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This work investigated the Hansen solubility parameters required to optimise a functional polyurethane base
coat as an attachment for a lubricious polyvinyl pyrrolidone coating for polyvinyl chloride urinary catheters.
Solvents included benzyl alcohol, tetrahydrofuran, acetonitrile, and cyclohexanone and blends thereof. The vis-
cosity of the polymer–solvent compositions was characterised using Redwood No.1 viscometer. The UV cured
polymer–solvent blendswere fully characterised using scanning electronmicroscopy, differential scanning calo-
rimetry, and digital goniometry. A finite element analysis (FEA) model of the urethra during catheterisation was
also developed to illustrate the magnitude of deflection expected with the hydrophilic coating on the catheter.
Based on the theoretical modelling and subsequent experimental results this demonstrated that the materials
dissolved in short succession of immersion in the calculated solvent blend. Also, the various compositions of poly-
vinyl pyrrolidone in the solutions produced noticeable variations in coating thicknesses ranging from 8 μm to
26 μm.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Indwelling bladder catheters and ureteral stents restore essential
functions that have been lost as a result of trauma, disease or ageing.
The challenge is to produce a coating in which the antibacterial activity
persists for the lifetime of the device, which is not reduced by contact
with urine, has a broad spectrum of activity and does not select for
and spread bacterial resistance to antimicrobials [1]. In this regard, a hy-
drophilic coating on the catheter can replace or supplement the lubri-
cating action of the endothelial surface layer [2], while also facilitating
catheterisation [3]. Looking towards themedical device sector in partic-
ular cathetermanufacturing;where the application of biomaterials such
as hydrophilic coatings is essential to increase biocompatibility [4],
reduce biofilm formations [5] andmost importantly to increase comfort
for the patient when introducing the catheter into the body or in this
instance the urethra. Traditionally short-term catheters are composed
of plasticised polyvinyl chloride (PVC). PVC is a material of enormous
technical and economic importance. It stands second in the world
after polyethylene as regards the production and consumption of a
synthetic material [6]. However, these materials can have a high coeffi-
cient of friction, whichmakes insertion into the body difficult. In this re-
gard, self-lubricating PVC catheters with a hydrophilic coating are
becoming increasingly popular, especially for intermittent catheterisa-
tion, because of the greater ease of passage and decreased trauma and
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discomfort [7]. These coatings have a low friction coefficient when
wet and typically comprise hydrophilic polymers such as polyvinyl pyr-
rolidone (PVP). PVP is a hydrophilic polymerwith a timedependant low
contact angle of approximately 56° after initial contact with surface [8].
It is for this reason, and the possibility of hydrogen bondingwith bodily
fluids [9], that PVP is used as a biomaterial coating on standard PVC
catheter substrate material.

Urinary tract infections (UTIs) are one of themost common bacterial
infections, particularly in women of all ages; however, as age increases
the prevalence of UTIs increases [10]. Where UTI in men younger than
45 years is usually not associatedwith significant structural or function-
al urinary tract abnormalities [11], however, elderly men have been
found to be more prevalent with UTIs due to urological abnormalities
[12]. Despite statistics showing 70% of women are more vulnerable to
UTIs then men, during the first year of life the ratio is more 50:50 [12].
In most children UTIs are isolated acute infections and recovery is typi-
cally very fast, but in a small majority of children UTIs progress leading
to alternative care requirements like catheterisation. Urinary catheters
are used to treat patients with urine retention; however this artificial
surface in the presence of tissue acts as an anchoring point, hence facil-
itates adhesion of bacteria which commonly forms a biofilmwhen used
as a long term implant. Biofilms are a predominantmicroorganism form
of life present in any hydrated biologic system [13]. In the human body,
the biofilm bacteria are protected against antibiotic treatment and the
immunity system [14]. These biofilms are capable of propagating the
whole length of the catheter to all areas of the urinary system. If this
happens the urinary tract infection will worsen, and this is then
known as a catheter-associated urinary tract infection (CAUTI). CAUTIs
ttp://dx.doi.org/10.1016/j.surfcoat.2015.06.029
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are themost common type of nosocomial infection and account for over
1 million cases annually [15]. To put this in to perspective, indwelling
urinary catheters are placed in up to 25% of hospitalized patients and
are a leading cause of hospital-acquired infection [16]. It has been veri-
fied through in-vivo studies that hydrophilic coated catheters perform
better than uncoated catheters with regard to haematuria and prefer-
ence [7].

