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Although the direction of loads applied to the proximal human femur is unpredictable during

sideways fall, most in vitro and numerical simulations refer to a single loading condition

(15� internal rotation; 10� adduction), which has been anecdotally suggested in the 1950s. The

aim of the present study was to improve in vitro simulations of sideways falls on the proximal

femur.

An in vitro setup was developed that allowed exploring a range of loading directions

(þ=� 90� internal�external rotation; 0��50� adduction). To enable accurate control of the

loading conditions (direction and magnitude of all load components applied to the femur), the

setup included a number of low-friction linear and rotary bearings. The setup was instrumented

with an axial and a torsional load cell, three displacement transducers and a rotation trans-

ducer to monitor the most significant components of load/displacement during testing. The

strain distribution was measured on the bone surface (16 triaxial strain gauges, 2,000Hz).

Fracture was recorded with a high-speed camera.

The setup was successfully tested on a cadaveric femur non-destructively (12 loading

configurations) and destructively (15� internal rotation; 10� adduction). All measurements

were highly repeatable (the displacements of the femoral head varied by <2% between rep-

etitions; the tilt in the frontal plane by <0:05�; and strain varied on average 0.34% between

repetitions). The displacement of the femoral head varied by over 50% when the same force was

applied in different directions. Principal strains at the same location varied by over 70%,

depending on the direction of the applied force. The high-speed video enabled the identification

of the point of fracture initiation.
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This study has shown that a new paradigm for testing the proximal femur (including

improved testing conditions and a variety of loading configurations) can provide more accurate

and more extensive information about the state of strain.

Keywords: Biomechanics; proximal femur fracture; sideways fall; bone strain distribution;

in vitro destructive test.

List of Acronyms and Abbreviations

"1 maximum principal strain

"2 minimum principal strain

�P angle of the principal planes (counter-clockwise)

A1 strain gauge on the Anterior side, below the lesser trochanter

A3 strain gauge on the Anterior side, along the diaphysis

AH strain gauge on the Anterior side of the Head

AN strain gauge on the Anterior side of the Neck

BL Biomechanical Length of the Femur

BW Body Weight

CoV Coefficient of Variation (standard deviation expressed

as a % of the average)

CT Computed Tomography

DEXA Dual Energy X-ray Absorptiometry

FE Finite Element

HD Diameter of the femoral Head

L1 strain gauge on the Lateral side, below the lesser trochanter

L3 strain gauge on the Lateral side, along the diaphysis

LH strain gauge on the Lateral side of the Head

LN strain gauge on the Lateral side of the Neck

LVDT Linear Variable Differential Transformer (displacement transducer)

LVDT-AP LVDT measuring the displacements of the femoral head in

the antero-posterior direction

LVDT-PD LVDT measuring the displacements of the femoral head in

the proximal-distal direction

M1 strain gauge on the Medial side, below the lesser trochanter

M3 strain gauge on the Medial side, along the diaphysis

MH strain gauge on the Medial side of the Head

MN strain gauge on the Medial side of the Neck

P1 strain gauge on the Posterior side, below the lesser trochanter

P3 strain gauge on the Posterior side, along the diaphysis

PH strain gauge on the Posterior side of the Head

PN strain gauge on the Posterior side of the Neck

VPH-OP Virtual Physiological Osteoporotic Human project

(http://www.vphop.eu/)
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1. Introduction

The femur is the bone which is most frequently fractured during a human’s life-

span.1,2 Most femoral fractures are localized in the proximal metaphysis.2 Con-

sequences of fractures in the proximal femoral metaphysis include immobilization,

necrosis, need for total joint replacement, permanent disability and indirectly death

(especially in elderly subjects1). Most fractures in the proximal femoral metaphysis

are a consequence of accidental falls.3,4 For these reasons, fractures of the proximal

femur have been investigated clinically, but also in vitro and numerically, so as to

elucidate the aetiology of such fractures,5�9 and also to improve prevention9 and

treatment.10

There is a general agreement on the mechanism leading to fractures in the

proximal femoral metaphysis during falls; in most cases, the subject falls on his/her

side hitting the floor with the side of the hip.11�13 As a consequence, a force is

delivered to the greater trochanter through the soft tissues, which is more or less

perpendicular to the long axis of the femur.5 At the same time, part of the load is

transmitted from the pelvis to the femoral head. This loading condition tends to

generate a large moment in the frontal plane in the proximal femur. No information

is available about the direction of the forces applied during a sideways fall (in fact,

falling itself is an unpredictable event).

