
Recently, self-healing polymers capable of autono -
mously restoring themselves have attracted more and
more research interests. Many approaches that impart
remendability to polymeric materials by either incor-
poration of healing agent into the matrices or making
use of reversible inter/intra-macromolecular bonding
have been proposed. Comparatively, however, most
of the research concerns are focused on the extent of
properties recovery rather than the speed.
In fact, rapid healing of cracks is highly desired for
practical applications. On the one hand, crack propa-
gates very fast; on the other hand, the damaged mate-
rials should be healed immediately to prevent occur-
rence of catastrophic failure.
By reviewing the available literature, we find that the
reported time taken for reaching steady state or max-
imum healing used to be on the level of hour or
dozens of minutes. Evidently, it needs to be greatly
shortened.
To tackle the problem, SbF5 (ACS Appl. Mater. Inter-
faces, DOI: 10.1021/am405989b), a strong Lewis
acid, and trifluoromethanesulfonic acid (Compos Sci.
Technol., DOI: 10.1016/j.compscitech.2014.08.028),
a strong Bronsted acid, were employed for formulat-
ing fast healing systems, respectively. In actual oper-
ation, the acids were encapsulated by silica, and then
embedded in epoxy matrix together with encapsu-
lated epoxy monomer. Upon cracking of the compos-
ite, the fluidic chemicals released from the broken
microcapsules flowed to the damage sites due to cap-
illary effect and curing of the epoxy monomer
occurred, re-connecting the cracked faces. Both
impact and fatigue tests demonstrated that mechani-
cal strength of the epoxy filled with the healing agent

can be recovered within seconds at room temperature
without manual intervention. Moreover, the healing
system consisting of trifluoromethanesulfonic acid-
epoxy pair turned out to possess significant thermal
stability. It can survive the rigorous processing of
high Tg epoxy (>240°C) during composite fabrica-
tion and provide the composite that was pre-treated
at 180°C for 5 h with the same healing efficiency as
the untreated one.
The above investigations also indicate that the heal-
ing speed of fast self-healing materials is difficult to
be precisely evaluated by the existing destructive tests
because of the time consuming recombination of the
broken specimens. Fast in-situ measurement proto-
col like ultrasonic immersion technique that allows
for determining elastic constants (Angew. Makro-
mol. Chem., DOI: 10.1002/apmc.1992.051980104)
within short time should be introduced.
Although the healing systems based on the encapsu-
lated strong Lewis or Bronsted acids and epoxy
monomer have shown their ultrafast healability,
much milder substitute with comparable healing
speed is still worth being developed in view of easy
handling. Besides, the balance between the rate of
curing and speed of healing agent delivery should be
considered when large damage sites are dealt.
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1. Introduction
In the recent years intensive research work has been
focused on the partial or full replacement of the min-
eral oil based epoxy resin (EP) components by renew-
able ones in several industrial segments in order to
reduce their dependence on petrochemicals. The
synthesis of bio-based EPs is feasible from different
natural materials such as wood biomass [1], indus-
trial lignin [2] and starch [3]. One of the most com-
mon methods to prepare bio-based EPs is the epox-
idation of different vegetable oils, which are basically
fatty acid esters of glycerol [4–8]. For the functional-
ization of plant oils (epoxidation of the unsaturated
fatty acid chains double bonds) many chemical solu-
tions were worked out [9, 10]. Basically there are
four methods: epoxidation with percarboxylic acids;

with inorganic or organic peroxides; with halohy-
drines or with molecular oxygen [11]. Many investi-
gations deal with the mechanical properties of the
neat epoxidized plant oils (EPOs) and mixed EPO/
petrol oil based EP (mostly DGEBA – diglycidyl
ether of bisphenol A) systems [12–26]. According to
the literature in these hybrid EP systems usually
phase separation was observed [12, 20, 21]. In all
cases the glass transition temperature (Tg), thermal,
tensile and bending properties decreased by increas-
ing EPO-content, so the EPOs behaved basically as
plasticizers. On the other hand, the impact strength
of petrol oil based EPs increased at 20 mass% EPO-
content [13], and the epoxidized triglycerides were
tougher than DGEBA [14]. Besides the mechanical
properties, the curing process also was investigated
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with many types of curing agents [19, 22]. With
synthetic aliphatic EP components, the Tg values
increased with increasing ESO-content, followed by
a slight decrease in mechanical properties [26]. Based
on the literature, the EPOs can be applied as renew-
able sourced polymer matrices in fiber reinforced
polymer composites, however high-tech applications
as aeronautical require much higher Tg and better
mechanical properties.
Sugar is a renewable resource that has the potential
to replace mineral oil in the synthesis of EPs, further-
more due to its large oversupply in the recent decades
its application as base material in polymer synthesis
does not compete with the food industry. Sugar based
EP components can be synthesized by replacing the
hydroxyl groups of sugar structured molecules as car-
danol [27–29], sucrose [30, 31], maltitol, sorbitol
[32] and isosorbide [33–36] with oxirane functions.
With the mixture of a novel synthesized cardanol
based novolac-type phenolic resins and polybutadi-
ene liquid rubber (CTPB) tensile strength improve-
ment and higher thermal stability could be achieved
with increasing CTPB-content. [27]. With poly(buta-
diene-co-acrylonitrile) (CTBN) the tensile strength
decreased, but with 15 mass% CTBN-content, the
impact strength increased [28, 29]. Cured epoxy allyl
sucrose (EAS) and epoxy crotyl sucrose (ECS) were
compared to DGEBA by Pan et al. [30]. The EAS
had lower and the ECS had higher tensile strength
and modulus than the DGEBA. From sucrose based
starting materials cured epoxidized sucrose ester of
fatty acids can be formed, which has higher tensile
strength and modulus than the commercially avail-
able epoxidized soybean oil (ESO) [31]. Shibata et
al. [32] achieved tensile strength improvement with
10 mass% microfibrillated cellulose fiber reinforce-

ment in glycerol polyglycidyl ether (GPE) and sor-
bitol polyglycidyl ether (SPE) matrix materials.
Isosorbide is also an alternative source to synthe-
size renewable sourced epoxy components [33–35].
Chrisanthos et al. [36] synthesized two hygroscopic
isosorbide based EP components. The mechanical
properties of renewable sourced cured EP compo-
nents were compared to DGEBA. They reached
higher rubbery modulus above Tg, but the Tg values
were lower than in the case of DGEBA.
In this work curing and rheological behaviour, glass
transition temperature, mechanical and thermal
properties of two novel glucose-based EP compo-
nents were investigated. These results were not only
compared to the conventional, widely investigated
aromatic diglycidyl ether of bisphenol A (DGEBA)
resin, but also to a glycerol- (GER) and a pentaery-
thritol-based (PER) aliphatic resin, which are cur-
rently synthesized on mineral oil base, however they
can be potentially synthesized from renewable
sources: glycerol is available in large quantities from
natural fatty acids, while pentaerythritol can be pro-
duced from bio-based methanol as well. The expected
outcome of this study was to determine the poten-
tial application areas, where these newly developed
glucose-based EP components are capable of replac-
ing the mineral oil based commodity resins.

2. Experimental
2.1. Materials
As renewable epoxy resin components two glucose-
based components, synthesized previously by the
research group of the authors [37], were used: a solid
glucopyranoside based trifunctional epoxy resin
component (GPTE) and a liquid glucofuranoside
based trifunctional epoxy resin component (GFTE).
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Figure 1. Chemical structure of the applied EP components



As conventional mineral oil based resins the bifunc-
tional aromatic bisphenol-A based DGEBA and two
aliphatic components, the trifunctional glycerol-
based GER and the tetrafunctional pentaerythritol-
based PER were used. The chemical structure of
these components can be seen in Figure 1, while
their characteristics are listed in Table 1.
As hardener two types of curing agents were applied:
an amine and an anhydride with accelerator. The
amine curing agent was diethylene-toluene-tetramine
with 45 g/eq hydrogen equivalent (DETDA80 –
DETDA) by Lonza (Basel, Switzerland). The anhy-
dride was methyl-tetrahydrophtalic-anhydride with
minimal tetrahydrophtalic anhydride content (Aradur
917 – AR917) with 1-methylimidazole (DY070)
accelerator by Huntsman Advanced Materials (Basel,
Switzerland). The equivalent mass of the anhydride
type curing agent, calculated form its molecular
mass, was 160 g/eq. The accelerator was applied in
2 mass% related to the mass of the epoxy resin com-
ponent. During the composite preparation in all cases
stoichiometric ratio of EP component and hardener
was used. The macro scaled specimens for the
mechanical investigations were made by resin mould-
ing with a vertical moulding tool. The curing proce-
dure, determined on the basis of DSC and gel time
tests, consisted of the following isothermal heat
steps: 1 h at 100°C, 1 h at 150°C and 2 h at 175°C in
the case of DETDA, and 2 h at 100°C and 2 h and
140°C with AR917.

2.2. Methods
2.2.1. Differential scanning calorimetry (DSC)
The DSC tests were carried out with Q2000 device
of TA Instruments (New Castle, DE, USA) in
50 mL/min nitrogen flow. Tzero type aluminium

pans were used, the sample mass was 5–10 mg. For
the investigation of the curing process of the sam-
ples the applied three-step temperature program con-
sisted of heat/cool/heat cycles: after a linear ramp
from 25–250°C with 5°C/min heat rate (first cycle),
the sample was cooled down to 0°C with 50°C/min
cooling rate, followed by a second linear heating
ramp from 0–250°C with 5°C/min heating rate (sec-
ond cycle) to ensure the proper conversion. The
glass transition temperature (Tg) values were deter-
mined from the second heating scan and were
defined as the inflection point of the transition curve.
After the heat/cool/heat cycle isothermal measure-
ments were carried out as well to determine proper
curing circumstances for macro-scaled specimen
preparation. After carrying out the specific curing
cycles on macro-scaled samples, determined on the
basis of DSC results and gel time, the conversion of
the specimens was checked by applying a linear
heating ramp from 0–250°C with 5°C/min heating
rate. If no postcuring was detected, the conversion
was considered as complete.

2.2.2. Parallel plate rheometry
Gel time was determined by parallel plate rheome-
try using AR2000 device from TA Instruments (New
Castle, DE, USA) with 25 mm diameter plate and
200 "m gap between the plates in oscillation mode.
The test frequency was 10 Hz, the applied tempera-
ture was 100°C. The gel time was determined from
the intersection of the recorded shear storage (G#)
and shear loss (G$) modulus values.

2.2.3. Dynamic mechanical analysis (DMA)
For the investigations of the dynamic mechanical
properties and for the determination of the Tg values
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Table 1. Characteristics of the applied EP components

Abbreviation Main component Supplier Trade
name

Phase / Structure
/ Viscosity [Pa·s]

(at 25°C)
[–]

Molecular
weight
[g/mol]

Epoxy
equivalent

weight (EEW)
[g/eq]

GPTE
(2#,3#-epoxypropyl)-2,3-di-O-
(2#,3#-epoxypropyl)-4,6-O-ben-
zylidene-%-D-glucopyranoside

synthesized at Budapest
University of Technology
and Economics [37]

– Solid /
Cycloaliphatic 436 160

GFTE
3,5,6-tri-O-(2,3-epoxypropyl)-
1,2-O-isopropylidene-%-D-glu-
cofuranose

synthesized at Budapest
University of Technology
and Economics [37]

–
Liquid /

Cycloaliphatic /
3.76

388 160

DGEBA Diglycidyl ether of bisphe-
nol A

IPOX Chemicals Ltd.
(Budapest, Hungary) ER1010 Liquid / Aromatic /

10–14 340 188

GER Triglycidyl ether of glycerol IPOX Chemicals Ltd.
(Budapest, Hungary) MR3012 Liquid / Aliphatic /

0.9 274 144

PER Tetraglycidyl ether of pen-
taerythritol

IPOX Chemicals Ltd.
(Budapest, Hungary) MR3016 Liquid / Aliphatic /

0.24 360 168



DMA tests were carried out in three point bending
setup with TA Q800 device of TA Instruments (New
Castle, DE, USA). The temperature range was 25–
225°C with 3°C/min heat rate. The frequency was
1 Hz. The size of the specimens was 50&10&2 mm
(length & width & thickness), and the support span
was 50 mm. The amplitude was strain controlled
with 0.1% relative strain.

2.2.4. Tensile test
To determine the epoxy systems tensile strength and
Young’s modulus a Zwick Z005 (Ulm, Germany)
type computer controlled universal tester was used
with a 5 kN load cell. The specimen dimensions were
100&10&2 mm (length & width & thickness) accord-
ing to EN ISO 527-3. The initial test length was
100 mm. The test speed was 2 mm/min. The temper-
ature was 22°C and the relative humidity was 58.3%.

2.2.5. Bending test
To determine the bending strength and bending
modulus values of the epoxy systems three point
bending tests were carried out according to EN ISO
178 with a Zwick Z005 (Ulm, Germany) type com-
puter controlled universal tester with 5 kN load cell.
The specimen size was 40&25&2 mm (length &
width & thickness), and the support span was 32 mm.
The test speed was 2 mm/min. The temperature was
22°C and the relative humidity was 58.3%.

2.2.6. Hardness
To investigate the hardness of the various epoxy sys-
tems with anhydride and amine type curing agents
Shore-D type hardness was determined with Zwick
(Ulm, Germany) H04.3150 hardness tester.

2.2.7. Thermogravimetrical analysis (TGA)
The TGA measurements were carried out with a
Setaram Labsys (Caluire, France) type TGA device.
The heating range was 30–700°C with 10°C/min
heating rate in nitrogen atmosphere. Setaram type
400 "L aluminium oxide pan was used. The sample
size was 15–20 mg. From the recorded TG data dTG
values were calculated by Setaram Setsys software.

3. Results and discussion
3.1. Curing behaviour
To study the curing behaviour of the novel glucose-
based epoxy resin components and compare them
to the mineral oil based ones, DSC measurements
were carried out. Figure 2 shows the first DSC heat-
ing cycle of the EP systems with amine (DETDA)
and anhydride (AR917) type curing agents and
Table 2 summarizes the DSC results.
According to Figure 2 and Table 2, both novel glu-
cose-based resins could be successfully cured both
with amine and anhydride type curing agents. In case
of AR917 no significant difference could be noticed
between the heat flow profile of the different EPs,
the curing occurred in rather narrow temperature
zone, with a peak temperature around 130°C. The
curing process was significantly slower in the case
of DETDA and the EP systems needed higher cur-
ing temperature than with AR917. The aliphatic
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Figure 2. Curing process of the EP systems with DETDA (a)
and AR917 (b) curing agents (first DSC cycle)

Table 2. DSC results of the EP systems with DETDA and AR917 curing agents
Base resin GPTE GFTE DGEBA PER GER

Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917
Total specific reaction enthalpy [J/g] 365.9 396.3 332.6 414.5 295.6 380.6 327.9 388.1 418.7 371.7
Peak [°C] 179 133 190 130 190 129 164 125 162 123
Tg [°C] 210 178 173 157 179 155 98 116 76 99



resins cured at lower temperature, while the heat
flow curve of the aromatic DGEBA and cyclo -
aliphatic glucose-based resins was shifted to higher
temperatures.
As for the Tg values, according to Table 2, the aro-
matic and glucose-based systems had higher Tg with
the aromatic amine type DETDA than with anhy-
dride type AR917 curing agent, while the aliphatic
ones had lower Tg with DETDA. GPTE type glucose-
based EP systems showed the highest Tg values
among all investigated resins, followed by glucose-
based cycloaliphatic GFTE and aromatic DGEBA,
while the aliphatic ones had the lowest values, as
expected.

