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Impaction is required to properly seat press-fit implants and ensure initial implant stability and long
term bone ingrowth, however excessive impaction or press-fit presents a high fracture risk in the acetab-
ulum and femur. Current in-vitro impaction testing methods do not replicate the compliance of the soft
tissues surrounding the hip, a factor that may be important in fracture and force prediction. This study
presents the measurement of compliance of the soft tissues supporting the hip during impaction in oper-
ative conditions, and replicates these in vitro. Hip replacements were carried out on 4 full body cadavers
while impact force traces and acetabular/femoral displacement were measured. Compliance was then
simulated computationally using a Voigt model. These data were subsequently used to inform the design
of a representative in-vitro drop rig. Effective masses of 19.7 kg and 12.7 kg, spring stiffnesses of 8.0 kN/m
and 4.1 kN/m and dashpot coefficients of 595 N s/m and 322 N s/m were calculated for the acetabular and
femoral soft tissues respectively. A good agreement between cadaveric and in-vitro peak displacement
and rise time during impact is found. Such an in-vitro setup is of use during laboratory testing, simulation
or even surgical training.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction nent assembly (Langdown et al., 2007; Rehmer et al., 2012). High
The use of cementless implants for Total Hip Arthroplasty (THA)
in the UK surpassed that of cemented in 2009, and the majority of
THA implants used in Europe, Scandinavia, Australia and the US are
also cementless (American Joint Replacement Registry, 2016;
Graves et al., 2014; NJR Editorial Board, 2014; Pedersen and
Fenstad, 2016). Cementless implants require precise implantation
through impact strikes, usually delivered with a mallet, and an
appropriate interference fit with the prepared bone. The impaction
and interference fit need to be sufficient to provide primary fixa-
tion, but not so much that they cause deformation of the compo-
nents or generate high strains in the bone. Issues due to
improper impaction are widely reported. Acetabular cup deforma-
tion of over 0.5 mm has been recorded under worst case conditions
(Squire et al., 2006) which is clinically important as deformations
can lead to excessive wear (Daniel et al., 2012) or improper compo-
impact forces can also lead to fracture of both the acetabular and
femoral bone (Benazzo et al., 2015; Hartford and Knowles, 2018;
Lindberg-larsen et al., 2017; Masri et al., 2004; Sharkey et al.,
1999; Thien et al., 2014; Thillemann et al., 2008).

Therefore it is important to understand the impaction forces
and fixation mechanisms that occur when a femoral or acetabular
component is press-fit in the bone. A wide range of values exist for
impaction force in THA surgery – between 1.5 kN and 27 kN have
been measured for implant seating in the acetabulum (Fritsche
et al., 2008; Kroeber et al., 2002; West and Fryman, 2008) or
between 5.8 kN and 22 kN for the femoral stem (Maharaj and
Jamison, 1993; West and Fryman, 2008). Further to these data,
femoral bone has been reported to fracture at between 0.5 kN
and 4 kN stem impaction (Cummins et al., 2011; Flannery et al.,
2010).

The wide range of values reported may be at least partly
explained by the test setups used to measure impact. Few studies
measure impact in vivo (Kohan et al., 2005; Phipps et al., 2006) due
to the cost, complexity and ethics of testing in surgery. More com-
mon is to study impaction in vitro using cadaveric specimens
stripped of soft tissue (Cummins et al., 2011; Fritsche et al.,
2008; Jin et al., 2006; Kroeber et al., 2002; Schlegel et al., 2011a,
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Fig. 1. Experimental setup and axis of resolution for instruments.
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2011b; Stryker, 2012; West and Fryman, 2008) or expanded
polyurethane (PU) foams as an analogue for cadaveric bone
(Fritsche et al., 2008; Jin et al., 2006; Schmidig et al., 2013). These
types of experiment are usually performed with specimens rigidly
potted in the test frame of laboratory equipment, or fixed to labo-
ratory benches of unknown stiffness, and ignore the compliance of
the body segments and soft tissues that support the acetabulum
and femur during the implant impaction strikes.

These rigid test setups may not be an adequate representation
of the intraoperative conditions because any movement of the
bone during impaction could cushion the impact and attenuate
peak forces. For example, the cushioning effect of the trochanteric
tissues influence hip fracture risk during a fall, because they atten-
uate the impact force experienced by the bone (Bouxsein et al.,
2007; Laing and Robinovitch, 2010). The relative movement
between body segments also influences the peak force – recent
studies have found the force transmission during acetabular
impact is different for patients of varying body weights (Bullock
et al., 2018).

