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Abstract 

Surface modification of polymers for biomedical applications is a thoroughly studied area. 

The goal of this paper is to show the use of atmospheric pressure plasma technology for the 

treatment of polyethylene  shoulder implants. Atmospheric pressure plasma polymerization of 

methyl methacrylate will be performed on PE samples to increase the adhesion between the 

polymer and a PMMA bone cement. For the plasma polymerization, a dielectric barrier 

discharge is used, operating in a helium atmosphere at ambient pressure. Parameters such as 

treatment time, monomer gas flow and discharge power are varied one at a time. Chemical 

and physical changes at the sample surface are studied making use of X-ray photoelectron 

spectroscopy and atomic force microscopy measurements. Coating thicknesses are determined 

by making use of optical reflectance spectroscopy. After characterization, the coated samples 

are incubated into a phosphate buffered saline  solution for a minimum of one week at 37°C, 

testing the coating stability when exposed to implant conditions. The results show that 

PMMA coatings can be deposited with a high degree of control in terms of chemical 

composition and layer thickness 

Keywords: Dielectric barrier discharge, XPS, plasma activation, plasma polymerization, 

PMMA   
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1. Introduction 

Total shoulder arthroplasty (TSA) is the third most common arthroplasty in the world.[1] It is 

a commonly used treatment for diseases of the glenohumeral joint, such as advanced 

osteoarthritis, rheumatoid arthritis or avascular necrosis.[2] An anatomical TSA mimics the 

anatomy of the shoulder joint and therefore consists of a humeral and glenoid component. The 

humeral component contains a stem and a rounded head or ball, usually made out of titanium 

or cobalt-chromium. The glenoid component is a concave socket made of ultra-high 

molecular weight polyethylene (UHMWPE). The major problem concerning total shoulder 

replacement today is the loosening of these components.[3] Literature states that loosening of 

the glenoid component is occurring more frequently than loosening of the humeral 

component.[1, 3] The fixation of both components has initially been performed by using a 

bone cement, usually a polymethyl methacrylate (PMMA) resin. Nowadays, next to bone 

cement fixation, also metal-backed glenoid components are used. These components are 

based on bone ingrowth fixation and do not need bone cement.[4] However, in spite of these 

metal-backed components and the fact that the glenoid component can come in different 

geometrical designs, e.g. pegged or keeled, the incidence of glenoid component loosening is 

still too high. This is mostly due to the nature of the material that is used. Although 

UHMWPE has adequate mechanical properties, it is an inert and non-polar material. 

Therefore, it is difficult to chemically bind UHMWPE in order to get an adhesive fixation.[5] 

Improving the adhesive properties of medical grade UHMWPE by means of surface 

modification could consequently lead to an improved performance of a shoulder prosthesis. 

Literature shows that research is going into ameliorating the adhesive properties of 

UHMWPE by using, amongst others, radiation methods, gas-phase based treatments or simple 

mechanical abrasion. Radiation methods include ion-, gamma- or electron irradiation. Gas-
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phase based treatments include UV/ozone treatment, corona treatment or glow discharge 

treatment. [5, 6] 

In the past, extensive research, using plasma activation, has been successfully done on the 

improvement of the wettability of polymer surfaces.[7-14] Functional groups, such as 

hydroxyls and alkanoates, are introduced onto the surface, making it more polar and less inert. 

The introduction of these functional groups occurs through a two-step process. Starting with 

the formation of free radicals on the polymer surface during the plasma treatment, it is 

followed by the reaction of these free radicals with the medium that is present. [15-19] Past 

research has shown that the increase in wettability can lead to an increase in cell adhesion and 

proliferation. [12, 20, 21] 

Next to plasma activation, also plasma polymerization is an interesting technique to change 

the properties of a material’s surface. Plasma polymerization is an easy method to produce 

polymer nano-films on a substrate. These plasma polymerized films are pinhole-free, 

completely amorphous, insolvable in most solvents and highly cross-linked, which results in a 

good thermal, chemical and mechanical stability. Plasma polymers also have a strong 

adherence on numerous substrates.[17-19, 22]  