3.2. Gelling
Prior to specimen moulding the gel time of the EP
systems was determined as well. The applied temper-
ature during the measurement was determined on the
basis of DSC results: with DETDA a constant temper-
ature of 175°C, while with AR917 100°C was
applied. Table 3 shows the gel times of the EP sys-
tems with DETDA (at 175°C) and AR917 (at 100°C).
Table 3 shows that curing with amine type DETDA
leads to shorter gel times than curing with the anhy-
dride type AR917 in all EP systems. In case of AR917
the glucose-based EP systems had similar gel times
than DGEBA, while with DETDA the glucose-based
EP components have significantly lower gel times
than the DGEBA. With both curing agents the
aliphatic resins showed the highest reactivity.
According to these results, the gel times of the novel

glucose-based resins are appropriate for processing
and can be well-adopted to the requirements of the
common composite preparation method by choos-
ing the type of the curing agent.

3.3. Dynamic mechanical properties
In order to compare the dynamic mechanical prop-
erties of the glucose-based EP systems compared to
the mineral oil based ones, DMA measurements
were carried out. The storage modulus and loss fac-
tor (tan') values in the function of temperature can
be seen in Figure 3.
The storage moduli of the different EP systems were
compared at 0, 25, 50 and 75°C. From the peak posi-
tion of tan(' curves in the function of temperature, Tg
values of the EP systems were determined. Table 4
shows the storage modulus at 0, 25, 50 and 75°C and
compares the Tg values determined by DSC and
DMA.
According to Table 4 there was no significant dif-
ference between the storage modulus values of the
EP systems below the Tg. The storage modulus of the
novel glucose-based resins at lower temperatures is
higher than the values of DGEBA, and above 50°C
it still in the same region of the storage modulus of
DGEBA. In the case of PER and GER 75°C is close
to the Tg of these aliphatic systems, which explains
the low storage modulus values at this temperature.
The Tg values determined by DMA showed similar
tendency than the ones determined by DSC: the
glucose-based aliphatic GPTE had much higher Tg
than DGEBA both with amine type DETDA and
anhydride type AR917, while the Tg values of GFTE
were in the same range as DGEBA.

3.4. Mechanical properties
In order to compare mechanical properties and
hardness of the glucose-based EP resins to the min-
eral oil based ones, tensile, bending and Shore-D type
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Table 3. Gel times of the EP systems with DETDA and
AR917 curing agents

Base resin
Curing
agent GPTE GFTE DGEBA PER GER

tgel [s]
DETDA 586 552 862 448 420
AR917 955 908 935 532 769

Table 4. Storage modulus measured by DMA and Tg values determined by DSC and DMA in EP systems cured with
DETDA and AR917 curing agents

Storage modulus [MPa]
Base resin GPTE GFTE DGEBA PER GER

Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

Temperature [°C]

0 2895 3032 3058 2999 2648 2817 3078 3239 2965 2970
25 2558 2877 2727 2804 2409 2716 2376 3049 2386 2767
50 2274 2716 2341 2611 2155 2627 1512 2832 1076 2567
75 2072 2528 2034 2440 2005 2559 555 2532 45 2343

Tg [°C]

Method
DMA 213 188 178 161 177 154 86 115 65 98
DSC 210 178 173 157 179 155 98 116 76 99



hardness tests were carried out. From the measured
force and crosshead travel values, tensile strength
and Young’s modulus, bending strength and bend-
ing modulus were determined (Table 5).
Based on the results showed in Table 5, DGEBA has
the highest tensile strength both with DETDA and
AR917 curing agent. Noteworthy worsening in the
tensile strength was detected in the case of the glu-
cose-based EP components (GPTE, GFTE) com-

pared to the mineral oil based ones. All EP systems
have lower tensile strength with amine type DETDA
than with anhydride type AR917, which may be
explained with the high temperature heat treatment
(2 h at 175°C) necessary for proper conversion, prob-
ably causing already degradation in the crosslinked
resin. Despite the tendency in tensile strength val-
ues, the GPTE and GFTE with AR917 have almost
the highest Young’s modulus value. Similar trend
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Figure 3. Storage modulus and tan' curves of EP systems with DETDA (a, b) and AR917 (c, d) curing agents

Table 5. Comparison of the mechanical properties and hardness of glucose-based EP resins to mineral oil based ones with
DETDA and AR917 curing agents

Base resin GPTE GFTE DGEBA PER GER
Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

Tensile strength
[MPa]

Average value 14.67 24.90 29.02 37.58 44.80 77.61 34.88 64.69 46.81 66.92
Standard deviation 4.01 4.08 8.75 9.13 14.18 0.79 9.97 0.78 0.32 0.34

Young’s modulus
[GPa]

Average value 2.23 2.50 2.48 2.66 2.26 2.54 2.27 2.66 2.33 2.66
Standard deviation 0.06 0.07 0.05 0.11 0.07 0.04 0.02 0.05 0.04 0.07

Bending strength
[MPa]

Average value 49.11 86.86 62.84 68.86 86.84 94.87 85.85 91.67 85.81 94.41
Standard deviation 10.07 25.82 8.02 5.71 1.39 0.77 0.59 0.52 1.79 0.21

Bending modulus
[GPa]

Average value 2.29 2.61 2.31 2.51 2.12 2.88 2.50 3.12 2.30 3.01
Standard deviation 0.12 0.12 0.47 0.16 0.10 0.03 0.01 0.02 0.28 0.02

Hardness 
[Shore-D]

Average value 105.72 107.82 107.28 109.06 103.98 106.20 99.64 107.12 99.32 105.84
Standard deviation 2.52 1.94 1.59 1.05 1.93 0.57 2.18 0.53 2.05 0.65



can be seen in the case of the bending properties.
The bending strength of the glucose-based EP sys-
tems is lower than the synthetic resins except the
GPTE with AR917. The bending modulus values
are the lowest in the case of the glucose-based
epoxy components with DETDA. Basically the glu-
cose-based and the mineral oil based epoxy compo-
nents’ modulus values are comparable with each
other using the same curing agent.
According to the hardness tests, the glucose-based
epoxy components have the highest hardness among
all the five examined EP components with both curing.

3.5. Thermal behaviour
Thermal stability of the synthesized bio-based epoxy
resins, GPTE and GFTE was compared to the sta-

bility of the applied aliphatic and aromatic synthetic
resins (DGEBA, PER, GER) both in case of anhy-
dride (AR917) and aromatic amine type hardener
(DETDA). Figure 4 shows the TG and dTG curves
of all epoxy resin systems with DETDA and AR917
curing agents.
Table 6 shows the temperature at 5 and 50 mass%
loss (T5mass%; T50mass%), the maximum mass loss
rate (dTGmax), the temperature belonging to this
value (TdTGmax) and the char yield at the end of the
TGA test (at 700°C).
Based on these results, the aromatic DGEBA had
the highest thermal stability, the stability of the syn-
thesized GPTE and GFTE is between the aliphatic
resins and DGEBA. In the case of the glucose-
based resins, the char yield values are significantly
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Figure 4. TG and dTG curves in function of temperature of the EP components with DETDA (a, b) and AR917 (c, d) curing
agents

Table 6. T5mass%; T50mass%; dTGmax; TdTGmax and char yield values of the EP systems with DETDA and AR917 curing agents

Base resin GPTE GFTE DGEBA PER GER
Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

T5mass% [°C] 314 330 334 229 370 348 291 294 284 285
T50mass% [°C] 373 384 354 367 398 408 347 333 353 331
dTGmax [mass%/°C] –1.52 –2.11 –5.55 –1.31 –2.44 –1.56 –2.87 –1.88 –1.36 –1.92
TdTGmax [°C] 345 387 339 374 387 409 293 325 289 327
Char yield [mass%] 13.35 0.21 16.83 0.54 2.89 10.29 12.64 15.94 10.11 15.76



higher with DETDA than with AR917, which may
be explained by the high amount of ether type link-
ages derived from hydroxyl groups, which leads to
the formation of an intumescent system when
amine type hardeners are used [38].

4. Conclusions
Curing and rheological behaviour, glass transition
temperature, mechanical and thermal properties of
two novel glucose-based (GPTE, GFTE) EP com-
ponents were investigated. The results were com-
pared to the conventional, widely investigated aro-
matic DGEBA EP resin and as well as to GER and
PER aliphatic EP resins, which are currently syn-
thesized on mineral oil basis, but can be potentially
produced from renewable sources.
According to the DSC results, the novel glucose-
based resins could be successfully cured both with
amine and anhydride type curing agents. In all
investigated EPs the curing process was signifi-
cantly slower and therefore higher curing tempera-
tures were necessary with amine type hardener. As
for the Tg values, GPTE type glucose-based EP sys-
tems showed the highest Tg values among all inves-
tigated resins, followed by glucose-based cyclo -
aliphatic GFTE and aromatic DGEBA, while the
aliphatic ones had the lowest values, as expected.
As for the gelling properties, the glucose-based EPs
had similar gel times with anhydride curing agent
as DGEBA, while with amine hardener their gel
time was significantly lower than in case of DGEBA.
According to the DMA test results there was no sig-
nificant difference between the storage modulus
values of the EP systems below the Tg. The storage
modulus of the novel glucose-based resins is higher
or above 50°C it is in the same region as the storage
modulus of DGEBA. The Tg values determined by
DMA showed similar tendency than the values
determined by DSC.
According to the mechanical test results, the glu-
cose based EP systems have lower tensile and bend-
ing strength, but the tensile modulus values are not
significantly different from the synthetic EPs.
Based on the TGA measurements, the stability of
the synthesized GPTE and GFTE is between the
aliphatic resins and DGEBA. In the case of the glu-
cose-based resins, the char yield values are signifi-
cantly higher with DETDA than with AR917, which
may be explained by the high amount of ether type

linkages derived from hydroxyl groups, which leads
to the formation of an intumescent system when
amine type hardeners are used.
Based on the results, the newly synthesized glu-
copyranoside- and glucofuranoside-based renew-
able EP components are promising candidates to
replace the commodity mineral oil based ones. Their
major advantages are the high Tg (in some cases
above 200°C), adjustable gel time by choosing appro-
priate curing agent, high storage modulus values and
hardness. In applications where bending stresses
are dominant over the tensile ones, and outstanding
Tg is required, these sugar-based resins offer a feasi-
ble renewable choice.
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1. Introduction
Pattern formation by self-organization, employing
different kinds of layered systems, for example tri-
layered substrate/soft layer/superstrate or bilayered
hard substrate/soft layer structures, has been studied
quite actively during past decades [1–5]. Both theo-
retical [6–9] and experimental [10, 11] approaches
have been used to explain the phenomenon. Utiliza-
tion of the self-organized patterns in various appli-
cations is of high interest [12] and it has been
applied for example in the case of curved photonic
crystals by Kolaric et al. [13].
It has been found out that very different kinds of
materials and methods can be employed for self-
organizing coatings [14–18], or the whole process
set-up can be designed from end-to-start, to obtain
structures with desired shapes or sizes, as a result
[19, 20]. The self-organizing pattern formation to be

occurred, the structure of the layered system and
materials employed must be appropriate for the
process and fulfill certain requirements. For example
in case of thermally induced self-organization suffi-
cient difference in thermal expansion coefficients
of individual layers is required. Also, the thickness
of each material layer of the system must be opti-
mum, for the stress driving self-organization to be
developed. By tailoring the forming structures, the
properties of the structured surface, like wetting or
optical properties, can be influenced [21–23].
Hot embossing is a simple method to transfer desired
structures into different thermoplastic polymer films
[24]. The process parameters are set for each material
according to the materials properties. Hot embossing
enables production of different kinds of elements
for e.g. optoelectronics or biomedical application
purposes [25, 26]. Furthermore, the replication, car-
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ried out by hot embossing, is easily transferred to a
time saving and cost effective, high-volume roll-to-
roll manufacturing [27–29].
By combining the advantages of the self-organized
pattern formation and the thermal imprint process-
ing, large volumes of patterned polymer products
with a specific sub-micron structuring can be pre-
pared. For example Chou et al. [30], have previously
introduced the utilization of the hot embossing with
25 nanometer resolution, but the original structures
were obtained using electron beam lithography.
Schweikart et al. [31], demonstrated the replication
of periodic sub-micron sized wrinkles employing
both micro thermoforming and molding process
using epoxy resin.
In the present research, we demonstrate a controlled
preparation of self-organized PS wrinkle patterns on
top of silicon and stainless steel wafers and replica-
tion of these structures into polymer films by hot
embossing via electro-plating the wrinkles into Ni
stamps. This stepwise fabrication method enables
development of characteristic and random sub-
micron sized surface patterning over large surface
areas without using any expensive equipments and
processes. We show that the shape and size of the
obtained surface structures can be influenced by
varying the substrate material. Moreover, effects of
this unique sub-micron sized structuring on the
optical properties of the PC and COP polymer films
are studied.

2. Materials and methods
Single-side polished silicon wafers (ø100 mm,
<100>, Compart Technology Ltd.) and stainless steel
(SST) wafers (ø100 mm, thickness 0.5 mm, Ruukki
Metals) were cleaned 5 minutes in trichloroethylene
and 5 minutes in methanol, using an ultrasonic treat-
ment. The wafers were dried under nitrogen flow and
kept in a desiccator in a nitrogen atmosphere. The
native oxide layer was left intact.
The solution of PS and toluene, having the concen-
tration of 10% (weight/volume), was prepared dis-
solving polystyrene with molar mass of
192 000 g/mol (Sigma-Aldrich Co.) in toluene
(Merck KGaA, 99.9 %) under mixing and heating.
Cleaned wafers were coated by the PS/toluene solu-
tion (PS layer thickness on Si 1.5 !m, and on SST
0.5 !m) employing a spin-coating technique (Lau-
rell technologies Co., WS-400A–6NPP/LITE/10K
spin-coater). Coated wafers were kept at 60°C for

12 hours to remove the remaining solvent and stress
generated in spin-coating.

2.1. Preparation of the self-organized PS
coating

Coated wafers were plasma treated (Oxford Instru-
ments, Plasmalab80Plus) using reactive ion etching
(RIE) equipment with mild conditions (plasma
power = 30 W, pressure = 120 mTorr, flow rate =
19.8 sccm) and argon as a process gas, to create a
cross-linked PS layer to the upper part of the PS
coating. After argon plasma treatment the wafers
were heated in oven at 130°C, which is above the
glass transition temperature (Tg = 103°C) of the PS,
for 12 hours, for wrinkles to be formed [16].