The aim of our study is to create an in vitro method for assess-
ing implant impaction in THA that considers the support of the
acetabulum and femur by body segments and soft tissues. To
achieve this, mechanical compliance of the femur and acetabulum
are measured in cadaver specimens and a testing rig is created to
replicate these conditions. Such a test setup could provide a more
realistic test method for pre-clinical testing of new implant designs
or surgical introducer instruments.
2. Methods

2.1. Cadaveric experiment

Following approval from the local Research Ethics Committee
four recently deceased intact phenol soft fixed cadavers (mean
age 90 [81–94], mean weight 60 kg [50–65], 2 male, 2 female) were
prepared for THA by an experienced orthopaedic consultant (JC)
using the posterior approach. Bolsters were used to position cadav-
ers mimicking operating theatre conditions. Prior to testing each
cadaver was imaged using computed tomography (CT) and each
acetabular diameter measured. Press-fit and cemented (Simplex
ACR308, Kemdent, Swindon UK) fixtures were used to couple a
custom introducer to the acetabulum and pelvis respectively. Both
couplings of introducer to bone were chosen to be highly rigid and
to minimise relative motion, which could produce an inaccurate
estimation of boundary condition values. The custom introducer
closely matched the properties of a commercially used straight
introducer, with bespoke fittings for the bone fixtures and mount-
ing points for motion tracking markers.

A custom surgical mallet (700 g) was fitted with a 100 kN
impact load cell (200C20, PCB Piezotronics, New York USA) using
the manufacturer supplied titanium strike surface. Force data were
acquired using a high speed USB Acquisition unit (NI-9234,
National Instruments, Newbury UK), sampling at 51.2 kHz. Both
surgical mallet and introducer were fitted with passive infrared
motion tracking markers. To accurately track movement of the
whole bone/introducer system the two were rigidly connected.
Displacement data were acquired at 355 Hz, with a Root Mean
Square (RMS) error of 90 mm (fusionTrack 500, Atracsys, Switzer-
land). Fig. 1 shows the experimental setup.

24 impact strikes were applied to the acetabulum and femur.
Acetabular impacts were applied at approximately 45� inclination
and 20� anteversion with respect to the bolstered pelvis. The femur
was internally rotated and held at approximately 30� inclination
with the knee held into the surgical assistant’s pelvis, representing
typical surgery. Impact was directed along the long axis of the
femur. Impacts were split into categories, with the surgeon asked
to represent 3 levels of impact for each type of implant. A ‘Low’
level strike would represent a light strike used to broach/seat
implants in fragile bone. ‘Medium’ would simulate strikes used
on the most common patient type. ‘High’ represents the largest
impact the surgeon would apply in strong bone.

Each acquired force trace [P(t)] was analysed to find peak force
for each strike. A numerical integration scheme with respect to
time from zero value prior to strike (t0) to the point at which load
transients had fallen away (t1) was used to determine impulse. Dis-
placement data were transformed to the appropriate axis for each
instrument (Fig. 1). Introducer displacement was processed using a
low pass, 3rd order Butterworth filter, 8000 Hz cut-off, to remove
random tracking error. Mallet displacement was numerically dif-
ferentiated with respect to time to derive velocity, with the veloc-
ity immediately prior to impact (vi) recorded for each strike.
Energy of the strike (Estrike) was derived from both impulse and
velocity measurements (Eq. (1) as demonstrated by Maharaj and
Jamison (1993))

Estrike ¼ vi

2

Z t1

t0

P tð Þdt ð1Þ
2.2. Soft tissue compliance simulation

A numerical mass-spring-damper (MSD) model was required to
extract the impaction boundary conditions of the femur and
acetabulum from the cadaver test. The measured impulse from
the cadaver testing was applied to this model and the MSD vari-
ables iterated until the displacement response matched the cada-
ver test displacement data. The model approximates the rigidly
coupled introducer, bone, musculature and upper body (in the case
of the acetabulum) or leg (in the case of the femur) as an effective
mass, supported by spring and dashpot elements to represent both
the stiffness and viscoelasticity of the system. The model approxi-
mation is shown in Fig. 2.

The MSD model chosen to approximate the system was an
effective mass (m, kg) coupled with parallel spring (k, N/m) and
dashpot supports (b, N s/m), known as a Voigt, or Kelvin, model.
Preliminary analysis showed a significant level of damping post
impact and a poor representation of the system if using mass-
spring alone. Voigt models have also previously been used to
model tissue response to impulse or step displacement (Fung,
1993).