The aim of this study is to use both plasma treatment and plasma polymerization of methyl 

methacrylate (MMA) on an UHMWPE surface to improve its bioactivity and adhesive 

properties. As mentioned before, plasma treatment will turn an inert UHMWPE surface into 

an activated surface. Plasma polymerization of MMA will deposit a plasma-PMMA layer on 

the pre-activated UHMWPE surface. Since this intermediate layer then consists of the same 

material as the bone cement that is used in TSAs, the adhesion between the implant material 

and the bone cement should be improved. Both plasma activation and plasma polymerization 

are performed by using a dielectric barrier discharge (DBD) at medium pressure and 
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atmospheric pressure respectively. DBDs are known for their easy formation of a stable 

discharge and their scalability. The efficiency of medium pressure DBDs has already been 

demonstrated [9-12, 14, 23-25]. The fact that the polymerization process can be performed at 

atmospheric conditions highlights its simplicity.[26, 27] In order to get an insight in the 

modifications made to the surface, a varied set of surface analysis techniques are used. Hence, 

for both plasma methods, static water contact angle goniometry (WCA), Fourier transform 

infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM) and optical reflectance spectroscopy (OPS) are performed. 

2. Materials and methods 

2.1.Chemicals and films 

MMA (99%, 30 ppm MEHQ as inhibitor) was purchased from Sigma-Aldrich and used as 

such. Helium, dry air, argon and nitrogen (Alphagaz 1) were purchased from Air Liquide. The 

salts used to make the PBS solution(sodium chloride (99.8%), potassium chloride (99%), 

sodium hydrogenphosphate (98%), potassium dihydrogenphosphate (98%) and sodium azide 

(99%)) were purchased from Carl Roth and mixed to a pH of 7.4. A roll of UHMWPE film 

with a thickness of 0.5 mm was ordered from Goodfellow Cambridge UK. Samples of 1 cm² 

were cut out for treatment.  

2.2.Plasma methods 

All plasma treatments presented in this paper are performed with a dielectric barrier discharge 

(DBD) reactor, which is schematically presented in Fig. 1. The discharge is generated 

between two circular copper electrodes (Ø: 65 mm), which are both covered with a glass 

plate. The gas gap between these glass plates is 7 mm. The upper electrode is connected to a 

50 kHz AC high voltage source, while the lower electrode is connected to earth through a 

resistor R (50 Ω) or a capacitor C (10 nF). After fixing the UHMWPE sample on the lower 
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glass plate using double sided tape, the plasma reactor is pumped to 0.1 kPa using a rotary 

vane pump and subsequently filled with the gas of choice at 3 slm (standard litre per minute). 

After reaching sub-atmospheric pressure (90 kPa), the plasma reactor is flushed at 3 slm with 

the working gas for 3 min to obtain a controllable gas composition. After this purging step, 

the pressure in the plasma reactor is lowered to 5.0 kPa. At this medium pressure, plasma 

activation is performed with a gas flow of 1 slm and for various treatment times ranging from 

0 s to 1 min, as shown in Table I. 

Plasma polymerization is done on the pre-activated UHMWPE substrates in a second DBD 

reactor, as monomer contamination during the activation step has to be avoided and is 

schematically presented in Fig. 2. The discharge is generated between two circular copper 

electrodes (Ø: 55 mm), which are both covered with a glass plate. The gas gap between these 

glass plates is 3.5 mm. The upper electrode is connected to a 50 kHz AC high voltage source, 

while the lower electrode is connected to earth through a resistor R (50 Ω) or a capacitor C 