2.2. Preparation of the hot embossing nickel
stamp

A thin Ni layer, having thickness of 35 nm, was
sputtered onto of the self-organized PS layers on top
of the Si and SST wafers. The sputtered nickel was
used as an initiation layer, in order to grow the Ni
shims with a thickness of 300 !m in electro-plating
equipment (HEGA EFNI 01, Ni-sulfamate). Ni-shim
was separated from the Si/PS or SST/PS wafers, cut
to a round stamp with a diameter of 60 mm, and
cleaned using trichloroethylene and methanol.

2.3. Hot embossing of polycarbonate (PC) and
cyclo olefin polymer (COP)

For hot embossing purposes the Ni-stamp was
silanized for 10–15 minutes in a glove box in a nitro-
gen atmosphere using a mixture of HFE-7100 (3M)
and trimethylhydroxysilane (ABCR GmbH & Co.,
0.2% in HFE-7100), after which the stamp was
rinsed for 15 minutes with HFE-7100.
Hot embossing process was conducted using nanoim-
printing equipment (Obducat Nanoimprinter Eitre 3)
with 3" seating, and the prepared Ni-plates as stamps.
Two polymer materials, PC (thickness 0.10 mm)
(Tg = 150°C) [31] and COP (thickness 0.15 mm)
(Tg = 140°C) [33], were patterned using parameters
suitable for each material (Table 1). Hot embossing
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Table 1. Hot embossing parameters

T1 is a hot embossing temperature, T2 is a release temperature

PC COP
T1 [°C] 165 150
Pressure [bar] 50 50
Time [s] 120 180
T2 [°C] 135 135



temperature was set above the softening tempera-
ture of the used material, whereas the release tem-
perature was below that. The hot embossing process
is represented in Figure 1.

2.4. Characterization of the samples
The wrinkled PS layers were observed using non-
contact mode of atomic force microscope (AFM,
Thermo Microscopes Explorer) with SPMlab 5.01
software. The shapes and the dimensions of the self-
organized structures were analyzed using the line
analysis, area analysis and peak/valley measure-
ment tools of the software and the minimum height
of an individual structure was set to 5 nm.
For filtered power spectral density (FPSD) analysis
the numerical data obtained from AFM observation
of the surfaces was analyzed by Vision 4.20 pro-

gram, to create the PSD curves. The PSD curves were
further Fourier filtered to obtain the filtered rough-
ness values with selected spatial frequency ranges.
Static contact angles (CA) of the hot embossed and
smooth un-patterned reference samples were deter-
mined (CAM 200 Optical contact angle meter) for
both water and oleic acid, at the ambient tempera-
ture. For water, a drop volume of 5 !L was used,
whereas in case of oleic acid the volume was set to
1 !L. The duration of each determination was 30 s
and the CA was measured from at least five differ-
ent points. To obtain an average CA of each sample,
five last values of each measurement were used in
calculation.
Optical properties of the patterned and unpatterned
PC and COP films were determined using UV/VIS/
NIR spectrometer (Perkin Elmer Lambda 900 UV/
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Figure 1. Schematic illustration of the hot embossing process, a) coating the substrate, b) pattern development to the PS,
c) electro-plating nickel layer on top of the self-organized PS, d) nickel stamp removal, e) employing the Ni
stamp in hot embossing, f) hot embossed PC/COP film

Figure 2. Schematic illustration of the experimental configurations for a) transmittance, b) scattering and c) reflectance
determination



VIS/NIR) with 150 mm integrative sphere accessory
unit. The wavelength range from 300 to 1000 nm was
scanned with 1 nm step resolution. In reflectance
measurements index matching liquid (Cargille Series:
A, n =1.48000) and an absorption plate were used
behind the sample film to prevent the backside reflec-
tion. In order to examine the scattering property of
the samples, the transmittance determinations were
carried out first by setting the sample in a holder at
the opening of the integrative sphere and secondly
by using a movable sample holder, which was placed
12.5 cm from the integrative sphere opening. The
measurements were carried out at ambient tempera-
ture (25°C), in air. The schematic illustration of the
all experimental setups is presented in Figure 2.

3. Results and discussion
3.1. Fabrication of the structured surfaces
In order to develop a patterned PS layer on top of
the polystyrene coated Si and SST wafers, a stiff
superstrate was created by cross-linking the upper-
most layer of the PS coating by employing a plasma
treatment with a mild conditions [16] and argon as a

process gas, after which the pattern formation was
obtained by annealing. Use of the SST wafer enabled
a study of the influence of the substrate with a char-
acteristic surface structure, on the self-organized
pattern formation and the shape and dimensions of
the patterns of polystyrene.
Patterns of the PS layer obtained employing Si sub-
strate, possessed a shape of wrinkles (Figure 3a). The
highest wrinkles were about 200 nm, whereas the
average height value, determined for the whole
scanned area (10"10 !m), was about 100 nm (Fig-
ure 3a). The average period (peak-to-peak) was deter-
mined to be about 240 nm. The surface of the Ni-
stamp, prepared on top of the wrinkled PS layer is a
negative of the original surface pattern (Figure 3c).
The surface of an uncoated SST wafer composed of
characteristic island-like structures having height
from 300 to 500 nm, determined by AFM [15]. The
self-organized patterns of PS film formed on the
SST substrate also possessed a shape of wrinkles
(Figure 3b). The average wrinkle height was 210 nm
and the highest wrinkles were 390 nm. The average
period (peak-to-peak) was determined to 400 nm.
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Figure 3. AFM images (10 !m"10 !m) and topography graphs (10 !m) of self-organized PS patterns formed on (a) Si
and (b) SST wafer and transferred to Ni-stamp as negation (c) and (d)



Dimensions of the surface patterns were determined
employing area analysis tool of the AFM software
from the whole scanned area (10"10 !m). Fig-
ure 3d shows the wrinkles, transferred from the
SST/PS wafer to the Ni plate.
Self-organized structures formed on PS coated Si and
SST wafers, were successfully replicated onto PC and
COP films with thicknesses of 0.10 and 0.15 mm,
respectively (Figure 4). Dimensions of the wrinkles
on the hot embossed polymers were determined by
AFM. The average height value of the replicated
wrinkles employing the Si substrate was about
100 nm (Table 2) and the largest heights 200 nm.
Copied structures on the patterned polymers (PC,
COP) show some characteristic shapes of the SST
wafer (Figure 4 b and 4d) island-like features.

3.2. Replication quality
The replication fidelity of the self-organized wrin-
kles on the PC and COP films was evaluated employ-
ing power spectral density analysis with filtered
roughness values (FPSD) [34, 35]. This analysis
gives detailed information mainly of the structure
periodicities and is based on the numerical data
obtained from the AFM determinations of the origi-
nal wrinkled surfaces and the replicated PC and
COP films.
In the case of self-organized structures formed on
Si substrate (Figure 5a, Si/PS), the spectral density
curve and the filtering results of the corresponding
roughness show a large amount of the surface rough-
ness to be centered in the filtering ranges 100–
500 nm and 1–10 !m, whereas area 500–1000 nm
contains less spectral density. The AFM observation
of the wrinkled Si/PS surface patterns (Figure 3a)
showed the structure consisting of both smaller and
larger wrinkles with an average period value of
240 nm. Therefore, the results obtained by FPSD
are in line with the findings of AFM analysis.
Comparison between the filtered roughness values
of hot embossed polymer films (PC and COP) and
the original surface (Si/PS) shows a quite similar
trend for all samples; the filtering ranges 100–500 nm
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Table 2. Average dimensions of the self-organized patterns
on original and hot embossed surfaces

Sample Average height
[nm]

Average period
[!m]

Si/PS 100 0.24
PChot embossed, Si 90 0.77
COPhot embossed, Si 90 0.65
SST/PS 210 0.40
PChot embossed, SST 130 0.28
COPhot embossed, SST 120 0.23

Figure 4. AFM images (10 !m"10 !m) and topography graphs (10 !m) of the hot embossed PC and COP films; (a) PC/Si,
(c) COP/Si, (b) PC/SST, (d) COP/SST



and 1–10 !m contain more roughness than the range
500–1000 nm (Figure 5a). The original wrinkled sur-
face contains a lot of small peaks, which seem to
have vanished due to replication process. This influ-
ences the values of average wrinkle periods. Even
though, lacking the smallest wrinkles, the pattern-
ing of PChot embossed, Si and COPhot embossed, Si, still
include quite a large amount of roughness with the
periodicity located in the filtering range 100–
500 nm.
According to the FPSD analysis of the original SST
substrate with the self-organized PS coating on top
of it, the highest proportion of surface roughness is
concentrated in the filtering range 1–10 !m, but also
located in the filtering ranges 100–500 nm and 500–
1000 nm are present (Figure 5b, SST/PS). By AFM
observation the average period of these structures
was determined to about 400 nm. A large proportion
of the roughness in the range 1–10 !m in the FPSD
analysis is probably due to characteristic island-like

surface structure of the uncoated SST wafer. The
roughness distributions of the hot embossed PC and
COP films (Figure 5b) resemble the FPSD result of
the original SST/PS. AFM analysis of the
PChot embossed, SST and COPhot embossed, SST gave the
average period values of 0.28 and 0.23 !m (Table 2),
respectively.

3.3. Surface and optical properties
Static contact angles (CA) of water and oleic acid
were determined for both the unpatterned reference
and hot embossed polymer samples. In case of PC
the water CAs of patterned and unpatterned sam-
ples were almost the same, the values being 83–87°.
In case of oleic acid the contact angles of the PC sam-
ples increased from 6 to 14° (PChot embossed, Si) and to
12° (PChot embossed, SST) due to the surface patterning.
The CA values of COP samples showed the pattern-
ing having no significant influence on water or
oleic acid CAs of the material; the CA of water was
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Figure 5. PSD analysis results of wrinkled surfaces formed on (a) Si substrate and (b) SST substrate, and replicated to PC
and COP films by hot embossing



lowered 2–3° from the value of the smooth reference
(101°) and the CA of oleic acid remained the same
being 4–5°.
Influence of the hot embossed patterning on the
transparency, reflectivity and scattering properties of
the PC and COP films, was observed by determin-
ing transmittance and reflectance values of the ref-
erence and patterned samples using the UV/VIS/
NIR spectrometer in the wavelength range of 300–
1000 nm. In the case of reflectance determinations,
scattering was ignored. Values of the determined
properties at the wavelengths 450, 530 and 610 nm,

corresponding the prime colors of blue, green and
red [36], respectively, are collected in Table 3.
Comparison between the transmittance values of the
smooth PC and COP reference samples and corre-
sponding hot embossed samples reveals that the
wrinkle structures originally formed on SST sub-
strate slightly increase the transmittance of the poly-
mer films (Figure 6), whereas the wrinkles devel-
oped on silicon wafer have no effect on this property.
Reflectances of the patterned and the reference
samples were determined employing index match-
ing liquid and absorption plate behind the sample to
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Figure 6. Transmittances, reflectances and scatterings of the reference and hot embossed PC (a, c, e) and COP (b, d, f) films

Table 3. UV/VIS results of the unpatterned reference and hot embossed PC and COP samples at the wavelengths 450, 530
and 610 nm

Sample
Transmittance

[%]
Reflectance

[%]
Scattering

[%]
450 nm 530 nm 610 nm 450 nm 530 nm 610 nm 450 nm 530 nm 610 nm

PCreference 89.5 89.9 90.1 6.1 5.7 5.6 0.3 0.3 0.3
PChot embossed, Si 89.4 89.9 90.1 5.8 5.4 5.3 2.7 1.9 1.6
PChot embossed, SST 91.1 91.0 91.1 4.4 4.2 4.0 11.2 8.3 6.9
COPreference 91.1 91.3 91.5 5.0 4.8 4.8 0.3 0.2 0.2
COPhot embossed, Si 91.0 91.2 91.4 4.8 4.6 4.5 2.4 1.9 1.6
COPhot embossed, SST 92.8 92.5 92.4 4.0 3.8 3.8 8.9 7.2 6.0



prevent the backside reflection. For PC and COP
materials the reflectance values of the unpatterned
reference and the corresponding hot embossed sam-
ples patterned with the structures formed on Si sub-
strate, were almost the same (Table 3). In case of
PChot embossed (SST) patterned with structures formed
on SST substrate, the reflectance value (610 nm)
was 28% lower compared with the smooth PC refer-
ence sample, being 4.0%. By structuring the COP
film with patterns formed on SST wafer
(COPhot embossed (SST)) the reflectivity of the material
was lowered 20% and the reflectance value of 3.8%
(610 nm) was obtained (Table 3). The irregularity at
the wavelength of 860 nm (Figure 6c and 6d) is due
to the detector change.
Analyzing the PC samples revealed the scattering
property been increased due to structuring the poly-
mer film by hot embossing (Figure 6). For PCreference
the scattering was 0.3% (610 nm) and the value of
PChot embossed (Si) 1.6% (610 nm). Applying the pat-
terns formed on SST substrate onto the PC films
(PChot embossed (SST)) resulted in material possessing
6.9% scattering (Table 3). For COP films the corre-
sponding values were COPreference 0.2%,
COPhot embossed (Si) 1.6% and COPhot embossed (SST)
6.0 % (Table 3). The influence of the structures,
formed on Si and SST wafers and replicated by hot
embossing into PC and COP films, on the scattering
property of these materials is notable.
For patterned PC/COP films with a wrinkled surface
structure, certain material and structural require-
ments must be fulfilled in order to obtain structured
polymer films possessing anti-reflective (AR) prop-
erties. In the case of transparent PC and COP mate-
rials with refractive indices close to 1.5 [37, 38], Fres-
nel reflection occurs at the air/polymer interface
[39], due to the large difference in index values of
air and polymer [40]. By patterning the surface of the
polymer film with sub-wavelength relief structures
with an optimized period, depth and filling factor, the
refractive index of air is gradually increased to the
value of the employed polymer material, leading to
the reduced reflection from the film surface [25, 41].
Therefore, in the case of the hot embossed and wrin-
kle structured PC and COP films, significantly low-
ered reflectance values over the observed wavelength
area can be achieved, when the shape and dimen-
sions of the replicated patterns meet the require-
ments for AR coating. In contrast to the patterned sur-

faces with precise structuring and tailored AR prop-
erties, the spontaneous self-organization yields pat-
terns with random orientation and topology, and
resembling the stochastic surface structure pre-
sented by Gombert et al. [42]. In order to obtain
enhanced optical properties, like anti-reflectivity,
the composition of the system undergoing self-
organization, as well as the initiation method, could
be tailored to produce the desired surface reliefs.

