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Abstract-- One of the most common problems with modular
implants is that they begin to loosen over time. Implant loosening
issue is of concern to physicians since implant revision surgery is
an extremely difficult operation. A stable fixation between
modular taper junctions is necessary to prevent motion and
corrosion. There are many factors that can affect the loosening
problem. This study aimed to determine the influence of surface
roughness and taper angle on junction strength of modular
biomedical implant in two different compression forces including
1500N and 2500N. The study was carried out on three different
taper angles including 2°, 4° and 6° and surface roughness
ranging from 1 to 4.18µm, to keep track of changes in pull out
force. The results obtained in this study demonstrated that taper
angle and surface roughness affect the pull out force. The highest
pull out force was observed at smoother surface roughness and
tighter taper angles, declining gradually in rougher surfaces and
drastically in wider taper angles. It can be inferred that implants
are less likely to be loosened in 1.04µm surface roughness and
taper angle 2° considering the scope of experiments.

Index Term-- modular implant, surface roughness, taper angle,
pull out force, disassembly strength

1
INTRODUCTION
Modular taper implants were introduced in 1970s [1].
Application of modular taper implants have been gradually
increased especially in total hip replacement operations, dental
implants, abutment systems, head-neck or any other junction
between two implants [2][3]. Modular taper is one of the most
recommended implant methods which provides some
advantages such as high gripping force, self-locking
mechanism and symmetric adherence between the two
components [4][5][6]. Thus, Modular taper implants simplify
the surgical procedure by allowing the surgeon to fulfill the
patient needs intraoperatively [7][8]. However, implant
modularity have some drawbacks such as micro-motion,
crevice corrosion and fretting which occur under loading
situation which leads to loosening the modular implant [4].
Implants are usually designed in a removable fashion in order
to simplify the revision surgery. Hence, the surgeons generally
prefer short stems, which are easier to extract than longer ones
[9]. Revision surgery is usually performed in case of implant
failure such as loosening which may induce infection, allergy
and inflammation [10]. Implant loosening is one of the most
common problems with fitted modular taper implants which
completely affects the proper functionability of the patient
[11][12][13]. It has been discovered that this issue leads to
patient discomfort by increasing pain and loss of motion [7].
In biological terminology, this situation is known as implant
loosening failure which mainly occurs due to lack of rigid

taper connection and overload [14]. Poor taper connection
strength can lead to unintended disassembly. With the
increasing popularity of modular biomedical implant method,
the need to achieve a secure junction strength is essential [15].
This study aimed to apply different taper angles and surface
roughness conditions to figure out more secure junction
strength. The result of this study can be implemented in order
to contribute to improve the fitting modular strength of a shaft
and hub as a biomedical implant. As a result, reducing the
probability of the implant loosening would reduce the
expected implant failure which cause the infection, continuous
pain and harsh inflammation for the patients.
The Morse taper is adopted from design and manufacture of
metal cutting tools for use in orthopaedic surgery 40 years ago
[16][17]. Morse tapers are not standardized in the orthopaedic
industry; they vary from manufacturer to manufacturer. A
range of different Morse taper angles and surface roughness
exist within commercially available implants. Morse taper
angles used in implant industry generally fall in 2˚-15˚ domain
[18]. Various studies have addressed the effects of factors
such as impact force, number of impacts required to assemble,
dryness of the taper components on the junction strength.
However, taper manufactures are still challenged by the lack
of information of other factors such as the taper angle and
surface roughness of matting surfaces [4]. Few investigations
have focused on the influence of the different matting surface
roughness on the junction strength. Sancaktar and Gomatam
[19] considered the surface roughness range around Ra = 2.0
µm as maximum static load bearing capacity of joint. Lee et al.
[20] have conducted fatigue experiments of cylindrical
adhesively bonded joints around the Ra = 2.5µm. Uehera and
Sakurai [20] have worked on the optimum surface roughness
present in the tensile, shear, peel strength in the range of Ra =
3.0 to 6.0µm. Shaid and Hashim [20] have investigated the
tensile stresses in the case of rough steel surface in the range
of Ra = 0.8 and 3.0µm. Different implant manufacturers
applied different surface roughness range. Aesculap Inc.
focused on the range of Ra = 1.0 to 3.0µm, Centerpulse
Orthopedics Inc. worked on the range of Ra = 0.5 to 1.5µm
and Link Inc. considered Ra = 1.3µm in their products [21].
Despite the substantial research efforts in this area, there is no
common agreement between researchers on effect of surface
roughness and taper angle on junction strength. This study is
aimed to determine the effect of different surface roughness
and taper angles on junction strength of modular biomedical
implant.
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METHODOLOGY
In order to measure the effect of surface roughness and taper
angle on junction strength in this study, a series of implant
samples were developed with different range of surface
roughness and taper angle. Figure 1 shows the taper angle
definition. The methodology of this study consisted of three
phases, including: 1. Sample preparation, 2. Assembly fitting,
3. Disassembly. The following sections describe each phase in
more detail.
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2.1.1
Taper Angle and Surface Roughness
In terms of taper angle, the samples were machined at 3
different taper angle groups i.e. five shaft-hub pairs with taper
angle of 2°, five shaft-hub pairs with taper angle of 4° and five
shaft-hub pairs with taper angle of 6°. For surface roughness,
each group was machined in five different machining
conditions which produced five different surface roughness
between = 1μm and 4.18μm. In other words, for each taper
angle five different surface roughness were investigated. The
surface roughness and taper angle of all samples were
measured by surface roughness measuring instrument
Mitutoyo Formtracer CS-5000 to ensure accuracy and
integrity of the production. Shaft-hub samples specifications
are shown in Tables III and IV.
Table III
Shaft taper angle and surface roughness data