(10 nF). After fixing the UHMWPE sample on the lower glass plate using double sided tape, 

the plasma reactor is pumped to 0.1 kPa using a rotary vane pump and subsequently filled 

with He at 3 slm. After reaching atmospheric pressure (100 kPa) the reactor is flushed at 3 

slm with He for 3 min to obtain a controllable gas composition. After the purging step, a 

mixture of He and monomer gas is allowed to flow between the two electrodes. The main He 

flow is controlled using a mass flow controller (MKS Instruments, the Netherlands) and is 

adjustable in the range between 0-10 slm. The monomer is introduced in the gas chamber 

using a glass bubbler containing the MMA monomer, carried by a secondary He flow. The 

monomer flow is also controlled by a mass flow controller (MKS Instruments, the 

Netherlands) and has a range between 0 and 500 ml/min. For the purpose of comparison, the 

total gas flow is maintained at 3 slm. In the following series of experiments, the discharge 

power is kept constant at 30 W, while both treatment time as well as monomer concentrations 
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are varied. For each monomer concentration – 50, 75, 100, 125 ml/min – the treatment time is 

varied between 1 and 5 minutes, using intervals of 1 minute. 

2.3. Electrical characterization 

The DBD is electrically characterised by measuring the applied high voltage and the resultant 

discharge current. The high voltage applied to the upper copper electrode is measured using a 

1000:1 high voltage probe (Tektronix P6015A), whereas for the monitoring of the discharge 

current, the voltage is measured across a 50 Ω resistor, connected in series with the discharge 

reactor to the ground. The obtained waveforms are recorded using a digital oscilloscope 

(Picoscope 3204A) and are visualized and analysed using the included software (Picoscope 6) 

[11]. Fig. 3 shows the Volt – current plots of the discharge for the DBDs sustained in the four 

different gasses used for plasma activation and the one used for plasma polymerization. With 

the exception of the Ar discharge, all plasma for activation are characterized by a filamentary 

discharge. The Ar discharge and the He polymerization discharge are situating themselves 

between a glow and filamentary regime, giving only cause to a few wide peaks superimposed 

onto the capacitive current, guaranteeing a more homogeneous treatment and polymer 

deposition of the sample. The resistor in the set-up can be replaced by a capacitor of 10 nF 

and the voltage across this capacitor is then proportional to the charge stored on the 

electrodes. This latter measurement is widely used to obtain voltage versus charge plots, 

which form Lissajous figures. This figure is used to determine the discharge power, since the 

electrical energy consumed per voltage cycle is equal to the area enclosed by the Lissajous 

figure [28]. The discharge power P is then calculated by multiplying the electrical energy with 

the frequency of the feeding voltage (50 kHz) [28]. The applied discharge power is 

summarized in Table I and is slightly different for each gas. To enable an objective 

comparison between both plasma treatments, the results will be presented as a function of 
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energy density [J/cm
2
]. This value is calculated by multiplying the plasma exposure time with 

the plasma power divided by the area of the electrodes and can also be found in Table I. 

2.4.Surface analysis techniques  

Static contact angle 

The static contact angles of the treated samples are obtained at room temperature, using a 

commercial Krüss Easy Drop system (Krüss Gmbh, Germany) within 5 minutes after the 

treatment. In this paper, drops of distilled water with a volume of 1.0 µL are used as test 

liquid. The contact angle values, shown in this work, are obtained using Laplace-Young curve 

fitting and are the average of 4 values measured over an extended area of the treated samples. 

XPS  

XPS surface analysis of the UHMWPE samples is performed on a PHI Versaprobe II 

spectrometer employing a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 

23.3 W. All measurements were conducted in a vacuum of at least 10
-6

 Pa and the 

photoelectrons were detected with a hemispherical analyser positioned at an angle of 45° with 

respect to the normal of the sample surface. Survey scans and individual high resolution 

spectra (O1s and C1s) were recorded with a pass energy of 117.4 eV and 29.35 eV 

respectively. Elements present on the UHMWPE surfaces were identified from XPS survey 

scans, measuring 3 samples, with 3 points per sample and quantified with Multipak software 

using a Shirley background and applying the relative sensitivity factors supplied by the 

manufacturer of the instrument. Multipak software is also used to curve fit the high resolution 

C1s peaks. The hydrocarbon component of the C1s spectrum (285.0 eV) is used to calibrate 

the energy scale. In a next step, the peaks are deconvoluted using Gaussian–Lorentzian peak 

shapes and the full-width at half maximum (FWHM) of each line shape is constrained below 

1.8 eV. 
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FT-IR  

FT-IR analysis is performed on the UHMWPE samples making use of a Bruker Tensor 27 

(Bruker) spectrometer equipped with a single reflection ATR accessory (MIRacle
TM

, Pike 

technology) using a germanium crystal as internal reflection element. The FT-IR spectra are 

recorded using an MCT-detector (liquid N2 cooled) with a resolution of 4 cm
-1

 and 32 scans 

are made for each sample.  