4. Conclusions
Self-organized structure formation on polymer thin
films is a phenomenon, which is quite vastly studied,
but rather seldom utilized in applications. In this
research the replication of a characteristic and unique
surface structure firstly into a nickel stamp and fur-
ther into selected polymer films, is demonstrated.
The results show that the obtained wrinkle struc-
tures have a slight influence on the wetting of the
PC and COP films. The transmittance and reflectance
determinations of the PC and COP samples reveal
the scattering been somewhat increased and the
reflectivity of the materials been lowered, due to
hot embossed patterning. Optimization of the shapes
and dimensions of the self-organized structures
gives a tool for a further improvement of, e.g., wet-
tability and optical properties of different materials.
The self-organized pattern formation enables fabri-
cation of patterns with a variety of configurations
and possessing a size-scale from nano- to microme-
ter. The present method, carried out using hot
embossing process, is cost-effective and easily
transferred also into a mass production.
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1. Introduction
Nanowires with tailored physical properties have
been used as key components in flexible electron-
ics, electronic logic gates, renewable energy tech-
nologies, and chemical/biological sensor applica-
tions [1]. Direct integration of nanowires in devices
remains as a major challenge, as it is difficult to
reproducibly locate them in specific positions and
orientations [2]. Development of cost-effective and
reliable techniques for controlled integration of
nanowires onto devices is very much essential for
the commercialization of nanotechnology related
products [3, 4]. Among various nanofabrication
techniques, electrospinning is a highly versatile and
cost-effective process in which, solid micro and

nanofibers are produced from a polymeric fluid
stream (solution or melt) delivered through a nozzle
[5, 6]. Several innovative approaches have been
introduced in this field for developing nanofibers
with varied constitution and structure for diverse
applications. There have been much research and
progress in the development of various designs and
modification to the electrospinning process over the
last century. Special multi-spinneret designs, such
as, coaxial, bicomponent, gas-jacketed electrospin-
ning have made a breakthrough in the electrospin-
ning process by creating hybrid electrospun nano -
fibers [7–11].
One of the major problems that influence the com-
mercial viability of nanofibers membranes is the
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lack of structural integrity of ultrathin electrospun
membranes. The full potential of electrospun nano -
fibers can be utilized for commercial applications,
only when they are assembled as well-ordered
structures with the desired mechanical stability and
structural integrity. Hierarchically organized nano -
fibers have great potential to solve this problem, as
they allow interfacing nanofibers with various struc-
tural surfaces [12, 13]. So far, the challenge of con-
trolling the spatial orientation of electrospun fibers
has been met with partial success [7, 14]. Both
mechanical and electrostatic means have been
explored to improve the alignment of electrospun
nanofibers [15–17]. Many reports show that the as-
spun fibers could be aligned more or less parallel to
each other when a rotating drum at high speed is
used as the collector [18]. A wheel-like bobbin was
used as the collector to position and align individual
polymer nanofibers and was demonstrated by Zuss-
man and co-workers. But, since the edge of such a
bobbin had to be relatively sharp, this technique
was not feasible for the formation of well-aligned
nano fibers over large areas [19]. This problem has
been resolved partially by parallel plate collectors
which consist of two pieces of electrically conduc-
tive substrates separated by a gap to produce uniax-
ially aligned arrays of fibers [20]. This method was
further extended by a simple method by Katta et al.
[21] for spinning sheets with 1 cm wide strips of
aligned nanofibers using copper wires spaced
evenly in the form of a circular drum as a collector
of the electrospun nanofibers. Another approach
was developed by Chvojka et al. [22] who produced
PVA nano yarns using a special saw-like collector,
by twisting electrospun PVA nanofibers and intro-
duced a simple analysis of the field strength that
causes the prevailing unidirectional fiber deposition
between neighbouring lamellae of a special saw-like
collector. Few groups have also worked on produc-
ing aligned fibers by using collector plates of spe-
cial designs [23–25]. But, it is difficult to understand
how the electric field behaves in each of these types
of collector designs. Although numerous reports exist
about the preparation and application of electrospun
polymer nanofibers and composites, very small atten-
tion have been paid to how to manipulate the elec-
tric field for producing high quality or aligned nano -
fibers.
Carbon nanotubes (CNTs) have high Young’s mod-
ulus, low density, and excellent electrical and ther-

mal properties, which make them ideal fillers for
polymer nanocomposites [26, 27]. Production of car-
bon nanotube-polymer nanocomposite materials is
one of the key factors controlling the mechanical
properties in composite and hybrid systems. Carbon
nanotube-polymer nanocomposites in the form of
nano/microfibers have immense applications, such
as, nanofilters of scalable pore size and structural
components for microdevices. Electrospun CNT/
polymer nanofibers have been demonstrated to be
attractive for a large variety of potential applications,
such as, in optoelectronic and sensor devices. Other
potential applications of electrospun CNTs/polymer
nanofibers include tissue engineering scaffolds,
composite reinforcement, drug carriers for con-
trolled release and energy storage [28, 29]. To real-
ize their commercial applications, considerable work
is still required. This includes a thorough under-
standing of the structure–property relationship for
various electrospun polymer nanofibers, the effec-
tive incorporation of carbon nanotubes into poly-
mer fibers with a high loading content, and large scale
production of composite nanofibers of consistent
and high quality, but at a low cost. Few reports prove
that electrospinning a polymer solution containing
well-dispersed carbon nanotubes lead to nanocom-
posite fibers. During fast fiber-drawing process, these
fibers embed carbon nanotubes, oriented parallel to
the nanofiber axis due to large shear forces [30, 31].
A modified rotating disk collector including two
separate parallel aluminium plates with sharp edges
was used by Huang et al. [32] to fabricate SWNTs/
polyvinylidene difluoride (PVDF) composite nano -
fibers. They observed that the interfacial interaction
between SWNTs and PVDF and the application of
extensional forces have a strong synergistic effect
on crystalline structures of PVDF inducing oriented
crystallites at only 0.01 wt% of nanotubes. Ge and
coworkers developed oriented composite nano fiber
sheets made from surface-oxidized multiwalled car-
bon nanotubes (MWCNTs) and polyacrylonitrile
(PAN) using electrospinning [29]. Recently, Chen et
al. [33] demonstrated that surface-functionalized
MWNTs were homogeneously dispersed and highly
aligned along the polyimide nanofiber axis, whereas
most of the pristine MWNTs form aggregates or
bundles and even protruded out of the electrospun
nanofibers. Zhang et al. [34] produced uniaxially
aligned electrospun nanofibers of PAN and Triton
X-100 grafted MWNTs using a collector consisting

                                               Rakesh et al. – eXPRESS Polymer Letters Vol.9, No.2 (2015) 105–118

                                                                                                    106



of two pieces of electrodes as well as a slowly rotat-
ing drum with multi-electrodes. Yee et al. [35] mod-
ified the design of a disk by using two separate par-
allel aluminium electrodes attached to a rotating
disk to collect the well-aligned MWCNT/PVDF
nanofibers, where both the electric field and mechan-
ical force contributed to nanofiber alignment.
Though there are various special dynamic collec-
tors reported, such as, rotating drums, wire drums,
discs, rings etc., most of them require an external
power to rotate at high rpm and it is difficult to
deposit the aligned fibers onto devices directly [7].
Static collectors includes parallel strips, microma-
chined patterns etc., where aligned fiber formation
is possible, but, mechanical stability for the aligned
fibers is very poor, especially while integrating
these fibers onto devices [36, 37]. Hence, there is a
need for developing low cost, efficient techniques
to fabricate aligned nanofibers. In this investiga-
tion, we report a simple and novel route to predict
the fiber alignment to produce uniaxially aligned
MWCNT-reinforced PVA nanofibers on various col-
lector geometries. The fundamental concept adopted
for this investigation is based on engineering the
electrostatic field using slotted collectors during
electrospinning. Our main emphasis here is to alter
the nature of electrostatic field on collector plate by
creating a repulsive field of various magnitude and
directions by using collector plates having varied
geometrical slots to produce aligned electrospun
nanofibers. The collector geometries used in this
investigation are having in-built insulating air gaps
which induce fiber alignment by varying the elec-
trostatic field lines. This method can provide proper
mechanical stability to the fibers formed compared
to the parallel plate collectors. It is also possible to
use multiple slots made on single collector to pro-
duce aligned nanofibers. This method can be further
used for direct integration of electrospun nanofibers
having any composition to microdevices, espe-
cially for sensor applications. Current process can
also be further extended in combination with near
field electrospinning techniques for patterning var-
ious designs of nanofibers which is having immense
applications in micro/nanoelectronics.

2. Experimental details
2.1. Materials and methods
Polyvinyl alcohol, (PVA, 99%, MW = 140 000,
HiMedia) was used without further purification to

prepare feed solution for the electrospinning. Com-
mercially available multiwalled carbon nanotubes
(MWCNT, >90 %, diameter: 20–30 nm, length: 0.5–
2 µm, Quantum Materials Corp., India) produced
by Chemical Vapour Deposition were used for the
composite nanofiber formation. Ultrapure water
(Millipore Academic, Resistivity, 18.2 M!·cm)
was used for the preparation of feed solution. Opti-
cal Microscopic images were obtained using Polar-
ized Optical Microscope (Leica, UK). Atomic Force
Microscopic (AFM) images were acquired using
Multimode Scanning Probe Microscope (NTMDT-
NTEGRA, Russia) for the electrospun fibers trans-
ferred onto p-type Si(100) substrates. Transmission
Electron Microscopic (TEM, JEOL 2010, Japan)
analysis was carried out for the electrospun fibers
transferred onto carbon coated copper films. Field
Emission Scanning Electron Microscope (ZEISS
SUPRA 55, Germany) was used to study the align-
ment and morphology of the nanofibers. Conduc-
tivity studies were carried out using a high-current
source meter (Model: 2420, Keithley, USA).
Electrostatic field analysis was performed using
COMSOL Multiphysics software. The CAD model
for the collector plates were created in SOLID-
WORKS software and imported to COMSOL Mul-
tiphysics. Aluminium plates (thickness: 3 mm) were
used to fabricate collector geometries by introduc-
ing slots of required geometry and dimensions. Dif-
ferent geometric configurations were created using
wire electric discharge machining (EDM). EDM
drilling was done prior to wire EDM process to pro-
vide starting holes for the wires. After machining,
the plates were cut into required dimensions using
shear cutter and cleaned ultrasonically using ethanol
and ultrapure water. The cleaned, slotted collector
plates were used for the electrospinning process
without further surface treatments.

2.2. PVA-MWCNT feed solution preparation
The carbon nanotubes were functionalized using
acid treatment as per previous reports to enhance
the dispersion of carbon nanotubes in the polymer
fibers [38]. Carboxylic and hydroxyl groups were
produced at the peripheral walls of carbon nan-
otubes by this process and thereby achieved a good
dispersion producing unbundled CNTs. Concentra-
tion of PVA in ultrapure water was kept constant as
10 wt% throughout the experiments after optimiz-
ing parameters, such as, voltage, needle-to-collector
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distance, flow rate and concentration. PVA-MWCNT
feed solution was prepared by mixing 1 wt%
MWCNT with 10 wt% PVA solution for electro-
spinning. Before electrospinning, the mixture was
stirred and ultrasonicated (power: 500 watts, fre-
quency: 20 kHz) for 30 minutes to avoid granules
present in the solution and to obtain uniform disper-
sion of CNTs.

2.3. Nanofiber production using
electrospinning process

The electrospinning of PVA-MWCNT was carried
out using an in-house electrospinning unit fabri-
cated in our laboratory. The experimental set-up
was enclosed in Pyrex glass chamber to ensure oper-
ator safety while the process is in progress and to
control air turbulence. A screw rod operated beam
made of an insulating material was inserted inside
the chamber so that height of the beam could be
adjusted. The other column of the beam was firmly
grounded on the table. A nozzle (20 gauge diame-
ter) was inserted inside the chamber over the end of
the beam in the provision provided using the screw
type arrangement. The nozzle was made of stainless
steel for electrical conductivity and mechanical
strength. A Syringe pump (Larsen & Toubro Ltd.,
Model No: SP102 with flow rate: 0.1–999 mL/hr)
was used to feed the solution to the nozzle. A syringe
(20 mL) was used as a piston and cylinder and is
connected to the feed pump. A flexible tube (3 mm
diameter) was connected between the syringe and
the nozzle. A regulated High Voltage DC power
supply (Glassman High Voltage Inc., New Jersey,
USA, Model No: EH30P3) with output voltage range
1–30 kV was used for electrospinning. The positive
terminal of the transformer was connected to the
nozzle so that when the material is flowing it gets
positively charged. The negative terminal of the trans-
former was connected to the collector plate. The
electrospinning takes place in the gap between the
nozzle and collector plate. The method was opti-
mized by analyzing various combinations of elec-
trospinning parameters, such as, polymer concen-
tration, applied voltage, nozzle-collector distance,
needle gauge and flow rate in order to obtain uni-
form nanofibers. All experiments were carried out
under ambient conditions (temperature: 29°C, RH =
60%). Optimized voltage used for this study was
25 kV for 10 wt% PVA concentration mixed with
1 wt% MWCNTs with needle-to-collector distance

of 20 cm. Flow rate used was 0.8 mL/hr using a
20 gauge needle.

3. Results and discussion
3.1. Electrostatic field analysis for the

prediction of fiber alignment
According to the literature, the electric field distri-
bution plays a major role in controlling fiber align-
ment. In this scenario, a detailed study of electric field
distribution for collector configuration is essential
for understanding the phenomenon of fiber align-
ment. To probe this phenomenon the electrostatic
field distributions of various collector geometries
were plotted using electrostatic module of COMSOL
Multiphysics software. A potential of 25 kV was
applied at the needle tip and the collector plate was
grounded. The collector material and the medium
surrounding the collector were modelled as alu-
minium and as air respectively. After subsequent
meshing, the computation results were acquired.
From the electrostatic field analysis, it was observed
that creating a slot in a collector plate introduced an
insulating air gap which significantly alters the
electric field. To study the influence of such insulat-
ing air gaps on electrostatic field distribution, the col-
lector plates were modelled with slots having varied
geometries (triangle, square, rectangle, semicircle and
circle). The corresponding electrostatic fields are
depicted in Figure 1. By analyzing the electric field
plots, the region of fiber alignment within the slot
geometry could be predicted. The analytical predic-
tions were compared with electrospun fibers obtained
experimentally on collector plates to estimate the
accuracy of predictions. Figure 1a shows the electro-
static field pattern in a square slot. The field arrows
are parallel at the middle of the square. The field
near the corners could be resolved in order to obtain
parallel field along lines perpendicular to the bisec-
tor of the vertex. Hence, the fibers are expected to
be aligned at the middle of the slot and at the cor-
ners. The fibers follow the direction of the lines per-
pendicular to the bisector of the vertex. As depicted
in Figure 1b, the field distribution within the collec-
tor with a rectangular slot is very much similar to
that of the parallel plate electrodes reported in liter-
ature. Hence better alignment of the fibers is expected
in the middle of the slot, except at the extreme
edges where the field is randomly oriented. Figure 1c
represents the electric field lines in a rectangular
slot with circular ends. In this case, the lateral com-
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ponent is radial near the circular ends and parallel in
the rectangular portion. The parallel directions point-
ing outward indicate repulsive field in the slotted
portion. This parallel repulsive electrostatic field is
similar to that of the parallel plate collectors reported
in literature and hence good fiber alignment is
expected in the rectangular region. But, at the ends
there is no such uniform field exists and hence ran-
dom fiber orientation is expected. The electric field
plot for triangular slot in Figure 1d indicates that
the field tends to bend at the edges creating a lateral
component. The combined effect of the lateral com-
ponent of the two intersecting edges induces the
fiber alignment. The electrostatic field at the cor-
ners could be resolved to obtain a parallel repulsive

field in the direction normal to the bisector of the
vertex. Thus, the fibers are expected to be aligned in
the direction normal to the bisector of the vertex.
Since the field direction is axial at the center of the
triangle fiber formation in this region is difficult.
The electrostatic field in circular slot shown in Fig-
ure 1e is uniformly radial in all directions; therefore
the fibers are expected to be straight without any
curvature but could not be aligned in a particular
direction since the field is uniform in all directions.
Figure 1f depicts electrostatic field in the semi annu-
lar slot indicating radial electric field distribution.
The lateral component of the field is parallel between
the slots and hence, reasonable fiber alignment is
expected in the slotted portion. The fiber alignment
direction is supposed to be radial in accordance
with the electric field. According to the electrostatic
field analysis, among all the geometrical slots used
for this study, rectangular slots with circular end
showed maximum alignment of nanofibers in larger
area compared to other geometries, which was fur-
ther confirmed from electrospinning experiments
using various geometries. Hence, collectors having
rectangular slot with circular ends was chosen for
further studies. Figure 2 shows various geometrical
collectors (semi annular, triangular, square, rectan-
gular and spherical) used for this study and the cor-
responding optical microscopic images of the elec-
trospun PVA-MWCNT fibers which was found to
be in accordance with electrostatic field analysis.
From the electrostatic analysis, it is evident that the
electric field lines tend to bend near the slot edges
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Figure 1. Electric field distribution in various geometric
slots: (a) square, (b) rectangular, (c) rectangular
slots with circular ends, (d) triangular (e) circular
and (f) semi annular slots

