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ABSTRACT

Fretting fatigue is a common problem for modular orthopedic implants which may lead to mechanical failure of
the implant or inflammatory tissue responses due to excessive release of wear debris. Compressive residual
stresses at the contacting surfaces may alleviate the problem. Here we investigate the potential of a surface
enhancement method known as low plasticity burnishing (LPB) to increase the fretting fatigue resistance of bone-
anchored implants for skeletal attachment of limb prostheses. Rotation bending fatigue tests performed on LPB
treated and untreated test specimens demonstrate that the LPB treatment leads to statistically significantly
increased resistance to fretting fatigue (LPB treated test specimens withstood on average 108,780 load cycles as
compared with 37,845 load cycles for untreated test specimens, p = 0.004). LPB treated test specimens exhibited
less wear at the modular interface as compared with untreated test specimens. This surface treatment may lead to
reduced risk of fretting induced component failure and a reduced need for revision of implant system

componentry.

1. Introduction

The traditional method for attaching a limb prosthesis to the body is
by a socket compressing around the skin and soft tissues of the residual
limb. However, the socket-stump interface commonly causes problems
such as discomfort, skin problems, poor retention, and perspiration
[1-6]. Another way to attach the prosthesis is by anchoring it to the
bone. This can be achieved via osseointegration, which is the “firm
anchoring of a surgical implant by the growth of bone around it without
fibrous tissue formation at the interface” [7]. The first clinical applica-
tions of osseointegration were in the dental field [8], but since 1990, it
has also been used for skeletal attachment of limb prostheses [9]. The
method was developed in Sweden and the first implant system for this
purpose is known as the OPRA (Osseointegrated Prostheses for the
Rehabilitation of Amputees) Implant System, (Integrum AB Molndal,
Sweden). In 1999, this implant system was CE marked and standardized
along with its surgical technique and rehabilitation protocol for trans-
femoral amputations. Since then, prospective clinical trials have shown

that treatment with the OPRA Implant System leads to increased quality
of life, increased prosthetic usage, improved mobility and reduced
prosthesis related problems compared with conventional socket pros-
theses [10-12]. Similar findings have been reported with other implants
for skeletal attachment of limb prostheses [13-15].

The OPRA Implant System has a modular design consisting of a fully
implanted fixture, a percutaneous abutment, and an abutment screw
(Fig. 1a). In a first surgical procedure, the externally threaded fixture is
implanted into the residual bone. The fixture is osseointegrated forming
a firm connection between the bone and the fixture [16]. In a second
surgical procedure, the abutment is implanted. The proximal end of the
abutment is inserted into the fixture with a stable connection achieved
by a cylindrical press-fit. The distal end of the abutment protrudes
through the skin. The connection between the fixture and the abutment
is further stabilized by a preload which is applied via the abutment
screw.

The reduction in prosthesis related problems and the improved
mobility with the prosthesis leads to more prosthesis usage and higher
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Fig. 1. a) OPRA Implant System. b) Test components. c¢) Schematic of LPB Process (image reprinted with permission from P. Prevéy and J. Telesman 2000 [17]). d)

Schematic cross-sectional view of assembled test specimen.

activity levels for users with bone-anchored prostheses compared with
conventional socket prostheses. This increased mechanical demand
posed challenges for earlier designs of the implant system. For instance,
the frequency of mechanical complications has been reported to increase
in long-term follow-ups [18]. A series of design improvements,
including, material change, and geometrical and dimensional changes
has therefore been introduced in newer versions of the implant system
[18, 19]. Further improvements are being evaluated to meet future
demand of even more active users, the use of powered prosthetic legs,
and activities such as running. In this work, we present an experimental
evaluation of low plasticity burnishing (LPB) to reduce fretting induced
damage arising from long-term usage at high loads.