The first in vitro simulation of sideways fall loading of the femur is due to

Backman5: the femur shaft was held in a metallic clamp, free to rotate in the frontal

plane, while a force was applied to the femoral head with the greater trochanter

resting on a clay cushion. The femur was adducted by 10� and internally rotated by

15�. Most of the subsequent in vitro and numerical studies replicated similar loading

conditions.14�21

Many experimental studies have been designed to investigate the effect of hip

stems.22 Therefore, the loading configuration and the strain measurement pro-

cedures proposed in the literature mostly focus on the diaphysis and might not be

suitable to investigate the proximal metaphysis.23 The stress/strain distribution in

the femur has been extensively studied in the past24�26: in most cases walking, stair-

climbing and other standing motor tasks have been simulated. The strain distri-

bution in the proximal femoral metaphysis has rarely been investigated, only under

simulated single-leg stance,27,28 while the failure load has often been measured

in vitro,14�16,18�21,29 only limited information has been published concerning the

strain distribution. To the authors’ knowledge, the strain distribution in the

proximal femur has been in vitro measured only once during a simulated fall

(a sideways load was delivered to the femur with nine strain gauges, adducted by

30� and internally rotated by 30�30); this is the only work where numerically pre-

dicted and experimentally measured strains were compared, in one specimen, and

for one loading configuration.30

We are not aware of any studies where the relevance of the loading configuration

proposed5 is shown. Conversely, as the force applied to the greater trochanter can be

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur
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expected to span a relatively large angle depending on the position of the falling

subject, it is difficult to assume that a single direction of loading can represent all

possible types of sideways falls. It is not known if different directions of the loads

applied to the proximal femur would result in different risks of fractures in the

proximal femoral metaphysis. In addition, in some of the in vitro studies, the

loading conditions are ill-posed: if the femur is over-constrained (e.g., Refs. 31 and

32), unknown loads are generated by the constraints.

The aim of the present study was to develop a novel method to replicate in vitro

the loads acting on a femur during a sideways fall, in a way that allows:

(a) Accurate control of the in vitro loading conditions (direction and magnitude of

all the load components applied to the femur).

(b) Accurate measurement of the most significant components of translation/

rotation of the femur under load

(c) Measuring the strain distribution on the bone surface under load.

(d) Exploring a range of loading directions corresponding to the fact that the

direction of the impact load delivered to the femur is unknown.

2. Material and Methods

2.1. Overview

The in vitro setup simulated the traumatic event of a fall on the side, where a force is

applied to the femoral head (by the pelvis) and to the greater trochanter (by the

floor). As the actual directions of the applied forces are unknown, a set of simplified

loading configurations was explored. A single force was applied to the femoral head

at different directions, while the greater trochanter (resting on a dedicated support)

received the reaction force that simulated the traumatic event of a fall. An in vitro

setup was designed that allowed application of the two forces above, while all other

degrees of freedom were allowed by means of low-friction bearings. Muscle forces

were not simulated, as experimental and finite element (FE) studies indicated they

do not significantly alter the stress distribution in the proximal metaphysis.33 The

entire setup was fully instrumented so as to monitor the displacements/rotations of

all the unconstrained degrees of freedom. The testing setup and the protocol were

assessed on one cadaveric femur.

2.2. Preparation of the test specimen

A fresh, frozen left femur specimen was obtained from a donor who did not suffer

from musculoskeletal pathologies nor cancer (male; Caucasian; height of 188 cm;

body weight (BW) of 95 kg; died at 65 years old, cause of death myocardial

infarction). The specimen was obtained through an ethically approved international

donation program (IIAM, Jessup, PA, USA). The femur was CT-scanned to

document bone quality and lack of abnormality or defects. Anatomical dimensions

L. Zani et al.
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were measured.34,35 To preserve tissue hydration, the femur was wrapped in

moistened cloths during testing.