A Matlab (2015a, Mathworks, MA USA) script using the ‘Control
Systems Toolbox’ was created, producing a displacement trace of a
Voigt model in response to a force-time [P(t)] input. Impulses were



Fig. 2. Approximation of acetabular/femoral soft tissue compliance using a Voigt
model.

Fig. 3. In vitro drop rig setup.
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defined as a half sine wave with a peak equal to that of average
peak forces recorded, and area under curve (impulse) equal to
those recorded experimentally.

Each Voigt model parameter was varied using numerical itera-
tion. Each simulated displacement trace was subtracted from the
corresponding experimental trace and the resulting array used to
calculate RMS error. The lowest average error simulated strike
for each Voigt setup was recorded. Mass, stiffness and damping
increments of 0.001 kg, 1 N/m and 0.01 N s/m were evaluated
respectively. These data were then used to define the boundary
conditions of the in vitro impact rig.

A sensitivity analysis investigated the influence of the MSD
parameters on the output displacement trace. A One-At-a-Time
(OAT) approach was used. With the other two parameters held at
their final calculated values, each of Mass, Stiffness and Damping
were changed to 0.5 and 1.5 times their calculated value, and the
peak displacement and rise time recalculated. The subsequent gra-
dient was used to define sensitivity.
Fig. 4. Example displacement traces from cadaveric and in-vitro rig testing.
2.3. In vitro impact testing rig

An impact rig was built to simulate the impact boundary condi-
tions of the cadaver test. The base of this rig, upon which the
impact occurs, was a translatable platen supported by a parallel
spring and dashpot to replicate the Voigt model determined in Sec-
tion 2.2. The mass of the platen, spring stiffness and dashpot coef-
ficient were defined by the output of the Voigt model described in
Section 2.2.

A drop weight, fitted with the same load cell in Section 2.2 pro-
vided impact with adjustable velocity and mass (Fig. 3). Due to
errors in approximating impact velocity from a drop height, a light
gate was used to determine the velocity of the drop weight imme-
diately before impact. A 50 mm stroke LVDT (S025.0, Solartron
Metrology, Bognor Regis UK) was used to measure the displace-
ment of the platen. A surgical introducer of the same mass and
impact surface as the custom introducer in Section 2.1 was rigidly
coupled to a 30PCF Sawbone block (Sawbone Europe AB, Malmo
Sweden).

The mass of the drop weight was set to match that of the cus-
tom mallet used in Section 2.1 (700 g). Velocity was set to values
obtained during cadaveric testing (Section 3.1.2). Six strikes were
carried out for each of the following six categories, to match the
cadaver data: Low, Medium and High strikes for both acetabulum
and femur. For each of the strikes, impact force, impulse, velocity
and energy were measured. From the recorded impact platen dis-
placement both peak displacement and rise time were recorded
(defined in Fig. 4). These metrics were chosen as they have previ-
ously been identified as appropriate to characterise impact
(Derler et al., 2005; Etheridge et al., 2005; Laing and Robinovitch,
2010).
2.4. Statistical data analysis

In order to determine whether the data from the acetabulum
and femur should be averaged or analysed separately before being
used as inputs to the Matlab Voigt model, statistical analyses were
performed. The influence of anatomical site at each strike level
upon peak force and impulse was analysed. First, peak force and
impulse data were tested for normality with Shapiro-Wilk test in
SPSS (v24, IBM, NY). Data were then analysed with two-way
repeated measures analyses of variance with first the measured
peak force, and then with impulses data as the dependent variable.
For each dependent variable a RMANOVA was performed with
independent variables of anatomy (femur/acetabulum) and
intended strike force (low, med, high).

Additional analyses were carried out to determine whether it
was appropriate to average or keep compliance values separate
for each strike level. Two-way RMANOVAs were used, with Mass,
Spring Stiffness and Damping Coefficient as the dependant vari-
ables. Anatomy and strike level were set as the independent vari-
ables. Main effects were considered if no two-way dependency
was found.
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The significance level was set to p < 0.05. Post-hoc paired t-test
with Bonferroni correction were applied when differences across
tests were found. Adjusted p-values, multiplied by the appropriate
Bonferroni correction factor in SPSS, have been reported rather
than reducing the significance level. Post-hoc power analyses were
conducted in G*Power (v3.1.9.2, Universität Kiel, Germany) for
strike force and mass, spring and dashpot values when comparing
anatomy. A minimum power value of 0.63 was achieved, with an
average of 0.76.

