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ABSTRACT

Dielectric barrier discharge (DBD) offers an attractive alternative to conventional wet chemical approaches for surface modification of
polymer materials while inducing adhesive or wettability properties in small diameter tubes. A DBD plasma apparatus was developed in this
work to induce modification to the inner surface of microbore tubing with the capability for continuous treatment. This study investigates
the effects of deposited plasma power and treatment time on surface roughness and wettability induced by the DBD system. The developed
system successfully demonstrates the ability to generate a broad range of surface roughness, size and density of induced surface features, and
contact angles. Additional evidence of mechanical adhesion of poly(lactic-coglycolic acid) to the induced surface features is also observed.

Published under an exclusive license by the AVS. https://doi.org/10.1116/5.0119895

I. INTRODUCTION

Polymers play a substantial role in a broad range of industries,
such as packaging and textiles, and advanced technologies, such as
membranes, microelectronics, and biomedical devices, due to their
versatile mechanical, thermal, and electrical characteristics.1

However, at times, the surface characteristics of these polymers are
not suitable for intended applications which necessitates modifica-
tion of the polymer surface. As a result, the field of polymer
surface modification has consistently grown in the past several
decades, and interest in this research continues to branch out.2

Chemical (or wet) etching is a process in which a surface is
modified by the application of a reactive chemical, such as sodium
hydroxide, sulfuric acid, chromic acid, and potassium permanga-
nate.3 These chemicals can be used to chemically and physically
alter the surface for its intended purpose, such as wettability modi-
fication, bacterial- or chemical- or wear-resistance, antistatic char-
acteristics, etc.4 One disadvantage of chemical modification is the
nonspecific nature of the treatment and unpredictable or unrepeat-
able functionalization.5–7 Additionally, chemical treatments
may cause surface contamination by leaving residual chemicals.

Chemical etching can also affect the bulk characteristics of the
material under treatment, altering its mechanical properties and
potentially impairing its original functional purpose.5–7

Furthermore, chemical treatments with reactive acids and solvents
may result in environmental and safety concerns.5–7

As an alternative, plasma treatments have an advantage over
chemical etching that make it well suited for medical applications.
Plasma surface treatments are highly uniform and repeatable, regard-
less of the geometry of the substrate, and their functionalization can
be controlled by plasma gas composition and other parameters.8–10

Conventionally, plasma treatments manifest through induced
mechanical effects (roughness) and different functionalities induced
on the surfaces.5,11 Additionally, surface modification with plasma
treatments primarily affects the surface, while the bulk characteristics
remain unaffected, thus can safely be applied to biological
tissues.12–15 As a safe alternative to chemical etching, plasma treat-
ments neither require additional cleaning measures post-etch, since
no contaminants are introduced in to the system, nor produce any
environmentally hazardous byproducts.16–18

Most plasma treatment processes are performed by volumetric
glow discharges in low-pressure conditions.10,19 However, recently
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developed atmospheric-pressure plasma discharges enable polymer
plasma treatment at atmospheric pressure, eliminating time-
consuming measures required by vacuum-based processes such as
utilization of pumping systems and lengthy changeover times. One
common approach to atmospheric-pressure plasma treatment is
dielectric barrier discharge (DBD).10,20 DBD plasma treatment, in
its simplest form, consists of a high voltage electrode and a ground
electrode insulated from the plasma medium by a dielectric mate-
rial. This process has been heavily used in recent years for surface
modification of polymer materials.10,20

DBD surface modification has been demonstrated at low
vacuum, medium vacuum, and atmospheric pressure using a
variety of gas media on a wide array of polymer substrates.21–26

These treatments, as with other plasma treatments, are applicable
to cleaning, film deposition, modifying adhesion, wetting, and
biocompatibility.27–30 DBD plasma treatments can be modified to
adapt to unique sample geometries (e.g., tubing) and can easily be
applied to in line processing. Recently, DBD plasma treatments have
been used to perform treatments isolated to the inner walls of micro-
bore medical tubing (millimeter and sub-millimeter diameters).31,32

These works, however, utilized electrodes installed inside the tubing
which limited the length of the plasma-exposed (treated) tubing
segment to about 30 cm and/or did not offer a clear scale-up approach
for treating of industry-relevant, substantially longer tubing segments.