Fig. 1. Taper angle definition

2.1
Phase 1. Sample Preparation
In this study, the term “shaft” refers to the “male” component
and the term “hub” denotes the “female” component of the
modular junction. Fifteen biomedical implant samples were
used in this study. Each sample consists of one shaft and one
hub as shown in Figure 2. The material of all implant samples
was stainless steel 316. All samples were machined by Maho
Granziano GR200E 2-Axis CNC lathe machine by regulating
the spindle speed and feed rate while the cutting tool and
cutting conditions such as coolant, depth of cut and
temperature remained constant [22]. Tables 1 and 2 indicate
the cutting condition for all fifteen shafts and hubs.

Part No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Table I
Shaft Machining Condition

Part No.
1,6,11
2,7,12
3,8,13
4,9,14
5,10,15

Spindle Speed
(rpm)
500
800
1100
1500
2000

Feed Rate
(mm/rev)
0.3
0.18
0.13
0.1
0.05

Depth of Cut
(mm)
0.5
0.5
0.5
0.5
0.5

Table II
Hub Machining Condition

Part No.
1 - 15

Spindle Speed
(rpm)
800

Feed Rate
(mm/rev)
0.1

Depth of Cut
(mm)
0.5

Surface Roughness (µm)
4.18
2.76
2.12
1.06
1.44
4.18
2.76
2.12
1.06
1.44
4.18
2.76
2.12
1.06
1.44