. The biomechanical length (BL) was measured between the trochanteric fossa and

the intercondylar fossa (BL ¼ 390mm for the specimen under investigation).

. The diameter of the head was measured five times along different directions; the

average head diameter (HD) was computed (HD ¼ 40:5mm for the specimen

under investigation).

To enable consistent alignment, an anatomical reference frame was marked on

the femur34�36: this included univocal definition of the internal�external rotation,

and identification of the sagittal and frontal planes. The distal part of the femur was

resected. The remaining proximal part of the femur was potted with acrylic bone

cement in an aluminium pot (100-mm deep) so that 33% of the biomechanical length

protruded from the pot (Fig. 1).

Fig. 1. Sketch of a left femur with an indication of the position of the strain gauges: posterior and medial

views. To allow comparable positioning between specimens, the four levels where strain gauges were placed

were defined as a fraction of the femur dimensions (biomechanical length, BL; head diameter, HD). The

positions around the head and neck of strain gauges MH, MN, LH and LN correspond to the frontal

plane.13,14 The positions around the head and neck of the strain gauges AH, AN, PH and PN correspond to

the mid thickness of the neck at the corresponding level. The positions around the diaphysis of the strain

gauges A1, L1, P1, M1, A3, L3, P3 and M3 correspond to the mid thickness of the diaphysis at that level.

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur
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To avoid local crushing, aluminium spherical caps were custom-manufactured

and applied with bone cement to the femoral head and the greater trochanter

(Fig. 2).

2.3. In vitro loading setup

In order to ensure accurate control on the applied loads, the loading setup was

designed so as to avoid any over-constraint of the test specimen. It also allowed

testing the same femur specimen with different loading directions, and to able to be

adjusted in the desired configurations with ease and accuracy (Fig. 3).

The femur was constrained distally, medial side up. A force was applied by the

actuator of the testing machine (Mod. 8502, Instron, Canton, MA, USA) to the

femoral head. The greater trochanter rested on a dedicated flat support. To avoid

over-constraining the specimen (which would result in an ill-posed loading con-

dition), the following steps were taken:

. The distal constraint consisted of a hinge that allowed free tilt of the femur in a

vertical plane (when the femur is at 0� internal rotation, the vertical plane of the
loading setup corresponds to the frontal plane of the femur). All other rotations

and translations of the distal extremity were constrained.

. The greater trochanter (protected by its aluminium spherical cap) rested on a flat

surface, which was supported by two orthogonal linear bearings that eliminated

any horizontal force component. The aluminium cap protecting the greater tro-

chanter was free to rotate against the flat surface of the upper linear bearing.

. Load was applied to the femoral head (protected by its aluminium spherical cap)

by the actuator of the testing machine through a system of linear bearings that

Fig. 2. Left femur viewed from anterior and from superior. In these images, the femur is tilted by 10� in
adduction, and internally rotated by 15�. This schematic shows the position of the aluminium caps

mounted on the femoral head and on the greater trochanter to avoid local crushing. The cap on the head

(a) was concentric with the original femoral head and covered an angle of 60�. The cap on the greater

trochanter (b) was centred on the intersection of the frontal and sagittal planes of the femoral diaphysis

and covered an angle of 50�.

L. Zani et al.
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eliminated any horizontal force component. The aluminium cap protecting the

femoral head could rotate against the flat surface at the end of the actuator.

. All linear and rotary bearings were selected from low-friction series to minimize

the presence of any undesired load component.

. Therefore, pure vertical forces were delivered. Because of the adjustable align-

ment of the femur (see below), such vertical forces acted at the desired angles on

the femoral head and on the greater trochanter.

