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The angular dependences of the polarized Raman intensity of Ag, B1g, B2g, and B3g modes have been
preliminary investigated on a model fiber sample of ultra-high molecular weight polyethylene
(UHMWPE) in order to retrieve the Raman tensor elements, i.e. the intrinsic parameters governing the
vibrational behavior of the orthorhombic structure of polyethylene. Based on this Raman analysis, a
method is proposed for determining unknown crystallographic orientation patterns in UHMWPE bio-
medical components concurrently with the orientation distribution functions for orthorhombic lamellae.
An application of the method is shown, in which we quantitatively examined the molecular orientation
patterns developed on the surface of four in vivo exposed UHMWPE acetabular cups vs. an unused cup.
Interesting findings were: (i) a clear bimodal distribution of orientation angles was observed on worn
surfaces; and (ii) a definite and systematic increase in both molecular orientation and crystallinity in
main wear zones vs. non-wear zones was found in all retrieved acetabular cups. The present crystallo-
graphic analysis is an extension of our previous Raman studies of UHMWPE acetabular cups related to
assessments of oxidation and residual strain and suggests a viable path to track back wear-history infor-
mation from the surface of UHMWPE, thus unfolding the in vivo kinematics of the bearing surfaces in hip
joints on the microscopic scale.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The most widely used type of prosthesis in total hip arthro-
plasty (THA) consists of a system with a femoral head made of a
metal alloy (e.g. CoCr) impinging against an ultra-high molecular
weight polyethylene (UHMWPE) acetabular cup. In this hip joint
system, the UHMWPE acetabular cup undertakes the multiple roles
of body-weight bearing, low-friction sliding surface, and impact
absorber. Accordingly, it is liable to experience extensive creep
and wear damages with the concurrent formation of polyethylene
debris, which eventually leads to joint loosening and osteolysis (i.e.
to the need for further surgery) [1,2]. In other words, UHMWPE
components unavoidably degrade both chemically and mechani-
cally during in vivo implantation. In an attempt to both clarify
the origin of implant degradation and propose methods for elon-
gating their lifetime, a number of Raman studies have been carried
out, focusing on phenomena of chemical and structural degrada-
tion (e.g. oxidation and degree of crystallinity) in the polyethylene
structure [3–7]. On the other hand, Raman measurements of resid-
ual strain in UHMWPE acetabular cups have provided an effective
ia Inc. Published by Elsevier Ltd. A
tool for the quantitative assessment of mechanical degradation in
terms of residual strain [8,9]. In particular, this latter Raman spec-
troscopic method provided us with an experimental path to sepa-
rate creep and wear contributions from the dimensional change
experimentally observed in in vivo exposed acetabular cups.
Although Raman studies of chemical, structural, and mechanical
alterations have greatly contributed to advancing our knowledge
of degradation processes in biomedical UHMWPE grades, there is
still a long way to go before the development of a rigorous
in vivo lifetime prediction of biomedical components becomes
available. The reason for such a lack of information might partly re-
side in the fact that additional structural factors (i.e. besides crys-
tallinity) are often not considered to be as important as the
chemical and mechanical ones: the occurrence of local crystallo-
graphic alignment of the polyethylene lamellae. Polarized Raman
spectroscopy possesses the potential to quantitatively unfold the
missing crystallographic information by screening with a laser
microprobe the molecular orientation patterns developed on the
surface of acetabular components [10–15]; however, such an eval-
uation represents a formidable experimental and computational
task. Crystalline (e.g. mainly orthorhombic) phases in UHMWPE
might be randomly oriented within the amorphous matrix or be
preferentially oriented as a consequence of the manufacturing pro-
ll rights reserved.
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cess. However, the orientation of crystalline lamellae is sensitive to
mechanical and frictional loading [16–18]. Therefore, the lamellae
will unavoidably tend to preferentially orient themselves on the
surface of UHMWPE acetabular cup during in vivo loading. This
molecular re-arrangement reflects both primary and secondary
motions generated at the contact surface in artificial hip joints,
thus representing an important mechanism, precursor to the for-
mation of wear debris throughout the loading history.

In this paper, we have focused on the determination of a spec-
troscopic method aimed at quantifying the degree of molecular ori-
entation and the angular distributions of orthorhombic lamellae on
the surface of UHMWPE. Preliminary to such assessments, we
made efforts in explicitly describing the Raman selection rules
and in experimentally calibrating the relevant Raman tensor ele-
ments intrinsic to the orthorhombic structure of polyethylene
using a model sample (i.e. an UHMWPE fiber with almost totally
aligned molecular structure). An additional step has then been that
of introducing an orientation distribution function (i.e. formulated
from Wigner functions in terms of Legendre polynomials [19–21])
into the mathematical algorithm of Raman crystallographic orien-
tation analysis, with the ultimate goal of quantifying the local de-
gree of alignment of the structure concurrently to the orientation
in space of the c-axis of the orthorhombic cell. According to the
knowledge of both intrinsic vibrational parameters and orientation
distribution functions, we could quantitatively discuss the orienta-
tion of orthorhombic lamellae from relative changes in intensity of
selected Raman bands in both parallel and cross polarization
geometries. The structure of the paper is organized as follows. Sec-
tion 2 briefly describes the UHMWPE material used for Raman cal-
ibrations, the unused and retrieved samples from hip joint
surgeries, as well as the salient technical aspects of our confocal/
polarized Raman equipment. Section 3, which also contains a brief
description of the Raman bands of the orthorhombic UHMWPE
structure, is mainly dedicated to theoretical analyses of the Raman
intensity dependences on molecular orientation and to the explicit
description of the role of orientation distribution functions in the
Raman selection rules of an orthorhombic polyethylene structure.
This section ends with establishing the working equations that de-
scribe the orientation distribution function and the Raman selec-
tion rules in terms of three Euler angles, thus locating the c-axes
of orthorhombic lamellae in space with respect to the sample
surface. In Section 4, we apply the polarized Raman scattering
technique to quantitatively describe the orientation patterns
generated in four acetabular cups retrieved after different periods
of in vivo exposure (ranging between about 2 and 12 years of expo-
sure time in vivo). Areas from main wear and non-wear zones are
characterized in comparison to an unused acetabular cup, and a
brief discussion is offered in comparison with crystallinity data col-
lected at the same studied locations. In Section 5 we present our
conclusions.
2. Materials and methods