Table IV
Hub taper angle and surface roughness data

Part No.
1-5
6-10
11-15

Fig. 2. Shaft and hub of implant sample

Taper Angle
2°
2°
2°
2°
2°
4°
4°
4°
4°
4°
6°
6°
6°
6°
6°

Taper Angle
2°
4°
6°

Surface Finish (µm)
1.3
1.3
1.3

2.2
Phase 2. Press-Fit Assembly
There are two common shaft-hub assembly methods including
quasi-static (push-on) and dynamic impaction [23][24].
Dynamic impaction was not a desirable assembly technique
for the purpose of this study since strength of the multiple
impactions was almost equivalent to the strength of the
strongest impaction. [3]. Hence, Quasi-static (push-on)
assembly method was chosen in this study. The presence of
any contamination on mating surfaces might influence the
experiments reliability therefore the assembly process matting
surfaces were cleaned with acetone and air dried before the
assembly process [25][26][27].To ensure the consistency of
the experiments, assembly fitting process was performed using
the INSTRON 8801 servohydraulic testing instrument [28].
Two different compression forces including 1500N and
2500N which characterize the clinical range were applied to
each shaft-hub pair. The compression force was applied under
constant rate of 1.5 mm/min according to ISO 7206-10.
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Assembly process was automatically stopped when the
compression forces reached to its maxima (1500 or 2500 N)
[27][12].
2.3
Phase 3. Pull Off Test – Disassembly
Pull-off test is the most common method used to determine the
junction strength between shaft and hub. For all the assembled
shaft-hub pairs pull-off test was performed at pull out force
rate of 0.5 mm/min using the INSTRON 8801 servohydraulic
testing instrument according to ISO 7206-10 [15]. Pull-out
force gradually increased until turn off moment (the moment
when two parts become disconnected) ocurred. Figure 3
shows the pull off test procedure.
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112.3) in pull out force. Steepest slope in this study was at 2°
taper angle, which shows the noticeable effect of surface
roughness on pull out force in tightest taper angle. The higher
pull out force means lower probability of implant loosening.
Thus, it can be inferred that implants are less likely to be
loosened in 1.04µm surface roughness and 2° taper angle
considering the scope of experiments.
To put it briefly, figure 4 and 5 shows that tighter taper would
be more secure against the loosening issue. Due to that fact,
the designer of biomedical implant should consider the taper
angle as one of the first vital factor. The next important factor
which is more evident in higher compression force assembly
is surface roughness. Smoother surface roughness will reduce
the probability of the implant loosening.

Fig. 3. Pull off test experiment at a rate of 0.5 mm/min using the INSTRON
8801 servohydraulic testing system

3
RESULTS
Figures 4 and 5 show the effect of surface roughness on
junction strength at 1500N and 2500N compression force
respectively. The horizontal axis denotes the surface
roughness which varies between 1 to 4.5 µm while the vertical
axis displays the pull-out force. In both compression forces it
can be observed that pull out force was significantly altered
between different taper angles. According to Figures 4 and 5,
pull out force at taper angle 2° is the highest among its
counterparts, 2963N in 1500N compression force and 5946N
in 2500N compression force. Regardless of the applied
compression force, taper angle 4° has lower pull out force
compared to taper angle 2°. The lowest pull out force was
observed at taper angle 6° with 718N in 1500N compression
force and 1146N in 2500N compression force.
In 1500N compression force (Figure 4), a slight reduction in
pull out force has been observed in 2° and 4° taper angles
from 2963N to 2260N (slope of 220.6) and from 2033N to
1622N (slope of 143.4) respectively. However, the downward
trend was more pronounced at 2° taper angle. Surprisingly, the
variations of surface roughness for 6° taper angle had almost
no effect on the pull out force (negligible slope). According to
the experiment result, in 1500N compression force, the effect
of surface roughness on pull out force was not significant. The
effect of surface roughness on pull out force has been
intensified in 2500N compression force. In Figure 5, it can be
observed that in 2° and 4° taper angle, pull out force has been
significantly reduced from 5946N to 3856N (slope of 675.1)
and from 4168N to 2988N (slope of 352.4) respectively.
However, unlike the experiment with 1500N compression
force, 6° taper angle reflected a slight reduction (slope of

Fig. 4. The effect of surface roughness on junction strength at 1500N
compression force

Fig. 5. The effect of surface roughness on junction strength at 2500N
compression force

Figures 6 and 7 addresses the effect of taper angle on junction
strength at 1500N and 2500N compression force respectively.
In these figures the horizontal axis denotes the taper angle
while the left vertical axis displays the pull-off force and the
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right vertical axis represents the standard deviation of different
surface roughness. The following observations can be drawn
regardless of the compression force: it can be observed that
pull-out force decreases in wider taper angles and the effect of
surface roughness on pull out force was much higher in tighter
taper angles.
To be more specific, in 2° taper angle, standard deviation of
different surface roughness are 275 and 837 in 1500N and
2500N compression force respectively. This relatively high
standard deviation indicates significant effect of surface
roughness on pull out force in tightest taper angle. In 6° taper
angle standard deviation of different surface roughness were
39 and 163 in 1500N and 2500N compression force
respectively. This relatively low standard deviation indicated
the negligible effect of surface roughness on pull-out force in
widest taper angle. It also appears that higher compression
forces intensify the influence of surface roughness on pull out
force.