This work focuses on the development of an industry-relevant
DBD plasma system which utilizes the benefits of atmospheric-
pressure DBD plasma and enables treatment of long lengths of
microbore polymer tubing of submillimeter inner diameter in a
continuous fashion. The results of plasma-induced modifications
on surface morphology and wettability of the inner walls of micro-
bore low density polyethylene (LDPE) tubing are reported.

II. METHODS

A. DBD plasma system and sample preparation

The DBD apparatus consisted of a copper high voltage ring
electrode, approximately 2.2 cm in length and 1.1 mm inner diame-
ter. Two grounded ring electrodes were arranged on both sides of

the high voltage electrode, with 1 cm of space between them as
schematically shown in Fig. 1(a). The LDPE tubing, threaded
through the ring electrodes with an outer diameter of 1.09 mm and
an inner diameter of 0.38 mm, was used in the experiments
(BTPE-20 by Instech). Two different experimental arrangements
were utilized for this work. For arrangement “A,” the ground elec-
trodes were approximately 4 mm in width, with an inner diameter
of 2.5 mm, and the tubing was kept stationary in the apparatus.
For arrangement “B,” the electrodes were approximately 0.1 mm in
width, with an inner diameter of 1.1mm, and the tubing was fed
through the apparatus using a linear actuator, operated at speeds
from 1 to 10mm/min. For gas flow control through the tubing, this
apparatus used an Alicat MC-200SCCM flow controller connected to
helium supply tanks via a network of Tygon tubing and connectors.
The flow rate of 0.25 cubic centimeters per minute and laboratory-
grade helium with purity above 99.99% was used in this work.
Helium was utilized in this work as a fairly inexpensive standard gas
commonly utilized with DBD systems for the creation of volumetric
plasmas ( jets) at modest levels of driving voltage in contrast with air
DBD which is susceptible to filamentation and requires higher
driving voltage (due to electron attachment to oxygen molecules).10,33

The Coronalab CTP-2000K power generator was used to initi-
ate plasma discharge inside the tubing [Fig. 1(b)]. Discharge
voltage and current were measured by a Tektronix P6015A voltage
probe and a Pearson Current Monitor Model 2100, respectively. A
Teledyne Lecroy HDO9304 High Definition Oscilloscope recorded
the data. Measured voltage and current were multiplied and aver-
aged over 2 ms on-board by the oscilloscope to monitor the
average discharge power in real time.

For surface morphology analysis, samples were collected after
plasma treatment to include 1 cm of tubing from the outside edge
of both ground electrodes (z = 24–34 mm). The sample was cross
sectioned and bisected by hand using sterilized #12 and #15 scalpel
blades, respectively. After segmenting and bisecting, the samples
were mounted onto Ted Pella 12.7 mm sample stubs with carbon
tape. The samples are then Au/Pd sputter-coated using an SPI
Sputter Coater. Two Scanning Electron Microscopes (SEMs) were
used: a Hitachi S-4800 Field Emission SEM with energy-dispersive

FIG. 1. DBD plasma system. (a) Schematic view of the electrode assembly and high voltage power supply connection. Central body was a Teflon insulated high voltage
electrode with two ground ring electrodes (denoted in gray) separated by 1 cm from the high voltage electrode. Geometry and arrangement were consistent for both
arrangements A and B. (b) Typical discharge inside LDPE tubing, here seen as a bright purple region (arrangement A).
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x-ray spectroscopy (EDS) and a Thermo Scientific Helios G4 UX
Dual Beam SEM/EDX/FIB. Images were collected in 0.5 mm incre-
ments along the tubing, with a stepwise accuracy of ±10 μm within
the regions of peak roughening at an acceleration voltage of 10 kV
and a working distance of 4 mm. The z-locations of the tubing
SEM observations are provided below with the accuracy of ±1 mm.
For each treatment condition reported below, triplicate (3) samples
were prepared and analyzed.

B. Surface morphology characterization

While atomic force microscopy is a well-known approach to
surface roughening analysis, the large surface morphologies observed,
correspondingly large acquisition area, and curvature/nonideality of
the treated LDPE surfaces were prohibitive to accurate, meaningful,
and timely analysis with such an approach. As a result, an alternative
approach, based on analysis of SEM images in IMAGEJ software, was
employed to calculate the surface roughness. Specifically, raw SEM
images were processed to enhance the contrast between protrusions
and smooth surface. These were converted into an 8-bit B&W image
to determine the individual protrusion areas and count the protru-
sion numbers as shown in Fig. 2.

