Res. 2012;23(6):202-16.

Wittel H, Muhs D, Jannasch D, VoBiek J. Schraubenverbindungen. In: Wit-
tel H, Muhs D, Jannasch D, Vol3iek J, editors. Roloff/Matek Maschinenele-
mente, Normung, Berechnung, Gestaltung. 21st ed. Wiesbaden: Springer;
2013.

Gordin DM, Gloriant T, Chane-Pane V, Busardo D, Mitran V, Hoche D,

et al. Surface characterization and biocompatibility of titanium alloys
implanted with nitrogen by Hardion+ technology. J Mater Sci Mater
Med. 2012;23(12):2953-66.

Byrne D, Jacobs S, O'Connell B, Houston F, Claffey N. Preloads generated
with repeated tightening in three types of screws used in dental implant
assemblies. J Prosthodont. 2006;15(3):164-71.

Stuker RA, Teixeira ER, Beck JC, da Costa NP. Preload and torque removal
evaluation of three different abutment screws for single standing implant
restorations. J Appl Oral Sci. 2008;16(1):55-8.

. Martin WC, Woody RD, Miller BH, Miller AW. Implant abutment screw

rotations and preloads for four different screw materials and surfaces. J
Prosthet Dent. 2001;86(1):24-32.

Klongbunjit D, Aunmeungtong W, Khongkhunthian P. Implant-abutment
screw removal torque values between customized titanium abutment,
straight titanium abutment, and hybrid zirconia abutment after a mil-
lion cyclic loading: an in vitro comparative study. Int J Implant Dent.
2021;7(1):98.

. Al-Zordk W, Elmisery A, Ghazy M. Hybrid-abutment-restoration: effect

of material type on torque maintenance and fracture resistance after
thermal aging. Int J Implant Dent. 2020;6(1):24.

. Buckley DH, Johnson RL. Friction, wear, and adhesion characteristics of

titanium-aluminum alloys in vacuum. NASA Technical Note (TN). 1966.

. Haack JE, Sakaguchi RL, Sun T, Coffey JP. Elongation and preload stress

in dental implant abutment screws. Int J Oral Maxillofac Implants.
1995;10(5):529-36.

. Park JK, Choi JU, Jeon YC, Choi KS, Jeong CM. Effects of abutment screw

coating on implant preload. J Prosthodont. 2010;19(6):458-64.

. Zipprich H, Rathe F, Pinz S, Schlotmann L, Lauer HC, Ratka C. Effects of

screw configuration on the preload force of implant-abutment screws.
Int J Oral Maxillofac Implants. 2018;33(2):e25-32.

. Ortorp A, Jemt T, Wennerberg A, Berggren C, Brycke M. Screw preloads

and measurements of surface roughness in screw joints: an in vitro study
on implant frameworks. Clin Implant Dent Relat Res. 2005;7(3):141-9.

. Benjaboonyazit K, Chaijareenont P, Khongkhunthian P. Removal torque

pattern of a combined cone and octalobule index implant-abutment
connection at different cyclic loading: an in-vitro experimental study. Int J
Implant Dent. 2019;5(1):1.

Bickford J. Handbook of bolts and bolted joints. Milton Park: Taylor Fran-
cis; 1998.

Al Jabbari YS, Fournelle R, Ziebert G, Toth J, lacopino AM. Mechanical
behavior and failure analysis of prosthetic retaining screws after long-
term use in vivo. Part 1: characterization of adhesive wear and structure
of retaining screws. J Prosthodont. 2008;17(3):168-80.

Bulagi HA, Mousavi Mashhadi M, Safari H, Samandari MM, Geramipanah
F. Dynamic nature of abutment screw retightening: finite element study
of the effect of retightening on the settling effect. J Prosthet Dent.
2015;113(5):412-9.

Al Jabbari YS, Fournelle R, Ziebert G, Toth J, lacopino AM. Mechani-

cal behavior and failure analysis of prosthetic retaining screws after
long-term use in vivo. Part 3: Preload and tensile fracture load testing. J
Prosthodont. 2008;17(3):192-200.

24,

25.

26.

27.

28.

29.

30.

31

Page 9 of 9

Jung SW, Son MK, Chung CH, Kim HJ. Abrasion of abutment screw coated
with TiN. J Adv Prosthodont. 2009;1(2):102-6.

Vinhas AS, Aroso C, Salazar F, Relvas M, Braga AC, Rios-Carrasco B, et al.

In vitro study of preload loss in different implant abutment connection
designs. Materials. 2022;15(4):1392.

Wentaschek S, Tomalla S, Schmidtmann |, Lehmann KM. Preload, coef-
ficient of friction, and thread friction in an implant-abutment-screw
complex. Int J Prosthodont. 2017,30(6):542-4.

Winter W, Karl M. Screw loading and gap formation in implant supported
fixed restorations. Procera implant bridge vs. conventionally cast screw-
retained restorations. Quintessence Int. 2013;44(3):263-6.

Schmitt CM, Nogueira-Filho G, Tenenbaum HC, Lai JY, Brito C, Doring

H, et al. Performance of conical abutment (Morse Taper) connection
implants: a systematic review. J Biomed Mater Res A. 2014;102(2):552-74.
Tsuruta K, Ayukawa Y, Matsuzaki T, Kihara M, Koyano K. The influence of
implant-abutment connection on the screw loosening and microleak-
age. Int J Implant Dent. 2018;4(1):11.

Vinhas AS, Aroso C, Salazar F, Lopez-Jarana P, Rios-Santos JV, Herrero-
Climent M. Review of the mechanical behavior of different implant-
abutment connections. Int J Environ Res Public Health. 2020;17(22):8685.
Attiah EMN, AlGendy AA, Mostafa TMN. Effect of dynamic cyclic load-

ing on screw loosening of retightened versus new abutment screw in
both narrow and standard implants (in-vitro study). Int J Implant Dent.
2020;6(1):30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Preload and friction in an implant–abutment–screw complex including a carbon-coated titanium alloy abutment screw: an in vitro study
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	The load frame device
	Test protocol
	Calculation of the coefficient of friction and the thread-friction component
	Statistical analysis

	Results
	Preload
	Coefficient of friction
	Thread friction component

	Discussion
	Conclusions
	Acknowledgements
	References


