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Abstract: The current status of diamond-like carbon (DLC) coatings for biomedical applications is reviewed with empha-
sis on load-bearing coatings. Although diamond-like carbon coating materials have been studied for decades, no indis-
putably successful commercial biomedical applications for high load situations exist today. High internal stress, leading to
insufficient adhesion of thick coatings, is the evident reason behind this delay of the break-through of DLC coatings for
applications. Excellent adhesion of thick DLC coatings is of utmost importance for load-bearing applications. According
to this review superior candidate material for articulating implants is thick and adherent DLC on both sliding surfaces.
With the filtered pulsed arc discharge method, all the necessary requirements for the deposition of thick and adherent
DLC are fulfilled, provided that the substrate material is selected properly.
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INTRODUCTION

Due to their superior wear and corrosion resistance, DLC
coatings have been intensively studied for applications for
several decades. DLC coatings have already been applied in
automotive parts in racing cars and e.g. in diesel injection
systems [1]. A Belgian based multinational company that has
facilities in 120 countries; Bekaert is introducing DLC coat-
ings to mainstream automotive industry. Bekaert offers DLC
coatings [2] (thicknesses usually between 2 to 4 um) with the
trade name Cavidur. They also offer low friction DLC nano-
composite coatings, with the trade name of Dylyn, with “the
best possible combination of anti-stick and wear properties”.
Bekaert has announced to have sold over 500 000 automo-
tive valve train components with Dylyn coatings to an un-
named European carmaker [1]. Nissan recently won a Japa-
nese Excellence award from Japanese Ministry of Economy,
Trade and Industry (METI) for its hydrogen free DLC coat-
ing [3]. Nissan applies its “low friction and highly abrasion
resistant DLC coatings” in the valve lifters of their new Sky-
line and Infiniti G35. However, according to a review on
nanocoatings for engine applications by Dahotre and Nayak
[4], the major shortcoming limiting the working life of DLC
coatings in engine applications is high internal stress and
insufficient coating thicknesses.

As diamond is pure carbon and a natural biomaterial also
diamond-like carbon coatings can be assumed to be as well
biocompatible as hemocompatible. Thus DLC coating
should be the superior material for many biomedical applica-
tions. There are already few companies that are realising the
potential of DLC as a hemocompatible material. Phytis
L.D.A. and KIST. J&L Tech MDMI Canada offer DLC
coated stents and Cardio Carbon Company Ltd is developing

*Address correspondence to this author at the ORTON Research Institute,
Tenholantie 10, FIN-00280, Helsinki, Finland; Tel: +358-9-47482650; Fax:
+358-9-2418408; E-mail: esa.alakoski@helsinki.fi

1874-3250/08

DLC coated artificial heart valve applications. Salahas et al.
[5] recently published a preliminary clinical study from 245
implanted DLC coated Phytis stents. They conclude that
DLC coated stents are associated with high success rates,
safety and efficacy, both in hospital and at 6-month follow-
up after the intervention. However, there is still apparent lack
on commercially applied DLC coatings, especially for load
bearing medical applications. Only few unfortunate attempts
of commercialisation by small companies in search of quick
profits have been made [6]. The main reasons for these fail-
ures have been insufficient coating thicknesses and bad ma-
terials combinations. Thin DLC coatings cannot be expected
to survive when subjected to serious loads, as in artificial hip
joints. According to groundbreaking work by Paul [7], the
peak loads in human joints can be up to 3.4 and 3.9 times
body weight for knee and hip joints respectively.

Classification

Diamond-like carbon (DLC) is a common term for coat-
ings that have at least some diamond sp’ -bonds in their
structure and posses some of the properties of natural dia-
mond. It must be emphasized here that DLC is not a material
but a group of materials with a variety of properties. As crys-
talline DLC coatings are full of grain boundaries, and are
prone to crack formation, this review concentrates on amor-
phous DLC coatings. Amorphous DLC coatings can roughly
be divided in to two groups according to their hydrogen con-
tent, amorphous hydrogenated carbon coatings (a-C:H) and
non-hydrogenated amorphous carbon coatings (a-C). Non-
hydrogenated DLC coatings containing high amount of dia-
mond bonds (sp’ fraction up to 85%, hardness up to HV 80
GPa) are called tetrahedral amorphous carbon coatings (ta-
O).

Coating Methods

The hydrogen content of the coatings is inherent to the
coating method used. Usually a-C:H coatings are deposited
using some hydrocarbon gas such as methane or acetylene as

2008 Bentham Science Publishers Ltd.



44 The Open Orthopaedics Journal, 2008, Volume 2

a precursor using plasma enhanced chemical vapour deposi-
tion (PECVD) methods. A method of producing a-C:H that
has been under very much scrutiny during last years has been
the plasma immersion ion implantation [8-13] and deposition
(PIII + D). In the PIII + D process, target is immersed in
plasma. A pulsed high negative voltage is connected to the
target, inducing ion implantation. The total surface of the
target immersed in the plasma is coated, even without any
sample manoeuvring. This technique should be useful for the
coating of medical devices with irregular geometries. How-
ever, as no evidence of thick coatings deposited with PIII +
D can be found in the literature, the usefulness of the method
for the deposition of load bearing coatings is still doubtful.
According to Chu [14] the plasma energies achieved with
this method are low, so that only thin layer of the sample
surface is treated. The most common ways of preparing non-
hydrogenated DLC coatings are filtered cathodic vacuum arc
(FCVA), pulsed laser deposition (PLD) and magnetron sput-
tering. Of the number of methods of producing DLC coat-
ings only methods with sufficient process yield can be con-
sidered for the preparation for practical load-bearing coat-
ings. Unfortunately, often the information on the process
yield is excluded from publications.