2.1. UHMWPE fiber for Raman tensor calibration

The UHMWPE fiber used for spectroscopic calibrations was a
commercially available sample manufactured by Ningbo Dancheng
Advanced Materials Co. Ltd. (Zhejiang, China). This fiber, typically
�25 lm in diameter, possessed a high molecular weight (approx.
three million), interlinking, high degree of uniaxial orientation
and high crystallinity. According to the X-ray diffraction measure-
ments provided by the manufacturer, the orthorhombic cell is pre-
valent in the structure with its c-axis being strongly oriented along
the long axis of the fiber. This point will be further clarified in the
quantitative Raman analysis of the degree of molecular orientation
shown in the remainder of this paper. A draft of the orthorhombic
cell and its average orientation with respect to the fiber structure is
shown in Fig. 1a. Our Raman analysis also clarified that, as far as
the rotation angle around the long axis of the fiber is concerned,
the investigated UHMWPE fiber experienced a domain-like struc-
ture in the c-plane, each domain experiencing constant in-plane
angle. The size of the domains was typically in the order of few cu-
bic lm, namely of a size comparable with our confocal Raman
probe (cf. Section 2.3 below). Such a peculiar microstructure of
the fiber sample, already reported by other authors [22], was the
key factor in locating the intrinsic vibrational characteristics of
an UHMWPE orthorhombic crystal cell.

2.2. Unused and retrieved UHMWPE acetabular cups

Four different acetabular cups were investigated, which were all
retrieved from left-side hip joints in the respective patient bodies
at Tokyo Medical University. These acetabular cups will also be re-
ferred to as short-term (2.4- and 2.8-year) and long-term (10.3-
and 12.2-year) retrievals, respectively. The short-term retrieved
acetabular components were both made of highly cross-linked
polyethylene, manufactured from 1900H bar stock by isostatic
compression molding (with no addition of calcium stearate)
(ArCom�, Biomet Japan Inc., Tokyo, Japan) and sterilized by c-ray
irradiation with a dose of 33 kGy. One cup belonged to a 61 year
old male patient for which the cause of revision was infection with
a follow-up period of 2.4 years, while the other cup belonged to a
53 year old female patient for which the cause of revision was
infection dislocation with a follow-up period of 2.8 years. On the
other hand, two long-term retrievals were made from GUR4150
bar stock by Ram extraction molding (calcium stearate was added
in these case) and sterilized with a dose of c-ray radiation ranging
between 25 and 37 kGy. One cup (manufactured by Zimmer Inc.,
Tokyo, Japan) belonged to a 47 year old male patient, while the
other cup (ArCom�, Biomet Japan Inc., Tokyo, Japan) belonged to
a 60 year old female patient. Both cups were retrieved due to asep-
tic loosening and the follow-up period was 10.4 and 12.2 years,
respectively.

For comparison, an unused acetabular cup was investigated,
which was also from the Biomet manufacturer and possessed the
same manufacturing characteristics of the short-term retrieval de-
scribed above. Locating the main wear zone on both short-term
and long-term retrievals could be pursued in a relatively easy
way by the naked eye, owing to a slight difference in surface
roughness (and thus in sample translucency) as compared to the
non-wear zone. On the other hand, an exception was the short-
term retrievals exposed in vivo for 2.8 years, for which such an
observation was difficult. In this latter case, we assumed the main
wear zone to be located within the angular interval 30–40� from
the location of cup dome, in analogy with the other retrievals
studied.

2.3. Polarized Raman spectroscopy

Raman spectra were collected at room temperature with a tri-
ple-monochromator (T-64000, HORIBA/Jobin–Yvon, Kyoto, Japan)
equipped with a charge-coupled device (CCD) detector. Spectral
analyses were performed by means of commercially available
software (Labspec, HORIBA/Jobin–Yvon, Kyoto, Japan). The laser
excitation source was a monochromatic blue line emitted by an
Ar-ion laser at a wavelength of 488 nm (Stabilite 2017, Spectra
Physics, Mountain View, CA) with a power of 100 mW. The integra-
tion time for acquiring a spectrum (namely at each pixel of the
collected Raman maps) was typically 15 s. Preliminary experiments
were made for checking about the possibility of heating effects on
the sample by laser irradiation. The outcome of such experiments



Fig. 1. Choice of Euler rotation angles and Cartesian coordinates: (a) with respect to the orthorhombic structure of UHMWPE, and (b) with respect to the axis of preferential
orientation in the fiber sample).
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showed that detectable alterations of the Raman spectrum of
UHMWPE started after laser exposures as long as 45 min, which
is much longer than the exposure time needed in the present
measurements. The confocal configuration of the probe adopted
throughout the present experiment corresponded to a 100� objec-
tive lens; numerical objective aperture, confocal pinhole diameter,
and focal length of the objective lens were fixed as: NA = 0.9,
U = 100 lm and f = 11 mm, respectively. The size of the confocal
probe focused on the sample surface was quantitatively calibrated
in a previous study [23] as 2.2 and 6.4 lm in diameter and depth,
respectively. In that study, the confocal probe response could be
expressed according to the following function [24]:

B z; z0ð Þ ¼ exp �2azð Þ p2

p2 þ z� z0ð Þ2
ð1Þ

with z and z0 being the in-depth abscissa of the point from which
the Raman light is scattered and that of the focal point, respectively,
while the parameters p and a were experimentally retrieved as
2.4 lm and 0.04 m�1, respectively. In both cases of Raman experi-
ments on fiber and acetabular cup samples, the probe was focused
at the surface of the sample. Owing to the relatively small size of the
probe as compared with the diameter of the fiber, no correction for
probe configuration was made in comparing experiments on fiber
and acetabular cups.