Figure 2. (a) Photographs of various geometrical collectors (semi annular, triangular, square, rectangular and spherical) and
(b) corresponding optical microscopic images of the electrospun PVA-MWCNT fibers



in rectangular slot with circular edges as depicted in
Figure 3b, 3c (the arrows near the slot edges were
slightly bent, whereas arrows indicate the direction
of the electric field). This bending of field lines cre-
ates a lateral component of the electric field in the
plane of collector plate. The direction of the lateral
component depends upon the geometry of the slot.
From this analysis, the alignment direction of the
nanofibers could be easily predicted. Hence, it is

expected from this study that for a rectangular slot
with circular ends, the parallel portions can produce
aligned nanofibers, whereas, the circular ends can-
not produce any aligned nanofibers. Further experi-
ments using electrospinning proved that this predic-
tion is valid and explained in the following sections.
The as-produced electrospun nanofiber can be con-
sidered as a string of positively charged elements
connected through a viscoelastic medium [39]. As

                                               Rakesh et al. – eXPRESS Polymer Letters Vol.9, No.2 (2015) 105–118

                                                                                                     110

Figure 3. (a) Schematic representation of electrospinning (b) 3D view of electric field of rectangular slot with circular ends
and (c) bending of electric field lines at edges of the slots



the charged fibers approach the vicinity of the elec-
trodes, charges on the fiber start inducing opposite
charges on the surfaces of the electrodes. Since
Coulomb interactions are inversely proportional to
the square of the separation between charges, the
two ends of the fiber closest to the electrodes should
generate the strongest electrostatic force. This force
stretches the nanofiber across the gap, perpendicu-
lar to the edges of the electrode. Though the fibers
deposited directly on the electrode get immediate dis-
charge, those present in the air slots remain charged.
Thus, the electrostatic repulsion between the deposited
and the upcoming fibers enhances the alignment
process.

3.2. Microscopic analysis of PVA-MWCNT
composite nanofibers

Figure 3a depicts the schematic representation of
the electrospinning process used for the fabrication
of nanofibers. Inset shows the representative AFM
and TEM images of the PVA-MWCNT nanofibers
formed on a flat aluminium collector plate without
any geometrical slots. This clearly shows the random
orientation of the PVA-MWCNT nanofibers on the
collector plate. The feed solution used for electrospin-
ning was an aqueous dispersion of 10 wt% PVA and
1 wt% MWCNT. In order to confirm the presence of
MWCNTs embedded in PVA nanofibers, the PVA-
MWCNT composite fibers were first electrospun
onto carbon coated copper grids for high resolution
transmission electron microscopic analysis. Figure 4
depict a comparative analysis of bare PVA nano -
fibers and PVA-MWCNT composite nanofibers pro-
duced directly on TEM grid by electrospinning using
HRTEM. Figure 4a, 4b shows the TEM images of
bare PVA nanofibers having diameter in the range
of 180–380 nm. The diameter of PVA-MWCNT was
found to be decreased slightly (100–345 nm) with
the loading of MWCNT as depicted in Figure 3c–3f.
The high resolution images show the presence of
embedded multiwalled carbon nanotubes in the
electrospun PVA nanofibers as highlighted in Fig-
ure 4d–4f. The diameter of embedded carbon nano -
tubes was found to be ~20 nm. In order to verify the
analytical predictions based on electrostatic field dis-
tribution discussed in the above section, electrospin-
ning experiments were carried out using the collector
plates having varied slot geometries machined using
EDM. The as-produced fibers were electrospun

onto each collector geometries and were character-
ized using TEM, SEM and Optical microscopy.
Figure 5 depict the SEM images of the fibers elec-
trospun on rectangular slotted collector with rounded
ends. It is evident that the direction of fiber align-
ment is parallel between the two opposite edges of
the slot. The fibers were found to be well-aligned at
the centre region of the slot as indicated in Fig-
ure 5a–5c and at the rounded end portion significant
alignment could not be achieved due to the intermix-
ing of radial alignment (Figure 5d). The results were
matching well with the electric field predictions per-
formed on the rectangular slotted collectors with
circular ends. The fiber alignment at the edge of the
slot also was not satisfactory as it represents the zone
of transition from random fiber orientation over the
flat portion of the collector to the well aligned region
between the slots. The radial distribution of the field
at the rounded end portions did not cause any signif-
icant alignment of fibers. In addition to this, the
residual charges of the previously formed fibers
may also influence the fiber alignment. Effect of spin-
ning time was studied to infer how the thickness of
the mat influences the alignment of nanofibers.
PVA-MWCNT nanofibers were collected after elec-
trospinning for 1, 5, 10, 20 and 30 minutes. Fig-
ure 6a–6e shows the SEM images of PVA-MWCNT
nanofibers collected using 10 mm rectangular slot-
ted collectors with circular ends with increasing
electrospinning time until 30 minutes. It is evident
that with increase in the electrospinning time, the
degree of alignment was decreasing. Figure 6f shows
the SEM image of bare PVA nanofibers collected
after 10 minutes of electrospinning. Table 1 sum-
marises the effect of electrospinning time on the
degree of alignment of the nanofibers. The analysis
of fiber orientation also shows that the degree of
orientation of the nanofibers was not significantly
affected by MWCNT loading, but it definitely
decreased the diameter of the composite nanofibers
formed as clear from Figure 5. The slight decrease
in diameter for PVA-MWCNTs nanofibers com-
pared to bare PVA nanofibers during alignment may
be due to the contribution of the conductive compo-
nents, MWCNTs reinforced in PVA. In addition, the
hydrogen bonding interactions between the hydroxyl
groups present in PVA and carboxyl groups present
on the acid treated MWCNTs can also contribute to
the reduction in PVA-MWCNT fiber diameter. The
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Figure 4. (a, b) Representative HR-TEM images of 10 wt% PVA nanofibers and (c–f) PVA-MWCNT (1 wt%) composite
nanofibers produced by electrospinning process. Highlights: MWCNTs embedded in PVA nanofibers.



results indicate that the present technology can be
used for aligned nanofiber integration onto devices,
whereas, it is difficult to use this method for appli-
cations related to large area production of thick
aligned mats.
Experiments were also performed by varying the
slot widths of the rectangular slotted collectors with
circular ends. It was observed that the fiber align-

ment was good in slots of 5, 7.5 and 10 mm, whereas,
the fiber alignment was not satisfactory in the case
of 20 mm slot. In the case of the collector with
20 mm slot, the slot width could be too long for the
nanofibers to be supported between the slot edges.
The fibers were unable to support in between the
slot edges and were tending to break. The influence
of the fiber diameter on slot width was studied after
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Figure 5. Representative SEM images of (a–d) the electrospun PVA-MWCNT composite nanofibers at varied places as
indicated in (e) rectangular slot (10 mm) with circular ends and (f) schematic representation of regions of align-
ment on a rectangular slotted collector with circular ends and corresponding optical microscopic images

Figure 6. SEM images of PVA-MWCNT nanofibers collected using 10 mm rectangular slotted collectors with circular ends
for electrospinning time (a) 1 min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min and (f) bare PVA nanofibers col-
lected for 10 min



analyzing the corresponding SEM images. Figure 7
shows the representative SEM images of the elec-
trospun nanofibers deposited on the rectangular col-
lector having circular ends with slot widths, 5, 7.5,
10 and 20 mm respectively. The fiber diameter was
found to be decreasing with increasing slot width.
Average diameters of fibers along with standard
deviation are listed in Table 2. Figure 8a depicts the
plot showing the mean fiber diameter (collected
using rectangular slotted collectors with circular

ends) vs. slot width. The electrospinning experi-
ments were carried out by fixing the parameters,
such as, flow rate, voltage, needle gauge and screen
distance and varying the slot width of the collector.
The only change introduced was the modification in
the electric field; hence the decrease in the fiber
diameter must be directly related to the electric
field influenced by slot widths. In order to find out
the reason for this interesting phenomenon, 2D elec-
trostatic field analysis was carried out for each slot
width. The surface plot showing the electric field
potential and electric field for rectangular slots with
circular ends having 10 mm slot width is shown in
Figure 8b. The top narrow rectangle represents the
electrospinning needle and the two bottom rectan-
gles represent the slotted collector plate in cross
section. The top edge of the collector plate was
taken as the X coordinate (–5 to +5) and the axial
direction was taken as the Y coordinate. The maxi-
mum value of electric field occurs at the slot edges.
The electric field lines bending towards the collec-
tor edge is resolved into horizontal (Ex) and vertical
(Ey) components. From the electrostatic field analy-
sis, it was clear that the Ex is maximum at the edges
of the slot. It was found that the X component of the
electric field Ex, increases with increasing slot
width as shown in Figure 8d. The X component of
the electrostatic force increases with increase in slot
width, as the electrostatic force is proportional to
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Table 1. Degree of alignment of PVA-MWCNTs and PVA
nanofibers as a function of electrospinning time

Table 2. Variation of average diameter as a function of slot
width for rectangular slots with circular ends

Spinning time
[minutes]

Degree of alignment
[°]

1 91
5 88

10 94
20 89
30 82
10 (PVA) 90

Slot width
[mm]

Average fiber diameter
[nm]

Standard deviation
[nm]

5 672 61.48
7.5 399 74.37

10 281 36.67
20 265 42.48

Figure 7. SEM images of aligned nanofibers collected using rectangular slotted collectors with circular ends for the slot
width (a) 5 mm, (b) 10 mm, (c) 7.5 mm and (d) 20 mm



the electric field. Hence, the force along the fiber
axis increases with increasing slot size. In Figure 8c,
the X component of the electrostatic force acting
along the longitudinal axis of the fiber stretches the
fiber leading to axial elongation. Whenever there is
an axial elongation due to Poisson effect, there will
be a lateral contraction leading to a reduction in the
fiber diameter. Electrostatic field analysis also
revealed that by increasing the slot width the elec-
trostatic force along the fiber axis increases, leading
to increase in axial strain which induces further
reduction in fiber diameter. This best explains the
phenomenon of decreasing fiber diameter with
increasing slot widths.

Owing to the excellent electrical conductivity of
MWCNT, electrical conductivity was found to be
increased upon loading these conductive compo-
nents into the PVA nanofibers. Figure 9 depicts the
current-voltage (I–V) characteristics of the insulat-
ing PVA and conducting PVA-MWCNT nanofibers
formed using rectangular slot with circular ends. As
evident from the figure, the conductivity is signifi-
cantly increased upon loading 1 wt% MWCNTs.
This may be due to the introduction of MWCNTs
into the PVA nanofiber matrix. As evident from
TEM analysis, the MWCNTs have aligned parallel
to the direction of axis of the nanofiber to form con-
ductive chains during the electrospinning process.
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Figure 8. (a) Plot showing the mean fiber diameter (collected using rectangular slotted collectors with circular ends) vs. slot
width, (b) surface plot showing electric potential (colour contour) and electric field (arrows and streamlines) for
rectangular slotted plates with circular ends having slot width 10 mm, (c) magnified view of a representative elec-
tric field line bending towards the collector edge, which has been resolved into horizontal (X) and vertical
(Y) components. Inset shows the schematic representation of fiber elongation due to axial elongation and (d) plot
showing electric field (maximum values of X component of electric field) as a function of slot widths for rectan-
gular slotted collectors with circular ends



The electrical conductivity of PVA-MWCNTs was
calculated to be 0.025 S/cm from the I–V curves
which indicates that the electrospun PVA fibers with
aligned conductive components, such as, MWCNTs
should be more feasible to conduct electrons when
compared with insulating PVA nanofibers and there-
fore can be ideal candidates for sensor applications.
Detailed study on the sensor property analysis of
PVA-MWCNT nanofibers is currently ongoing in our
laboratory. The investigation shows that the process
can be further extended for creating aligned nano -
fibers onto various transducers having varied geome-
tries and also for biomedical engineering, electron-
ics, and energy storage systems. Apart from that this
process can be adopted for the development of a
range of materials, such as, polymeric, ceramic and
composite based nanofibers. A detailed investiga-
tion on the application of this process for microelec-
trodes is currently investigated in our laboratory for
the application of MEMS based sensor devices.