Internal Stress

The evident reason for the adhesion problems of DLCs is
the high internal stress incorporated into the coating during
the violent deposition process. Different approaches have
been taken to solve the problem of stress, such as trying to
relieve stress e.g. by post deposition thermal annealing [15]
or incorporating suitable impurities in the coating during
deposition [16-18], using substrate biasing [19, 20] or by ion
irradiation [21]. These methods are effective at relieving the
stress to at least some degree. The most effective, but some-
what cumbersome way to relieve stress seems to be post
deposition thermal annealing. Friedman ef al. [15] report to
have grown a 10 um thick high quality DLC film with sev-
eral steps of deposition and annealing. Another, more simple
approach of dealing with high internal stresses of DLC coat-
ings is to use suitable substrate materials and plasma accel-
eration. According to studies conducted by our research
group, there are two essential requirements for a substrate
material: its hardness must be below HV 3 GPa and it must
be able to form carbides [22]. We use the filtered pulsed arc
discharge method (FPAD) for the deposition of DLC coat-
ings. We have grown DLC coatings up to thickness of 200
wm [23]. In simulator experiments, our coatings have been
proven to reduce the wear of artificial hip joints by a factor
of 10° compared to currently available materials [23, 24].

Earlier reviews on biomedical applications of DLC coat-
ings can be found in references [25-27]. Roy and Lee [28]
have recently published a somewhat comprehensive review
on the earlier work in biomedical applications of DLC coat-
ings. According to them the results of studies done with
DLC coatings are controversial. As an example, they use a
ten-year clinical follow-up study done with DLC-coated Ti-
6Al-4V implants sliding against polyethylene [29]. In the
follow-up study the failure rate of DLC-coated femoral head
was much higher than alumina femoral head. The failure of
DLC in the follow-up study must be due to insufficient adhe-
sion and thin coatings. Thick adherent coatings simply can-
not fail against polyethylene. However, thick DLC coatings
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can lead to increased polyethylene wear. This is due to the
fact that thick coatings usually have higher surface rough-
ness. When DLC is sliding against DLC, the contact area
gets polished under load and increased wear is not a problem
[23]. In some tribological applications sliding pair composed
of a hard material and a soft material is successful. However,
with load-bearing implants and serum containing fluids as
the lubricating medium, the whole approach of trying to im-
prove the wear resistance by increasing the hardness differ-
ence of the articulating components has proven itself to be
controversial. It must also be noted here that with each step
the current commercial UHMWPE acetabular cups release
approximately 100 000 wear particles to human body [30].
These wear particles are the main reason behind the aceptic
loosening [31] and the eventual revision of the current com-
mercial implants. It is evident that getting rid of the polymer
particles and replacing UHMWPE with a wear resistant ma-
terial, such as DLC, would be extremely beneficial. Thus the
focus of research should be shifted to DLC articulating
against DLC. That is were the real gains are [23, 24].

HEMOCOMPATIBILITY OF DLC

Hemocompatibilty of DLC in vitro has been intensively
studied during recent years. Most hemocompatibility studies
have been conducted with a-C:H coatings. The general trend
in the results of these studies has been that as most other
forms of carbon also DLC has good hemocompatibility.
However, no consensus on factors affecting the hemocom-
patibility has been reached. According to Roy and Lee [28]
no consistent relationship can be found between the hemo-
compatibility and atomic bond structure (sp® -fraction) or the
wettability (surface energy) of the surface. Other factors in-
fluencing the hemocompatibility may be the interfacial ten-
sions between blood and biomaterial, charge transfer from
the protein molecule to the biomaterial surface and the bio-
material surface local texturing [28].

In their recent article Sui ef al [32] found that PIII+D
deposited a-C:H coating (no thickness given) markedly in-
creased the blood compatibility and the corrosion resistance
of NiTi shape metal alloy. According to them the formation
of thrombus is correlated with electron transfer from the in-
active fibrinogen to the surface of the biomaterial. Insulating
materials with high electrical resistivity, such as DLC, in-
hibit electron transfer and thus decrease the probability of
thrombus formation.

Doping with different elements has been proposed for the
improvement of the hemocompatibility of DLC. According
to Kwok et al. [33] the blood compatibility of DLC can be
enhanced by doping the film with phosphorus. In in vitro
platelet adhesion tests they found an optimal concentration
of phosphorus that seemed to minimize platelet adhesion.
The sample with minimum platelet adhesion had also the
smallest interfacial energy with water. The coatings used
were very thin (thickness 20-30 nm) and deposited with
PIII+D. Andara ef al. [34] studied the hemocompatibility of
DLC-Ag and DLC-Ti composite films and unalloyed DLC
films deposited with PLD (their coating thicknesses were
approximately 60 nm). In platelet adhesion tests dense net-
works of fibrin and densely aggregated platelets were ob-
served on the surfaces of DLC-Ag and DLC-Ti coatings. On
the other hand unalloyed DLC films did not exhibit fibrin or
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platelet aggregation during testing, suggesting low tendency
to thrombus formation and excellent hemocompatibility.
Hasebe et al. [35] report that the thrombogenicity of DLC
can also be reduced by doping with fluorine. Their coatings
were 40-50 nm thick and deposited with radio frequency
plasma enhanced CVD. It is believed that surface roughness
is a key factor in influencing thrombogenicity [36, 37].
However, Hasebe and co-workers [35] found no significant
differences in the platelet-covered area of three F-DLC sam-
ples with surface roughness ranging from 4.1 nm to 97 nm.
So at least at that roughness range the effect of roughness on
the thrombogenicity of F-DLC surface is in doubt.

Maximal adsorbed albumin/fibrinogen ratio is thought to
lead to reduced thrombogenesis characteristics of a biomate-
rial surface. Surfaces that have higher surface energies
(lower contact angles) tend to show higher affinity to albu-
min than surfaces with low surface energies (higher contact
angles). However, some authors have also found reduced
thrombogenicity on hydrophobic DLC surfaces [14, 38, 39]
such as F-DLC. Ma ef al. [40] tested two a-C:H coatings and
one ta-C coating, and do not give the thickness of their coat-
ings. They found that increasing the hydrogen content of the
DLC coating leads to lower albumin/fibrinogen ratio. In-
creasing the hydrogen content also improved macrophage
attachment. All DLC coatings in their experiments showed
higher albumin/fibrinogen ratio than control materials, sili-
con and Thermanox™ (chemically resistant polymer treated
for enhanced cell attachment and growth). The highest albu-
min/fibrinogen ratio was on ta-C. Furthermore, ta-C showed
higher macrophage attachment than the a-C:H coatings. The
DLC coatings induced no toxic effects on the attached
macrophages.