To this end, themanner inwhich the solvents and solvent blends are
synthesised so that selected polymers can be adequately dissolved prior
to the coating process is not readily discussed. Therefore, applying the
theory of “likes dissolve likes” [17] allows for the solvent Hansen solubil-
ity parameters to be quantitatively matched to that of the polymers in
order to evaluate how effective they are at producing a useable homog-
enous coating solution. The individual solvent compositions were
purely quantified from a tertiary diagram, known as a Tea's diagram,
presenting the fractional dispersion forces (F δd), the fractional hydro-
gen forces (F δh), and the fractional polar forces (F δp), i.e., the cohesive
energy of the solvents. Based on the characterisation results, some inter-
esting findings are discussed and the Hansen solubility parameter poly-
mer–solvent synthesis technique is proposed.

2. Materials and methods

2.1. Materials and curing methods

The thermoplastic polyurethane (TPU) was provided by the Centre
for Industrial Services and Design (CISD), Athlone, Ireland in resin
form with the trade name Estane 5715P. The PVP K90 (360,000 MW)
was supplied by CISD with the trade name Sigma Aldrich. The solvents
benzyl alcohol, tetrahydrofuran, acetonitrile, and cyclohexanone were
supplied by the CISD with the trade names Merck, AppliChem, and
Lab-Scan. In this study, the various PVP compositions ranging from 2 g
to 7 g were dissolved in 100 g of a solvent blend calculated from the
Hansen solubility parameters. The TPU base coatwas applied by dipping
and was cured by using the thermal chamber to evaporate the solvents
away. The PVP coating curing methods were carried out in two steps,
first the thermal chamber was used to evaporate the solvents at 75 °C
for 20 min leaving only the thin polymer coating behind. Secondly
was the UV-irradiation which was carried out on the Dr. Groebel unit.
The UV-irradiation was used to crosslink the PVP and the times varied
between 5 and 15 min and 30 W/m2.

2.2. Polymer–solvent viscosity

The apparatus used to determine the polymer–solvent viscosity was
the Redwood No.1. Each of the samples was repeated in triplicate and
their average results were used. The reservoir of polymer–solvent solu-
tion was maintained at room temperature and the volume of the solu-
tion to be displaced was 50 ml (see Table 2.1). In order to determine
the kinematic viscosity (V) the system constants A and B were taken
Table 2.1
Polymer–solvent coating parameters.

Coating
No.

PVP
[g]

Optimal solvent blend calculated from
Eqs. (2)–(9)

UV cure
time [min]

1B 2 36%, 24%, 24%, and 16% of tetrahydrofuran,
cyclohexanone, benzyl alcohol, and
acetonitrile respectively

5
2B 2 15
3B 3 5
4B 3 15
5B 4 5
6B 4 15
7B 5 5
8B 5 15
9B 7 15
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to be 0.247 and 65 respectivelywith Eq. (1), where t is the time required
to displace the 50 ml.

V ¼ At−
B
t

ð1Þ

2.3. Coating thickness characterisation

The cured coated intermittent catheters with the PVP coating
were prepared by freezing sections of 1 cm long with liquid nitrogen
and cutting them as small samples. These samples were then gold
plated to enhance the surface features during the SEM analysis.
The SEM analysis wasmagnified between 50 and 100 μm to accurate-
ly differentiate and measure the coating thickness relative to the
catheter.

2.4. Coating contact angle

The uncoated and coated catheters were cut into sections of
3 cm long, opened-out and spread on a flat surface in front of the
camera lens. The sessile drop was of a distilled water and was
volumetrically maintained consistently at approximately 0.002 ml
for all samples (average of ten samples tested). Each study was con-
ducted for a duration of 60 s in order to evaluate any change in con-
tact angle over time. The apparatus used consists of the Logitech
QuickCam Pro 4000, and the PC analysis software package is named
Fta1000.

2.5. Coating coefficient of friction

The coated catheters were placed in a water bath at 37 °Cwith a pH.
of 6.6, approximately that of the urethra in a healthy body. The friction
jig is a mechanical apparatus with variable loading (compressive) capa-
bility; the loading for this study was kept constant at 3.924 N. A Lloyd
cyclic tensile tester was used to push and pull the hydrophilic coated
catheter through the friction jig. This was repeated for 50 cycles. This
was a comparative study of the coating coefficient of friction vs. the un-
coated catheter coefficient of friction. The pads used on the friction jig
were a silicone material, the material selection to measure the coeffi-
cient of friction against has a great influence on final results since fric-
tion is not an independent value.