3. Results

3.1. Cadaveric experiment

3.1.1. Force and impulse
The effect of intended strike level (low, medium, high) was

dependent on the anatomical site (femur/acetabulum)
(p < 0.0005). For all strikes, lower forces were measured for the
femur than the acetabulum, however the difference increased with
increasing strike force: At a low strike level a 23% difference in
mean was observed (1930 N ±502, p = 0.031), 15% at medium strike
level (2570 N ±490, p < 0.0005), and 29% at high strike level
(8630 N ±414, p < 0.0005). The same was observed for impulse
data, with the effect of anatomical site dependent on the intended
strike level, and the femur always lower than the acetabulum
(p < 0.0005, Table 1). Due to the differences, femoral and acetabular
data were separated in subsequent analyses.

3.1.2. Velocity and energy
Table 2 presents the mean measured velocity for each intended

strike level for both femoral and acetabular anatomical sites, and
the resultant energy of the impact. Velocity values were used as
input velocities for the in vitro rig described in Section 3.3.

3.2. Soft tissue compliance simulation

Data for one hip could not be collected due to the cadaver
already having had a unilateral THA prior to death. Traces were
Table 1
Cadaveric peak force and impulse data with significance values.

Strike level Force (kN)

Acetabular

Mean SD N

Low 8.24 1.15 18
Medium 17.10 1.60 15
High 30.26 8.08 12

Impulse (Ns)

Acetabular

Mean SD N

Low 1.775 0.217 19
Medium 2.892 0.590 14
High 4.757 1.260 12

Table 2
Cadaveric mallet velocity and calculated energy.

Strike level Peak mallet velocity (m/s)

Acetabular Femoral

Mean SD N Mean S

Low 3.86 0.46 59 2.14 0
Med 6.10 0.79 41 4.15 0
High 7.45 0.52 54 5.34 1
split into individual strikes and time, and initial displacement
was zeroed for each. A total of 174 strikes were analysed, with
an average of 24 usable data sets for each hip. Each was analysed
using the Matlab script described in Section 2.2.

A typical displacement trace of the acetabulum or femur was
characterised by an initial acceleration as momentum transferred
from the surgical mallet, followed by a damped return to the initial
zero position.

The model indicated the main effect of anatomical site (i.e.
acetabulum or femur) showed a statistical difference in output
for both mass (p = 0.02) and damping coefficient (p = 0.009), but
not spring stiffness (p = 1.0). As both mass and damping showed
differences at each anatomical site, setups for femoral and acetab-
ular testing are separate.

The model spring stiffness showed no difference between low
and medium, medium and high and low and high strike levels
(p = 1.00, p = 0.3, p = 0.7). The model did detect differences in effec-
tive mass between low and high (p < 0.0005) and medium and high
(p = 0.03) but not low andmedium strike levels (p = 1.00). The main
effect for intended strike level upon damping coefficient was only
significant for lowandhigh strikes (p = 0.03). Due todifferences only
being found between certain strike levels it was decided that mass,
spring stiffness and damping coefficientwould be averaged over the
three strike levels for each anatomical site (see ‘average’ strike level
in Table 3). This decisionwas compounded by the desire for a testing
setup that was as simple as possible, negating the need for constant
compliance adjustment for different strike levels.

A summary of Effective Mass, Spring Stiffness and Damping
Coefficient outputs can be found in Table 3.
3.3. Results: in-vitro rig

For the acetabulumno differences between the test rig and cada-
ver traceswere detected for peak displacement and rise time (Fig. 5).
The peak displacement increased from2.5 mm for the surgeon’s low
strike force to 6 mm for the high strike force, but the rise time
remained constant, at around 30 ms, for all three applied strike
forces.
Femoral

Mean SD N p

6.31 0.86 25 0.03
14.53 1.57 24 <0.005
21.63 1.29 21 <0.005

Femoral

Mean SD N p

1.176 0.211 24 <0.005
2.335 0.399 24 <0.005
4.033 0.896 22 <0.005

Calculated energy (J)

Acetabular Femoral

D N Mean SD Mean SD

.30 44 3.42 0.58 1.26 0.29

.62 13 8.81 2.13 4.84 1.10

.18 19 17.71 4.85 10.78 3.38



Table 3
Mass, spring stiffness and dashpot coefficients matched to experimental traces.

