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Background: The purpose of this study was to investigate the effect that off-axis impaction has on sta-
bility of dual-taper modular implants as measured by forces delivered to and transmitted through the
head-neck and neck-stem tapers, respectively.
Methods: One hundred forty-four impact tests were performed using 6 different directions: one on-axis
and five 10� off-axes. Four different simulations were performed measuring the head-neck only and 3
different neck angulations: 0�, 8�, and 15�. A drop tower impactor delivered both on- and off-axis
impaction from a constant height. Load cells positioned in the drop mass and at the head-neck or
neck-stem junction measured the impact and joint forces, respectively.
Results: Impact force of the hammer on the head ranged from 3800-4500 N. Greatest impact force
delivered to the head was typically with axial impact. However, greatest force transmission to the neck-
stem junction was not necessarily with axial impacts. There was limited variability in the force measured
at the NS junction for all impaction directions seen in the 8� neck, whereas the 15� neck had greater
forces transmitted to the NS junction with off-axes impactions directed in the proximal and posterior-
proximal directions.
Conclusion: The location of the impact significantly influences the force transmitted to the head-neck
and neck-stem junctions in dual-taper modular hip implants. Although axial impacts proved superior
to off-axis impacts for the straight 0� neck, greater force transmission with off-axis impacts for the
angled necks suggests that off-axis impacts may potentially compromise the stability of dual-taper
components.
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Mechanically assisted crevice corrosion is a wear-induced fret-
ting corrosion of dual-taper modular total hip arthroplasty com-
ponents. Relative component motion results in oxide layer abrasion
and corrosion occurring at the interface between the head-neck
(HN) or neck-stem (NS) junctions [1]. Risk factors exacerbating
corrosion observed at these junctions are material combination,
ball head diameter, neck length, and intraoperative assembly con-
ditions [2]. The first 3 risk factors are implant design parameters,
beyond the control of the surgeon. The last factor relates to the
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assembly of implant components within the operating theater. The
ability to assemble the components becomes limited because of
patient positioning and exposure of the components, with respect
to the location of an applied impact seating force.

The debate continues in regard to the necessity of using hammer
blows to assist the taper interaction at the HN and NS junctions
to limit micromotion and subsequent corrosion. Pallini et al
[3] concluded that hand assembly was sufficient because initial
postoperative weight bearing would compress and seat the com-
ponents. However, Mosley et al [4] concluded that fatigue perfor-
mance of hand-assembled constructs were considerably less than
that of hammer impact assembly because simulated gait loads
produce off-axis loading. In addition, the ability to direct an ideal
hammer blow along the axis of the mating components is exacer-
bated, as noted previously, by patient position and neck angulation.
Effects of impact direction and neck angulation are not well
studied.
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Fig. 2. View of the force measuring load cell (arrow) housed in the slotted load cell
housing, which simulated the head-neck and neck-stem joints. The custom necks were
inserted into this elongated slot and clamped using the top plate with 4 bolts. The
simulated clinical joint slot could be rotated within the base fixture (not shown) to
impart an off-axis impact located proximally (rotate toward top of the image), ante-
riorly (rotate toward right side of the image), or posteriorly (rotate toward left side of
the image).

N.B. Frisch et al. / The Journal of Arthroplasty xxx (2016) 1e52

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
The purpose of this study was to evaluate the influence of
impact location on the resultant forces transmitted to the HN and
NS assembly joints for a variety of modular hip implant configu-
rations. The ability to assemble the components becomes limited
because of patient positioning, surgical exposure, and the
requirement to apply a consistent axial force to the taper junction.

Methods

Dual hip implant assembly impacts were simulated to deter-
mine the resultant forces that would be transferred across the
clinical implant mating taper joints between the HN and NS com-
ponents. A total of 144 impact tests were performed simulating the
assembly by impaction of the head onto the neck and the neck into
the stem. Impacts consisted of those possible impacts directed both
on and off axis to the longitudinal axis of the neck. For each
component configuration tested, we mimicked 6 impact strikes:
one directed along the axis of the neck or one of 5 separate off-axis
strikes impacted 10� off the longitudinal axis of the neck.