The Protrusion Size Distribution Function (PSDF) was
defined as F(D) ¼ ΔN

ΔDΔA, where ΔN refers to the number of protru-
sions with diameters ranging from D to Dþ ΔD per unit sample
area ΔA. To calculate PSDF, each protrusion was approximated by
circular area, followed by calculating the number of protrusions ΔN
with diameters in the range from D to Dþ ΔD in IMAGEJ using
“thresholded” B&W image.

Protrusion number density n and average diameter Dh i were
defined as 0th and 1st moment of the PSDF as following:

n ¼ Ð
F(D)dD and Dh i ¼

Ð
F(D)DdDÐ
F(D)dD

. Roughness Ra of the surface

associated with plasma-induced protrusions was calculated as follows.
Protrusions were modeled as cylinders protruding above the

perfectly flat substrate surface (set at z ¼ 0) as shown in Fig. 3.
The cylinders’ height was assumed to be equal to its diameter D
based on the SEM observations; a rough estimate that gives a good
order of magnitude estimate of protrusion volume. Assuming
uniform distribution of protrusions over the observation area A ,
roughness Ra can be evaluated in terms of moments of the PSDF
as Ra � 2 zh i 1� Atot

A

� �
, where zh i is the mean surface level

zh i ¼
Ð

Azdxdy

A ¼ Ð
πD3

4 F(D)dD and Atot is the total area covered with

protrusions Atot
A ¼ Ð

πD2

4 F(D)dD. The mathematical formulation of
the original approach used in this work to calculate Ra, n, and Dh i
is provided in the Appendix.

C. Contact angle measurements

Plasma-induced effect on the LDPE tubing wettability was
characterized by means of contact angle measurements. The effec-
tive contact angle (determined using the procedure outlined below)
offers a simple and convenient quantitative metric of the
plasma-induced effects including both mechanical (roughness) and
chemical surface changes. After tubing treatment, 1–5 μl of
de-ionized (DI) water was introduced to the open face of the
tubing using a 1-cc tuberculin syringe. This produced small drop-
lets on a 31 gauge needle which is then drawn into the tubing via
capillary action. DI water was not forced into the tubing using the
syringe due to potential variation induced by pressure gradients
generated from manual injection. To approximate the contact
angle, images of the tubing were taken, and a “best fit” of the arc of
the meniscus was drawn, approximated as a section of an ellipse as
shown in Fig. 4. The image was then translated to a droplet drawn
from the flat lower line of the imaged meniscus, and the droplet
contact angle θ* was directly extrapolated via an IMAGEJ plug-in.
The value returned from IMAGEJ was then converted to the true
contact angle θ of the meniscus using following equation:
θ ¼ θ*�90�. For each treatment condition reported below, six (6)
samples were prepared and analyzed.

III. RESULTS AND DISCUSSION

A. Plasma-induced surface morphology

Figure 5 shows SEM images of characteristic morphologies
observed on the inner tubing walls induced by plasma treatment.
Clearly identifiable individual features protruding from the tube’s
inner wall surface (referred to as protrusions as mentioned above)
were observed after the plasma treatment. Protrusions densified
with the treatment duration for t≤ 15 min and then coalesced for
t > 30min. The coalescence stage was associated with combining

FIG. 2. Diagram illustrating postpro-
cessing of the SEM images in IMAGEJ
software for subsequent analysis.

FIG. 3. Typical transversal view of plasma-induced protrusions taken by SEM.
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individual protrusions into larger formations and corresponding
decrease of protrusion density. This trend is quantitatively depicted
in Fig. 6(a) where evolution of protrusion density n with treatment
duration is presented. Additionally, evolutions of Dh i, Ra, and cor-
responding PSDFs are shown in Figs. 6(b)–6(d). The average diam-
eter of protrusions increased from 0.2 to 0.5 μm for t ≤15 min to

2–3 μm for t > 30 min, Fig. 6(b). Roughness increased with the
treatment time covering range from 0.01 to 0.3 μm which corre-
sponded to ISO roughness grades ranging from ISO-N1 to ISO-N5.
Finally, opacity of the tube (associated with presence of the protru-
sions) became evident with bare-eye observation for plasma treat-
ments durations ≥15 min in vicinity of discharge electrodes. Note
that protrusions are permanent changes of the LDPE tubing
surface morphology (presence was experimentally confirmed via
SEM observations conducted over one month after plasma
treatment).