The distal constraint included a system of rails, clamps and goniometers that

allowed placing the femur at the desired angles: the internal�external rotation angle

(alpha) could be continuously adjusted within þ=� 90�; such an angle could be

measured with a graduate scale, and it could be locked through a clamp. The

adduction angle (beta) could be continuously adjusted in the range of 0��50� by

adjusting the height of the distal constraint along the vertical rails. In the present

study, three values were selected for the internal rotation (0�, 15� and 30�Þ, while four
values were used for the adduction angle (0�, 10�, 20� and 30�Þ. All 12 combinations of

Fig. 3. In vitro setup with a left femur. The femur (1) was held through its distal pot (2). Also visible are:

the load cell (3) to measure the torque about the femoral axis. The internal rotation angle (alpha) could be

adjusted (4). The adduction angle (beta) was selected adjusting the height of the distal constraint (5).

Thanks to a bearing (6), the femur was free to tilt (small fluctuations of the angle beta, measured by a

digital encoder (7). The flat support (8) of the greater trochanter and its linear bearings (9) are visible.

Load was applied to the femoral head by the testing machine (10) through a system of linear bearings

(11). Two transducers measured the displacement of the head: LVDT-AP (12) in the antero-posterior

direction, LVDT-PD (13) in the proximal�distal direction. The setup was mounted on the load cell (14)

of the testing machine.

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur

1450005-7

J.
 M

ec
h.

 M
ed

. B
io

l. 
20

14
.1

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 L

IB
R

A
R

IE
S 

on
 0

1/
25

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



these angles were tested in a 4� 3 full factorial scheme (Fig. 3). Hence, the classical

configuration (15� internal rotation; 10� adduction) was also tested.

The in vitro setup included the following transducers, which were selected so that

they could withstand both the non-destructive and destructive tests:

. The load cell of the testing machine (8502, Instron, Canton, MA, USA: 5-kN full

scale; 0.5% precision), measuring the force delivered to the femoral head.

. The LVDT of the Instron actuator (50-mm range; 0.5% precision), which

measured the vertical deflection of the femoral head.

. Two high-precision LVDTs (GHSA750-500, Macro Sensors, Pennsauken, JN,

USA) with a total range of þ=� 12:5mm, and a precision of 10�m in the range of

þ=� 5mm used in this study. The first LVDT (LVDT-AP) measured the relative

movement of the femoral head in antero-posterior direction; the second one

(LVDT-PD) in the proximal–distal direction during load application. These

LVDTs were mounted on support frames that were connected to the distal pot of

the femur, so that they had a consistent alignment with respect to the bone for

any testing configuration.

. A rotary digital encoder (CH25-5000, Celesco, Chatsworth, CA, USA), with a

precision of 0.072� in the range of 30� was used in this study. The encoder was

fixed on the shaft of the bearing and measured the tilt of the distal end of the

specimen in the vertical plane during load application.

. A torsional load cell (MTRX500NM005, Allemano, Turin, Italy; 500-Nm full

scale; 0.5% precision) was placed between the pot and the distal constraint. Its

center was placed at the center of the bearing allowing rotation in the vertical

plane. It measured the reaction torque about the femoral long axis generated

during testing at the distal extremity.

The signals from all the transducers above were fed into a 60-channel data logger

(System-6000, Vishay Micro-Measurement, Raleigh, NC, USA), which also recor-

ded the signals from the strain gauges (see below). All signals were sampled at

2,000Hz, with a low-pass cut-off of 50Hz.

2.4. Loading rates

The femur was loaded in position control by the testing machine at different speeds.

. High-strain rate: the actuator speed was tuned so that the average strain-rate in

the most stressed regions during the loading ramp was 50,000microstrain/s. As

bone tissue fails when strain exceeds 7,000–10,000 microstrain,37 such a strain

rate would generate failure in the order of 0.2 s. This is the typical timescale of

physiological and para-physiological loading,38,39 and has been proposed in the

past for in vitro testing.40,41

. Low-strain rate: to enable accurate measurements, load was applied also at the

lower-bound value for physiological strain rates. In this case, the load ramp was

L. Zani et al.
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10 times slower than high-strain-rate. This rate has been proposed in the past for

in vitro testing.34,41

2.5. Non-destructive testing

All 12 loading configurations (corresponding to the different combinations of

internal rotation and adduction) were tested on the same femur. Each configuration

was tested six times, dismounting and realigning the entire loading setup between

repetitions (3mins’ recovery between repetitions).

