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Abstract: With recent improvements to the properties of

ultra-high molecular weight polyethylene (UHMWPE) used in

joint replacements, prosthetic knee and hip longevity may

extend beyond two decades. However, it is difficult and

costly to replicate such a long in vivo lifetime using clinically

relevant in vitro wear testing approaches such as walking

gait joint simulators. We advance a wear test intermediate in

complexity between pin-on-disk and knee joint simulator

tests. The test uses a surrogate contact pair, consisting of a

surrogate femoral and tibial specimen that replicate the con-

tact mechanics of any full-scale knee condyle contact pair.

The method is implemented in a standard multi-directional

pin-on-disk wear test machine, and we demonstrate its appli-

cation via a two-million-cycle wear test of three different

UHMWPE formulations. Further, we demonstrate the use of

digital photography and image processing to accurately

quantify fatigue damage based on the reduced transmission

of light through a damage area in a UHMWPE specimen. The

surrogate contact pairs replicate the knee condyle contact

areas within 23% to 112%. The gravimetric wear test results

reflect the dose of crosslinking radiation applied to the

UHMWPE: 35 kGy yielded a wear rate of 7.4 mg/Mcycles, 55

kGy yielded 1.0 mg/Mcycles, and 75 kGy (applied to a 0.1%

vitamin E stabilized UHMWPE) yielded 1.5 mg/Mcycles. A

precursor to spalling fatigue is observed and precisely meas-

ured in the radiation-sterilized (35 kGy) and aged UHMWPE

specimen. The presented techniques can be used to evaluate

the high-cycle fatigue performance of arbitrary knee condyle

contact pairs under design-specific contact stresses, using

existing wear test machines. This makes the techniques more

economical and well-suited to standardized comparative test-

ing. VC 2015 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 00B: 000–000, 2015.
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INTRODUCTION

Significant progress has been made to improve the mechani-
cal properties of ultra-high molecular weight polyethylene
(UHMWPE) and to reduce its susceptibility to oxidation that
limits its longevity in joint replacement applications. In paral-
lel, implant bearing development practices must ensure that
next-generation implants will fulfill the expectation of
improved durability. In the United States, current life expect-
ancy at age 65, which is the average age of patients receiving
joint replacement surgery, is >17 years.1 However, the cur-
rent practice of implant wear testing in knee and hip joint
simulators2,3 is to limit the tests to 5 million cycles, which is
commensurate with 2–5 years of service dependent on
patient activity level.4,5 Although imperfect, these sophisti-
cated tests6 provide the most clinically relevant in vitro
means of implant durability evaluation because they mimic
the complicated motion of the knee during walking gait. Rou-

tinely extending the tests beyond the current practice of 5
million cycles is prohibitively expensive, and often, unproduc-
tive if it merely extends evidence of an established linear
wear trend. Basic wear tests such as pin-on-disk (POD) tests
have the advantage of using simple specimens and equip-
ment,7 which makes them well-suited for long-term durabil-
ity tests of the material only and not the whole implant
system. However, the contact geometry of the specimens and
the imposed loading and kinematics typically bear little
resemblance to those of implants, which diminishes the rele-
vance of the tests to specific implant designs and to the clini-
cal scenario. Intermediate approaches that balance
complexity with clinical relevance have been developed,8,9

but their typical use has been for comparative tests in which
the superiority of new UHMWPE formulations has been
shown in short durations (<2 million cycles). Such interme-
diate approaches may be essential to cost-effective testing
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that is commensurate with anticipated implant durability
extending to two decades or longer.

In addition, several research articles10–17 have evaluated
wear performance of UHMWPE knee implants using
approaches that are less complicated than knee simulators
and thus are potentially suited to less costly high-cycle, that
is, >10 million cycles, durability testing. A few of these have
incorporated geometric details of knee condyle design. This is
valuable because different designs elicit different contact
stresses under equivalent stances and loading.18 Several
approaches have employed planar articulation of a rigid
indenter with condyle-like, convex geometry against a flat
UHMWPE test specimen. This configuration provides the
advantage of low equipment complexity but the potential limi-
tation that few total knee prostheses have convex-on-flat con-
dyle designs. Van Citters et al. developed a multi-station,
rolling-sliding test rig that articulated convex cylindrical speci-
mens against each other, and they showed that the specimen
geometry and loading yielded a contact stress field in the
UHMWPE specimen similar to that of convex-on-flat condylar
contact.15,19 To date, none of these approaches has evolved to
become a widely adopted and standardized testing practice.
Furthermore, primarily qualitative results have been reported
on fatigue-evoked subsurface cracking that leads to spalling,
which is sometimes called “delamination,” and is a common
failure mode of tibial inserts. Although perhaps sufficient for
comparing two different UHMWPE types differing greatly in
fatigue resistance, such a non-quantitative approach would be
inadequate for critically evaluating competing designs or
materials with closer parity in their durability.