BIOCOMPATIBILITY OF DLC

Most biocompatibility studies concerning DLC are con-
ducted with a-C:H coatings. In fact Roy and Lee do not men-
tion a single biocompatibility study on ta-C in their review
[28]. According to Roy and Lee a-C:H films tend to promote
the growth and adhesion of cells without inducing any toxi-
cological effect. Studies on the biocompatibility of non-
hydrogenated DLC coatings can be found. Some recent
hemo- and biocompatibility studies conducted with non-
hydrogenated DLC or ta-C are compiled in Table 1. Accord-

Table 1.
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ing to Salguereido ef al. [41] moderately hydrophilic sur-
faces induce more favourable cell response than hydrophobic
surfaces. In their experiments, MG63 osteoblast-like cells
showed poor adhesion on “magnetron sputtered continuous,
homogenous and adherent DLC coating” (substrate silicon
nitride, no coating thickness given). The surfaces induced no
toxic effects on the attached cells. Salguereido and co-
workers conclude that DLC coatings are attractive to be used
on articulating surfaces of load bearing implants. Bendavid
et al. [42] have recently studied a-C:H and Si -doped a-C:H
films deposited with PACVD method. Silicon is supposed to
enhance the antithrombogenicity of a-C:H by inhibiting fi-
brinogen activation. MG63 osteoblast-like cell attached and
grew well on both surfaces. The surfaces induced no toxic
effect on the cells. Meunier ef al. [43] compared the cyto-
compatibility of a-C:H (thickness 160 nm) and ta-C (thick-
ness 200 nm) coatings deposited with FCVA. The hydrogen-
ated coatings were obtained by introducing methane in the
vacuum chamber. These coatings influenced neither the
morphology nor the early adhesion behaviour of MC3T3-El
osteoblast-like cells and indicated optimal surfaces for cell
adhesion. No difference between the biological response of
the hydrogenated and non-hydrogenated coatings was found.
Kinnari ef al. [44] studied bacterial adhesion (Stafylococcus
aureus, Stafylococcus epidermidis) and the adhesion of hu-
man colon adenocarsinoma CACO-2 cells on novel DLC-
PTFE-h coating, ta-C, titanium and thermally oxidized silica.
The DLC-PTFE-h and ta-C coatings were deposited with
FPAD method. The authors found statistically significant
reduction in adhesion of stafylococci on DLC-PTFE-h.
CACO-2 cells adhered and grew well on all samples. The
surfaces induced no cytotoxic effects on the cells.

In vivo studies on DLC coated implants are scarce, but
those conducted thus far have shown no adverse reactions to
DLC coatings. Allen et al. [45] tested DLC coatings depos-
ited on CoCr alloy samples in intramuscular implantations of
Sprague-Dawley rats and transcortical implantations on
skeletally mature ewes. They found no evidence of acute
inflammatory reactions or cellular necrosis. Mohanty et al.
[46] studied DLC coated titanium implanted in skeletal mus-
cle (paravertebral muscles along both sides of the spine) of
rabbits. Their coating method was plasma enhanced CVD
and coating thicknesses were 1-4 um. Samples explanted

Recent Biocompatibility and Hemocompatibility Studies Conducted with Non-hydrogenated DLC/ta-C

Study

Result, Coating Type, Deposition Method

Static bacterial and CACO-2 cell adhesion, in vitro Kinnari et al. [44]

Statistically significant reduction in adhesion of stafylococci in DLC-
PTFE-h. CACO-2 cells adhered and proliferated well. No cytotoxic
effects on the cells, ta-C, FPAD

Albumin/fibrinogen adsorption, macrophage attachment, in vitro, Ma et al. [40]

High albumin/fibrinogen ratio, higher macrophage attachment than
controls, non toxic to macrophages, ta-C, FCVA

MG63 osteoblast-like cell adhesion in vitro, Salguereido et al. [41]

Poor adhesion of the cells, however adherent cells displayed normal
morphology on the surface, non-H DLC, magnetron sputtering

Platelet adhesion test in vitro, Andara et al. [34]

Unalloyed DLC films did not exhibit fibrin or platelet aggregation
during platelet rich plasma testing, ta-C, PLD

Cytocompatibility with MC3T-E1 osteoblast-like cells Meunier ef al. [43]

No influence on the morphology or early adhesion behaviour of cells,
ta-C, commercial FCVA

In vivo test, subcutaneous tissue of SV129 mice (6 mths), Lavann ef al. [48]

Mild tissue reactions constrained to the area of injection or implanta-
tion, ta-C, PLD
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after 1, 3, 6 and 12 months showed no evidence of delamina-
tion or release of DLC particles to surrounding tissue. The
tissue response to DLC indicated that DLC was biocompati-
ble with skeletal muscle of rabbits. Uzumaki et al. [47] im-
planted DLC coated cylinders made of Ti-13Nb-13Zr into
both muscular tissue and femoral condyles of Rattus Nor-
vegius. Their coating method was plasma immersion with
methane plasma and coating thicknesses were approximately
1 um. According to a histological analysis the coatings were
well tolerated in both types of implantation. La Van et al.
[48] have published the only in vivo study done with ta-C
coatings that can be found in the literature. They deposited
400-600 nm thick coatings on both sides of polished silicon
wafers using PLD and micromachined the wafers into parti-
cles. They also used rapid thermal annealing to reduce the
internal stress of the coatings. After six months of implanta-
tion they found benign in vivo tissue response to ta-C in
subcutaneous tissue of SV129 mice. No in vivo studies with
animals using DLC coated articulating implants was found.