In order to avoid bone damage due to repeated loading, the force applied by the

testing machine was tuned so that the largest strain (absolute value) recorded by

the strain gauges (see below) was 900�1,000 microstrain in the most stressed

regions. This is approximately one-tenth the failure strain of bone tissue (7,000�
10,000 microstrain37).

To enable better control of the applied loads, non-destructive tests were carried

out at the low-strain rate, similarly to those in Refs. 34 and 41. The maximum load

was held for 0.2 s before unloading to allow for a plateau for stable strain recording.

Strain signals were averaged over 0.1 se (200 data points) to reduce error due to noise.

2.6. Destructive testing

A destructive test was carried out with a single monotonic ramp up to macroscopic

failure of the femur. To mimic typical conditions leading to femur fracture, the

destructive test was carried out using the high-strain rate. During destructive

Fig. 4. Experimental setup for the destructive test. Left: overview of the testing setup where the high-

speed camera (1) was mounted on a high tripod (directly facing the medial part of the femur), together

with the light sources (2); the bone specimen (3) is visible under the testing machine. Right: femur

(3) mounted on the testing machine (15� internal rotation; 10� adduction); one of the two mirrors (4) is

clearly visible near the femur, while the other is partially hidden (they were oriented so as to reflect the

postero-lateral and antero-lateral sides of the femur).

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur
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testing, the configuration chosen was 15� internal rotation and 10� adduction,

consistent with the literature.42

As bone fracture occurs in milliseconds, the destructive test was filmed using a

high-speed camera (Fastcam SA3, Photron, San Diego, CA, USA) at 10,000 frames

per second, following a validated procedure.43 The camera pointed at the medial

side of the specimen (from top, Fig. 4), while two mirrors allowed viewing in the

same frame also the antero-lateral and postero-lateral sides of the femur, similar to

that in Ref. 43. Images had a resolution of 512� 304 pixels. Three high-intensity

light sources (1; 000Wþ 300Wþ 300W) were used to enhance lighting, thus

allowing a short shutter setting and high aperture setting for optimal image

sharpness.

2.7. Strain measurement

Bone strain was measured during the non-destructive and the destructive tests.

Triaxial stacked strain gauges (C2A-06-031WW-350, Vishay Micro-Measurement,

grid length of 3mm) were bonded at 16 locations (Fig. 1):

. At four distinct levels along the femur: around the head (close to the articular

cartilage); around the neck (distal to the previous ones); around the proximal

diaphysis (just below the lesser trochanter); further down the diaphysis;

. At each level, they covered the four sides of the femur (Anterior, Lateral, Pos-

terior and Medial sides).

The actual position where the strain gauge was bonded was sometimes adjusted

by up to 4mm, when small defects (pores, ridges or grooves) made the bone surface

unsuitable for bonding a strain gauge.

The area for strain measurement was prepared with an established procedure for

wet cadaveric specimens,44 which included:

1. Cleaning the surface from soft tissues with a scalp and sandpaper;

2. Accurate cleaning and degreasing first with ethanol, then with a cocktail of

acetone and 2-propanol (RMS1, HBM, Darmstadt, Germany);

3. Filling the pores and waterproofing the bone surface with two layers of poly-

urethane protective (PU120, HBM);

4. Smoothening and removing the excess of polyurethane with fine sandpaper

(#400);

5. Bonding the strain gauges with cyanoacrylate glue (CC-33A, Kyowa); and

6. Protecting and waterproofing the strain gauges with three layers of polyurethane

protective (PU120, HBM).

A grid excitation of 0.5V was selected to avoid heating. Strains were recorded by

the 60-channel data logger (System-6000), which also recorded the signals from all

the other transducers above.

L. Zani et al.
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2.8. Statistics

Principal strains ("1 and "2) and the angle (�P ) of the principal planes were obtained

for each strain gauge, and a repetition of each loading configuration. As different

load values were applied for the different loading configurations, to enable com-

parisons, the strain values were all scaled to a conventional load of 1BW (this is

possible thanks to the high linearity found in the load�strain plots, see below).