A rotation jig was employed for calibrating the angular depen-
dence of selected Raman bands as collected on the UHMWPE fiber
sample. Fig. 1b shows a schematic draft of the definition of rotation
angle, v (i.e. belonging to a set of three Euler angles (h, u, v) de-
fined with respect to our choice of Cartesian axes), adopted for this
calibration. The fiber was placed on the rotating jig with its long
axis parallel to the polarization direction of the incident laser
beam. Spectra were recorded through the parallel or cross polariza-
tion filters, which were set to pass the scattered Raman radiation
horizontally or vertically to a CCD camera. This procedure was re-
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peated with rotating the fiber (i.e. the c-axis of the orthorhombic
structure) from 0� to 180� by incremental steps of 5�. According
to this procedure, calibration curves of Raman intensity as a func-
tion of rotation angle could be obtained from the two selected
polarization geometries, which were fitted to continuous functions
using commercially available software (Mathematica 4; Wolfram
Research Inc., IL, USA). Raman spectral mapping was performed
in both parallel and cross polarization geometries in order to char-
acterize orientation patterns on wear and non-wear zones of four
retrieved acetabular cups and, for comparison, on an unused cup.
Owing to the convex character of the investigated surfaces and
the need for keeping in focus the mapped surface, an upper limit
on the size of a Raman map was typically 100 � 100 lm in dimen-
sion (i.e. with a sampling of 5 lm step for a total of 21 � 21 = 441
points). However, in order to secure an acceptable degree of statis-
tical reliability in representing the molecular arrangement in the
selected zone of a cup, mapping was repeated at 5 random loca-
tions of each selected zone for each individual cup (i.e. �105 lm2

per each investigated cup). The obtained maps of relative Raman
intensity were then converted into maps (and histograms) of aver-
age molecular orientation (according to the quantitative knowl-
edge of the Raman tensor elements) and maps (and histograms)
of degree of crystallinity as well. Furthermore, the orientation dis-
tribution functions obtained for non-wear and main wear zones
were determined and compared with that of the unused cup. The
total number of collected Raman spectra on all the retrievals
(including both main wear and non-wear zones, and angular rota-
tions at each point) and the fiber sample used for calibration was in
the order of 105 for a total measurement time of �1100 h.
3. Theoretical assessments

3.1. Raman bands from the UHMWPE structure and its crystallinity
assessment

The relationship between the observed Raman bands and the
vibrational modes of the orthorhombic polyethylene structure is
amply documented in the pre-existing literature [9,10]. Briefly
here, we summarize the main features found in the Raman spec-
trum of UHMWPE in the 1000–1500 cm�1 spectral region, which
are also explicitly listed in Table 1. The spectrum can be subdivided
into three main regions: region (I) in the interval 1000–1200 cm�1,
which is dominated by C–C stretching vibrations; region (II) at
around 1300 cm�1, which is dominated by –CH2– twisting vibra-
tions; and, region (III) in the interval 1400 and 1500 cm�1, which
is dominated by –CH2– wagging vibrations. In dealing with a
highly crystallized structure, as in the case of the fiber sample,
the vibrations with tensor axis coincident with the axes of the crys-
Table 1
Raman bands and respective vibrational modes in UHMWPE. Spectral locations are
explicitly indicated together with the related phases, vibrational modes and
symmetries (in round brackets are the specific molecular species involved with
individual vibrational modes).

Wavenumber (cm�1) Phase Mode Symmetry

1060 C(A) vas (C–C) B2g + B3g

1080 A v (C–C) —
1130 C(A) vs (C–C) Ag + B1g

1170 C(A) q (CH2) Ag + B1g

1296 C s (CH2) B2g + B3g

1310 A s (CH2) —
1370 C(A) x (CH2) B2e + B3g

1418 C r (CH2) Ag

1440 A r (CH2) Ag + B1g

1460 A r (CH2) Ag + B1g

C, crystalline; A, amorphous; v, stretching (s, symmetric; as, asymmetric); q,
rocking; r, bending; s, twisting; x, wagging.
talline orthorhombic units are expected to contribute the most rel-
evant part of the detected Raman intensity. In other words, the
modes with Ag, B2g, and B3g symmetry, which satisfy this require-
ment, should have a dominating effect on the polarized Raman spec-
tra of the UHMWPE structure studied here as compared with the B1g

mode (i.e. mainly related to the amorphous structure). Two broad
bands located at 1080 and 1310 cm�1 are also assigned to the amor-
phous (matrix) phase. In the case of all the UHMWPE samples inves-
tigated here, the intensities of these bands were conspicuously weak
(and vanishingly low in the fiber sample) as a consequence of a high
degree of crystallinity and highly aligned molecular structure. Nev-
ertheless, we have assessed the degree of crystallinity using the rel-
ative intensity of the band located at 1296 cm�1 (representing the
crystalline part of the structure) vs. the band located at 1310 cm�1

(representing the amorphous structure), according to the equation
given by Mutter et al. [25], as follows:

ac ¼
I1296

I1296 þ I1310
ð2Þ

where I is the integral intensity of the Raman band (i.e. collected in
a non-polarized configuration) whose wavenumber is identified by
the subscript.

The band located at 1170 cm�1 possesses Ag + B1g symmetry
and results from the CH2 rocking mode. The 1130 cm�1 band, also
with Ag + B1g symmetry, mostly arises from the crystalline part of
the polymer, but the trans C–C bonds in the amorphous phase are
also expected to contribute to the scattering intensity at this fre-
quency. Maxfield et al. [10] have used this band to calculate the
orientation of the crystalline part of low-density polyethylene.
This band was clearly visible in the Raman spectra of the calibra-
tion sample used, but, in the polarization geometries relevant to
this study, its intensity was very low and hampered a precise
characterization of intensity variations as a function of geometri-
cal rotation. The origin of bands related to CH2 bending modes at
around 1450 cm�1 is the most ambiguous in polyethylene be-
cause of the possibility of Fermi resonance between the Raman
active CH2 bending modes and its first overtones and the possible
combinations of the infrared active CH2 rocking modes [11]. In
addition, combinations with infrared active CH2 rocking modes
cannot be ruled out. All these reasons suggested not selecting
bands belonging to CH2 bending modes for our Raman polariza-
tion analyses. Nevertheless, it has been shown that, for ortho-
rhombic polyethylene, which contains two structural units per
unit cell, factor group splitting of the CH2 mode results in the
presence of two components at 1418 and 1440 cm�1. Two sharp
bands located at 1130 cm�1 (Ag + B1g) and at 1296 cm�1

(B2g + B3g), were used throughout the Raman polarization analysis
shown in this paper. These bands were clearly visible for any rele-
vant polarization geometry and for any rotation angle of both fiber
and acetabular cup samples. The contributions of both B1g and B2g

to the intensity of the 1130 and 1296 cm�1 bands, respectively,
could be neglected in studying the fiber sample because of its very
high degree of crystallinity. On the other hand, all the contributing
vibrational modes (i.e. Ag, B1g, B2g, and B3g modes) were taken into
consideration in assessing the molecular orientation of UHMWPE
structures belonging to the acetabular cup in which a non-negligible
amount of amorphous phase was present.