OPS 

Optical reflectance spectroscopy is done on silicon wafers (Siegert Wafers) making use of a 

Filmetrics F20 (Filmetrics) device. A fitting of an acrylic on SiO2 is used, with air as medium. 

For each condition, 3 samples are measured, with 3 points per sample respectively. Only 

measurements with a fit over 95% are used.  

AFM 

In addition to chemical characterisation, the UHMWPE surface topography and roughness are 

also examined using an XE-70 atomic force microscope (Park Systems). 35 µm scans are 

recorded in non-contact mode with a silicon cantilever (Nanosensors
TM

 PPP-NCHR) and XEP 

software is used for surface roughness analysis after the recorded images are modified with an 

X and Y plane auto-fit procedure. For each condition, 1 sample was measured on three 

different spots per sample. 

3. Results and discussion 

3.1.Plasma activation 

Contact angle measurements 
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Fig. 4 gives an overview of the change in static water contact angle (WCA) of the UHMWPE 

in function of the energy density when treated with the 4 different plasma gasses (dry air, He, 

Ar and N2). At an energy density of 0 there has been no exposure to plasma and the WCA is 

situated around 93°. When exposed to plasma, the WCA quickly decreases until a plateau is 

reached; meaning that the surface is saturated and further treatment no longer leads to further 

chemical modifications. The starting point of this plateau is considered to be the best set of  

treatment parameters for the rest of the research and are summarized in Table II. For each 

gas, the plateau is reached at a different WCA lying between 62° and 43°, which is in close 

agreement with the values found by Borcia et al. [29]. This implies that the chemical 

alterations caused by the plasma are different for each gas. In order to define these alterations, 

XPS measurements are done on the surface to identify the chemical composition. 

XPS analysis 

XPS survey spectra allow to determine the atomic composition of the sample surface, while 

the high resolution recordings of the Cs1 peaks can be fitted as described in the materials and 

methods section. These curve fits give insight in the different chemical bonds between carbon 

and oxygen introduced by the plasma as each bond has a different binding energy. For plasma 

activation literature agrees on the following values: 285 eV for the C-C/C-H bond, 286.7 eV 

for the C-O bond, 287.7 for the C=O bond and 288.9 eV for the O-C=O bonds [14]. A 

schematic depiction of the curve fitting can be found in Fig. 5 (up), while the results of both 

the atomic composition and the curve fitting can be found in Table III. When taking a closer 

look at the atomic concentrations, the following trend can be observed: the higher the 

concentration of oxygen + nitrogen, the lower the contact angle. The curve fitting results in  

Table III show that between 50-75 % of the oxygen is incorporated as C-O bonds, most 

likely resulting in - OH groups on the surface, while the other 25-50% is incorporated as 

O=C-O bonds, resulting in carboxylic acids and ester groups. Even a difference of 1-2% in 
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oxygen incorporation can change the WCA by several degrees. By changing the energy 

density, the amount of incorporated functionalities can easily be varied. 

AFM imaging 

Non-thermal plasma are known to have an effect on surface morphology, even at low 

discharge powers. In order to visualise and quantify these effects, AFM measurements are 

performed on both treated and untreated samples. The results of these measurements are 

collected in Table II. The roughness values (Rq) of the treated samples lie significantly below 

the roughness value of the untreated sample. This smoothing of the samples is caused by the 

etching effect of the plasma [30, 31]. This etching effect also influences the WCA of the 

sample. As stated by Wenzel in 1936: a higher sample roughness enhances the water contact 

angle compared to its smoother counterpart. To put it in other words, if two samples, a 

rougher and a smoother one, are submitted to the same plasma treatment, the rougher sample 

will give cause to a lower WCA compared to the smoother sample  [32, 33]. Together with 

the XPS analysis, this explains why the WCAs of the N2 and Ar treated samples are lower 

than the other ones.  