Impact experiments used custom components fabricated to
simulate modular implant components: the head and 0�, 8�, and
15� necks. The custom head was sized to a 32-mm implant head.
The custom necks were manufactured to the measured length,
width, and angle of their corresponding clinical implant necks. The
custom head was attached to a post for measuring the force at the
HN joint, or attached to one of the 3 custom necks for measuring
the force at the NS joint (Fig.1). The ends of the custom components
matched the dimensions of the radiused elongated joint slot of the
clinical stem but were not tapered. The joint slot was simulated by a
load cell housingwith a dimensionally matched radiused elongated
slot without a taper. The components were inserted into this slot
and rested on the load cell housed within to minimize relative
motion between components. The untapered slot and component
ends provided a snug slip fit to allow impingement on the load cell
and unimpeded measurement of the simulated HN and NS joint
forces directed along the axis of the slot depth, equivalent to the
clinical implant taper axis (Fig. 2). Simulating the taper in the joint
would have created an alternate load path around the load cell,
decreasing themeasurable force transmitted from the impact to the
joint (We wanted to measure the force that would be available to
engage the clinical implant components.) The simulated assemblies
mimicking the HN and NS joints were designated as HN for the HN
joint and NS0, NS8, or NS15 for the NS joints of the 0�, 8�, and 15�
Fig. 1. Custom head and neck components. Moving from left to right, the post is
depicted at the far left used for head-neck testing followed by 0� neck, 8� neck with the
simulated head attached, and finally 15� neck at far right of the image.
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necks, respectively, or NS generally. Impacts to the simulated
assemblies were delivered via a drop-mass impactor and impact
tower representing the surgical hammer.

Impacts to the simulated assemblies were located at one of 6
positions on the custom head that represented possible impact
strikes in the operating theater. These 6 impact locations were
simulated by (1) axially directed along the long axis of the custom
neck (AX); 10� from that axis in the (2) proximal (AP); (3) anterior
(AR); or (4) posterior (PR) directions; and finally a combination of
10� off axis in the proximal direction with 10� in either the (5)
anterior (AC); or (6) posterior (PC) directions (Fig. 3). Neck positions
were adjusted to the desired impact location, clamped in place in
the base fixture, and adjusted in the x-y direction to center the
impact location on the head under the impactor.

A custom-built impact drop tower was used to guide the
impactor onto the custom head of the simulated assemblies (Fig. 4).
Preliminary tests were conducted to calibrate the drop height to the
desired 4000-N impact force, which corresponded to a “firm”

hammer blow delivered by the surgeon [5]. The impactor was
raised to the calibrated height, held suspended by a switch acti-
vated magnetic clamp (Magswitch MagJig 60, MagSwitch Tech-
nology, Inc, Lafayette, CO), and then released. The impactor was
directed onto the custom head via linear bearings and a guide rod
attached to the impactor body. The impactor body was a steel mass,
which allowed attachment of a load cell to record the impact forces
delivered, and a Duralon load cell covering, which prevented sensor
ringing from metal-to-metal impact.

Two load cells (Model 1051V6; Dytran Instruments, Inc, Chats-
worth, CA) were used to measure the impact force delivered to the
custom head of the simulated assembly and the resultant force
measured at the slotted junction simulating either the HN or the NS
joint. Both load cells were uniaxial. The load cell measuring the
resultant HN or NS joint force only measured that force component
directed along the axis of the slot’s depth. This force would be
equivalent to the force that unites the clinical implant joint tapers.
54976_proof � 1 March 2016 � 4:02 pm � ce



Fig. 3. Schematic Q2of the impact locations (A) and rotations of the stem housing required to obtain proximal, anterior, or posterior impacts (B).
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Impact and HN or NS joint forces measured with the 2 load cells
were used to analyze differences among the simulated implant
configurations. Off-axis impact and joint forces were compared
to the commonly tested axial direction for the HN, NS0, NS8,
Fig. 4. Impact drop tower before (left) and after (right) im

FLA 5.4.0 DTD � YARTH549
and NS15. Joint forces were also compared for each of the 6 impact
locations (AX, Pro AP, AR, AC, PC, PR). All comparisons used
an analysis of variance test with the level of significance set to
a ¼ 0.05.
pactor was dropped by releasing the magnetic clamp.
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Fig. 6. Resultant impact forces delivered to the simulated neck-stem taper. Comparisons
are within each simulated head or neck system.
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Results

Simulated modular hip implant components were impacted
using a linear drop mass. Preliminary calibration tests determined
that a drop height of 141 mm imparted a 4000-N (standard
deviation¼±99 N) impact force. This drop height was then used for
the impact experiments to simulate the firm hammer blow of a
surgeon [5]. This drop height was used across the spectrum of head
and neck impact locations to maintain a consistent and represen-
tative surgical hammer blow for all 144 experiments.