3.2. Angular dependence of the polarized Raman spectrum of
UHMWPE

The intensity of Raman bands strongly depends on crystal ori-
entation and polarization geometry of the adopted optical configu-
ration, according to the following equation [26]:

I / jeiResj2 ð3Þ
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where I is the scattered Raman intensity, ei and es are the unit polar-
ization vectors of the electric field for incident and scattered light,
respectively, and R represents the Raman scattering tensor of the
particular vibrational mode under consideration. The Raman ten-
sors for the orthorhombic structure are given as [26]:

RAg ¼
a 0 0
0 b 0
0 0 c

�������
�������; RB1g ¼

0 d 0
d 0 0
0 0 0

�������
�������; RB2g ¼

0 0 e

0 0 0
e 0 0

�������
�������;

RB3g ¼
0 0 0
0 0 f

0 f 0

�������
�������; ð4Þ

where a, b, c, d, e and f are the Raman tensor elements. However,
since we are mainly concerned here with RAg and RB3g , the Raman
tensor elements pertaining to the present analysis will only be a,
b, c, and f. The dependence of both Ag and B3g modes on the Euler
angles (h; u; v) locating the c-axis of the orthorhombic structure
in space can be expressed in the laboratory system of Cartesian
coordinates, xyz (cf. draft in Fig. 1b), as follows:

Rj xyz ¼ UxyzRj
eUxyz ð5Þ

where the subscript j locates the vibrational mode, while Uxy andeUxyz are the transformation matrix and its inverse, respectively,
given as:
Uxyz ¼
cos h cos u cos v� sinu sinv cos h sin u cosvþ cos u sin v � sin h cosv
� sin u cosv� cos h cos u sin v cos u cos v� cos h sin u sin v sin h sinv

sin h cos u sin h sinu cos h

0
B@

1
CA ð6Þ

eUxyz ¼
cos h cos u cos v� sinu sin v � sinu cos v� cos h cos u sinv sin h cos u
cos h sinu cos vþ cos u sin v cos u cos v� cos h sin u sin v sin h sinu

� sin h cos v sin h sinv cos h

0
B@

1
CA ð7Þ
Note that, in our choice of Euler angles (cf. Fig. 1b), the angle v rep-
resents the in-plane rotation angle, since the plane (xy)lab corre-
sponds to the plane perpendicular to the back-scattered laser
beam. For incident laser polarized along a fixed direction (i.e. the
y-axis direction) and scattered light also polarized along the same
y-axis (i.e. polarization geometry described as zðyyÞ�z in Porto nota-
tions [27]), the incident and scattered electric unit vectors can be
expressed in Cartesian coordinates xyz, as follows:

eki xyz ¼ 0 1 0ð Þ; eksxyz ¼
0
1
0

0
B@

1
CA ð8Þ

where the subscripts i and s refer to incident and scattered light,
respectively; and the superscript || refers to the parallel configura-
tion of the polarized probe. On the other hand, when the incident
laser is again polarized along the laboratory y-axis direction but
the scattered light is along the z-axis (polarization geometry
zðyxÞ�z)), the unit electric vectors become:

eki xyz ¼ 0 1 0ð Þ; e?sxyz ¼
1
0
0

0
B@

1
CA ð9Þ

where the superscript ? locates the choice of a cross-configuration
for the polarized probe. Substituting for Eqs. (6)–(8) (or (9)) in Eq.
(3), the Raman intensities for Ag, B2g, and B3g modes can be generally
expressed as periodic functions of the Raman tensor elements and
of three Euler angles in space, as follows:
(i) Ag mode:
rialia 6 (2010) 3583–3594 3587
jj 2 2
IAg
/ ½c sin h sin vþ aðsin u cosv

þ cos h cos u sinvÞ2 þ bðcos u cosv� cos h sinu sin vÞ2�2

ð10Þh

I?Ag
/ � 1

2 ða� bÞ cos h sin 2u cos 2vþ sinv cos vða sin2 u

þb cos2 u� c sin2 hÞ � cos2 h sinv cos vða cos2 uþ b sin2 uÞ
i2

ð11Þ
(i) B1g mode:
IkB1g
/½�2dðsinucosvþcoshcosusinvÞðcosucosv�coshsinusinvÞ�2

ð12Þ
I?B1g
/½dðcoshcos2ucos2v�2cosucosvsinusinv

�2cos2 hcosucosvsinusinvÞ�2 ð13Þ

(i) B2g mode:
IkB2g
/ ½�2e sin h sin vðsinu cosvþ cos h cos u sin vÞ�2 ð14Þ

I?B2g
/ ½e sin hðsin u cos2 v� sin u sin2 vþ cos h cos u sin 2vÞ�2 ð15Þ
(i) B3g mode:
IkB3g
/ ½2f sin h sin vðcos u cosv� cos h sinu sin vÞ�2 ð16Þ

I?B3g
/ ½f sin hðcos h sin u sin 2v� cos u cos 2vÞ�2 ð17Þ

For the general structure of UHMWPE, involving both crystalline
and amorphous phases, we can retrieve four working equations to
describe the intensities of the observed Raman bands, as follows:

IjjAgþB1g
/ ac c sin2 hsin2 vþaðsinucosvþ coshcosusinvÞ2

h
þbðcosucosv� coshsinusinvÞ2

i2

þð1�acÞ½�2dðsinucosvþ coshcosusinvÞðcosucosv

� coshsinusinvÞ�2 ð18Þ

IjjB2gþB3g
/ 1

2
½�2esinhsinvðsinucosvþ coshcosusinvÞ�2
n

þ½2f sinhsinvðcosucosv� coshsinusinvÞ�2
o

ð19Þ

I?AgþB1g
/ ac �

1
2
ða�bÞcoshsin2ucos2vþ sinvcosvðasin2 u

�

þbcos2 u� c sin2 hÞ�cos2 hsinvcosvðacos2 uþbsin2 uÞ
i2

þð1�acÞ dðcoshcos2ucos2v�2cosucosvsinusinv½

�2cos2 hcosucosvsinusinvÞ
�2 ð20Þ
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I?B2gþB3g
/ 1