Fretting is small amplitude oscillatory movement between contact-
ing surfaces [20]. It may lead to fretting corrosion by disruption of
protective oxide films of the contacting surfaces, and fretting fatigue if
one or both contacting surfaces are exposed to cyclic loading. The
damage from the fretting action accelerates nucleation and early growth
of fatigue cracks, reducing the mechanical strength and durability under
continued loading. Fretting corrosion and fretting fatigue are known
problems of modular orthopedic implants both due to negative tissue
reactions from the wear debris and to premature fractures of the implant
itself as a result of the fretting degradation [21-23]. In the OPRA
Implant System, the interface between the fixture and the abutment may
be subjected to fretting corrosion and fretting fatigue if exposed to
excessive loading for a large number of load cycles. This could ulti-
mately lead to failure of the abutment or the abutment screw.

It is known that compressive residual stresses at, and close to the
surface of a material improve fatigue performance and resistance to
fretting corrosion by delaying the onset of fatigue crack initiation [20].
Several methods exist for inducing compressive residual stresses, ex-
amples are shot peening, laser peening, deep rolling and LPB [24]. The
LPB method, characterized by its ability to introduce compressive re-
sidual stresses extending deep below the surface has documented suc-
cess in increasing fatigue life in compressor turbine blades [25],
structural aircraft aluminum [26], and orthopedic hip implants with

tapered interface connection [27]. Compressive residual stresses
extending below the surface of the treated region may be beneficial also
in press-fit cylindrical connections present in bone-anchored implants
for amputation prostheses. The objective of this evaluation is to inves-
tigate the potential of LPB for increasing the resistance to fretting fatigue
in this application with the ultimate aim of reducing the need and fre-
quency of implant component revisions.

2. Methods
2.1. Test specimens

The test specimens consisted of components from the first generation
of OPRA Implant System (Fig. 1b), manufactured from Ti6Al4V. The
only components which were modified with respect to the components
for clinical use were the fixtures, where the ones manufactured for
mechanical testing had an external thread covering only half of its
length to provide better fixation in the test rig (Fig. 1b and Fig. 1d). All
components were manufactured using the same processes and materials
as those used for clinical use. Measurements of critical geometrical
features and dimensions were performed by the manufacturer, and it
was verified that all components were within the specified tolerances for
the implants that have been used clinically.

2.2. Low plasticity burnishing

The LPB process is characterized by a single pass of a smooth free
rolling spherical ball under a normal force just sufficient to deform the
surface of the material in tension, creating a compressive layer of re-
sidual stress (Fig. 1c) [28]. A difference compared with conventional
burnishing methods is that the ball is supported in a spherical fluid
bearing with sufficient pressure to lift the ball off the surface of the
retaining socket. Thus, the ball is only in solid contact with the surface to
be burnished. The normal force, fluid pressure, and tool position are
controlled in a multi-axis CNC machine tool or lathe [28].
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Fig. 2. Schematic illustration of test machine used for the rotation bending tests.

The manufactured abutments were divided into two groups, a con-
trol group and an LPB group. The latter underwent LPB processing in
two stages. In the first stage, four abutments were used for process ad-
justments and residual stress measurements. The imparted residual
stresses from the LPB treatment were verified by measurements using X-
ray diffraction of copper Ky radiation from the 21.3 planes of the
hexagonal close packed structure (HCP) of the a-phase of the Ti6Al4V
[29]. The measurements were done in the longitudinal direction at the
center of the LPB treated region.

Once process adjustments were completed, the rest of the abutments
in the LPB group underwent the treatment according to the established
process specification. The procedure was performed on a circumferen-
tial band covering the interference-fit region at the proximal end of the
abutment.