To estimate the measurement repeatability (intra-specimen variability), the

standard deviation of the principal strains ("1 and "2) and angle (�P ) was computed

between repetitions, for each strain gauge and each loading configuration. The

coefficient of variation (CoV: standard deviation expressed as % of the average) was

computed for each measurement location. To avoid fictitiously increasing the

CoV with close-to-zero data, measurement locations where strain was lower than

100 microstrain were excluded.

All statistical analyses were performed using commercial software (Excel 12.2.8

with Statistical Analysis Toolpak, Microsoft, Redmond, WA, USA).

3. Results

3.1. Non-destructive testing

All 12 loading configurations were successfully tested. Depending on the loading

configuration, the force applied to the femoral head was 672�1,158N (0.72�
1.24BW).

Both the displacements and the strain signals were highly linear (Fig. 5). The

displacements of the femoral head recorded by the two LVDTs were highly repea-

table (CoV between repetitions of the same loading configuration on average 2%).

Also, the angle of rotation of the femur in the frontal plane measured by the distal

encoder was highly repeatable (variation <0:05� between repetitions of the same

loading configuration).

The deflections of the femoral head in all directions (Tables 1�3), as well as the

reaction torque about the femoral long axis (Table 4) varied according to the simu-

lated loading configuration. The displacement of the femoral head varied by over 50%

when the same force was applied in different directions. The tilt of the distal end of the

specimen in the vertical plane (when the femur is at 0� internal rotation, the vertical
plane of the loading setup corresponds to the frontal plane of the femur) during load

application never exceeded 0.1�. This is close to the sensitivity of the rotary digital

encoder; variations between loading configurations were negligible.

Strain measurement repeatability was good: the CoV between replicates under

the same conditions was on average 0.34% for the principal strains at all locations.

Also, the angle (�P ) of the principal planes varied on average by 0.16� (standard

deviation) between replicates under the same conditions.

Different strain patterns were observed for the different loading directions

(Figs. 6 and 7). The value of principal strains at the same location on the femur

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur
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Fig. 5. (Color online) Plots of the recorded signals over time for a typical loading repetition when the

femur was placed at 15� internal rotation and 10� adduction. Top: actuator force and reaction torque at

the distal end (see setup in Fig. 3). Center: displacement of the actuator and of the femoral head in two

directions (see setup in Fig. 3). Bottom: principal strains computed for the 16 triaxial strain gauges; the

largest positive strain were found in the medial side of the neck (gauge MN), and the largest compressive

strain was in the lateral side of the neck (gauge LN).
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surface varied by over 70%, depending on the direction of the applied force. Fur-

thermore, the direction of principal strain depended on the loading direction;

variations of over 45� of the principal strain direction were observed between

different loading configurations, in regions where strain exceeded 100 microstrain.

The configuration of 30� internal rotation and 30� adduction generated the largest

strain in the head/neck region.

Table 1. Deflection of the femoral head in a quasi-medial�lateral direction, measured by the Instron

actuator (Fig. 3) for the 12 loading configurations. Average� standard deviation between six test rep-

etitions is reported, in millimetres. Positive values indicate a displacement of the femoral head towards

lateral. As different load values were applied for the different loading configurations, to enable com-

parisons, the readouts were all scaled to a conventional load of 1BW applied to the femoral head.

Internal rotation

Adduction 0� 15� 30�

0� 0.782� 0.002mm 0.546� 0.013mm 0.431� 0.002mm

10� 0.854� 0.003mm 0.589� 0.006mm 0.442� 0.003mm

20� 0.779� 0.014mm 0.628� 0.008mm 0.524� 0.004mm

30� 0.844� 0.002mm 0.670� 0.003mm 0.546� 0.001mm

Table 2. Deflection of the femoral head in the antero-posterior direction, measured by LVDT-AP

(Fig. 3) for the 12 loading configurations. Average� standard deviation between six test repetitions is

reported, in millimeters. Positive values indicate a displacement of the femoral head towards anterior. As

different load values were applied for the different loading configurations, to enable comparisons, the

readouts were all scaled to a conventional load of 1BW applied to the femoral head.