This article attempts to address this problem and
describes a novel approach to testing knee prosthesis contact
pairs for high-cycle durability, relevance to specific designs,
and execution in widely installed, commercially available
wear test equipment. The approach is based on designing a
surrogate contact pair that replicates the contact area of any
complicated contact pair to second-order accuracy.20 We
show the feasibility of this surrogate approach in the context
of knee condyle contact pairs by using quasi-static contact
tests to validate the accuracy of the surrogates compared
with the original contact pairs they represent. Further, we
use 2-million-cycle wear tests to demonstrate the practical
application of surrogate contact pairs in an existing, widely
available, multi-station wear test apparatus. The test evalu-
ates a specific condylar design paired with three different
types of crosslinked UHMWPE. Finally, we demonstrate a
method of quantifying fatigue damage based on the reduced
transmission of light through damage areas in a trans-
illuminated UHMWPE wear specimen.

MATERIALS AND METHODS

Specimen design
Two separate original contact pairs [Figure 1(a), Table I]
representing convex-concave condylar contact of a full-scale
total knee prosthesis were designed. In the original distal
(OD) pair, the convex member represented a distal segment
from the femoral condyle, and in the original posterior (OP)
pair, the convex member represented a posterior segment.

The concave members in both original pairs were identical
and represented the surface of a tibial condyle. The OD pair
simulated condylar contact with the femur posed at a low
flexion angle (e.g., 0�) such as in the highly frequent load
bearing stance of the walking gait. The OP pair simulated
condylar contact at a high flexion angle (e.g., 120�), such as
would occur during squatting or sitting and rising from a
chair. The concave members were made of UHMWPE, and
the convex members were made of stainless steel to approx-
imate the stiffness of cobalt-chromium (Co-Cr), which is the
typical femoral implant material, at reduced expense. The
contact surfaces of all of these original bodies were toroidal
(Figure 1), as defined in more detail by two orthogonal,
principal curvatures at their centers of contact (Table I).
The specific forms and dimensions of the OD and OP con-
tact pairs originated from a design of a contemporary full-
scale, posterior-stabilized, total knee prosthesis, yet the
forms and dimensions were altered slightly to maintain gen-
erality and to protect proprietary design details.

To correspond with each original contact pair, a separate
surrogate contact pair [Figure 1(b)] was designed: a surro-
gate distal (SD) pair and a surrogate posterior (SP) pair.
Each of these contact pairs consisted of a steel spheroid (or
segment thereof) mated with a flat UHMWPE disk. The prin-
cipal curvatures of each spheroid (Table I), at the point of
initial contact, were computed from the principal curvatures
of the original contact pair following our previously devel-
oped theory for designing a surrogate contact pair.20

According to the theory, the surrogate pair will generate a
contact area that replicates, to second-order accuracy, the
contact area of the original pair it represents when both
pairs are loaded identically. The theory was previously vali-
dated with members made of a stiff polymer (ULTEMTM,
polyetherimide)20 and of ceramic and Co-Cr.21

The steel specimens were manufactured on a CNC lathe
and polished to a roughness of Ra 5 40–50 nm. The concave
UHWMPE specimens were machined using a custom-ground
milling cutter in a CNC mill, following a common technique
for tibial implants. The flat UHMWPE specimens were
machined using a diamond-lapped tool in a fly-cutter. The
average roughness of the UHMWPE contact surfaces was
Ra 5 700–800 nm, and they were oriented perpendicular to
the compression-molding direction of the raw material.

FIGURE 1. Schematics of contact pairs created for quasi-static contact

tests.
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Several quasi-static contact tests and a single wear test
were performed using the four contact pair designs, with
several different UHMWPE types, as summarized in Table II
and elaborated in the following sections.