3.2.Plasma polymerization 

In what follows next, the pre-activated UHMWPE samples, as described in the above 

paragraphs, are used as the substrates for the plasma polymerization of MMA. The 

introduction of functional groups on the PE surface should help anchoring the polymer film to 

the substrate, as previous research has proven that untreated substrates give cause to loosening 

of the film when screened via stability tests  

Contact angle measurements 
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The contact angle of commercial PMMA is situated well above 70°. The plasma polymerized 

samples, summarized in Table IV give angles that lie between 75° and 85°, up to 10° higher 

compared to the value of conventional PMMA. This difference in WCA is most likely due to 

the higher cross-linking of the MMA, resulting in the loss of a number of ester-methoxyl 

(CH3-O) which are being replaced by a mixture of ketones, alcohols and ethers and C-C 

bonds and the repositioning of these groups towards the surface, resulting in an overall less 

hydrophilic surface. The WCA value for the 50 ml treatments (2 minutes) lies higher 

compared to the other treatments. Due to the low monomer concentration, there will be a 

higher energy/monomer concentration ratio, resulting in a higher fragmentation. This in turn 

results in a more profound loss of functionalities, leading to a more hydrophobic surface [34, 

35]. In what follows, XPS and FT-IR analysis will be used to identify the chemical identity of 

the surface of the plasma polymerized thin film and to (semi)quantify to what extent the 

fragmentation and crosslinking takes place within the plasma. 

XPS analysis 

As mentioned in the introduction, it is known from literature that plasma polymers differ from 

conventional polymers in a number of ways: some of these characteristics, such as the high 

cross-linking will reflect themselves in the XPS measurements. De Geyter et al. stated in 2009 

that an increase in discharge power or a decrease in monomer concentration leads to a higher 

fragmentation rate of the monomer and thus a loss of functionalities [17]. The results summed 

up in Table IV confirm this statement. The O/C values of the plasma polymerized PMMA lie 

in general between 0.2 and 0.25, while the commercial PMMA O/C value tops that with a 

factor of 2, lying close to 0.4, which is the expected value based on the chemical structure of a 

PMMA monomer unit. This confirms that the relatively high discharge power fragments the 

monomer upon entering the plasma, causing a loss of oxygen and thus the ester functionality. 
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To quantify the loss of functionalities, again a curve fit of the C1s peak is done which can also 

be found in Table IV. Compared to the plasma activation, a different set of binding energies 

is agreed upon in literature: 285 eV for the C-C/C-H bond, 286 eV for the C-C=O bond, 286.9 

eV for the C-O bond and 288.9 eV for the O-C=O bond [17, 36]. A general presentation of 

this curve fit on commercial PMMA can be found in Fig 5 (down) and is similar to the C1s 

curve fit of plasma polymerised PMMA (same binding energies, different ratios). Applying 

this curve fitting on the commercial PMMA C1s peak is a perfect match to what is expected 

based on the chemical structure of a PMMA monomer unit (a perfect 1:1:1 ratio of the 3 

highest energy peaks, while the last two combined give the theoretical 27.5% O as expected). 

The fitting ratios of the plasma polymerized PMMA thin films strongly deviate from the 

commercial PMMA. As the O/C values are lower, it is no surprise that the C-C peak intensity 

increases between 16-22 % for all conditions. For the other peaks, this leads to a decrease 

between 5 and 8 %. The 1:1:1 ratio found for commercial PMMA is no longer valid, as the O-

C=O peak and the C-C=O at 288.7 and 286 eV respectively have been reduced more due to 

the plasma compared to the C-O peak at 286.9 eV. Although it is assumed that the plasma 

randomly attacks the functionalities and will thus reduce them equally, some of the ester 

functionalities are converted into ketones, ethers and alcohols. This conversion results in an 

increase of the C-O peak, giving cause to the change of the ratios as they are. As the monomer 

concentration increases, the energy/monomer decreases which results in less fragmentation. 