Internal rotation

Adduction 0� 15� 30�

0� 0.347� 0.005mm 0.169� 0.006mm �0.014� 0.002mm

10� 0.291� 0.017mm 0.131� 0.002mm �0.082� 0.014mm

20� 0.167� 0.004mm �0.007� 0.006mm �0.137� 0.005mm

30� 0.060� 0.007mm �0.090� 0.006mm �0.246� 0.015mm

Table 3. Deflection of the femoral head in the proximal-distal direction, measured by LVDT-PD (Fig. 3)

for the 12 loading configurations. Average� standard deviation between six test repetitions is reported, in

millimeters. Positive values indicate a displacement of the femoral head towards proximal. As different

load values were applied for the different loading configurations, to enable comparisons, the readouts

were all scaled to a conventional load of 1BW applied to the femoral head.

Internal rotation

Adduction 0� 15� 30�

0� 0.110� 0.006mm 0.116� 0.004mm 0.137� 0.001mm

10� 0.151� 0.010mm 0.175� 0.007mm 0.181� 0.009mm

20� 0.172� 0.003mm 0.181� 0.006mm 0.183� 0.004mm

30� 0.200� 0.005mm 0.228� 0.003mm 0.215� 0.003mm
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Table 4. Reaction torque about the femoral long axis at the distal extremity measured by the

torsional load cell (Fig. 3) for the 12 loading configurations. Average� standard deviation between six

test repetitions is reported, in Nm. Positive values indicate an internal reaction torque applied at the

distal end. As different load values were applied for the different loading configurations, to enable

comparisons, the readouts were all scaled to a conventional load of 1BW applied to the femoral head.

Internal rotation

Adduction 0� 15� 30�

0� 17.35� 0.06Nm 12.06� 0.03Nm 5.22� 0.05Nm

10� 17.54� 0.14Nm 11.98� 0.06Nm 5.08� 0.15Nm

20� 16.41� 0.01Nm 11.32� 0.13Nm 4.95� 0.03Nm

30� 15.23� 0.01Nm 10.51� 0.02Nm 4.66� 0.01Nm

Fig. 6. Maximum and minimum principal strains ("1 and "2, in microstrain) on the medial and lateral

sides of the femur. Average and standard deviation between six test repetitions is reported for two loading

configurations: 15� internal rotation and 10� adduction, and 30� internal rotation and 30� adduction (this

configuration generated the largest strain in the head/neck region). The error bars for the standard

deviation are hardly visible as the tests were highly repeatable. As different load values were applied for

the different loading configurations, to enable comparisons, the strain values were all scaled to a con-

ventional load of 1BW applied to the femoral head.
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3.2. Destructive testing

The destructive test was successfully carried out, with all the signals (load, dis-

placement and strain) being sampled up to failure. The high-speed video enabled

identification of the point of fracture initiation (Fig. 8): fracture occurred as a

typical base-of-the-neck fracture, which initiated in the inferior side of the neck.

4. Discussion

The aim of this work was to replicate in vitro the load applied to the proximal femur

during sideways fall with a dedicated protocol that should overcome the limitations

of previous studies.

An in vitro setup was developed, which allowed accurate application of the desired

components of load, while eliminating any other component of force. This enabled

Fig. 7. Maximum and minimum principal strains ("1 and "2, in microstrain) on the anterior and pos-

terior sides of the femur. Average and standard deviation between six test repetitions is reported for two

loading configurations: 15� internal rotation and 10� adduction, and 30� internal rotation and 30�

adduction (this configuration generated the largest strain in the head/neck region). The error bars for the

standard deviation are hardly visible as the tests were highly repeatable. As different load values were

applied for the different loading configurations, to enable comparisons, the strain values were all scaled to

a conventional load of 1BW applied to the femoral head.

In Vitro Simulation of Sideways Fall Loading of the Proximal Femur

1450005-15

J.
 M

ec
h.