2.6. FEA model of urethra

The urethra was modelled as a solid hollow cylinder with an inner
radius of 1 mm and an outer radius of 20 mm, this was extruded
at 100 mm in length, and the catheter was modelled as a shell of
200 mm long with a 20 mm taper to a 0.5 mm round tip. The urethra
material properties were based on the Arruda–Boyce constitutive
hyperelastic equation [20] where the constants μ0 = 33KPa, λm =
1.001, and D = 1E−8 were used.

3. Theory/calculation

3.1. Hansen solubility parameters

The total energy of evaporation is equal to the total cohesive energy
(E), which is the energy required to break all the cohesive bonds. The
cohesive energy of a polymer or solvent can be fully quantified as a var-
iation of the dispersion cohesive energies (ED), the polar cohesive ener-
gies (EP), and the hydrogen bond cohesive energies (EH). The Hansen
solubility parameter accounts for all these energies and can be quantita-
tively defined by Eq. (2).

E ¼ ED þ EP þ EH ð2Þ
ttp://dx.doi.org/10.1016/j.surfcoat.2015.06.029
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However, amore conventional approach is to express the total energy
in terms of the cohesive density, this is done by dividing each constituent
by the molar volume as shown in Eq. (3).

E
V
¼ ED

V
þ EP

V
þ EH

V
ð3Þ

This can be represented in the reoccurring format associated with
the solubility parameter which both Hildebrand and Hansen comply to.

δ2 ¼ δD2 þ δP2 þ δH2 ð4Þ

The solubility parameters which include the interaction radius (Ra),
were replicated from the Hansen solubility parameters handbook [18],
and can be seen in Table 3.1. The interaction radius value was used as
a benchmark to determine whether or not the solvent blendwould dis-
solve the polymer materials. Since the coating of the PVC catheters was
done in two steps; a basecoat of TPU followed by a PVP topcoat, a
solvent blend was synthesised to accommodate the interaction radii
form both polymers. Hence, a single solvent blendwas used in separate
instances to create two coatings solutions. Therefore, by using Eq. (5)
the theoretical interaction radius was determined; if the theoretical in-
teraction radiuswashigher than the referenced interaction radius itwas
likely the polymer would not dissolve in the solvent blend.

Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 δD1−δD2ð Þ2 þ δP1−δP2ð Þ2 þ δH1−δH2ð Þ2

q
ð5Þ

where the subscripts D, P, and H, represent the dispersion, the polar,
and the hydrogen energy densities respectively. The subscripts 1 and
2 are in relation to the polymer and the solvent respectively.

The adage “likes dissolve likes” is fully exploited in the tertiary dia-
gram known as the Tea's diagram. The Tea's diagram is a convenient
way to depict the relative strengths of the three forces; more-so, the di-
agram is very good at predicting solvent blend ratios which otherwise
individually may not have the potential to dissolve a certain material.

The solvent and polymer intermolecular forces were presented on a
Tea's diagramwith each axis a scale of 0 to 0.1 (0%–100%). Therefore, to
achieve this the intermolecular forces were taken as the fractional
dispersion cohesive energy densities (fD), the fractional polar cohesive
energy densities (fP), and the fractional hydrogen bonding cohesive
energy densities (fH). Eqs. (6)–(8) represent these fractional forces fD,
fP, and fH respectively.

fD ¼ 100 δDð Þ
δD þ δP þ δHð Þ ð6Þ

fP ¼ 100 δPð Þ
δD þ δP þ δHð Þ ð7Þ

fH ¼ 100 δHð Þ
δD þ δP þ δHð Þ ð8Þ
Table 3.1
Hansen solubility parameters for selected materials.

Material δD [MPa1/2] δP [MPa1/2] δH [MPa1/2] Ra [−]

Benzyl alcohol (●) 18.4 6.3 13.7 –
Cyclohexane (●) 16.8 0 0.2 –
Acetonitrile (●) 15.3 18 6.1 –
Tetrahydrofuran (●) 16.8 5.7 8 –
Polyvinyl chloride (PVC) (●) 19.2 7.9 3.4 6
Polyvinyl pyrrolidone (PVP) (●) 17.5 8 15 14
Polyurethane (TPU) (●) 18.1 9.3 4.5 8
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For any solvent blend or polymer–solvent system, Eq. (9) must be
true in order for the materials to be thermodynamically stable [19]:

fH þ fP þ fD ¼ 100: ð9Þ

The quantities of the PVP polymer to be added to the solvent
blend range from 2 g, 3 g, 4 g, 5 g, and 7 g. The purpose of the various
loadings of PVP K90 in the solvent blend was to evaluate the perfor-
mance of the polymer–solvent system through the stated character-
isation methods.