LOAD-BEARING IMPLANTS

Many papers report studies on DLC coatings sliding
against UHMWPE. Such studies have been done with pin-
on-disk testers [49, 50] and with hip [49, 51-53] and knee
joint simulators [54, 55]. The common trend in these studies
is that when the experiments are done in saline solution or
water the wear resistance seem to improve somewhat. How-
ever, when simulated body fluid, synovial fluid or e.g. calf
serum is used no significant improvement compared to un-
coated control samples can be seen. In pin-on-disk tests
sometimes a protective transfer layer [56, 57] is produced
from DLC to the UHMWPE surface. With protein contain-
ing lubricants and real loads (the loads used in hip simulators
can be up to 3kN [24]) the formation of such layers is evi-
dently inhibited.

Osterle et al. [58] published recently a pin-on-disk study
comparing the wear of several a-C:H coatings (thicknesses
1.7-2.7 um), ta-C (thickness not given) and other standard
hard coatings obtained from commercial coating services.
They used an alumina pin as the sliding counterpart in the
experiments. According to them a-C:H (nanoindentation
hardness similar to alumina) displayed the lowest wear espe-
cially with increased hydrogen content. However, after initial
tests they excluded ta-C from further experiments due to
extensive alumina ball wear. High wear of alumina is hardly
surprising as ta-C is significantly harder than alumina. With
a ta-C coated ball such wear should not occur.

Only few studies have been made with DLC sliding
against DLC. The results of these studies are extremely
promising. Reuter et al. [59] conducted pin-on-disk studies
on five commercially available DLC coatings (thicknesses 1-
3 wm) with pin and disk both coated with DLC. The found
the lowest wear with the highest quality (ta-C) coating.
However, they also found low wear with the two lowest
quality (metal doped a-C and metal doped a-C:H) DLC coat-
ings tested. Sheeja ef al. [60] studied DLC coated Co-Cr-Mo
sliding against DLC coated UHMWPE, with a pin-on-disk
apparatus (the coating thicknesses were 2 um and 6 um, re-
spectively). They used a FCVA system with substrate bias-
ing for the deposition of the DLC coatings. The hardness of
the DLC coating was relatively low, only HV 28 GPa (hard-
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ness of ta-C can be up to HV 80 GPa). They found that DLC
coating on both sliding surfaces decreased the wear of the
UHMWPE pin by a factor of 10* compared to uncoated
UHMWPE pin sliding against Co-Cr-Mo disk. The test was
done in simulated human serum. Sheeja and co-workers con-
cluded that adhesive and thick DLC coating on both sliding
surfaces of the Co-Cr-Mo/UHMWPE implants could be a
choice to prolong the life of implants. They admit that much
more experiments in a hip simulator, with real loads and a
suitable lubricant medium are needed. However, when con-
sidering real loads the thicknesses of their coatings still seem
insufficient. Also the violent coating process may have ad-
verse effects on the UHMWPE/DLC interface.

Our research group has extensively studied DLC coatings
since the late 80’s [22-24, 44, 49, 61-74]. During last 10
years our focus of research has been on ta-C articulating
against ta-C. In our studies the ta-C/ta-C sliding interface has
shown its superiority in pin-on-disk experiments [23, 49] and
in experiments conducted with a custom-made hip joint
simulator [23, 72]. In experiments with an accredited Shore
&Western hip joint simulator with bovine serum as a lubri-
cating medium, a 60 um thick ta-C coating on both inter-
faces reduced the wear of hip implant by a factor of 10°
compared to commercially available materials [24]. It must
also be emphasized that this is an estimation of the maxi-
mum wear, as wear in the experiments was near the detection
limit. Excellent adhesion is achieved in the system by using
high plasma energies in the beginning of the deposition
process, so that sufficient interfacial mixing can be achieved
[22, 61, 64]. Also, as mentioned earlier the substrate material
must be a carbide former and its hardness must be below HV
3 GPa. Unfortunately proper substrate materials usually have
a native oxide layer on their surface. This surface oxide has
to be removed e.g. by argon sputtering if adhesive films are
to be deposited. According to a recent unpublished study by
Tiainen et al. high energy carbon ions are able reduce the
oxide layer. In Fig. (1) the calculated range of 1 keV carbon
ions in silicon is seen. With these energies, easily achievable
in the system, the carbon ions are able to reduce away the
whole, approximately 1.5 nanometers thick, oxide layer [75]
and induce a 15 nm thick interfacial mixing layer, leading to
excellent adhesion.

Recently T.J. Joyce [76] published an ex-vivo case study
on a metatarsophalangeal (MTP) implant with DLC coating
on both its articulating faces. After four years of implanta-
tion the DLC coating had been completely removed from the
entire face of the phalangeal component and from the most
of the face of the metatarsal component. The main failure
mechanism was thought to be corrosion at the coating sub-
strate interface. MTP implant used in the study was made
from cobalt chrome alloy and the coating thickness was ap-
proximately 350 nm. No information on the deposition
method is given. With thin coatings there is a high probabil-
ity of pinholes that provide corrosion paths through the coat-
ing. According our earlier results [23] DLC coatings should
be at least 1 wm thick to significantly reduce the pinhole ef-
fects. Of course a 1 um DLC coating is still very thin. To
withstand the forces present in a human joint the coating
should be at least an order magnitude thicker. Furthermore,
even in theory the cobalt chrome alloy substrate is simply
too hard for the deposition of thick DLC coatings [22] (with-
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Fig. (1). Calculated 1 keV C+ ion range in silicon. The carbon ions reach well beyond the thickness of the native oxide layer shown with the
dashed line in the graph. The simulations were conducted with TRIM (SRIM-2003.26) using 10 fons.

out suitable intermediate layers). Consequently the thin coat-
ing failed under load.