2.3. Rotation bending test

During ambulation, the OPRA Implant System is cyclically exposed
to forces in several directions, torsional moments, and bending mo-
ments. Several studies have characterized the loading of the bone-
anchored implant during activities of daily living and revealed large
inter-subject variations in the load cycle even during well-defined ac-
tivities such as level ground walking [30-33]. This makes it challenging
to generalize real-world loading of the implant to a single load cycle.
Nevertheless, the same studies have confirmed that the stress state in the
implant system is dominated by the contribution from bending moment
induced during the stance face of the gait cycle [30-33]. Based on this
information it was concluded that evaluation of the LPB treatment had
to be conducted with a test method that considers the bending moments
of the stance phase of the gait cycle. Repeatability and simplicity of the
test setup was prioritized over the ability to include cyclic torsional
moments and forces in multiple directions. A rotation bending test setup
was therefore chosen as the evaluation method. This test method can be
regarded as more severe than the clinical load case due to the fact the
full circumference of the test specimen is exposed to a maximum fully
reversed loading (R= —1) every load cycle, thus maximizing wear, and
likelihood of finding weak spots and material defects, thereby increasing
the risk of fatigue crack initiation and propagation.

Test specimens were prepared by assembling the test components
according to the clinical procedure, where the abutment is pressed into
the fixture using an installation tool and the joint preload is achieved by

applying torque on the abutment screw.

For each test, the specimen was rigidly attached in the test machine
(Fig. 2) exposing the region of interest consisting of the threaded portion
of the fixture and the abutment shaft. The bending load was achieved by
placement of a 45.9 kg mass, vertically attached to the “free” end of the
test specimen. The tests were performed at room temperature, at a fre-
quency of 2.1 Hz. The test location was a window-free basement facility
with stable environmental conditions. Humidity levels were not recor-
ded. The vertical displacement of the test specimen was tracked by an
inductive  proximity sensor (Contrinex, DW-ax-509-M8-390,
Switzerland) (Fig. 2), which caused the test to automatically stop if the
displacement exceeded a pre-specified threshold. After an initial “run
in” period of 1,000 load cycles, the test was manually stopped and all
fasteners holding the test specimen were retightened to ensure that the
test specimens were rigidly attached in the test rig before restarting the
test. After the test automatically stopped for the first time, the coupling
between the test rig and the test specimen were inspected and retight-
ened. The test was then resumed until it automatically stopped for a
second time. This was done to ensure that the test was not stopped due to
displacement in the connection between the test rig and the test
specimen.

2.4. Post-test inspections

After completion of the rotation bending test, the components of the
test specimen were disassembled by unscrewing the abutment screw and
extracting the abutment from the fixture. A first inspection of individual
components was performed using a light microscope. Each component
was inspected for fatigue cracks, wear marks, and damage from the
rotation bending tests.

2.5. Scanning electron microscopy
A more detailed examination of the contact surfaces of the fixture
and the abutment was conducted using scanning electron microscopy

(SEM), with Zeiss Ultra 55 Scanning Electron Microscope (Carl Zeiss
Microscopy Deutschland GmbH, Germany).

2.6. Interference profilometry

To quantify the extent of wear at the internal cylindrical contact
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Fig. 3. Schematic illustration of the sequence of the study procedures including preparatory steps, rotation bending test, and post-test procedures.
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Table 1
Test results from rotation bending tests.

Test Test specimens Number of Confirmed

Number load cycles crack /
Location

1 Control 1 43,025 Yes /
Abutment
press-fit

2 Control 2 40,896 Yes /
Abutment
press-fit

3 Control 3 29,266 Yes /
Abutment
press-fit

8 Control 4 38,191 Yes /
Abutment
press-fit

Control Sample mean / Sample 37,845 / 6,051

standard deviation
Sample median / Sample 39,544 / 2,417
median absolute deviation

4 LPB 1 119,520 No*

5 LPB 2 63,913 No*

6 LPB 3 98,626 No*

7 LPB 4 171,080 No*

9 LPB 5 110,963 No*

10 LPB 6 103,160 No*

11 LPB 7 113,866 Yes /
Abutment
hex

12 LPB 8 38,191** No

13 LPB 9 89,112 Yes /
Abutment
press-fit

LPB Sample mean / Sample 108,780 / 30,617

standard deviation
Sample median / Sample 107,060 / 10,477

median absolute deviation

" The test was automatically stopped due to excessive displacement. No crack
was observed in the examined components after the test.