Quasi-static contact tests
Experiments were performed to compare the contact areas of
the original and surrogate contact pairs, with their mating
surfaces pressed together under a normal load in a uniaxial,
electro-mechanical test frame (ELF 3300, Bose, USA). For each
contact pair, one test applied a normal load increasing from 0
to 1,000 N in 1 s and subsequently unloaded back to 0 N in
1 s. A second test applied the same normal loading in 100 s
and unloading in 100 s. The different test durations of 2 s
and 200 s provided validation of the surrogates taking into
account the viscoelastic properties of UHMWPE. A previously
detailed “fingerprinting” technique21 was used to record the
contact area between the stainless steel and UHMWPE speci-
mens. Alignment of the specimens ensured that first contact
occurred on the apices of both bodies for the original pairs,
and on the apex of the spheroid for the surrogate pairs.
The resulting contact area was digitally photographed at
403 magnification with an optical coordinate measuring
machine (Nexiv VMR 3020, Nikon, Japan) and measured to
determine its major and minor diameters and its area.

POD wear tests
Wear experiments were performed with SP pairs in a multi-
station, 2D planar POD apparatus (OrthoPOD, AMTI, USA),
applying a high-stress scenario meant to elicit spalling
fatigue in the UHMWPE specimen. Six identical steel sphe-
roid specimens were fabricated; each was adapted with a

welded stem for fixation in the test machine. Six 7-mm-
thick UHMWPE disk specimens, with two in each of the
g1N2, XL, and VEXL types (described in Table II) were aged
for 2 weeks according to ASTM F 2003. Each contact pair
was articulated along a square path of approximately 10 3

10 mm (see dash-dot line in Figure 2) at a typical 1 Hz gait
frequency. Serum lubricant (20 g L21 protein per ISO
14243-1) which was exchanged at intervals of 500 k cycles.
A 300N normal load was used, to elicit a maximum contact
pressure of �32–37 MPa approximated using Hertzian con-
tact theory. Because the contact area between the specimens
was elliptical, the square wear track yielded a central region
with overlapping contact areas from two opposite sides of
the track, which was subject to multi-directional, reversed
sub-surface shear stresses in the disk. Wear of each speci-
men was measured gravimetrically (ISO 14243-2) at two
intervals, corresponding with the data points in Figure 7.
The wear scars on the UHMWPE disks were examined with
a stereomicroscope (10–403) in reflected and transmitted
light to detect subsurface damage.

Potential subsurface damage was detected and closely
examined on a single radiation-sterilized specimen. The
damage area was quantified by measuring the regions of
decreased light transmission, which are associated with
damage to the UHMWPE, in photographic images of the
trans-illuminated specimen. Figure 3(a) shows the experi-
mental set-up. The POD specimen was back-lit using a fiber
optic illuminator (Fiber-Lite, Bausch & Lomb, USA) and dif-
fusing screen (0.007 mm matte two-sided film, Inventables,
USA). The specimen was secured in a vise and was sur-
rounded by opaque plastic sheeting to block light from

TABLE I. Principal Curvatures (mm21) of the Specimens at Their Initial Contact Points

Femoral Condyle
Original Surrogate

Segment Represented Convex (q1, q2) Concave (j1, j2) Convex (q1, q2) Flata

Distal 0.0345, 0.0582 0.0111, 0.0325 0.0180, 0.00195 0, 0
Posterior 0.0345, 0.2669 0.0111, 0.0325 0.1223, 0.00195 0, 0

Symbols per Figure 1.
a Curvatures of Surrogate “concave” specimens were zero because the specimens were flat.

TABLE II. Use of Contact Pairs and UHMWPE Material Types

Contact Tests Wear Test

Contact pairs OD SP
SD
OP
SP

UHMWPE types Type 2, virgin Type 1 g1N2

XL
VEXL

Type 1 5 GURVR 1020, Celanese, Oberhausen, Germany.

Type 2 5 GURVR 1050, Celanese, Oberhausen, Germany.

g1N2 5 sterilized (25–40 kGy gamma radiation) in N2-filled package.

XL 5 crosslinked by 55 kGy gamma radiation and re-melted.

VEXL 5 GURVR 1020E, Celanese, Oberhausen, Germany (GUR 1020

with 0.1% vitamin E), crosslinked by 75 kGy gamma radiation, not re-

melted.