As noted by Hauert [6] in his excellent and well known
review article there have been very few attempts at bringing
DLC commercially available in load bearing implants. A
French company M.ILL SA offered DLC coated titanium
shoulder-joint balls and ankle joints with both the talar and
tibial components made from nitrided AISIZ5 CNMD 21
steel and coated with DLC. However, their DLC coated im-
plants were evidently not a major success story, as the com-
pany went bankrupt and no studies on their implants can be
found in the scientific literature. After bankruptcy, the foun-
ders of M.ILL SA founded a new company called I.Ceram
(Limoges, France), offering orthopaedic implants. Despite
several request for references to their work on DLC coatings,
no additional information was received from I.Ceram.

A sad example of a failure is the Swiss company Implant
design AG that sold the so-called “Diamond Rota Gliding”
knee implant [6]. They brought to market an insufficiently
tested implant without required marketing licences (they
used e.g. the European CE -marking on their products with-
out having obtained licence to do so) [77]. The tibial compo-
nent of their implant was coated with DLC and the femoral
component was made of UHMWPE. After some of their
implants failed in a very short time due partial coating de-
lamination and high wear, the Swiss Federal Office of Public
Health banned the implant. The company went bankrupt and
public lawsuits (Swiss Channel SF TV news 4.10.2001) were
raised against the operating surgeons.

DISCUSSION

The survival of the DLC coating under load is propor-
tional to the square of the coating thickness [78]. This makes
the thickness of the coating of the utmost importance, when
depositing coatings for load bearing applications. Thick coat-
ings make also the probability of existence of pinholes pro-
viding corrosion paths through the coating to the substrate

very low. Such corrosion paths can lead to galvanic effects,
delamination and eventual gradual or catastrophic failure of
the coating. Furthermore, it takes a long time for the lubricat-
ing fluid to diffuse through microscopic pinholes. Moder-
ately thick coating might thus be successful in simulator ex-
periments but fail in vivo. Thus, accelerated simulator ex-
periments should also be done only with thick coatings. Un-
fortunately, often experiments are done with very thin < lum
coatings, and sometime the thickness information is entirely
omitted from publications. This is probably due to the inabil-
ity of the experimentalists to deposit thick well-adhesive
coatings. Of course biocompatibility studies can be done
with thin coatings. However, under severe loads such thin
coatings will most probably fail.

Thicker coatings usually mean also higher surface rough-
ness. Higher surface roughness usually leads to higher wear.
However, with ta-C coatings after the initial polishing of the
surface the wear of coating is practically non-existent. In an
experiment, with a custom-made simulator, a hip joint manu-
factured of AISI316L with a ta-C coating of 60 um with-
stood 100 000 walking cycles under a weight of 1300 kg
without any wear or damage [23]. As DLC is a hard ceramic
material, it is also very important that the fitting of the im-
plant is done carefully and the tolerances are precise. In the
aforementioned experiment the polished contact area of the
implant was only a few square millimetres, due to poorly
done fitting of the implant. Without excellent adhesion the
high peak loads would have destroyed the coating. Even with
this high loads audible squeaking sometimes observed in
some ceramic-on-ceramic implants [79, 80] was not present.

The usual approach nowadays seems to be to select a
substrate biomaterial for testing and then try to coat it with
DLC. Usually the selection is done on the basis of the bio-
logical properties and the biocompatibility of substrate mate-
rial, or simply by selecting a material that has been used be-
fore in biomedical applications. This approach is doomed to
fail, as some biomaterials are simply impossible to coat at
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Table2. Substrate Materials, Maximum Deposition Thicknesses and Deposition Methods Used in Recent Biomedical Application

Studies with DLC Coatings

Substrate Material Thickness Dep. Method Ref.
Co-Cr-Mo, implant alloy 2 um FCVA Sheeja et al. [60]
Ni-Ti, shape memory alloy 0.6 um PHOI+D Liu et al. [9]
Silicon, test substrate 2 um PIII+D Yokota et al. [8]
Silicon nitride (Si;Ny), hard ceramic None given Mag. sputtering Salguereido et al. [41]
Silica glass, test substrate 2 um POI+D Yokota et al. [8]
Ti-13Nb-13Zr, proposed implant alloy 1 um POI+D Uzumaki et al. [47]
Ti-6Al-4V, implant alloy 2.7 um Mag. sputtering Osterle et al. [58]
AISI316L, surgical steel 200 um FPAD Anttila et al. [23]
Cr-Mn-N, steel (P2000)20 % strain hardened 2 um PLD Reuter et al. [59]
UHMWPE Implant polymer 6 um FCVA Sheeja et al. [60]

least with thick coatings necessary for load-bearing applica-
tions. Typical example of this is the work which compared
the wear resistance of DLC coatings deposited on implant
alloys CoCrMo and Ti-6Al-4V with a ring on disk wear
tester [81]. It was found that Co-Cr-Mo is the superior of the
two of these. However, the thickest coatings tested were only
1.2 um thick. According to our experience [22] both these
materials are too hard for the deposition of thick coatings.
Substrate materials used and maximum DLC coating thick-
nesses achieved on them in recent studies are shown in Table
2.

The more practical way to proceed would be to select a
material that is reasonably biocompatible and that can be
coated with thick coatings. One such material is surgical
steel AISI316L. Thick protective coatings will prevent the
adverse effects from the perhaps less biocompatible compo-
nents of the substrate material.

An appealing way of realising the potential of DLC
would be to use DLC on both articulating surfaces of the
new metal on metal resurfacing Birmingham implants. Re-
surfacing implants are used with younger and more active
patients. The procedure conserves patients own bone stock
and the shape of the femoral head of the implant mimics the
shape of the human natural femoral head more closely. Also,
as the resurfacing implant replicates the size of the ball and
socket i.e. the anatomy of the human hip better than the con-
ventional hip replacement the risk of dislocation after the
surgery is smaller [82].

Such ill-advised attempts at bringing to market poorly
tested half completed products, as the “Diamond rota glid-
ing” knee, are very unfortunate. They contribute to preju-
dices against DLC coatings already existing in the medical
implant industry and may thus lead to further postponement
of viable coating applications. At the same time every year
tens of thousands of more patients worldwide will begin to
suffer from the consequences of implant wear and corrosion.