4. Conclusions
To summarize, a simple method based on electro-
static field analysis was used for the prediction of
alignment of electrospun nanofibers for various col-
lectors having different geometrical shapes. The
nature of fiber orientation in each of the collector
geometries were predicted and compared with the
as-produced electrospun PVA-MWCNT composite
nanofibers using electrostatic field analysis. Among
all the collector slots, rectangular slotted collectors
with circular ends were produced a good fiber align-
ment over large collecting area. Both the experimen-
tal and theoretical studies clearly indicated the intro-

duction of an insulating region into a conductive
collector and significantly influence the electro-
static forces acting on a charged fiber. PVA-MWCNT
nanofibers were found to be conducting in nature
owing to the presence of reinforced MWCNTs in
PVA matrix. With the aid of electrostatic interac-
tions, electrospun nanofibers could be assembled
into controllable structures with varied configura-
tions by varying the collector geometry. One of the
most interesting features associated with this
approach is that, this technique enables the direct
integration of nanofibers with controllable configu-
rations into an electrode system. These nanofibers can
be fabricated and aligned simultaneously. This
process can significantly simplify the production of
nanofiber-based devices for biomedical engineer-
ing, electronics, and energy storage systems.
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1. Introduction
Thermoforming is a complex process that is charac-
terized by many parameters affecting formability
and product quality. The process complexity is fur-
ther aggravated by the fact that the parameters can
not necessarily be set independent of each other –
when changing for example the sheet temperature,
the tool contact friction, which plays a critical role
in the thermoforming process, changes as well [1].
Precisely due to the complexity of the process, sim-
ulation software like Accuform’s T-SIM® [2], Rhe-
oware’s FormView® and ESI’s Pam-Form® can be
used as a powerful tool in the designing phase of
new products and molds, and in the optimization of

the process settings with the aim of obtaining prod-
ucts with optimal quality, which generally corre-
sponds to an optimal wall thickness distribution.
Although the software is available, thermoforming
on an industrial scale remains unfortunately prima-
rily an experience and trial and error based technol-
ogy. Failure to use simulation software has many
causes. Firstly, the software mostly describes an
idealized situation, differing from the real industrial
environment. For example, the heating of blanks and
cooling of tools is expected to be uniform in plane
and homogenous through-the-thickness in simula-
tions but this is rarely the case in reality. Secondly,
the simulation software does not take into account
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all thermal and physical aspects of this complex
process within its material models since not all char-
acteristics of the large amount of possible thermo-
forming materials, at thermoforming conditions, have
been researched and parameterized for usage in sim-
ulation software. Different material models were
tested and compared to reality in either bubble infla-
tion or actual forming experiments, an extensive
overview of previous studies is given by O’Connor
et al. in [3]. Thirdly, variation of process parameters
in practice jeopardizes the process robustness and
requires higher safety margins and initial blank
thicknesses. Finally, when all abovementioned con-
ditions are met, i.e. the process parameters are under
control and a material model is chosen that accu-
rately describes the material behavior, one extra
issue remains in order to adequately execute a sim-
ulation that yields results that can be linked back to
the process itself. This issue is the matching of the
thermoforming machine settings to the parameters
to be set in the simulation software (Figure 1). This
is a critical part of the simulation since it is impossi-
ble to obtain realistic results when starting with the
wrong simulation parameters; no adequate method
to define this link has been found in literature by the
authors.
In order to match machine settings to simulation
software settings, in-situ three-dimensional Digital
Image Correlation (DIC) [4], an optical non-contact
full-field surface deformation measurement method,
is a valuable technique [5]. DIC enables a sub-pixel
measurement accuracy of displacements and strains
on complex parts. In-situ DIC measurements make it
possible to differentiate the effects of each process
step (clamping, heating, forming, cooling) when used
during the entire forming process. Whereas DIC is
widely used for other applications where full field
strain measurements are required, the use of DIC in

thermoforming applications is rare. Only two DIC
studies for a thermoforming process are known to
the authors [5, 6].
In the following section, a brief overview on how
DIC is implemented in the thermoforming process
and the specific measures that have to be taken into
consideration when using DIC for thermoforming
applications are itemized. Further paragraphs will
elaborate on how DIC can be used to assist the ther-
moformer in optimizing the input data needed for
correct sheet sagging and bubble inflation simula-
tions, two main process steps in the forming of pos-
itive (male) products.

2. Materials and methods
2.1. Digital image correlation in

thermoforming
The term digital image correlation refers to the class
of non-contact measurement methods that acquire
surface images of an object, store them in digital
form, and perform image analysis to extract full-field
shape and deformation measurements [4]. In order
to be able to perform stable and sub-pixel accurate
correlation, a random, non-repetitive, isotropic and
high contrast speckle pattern has to be applied to a
blank in order to ensure distinction between the pix-
els. For thermoforming applications in particular,
some extra criteria come into play namely: temper-
ature resistance (no discoloration, non-toxic at form-
ing temperature), high strain resistance without crack-
ing (risk of losing correlation), an impeccable bond-
ing of the speckle with the blank (polymers tend to
have low surface energy) and last but not least: for
industrial applications, it should be easy, fast and
cheap to apply. The best industrial option would be
digital or silk screen printing. Paints and inks that
meet the abovementioned requirements are com-
mercially available, one example is the VUTEk GS-
TF ink from EFI [7]. For current experiments, the
sheet surface is spray speckled with a black custom-
made spray-paint (Flanders Color – F122304 WB
Elastic ACRYLIC) meeting all the requirements as
specified above. Next, since a (grey scale) pixel-
value is not a unique signature, a so-called subset is
introduced which is a small, mostly square, surface
of pixels that contains a combination of speckles and
represents a unique signature in the picture. It is that
subset that will be compared between the unde-
formed state (flat blank) and the deformed state (ther-
moformed product). Since the subset can change
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Figure 1. Schematic representation of the (unclear) rela-
tionship between process and simulation parame-
ters
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position, shape and size during the forming process,
the coordinates of each subset are related through a
deformation matrix which is dependent on the
expected deformation mode. For a rigid body motion,
only a first order term is considered, but when an
affine or irregular transformation is expected, higher
order terms need to be used. Details on the exact
process flow and the choice of the correlation algo-
rithms are presented in [8] and [9]. The way DIC is
implemented for the bubble inflation process is rep-
resented in Figure 2.
In this particular case, stereoscopic images are cap-
tured at a frame rate of 5 fps during the heating, sag-
ging and bubble inflation phase and correlated in
the 3D module of the academic correlation software
MatchID (http://www.matchid.org). This software
was benchmarked to the results of commercial sys-
tems [10] and it was found that for the bias, MatchID
is in an identical range as VIC (Correlated Solutions
(http://www.correlatedsolutions.com)) whereas an
improved lower standard deviation by a factor of
four was achieved. The correlation results in a full
field displacement and strain map. If a subsequent
conversion from strain to full-field wall thickness is
required, it can be generated under the assumption of

incompressibility and mass conservation, resulting
in volume conservation [11], an hypothesis that has
been validated for HIPS in [12] through shrinkage
measurements. Further described experiments make
use of a spray painted stochastic elliptical laser cut
pattern where the minor axis of the undeformed
ellipses at starting distance from the cameras corre-
spond to 4 pixels, which is just above the minimum
speckle size of 3 pixels that is appropriate for accu-
rate matching and to ensure reasonable intensity
pattern reconstruction via interpolation [4]. The over-
sizing of the speckles take already into account the
increasing distance of the blank with respect to the
cameras during sagging, leading to speckle size
reduction. A subset size of 21 by 21 pixels and a
step size of 10 pixels is chosen to ensure reasonable
accuracy in the subset matching process. All impor-
tant parameters necessary to evaluate the accuracy
of the results are summarized in Table 1.
Concerning the hardware setup, two AVT Stingray
F-201 cameras with Pentax high resolution, low dis-
tortion, 8 mm lenses are mounted on top of an Illig
UA200ED cabinet thermoforming machine at a dis-
tance of approximately 1200 mm. This distance,
combined with a correct aperture setting (f/8) and a
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Figure 2. DIC applied to the bubble inflation process

Table 1. Digital image correlation parameters
Average noise Camera 0 0.6990% Displacement
Average noise Camera 1 0.6958% Spatial resolution [px] and [mm] 21 13.104
Image pre-Filtering Gaussian – Kernel 5 In-plane resolution [mm] 0.009269
Subset size [px] / Step size [px] 21 / 10 Out-of-plane resolution [mm] 0.026502

Correlation criterion Zero-normalized sum of squared
differences Strain

Shape function Affine Smoothing method Bilinear quadrilateral
Interpolation function Bicubic polynomial Strain tensor Logarithmic Euler-Almansi

Correlation progress Spatial + Update reference 
(~ incremental) Strain window [px] 10

Measurement points 3256 Virtual strain gage [px] and [mm] 91 56.784
Total number of images 680 Spatial resolution [px] and [mm] 111 69.264
Pixel per mm [px/mm] 0,624 Resolution [µm/m] 68



shutter time of 8 ms ensures that the product to be
formed will be completely visible in the field of
view of the cameras, the necessary depth of field is
achieved and motion blur is reduced to a minimum.
In order to get a uniformly lighted surface, two flu-
orescent diffuse spotlights are mounted on top of
the thermoforming machine at an angle of 45° with
respect to the thermoforming sheet. The cameras
are first calibrated with an A3 format standardized
dotted calibration pattern in order to capture the
intrinsic (focal length in x and y direction, skew fac-
tor, distortion coefficient and principle point in x
and y direction) and extrinsic (distance between the
cameras in x, y and z direction and three inter-cam-
era rotation angles) camera parameters.
One critical observation has to be made on the limi-
tations of DIC in thermoforming: the area of inter-
est where a DIC measurement is required needs to
be in the field of view of the cameras during the
forming process, making the process not ideally
suited for matched die forming, pressure forming
and for some plug assisted vacuum forming process
variants. It is on the contrary ideally suited for stan-
dard vacuum forming processes and free forming
process variants.

2.2. Simulation software
The aim of this research is to accurately simulate
sheet sagging and bubble inflation, occurring dur-
ing the heating step of most drape formed positive
(male) products, in T-SIM® (V4.7a release 1). T-
SIM® is a commercial thermoforming simulation
software that uses the nonlinear time-dependent
viscoelastic K-BKZ model that was proposed by
Kaye [13] and Bernstein et al. [11]. Time-tempera-

ture superposition is obtained by the WLF equation
[14].
In T-SIM®, in order to simulate sagging, no time
dependent heating profile can be assigned to the
sheet as it does occur in reality. In reality the sheet
is at room temperature when clamped and subjected
to a heating profile until the forming temperature is
reached. Figure 3 and Figure 4 plot the infrared sur-
face temperature as a function of time measured at
the center of the upper side of the sheet during a pos-
itive thermoforming process of a 1 mm starting thick-
ness HIPS sheet (in red). The blue bullets represent
the differential pressure of the cabinet with respect
to the surrounding. The steps that can be distin-
guished are: the gradual heating of the sheet with
decreasing slope; the retraction of the heaters which
is the turning point of the temperature curve; the
bubble inflation phase which speeds up the cooling
process; and finally the contact with a cold alu-
minum mold steepening the decreasing temperature
curve even more due to the much higher heat trans-
fer coefficient towards the mold compared to the
air. The gradual heating results in a gradual loss of
stiffness and consequent gradual sagging of the
sheet. Since sheet sagging, if not well controlled,
has a major influence on the final product thickness
distribution [12], it should be accurately simulated
as well. A temperature profile cannot be simulated
in T-SIM® and the only way to incorporate sagging
in a complete process simulation is by incorporat-
ing a waiting time at forming temperature. The
weight of the sheet and gravity will induce sagging
at the forming temperature. Obviously this waiting
time is hard to predict since no reference data is
available at the time a simulation is normally per-
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Figure 3. Typical temperature and pressure profile of a
1 mm thick HIPS sheet throughout heating, form-
ing and cooling on an aluminum male mold

Figure 4. Detail of Figure 3 with focus on the bubble infla-
tion



formed, i.e. at the start of a new production run. In
order to set the correct waiting time, DIC is used as
an auxiliary tool to measure the amount of sagging
as function of time during heating. In the following
paragraphs describing the experiments, the sheet is
heated equally in the plane of the sheet, no pat-
terned heating is used, edge effects are neglected
and through-the-thickness temperature gradients
are not considered.
In a second step, as is common practice for male
molds, a bubble is inflated to acquire a more uniform
material distribution of the final product [17]. Again,
it can be understood that the height of the bubble,
and the related strains in the sheet, will affect final
wall thickness distribution and should therefore be
predicted as accurately as possible by the simula-
tion software. In T-SIM®, the bubble can be simu-
lated by setting a pressure gradient (in kPa) as func-
tion of time (in milliseconds). On most of the
thermoforming equipment used nowadays, the air
flow, responsible for the pressure buildup under-
neath the sheet, is set by a proportional (often man-
ual) valve. The direct link with the pressure as func-
tion of time used in simulation software is not that
obvious to define. Again DIC, this time in combina-
tion with a pressure sensor in the lower cabinet of
the thermoforming machine, enables for an accu-
rate measurement of the bubble height and shape.
Figure 5 schematizes the experimental setup. The
validity of this approach has already been proven by
Li et al. [16] who optimized the material parameters
of the Mooney-Rivlin hyperelastic model in a bub-
ble inflation test by observing the bubble shape
with a high-speed optical surface measurement sys-
tem. The system that the researchers used can be
considered as a precursor of the present DIC sys-
tems without the possibility of determining in-situ
strain and thickness.

2.3. Thermoforming equipment and material
The further described thermoforming tests have all
been performed on an Illig UA200ED hydraulic
thermoforming machine equipped with ceramic
Elstein infrared heating elements installed in an
upper and lower heater bank. The incoming air
pressure of 6 bar is accumulated in a 90 L pressure
vessel followed by a manual ball valve for the air
flow setting and a solenoid valve to determine the
time for the pressure build up. The free volume of the
lower cabinet of the thermoforming machine and
the piping connecting the cabinet to the accumula-
tor is calculated approximately as 5170 L. In an ideal
situation and assuming air as an ideal gas, the max-
imum pressure without edge losses that can be
achieved when connecting the air accumulator to
the lower cabinet would be 103 mbar. In order to
accurately follow up the pressure build-up in the
bubble inflation stage, a 0–1 bar pressure sensor
(IFM electronics PA9027) is mounted in the lower
cabinet. Only the lower heating bank is used to heat
the sheet in order to keep the top surface free for
monitoring the sheet deflections. The temperature is
registered with an infrared (Fluke 576) thermome-
ter at a rate of 10 Hz, a spot size of 23 mm (distance
from the sheet 500 mm) and with an accuracy of
±0.75% of the reading. The sensor emissivity is set
to 0.96, the average value obtained from material
emissivity measurements of the used material. The
clamping frame dimensions are set at 850 mm by
670 mm. The heater retraction takes 3.7 seconds to
complete.
The material used for this investigation is an
extruded grade of high impact polystyrene (HIPS:
Metzeler – Metzoplast SB/HK), thickness 1 mm. In
T-SIM® the sheet is modeled as 850!670 mm2 with
a thickness of 1 mm and consists of 9180 triangular
element, fully constrained on the edges. A uniform
sheet temperature of 150°C and an ambient temper-
ature of 25°C is assumed. With current single sided
infrared heating conditions and considering con-
stant material parameters and constant convection
losses at the sheet surfaces, a maximal gradient of
10°C between top and bottom of the sheet at the end
of the heating stage is calculated by the finite differ-
ences method. After the retraction of the heaters,
which takes 3.7 seconds, the maximal gradient
within the 1 mm sheet drops below 2.5°C.
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Figure 5. Measuring setup for sheet sagging and bubble
inflation



The material model parameters are based on the
default HIPS material available in T-SIM’s material
library and are characterized by the K-BKZ Wagner I
model (without strain hardening) with 8 pairs of
relaxation moduli as function of time. Temperature
effects are included by the WLF temperature depend-
ency of the material parameters [14]. The time-inte-
gral constitutive equation is described by Equa-
tion (1) [17]:

                 (1)

where ! is the resulting stress, m is the memory func-
tion, h is in this case the Wagner I damping function
and C–1 is the left Cauchy-Green strain tensor. The
memory function can be written as a sum of expo-
nential functions involving couples of relaxation
times ("k) and relaxation moduli (ak) for N relax-
ation modes (Equation (2)):

                                 (2)

The Wagner I damping function h is defined by a
single parameter # and the two strain invariants I1
and I2 (Equation (3)) [18]:

                  (3)

An overview of the material parameters necessary
for this model are listed in Table 2. Only the heat
capacity (1.2 kJ/(kg·K)) and the thermal conductiv-
ity (0.17 W/(m·K)) were modified with respect to
the standard database data, according to the mate-
rial supplier datasheet as these parameters play a
critical role in the temperature gradient of the sheet
as a function of time. Simulation is run with auto-
matic step calculations.