Strike level Acetabular

Mass (m, kg) Spring stiffness (k, kN/m) Dashpot coefficient (b, N s/m)

Mean SD N Mean SD N Mean SD N

Low 18.4 5.4 41 7.4 2.5 41 547 88 42
Med 17.0 4.6 29 8.4 2.8 28 585 116 28
High 23.7 5.1 30 8.3 3.6 29 664 143 30
Mean 19.7 5.1 100 8.0 3.0 98 595 114 100

Femoral

Low 11.7 3.6 34 3.1 1.3 34 289 71 34
Med 10.6 1.0 21 3.5 0.6 21 290 28 21
High 15.9 2.6 19 5.6 1.5 19 389 61 19
Mean 12.7 2.8 74 4.1 1.2 74 322 59 74
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For the femur, no differences were detected between the test rig
and cadaver traces for peak displacement. The peak displacement
increased from 3 mm for the surgeon’s low strike force to
5.6 mm for the high strike force. The test rig also matched the rise
time for the surgeon’s low and high impact strikes, but a 0.6 ms dif-
ference was detected for the surgeon’s medium strike force. As
with the acetabular data, the rise time did not vary with the sur-
geon’s strike level.

The sensitivity study indicated the peak displacement was more
sensitive to MSD parameters at higher strike levels for the femur
and acetabulum, and the femoral peak displacement was more
sensitive to MSD parameters than the acetabular (Table 4). The rise
time sensitivity was not affected by strike level, but was more sen-
sitive to MSD parameters for the femur than acetabulum. The only
detected difference between the cadaver and test rig displacement
traces was the rise time for the medium strike level acetabulum.
The sensitivity analysis indicated an error of 2.2 kg mass, or
0.37 kN/m spring constant, or 149 N s/m damping could cause this
difference.
4. Discussion

The most important finding of this study is that the mechanical
compliance of the acetabulum and femur can be measured in vivo
Fig. 5. Comparison between peak displacement and
and replicated with a physical representation of a Voigt model.
When a hammer impact is applied to the acetabulum or femur,
the bone is displaced by between 2.5 and 6 mm over a duration
of around 30 ms (between 80 and 200 mm/ms). This displacement
is caused by the bone being supported by the non-rigid soft tissues
and body segments of the musculoskeletal system. This boundary
condition may influence the force experienced by the acetabulum
during implant seating (Bullock et al., 2018; Maharaj and
Jamison, 1993). Our paper presents a method to replicate these
boundary conditions using a spring and dashpot system.

The impact magnitudes measured and replicated in this study
fall within the range of existing literature (Maharaj and Jamison,
1993, Phipps et al., 2006, West and Fryman, 2008, Kohan et al.,
2005). Maharaj and Jamison (1993) found similar femoral impac-
tion energy (4.5 J) but a peak force that was lower (6.2 kN) than
measured here. The discrepancy in peak force could be explained
by the polyacetal (DelrinTM) tipped mallet used by Maharaj, attenu-
ating peak force but transferring similar energy as the titanium
tipped mallet used in this study. Our mallet velocities were also
found to be within 20% of Maharaj’s values. Peak force values mea-
sured intraoperatively for acetabular cup insertion and femoral
rasping by West and Fryman (2008), Phipps et al. (2006) and
Kohan et al. (2005) also fall within the values measured during this
study. Additionally, variation of measurements are also of similar
magnitude to the difference between ‘low’ and ‘high’ strike force
rise time for cadaveric and rig measurements.



Table 4
Displacement parameters statistics and sensitivity study.

Peak displacement

Simulation sensitivity Possible error due to difference

Strike level Cadaveric vs Rig p Mass
(m, mm/kg)

Spring stiffness
(k, mm/[kN/m])

Damping
(b, mm/[N s/m])

Mass
(kg)

Spring
(kN/m)

Damping
(N s/m)

Absolute (mm) %

Acetabular Low 0.03 0.85 0.93 0.035 0.086 0.0030 0.74 0.30 8.71
Med 0.30 6.89 0.30 0.056 0.139 0.0048 5.39 2.19 63.4
High 0.43 7.60 0.39 0.091 0.222 0.0077 4.71 1.91 55.4

Femoral Low 0.07 2.78 0.97 0.068 0.213 0.0061 1.05 0.34 11.8
Med 0.07 1.65 0.79 0.130 0.400 0.0116 0.55 0.18 6.18
High 0.03 0.51 0.95 0.233 0.714 0.0208 0.13 0.04 1.50

Rise Time

Absolute
(ms)