CONCLUSIONS

Although many papers reporting studies on DLC sliding
against UHMWPE have been published, this approach in
improving articulating implants with DLC seems to be a

dead-end. No significant improvements to current materials
have been reported in simulator studies conducted with real
loads and serum containing lubricating fluids. The superior
way of realising the potential of DLC in load bearing im-
plants e.g. shoulder, hip, knee and ankle implants is to use
thick DLC coatings on both articulating surfaces. For the
purpose of depositing thick high quality DLC coatings, only
one method with a proven track record can be found in the
literature, the filtered pulsed arc discharge method. Excellent
simulator results on DLC coated artificial hip joints have
been published already in the late 90’s [23]. It is an ex-
tremely unfortunate fact that these results have not awakened
much interest in the implant industry. It seems that large
implant companies have no comprehension on the impor-
tance of DLC coated implants. Instead, hundreds of thou-
sands of patients will continue suffer from the effects of im-
plant corrosion and wear. It would be of utmost importance
to obtain basic well-tested implant models for testing. The
models should be manufactured from materials, such as
AISI316L, that can be coated with thick DLC coatings.
Unfortunately, for small research groups with limited
resources, obtaining such implant models is extremely
difficult. For a large implant company, with the necessary
interest, there should be no problems in this.

REFERENCES

[1] Kimberley W. Coatings to improve performance; [cited 2008 Janu-
ary 8]. Available from http://www.autofieldguide.com.

[2] Diamond-like coatings; [cited 2008 January 8]. Available from
http://www.bekaert.com.

[3] Excellence award in the second monozukuri nippon grand awards;
[cited 2008 January 8]. Available from http:/www.autospectator.
com/cars/nissan-corporate/.

[4] Dahotre NB, Nayak S. Nanocoatings for engine application. Surf
Coat Technol 2005; 194(1): 58-67.

[5] Salahas A, Vrahatis A, Karabinos, et al. Success, safety, and effi-
cacy of implantation of diamond-like carbon-coated stents. Angiol-
ogy 2007; 58(2): 203-10.

[6] Hauert R. A review of modified DLC coatings for biological appli-
cations. Diam Relat Mater 2003; 12(3-7): 583-89.

[7] Paul JP. Forces transmitted by joints in the human body. Proc Inst
Mech Eng 1967; 181: 8-15.

[8] Yokota T, Terai T, Kobayashi T, Meguro T, Iwaki M. Cell adhe-
sion to nitrogen-doped DLCs fabricated by plasma-based ion im-
plantation and deposition method using toluene gas. Surf Coat
Technol 2007; 201(19-20): 8048-51.



Load-Bearing Biomedical Applications of Diamond-Like Carbon Coatings

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Liu CL, Chu PK, Yang DZ. In vitro evaluation of diamond-like
carbon coatings with a Si/SiCx interlayer on surgical NiTi alloy.
Nucl Instrum Methods Phys Res, Sect B 2007; 257:132-135.

Kwok SCH, Jin W, Chu PK. Surface energy, wettability, and blood
compatibility phosphorus doped diamond-like carbon films. Diam
Relat Mater 2005; 14(1): 78-85.

Huang N, Yang P, Leng, ef al. Surface modification of biomaterials
by plasma immersion ion implantation. Surf Coat Technol 2004;
186(1-2): 218-26.

Uzumaki ET, Lambert CS, Santos AR, Zavaglia CAC. Surface
properties and cell behaviour of diamond-like carbon coatings pro-
duced by plasma immersion. Thin Solid Films 2006; 515(1): 293-
300.

Cheng Y, Zheng YF. The corrosion behavior and hemocompatibil-
ity of TiNi alloys coated with DLC by plasma based ion implanta-
tion. Surf Coat Technol 2006; 200(14-15): 4543-48.

Chu PK. Plasma surface treatment of artificial orthopedic and car-
diovascular biomaterials. Surf Coat Technol 2007; 201(9-11):
5601-06.

Friedmann TA, Sullivan JP, Knapp JA, et al. Thick stress-free
amorphous-tetrahedral carbon films with hardness near that of dia-
mond. Appl Phys Lett 1997; 71(26): 3820-22.

Damasceno JC, Camargo SS, Freire FL, Carius R. Deposition of
Si-DLC films with high hardness, low stress and high deposition
rates. Surf Coat Technol 2000; 133: 247-52.

Tay BK, Cheng YH, Ding XZ, et al. Hard carbon nanocomposite
films with low stress. Diam Relat Mater 2001; 10(3-7): 1082-87.
Chhowalla M, Yin Y, Amaratunga GAJ, McKenzie DR, Frauen-
heim T. Highly tetrahedral amorphous carbon films with low stress.
Appl Phys Lett 1996; 69(16): 2344-46.

Sheeja D, Tay BK, Yu L, Lau SP. Low stress thick diamond-like
carbon films prepared by filtered arc deposition for tribological ap-
plications. Surf Coat Technol 2002; 154(2-3): 289-93.

Chhowalla M, Amaratunga GAJ. Strongly adhering and thick
highly tetrahedral amorphous carbon (ta-C) thin films via surface
modification by implantation. J Mater Res 2001; 16(1):5-8.

Lee DH, Fayeulle S, Walter KC, Nastasi M. Internal stress reduc-
tion in diamond like carbon thin films by ion irradiation. Nucl In-
strum Methods Phys Res 1999; 148(1-4): 216-20.

Anttila A, Lappalainen R, Tiainen VM, Hakovirta M. Superior
attachment of high-quality hydrogen-free amorphous diamond
films to solid materials. Adv Mat 1997; 9(15): 1161-64.

Anttila A, Lappalainen R, Heinonen H, Santavirta S, Konttinen YT.
Superiority of diamondlike carbon coating on articulating surfaces
of artificial hip joints. New Diamond Front Carbon Technol 1999;
9(4): 283-88.

Lappalainen R, Selenius M, Anttila A, Konttinen YT, Santavirta
SS. Reduction of wear in total hip replacement prostheses by
amorphous diamond coatings. J Biomed Mater Res 2003; 66B(1):
410-13.