3. Results and discussion
3.1. Sheet heating and sagging
The sheet is heated from the bottom with ceramic
heater setting at 300°C and the temperature and the
displacement in height-direction of the center of the
sheet, the location which is expected to sag the
most, is measured from the top side as a function of
time throughout the heating phase. Figure 6 repre-
sents the temperature and the absolute displacement
of an averaged region of 21!21 pixels at the center
of the sheet as a function of time. It can be seen that
initially the sheet sags gradually. At the glass transi-
tion temperature (Tg = 96°C), relaxation undula-
tions occur and disturb the gradual sagging but once
Tg passed, sagging gradually continues with an
increasing slope. At the point of retraction of the
heaters (150°C sheet temperature), the sheet has
sagged approximately 12 mm. During the heater
retraction time (3.7 s) the sheets sags another 13 to
25 mm in total. This quick increase can be explained
by the disappearance of the buoyancy effect: the
convection of the hot air underneath the sheet cre-
ates a supporting force during heating, from the
moment the heaters retract, this lifting effect is no
longer present and the sheet sags with increased
speed. A similar effect is expected to be present at
the moment there would be a delay between sheet
sagging compensation, which is not used in present
study, and subsequent bubble inflation or vacuum
forming.
In order to simulate sagging correctly, in T-SIM®,
the sheet is initially set to 150°C and subjected to
gravity for a period of time (waiting time) during
which the sheet sags and cools down due to its expo-
sure to ambient air. The cooling is dominated by con-
vective heat transfer from the sheet to the environ-
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Table 2. Relaxation spectra for HIPS from T-SIM® material
database; " = 0.001, WLF parameters: C1 = 17.44 K,
C2 = 51.6 K with reference temperature Tref =
140°C

k !k
[s]

ak
[Pa]

1 0.0001 934 853
2 0.0012 206 823
3 0.017 177 543
4 0.24 122 675
5 3.3 36 507
6 47 4 653
7 640 80
8 8920 7.23

Figure 6. Temperature and displacement of the center of the
sheet as a function of time during heating phase
(3 repeats)



ment and a minor portion by radiation. This state-
ment is confirmed by performing a finite element
transient thermal simulation (Siemens Unigraphics
NX) of the cooling of a plate with realistic size and
process conditions. Since separating these two
effects is a complex process and radiation cooling
parameters cannot be set separately in T-SIM®, the
total cooling is represented by a convective coeffi-
cient. From literature [15], it would be acceptable to
take 5.7 W/(m2·K) as a realistic convective heat
transfer coefficient, but in present study the real
coefficient is calculated by performing a heat-cool
cycle on a 1 mm sheet without application of any
pressure or vacuum. The temperature of the first
5 seconds of the decreasing slope, which is quasi-
linear, is then fitted according to Newton’s law of
cooling; which is a discrete analog of Fourier’s law,
with different values for the heat transfer coefficient
(Equation (4)):

           (4)

with temperature T, time t, ambient temperature
Tamb, time increment $, convective heat transfer coef-
ficient h, density %, heat capacity cp and characteris-
tic thickness L – which is the thickness of the sheet.
From Figure 7 it is clear that the best matching con-
vective heat transfer coefficient for the measured
free cooling curve has a value of 16 W/(m2·K). In
order to illustrate the effect of the coefficient on the
slope of the curve, curves for h = 5.7 W/(m2·K) and
h = 30 W/(m2·K) are also drawn.
As the T-SIM simulation software cannot cope with
gradual heating and sagging of the sheet, the delay
time in the simulations was chosen so that it corre-

sponds to the same amount of sagging as observed
experimentally by DIC measurements. This results
in an artificial delay time of 5 ms for the sheet. The
25 mm deep sagged shape after 5 ms is exported and
used as the reference shape in the subsequent bub-
ble inflation simulation. The choice of the correct
waiting time, reflecting the correct sagging amount,
would be an impossible task without accurate exper-
imental data. Because of the short amount of time
and the heat transfer coefficient of 16 W/(m2·K)
between sheet and surrounding air, the sagging
process does not affect the initial temperature of the
sheet much in the simulations. An average through
thickness temperature drop of only 1°C is found.

3.2. Bubble inflation
At first, bubble inflation is simulated in T-SIM®

with settings from literature [15]: pressure between
140–280 mbar during 5 seconds which is the time
needed for a typical male mold on the Illig machine
to reach its top position; convective heat transfer
coefficient should be between 5.7 W/(m2·K) for
quiescent air and 57 W/(m2·K) for forced air convec-
tion (chosen value for simulation: 16 W/(m2·K) from
previous experiments) and an ambient temperature
of 25°C. These settings however result in unrealis-
tic bubble inflation heights reaching more than
1200 mm followed by sheet bursting. For more real-
istic simulation results, it is recommended to exper-
imentally determine the combination of tempera-
ture, pressure and strain measurements.
The pressure build-up during bubble inflation, which
is an equipment related value that is affected by the
general air pressure on the incoming line, the diam-
eter and resistance of the piping, the setting of the
air flow valve, the volume of the compressed air
accumulator vessel (if available), the volume of the
lower cabinet that needs to be filled and the losses
due to non-perfect airtight closure of the lower cab-
inet, is monitored with the 0–1 bar pressure sensor
connected to a high resolution data acquisition sys-
tem (16 bit) at a rate of 10 Hz. Experiments showed
that the position of the pressure monitoring device
in the cabinet is of little importance on the pressure
values. To characterize the machine, in a first step,
the effect of the different settings of the air flow valve
(1–10) on the pressure are tested with a rigid sheet
clamped in the machine to close the cabinet. The
pressure as a function of time is plotted in Figure 8.
With valve settings 1 and 2, the opening of the

Tt 5 c 1T1t212 2 Tamb 2 ~ e
2

u1t2~h
r
~
cp~L1t2 d 1 TambTt 5 c 1T1t212 2 Tamb 2 ~ e

2
u1t2~h
r
~
cp~L1t2 d 1 Tamb

                                          Van Mieghem et al. – eXPRESS Polymer Letters Vol.9, No.2 (2015) 119–128

                                                                                                    125

Figure 7. Fitting a cooling curve for a 1 mm (initial thick-
ness) HIPS sheet at starting temperature of 150°C
with different convective heat transfer coeffi-
cients. 16 W/(m2·K) yields the best results



valve is too small to overcome the losses and the
pressure gradients are therefore not represented in
the graph. As a general observation on Figure 8, it
can be noticed that irrespective the setting of the
valve, in the first 500–1000 ms a quick pressure is
built-up due to the fast decompression of the com-
pressed air inside the accumulator vessel. The higher
the setting of the air flow valve, the higher the peak
value becomes. Once the accumulator is empty, the
pressure only depends on the direct flow rate from
the incoming pneumatic airline, affected by the throt-
tling effect of the ball valve, reduced by the leakage
losses. The pressure value decreases to a stable value
representing the equilibrium between the leakage
losses and the fresh incoming air. From setting 7 and
above, the pressure in the equilibrium phase is prac-
tically identical. The measured pressure gradients
are machine specific and only need to be monitored
once, since they are unaffected by the type of mate-
rial or mold used. Important to remark is that for
some faster applications where the bubble inflation
step takes less than 1 second, the pressure gradient
will still be in the rising part of the curve. In the cur-
rent research, inflation takes 5 seconds meaning that
not only the rising part but also the rest of the pro-
file needs to be used.
After the heating phase, the sagged sheet is sub-
jected to a bubble inflation step with three different
settings of the air flow valve (3, 5 and 7), leading to
three different strain rates and displacements of the
center point of the bubble (Figure 9). With valve set-
tings below 3 (meaning 30% of the maximum valve
opening) the pressure is insufficient to lift the sheet,
above 7 (70%) the sheet ruptures. Concerning the
response on the pressure build-up, one can distin-
guish two effects: the higher the pressure, the higher
the bubble will be, which is obvious, and the faster

the sheet will cool down. The faster cooling response
is caused by two phenomena: firstly, the higher the
pressure, the more turbulent the air will be, leading
to a higher heat transfer coefficient between sheet
and air and secondly, since the sheet thickness
reduces at the same time, the local heat flux density
increases inversely proportional to the sheet thick-
ness according to Fourier’s law of heat conduction.
Similarly to the calculation of the convective heat
transfer coefficient during sagging, the linear part of
the decreasing cooling slope is fitted according to
Equation (4). The only difference is that the effec-
tive thickness reduction as a function of time (L(t)),
as calculated using DIC data, is taken into account.
The correct calculation of the heat transfer coeffi-
cient is not possible if the thinning effect during the
bubble inflation is not included, this is what the real
advantage of DIC means in this case. A detailed
description of the use of DIC for online thickness
measurement can be found in [5]. The calculated
coefficients are 26, 31 and 32 W/m#K for valve set-
tings 3, 5 and 7 respectively (Figure 10).
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Figure 8. Lower cabinet pressure as a function of time for
the different flow valve settings.

Figure 9. Temperature and displacement of the center of the
sheet as a function of time for three settings of the
pressure valve

Figure 10. Fitting of the convective heat transfer coeffi-
cients to the cooling curves during bubble infla-
tion for valve settings 3, 5 and 7



The calculated convective heat transfer coefficient
and the pressure gradient during 5 seconds for valve
setting 3 are entered in T-SIM® and a simulation is
run leading this time to a more realistic bubble height
of 90.5 mm. When comparing the bubble height
obtained with T-SIM® to the DIC measurements
(93 mm after 5 seconds (Figure 9)), it can be con-
cluded that the result are within an allowable toler-
ance (3%) and that the material model for the simu-
lated strain rates and temperatures is adequate. A
similar simulation strategy is adopted for inflation
valve settings of 5 and 7 but in these cases, the sim-
ulation needed to be interrupted after 1.5 and 1 s
respectively since stress-strain and temperature
extrapolation errors occurred around 135°C. This
simulation problem does not affect the fact that the
methodology can be used with proper functioning
thermoforming simulation software. The respective
height deviations from the DIC data are with these
valve settings 12 and 9%.
Next to the bubble height, which is a single point
value, the 3D point cloud of the top surface of the
final shape obtained with valve setting 3 is exported,
meshed and matched to the exported final shape of
the bubble created in T-SIM® using GOM Inspect®
V7.5, a freeware 3D inspection and mesh process-
ing software for dimensional analysis of 3D point
clouds (http://www.gom.com). The matching process
proves that not only the height of the bubble is cor-
rect, but that there is also a quasi-perfect agreement
in bubble shape (Figure 11).
The real asset of using DIC and measuring the shape
of a whole surface instead of a single point in the mid-
dle as can be done by a height acquisition device or
a light curtain, which is currently industrially used to
measure the bubble height, is that also wanted or
unwanted asymmetries created either by un-uniform
heating in plane or by extrusion anisotropy caused

by the prior sheet extrusion process [12], can also
be identified and matched.
It is expected that the adopted methodology is appli-
cable for any unreinforced thermoplastic material
as long as the assumption of volume conservation is
valid and no through thickness shear occurs since
this could lead to erroneous predictions of the final
thickness based on measurements of the non-mold
contact surface. However, if there is a need for extrap-
olating the results to thicker plates, care must be
taken during heating to minimize the through thick-
ness temperature gradient.

4. Conclusions
In this paper, DIC is used together with online tem-
perature and pressure measurements to track sheet
sagging and bubble inflation of a HIPS sheet. The
measurements are used to set the correct input val-
ues (amount of sagging, pressure gradient, tempera-
ture, convective heat transfer coefficient) in a com-
mercial thermoforming simulation software T-SIM®.
For the experiment with a 850!670!1 mm sheet, a
waiting time of 5 ms at forming temperature (150°C)
could be defined, leading to 25 mm sagging. For the
bubble inflation, the real pressure gradient in com-
bination with the thickness-corrected convective
heat transfer coefficient, from temperature and DIC
measurements, are required to predict the bubble
height within an acceptable accuracy of around 3%
where simulation was practically impossible with-
out this knowledge. The simulation software can now
be used to optimize bubble height and shape and the
simulation parameters can directly be linked back
to the machine settings since the actual pressure
profiles are known. The methodology can in this
way be used to generate experimental data in a very
easy and straightforward way in order to optimize
simulation accuracy and shorten the trial and error
methodology used nowadays.
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Figure 11. 3D matching of DIC and T-SIM® shape of a bubble inflated with valve setting 3. Color scale in mm.