FIGURE 2. Schematic of a single station of the multi-station wear test

(plan view), showing coordinated indenter and disk motions that cre-

ate an �10 3 10 mm sliding path indicated by the dash-dot line with

arrows showing the sliding direction (drawing not to scale).
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passing around the edges of the specimen, as well as to
block ambient light from entering the area between the
fiber optic illuminator, the camera, and the POD specimen,
as well as between the specimen and the digital camera.

Images were captured with a digital camera (Powershot
ELPH 300 HS, Canon, USA) and digitally processed using
the process illustrated in Figure 3(b). The images were fil-
tered in Matlab using a Wiener filter and edge detection
was subsequently performed using the Canny edge function.
The resulting matrix of edge pixels was sorted into true
damage edges and non-damage edges, caused by noise and
regions of light saturation, based on a threshold of edge
pixel density in the neighborhood surrounding each pixel.
Edge pixel density was defined as the number of edge pixels
(white pixels) divided by the total number of pixels (black
and white pixels) in a given image area. The threshold den-
sity for damage versus non-damage was determined by first
selecting representative damage and non-damage sample
regions of the disk specimen (i.e., damage region exhibited
visible damage and was within contact area; non-damage
region was visually intact and outside of POD contact area).
The maximum edge-pixel density from the non-damage
sample region at the optimal sample size was used as the

threshold density for eliminating non-damage edge pixels.
Once edge pixels outside of the damaged region were elimi-
nated, the outermost remaining edge pixels were selected as
representative of the damage region outline. A spline curve
was fit to these outline pixels and the area within this
spline curve was calculated to represent the area of the
damage region. The damage area in pixels was then con-
verted to mm2 based on a captured scale image.

The damage region was also examined by obtaining
topographic images of the test surface surrounding the
region using a scanning white light interferometer (New-
View 5000, Zygo, USA), and by sectioning through the
region by sawing and then microtoming with a glass knife,
before examining the exposed surface with optical and elec-
tron microscopy.

RESULTS

Quasi-static contact tests
Figure 4 shows that the contact area contours resulting
from contact between the surrogate pairs were generally
elliptic in shape. In the measured contact area, the surrogate
pairs exhibited error in the range 212% to 16%, and in
the major diameter, the error was in the range 23% to
17% (Figure 5). The size of the contact area increased with
the duration of the trials as a result of the viscoelastic prop-
erties of UHMWPE. Asymmetry in the contours from the
original contact pairs resulted from a minor geometric form
error in the disks’ coronal radii, as illustrated in Figure 6.

Wear test and damage assessment
Figure 7 shows the gravimetric wear versus the number of
gait cycles for the different UHMWPE materials. The two
moderately crosslinked UHMWPE types (XL and VEXL) dis-
played similar wear rates (1.0 and 1.5 mg/Mcycles, respec-
tively), which were lower than that of the conventional
radiation-sterilized (g1N2) material (7.4 mg/Mcycles). The
wear tracks created on the UHMWPE disks were similar in
all specimens. A typical example is shown in Figure 8, also
indicating the wear path followed during the POD experi-
ment as a black dashed line. The odd shape of the wear
damage was caused by overlapping of the elliptic contact
area, and by the rotations applied by the test apparatus to
approximate a square track (Figure 2). One radiation-
sterilized specimen showed signs of subsurface damage that

FIGURE 3. Set-up for image capture (a) and schematic of image proc-

essing (b) for fatigue damage area measurement.

FIGURE 4. Example contact areas from quasi-static contact tests,

showing the close similarity between the areas generated by the orig-

inal pairs and those generated by their counterpart surrogate pairs.
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was detected under reflected light as a small, faintly whit-
ened area. Under trans-illumination, the damage was more
noticeable as a small darkened region.

Figure 9 shows an example of quantifying the damaged
area of the UHMWPE specimen after the POD test. The dam-
age region consisted of three distinct dark patches within
an area of approximately 8 3 6 mm [Figure 9(a)]. Also, the
wear track, which was starkly apparent under reflected light
(Figure 8), was essentially invisible under trans-illumination
[Figure 9(a)]. The image capture and processing techniques
successfully isolated each patch and identified its edge con-
tour [Figure 9(a)], resulting in contiguous perimeter spline
fits [Figure 9(a)]. The areas of the three damage patches
[from top to bottom in Figure 9(a)] were determined to be
1.347, 5.078, and 1.808 mm2, respectively.