2
½esinhðsinucos2 v� sinusin2 vþ coshcosusin2vÞ�2
n

þ½f sinhðcoshsinusin2v� cosucos2vÞ�2
o

ð21Þ

On the other hand, in the case of a highly crystalline fiber (showing
mainly the Ag and B3g modes) with molecular structure almost fully
aligned along its long axis, the four above equations can be greatly
simplified. Accordingly, one can set periodic dependences only in
terms of in-plane rotation angle, v, in the a-plane of the orthorhom-
bic cell (i.e. according to different polarization geometries), as
follows:

IkAg
/ b cos2 vþ c sin2 v
��� ���2 ð22Þ

IkB3g
/ 2f sin v cosvj j2 ð23Þ

I?Ag
/ b� cð Þ sin v cosvj j2 ð24Þ

I?B3g
/ f cos2 v� sin2 v

� ���� ���2 ð25Þ

Note that Eqs. (22) and (25) are only valid for highly aligned struc-
tures (e.g. the UHMWPE fiber); in this case, the contribution of the
B1g and B2g modes is lost (and, with it, we also lose the possibility of
assessing the parameters d and e by using this model sample). How-
ever, as far as the fiber sample is concerned, Eqs. (22)–(25) can be
used to a degree of precision as trial functions to fit experimental
plots of relative intensity of 1170 and 1296 cm�1 bands as a func-
tion of in-plane rotation angle, v, as shown in the next section. Fit-
ting of experimental plots obtained in parallel and cross
polarization configurations to those periodic functions allows the
determination of a set of values for four Raman tensor elements
of the orthorhombic structure of UHMWPE (i.e. a, b, c, and f). These
values are intrinsic to the orthorhombic cell of UHMWPE; they rep-
resent fundamental information for reducing the number of un-
known parameters needed in retrieving three-dimensional
crystallographic patterns on worn UHMWPE surfaces, for which
no guess can be made a priori for orthorhombic lamellae orientation
in space.
3.3. Determination of the orientation distribution functions in
UHMWPE

The orientation of a polyethylene molecule lying in the Raman
probe volume can be expressed in terms of Wigner functions that
are reduced to Legendre polynomials after symmetry consider-
ations [19–21,28]. For doing so, an additional set of Euler’s angles
(a, b, c) is needed, whose spatial position is relative to a right-
handed macroscopic system of Cartesian axes (xyz)lab (cf. Fig. 1b).
In our choice, the angle, c, indicates the degree of anti-clockwise
rotation (i.e. about the ymol axis) of the orthorhombic molecular
system in the probe volume. The analytical formulation of the
probability of finding UHMWPE molecules with orientations be-
tween angles (a, b, c) and (aþ da; bþ db; cþ dc) can be used as
a definition for the orientation distribution function,
f ða; b; cÞP 0, as follows:

Z c¼2p

c¼0

Z a¼2p

a¼0

Z b¼p

b¼0
f ða;b; cÞ sin bdbdadc ¼ 1 ð26Þ

where f(a, b, c) is referred to as the orientation distribution func-
tion. Dealing here with in-plane aligned patterns, we shall rule
out in first approximation azimuthal dependences and assume that
the orientation distribution function is only dependent on the polar
angle b (uniaxial symmetry with respect to the y0lab axis).

The resulting orientation distribution function can be in turn
expressed as a function of Legendre polynomials, as follows [19]:
f ðbÞ ¼
X1
i¼0

2iþ 1
2
hPiðcos bÞiPiðcos bÞ ð27Þ

The coefficients hPiðcosbÞi are referred to as ‘‘order parameters” and
should be determined experimentally, while the Legendre polyno-
mials, PiðcosbÞ, of order 2 and 4 are given as:
P2ðcos bÞ ¼ ð3 cos2 b� 1Þ=2 ð28Þ
P4ðcos bÞ ¼ ð35 cos4 b� 30 cos2 bþ 3Þ=8 ð29Þ
By defining an angle, b0 ¼ arctan tan b
tan2 aþ1

� �
as the angle between the

axis y0lab and the projection of the axis ymol onto the plane ðy0z0Þlab, it
follows that h ¼ p

2 � b0. Thus, the system of Eqs. (18)–(21) can now
be rewritten as follows:

Ijj;ð?ÞAgþB1g
h;u;vð Þ¼

R c¼2p
c¼0

R a¼2p
a¼0

R b¼p
b¼0 Ijj;ð?ÞAgþB1g

b0;u;vð Þf bð ÞsinbdbdadcR c¼2p
c¼0

R a¼2p
a¼0

R b¼p
b¼0 f bð Þsinbdbdadc

ð30Þ

Ijj;ð?ÞB2gþB3g
h;u;vð Þ¼

R c¼2p
c¼0

R a¼2p
a¼0

R b¼p
b¼0 Ijj;ð?ÞB2gþB3g

b0;u;vð Þf bð ÞsinbdbdadcR c¼2p
c¼0

R a¼2p
a¼0

R b¼p
b¼0 f bð Þsinbdbdadc

ð31Þ

with Raman intensities in the integrals given for the general case by
Eqs. (18)–(21) (or by Eqs. (22)–(25) for the highly aligned and crys-
talline fiber structure). Note that using the equality sign in Eqs. (30)
and (31) involves the knowledge of two instrumental constants (i.e.
one additive and the other multiplicative to the angular dependenc-
es in Eqs. (18)–(25)). Such instrumental constants depend on the
optical setup of the spectrometer. The orientation distribution func-
tion is then given as:

f ðbÞ ¼ A exp½�ðk2P2ðcos bÞ þ k4P4ðcos bÞÞ� ð32Þ

where A is a constant and the parameters ki(i = 2, 4) are the
Lagrange multipliers used in the definition of the principle of max-
imum information entropy reported by Jaynes [29]. The three
parameters A, k2, and k4, can be determined by solving the system
of three equations given by Eq. (26) and the two equations in the
following, which describe the average values of the Legendre
polynomials:

hP2ðcos bÞi ¼
Z c¼2p

c¼0

Z a¼2p

a¼0

Z b¼p

b¼0
P2ðcos bÞf ðbÞ sin bdbdadc ð33Þ

hP4ðcos bÞi ¼
Z c¼2p

c¼0

Z a¼2p

a¼0

Z b¼p

b¼0
P4ðcos bÞf ðbÞ sin bdbdadc ð34Þ

This system of equations can be solved numerically by applying the
trapezoidal rule to the integrals [28].