The protrusions produced on the inner surfaces of the LDPE
tubing are unique to this work. Even though plasma etching typi-
cally results in increase of surface roughness, sizes of the induced
morphologies are typically in the order of 10 –100 s of nm.11,34,35

These size ranges are lower than the μm protrusions induced by
our DBD plasma. Additionally, generation of “popcornlike”

FIG. 4. Diagram illustrating contact angle measurements using IMAGEJ software.

FIG. 5. Characteristic SEM images of the inner tubing surface as a function of treatment time (discharge power—35 mW, z = 26 mm, arrangement A).
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FIG. 6. Evolution of protrusion number density n (a), diameter Dh i (b), surface roughness Ra (c), and normalized PSDF with plasma treatment duration (d) (discharge
power—35 mW, z = 26 mm, arrangement A).

FIG. 7. Characteristic SEM images of the inner tubing surface as a function of discharge power (treatment time t = 15 min, z = 26 mm, arrangement A).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 40(6) Nov/Dec 2022; doi: 10.1116/5.0119895 40, 063005-5

Published under an exclusive license by the AVS

https://avs.scitation.org/journal/jva


structures by DBD plasma treatment (Fig. 3) is unique. The mecha-
nism of plasma-induced surface roughening that results in this
micrometer-scale protrusion morphology may be associated with
nonuniform etching by energetic plasma particles. The nonuniform
etching might be caused by nonuniform distribution of the incom-
ing flux of plasma particles over the LDPE surface due to the con-
centration of electric field lines on miniature imperfections on the
tubing surface and associated changes of the particles’ trajectories.

Figures 7 and 8 present the effect of discharge power on pro-
trusion characteristics (treatment time of 15 min was used to
ensure conditions prior to protrusion coalescence). Visually, pro-
trusion density increased dramatically, changing from approxi-
mately 6 × 105 to 2 × 107 mm−2 at power increase from 9 to
45 mW. (The discharge power was increased by raising the driving
voltage on the power generator, and it was associated with visibly
brighter discharge plasma inside the LDPE tubing.) The protrusion
number density saturated at power levels of 35 and 45 mW. Similar
inverse trends were seen for protrusion size, which decreased from
0.6 to 0.2 μm with discharge power, with small increments of
change observed at higher power levels. Roughness Ra remained
constant relative to ISO standards (0.03–0.09 μm or ISO N2), over
the entire tested discharge power range 9 to 45 mW.

In addition to μm-scale protrusions with characteristic diame-
ter Dh i of ∼0.2–3 μm (as illustrated in Figs. 6 and 8), plasma treat-
ment induced weblike filaments with a diameter of <25 nm on the
inner tubing wall surface (as illustrated in Fig. 9). Nm-scale weblike
morphologies (Fig. 9) were commonly observed in most regions of
the plasma discharge (at low to moderate power 10–50 mW) in the
interstitial space between protrusions in vicinity and away from the
discharge electrodes. Similar surface morphologies have been
reported previously in the literature on plasma etching of poly-
methyl methacrylate (PMMA), polyetheretherketone (PEEK), and

polytetrafluoroethylene (PTFE).8,11,34,35 Unlike the larger surface
morphologies observed (protrusions), this roughened morphology
is likely the result of surface degradation induced by cold plasma
etching.35

Figures 10 and 11 show the surface morphology characteristics
obtained with tubing being fed through the electrodes (arrange-
ment B in Sec. II) at the rates of 1–10 mm/min. Uniformly distribu-
ted protrusion density (sample densities did not fall below or
exceed 25% from the mean) was observed along the entire treated
tubing length of 30 cm. The protrusion number density increased

FIG. 8. Evolution of protrusion number density n (a), diameter Dh i (b), surface roughness Ra (c), and normalized PSDF with discharge power (d) (treatment time
t = 15 min, z = 26 mm, arrangement A).

FIG. 9. Common nm-scale patterning induced on LDPE surfaces induced by
DBD plasma treatment (t = 30 min, discharge power = 45 mW, z = 27 mm,
arrangement A).
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as tubing feed rate decreased, which can be explained by the corre-
sponding increase of effective treatment time (time of exposure to
plasma) of each specific location. In general, protrusion number
density is governed by the plasma dose which can be increased by
increasing of the discharge power or by decreasing of the tubing
feed rate (and, correspondingly, increasing of effective treatment
time). The fastest tubing feed rate at which morphological changes
were observed was 5 mm/min.