The loss of the ester functionality (O-C=O) is less profound and the decrease of the 3 peaks 

lies closer to the 1:1:1 ratio.  

When looking at the curve fits of the 125 ml/min series, some deviating values are found. As 

will be discussed in more detail in the AFM section, at this monomer concentration, there is a 

drastic change in the growth mechanism of the polymer. This results in a different surface 

morphology and a different surface chemistry. 
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AFM imaging 

AFM is an excellent analysis tool to follow the growth of the PMMA thin film on the 

UHMWPE substrate. Fig. 6 gives a series of AFM images both in function of time and 

monomer concentration. When comparing to the first image of the series, depicting an 

untreated sample, the other images show that the coating grows quite homogeneously, filling 

up the lower regions faster, until at the end a smooth layer is completely covering the 

underlying sample. When the images in function of monomer concentration are analysed, it 

becomes clear that for the lower concentrations the underlying structure remains visible at all 

times, while at higher concentrations (75-125ml/min) the underlying structure gets 

incorporated into the deposited film. As mentioned in the XPS section, the 125 ml/min flow 

rate gives a completely different surface morphology compared to the other images. Whereas 

the lower flow rate films follow the underlying structure, the 125 ml/min series first 

introduces drop like structures on the surface (see Fig 6, 3 and 5 min), transforming into a 

smooth surface upon further treatment. In the stability analysis, the 125 ml/min has therefore 

been excluded. To determine the growth rate of the deposited film, AFM could be used, but 

the use of optical reflectance spectroscopy, as discussed in the next paragraph, gives faster 

and more accurate results. 

Optical reflectance spectroscopy  

As described in the materials and methods section, silicon wafers are used to determine the 

thickness of the deposited layers. The results depicted in Fig. 7 show that for low treatment 

times and low monomer concentrations, there is a linear relationship between the thickness 

and the deposition time. Using linear regression on the results from the first 4 datapoints, the 

growth rate for each monomer concentration can be calculated. For the lowest monomer 

concentration, a growth rate of 98 nm/min is found. Increasing the monomer flow to 100 
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ml/min results in an increase of the growth rate to 129 nm/min. A further increase to 125 

ml/min gives a growth rate of 122 nm/min (goodness of fit~92%). These growth rates for the 

different monomer rates show that a linear increase in monomer concentration does not lead 

to a linear increase in growth rate. In 2009, De Geyter et al. already proved that the W/FM 

( W = discharge power, F = flow rate, M = molecular weight monomer) parameter has a big 

influence on the deposition rate [17]. When analysing the growth rate in function of this 

parameter, 3 regimes can be distinguished. In a first regime, the growth rate will increase with 

increasing W/FM (monomer sufficient region). As the discharge power per molecule 

increases, extra initiation sites are formed, resulting in an increased polymerisation rate. In the 

second regime, the growth rate decreases with an increase in W/FM (monomer deficient 

region). At this point, the discharge power per monomer molecule becomes too high, resulting 

in fragmentation of the molecule, causing a decrease in polymerization rate. The third regime 

lies in between, forming a plateau in growth rate where initiation and fragmentation balance 

each other out. When analysing the results of Fig. 7, it becomes clear that for the lower 

monomer flow rate(75 ml/min), the system is operating in the monomer deficient regime, as 

an increase in monomer concentration to 100 ml/min leads to a disproportionally higher 

growth rate. This comes as no surprise as the discharge power of 30 W, needed for decent 

crosslinking, is relatively high. When further increasing to 125 ml/min, the increase is less 

pronounced and after more than 3 minutes of polymerization, the linear growth relation is no 

longer respected. It is believed that the atmosphere within the reactor is getting saturated with 

monomer, resulting in an increase of monomer in the plasma. Therefore, the plasma goes 

from a monomer deficient regime into the monomer sufficient region, resulting in a lower 

growth rate [17]. Together with the results from the XPS and AFM measurements this forms 

an indication not to go higher in monomer concentration. Due to the fact that the highest film 
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growth rate is found for the 100 ml/min series, this monomer concentration will be used for 

the stability tests. 