The order parameter hP2ðcosbÞi is also known as the Herman’s
orientation parameter [28]. It shall assume the value 0 when the
orientation of the orthorhombic lamellae is fully random, while
values 1 and �0.5 shall mean a perfect orientation along and per-
pendicular to a given axis (e.g. the long axis of the fiber), respec-
tively. The Herman’s orientation parameter can be considered as
the primary parameter to judge the alignment of UHMWPE ortho-
rhombic lamellae [28]. The additional order parameter displayed in
the Legendre polynomial, hP4ðcosbÞi, also contributes to describing
the degree of orientation of the structure. According to a paramet-
ric study by Perez et al. [28], the contribution of this latter param-
eter is less meaningful and straightforward than that of hP2ðcosbÞi.
For the purpose of this paper, it should suffice to discuss the degree
of orientation of the investigated UHMWPE structures by mainly
considering the Herman’s parameter as an indicator of the degree
of orientation of the structure.



Y. Takahashi et al. / Acta Biomaterialia 6 (2010) 3583–3594 3589
4. Results and discussion

4.1. Angular dependence of the Ag and B3g modes and related Raman
tensor elements

Fig. 2a and b shows Raman spectra collected on the UHMWPE
fiber (calibration) sample as a function of rotation angle, v in par-
allel and cross polarization geometry, respectively. As seen, a clear
variation in the relative intensity of the 1170 and 1296 cm�1 bands
can be found by varying the in-plane rotation angle. The experi-
mentally recorded dependence of the relative Raman intensities
indeed revealed periodic functions (as shown in Fig. 3a–d for par-
allel and cross polarization) that could be fitted to a high degree of
precision to the trial functions theoretically set in Eqs. (22)–(25)
for the selected configurations of the polarization filter. Fitting to
trial functions including the orientation distribution (i.e. Eqs. (30)
and (31)) was also carried out and showed no appreciable differ-
ence in terms of accuracy as compared with fitting to the simplified
Eqs. (22)–(25). This is a consequence of the high degree of crystal-
linity of the fiber, which was found to be as high as ac > 99%,
according to Eq. (2). The Herman’s orientation parameter was also
determined according to the fitting procedure as hP2ðcosbÞi = 0.97,
thus confirming the very high degree of axial alignment of the
UHMWPE lamellae in the fiber structure. This point will be dis-
cussed in comparison with data retrieved on biomedical grades
of UHMWPE in Section 4.3. The results of a least-square fitting
for the UHMWPE fiber are also shown in Fig. 3a–d for parallel
Fig. 2. Raman spectra collected in parallel (a) and cross (b) polarization geometry, as a
crystallinity and molecular alignment. Vibrational modes are labeled on the spectra, acc
and cross polarization, respectively. In this context, it should be
noted that, with applying the angular rotation analysis at a fixed
location with n different v angles in the interval 0 6 v 6 p

2, one
might obtain a system of 4n independent equations. When apply-
ing Eqs. (30) and (31) to the fiber structure, we come across a total
of seven unknown parameters, namely four Raman tensor ele-
ments (i.e. a, b, c, and f), one unknown Euler angle, u, and two or-
der parameters (i.e. hP2ðcosbÞi and hP4ðcosbÞi), whose constants A,
k2 and k4 can in turn be obtained according to Eqs. 26, 33, and
34. By considering that two instrumental constants are also in-
volved with the calculation, a total of nine unknown parameters
must be determined. It follows that a number of angular assess-
ments n P 3 is needed to retrieve the unknown parameters (i.e.
we have made n = 18 measurements in the interval 0 6 v 6 p

2 as
shown in Fig. 3(a and b). The fitting procedure led to the determi-
nation of values, a = �0.762, b = �0.944, c = 0.240, and f = 0.622 for
the elements of the Raman tensor. Note that such tensor elements
are generally valid parameters for the studied crystal structure,
while the other parameters obtained by fitting vary with the mea-
surement location. From the practical side, the availability of the
fiber sample enabled us to experimentally calibrate from Raman
spectral intensities a set of four Raman tensor element values that
represent intrinsic properties of the orthorhombic structure of
UHMWPE. The knowledge of such intrinsic parameters greatly re-
duces the number of unknown parameters to be assessed in setting
general equations with the aim of unfolding unknown patterns of
local molecular orientation in UHMWPE components (i.e. as shown
function of in-plane rotation angle, v, for the UHMWPE fiber with high degree of
ording to Table 1.



Fig. 3. Experimental plots of the angular dependence of Raman scattering intensities for the orthorhombic structure of UHMWPE. Each plot is representative of Raman
spectra averaged over an area of 5 � 104 lm2. In (a–d), we plotted dependences for parallel and cross polarization modes, respectively. Different symbols are used to
represent the fiber sample, the unused acetabular cup and both main wear and non-wear zones in the cup retrieved after 10.3 years (cf. symbols in legend). Lines represent
the respective least squares fitting curves obtained with using trial functions as described in the text.
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in the following section). We also obtain here a quantitative confir-
mation about the high crystallinity and the high degree of uniaxial
orientation of the UHMWPE fiber sample, which we will then con-
sider as a reference model structure in comparison to the studied
UHMWPE biomedical samples.

4.2. Molecular orientation on the surface of retrieved UHMWPE
acetabular cups

As a practical application of the Raman polarization technique,
we now attempt to visualize the crystallinity and the near-surface
molecular orientation in four UHMWPE acetabular cups retrieved
after different periods of in vivo exposure, according to a spectral
mapping procedure applied to both their main wear and non-wear
zones. For comparison, maps were also collected at similar loca-
tions in an unused UHMWPE acetabular cup. The fraction of crys-
tallinity was evaluated at each location of the maps according to
Eq. (2). On the other hand, a computer program was also set up
to calculate the mean molecular orientation of the orthorhombic
cell in the Raman probe at each location of the maps and its distri-
bution function (i.e. this latter function is discussed in detail in Sec-
tion 4.3). Angular in-plane rotation was performed at each location
to retrieve both orientation angles and distribution functions
according to Eqs. (18)–(21), (30), (and) (31). For solving the above
equations, a total of eleven unknown parameters, namely six
Raman tensor elements (i.e. a, b, c, d, e, and f), three unknown Euler
angles, (h; u; v), and two order parameters (i.e. hP2ðcosbÞi and
hP4ðcosbÞi), need to be determined (the constants A, k2 and k4 can
be obtained from Eqs. 26, 33, and 34). Note that the instrumental
constants are now known from experiments on the fiber sample
that were performed using the same optical setup. Accordingly,
one needs a series of n P 3 angular assessments at each location.
Similar to the case of the fiber sample, we performed 18 measure-
ments with different v angles at each location (as shown in
Fig. 3a–d). In the attempt of minimizing the experimental and
computational time, we have followed the following procedure.
We made a full set of rotation angles at three to five locations
(i.e. from 0� to 180� by incremental steps of 5� for a total of 18 Ra-
man spectra for each rotation experiment in the interval 0 6 v 6 p