To evaluate how the change in surface morphology affects the
interaction with other materials, we used poly(lactic-coglycolic
acid) (PLGA) as a model compound and observed mechanical
adhesion of PLGA to the plasma-treated tubing (Fig. 12). PLGA
was coated on the surface of the tubing via a solvent exchange pro-
cedure. Briefly, PLGA was dissolved in a cosolvent consisting of a
3:2 mixture of dimethyl sulfoxide and benzyl alcohol. Following
direct injection into the tubing and an incubation for 1 h, PLGA
was precipitated on the LDPE surface by the introduction of DI
water as a nonsolvent. Under SEM analysis, islands of PLGA were
observed on the inner surface of the LDPE tubing and PLGA
directly adhered to surface protrusions at the outer edges of the
islands. With moderate increase in the voltage of the electron beam
of the SEM, the PLGA islands contracted, and clear retention of
the adherence to the tubing was observed (at points of contact
where the protrusions adhered to the coating polymer). This evi-
dence indicates that, on a microscale level, the DBD palsma treat-
ment provides a roughened surface with surface protrusions that
allows for mechanical interlocking adhesion.

B. Plasma-induced effects on surface wetting

Figure 13 shows typical temporal evolution of the effective
water contact angle. Nonlinear behavior was observed in the first

FIG. 10. Characteristic SEM images of the inner tubing surface as a function of feed rate (discharge power = 15 mW, arrangement B).

FIG. 11. Evolution of protrusion number density n (a), diameter Dh i (b), and
surface roughness Ra (c) for a continuous feed system at varying feed rates
(discharge power P = 15 mW, arrangement B).
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8 h of the study, with an initial drop in contact angle starting from
θ0 � 37� at t = 0 to θ � 30� over 2 h. After this drop, the contact
angle rose to ∼15° above the θ0, reaching a steady-state angle θss �
52� and remained unchanged (tested up to 6 days). Note that
contact angle of untreated tubing θuntreated � 80�+5� is indicated
by horizontal line for t < 0 (before the treatment).

Observed temporal dynamics of the contact angle θ sug-
gests that properties of tubing surface experience a correspond-
ing evolution after the DBD plasma treatment. This evolution
indicates the presence of transient and permanent effects con-
tributing in conjunction toward the net wettability of the LDPE
surface. Initial temporal dynamics of the contact angle during
t = 0–8 h after the treatment indicates that temporary surface
modifications (functionalities) decay (vanish)11 on that time
scale. Final steady-state contact angle θss and its deviation from
θuntreated were due to permanent protrusions (roughness) on the
tubing surface.

Figure 14 shows effects of the discharge power in the range
7–40 mW on θ0 and θss. (Note that θss presented in Fig. 14 was
measured using rewetting technique with water and consisted of
two consecutive contact angle measurements.) Observations of
contact angle behavior after a second wetting of treated tubing
showed similar results to steady-state results, indicating that
wetting a sample effectively removed the transient elements con-
tributing the wettability of the sample. Utilization of rewetting tech-
nique enabled measurements of θ0 and θss from a single sample.
Measurements showed little variation in the initial contact angle

with power, with θ0 � 20�–37�. At the same time, θss at low power
levels <10 mW was similar to that of untreated tubing and
decreased with the increase of discharge power reaching about 45°
for 40 mW. θss � θuntreated at low power levels is consistent with
more minor morphological changes (smaller n and Ra) induced at
lower powers. It is interesting to note that nearly complete recovery
of θss to untreated value θuntreated observed at low power levels indi-
cated that temporary inducing of hydrophilicity followed by full
recovery to initial untreated tubing properties in several hours is
feasible.

The DBD plasma system reported in this work enables a novel
alternative to chemical etching and lays a foundation for a broad
range of medical applications. It can be used in continuous fashion,
applicable to microbore tubes, free of surface contamination issues,
and environmentally friendly. With initial results reported here,
more work needs to be done to explore the effects of various
working gases (e.g., O2, Ar, etc.), discharge electrode shape and
spacing, polymer type and wall thickness, tube diameter, and
discharge-driving voltage waveform on the induced adhesive prop-
erties and microfluidics.

FIG. 12. SEM imaging showing mechanical interlocking of PLGA to the surface of treated LDPE tubing (discharge power = 15 mW, arrangement A).