Fig. 6. The effect of taper angle on junction strength with standard deviation
at 1500N compression force

Fig. 7. The effect of taper angle on junction strength with standard deviation
at 2500N compression force
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4
D ISCUSSION
There are many factors which affect the junction strength of
modular implants. As demonstrated earlier, the design of taper
angle and surface roughness significantly influence the pull
out force and unintended disassembly [4]. These design
features, taper angle and surface roughness play a vital role in
defining the strength of the taper when implants were
assembled with an identical compression force. Despite of the
aforementioned factors there are many variables that affect the
junction strength of the modular implant that are under the
surgeons` control, including the assembly procedure; whether
a push on assembly or dynamic impaction were used, and
whether the taper was wet or dry.

4.1
Surface Roughness
Basically, all macroscopic bodies have surfaces with different
scales roughness. The difference between rough and smooth
surfaces is the difference of hills and valleys of the asperities
(bumps), even a smooth and fine surface has microscopic hills
and valleys. When two bodies are brought into contact with
nominally flat surfaces there is just real (atomic) contact in
small randomly distributed areas. Real contact area is very
small fraction of the nominal contact area. [29]. Two smooth
surfaces can have much more real surface contact than two
rough surfaces but the hardness of the surface is also a key
factor. If the two contacted surfaces are very hard such that the
peaks of the bumps do not get mashed down under the contact
force, then the amount of real surface contact may not increase
very much. Thus, in this study, smoother surfaces possess
more microscopic real contact area than rougher surfaces,
which means that surface roughness 1.06 µm has more real
surface contact compared to surface roughness 4.18 µm.
Hence, higher pull out force is needed to overcome the friction
made by contacted surfaces.
The size and distribution of the contact asperities depend on
the surface roughness and also the compression force. Even
plastic deformation can occur in small scale when the total
contact loads are not significant enough to cause macroscopic
deformation [22]. Hertzian theory claimed a model where
each asperity (bump) consists of microasperities and each
microasperities is also covered with micromicroasperities [30].
By increasing the load the real contact areas increase. It means
the real contact area has direct correlation with load (A ∝ P)
[30][31]. Thus, by increasing the compression force from
1500N to 2500N the bumps of bodies get mashed down and
new contact surfaces are formed. Even wider taper angles
apply less load to contacted surfaces. Accordingly, effect of
different surface roughness in lowest compression force
1500N and widest 6° taper angle is not pronounced. However,
the result is not as clear in highest compression force 2500N
and tightest 2° taper angle in which higher pull out force is
needed in smoother surface roughness for disassembly to
occur. Revision surgery and especially removal of well-fixed
implant would be problematic at extremely high initial
compression force. In this study, compression force of 2500N
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for the sample of 2° taper angle and smoothest surface
roughness required approximately 5900N of pull out force,
which is practically impossible to generate intraoperatively
[32].

4.2
Taper Angle
Regarding developing a relation for the contact pressure on
taper matting surfaces, principle of calculating the interference
conditions of two shafts and hubs is illustrated in Figure 8.
The contact pressure c is calculated by the following
equation:
c=

b -b1 cos
b1 b

(1)

where E is Young’s modulus, is initial interference,
is
outer radii of the hub, b1 is outer radii of the shaft and is
taper angle [33]. Thus, the amount of contact pressure c
decrease in wider taper angle due to the smaller amount of
cos .

Fig. 8. Interference fit between shaft and hub

The resultant contact force (N) due to the fitting is obtained by
the integration of the contact pressure ( c ) over the contact
area along the tapered interface:
=

∫

c cos

b1 c d . (2)

where
is total length of the contacting interface [34]. The
pressure contact has direct correlation with contact force so by
decreasing the contact pressure the contact force also will
reduce. Pull-out force p is equal to:

Fig. 9. .Free body diagram during the pull out force

5
CONCLUSION
The results obtained in this study demonstrate that taper angle
and surface roughness affect the pull out force. The main
findings of this study can be summarized as follows:
i.
The highest pull off force occurred at 2° taper angle
and by increasing the taper angle the pull out force
reduced rapidly, i.e. there is lower probability of
implant loosening problem in tighter angle compared
to wider angle.
ii.
The highest pull out force occurred at smoother
surface roughness and gradually declined in rougher
areas, thus there is lower probability of implant
loosening problem in finer surface roughness
compared to rougher area.
Comparing the result illustrated that taper angle change was
more influential compared to surface roughness variations, i.e.
finding the optimum taper angle should be the first priority in
designing the implant. In other words, the problem of implant
loosening is more dependent on taper angle changes than
surface roughness variations.
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