" Test specimen LPB 8 was stopped manually before any excessive displace-
ment or indication of failure, at 38,191 cycles to make a fair comparison on the
wear with the Control 4 test specimen. This specimen is therefore not included in
any other analysis.

region of the fixture, interference profilometry of this surface was per-
formed. The analysis was done on a single segment cut away from the
most distal part of the fixture (~20 mm longitudinal length, ~90°
circumference) using a Wyko NT9100 Optical Profiling System (Veeco
Instruments Inc., NY, USA). The measurements were performed in
Vertical Scanning Interferometer mode, (VSI) with 10.1 magnification to
acquire a profile of the surface in the longitudinal direction (longitudi-
nal sampling distance 0.98 pm). Three parallel profiles were measured
with a circumferential distance of 200 um between the profiles. For each
profile, the total worn off area was calculated, and subsequently, the
projected worn off volume for the entire internal circumference was
calculated for each profile. The mean value of the three projected worn
off volumes was then calculated for each of the analyzed specimens.

A schematic illustration of the sequence of all study procedures is
shown in Fig. 3.

2.7. Statistical analysis

No assumption of normal distribution was made for the number of
cycles to failure for each of the two groups. The non-parametric two-
sided Wilcoxon rank sum test was therefore used to compare the number
of cycles to failure between the two groups. Sample mean and sample
median, sample standard deviation and sample median absolute devia-
tion was calculated for each group.

Medical Engineering and Physics 100 (2022) 103755

3. Results
3.1. Residual stress measurement

The longitudinal residual stress measured at the center of the treated
region in one of the LPB treated abutments is shown in Fig. 4. The re-
sidual stress was measured from the surface and at discrete depths as
indicated in Fig. 4. The highest measured compressive stress was 995
MPa, measured at 51 pm depth. Compressive residual stresses were
found from the surface down to depths of approximately 400-500 pm.

3.2. Rotation bending tests

The tests were run sequentially as presented in Table 1. For the first
three test specimens (Control 1-Control 3), optical microscopy was
performed directly following each test, before the subsequent test was
started. In each of these three tests, a fatigue crack was found at the
distal end of the press-fit region of the abutment. This led to an altered
test/inspection sequence, where for the next 7 tests (LPB 1-LPB 6 and
Control 4), these were run consecutively without individual inspection
of the components before starting subsequent test. Instead, optical mi-
croscope inspection of this sequence of tests occurred after the
completion of the 10th test. Control 4 specimen exhibited a fatigue crack
similar to those previously observed in this group, whereas none of the
LPB treated test specimens showed any observable fatigue crack upon
inspection. Following this observation, the threshold value of the
proximity sensor was increased to avoid that the machine stopped before
crack initiation. Test specimens LPB 7 and 9 were tested with this altered
procedure. To be able to compare LPB treatment against the Control
group after the same number of cycles, one of the LPB specimens (LPB 8)
was manually and intentionally stopped after 38,191 load cycles, iden-
tical to the number of cycles to failure for one of the specimens in the
Control group (Control 4, this test specimen was chosen because the
number of cycles to failure for this test specimen was closest to the mean
number of cycles to failure within the control group). A comparative
evaluation of the wear in the fixture was then conducted by interference
profilometry on these two specimens.

The results from the rotation bending tests are presented in Table 1
and Fig. 5. The LPB treated specimens could withstand statistically
significantly more load cycles (p = 0.004, Wilcoxon rank sum = 10, n; =
4, ny = 8, two-tailed) than the non-treated specimens. Comparing the
number of load cycles per group, LPB treatment led to 187% and 171%
improvement in terms of mean and median number of load cycles,
respectively.