Figure 10 shows an optical micrograph of a cross-
section of the UHMWPE specimen through the damage
region, obtained by slicing the specimen. No evidence of
cracking or other disruption is observed. Figure 11 displays
the surface topography on the UHMWPE surface that articu-
lated with the surrogate femoral specimen. The texture
closely resembles the dark patches seen under trans-
illumination. These observations suggest that the damage
identified as dark patches was located very close to the sur-
face of the UHMWPE specimen.

DISCUSSION

The first key result is the close correspondence between the
contact areas of the original pairs and their counterpart sur-
rogate pairs, with absolute error at a maximum of 12%, in
both short (2 s) and long (200 s) duration quasi-static con-
tact tests. UHMWPE is a viscoelastic material and Hertzian
contact theory assumes that the materials are elastically
deformed. Nonetheless, the surrogate pairs accurately mim-
icked the contact areas of the original pairs because the cor-
respondence (between surrogates and originals) is based on
the geometry of the mating surfaces rather than their mate-
rial properties. Specifically, the surrogate pairs’ surfaces
replicated the separation between the original pairs’ surfa-
ces to second-order accuracy, with respect to distance from
the initial contact point.20 Hence, the viscoelastic nature of
UHMWPE was not a limitation in the effectiveness of the
surrogate specimens to simulate the contact area of the
original specimens.

Two main sources of error might have influenced the
contact tests. First, the form error in the concave UHMWPE
disks (Figure 6) caused the contact area to be larger on one

FIGURE 5. Quasi-static contact test results for 2 s and 200 s total test durations: (a) major diameter, and (b) contact area. Side-by-side bars

compare corresponding original and surrogate contact pairs.

FIGURE 6. Typical graph of the coronal radius through the center of

the concave disks used in both the OD and OP contact pairs, showing

the nominal form (of a perfect radius) and the deviation of the actual

specimen.

FIGURE 7. Gravimetric wear results with linear fits to emphasize the

lower wear rates of the two moderately crosslinked materials.
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side of the minor diameter than the other, creating asymme-
try in the contact area of the original contact pair. Second,
higher-order geometric discrepancies between the original
and surrogate pairs could have contributed error. Because
the surrogate theory is based on a second-order geometric
approximation, the accuracy is inversely related to the con-
tact area.20

Verification of the accuracy of the trans-illumination-
based damage area measurement method was provided via
visual confirmation of a close correspondence among the
digital images of the dark patches in the UHMWPE speci-
men, the detected edges of those patches, and the spline
curves fit to the edges (Figure 9). The accuracy of the tech-

nique is affected most directly by the camera resolution and
camera distance from the specimen, and it may be improved
through the use of higher-resolution imaging equipment.
Furthermore, the image quality is dependent on light level,
light position relative to the damage region, and camera
angle relative to the specimen. Each of these parameters
requires manual adjustment to optimize the image quality
for a particular specimen. Once the image is captured, the
parameters for the Wiener filter and Canny edge detection
must be tailored to each image. Poor image quality or proc-
essing parameters may lead to incorrect identification of
damage versus non-damage regions, as well as inaccurate
area contour detection and area measurement.

In addition, the damage area measured via this method
was a projection of the true damage area onto the image
plane. For damage such as a crack oriented obliquely to the
specimen surface, the projected area would have been less
than the actual area. In this particular case, the damage was
confirmed to be near-surface via microscopic examination of
a cross-sectional slice through the damage region, so error
due to the projection effect was likely small.

FIGURE 8. Typical wear track on UHMWPE disk from wear test. The

black dashed line indicates the wear path of the centerpoint of the

contact area. Evidence of subsurface damage was detected in one

radiation-sterilized specimen in the white-bordered area.

FIGURE 9. (a) Process of isolating the contours of the damage regions from digital photograph of disk specimen. (b) Example spline fit to dam-

age contour for a portion of one of the three major damage regions (spline points in right image exaggerated for clarity).