Cui FZ, Li DJ. A review of investigations on biocompatibility of
diamond-like carbon and carbon nitride films. Surf Coat Technol
2000; 131(1-3): 481-87.

Dearnaley G, Arps JH. Biomedical applications of diamond-like
carbon (DLC) coatings: A review. Surf Coat Technol 2005; 200(7):
2518-2524.

Grill A. Diamond-like carbon coatings as biocompatible materials -
an overview. Diam Relat Mater 2003; 12(2): 166-70.

Roy RK, Lee KR. Biomedical applications of diamond-like carbon
coatings: A review. J Biomed Mater Res Part B 2007; 83B(1): 72-
84.

Taeger G, Podleska LE, Schmidt B, Ziegler M, Nast-Kolb D.
Comparison of diamond-like-carbon and alumina-oxide articulating
with polyethylene in total hip arthroplasty. Materialwissenschaft
und Werkstofftechnik 2003; 34(12): 1094-1100.

Doorn PF, Campbell PA, Amstutz HC. Metal versus polyethylene
wear particles in total hip replacements. Clin Orthop Relat Res
1996; (329): S206-S216.

Harris WH. The Problem Is Osteolysis. Clin Orthop Relat Res
1995; (311): 46-53.

Sui JH, Gao ZY, Cai W, Zhang ZG. DLC films fabricated by
plasma immersion ion implantation and deposition on the NiTi al-
loys for improving their corrosion resistance and biocompatibility.
Mater Sci Eng 2007; 454: 472-76.

Kwok SCH, Wan GJ, Ho JPY, Chu PK, Bileck MMM, McKenzie
DR. Characteristics of phosphorus-doped diamond-like carbon

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

The Open Orthopaedics Journal, 2008, Volume 2 49

films synthesized by plasma immersion ion implantation and depo-
sition (PIII and D). Surf Coat Technol 2007; 201(15): 6643-46.
Andara M, Agarwal A, Scholvin D, et al. Hemocompatibility of
diamondlike carbon-metal composite thin films. Diam Relat Mater
2006; 15(11-12): 1941-48.

Hasebe T, Ishimaru T, Kamijo A, et al. Effects of surface rough-
ness on anti-thrombogenicity of diamond-like carbon films. Diam
Relat Mater 2007; 16(4-7): 1343-48.

Hecker JF, Edwards RO. Effects of Roughness on the Throm-
bogenicity of A Plastic. ] Biomed Mater Res 1981; 15(1): 1-7.
Hecker JF, Scandrett LA. Roughness and Thrombogenicity of the
Outer Surfaces of Intravascular Catheters. ] Biomed Mater Res
1985; 19(4): 381-95.

Hasebe T, Yohena S, Kamijo A, et al. Fluorine doping into dia-
mond-like carbon coatings inhibits protein adsorption and platelet
activation. J Biomed Mater Res Part A 2007; 83A(4): 1192-99.
Jones MI, Mccoll IR, Grant DM, Parker KG, Parker TL. Protein
adsorption and platelet attachment and activation, on TiN, TiC, and
DLC coatings on titanium for cardiovascular applications. J Bio-
med Mater Res 2000; 52(2): 413-21.

Ma WJ, Ruys AJ, Mason RS, et al. DLC coatings: Effects of physi-
cal and chemical properties on biological response. Biomaterials
2007;28(9): 1620-28.

Salgueiredo E, Vila M, Silva MA, et al. Biocompatibility evalua-
tion of Si3N4 substrates for biomedical applications. Diam Relat
Mater 2007; In press.

Bendavid A, Martin PJ, Comte C, ef al. The mechanical and bio-
compatibility properties of DLC-Si films prepared by pulsed DC
plasma activated chemical vapor deposition. Diam Relat Mater
2007; 16(8): 1616-22.

Meunier C, Stauffer Y, Daglar A, Chai F, Mikhailov S, Hildebrand
HF. Comparison of hydrogenated and unhydrogenated carbon films
obtained by FCVA onto Ti6Al4V: Structure, hardness and biocom-
patibility study. Surf Coat Technol 2006; 200(22-23): 6346-49.
Kinnari TJ, Soininen A, Esteban J et al. Adhesion of staphylococ-
cal and Caco-2 cells on diamond-like carbon polymer hybrid coat-
ing. J Biomed Mater Res 2007; In press.

Allen M, Myer B, Rushton N. /n vitro and in vivo investigations
into the biocompatibility of diamond-like carbon (DLC) coatings
for orthopedic applications. J Biomed Mater Res 2001; 58(3): 319-
28.

Mohanty M, Anilkumar TV, Mohanan PV, ef al. Long term tissue
response to titanium coated with diamond like carbon. Biomol Eng
2002; 19(2-6): 125-28.

Uzumaki ET, Lambert CS, Belangero WD, Freire CMA, Zavaglia
CAC. Evaluation of diamond-like carbon coatings produced by
plasma immersion for orthopaedic applications. Diam Relat Mater
2006; 15(4-8): 982-88.

Lavan DA, Padera RF, Friedmann TA, Sullivan JP, Langer R,
Kohane DS. In vivo evaluation of tetrahedral amorphous carbon.
Biomaterials 2005; 26(5): 465-73.

Lappalainen R, Heinonen H, Anttila A, Santavirta S. Some relevant
issues related to the use of amorphous diamond coatings for medi-
cal applications. Diam Relat Mater 1998; 7(2-5): 482-85.

Sheeja D, Tay BK, Lau SP, Nung LN. Tribological characterisation
of diamond-like carbon coatings on Co-Cr-Mo alloy for orthopae-
dic applications. Surf Coat Technol 2001; 146: 410-16.

Affatato S, Frigo M, Toni A. An in vitro investigation of diamond-
like carbon as a femoral head coating. J Biomed Mater Res 2000;
53(3): 221-26.

Dowling DP, Kola PV, Donnelly K, et al. Evaluation of diamond-
like carbon-coated orthopaedic implants. Diam Relat Mater 1997,
6(2-4): 390-93.