FT-IR & stability 

In order to use these thin film coatings for biomedical applications, it is important to test their 

stability in the human body. To do so, the human body environment is simulated, making use 

of a phosphate buffered saline (PBS) solution at neutral pH. FT-IR measurements are 

performed at predetermined time intervals between 1 and 14 days in order to detect a possible 

loss of functionality. As FT-IR is more sensitive to functional changes compared to XPS, it is 

the preferred method. To determine the differences before and after incubation, it is important 

to identify the most important peaks in the FT-IR spectrum (see Fig. 8 and 9). For pre-

activated UHMWPE, there are only a few peaks of interest: the C-H stretches at 2850, 2910 

and 2950 cm
-1

 and the C-H bends at 1380 and 1470 cm
-1

 (Fig. 8). When a plasma PMMA 

coating is applied, a number of extra peaks are identified as can be seen in Figure 9. The most 

prominent peak is the one at 1730 cm
-1

 indicating the C=O stretch of an ester. Furthermore, 

there is a very broad peak between 1050 and 1300 cm
-1

 originating from the C-O stretch. This 

peak is not as well defined as would be expected for PMMA, which is caused by the plasma 

polymerization, giving a big variety in the chemical surroundings of the C-O bond, causing 

the peak to be smeared out broadly. The same conclusion can be drawn for the C-H stretches 

between 2850 and 2950 cm
-1

 which are smeared out as well (Fig 9.a). When analysing the 

spectra for the different conditions (see Fig. 9.a-c), a number of differences can be noted. FT-

IR measures over a depth of 600 nm, resulting in the thinner film spectra (shorter treatment 

times) being a mixture of the plasma PMMA film and the underlying UHMWPE substrate. As 

the coating becomes thicker, the PE peaks are engulfed by the PMMA signal. As can be 

deduced from Figure 9.c, there are some differences in the FT-IR spectra before and after 

incubation (14 days). The main change is the appearance of the OH stretch between 3000 and 
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3500 cm
-1

. This is an indication of (partial) hydrolysis of the ester functionality. This is not a 

surprise, as PBS is an aqueous solution and PMMA is known to hydrolyse quite easily. Due to 

this hydrolysis, the carbonyl peak at 1730 cm
-1

 is less pronounced and in some cases even 

shifted into a second peak at 1680 cm
-1

 originating from hydrogen bonds to the carbonyl peak. 

Furthermore, a small peak is appearing at 975 cm
-1 

originating from the out of plane OH bend. 

Overall, it can be concluded that some changes can be noted before and after the incubation 

period, but further study has to be done to fully map the degradation and to what extend it 

takes place. 

Conclusions  

The results of this paper can be divided in two parts: plasma activation of UHMWPE on the 

one hand and plasma polymerization of MMA on the other hand. Both procedures have been 

analysed thoroughly, making use of a broad range of analysis techniques. For the plasma 

activation, it can be concluded that plasma is an excellent tool to enhance and fine-tune the 

wettability of the hydrophobic UHMWPE via the incorporation of a mix of polar groups such 

as alcohols, ketones and ethers. As it is a non-invasive technique, the integrity of the substrate 

is conserved, allowing the treatment of more delicate structures such as certain biomedical 

implants. The plasma activated surface forms an excellent substrate for the plasma deposition 

of thin films, as the activated groups guarantee a strong bond. The analysis of the plasma 

polymerized thin films shows that a dense, highly cross-linked film can be deposited at 

relatively high rates. Varying parameters such as energy density and monomer concentration 

enable the operator with a high amount of control over film parameters such as thickness and 

preservation of functional groups. AFM measurements show a homogeneous growth process, 

following the underlying structure of the substrate. Stability tests in PBS show that the 

coatings are stable in a human like environment, opening a window to biomedical 

applications, which will be researched in future work. 
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 Table I: Discharge power for all gasses and conditions used 

Plasma gas Discharge power 

(W) 