FIG. 13. Temporal evolution of surface contact angle during 24 h after plasma
treatment (discharge power = 15 mW, feed rate = 2 mm/min, arrangement B).

FIG. 14. Impact of discharge power on initial contact angle, θo (a) as well as
steady-state contact angle, θSS (b) (feed rate = 2 mm/min, arrangement B).
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IV. CONCLUSIONS

This work developed a new atmospheric-pressure DBD plasma
system for treatment of long lengths of microbore polymer tubing
with submillimeter inner diameters. The developed system conceptu-
ally enabled treatment in a continuous fashion without tubing length
limitation. The DBD plasma system induced surface modifications
on the plasma-exposed tubing segments (μm-scale protrusions and
nm-scale patterning) with vast range of sizes varying from 20 nm to
3 μm. Associated number densities of the induced protrusions were
in the range 104–107 mm−2 and roughness Ra ¼ 0–0:3 μm, which
corresponds to ISO-N1–N5 roughness grades. Additionally, the same
DBD plasma treatment was demonstrated to induce temporary and
permanent modifications of tubing wetting properties. Temporary
wetting effects might be attributed to transient surface characteristics
that decay within 8–12 h (functionalities), while permanent wetting
mechanisms were associated with permanent surface modifications
(protrusions). The results support feasibility of inducing temporary
tubing hydrophilicity with full recovery to the original wetting prop-
erties of the tubing in several hours. On a microlevel, DBD plasma
induced a roughened surface allowing mechanical interlocking of
PLGA to protrusions, and, therefore, enhancement of adhesive prop-
erties of plasma-treated LDPE surfaces may be expected. The DBD
plasma system reported in this work offers an alternative to chemical
etching and can be used for medical applications.
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APPENDIX

Roughness Ra of the surface associated with plasma-induced pro-
trusions was calculated using the following approach. Protrusions were
modeled as cylinders protruding above the perfectly flat substrate
surface (set at z ¼ 0) as shown in Fig. 3. The cylinders’ height was
assumed to be equal to its diameter D based on SEM observations.
Assuming uniform distribution of protrusions over the observation
area A, roughness Ra can be expressed as

Ra ¼ Sa ¼
Ð
A z � zh ij jdxdy

A
, (A1)

where z ¼ z(x, y) represents 2D surface profile and zh i is an average

surface level in the observation area zh i ¼
Ð

Azdxdy

A .
Ra in Eq. (A1) should be now expressed in terms of PSDF. To

this end, the integral in Eq. (A1) can be reduced to the form of
ð
A z � zh ij jdxdy ¼ V *

totþ zh i(A� Atot): (A2)

The first term, V *
tot , represents a total volume of all protru-

sions in the observation area A with their heights modified from D
to D� zh ij j. The second term, zh i(A� Atot), is the contribution of
the area between the protrusions (A� Atot) to the integral, where
Atot is the total area covered with protrusions. zh i in the second
term can be expressed via total volume of protrusions Vtot in the
observation area A as zh i ¼ Vtot

A . Finally, V *
tot , Atot , and zh i can be

expressed in terms of moments of the PSDF as follows:

V *
tot¼

ðð
πD2

4
D� zh ij jF(D)dDdA ¼ A

ð
πD2

4
D� zh ij jF(D)dD,

Atot ¼
ðð

πD2

4
F(D)dDdA ¼ A

ð
πD2

4
F(D)dD,

zh i ¼ Vtot

A
¼

ÐÐ πD3

4
F(D)dDdA

A
¼

ð
πD3

4
F(D)dD:

(A3)

Thus, one can obtain the following expression for Ra:

Ra ¼
ð
πD2

4
D� zh ij jF(D)dDþ zh i 1� Atot

A

� �
: (A4)

Equation (A4) can be further simplified using that protru-
sions’ heights (¼ D) are generally substantially larger than zh i as
one can see from the experimental data presented in Figs. 6 and 8.
In this case, D� zh ij j ¼ D� zh i and Eq. (A4) can be further
simplified to the form
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Ra �
ð
πD2

4
D� zh ið ÞF(D)dDþ zh i 1� Atot

A

� �
¼

ð
πD3

4
F(D)dD�

zh i
ð
πD2

4
F(D)dDþ zh i 1� Atot

A

� �
¼ zh i � zh iAtot

A
þ zh i 1� Atot

A

� �
¼ 2 zh i 1� Atot

A

� �
:

(A5)
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