% Mass
(ms/kg)

Spring
(ms/[kN/m])

Damping
([ms/[N s/m])

Mass
(kg)

Spring
(kN/m)

Damping
(N s/m)

Acetabular Low 2.02 8.30 0.39 2.7 15.9 0.040 0.75 0.13 51.0
Med 5.91 24.7 0.04* 2.7 15.9 0.040 2.20 0.37 149
High 2.77 9.53 0.43 2.7 15.9 0.040 1.03 0.17 69.7

Femoral Low 3.59 11.2 0.47 4.8 37.0 0.079 0.76 0.10 45.4
Med 3.37 10.9 0.22 4.8 37.0 0.079 0.71 0.09 42.6
High 0.30 1.02 0.92 4.8 37.0 0.079 0.06 0.01 3.82
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measured for our consultant surgeon. Importantly, in these three
studies, at these peak forces measured, few fractures of the bone
were encountered. These three studies measured forces in cadav-
ers or live patients, and thus had appropriate compliance boundary
conditions to the acetabulum/femur. In contrast, a study by
Cummins et al. (2011) report bone fracture at loads of 1.6 kN. This
study used a rigid potting of the bone in a solid fixture with no
compliant boundary condition. Thus, more of the energy in the
impact may have been transmitted into the bone and not the sur-
rounding tissue, and this could explain such a large reduction in
peak force to fracture in these two studies.

While no direct comparison of Voigt model parameters for the
hip can be made to other studies for intraoperative impact there
is significant work determining model values for the hip during
falls. Robinovich et al. have found both effective mass of the hip
and dashpot coefficients in a similar range and sensitivity to the
results of this study (Robinovitch et al., 1997a, 1997b).

A limitation of the Voigt model is that it does not predict an
instantaneous spike in force during impact. However, previous
studies have found adaptation of the Voigt to a Standard Linear
Solid arrangement (with series spring and dashpot in place of the
dashpot of a Voigt) offers only a small improvement in response
prediction (Robinovitch et al., 1997a, 1997b). A further improve-
ment to this study would be to include a measurement of force
within the hip cadaver system. Force data could provide further
validation of the impact mechanics of the system. However such
measurement would require a highly complex setup. An advantage
of the methodology used in this study is that the methods
described could be used to gather data in the operating room; an
even more representative scenario.

A further limitation of this study is the use cadavers of similar
weight and age. Patients of these BMIs and ages may not be
selected for cementless arthroplasty. If possible the same method-
ology should be used with higher body mass index (BMI) cadavers
of a lower age, where different Voight model parameters might be
expected, such as slightly higher effective mass, as found by Levine
et al. (2013). With further research it would be useful to charac-
terise the effects of BMI, soft tissue thickness, sex, age and other
factors. In addition, it is known that cadaveric tissue may not
behave the same as living tissue. This was mitigated as much as
possible by using phenol embalmed specimens rather than
formaldehyde or formalin fixed, both known to alter tissue proper-
ties (Brenner, 2014). Furthermore, only one surgeon performed the
cadaver work, whereas a larger number of surgeons would be use-
ful to determine the average magnitude of impact in THA. How-
ever, the surgeon’s three different strike values provide some
information on the strike range that may exist, and these data
agreed well with prior work.

For very short duration events such as hard on hard contact
between a hammer and introducer, or modular femoral head seat-
ing, replicating the compliance of the body segments may not be
necessary. This is because the impact event is very short and the
seating event is over before the implant/body segment has had
time to accelerate (Krull et al., 2017). However for a softer impact
event, such as the introduction of an acetabular cup or femoral
stem into a bony cavity, impact events are longer. Several studies
have shown event durations of a similar magnitude to the rise time
found in this study (Hothi et al., 2011; Mathieu et al., 2013; Michel
et al., 2015; Tang et al., 2016). Therefore compliance is a much
more relevant consideration as the body segments are accelerated
by the implant/introducer in a similar timescale as impact dura-
tion. This may have an effect on experimental results.

Hip compliance has been recognised as a possible factor in
implant seating and several groups have attempted to include this
boundary condition in their testing (Nambu et al., 2018; Nassutt
et al., 2006; Scholl et al., 2016) but have not been able to validate
the compliance properties of their supports with in-vivo data. This
paper provides a method to recreate the in-vivo compliance of the
femur and acetabulum in a laboratory drop rig or computational
model. Including this boundary condition in preclinical testing
may provide an improved representation of the clinical conditions
necessary to investigate implant seating.
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