3.3. Post-test inspection

Light microscopy inspection showed that all test specimens in the
control group had identical failure modes, a fatigue crack at the distal
end of the press-fit region of the abutment (Fig. 6 and Fig. 7). Of the LPB
treated specimens, only LPB 7 and 9 had observable fractures. In LPB 7,
the crack was found in the distal region of the hex of the abutment, and it
propagated to a full fracture when the abutment was extracted from the
fixture. In LPB 9, a fatigue crack was formed in the distal region of the
press-fit region of the abutment at a location similar to that of the
specimens in the control group. The fatigue crack grew to a fracture
when the specimen was removed from the test rig. Due to the homo-
geneousness in the results within the control group it was judged sulffi-
cient to perform post-test SEM inspection and interference profilometry
on one specimen in this group. The specimen with cycles to failure
closest to the sample mean was selected, assuming that this specimen
would be representative for the sample. From the LPB group, after first
excluding the test specimens withstanding the least (LPB 2) and the most
(LPB 4) number of load cycles, two test specimens were randomly
selected for SEM and interference profilometry evaluation (LPB 1 and 9).
To compare between groups after the same number of to load cycles, test



A. Thesleff et al. Medical Engineering and Physics 100 (2022) 103755

%103 Test Results
200 - *  p=0.004 i
180 | | | ]
X
160 .
0
6 140 B 7
>
[&]
'8 120 + —¢— ]
o %
5 100 | & -
I X
g 80 B : -
Z ook -k |
o o -
20 .
0 L L
Control (n=4) LPB (n=8)

Fig. 5. Boxplot showing the number of load cycles in the rotation bending tests. Each test is denoted with a black “x”, the median is denoted with a horizontal
red line.

Control 4 Abutment LPB 1 Abutment

Control 4 Fixture LPB 1 Fixture

'y vy

AAAS At i

—_—

..l o
v 1

LPB 8 Abutment
[ LPBE Abutment |

Fig. 6. Proximal end of the abutments (to the left) and distal end of the fixtures (to the right) of the test specimens that underwent detailed post-test inspection.



A. Thesleff et al.

Control 4 Abutment i_...

EHT = 20.00 kv i Signal A = SE2
WD = 9.5 mm Mag = 95X

Medical Engineering and Physics 100 (2022) 103755

OMATERIEX

®MATERIEX

5 edad @OMATERIEX

EHT Signal A = SE2
WD=121m Mag= 85X

EHT =10.00 kV

Signal A = SE2
WD = 12.9 mm 2T OMATERIEX

LPB 9 Abutment
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specimen LPB 8 was also included in the evaluation. Images of contact
regions of the abutment and fixture in the four inspected test specimens
are presented in Fig. 6 and Fig. 7.

The press-fit areas of both fixtures and abutments from all examined
specimens had similar circumferential wear bands. There was no trace of
the original surface left in the worn areas of abutment or fixture in any of
the examined test specimens. The qualitative SEM evaluation concluded
that the contact surfaces of the fixture and abutments were damaged by
predominantly adhesive wear (fretting), with some axial scratches that
likely originate either from the mounting or the removal of the abutment
into/out of the fixture. The abutment of test specimen Control 4 had a
substantially rougher surface morphology in the contact region than the

LPB-treated abutments (Fig. 8).
3.4. Profilometry results

The profilometry profiles are shown in Fig. 9, with results presented
in Fig. 10, Fig. 11, and Table 2. LPB 8 and Control 4 had undergone the
same number of load cycles, but the mean projected volume of worn off
material for LPB 8 was approximately one fifth of corresponding value
for Control 4. The projected worn off volumes of LPB 1 and LPB 9 were
2.5 and 2.2 times the value of Control 4, respectively.
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Fig. 10. Longitudinal interference profilometry surface profiles from the positions indicated in Fig. 9.

significant improvements compared with the untreated specimens. All
LPB treated specimens surpassed the number of cycles that any of the
specimens in the control group could withstand. The improvement was
187% and 171% in terms of mean and median number of load cycles,
respectively, which may be regarded as conservative due to the fact that
six of the eight specimens in the LPB group had not developed a fatigue
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Table 2

Worn off material (um?)