Treatment time Energy Density 

(sec) (J/cm²) 

Ar 1.12 0-60 0-2.02 

He 0.85 0-80 0-2.05 

Air 2.00 0-40 0-2.11 

N2 1.85 0-40 0-1.95 

He (polymerization) 30.2 60-300 92.28-461.42 
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Table II: Saturation points used for further analysis 

Plasma gas Contact angle 

(°) 

Energy density 

(J/cm²) 

R(q) 

(nm) 

Ar 49 1.34 73.5 +/- 13.0 

He 62 0.60 57.0 +/- 16.4 

Air 55 1.51 55.6 +/- 4.4 

N2 43 1.43 71.2 +/- 14.7 

Untreated 93 0 108 +/- 10.1 
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Table III: Elemental composition and C1s Curve fit results after plasma activation 

Plasma gas Atomic concentration 

(%) 

C1s curve fit 

(%) 

 C O N C-C C-O C=O O-C=O 

Ar 78.9 21.1 / 88.3 6.3 2.3 3.1 

He 84.5 15.5 / 89.0 7.3 1.7 2.0 

Air 80.6 19.3 / 88.9 5.9 0.90 4.2 

N2 75.4 17.7 6.9 * * * * 

* unable to quantify due to overlap of the deconvoluted peaks caused by limited 

spatial resolution 
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Table IV: WCA and XPS results for PMMA plasma deposited film 

Treatment 

time 

WCA 

(°) 

O/C ratio C1s curve fit 

(%) 

   C-C C-C=O C-O O=C-O 

50 ml/min       

2 95.2 0.20 81.7 4.6 8.3 5.4 

3 75.9 0.22 75.9 8.6 9.1 6.4 

4 79.1 0.20 79.2 6.8 8.5 5.5 

75 ml/min       

2 85.8 0.24 78.0 5.9 9.3 6.8 

3 81.0 0.23 77.6 6.9 8.8 6.6 

4 79.5 0.22 78.4 7.7 7.9 6.0 

100 ml/min       

2 75.9 0.25 75.5 7.4 9.4 7.7 

3 78.5 0.22 79.5 5.3 8.8 6.4 

4 79.8 0.24 78.3 6.3 8.7 6.7 

125 ml/min       

2 79.0 0.17 79.9 11.1 6.1 3.0 

3 76.9 0.19 80.2 7.0 8.0 4.9 

4 77.1 0.22 82.7 2.9 9.6 4.9 

Commercial 70.0  0.38 59.0 13.7 13.6 13.7 
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Figure Captions 

Figure 1: Schematic representation of the DBD plasma activation reactor (1: gass bottle; 2: 

Mass flow controller; 3: DBD plate reactor; 4: manometer; 5: pressure valve 6: Oil pump) 

Figure 2: schematic representation of the DBD plasma polymerization reactor (1: gass bottle; 

2: Mass flow controller; 3: Glass bubbler; 4: DBD plate reactor; 5: manometer; 6: pressure 

valve; 7: Oil pump) 

Figure 3: Voltage - current plots of Ar (a); He (b); air (c) and N2 (d) respectively for the 

plasma activation and the voltage current plot of He (e) for the plasma polymerization 

Figure 4: Contact angle measurements for plasma activated UHMWPE in function of energy 

density for Ar, He, air and N2.  

Figure 5: General representation of a C1s curve fit for plasma activated UHMWPE (up) and 

PMMA (down) 

Figure 6: Series of AFM images showing from them from left to right in function of treatment 

time (1-5 min) and from top to bottom in function of monomer flow rate (50-125 ml/min). 

Figure 7: Thickness of the deposited Plasma PMMA films as a function of treatment time for 

three different monomer flow rates (75-100-125 ml/min) 

Figure 8: FT-IR spectrum of untreated UHMWPE 

Figure 9: FT-IR spectra of (a) plasma polymerized PMMA deposited on UHMWPE substrate 

in function of time (b) plasma polymerized PMMA samples after 2 weeks of incubation (c) 

different incubation times of the 100ml/min-3min condition 
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