2)
and run the full computer routine to obtain the full set of Raman
tensor elements for the structure. According to these preliminary
data, we confirmed the values of a, b, c, and f already obtained from
the experiments on the UHMWPE fiber and, in addition, we newly
retrieved the missing values of �0.403 and �0.849 for the d and e
elements of the Raman tensor, respectively. With the knowledge of
the full set of Raman tensor elements, we were then left with five
unknown parameters (i.e. three Euler angles and two order param-
eters) at each location, for whose determination only three Raman
spectra per each polarization configuration from different in-plane
angles were needed. Figs. 4a–e and 5a–e show typical maps
(100 � 100 lm, in dimension) of crystallinity and molecular orien-
tation patterns, respectively, as collected at the same locations for
both wear and non-wear zones. In the above figures, maps in (a),
(b), (c), (d), and (e) refer to the unused cup, and to cups retrieved
after 2.4, 2.8, 10.3, and 12.2 years, respectively. In the maps of
Fig. 5a–e, an orientation of the c-axis corresponding to v = 0 is taken
in correspondence of a straight line separating the anterior–superior
(A–S) zone of the cup from its posterior–inferior (P–I) zone (i.e. the
axis shown in Fig. 5). Positive angles are then counted anti-clock-
wise. Fig. 6a–e displays histograms of crystallinity, ac, and of molec-
ular orientation angle, v, which are representative of the full set of
statistical data collected on five 100 � 100 lm maps per each zone
of each cup. The salient features revealed by a comparison among
maps and histograms in Figs. 4–6 can be listed as follows:

(i) The statistical trend for the degree of crystallinity in the un-
used cup was uniformly represented (i.e. over the entire surface of



Fig. 4. Typical maps of degree of crystallization, ac, as revealed by Raman scattering intensities on selected areas of the four investigated retrievals in comparison with the
unused acetabular cup. Left and right sides of each retrieved cup are from non-wear and main wear zones, respectively. In analogy, maps were collected at two similar
locations also in the unused cup.
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the cup) by a relatively broad distribution, whose mean value was
determined as about 54%. However, as a general trend, all crystal-
linity histograms of the in vivo exposed cups appeared to be
smeared over a much wider interval of ac values. As a result, the
mean values were only slightly shifted towards higher fractions.
Irrespective of exposure time in vivo and of whether they belonged
to main wear or non-wear zones, the ac histograms collected on
the bearing surface of the UHMWPE cups appeared significantly al-
tered by in vivo implantation with the formation of ‘‘hot spots” of
crystallinity reaching values as high as 80–85%.

(ii) The unused cup showed a weak pattern of molecular align-
ment on its surface, with a quite low value of Herman’s parameter,
hP2ðcosbÞi = 0.40 (cf. histogram in Fig. 6a, Table 2, and the periodi-
cal plots of the angular dependence of Raman intensities in Fig. 3a
and b in comparison with that of the highly oriented fiber struc-
ture). The partial alignment was most likely a consequence of the
manufacturing process.

(iii) Unlike the unused cup, the distribution of the in-plane
molecular orientation angle, v, on the surfaces of the retrievals
was always bimodal. In other words, the exposure in vivo appeared
to introduce a new population of oriented orthorhombic lamellae
sharply clustered at orientation angles around 30�. This new angular
population grew at the expenses of the originally homogeneous
angular population oriented at around 68� as observed in the unused
cup. The strongly bimodal character of the angular distribution was
a feature common to all maps collected on retrievals as can be easily
perceived by the conspicuous absence of grey zones (i.e. the pre-
dominance of black and white regions) in the related maps.

(iv) Black regions in the maps of angle, v, represent the original
orientation of the orthorhombic cell on the cup surface after man-
ufacturing. While the distribution of white regions appeared to be
random on the analyzed surfaces, the molecular alignment within
those zones conspicuously differed from the direction of sliding
displacements (gait motion) at the contact surface between femo-
ral head and acetabular cup (cf. displacement and c-axis orienta-
tion directions in Fig. 4) during walking. This is an important
feature, which suggests that also secondary motions (e.g. torsions)
play an important role on surface molecular alignment. Analyses of
local orientation distribution in non-wear zones showed that the
black regions maintained quite low values of the Herman’s param-
eter (i.e. in the narrow range 0:4 6 hP2ðcosbÞi 6 0:47, as in the case
of the unexposed material. The low degree of alignment in non-
wear zones can be also confirmed by comparing the angular
dependences of Raman intensity in these zones with those in the
unused cup (cf. Fig. 3a and b). Interestingly, as far as main wear
zones were concerned, white regions in the v maps often (but
not necessarily) corresponded to highly crystallized regions, while
no such relationship could be observed in the non-wear zones, de-
spite also showing some increase in degree of crystallinity as com-
pared to the unused cup. In the main wear zones the angular
dependences of Raman intensity were more pronounced (cf.
Fig. 3a and b) and white areas in the v maps could locally reach
hP2ðcosbÞi values as high as 0.90.

(v) No clear trends for an increase in both crystallinity and Her-
man’s parameter as a function of in vivo exposure time could be
obtained in this study. In particular, the long-term retrieval in Figs.
4e and 5e showed significantly lower degrees of crystallinity and
molecular alignment as compared with the other long-term retrie-
val in Figs. 4d and 5d. The values were comparable with those of
the short-term exposed cups. While a lack of statistics hampers



Fig. 5. Typical maps of molecular orientation patterns as revealed by polarized Raman scattering intensities on selected areas of the four investigated retrievals in comparison
with the unused acetabular cup. Left and right sides of the maps in the retrieved cups are from non-wear and main wear zones, respectively. In analogy, maps were collected
at two similar locations also in the unused cup. Full and broken lines drawn on each retrieved cup represent the approximate direction of gait motion and the mean molecular
orientation direction detected in the white areas of the maps, respectively. The arrowed rotation indicates a secondary displacement by torsion that might be at the origin of
the observed molecular alignment.