4. Results and discussion

4.1. Tea's diagram

As presented in the Tea's diagram in Fig. 4.1, the interaction radius of
both the TPU and PVP falls inside the solvent blend interaction line, and
this is represented by a continuous red line. This indicates that these
two materials will dissolve in a solvent blend over a given period of
time. With regard to the black rings, these highlight the interaction ra-
dius limits of the polymer materials. The bottom axis of the diagram in
Fig. 4.1 is the fractional polar forces, the right axis is the fractional
hydrogen forces, and the left axis is the fractional dispersion forces, as
calculated using Eqs. (2)–(9). It was found that a blend of 2 or more
solvents (tetrahydrofuran, cyclohexanone, benzyl alcohol, and acetoni-
trile) provided the formulation capable of dissolving both the PVP and
TPU within 15 min. Working within the Tea's diagram, the blend con-
taining 36%, 24%, 24%, and 16% of tetrahydrofuran, cyclohexanone, ben-
zyl alcohol, and acetonitrile yielded the optimal solvent parameters
(known herein as the solvent system). From Eq. (5), the interaction dis-
tances were calculated and the corresponding values of 6.071, 4.5551,
and 8.0388, for PVC, TPU, and PVP were on or below the associated Ra

values as presented in Table 3.1. This indicated that the interaction
radius containing 2–7 g of PVP by weight dissolved in 100 g of the sol-
vent blend in less than 1 min, 5 g of TPU dissolved in approximately
15 min, and 5 g of the PVC took 4 h to show signs of cracking. In all ex-
periments the solvent blends were maintained at room temperature,
18 °C ± 2 °C. These results prove that the Tea's diagram in conjunction
Fig. 4.1. Tea's diagram for polymer–solvent system including the polymers PVP, PVC, and
TPU, and the solvents benzyl alcohol, tetrahydrofuran, acetonitrile, and cyclohexanone.
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Fig. 4.2. PVP composition as a function of the kinematic viscosity.
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with the Hansen solubility parameters generated a predictable model
for designing an optimal polymer coating system.

4.2. PVP–solvent viscosity

After evaluating the viscosity of the PVP–solvent solution at
18°C(±2°C), the viscosity of a 2 g PVP solution in 100 g (by weight) of
the solvent was 2.2cst ± 0.5cst, this increased exponentially to
18.7cst ± 0.5cst for the 7 g PVP composition solution (Fig. 4.2).

This increase is concentration dependent and the exponential growth
can be attributed to the increased time the solution was present within
the instrument. To confirm this, the change in kinematic viscosity with
increasing PVP composition as a function of time was investigated.
With regard to Fig. 4.3, this represents the Redwood seconds as a function
of the kinemtic viscosity. The Redwood seconds can be defined as the
time required for the 50 ml of polymer–solvent solution to pass through
the viscometer orifice (∅ 1.62mm). Looking at the % differences between
the samples, and working from the base value of 2 g which took 54 s to
pass through the orifice, the PVP concentrations of 3, 4, 5 and 7 g yielded
percentage increases of 26, 111, 202 and 748% respectively. This increase
can be attributed to the diameter of the orifice causing a reduction inflow
due to the increased concentration of polymer molecules trying to get
through the die length of the orifice. Considering that there was no in-
duced shear pseudoplastic behaviour was not evident.
Fig. 4.3. Redwood seconds as a function of the ki
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4.3. Coating thickness

It was found from the SEM imaging (Fig. 4.4) that the coating compo-
sition had a direct relationship on the coating thickness. The lowest con-
centration of UV cured PVP (2 g) solution onto the TPU coated PVC
catheter resulted in a coatingwith a thickness of 8.08 μm. For the samples
containing the 3 g, 4 g, 5 g, and 7 g PVP compositions these yielded thick-
ness values of 10.51 μm, 15.78 μm, 21.65 μm, and 26.20 μm respectively.
From the SEM images it can be seen the adherence of the coating to the
catheter substrate is consistent and the coating is uniformly spread over
the surface. No degradation was evident on the catheter surface which
is primarily due to the solvent systems used in the coating solution, as
predicted by the Tea's diagram (Fig. 4.1). However, the rough ends on
the catheter from some images are a result of sample preparation.
4.4. Digital goniometry