FIGURE 10. Optical micrograph (reflected light) of cross-section through

the damage region, showing no evident disruption below the surface.
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This present method improves upon image-based dam-
age measurement methods used in previous research, which
either used back-lit images only for simple confirmation and
illustration of damage22 or relied on hand-tracing to find
the contours of surface damage area in images of implants
lit by indirect lighting (rather than trans-illumination).23,24

The primary improvements of the method presented here
included the use of trans-illumination (rather than indirect
lighting) to highlight subsurface features while rendering
surface damage less visible, and the development of an
automated damage measurement method rather than hand-
tracing. In this study, application of the measurement tech-
nique was limited by the result that only one specimen
exhibited relevant damage.

Previous researchers using intermediate-complexity
wear tests have generated more abundant damage and spal-
ling, extending to several millimeters of depth, in aged,
radiation-sterilized UHMWPE specimens.8,10,12,15,16 The GUR
4150 and GUR 1050 materials examined in all of those pre-
vious studies have molecular weights of �6 3 106 g mol21,
which is greater than the �3.5 3 106 g mol21 molecular
weight of the GUR 1020 material in the wear test of the
present study.25 Moreover, GUR 4150 is no longer used for
orthopedic implants, in part because of suspicions that its
processing additive, calcium stearate, may impair fusion of
the raw material powder and facilitate fatigue damage.25

The lower molecular weight of GUR 1020 comes with fewer
molecular entanglements,26 which makes the material more
ductile.27 This may partly explain why, in spite of being
radiation-sterilized and subsequently aged, the GUR 1020
did not spall in this study. The near-surface location of the

damage is a novel observation, and it provides impetus for
further study of the materials and development of the test
method: a study comparing GUR 1050 with GUR 1020 is
suggested. Another important consideration for long-term
testing is the potential of in vivo fluids to contribute to oxi-
dative degradation of UHMWPE.28

Articulation of a convex–concave knee condyle contact
pair normally requires a multi-dimensional motion trajectory
which includes repetitive cross shear in order not to attenu-
ate the wear modes known as most damaging in total knee
replacement implants. Using a surrogate contact pair to sim-
plify the UHMWPE surface to a plane can simplify the trajec-
tory to 2D, while nonetheless closely mimicking the contact
mechanics of a corresponding full-scale condyle pair. The
repetitive contact stresses elicited during a select, critical seg-
ment of a normal gait cycle could be replicated with high
fidelity using simple surrogate contact pairs in a wear test
apparatus that is far less complicated than a knee joint simu-
lator. This would pave the way to efficient high-cycle durabil-
ity testing of UHMWPE under contact stress conditions that
accurately mimic those of a specific design of a knee condyle
contact pair. In any such simplified wear testing of UHMWPE,
it is important to use motion paths that elicit multidirectional
shear stresses, as caused in this test by the overlapping con-
tact areas from opposite sides of the square wear track. In
this study, the subject of investigation was a posterior-
stabilized knee; yet, in principal, any condylar design can be
represented with the same general type of surrogate contact
pair. Combined with the opportunity to execute the test
method on already-available equipment rather than custom-
made rigs, this makes the method well-suited to standardiza-
tion, which would provide a level basis for comparing the
high-cycle durability of various designs and materials as a
design tool, prior to screening final implant designs on knee
simulators for safety and regulatory verification.

CONCLUSION

We have developed a wear test method of intermediate com-
plexity that represents knee condyle contact stresses much
more accurately than a simple POD test setup would, while
avoiding the major complexity of a knee joint simulator. To
achieve this, we implemented a validated theory for design-
ing an accurate surrogate contact pair, in a wear test that can
be executed in a standard, widely available, multi-station test
machine. Further, we developed a digital imaging and proc-
essing technique for quantifying fatigue-type damage in the
UHMWPE. We anticipate that the newly developed techniques
will be useful for comparing the high-cycle durability of the
most advanced UHMWPE types against one another—in a
standardized method inclusive of the design-specific contact
stresses of prosthetic knees—rather than against older, out-
moded materials.

ACKNOWLEDGMENTS

The authors thank Howard Bush of Orchid Chelsea, Carlyle
Creger of IMDS, and Tyler Bushman of Accutech Machining for
manufacturing the test specimens, and Joe Lucero of Ortho
Development for their CMMmeasurements.

FIGURE 11. Surface topography of the UHMWPE specimen obtained

with white light interferometery (right), with reference to the dark

patches photographed under trans-illumination [from Figure 9(a)].

Topographic height is exaggerated relative to the lateral dimensions

of the image; average roughness is Ra 5 13.7 mm and peak-to-valley is

76.0 mm.
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