Projected worn off volume (mm®)

Test Specimen Blue profile Red profile Green profile Blue profile Red profile Green profile Mean
Control 4 22,800 17,400 16,500 0.788 0.601 0.570 0.653
LPB 1 47,200 45,800 50,100 1.631 1.583 1.731 1.648
LPB 8 4,300 3,100 3,700 0.149 0.107 0.128 0.128
LPB 9 49,000 38,600 37,500 1.693 1.334 1.296 1.441

crack at the end of the test. In these tests, the excessive vertical
displacement causing the test machine to stop before crack initiation
was most likely an effect of the wear in the connection between the
fixture and the abutment which allowed for more displacement within
the joint. More load cycles naturally lead to more wear in the fixture,
and this was consistent with the profilometry measurements.

A limitation of the profilometry measurements was that the wear
measurements were only performed on four test specimens, and they
were limited to three parallel profiles within a small segment. Despite
the small spacing between the profiles, there was notable variation in
the extent of wear between profiles within the same specimen. Extrap-
olating the wear from these profiles to a volume around the circumfer-
ence of the fixture adds uncertainty and the results from the wear
analysis should be considered in this context. However, the mean pro-
jected worn off volume in the fixture of the LPB 8 specimen was one fifth
of the corresponding volume in the Control 4 specimen for the same
number of load cycles, indicating that there may be a substantial dif-
ference in the wear between the groups. This favours the LPB treatment
and may offer a partial explanation for why this group could sustain a
larger number of load cycles. The SEM analysis of the surfaces of the
abutments showed that the analyzed abutment in the control group had
arougher surface compared with the abutments in the LPB treated group

after the tests. The residual stress measurement showed that the LPB
process induces compressive stresses to depths up to around 400 um in
the center of the treated region, this implies that even when some ma-
terial is worn off from the original surface, there is still compressive
stresses in the underlying material which may prevent fatigue crack
initiation.

A limitation of the study is that the tests were performed in dry
conditions at room temperature rather than in a setting mimicking the
conditions in the human body which constitutes a more corrosive
environment. The study is thereby limited to study the effect of LPB on
the resistance to fretting-fatigue rather than fretting-corrosion-fatigue.
Another limitation is that the test loads and the boundary conditions
differ from the real-world scenario. In the test setup a proximal portion
of the fixture is rigidly clamped while the rest of the test specimen has no
support at all. This does not mimic a real-world scenario where the
fixture is surrounded by cortical bone, which provides additional sup-
port and reduces the stress in the implant. The rotation bending test
introduces mostly longitudinal tensile and compressive stresses with
maximum values along the full circumference of the test specimen. On
the other hand, a real-world load scenario for example corresponding to
normal gait, introduces forces in several directions, torsional moments,
and bending moments constrained to one or two planes which naturally
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lead to a different stress state. However, large variations in body weight,
anatomy, bone quality, activity levels and gait parameters make it
challenging to generalize real-world loading of the implant to a single
load cycle. A more fruitful approach is to reduce the load profile to
include only components that have a substantial effect on the stress
state. Since the bending loads are the main contributor to the stress state
during repetitive ambulatory loading [30-33], the test results using the
rotation bending method might have relevance for clinical loading
conditions. If the improvements observed in this study can be achieved
in clinical settings, it may lead to fewer revisions of implanted compo-
nents, a reduced number of hospital visits and reduced time being
immobilized waiting for component replacement for the user. Since the
treatment is applied to the abutment which is replaceable, both current
and future users of bone-anchored implant system could potentially
benefit from this treatment if implemented.

5. Conclusion

The results from rotation bending tests showed that LPB treatment of
the abutment of a bone-anchoring implant system led to statistically
significantly enhanced resistance to fretting fatigue, as compared to
specimens with untreated abutments. Wear analyses indicated that LPB
treatment reduced wear in comparison with the untreated condition.
While the test results may not be directly extrapolated to a real-world
scenario due to differences in the tested conditions as compared with
the conditions during clinical use, the magnitude of the improvement
observed within this evaluation, makes substantial improvements in a
real-world scenario probable. If improvements can be translated to
clinical settings it may lead to reduced need of implant component
revision for current and future users of systems for bone-anchored
attachment of amputation prostheses in the future.
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