Saikko V, Ahlroos T, Calonius O, Keranen J. Wear simulation of
total hip prostheses with polyethylene against CoCr, alumina and
diamond-like carbon. Biomaterials 2001; 22(12): 1507-14.
Dorner-Reisel A, Schurer C, Muller E. The wear resistance of
diamond-like carbon coated and uncoated Co28Cr6Mo knee pros-
theses. Diam Relat Mater 2004; 13(4-8): 823-27.

Onate JI, Comin M, Braceras I, et al. Wear reduction effect on
ultra-high-molecular-weight polyethylene by application of hard
coatings and ion implantation on cobalt chromium alloy, as meas-
ured in a knee wear simulation machine. Surf Coat Technol 2001 ;
142:1056-62.

Grill A. Review of the Tribology of Diamond-Like Carbon. Wear
1993; 168(1-2): 143-53.



50 The Open Orthopaedics Journal, 2008, Volume 2

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Hauert R. An overview on the tribological behavior of diamond-
like carbon in technical and medical applications. Tribol Internat
2004; 37(11-12): 991-1003.

Osterle W, Klaffke D, Griepentrog M, Gross U, Krantz I, Knabe
Ch. Potential of wear resistant coatings on Ti-6Al-4V for artificial
hip joint bearing surfaces. Wear 2007; In press.

Reuter S, Wesskamp B, Buscher R, et al. Correlation of structural
properties of commercial DLC-coatings to their tribological per-
formance in biomedical applications. Wear 2006; 261(3-4): 419-25.
Sheeja D, Tay BK, Nung LN. Tribological characterization of
surface modified UHMWPE against DLC-coated Co-Cr-Mo. Surf
Coat Technol 2005; 190(2-3): 231-37.

Alakoski E, Kiuru M, Tiainen VM, Anttila A. Adhesion and quality
test for tetrahedral amorphous carbon coating process. Diam Relat
Mater 2003; 12(12): 2115-18.

Alakoski E, Tiainen VM. Energy dependence of the carbon plasma
beam on the arc voltage and the anode-cathode distance in the
pulsed arc discharge method. Diam Relat Mater 2005; 14(9): 1451-
54.

Alakoski E, Tiainen VM, Kiuru M. Effect of continuous in situ
cathode polishing on plasma yield and energy in filtered pulsed arc
discharge system. Diam Relat Mater 2006; 15(10): 1677-81.
Alakoski E, Kiuru M, Tiainen VM. A simplified arc discharge set-
up for high adhesion of DLC coatings. Diam Relat Mater 2006;
15(1): 34-37.

Anttila A. Ton-beam induced diamond-like carbon coatings. Struc-
ture-Property relationships in surface modified ceramics, NATO
ASI Series. Kluwer 1989; 455-75.

Anttila A, Salo J, Lappalainen R. High Adhesion of Diamond-Like
Films Achieved by the Pulsed Arc-Discharge Method. Mater Lett
1995; 24(1-3): 153-56.

Aspenberg P, Anttila A, Konttinen YT, ef al. Benign response to
particles of diamond and SiC: Bone chamber studies of new joint
replacement coating materials in rabbits. Biomaterials 1996; 17(8):
807-12.

Kiuru M, Alakoski E, Tiainen VM, Lappalainen R, Anttila A.
Tantalum as a buffer layer in diamond-like carbon coated artificial
hip joints. J Biomed Mater Res 2003; 66B(1): 425-28.

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]
[78]
[79]

(80]

(81]

(82]

Alakoski et al.

Lappalainen R, Anttila A, Heinonen H. Diamond coated total hip
replacements. Clin Orthop Relat Res 1998; (352): 118-27.
Salo J. An Optoelectronic Method for Measurement of Plasma
Beams Generated by the Pulsed Arc-Discharge Method. Nucl In-
strum Methods Phys Res 1995; 95(1): 119-21.
Salo J, Lappalainen R, Anttila A. Energies of Carbon Plasma
Beams in the Deposition of Diamond-Like Coatings with the
Pulsed-Arc-Discharge Method. Appl Phys A-Mater Sci Process
1995; 61(4): 353-55.
Tiainen VM. Amorphous carbon as a bio-mechanical coating -
mechanical properties and biological applications. Diam Relat Ma-
ter 2001; 10(2): 153-60.
Tiainen VM, Lappalainen R, Anttila A. Protection of industrial
sensors with ta-C. Vacuum 2002; 67(3-4): 599-604.
Tiainen VM, Alakoski E, Kiuru M, Soininen A, Anttila A. Energies
and charge-state fractions of carbon plasma ions measured with
Doppler-shifts in the pulsed arc-discharge system. Eur Phys J Appl
Phys 2003; 22(2): 111-14.
Stewart D, Beck B, Thumser U. Growth of native oxide; [cited
2008 January 2]. Available from http:/snf.stanford.edu/.
Joyce TJ. Examination of failed ex vivo metal-on-metal metatarso-
phalangeal prosthesis and comparison with theoretically deter-
mined lubrication regimes. Wear 2007; 263: 1050-54.
Bundesamt fur gesundheit (BAG), Ruckruf der knieprothese dia-
mond rota gliding (DRG). 2001; Bulletin 35.
Callister WD Jr. Materials science and engineering:an introduction.
7th ed. New York; John Wiley & Sons, 2007.
Charnley J. Low friction arthroplasty of the hip. Berlin, Springer
Verlag, 1979.
Walter WL, O'Toole GC, Walter WK, Ellis A, Zicat BA. Squeak-
ing in ceramic-on-ceramic hips. The importance of acetabular cup
orientation. J Arthroplasty 2007; 22(4): 496-503.
Huang SJ, Jeng YR, Liu KF. Sliding wear characteristics of the
diamond-like carbon films on alloy substrates. Wear 2007; 263:
1266-73.
Hip Resurfacing; [cited 2008 January 2]. Available from
http://www.meriter.com/.

Received: January 28, 2008

Revised: February 19, 2008

Accepted: March 10, 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