Impact force measurements showed that the firm hammer blow
imparted forces that changed with the impact location, ranging
from approximately 3800-4500 N. Generally, the impact forces
followed the trend that AX-directed impacts resulting in the
highest forces followed in a decreasing order by the AP impacts, AR
or PR impacts, then the combined AC or PC impacts with the AC and
PC impact forces typically the lowest (Fig. 5). Impact forces
measured in the HN were consistent with those delivered to NS0,
NS8, and NS15. Within each simulated joint, the impact forces
measured for the commonly tested AX location were most often
significantly higher than those in the AR, AC, PC, and PR locations
but not the AP impacts. The impact forces for the AX location were
also not different from the AC and PR locations in the HN and the PR
location in the NS8. An exception was found for the AR location in
the HN, which resulted in significantly higher forces than the AX
impact forces.

Forces measured at the HN or NS joint exhibited some similarity
to the impact force trends, as described previously, but the differ-
ences between the AR, AC, PC, and PR locations were attenuated
within the NS0 and NS8 series of impacts (Fig. 6). While the joint
forces ranged from approximately 3900-4500 N, only the PR impact
in the NS0 was significantly lower than the AX impact location. The
exception to these observations was NS15 which did not follow the
impact force trend nor result in attenuated joint forces. Within this
group of experiments, the joint forces ranged from approximately
3800-5000 N and the AP, AC, and PC locations exhibited joint forces
above the AX location. The AP joint force was significantly greater
than the AX by 855 N.

Looking at the joint forces at each impact location, we see that
the forces transmitted across the HN would not vary significantly
compared to NS0 and NS8 for most locations (Fig. 7). Except for the
AR location, the HN forces were not significantly different than
those measured at NS0 and NS8. AR impacts resulted in joint forces
at HN that were significantly higher than at NS0, NS8, and NS15.
Overall, the joint forces of NS15 behaved much differently than the
Fig. 5. Resultant impact forces delivered to the custom head, which simulated the
implant head.

FLA 5.4.0 DTD � YARTH
other necks. AX-located impacts showed that the NS joint forces
decreased with increased neck angle where NS15 had significantly
lower forces than NS0 and HN. The AR and PR impact locations also
showed decreased forces for NS15, yet only significantly lower than
HN for the PR impact. On the contrary, the NS joint forces of NS15
were significantly greater than all others in the AP location. The PC
location impacts also resulted in a significant increase in the joint
forces of NS15 compared to NS8 and HN.
Discussion

It is well understood that cyclic loading induces the causal
micromotion mechanism of fretting corrosion. Routine physical
activities such as walking in the immediate postoperative period
generate forces that well exceed the minimal force required to
generate fretting and corrosion. In vitro studies have demonstrated
that fretting currents are strongest in the first 10,000-1,000,000
cycles [6-8].With the average patient walking 2million gait cycles a
year [9], this correlates with in vivo retrieval studies identifying
significant fretting corrosion of the NS taper as soon as 17 months
postoperatively [10]. Proper component seating and engagement of
the clinical implant mating tapered joints is generally accepted as
the mitigating factor improving stability of those joints. However,
the method of achieving stable engagement is still debated. Manual
assembly followed by patient weight mobilization and weight
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O

Fig. 7. Resultant impact forces delivered to the simulated neck-stem taper. Comparisons
are between each simulated head or neck system.
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bearing [3] and hammer blow [4,5] are the two competingmethods
to achieve implant stability.

Concern for the use of these assembly methods arises from less-
than-ideal assembly scenarios. For instance, weight bearing and
gait loads are applied off axis [11], and physical constraints in the
operating theater may prevent axial hammer impaction. Prior
studies investigated the ideal conditions of axial impact blows or
axial monotonic compression (simulating body weight) to engage
the clinical implant mating tapered surfaces [3,5]. Therefore, this
study investigated the consequences of off-axis loading.