 M
ed

. B
io

l. 
20

14
.1

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 L

IB
R

A
R

IE
S 

on
 0

1/
25

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



(a)

(b)

(c)

Fig. 8. Frames obtained from the high-speed movie during the destructive test of a left femur. The image

in the center of each picture is a direct view of the femoral neck from the medial side; the ones on the left

and right (postero-lateral and antero-lateral) are reflected images obtained from the two mirrors placed

next to the femur and suitably oriented (Fig. 4). Picture A shows the femur shortly before the first signs of

fracture are seen (0.4ms before Picture B). Picture B shows the instant when the crack can first be seen

(inferior part of the neck, indicated by the yellow pointers). Picture C (0.9ms after Picture B) shows a

later stage of propagation. The pictures have low resolution (1 pixel ¼ approximately 0.2mm on the

physical specimen) because they were acquired by the high-speed camera.
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overcoming limitations of previous studies,31,32 where, in addition to the desired load,

additional unknown load components were delivered by an over-constrained loading

setup. At the same time, the loading setup included an additional load cell to measure

the torque about the long axis of the femur. The information provided by such a load

cell complemented the information from the load cell of the testing machine, by

recording the actual torque while the femur was loaded non-destructively and to

failure. This solution is similar to the one proposed by Courtney et al., where a

transducer recorded the torque delivered to the femoral diaphysis.45

To avoid over-constraining the femur, the setup allowed a number of degrees of

freedom. Displacements/rotations were monitored by displacement and rotation

transducers. This overcame a limitation of most previous setups, where only the

displacement of the actuator was recorded.31,32 In our setup, information was

available for all three components of translation of the head of the femur, and for the

tilt of the femur in a vertical plane while loaded.

Signals from all the transducers above were highly repeatable, indicating that the

setup provided an excellent control on the applied load, and enabled consistent

measurement of the loading conditions, of the structural deflections and of the strain

pattern on the bone surface. Measurement repeatability has been seldom reported in

the past for this type of loading. Differences between different loading configurations

were 2�3 orders of magnitude larger than the variability between repetitions,

confirming the significance of the effect of the direction of the applied loads.

To measure the state of strain, the bone surface was instrumented with 16 triaxial

strain gauges measuring principal strains and the direction of principal strains. This

enabled overcoming another limitation of the majority of previous studies. In fact,

most published experimental studies reported only the failure load, while the strain

distributionwas notmeasured.OnlyLang et al.31measured the strain distribution in a

proximal femur when a sideways fall was simulated. Direct comparisons are difficult,

as the nine strain gauges used by Lang et al.31 were at different locations than those

used in our study. However, if strains are compared for the same loading configuration

(30� internal rotation; 30� adduction), similar trends could be observed: (1) the largest

tensile strains in both cases were measured on the medial side; (2) the largest com-

pressive strains were measured on the lateral side; (3) on average, strains were similar

at the head and neck regions, and slightly lower at the level of the lesser trochanter.

The setup proposed in this study enabled loading the same bone specimen at

different angles: the internal�external rotation angle could be adjusted within

þ=� 90�, while the adduction angle could be adjusted in the range 0��50� (the range
0� to 30� was actually tested in this study for both angles). This is extremely

important, as the direction of the loads applied to the femur during sideways fall is

absolutely unpredictable. Conversely, in the literature, in most cases only one

configuration is tested (15� internal rotation; 10� adduction.5,14�21) Exploring a

range of possible directions (while measuring bone strains) can be a useful means of

identifying which direction of the applied force is most critical for bone integrity. In

fact, the displacement of the femoral head, and the value and direction of principal
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strains at the same location on the femur surface varied greatly depending on the

direction of the applied force. To the authors’ knowledge, such an exploratory

in vitro investigation has never been carried out before. The results obtained from

the femur tested in this study show that the direction of the applied load could have

a significant effect on the strain values. The present findings also demonstrate that

the direction of the applied load can significantly alter the strain distribution, so

that the most stressed point is different for different direction of the applied loads.

The main limitation of this study is that currently only one femur specimen has

been tested. This prevents drawing any conclusions related to the biomechanics of

loading of the proximal femur, and to the fractures associated to sideways falls.

However, the tests carried out so far were sufficient to assess the effectiveness and

repeatability of the setup, and to confirm the existence of different strain distri-

butions in relation to different loading angles.

In conclusion, this study has shown that a new paradigm for testing the proximal

femur (including improved testing conditions and a variety of loading configur-

ations) can provide more accurate and more extensive information about the state of

strain in the proximal femur.
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