3592 Y. Takahashi et al. / Acta Biomaterialia 6 (2010) 3583–3594
any final conclusion regarding the relationship between the degree
of crystallinity/alignment and in vivo exposure time, we can only
speculate here that the presumed lower activity of a 60 year old fe-
male patient vs. that of a 49 year old male patient could be, for
otherwise exactly the same type and size of implant, the reason
for the observed structural differences.

Despite such a lack in statistics, the experimental data clearly
suggest that the observed variation of structural patterns in the
main wear zone, namely both the fractional increase of ortho-
rhombic lamellae population and their clustering around an ori-
entation different from the direction of gait motion in the hip
joint, visualizes the occurrence of wear damage on the UHMWPE
bearing surface. In other words, the highly crystallized/aligned
zones (i.e. the ‘‘hot spots” observed in the ac maps) are formed
as a result of prolonged and repetitive sliding motion of the fem-
oral head along the direction of gait motion and are likely to de-
tach from the surface, thus becoming wear debris (in agreement
with the phenomenological description given in previous litera-
ture [30]). A full description of the depth along the sample sub-
surface to which such a structural changes might occur in vivo
is beyond the scope of this paper and will be the subject of a
forthcoming paper. However, preliminary data obtained by shift-
ing the focal plane of the confocal probe along the sub-surface of
the acetabular cups (i.e. with steps of 1 lm) revealed detectable
spectral variations (i.e. toward the original structure of the unex-
posed material), starting from a depth z0 = 5–8 lm, while the full
restoration of the original structure occurred from depths at
around 20 lm.
4.3. Degree of alignment on the surface of retrieved UHMWPE
acetabular cups

Average orientation distribution functions, as obtained for the
non-wear and main wear zones of the long-term retrieval in Figs.
4d and 5d and the short-term retrieval in Figs. 4c and 5c, are plot-
ted in Fig. 7. For comparison, the functions retrieved for the fiber
sample and for the unused cup are also shown as an upper and
lower boundary for the degree of orientation of a UHMWPE struc-
ture, respectively. All the parameters characterizing the orientation
distribution functions are explicitly listed in Table 2. The plots in
Fig. 7 are representative of about 2200 spectra over a total area
of �105 lm2 per each zone of the investigated cup. The degree of
alignment can be clearly visualized by the narrow peak centered
at b = 0; the higher the peak the higher the degree of alignment.
Results confirm that the probability of finding UHMWPE lamellae
oriented along the direction of gait motion in the hip joint was
the highest in the main wear zone of the cup sample exposed for
a long time in vivo, although such a degree of orientation was far
from reaching the extremely high value found for the UHMWPE fi-
ber along its long axis. On the other hand, some increase in the de-
gree of alignment was visible upon exposure in vivo even in the
conspicuous lack of mechanical load (i.e. in the non-wear zone),
as compared with the unused cup (i.e. hP2ðcosbÞi = 0.58 vs. 0.40).

From a general perspective, the present structural analysis by
Raman spectroscopy confirms and quantifies how the degree of
alignment of the orthorhombic structure on the surface of in vivo
exposed UHMWPE acetabular cups depends on loading history,



Fig. 6. Histograms of the degree of crystallinity, ac, and of c-axis orientation angle, v, for both main and non-wear zones of short-term and long-term retrievals as compared
with the as-manufactured material. Note the homogeneous structure of this latter sample in both anteroinferior and posterosuperior zones (in (a) and (f), respectively). Each
histogram is representative of a surface area of 5 � 104 lm2.

Table 2
Numerical parameters characterizing the orientation distribution functions plotted in
Fig. 7.

Sample hP2ðcosbÞi hP4ðcosbÞi A k2 k4

Fiber 0.97 0.92 3.29 � 10�9 �10.00 �10.00
Main wear zone

<long-term>
0.88 0.78 7.51 � 10�4 �1.70 �5.00

Main wear zone
<short-term>

0.73 0.60 3.18 � 10�3 �1.65 �3.00

Non-wear zone 0.58 0.44 5.94 � l0�3 �1.50 �2.00
Unused cup 0.40 0.19 9.10 � 10�3 �1.50 �0.65
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and thus suggests that the Herman’s parameter can be seen as a
measure of both cumulative wear history and effective lifetime
in acetabular cups exposed in vivo.
5. Conclusion

Polarized Raman spectroscopy represents a powerful non-con-
tact technique for the characterization of surface orientation pat-
terns in unused and retrieved acetabular cups made of UHMWPE.
In this paper, we explicitly worked out the Raman selection rules
and experimentally calibrated the full set of elements of the Raman
tensor for the orthorhombic structure of UHMWPE. This body of
physical information and properties has been then applied to the
quantitative crystallographic assessment of c-axis orientation of
the orthorhombic cell on the surface of either freshly manufac-
tured or retrieved UHMWPE acetabular cups after different
exposure times in vivo. An effort was made to develop a computa-
tional algorithm, incorporating both Raman selection rules and the



Fig. 7. Orientation distribution functions as calculated from experimental data for
the main wear zones of the 10.3-year long-term retrieval and of the 2.8-year short-
term retrieval are plotted in comparison with the functions retrieved for the fiber
sample and for the unused cup as an upper and lower boundary for the degree of
orientation of a UHMWPE structure, respectively. The functions for the non-wear
zone between the 10.3- and 2.8-year retrievals in their respective non-wear zone
were almost coincident and are represented by the same plot. The ODF function
representing the fiber structure is also plotted for reference in the figure. Each
function is representative of Raman spectra averaged over an area of 5 � 104 lm2.
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orientation distribution function, for the structural analysis of
UHMWPE. This procedure involved an improved analytical ap-
proach using Wigner functions expressed in terms of Legendre
polynomials. Raman assessments based on this algorithm revealed
clear changes in molecular orientation patterns both in main wear
and non-wear zones of hip cup retrievals. Although somewhat
cumbersome from both experimental and computational view-
points, the developed Raman methodology provides direct access
to the appropriate length scale for quantitative structural assess-
ments in UHMWPE, and thus might give scientists and technolo-
gists a chance to experimentally verify the performance and to
rationalize the in vivo lifetime of UHMWPE components for bio-
medical applications.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 4, and 5, are
difficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi: 10.1016/j.actbio. 2010.02.051.
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