Pallini et al [3] showed that the disassembly force required to
disassemble the NS taper with the combination of manual insertion
followed by the simulated postoperative gait loads was as high as
that obtained with simulated hammer blows. Although this may
lead to a stable taper junction following several rounds of an ideally
axially directed experimental cyclic loading, concern with this
approach would be the in vivo micromotion and potential for
fretting corrosion at the joint due to off-axis gait loads. In their
study, simulated gait loads were directed axially along the neck axis
of a 0� neck, whereas joint reaction forces at the hip [11] would not
be aligned with the axis of the taper in clinical implants. Therefore,
the resultant moment acting on the taper would not unite the
components as in their study. The decreased NS force of off-axis
impacts in the 0� neck observed in the present study may be
clinically relevant and better explains the force transmission for
such hand assembly and gait loaded implants. Force vectors acting
off the axis of the taper not only effect seating of the components
but have been suggested to be a potential initiator of fretting at the
time of surgery [9]. Although only the PR-directed impacts for the
NS0 transmitted significantly lower forces to the NS joint, this study
only investigated impacts as far as 10� off the axis of the neck and
impacts made at greater angles would be expected to reach sta-
tistical significance.

Rehmer et al [4] showed that the impact force was positively
correlated with the implant stability, measured by the force
required to separate the mating taper joint, for axial impacts. On
the other hand, we found that the impact force was significantly
affected by the location of the impact for a given neck while
maintaining a consistent firm hammer blow. Axial impacts and
those offset 10� proximally were not significantly different, yet
those impacts offset 10� anteriorly, posteriorly, or a combined
anteroproximal or posteroproximal were less than the ideal axial
impact. This trend was consistent among the different neck
angulations.

Mitigating these observed effects of impact location on impact
force was the attenuation of differences between those forces as
they were transmitted to the NS. However, the axial, anterior, and
posterior impact directions showed that the increasing neck angle
was associated with decreasing NS taper joint forces, which could
affect seating, as noted previously. The suspected reason for these
decreased joint forces is due to greater impingement and binding of
the neck in the elongated stem slot due to of the introduction of
rotationmoments from the off-axis force, especially for the anterior
and posterior impact locations. Mechanically, the angulated necks
result in an applied moment, which increases the reaction force
between the slot surface and the neck. The reaction forces are
normal to the elongated slot surface, which increases the friction
forces. Proximal impacts alleviate the binding because the reaction
forces are applied to a smaller surface area in the radiused ends of
the elongated slot, which reduced the normal forces acting on the
components.

Introducing a bend in the neck for the 8� and 15� necks means
that the HN and NS tapers are no longer in line with one another.
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Attempting to impact a dual-taper, angled-neck component with a
single impaction means that the impact delivered will be off the
longitudinal axis of at least one, if not both, of the tapers. This is
shown in the forces measured at the NS taper for the angled necks
as the axial impacts do not prove to be superior to some of the
off-axis impacts as described previously. Thus, although the axial
impacts were in line with the HN taper axis, they were not in line
with the NS taper axis which explains the attenuation in forces.
With an angle in the neck, the question becomes what impact
direction will improve the stability of both the HN and NS tapers?
Impaction results suggest that axial or proximal impacts are
preferred for lower-angle necks, whereas proximal or combined
posteroproximal impacts are preferred in high-angle necks. The
increased forces transmitted to the NS with preferred impacts
would be expected to lead to more stable components in clinical
implants.

In conclusion, the direction atwhich dual-tapermodular implants
are impacted at index surgerydoes appear tohave a significant effect
on the forces transmitted to the modular taper interface. Although
axial impaction appears ideal for a straight neck, the ideal direction
of impaction for an angled neck appears to be dependent on the
magnitude of the neck angle. The results of our study suggest that
axial or proximal impacts are preferred for 0� and 8� necks, whereas
proximal or posterior proximal impacts are preferred for 15� necks.
As a result of this study, it is clear that the ability to have a consistent
stable modular junction with dual-taper components is affected by
the direction of the impacted force. The operating surgeon has
limited control of this process. Adding another taper junction to
standard total hip replacementshasnegated thebenefits affordedby
modularity and created new and previously unreported complica-
tions of corrosion and neck fractures [8]. However, understanding
the mechanism by which these complications and failures occur
may provide us with more insight in the future in the designing of
newer implants.
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