From the contact angle analysis whichwas repeated in triplicate and
averaged over a 10 day period. A value of 72.85° (Fig. 4.5) was found for
the PVC catheter. The contact angle of PVPwas lower than PVC and it re-
duced over time; this is expected fromahydrophilic polymer and can be
seen in Fig. 4.6, thefittingwas performed under the scatterwith smooth
lines function in Microsoft Excel.
nematic viscosity for varying PVP solutions.
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Fig. 4.4. SEM images; (a) 2 g PVP, (b) 3 g PVP, (c) 4 g PVP, (d) 5 g PVP, and (e) 7 g PVP concentration.
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Fig. 4.5. Contact angle of the PVC catheter.
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From Fig. 4.6 it can be seen the contact angle has come to a point
where the rate of change of the contact angle is reducing greatly. This
implies the peak is the final value of the surface contact angle. Hence,
after 40 s the surface contact angle reduces to 28.05°. This time depen-
dant contact correlates to the findings of Guo et al. [21], they found the
final contact angle to be approximately 26.8° when evaluating PVP
based polymers.
Fig. 4.6. Contact angle of the PVP coatings 66.65°, 34.50°, an

Fig. 4.7. Coefficient of friction of various PVP c
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4.5. Coating coefficient of friction (CoF)

From the friction analysis of the PVP coated PVC catheters itwas found
that each of the PVP composition solutions provided a significant reduc-
tion in surface friction. The uncoated catheter under a compressive force
between silicone pads yielded a coefficient of friction of approximately
0.4597 and the lowest coefficient of friction was observed from the 3 g
PVP/solvent system coating with a value of approximately 0.0702. There-
fore, the optimum coating provides a 6.55 fold reduction in surface
friction in comparison to the uncoated catheter. Fig. 4.7 presents a bar
chart of the various coated catheters relative to the uncoated catheter.

Since all the coatings showed sufficient durability, the CoF was the
most important parameter to obtain. The reason for the variation in
the coating CoF is due to the thickness of the layer. In theory, the thicker
the layer the more the coating will swell, hence the more lubricous it
will be with a lower CoF. However, this is not the case and form the
results it can be seen a certain composition of PVP yields the lowest
CoF. The reason for the higher CoFwith the higher composition coatings
of PVP is simply down to the fact the coatings were swelling too much.
This led to clumping and fouling of the coating, hence increasing the CoF
by providing obstructions between the catheter and the silicon pads on
the friction jig.

Hence, the optimum coating from the view of durability and CoF, is
coating 3B. Coating 4B is relatively close also, the only difference in
the processing between these two coatings is 3B has 5 min UV irradia-
tion, and coating 4B has received 15 min UV-irradiation. Non-the less,
based on a number of repeated tests (50 cycles) there was a constant
similar response from the coatings.
d 28.05° after 0 s (a), 20 s (b), and 40 s (c) respectively.

oatings relative to the uncoated catheter.
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Fig. 4.8. Element displacement longitudinally parallel to catheter.

Fig. 4.9. Element displacement as a function of time.
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4.6. FEA model of the urethra

Fig. 4.8 represents a FEA model of the urethra tract with a cross-
sectional view containing a single element highlighted (red box). This
highlighted element is used as reference point in order to measure the
deflection of the urethra wall during catheterisation.

The displacement of the selected element from Fig. 4.8 is represent-
ed in Fig. 4.9 where the displacement is a function of time. The small
peak at 0.1 s is a result of the catheter overcoming the static friction
against the selected element. As shown in Fig. 4.9 there was an increase
in the virtual urethra wall (displacement) as a simulated catheter was
inserted. The numerical model utilised the frictional properties of the
coating (3b) as this had the lowest coefficient of friction (0.0702)
which is a desirable property needed during catheterisation. A maxi-
mum deflection of 0.06 mmover the time period of 0.5 s was predicted.
5. Conclusions

Hansen solubility parameters have been used to optimise a desired
hydrophilic polymer coating for urinary catheter applications. The
Tea's diagram was employed to help determine the solvent mixing
ratios resulting in the development of a number of polymer–solvent
homogenous solutions. It was found that the theoretical approach in
determining the optimal solvent parameters was an excellent indicator
Please cite this article as: B.J. Carberry, et al., Surf. Coat. Technol. (2015), h
in the selection of coating systemswith significantly lower surface coef-
ficient of frictions.

The SEM images illustrated how the polymer–solvent solutionswere
capable of producing homogenous coatings which were repeatable. It
was found that the optimum coating had a thickness of 15.78 μm
when the room temperature viscosity was 2.79cst. It can be seen from
the FEA study that the predictions of urethra displacement can be
modelled as a function of the catheters surface coefficient of friction.
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