A similar approach can be further implemented for
other materials and material thicknesses, process
steps such as forming and cooling or it can be used
to validate the material parameters of the KBK-Z
(or any other material) model by implementing a
reverse engineering approach on different pressures
and temperatures.
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1. Introduction
Liquid Composite Moulding (LCM) techniques,
such as the resin transfer moulding (RTM), the vac-
uum assisted resin infusion (VARI) or the vacuum
assisted resin transfer moulding (VARTM) process,
are composite manufacturing processes which
become very popular these days. Especially RTM is
in the focus of interests of a variety of industries,
such as aerospace, automotive, transport as well as

sports and recreation, because they enable the abil-
ity to manufacture large fibre reinforced polymer
composite (FRPC) parts of complex shape [1]. Even
if the reproducibility of quality is comparably high
and the cycle times are relatively low, these are still
major issues for further process developments. One
of the main advantages using RTM preforms is the
opportunity to use a tailored stack of near-net shaped
fibre reinforcements. Fibre preforms consist of tech-
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Abstract. A benchmark study for permeability measurement is presented. In the past studies of other research groups which
focused on the reproducibility of 1D-permeability measurements showed high standard deviations of the gained permeabil-
ity values (25%), even though a defined test rig with required specifications was used. Within this study, the reproducibility
of capacitive in-plane permeability testing system measurements was benchmarked by comparing results of two research
sites using this technology. The reproducibility was compared by using a glass fibre woven textile and carbon fibre non
crimped fabric (NCF). These two material types were taken into consideration due to the different electrical properties of
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mine the unsaturated permeability characteristics as function of fibre volume content the measurements were executed at
three different fibre volume contents including five repetitions. It was found that the stability and reproducibility of the pre-
sented in-plane permeability measurement system is very good in the case of the glass fibre woven textiles. This is true for
the comparison of the repetition measurements as well as for the comparison between the two different permeameters.
These positive results were confirmed by a comparison to permeability values of the same textile gained with an older gen-
eration permeameter applying the same measurement technology.
Also it was shown, that a correct determination of the grammage and the material density are crucial for correct correlation
of measured permeability values and fibre volume contents.
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nical textiles, such as woven or non-crimp fabric
structures, or three dimensional weaves and are con-
structed with glass or carbon fibres [2]. Nowadays
the fibre orientation (preforming) and impregnation
are two independent steps of engineering. The rein-
forcement used for the RTM preform are in a dry
state to orientate the fibres in the load specific direc-
tions. In the next step, the preform is saturated dur-
ing the RTM [3, 4]. The matrix in its liquid state, a
mixture of a polymeric resin and hardener, is injected
into the mould via line or point gates. The injected
resin system replaces the air between and in the
fibre bundles of the dry reinforcing structure [5]. An
important requirement during the development of a
new RTM mould is the ability to predict the flow
behaviour of the resin during the mould filling phase.
A number of flow variables are known which have
a direct impact on the mould and process design.
For components with an increased geometrical com-
plexity those can only be realistically predicted by
using a numerical filling simulation. In order to
achieve the best FRP-part quality, a completely
filled mould and a totally saturated preform are
mandatory. In order to have a full wetted preform
the position of the resin injection points and air vents
must be well-placed. Currently, attempts are made
to substitute the very expensive trial-and-error pro-
cedures by flow modelling tools. Numerical filling
simulations support the engineers in optimizing the
tool design and predicting the mould filling time.
Thus, the numerical mould filling simulation tools
are important and supporting tools for the advance-
ment of the RTM process [6–10].
An accurate simulation set-up needs reliable input
parameters of the time- and curing degree depend-
ent resin viscosity, the preform porosity and the
porosity–dependent preform permeability. The per-
meability behaviour of the textile preform is directly
related to the impregnation and filling time [7, 8, 11].
The transmissibility of a porous media, in this case
the fibre preform, to liquid flow is described with
the term permeability. The common empirical law
on fluid flow through porous media was published
by Henry Darcy in 1856 [12]. Henry Darcy’s law is
a general accepted Equation (1) for the description
of the one dimensional flow through a porous media:

                                                   (1)

where the superficial velocity of the 1D flow is vx
[m/s],  Kx [m!] represents the permeability value of
the measured preform direction, ! [Pa·s] the fluid
viscosity of the injected fluid and the term "p/"x
[Pa/m] expresses the pressure drop to a specific
flow length. Three different kinds of experimental
methods of permeability measurements are well-
known: 1D flow [13–16], 2D flow [13, 17, 18] and
3D flow [19–22]. Nowadays no defined standard
requirements for permeability measurements and
calculation procedures are available [23–25]. In the
study of Vernet et al. [16] there is a description of a
way to standardize 1D permeability measurements.
The main aim of this study is the comparison of two
identically manufactured dielectric capacitive based
in-plane permeability measurement systems located
and supervised at two different research sites:
–#Lehrstuhl für Verarbeitung von Verbundwerk-

stoffen (LVV), Leoben, Austria and the
–#Institut für Verbundwerkstoffe (IVW) GmbH,

Kaiserslautern, Germany.
Despite the fact that the two systems are technically
equal, there are several issues which can cause devi-
ations between measurement results. These are:
–#systematic differences between the measurement

systems and their calibration – a technology sen-
sitive to this issue is not suitable for a standard-
ised permeability measurement

–#variation concerning the usage of the possibility
for manual interventions in data capturing (e.g.
experiment time) and data analysis (e.g. evalua-
tion range)

–#differences during sample preparation, storage
and handling

Therefore, it is the target of this study to prove that
the used system allows a reproducible measurement
in spite of these barriers. This proof is a main neces-
sity for the broad acceptance of a system e.g. in
serial production for material selection, process
design and incoming goods control.
Two different commercially available materials
which are typical for industrial customers are used
for the comparison measurements. A glass fibre
woven textile and a carbon fibre biaxial non-
crimped fabric (NCF) are investigated. A compari-
son of measurements executed at both laboratories
should allow an estimation, of the suitability of the
measurement methodology for reproducible perme-
ability measurement. Accordingly, the accuracy and
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the reliability of the used permeability measure-
ment system will be examined.

2. Review on permeability measurement
techniques, benchmark studies and
statistical analysis

Literature depicts different methods and systems
for permeability measurements as well as for per-
meability benchmark studies. Diverse references
[13–18] are describing 1D and 2D measurement
approaches which are able to sense the flow front as
a function of time for in-plane permeability calcula-
tion. The fact that there are no standardized require-
ments for permeability measurement systems and
no uniform calculation algorithms, permeability
values measured in different research labs are dif-
fering. This is the reason why institutes and labs
performed benchmark studies in the past. Also, the
uncertainty of measurements and test rigs were
investigated because of the stochastic and statistical
influence.

2.1. Permeability measurement techniques
1D permeability measurement
Using 1D permeability measurement setup means
that the permeability behaviour is measured in one
specific direction. The saturated and unsaturated
flow methods can be distinguished in order to pre-
dict the preform permeability. During the saturated
1D flow experiment a test fluid continuously flows
through the fabric which is placed and compacted
in a mould. The steady-state relationship between
the fluid flow and the pressure drop across the
whole length of the mould [26–28] is measured. For
an unsaturated permeability test a dry fibre preform
is used. The air which is in the fibre based material
is replaced by the liquid medium [26, 28, 29] during
the measurement and the flow front is tracked. A
number of errors are related with this relatively
simple test apparatus. First of all, there are errors,
which are caused by small gaps with increased per-
meability between the preform edges and the mould
walls which are referred to as ‘Race tracking’ [2, 9]
or ‘edge effect’ [30, 31]. Another disadvantage of
the 1D test is the fact that three 1D measurements
have to be executed for the full description of the in
plane permeability tensor since three unknown vari-
ables have to be defined. The two perpendicular
main directions of the flow and the orientation angle
of the main directions with respect to the reference

axis. Further problems arise from mould deflections
and unsaturated spots [29]. The aim of an interna-
tional benchmark study [16] was to eliminate the
edge effects and errors by using a defined measure-
ment method on each research lab.

2D permeability measurement
In case of an anisotropic material an ellipse occurs
during commonly used centre point injection. The
determination of the preform permeability values
and the orientation angle of the occurring ellipse to
a reference axis are still challenging problems from
experimental and theoretical points of view. The
knowledge about the timely flow front advance-
ment is the most important fact for an accurate per-
meability calculation [32–37]. In order to calculate
the permeability values of the investigated preform,
the major and minor axis lengths of the occurring
ellipse are needed. They are needed to determine the
corresponding highest (K1) and lowest (K2) in-plane
permeability values with a mathematical algorithm
after having executed the permeability measurement.
Adams and coworkers [32–35] and Chang and
Hwang [36] are describing two different and inde-
pendent algorithms for in-plane permeability calcu-
lation. Anisotropy $ is a coefficient which describes
the relationship between the major and minor axis
permeability. The anisotropy coefficient is defined
as the quotient of K2 and K1 [32, 36, 37].
For the in-plane permeability measurements differ-
ent permeability test rigs are described in the litera-
ture. On the one side there are test rigs which are
using sensors for flow front detection during the
fluid injection. These sensors are embedded in metal
mould halves [6, 17, 24, 29]. On the other side there
are systems with a visual aid – a camera system –
and a transparent upper mould half tool for flow
front tracking exist [13, 38, 39]. Both show specific
advantages and disadvantages. Mainly, the embed-
ded mould sensors allow usage in a rigid steel
mould which makes the system more insensitive
against possible deflections. On the other side,
transparent moulds allow a more exact skin flow
front detection.

2.2. Benchmark studies
Literature depicts numerous studies for the compar-
ison of different permeability measurement systems
and methods as well as numerical error and statisti-
cal uncertainty analysis.
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In order to investigate the comparability of perme-
ability measurements on different systems Lund-
ström et al. [13] executed permeability measure-
ments at three different institutes with the same
magnitude of materials. In this round robin study
saturated and unsaturated 1D permeability tests, as
well as 2D permeability tests were performed. The
results showed a good reproducibility and a stan-
dard deviation between 10 and 30% between the
institutes. The unsaturated 1D flow tests showed the
best repeatability in the results with a standard devi-
ation of 8.5 respectively 15%. It should also be
pointed out here that the measured permeability
values are increasing from the 2D method com-
pared to the saturated 1D- and the 1D unsaturated
flow techniques. Comparisons between the insti-
tutes and the same measurement method as well as
between the 1D and 2D method showed a repro-
ducibility of the results within the range of every
single measurement method. They also obtained
that there is no significant difference between satu-
rated and unsaturated permeability. However, in a
literature review performed by Dungan and Sastry
[40] it was found, that the relation of saturated to
unsaturated permeability can range from 1/4 to 4.
In the first international benchmark exercise Arbter
et al. [41] accomplished permeability measurements
on 11 institutes using 16 different measurement sys-
tems. Saturated and unsaturated 1D test rigs as well
as 2D permeameters were used in these studies. The
comparison of the results of the permeability meas-
urements with the 16 different systems showed devi-
ations in the range of an order of magnitude. The
standard deviation of the permeability characteris-
tics determined in this benchmark was about 1.000%.
Also the calculated anisotropy coefficient alternates
by a factor of two between the different systems. In
the second round the participants of the interna-
tional benchmark study [16] used a standard RTM
mould with an acrylic or a glass plate as upper
mould half tool for executing the 1D permeability
measurements. In order to avoid leakage during the
fluid injection, a sealing rubber was positioned
between the lower and upper mould half tool. The
sample size was also an identified parameter that
was chosen for the second measurement round. All
preforms used for permeability measurements were
larger than the representative elementary volume of
the fabric. This was taken into account to eliminate
the stochastic non-uniformity of the weaving pat-

tern. Also the fibre volume content was fixed with
45%. Other process parameters like the injection
pressure (1 bar) and the test fluid (silicon oil) were
set in order to eliminate their effect on the fluctua-
tion on the determined data. The standard deviation
of the permeability characteristics determined in
second round of the international benchmark was
below 25%.
In both mentioned round robin studies nearly the
same main sources of errors were pointed out: The
accuracy of the measurement of the physical quan-
tities, errors in cavity dimensions, changes in cavity
dimensions during measurements, influences from
the used liquid and the aberration of the values used
for the permeability calculation algorithm. In addi-
tion the deviation of the used textile properties, the
batch quality, the deviance in fibre orientation, the
distance between the rovings and the differences in
areal weight had an influence on the permeability
calculation results. The influence of material in
homogeneities are higher to assess than the experi-
mental errors [13, 41].

2.3. Statistical analysis
Pan et al. [42] conducted a statistical investigation
of 1D permeability measurements of woven and
knitted fabrics in order to predict significant statisti-
cal influences on permeability measurements. In
this study race tracking near the mould walls, varia-
tions in the areal weight and deformation effects of
the measured textile using a two part tool were
found to be influencing factors on the permeability.
On the other side the measurement results are not
affected by the experience of the executing person.
Endruweit and coworkers [43–46] performed numer-
ical and experimental analysis dealing with the
deviation of geometrical parameters of technical
textiles and their influencing factors on the perme-
ability. The experimental error for their specific test
case, including the estimation of parameters which
are dependent on the process like injection pres-
sure, flow front velocities, porosity and fluid vis-
cosity, sums up to a maximum of 14%. Accordingly,
all variations which are above this error margin are
related to the textile properties. As this is the case a
unit cell based on a non-crimp fabric (NCF) was
developed. Rovings with an elliptical shape were
supposed and parameters for the major axis diame-
ter (roving width) and the roving distances were
considered for the variation of the geometrical
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parameters. Both factors are determining the varia-
tion of the fibre orientation angle, which increases
with the decreasing quotient of roving width and
roving distance. The variation of the fibre angle by
using woven fabrics is assigned by available gaps
between the rovings and the stitching seams by uti-
lizing NCF’s. These parameters were implemented
in the numerical model and were statistically var-
ied. Afterwards the results were compared to opti-
cal permeability measurements. The experimental
results showed a trend to the normal curve of distri-
bution and to the standard deviation of 9 to 29%.
The higher the ratio of roving width to the roving
distances, the lower was the local permeability vari-
ation and the more similar was the real flow front
shape to an ideal ellipse. With the variation of the
local permeability the global permeability was
decreasing too but the global permeability was
decreasing with increasing ratio of roving width to
roving distances. This was explained by consider-
ing the global textile. In case of high local devia-
tions the consideration of the global textile behav-
iour gets more uniform due to compensational effects.
The numerical developed model showed results in
the same range as monitored during the experimen-
tal permeability characterization. But it has to be
mentioned that effects like nesting, which are impor-
tant for high roving distances and higher fibre vol-
ume contents, were not taken into account.
Fauster et al. [47] addressed their scientific work to
statistical analysis of material and process parame-
ters in order to predict the error of measurement of
an optical permeameter. An analytical approach
based on the law of error propagation first order as
well as the Monte-Carlo simulation was used in this
study. The results supply a good agreement. The con-
sidered parameters were the major and minor axis
length of the occurred ellipse, the viscosity of the
fluid, the injection pressure, the injection radius in
the middle of the preform to eliminate the through
thickness impregnation, the cavity high as well as
material parameters like the fibre density and the
areal weight. The supposed exactness of the meas-
urements for the major and minor axis length of the
detected ellipse were 0.1%, for the fibre density
0.25% and for of the areal weight 5%. The assump-
tions of the variance of the results were theoreti-
cally determined with 1%. In addition both models
calculated a variation of 8% for K1 and K2.

Due to the high standard deviations during perme-
ability measurements Morren et al. [25] developed
a solid epoxy test specimen as a reference sample
for permeability measurements. The specimen was
produced with a stereo lithography technique. This
porous structure has the same main features as real
fibre textiles. It has the same order of degree of the
pore sizes and a similar interconnectivity and tortu-
osity of the pores. Using this test specimen for per-
meability measurements a standard deviation of
less than 5% was reached.
In summary it can be seen that the results of perme-
ability measurements are differing between the
used permeability measurement methods (1D and
2D), but there are also inherent differences given
when using the same method. This is attributed to
the differences of the mechanical design and the
used techniques as well as to experimental errors
and variations of the textile properties. In respect to
the determination of accurate and comparable per-
meability values and the prediction of reliable process
conditions, a minimization of the material property
variation, the acquisition and analysis of the special
features of each single measurement system as well
as the basic understanding of the geometrical varia-
tions according to the permeability characteristics
are necessary. It is also very important to know, that
the statistical uncertainty of material and process
parameters are affecting the calculated permeability
coefficients with an uncertainty of 8% [16, 41–47].

3. Experimental set-up, materials and
approach

3.1. Experimental set-up: 2D permeability
measurement system

The bases of the study were two similar 2D in-plane
permeability measurement systems which apply
capacitive sensor technology for flow front track-
ing. The methodology was developed and patented
by the IVW [48]. The current system ‘2-D-Capa-
Perm’ of the IVW states the third generation includ-
ing changes in sensor positioning and number, sen-
sor and peripheral electronics, sensor coating and
data capturing and processing software. The com-
pany Präzisonsmaschinenbau Bobertag (PMB)
GmbH built up the system for the LVV in 2013.
Both systems are equal concerning the sensor
arrangement. A cavity geometry of 480 by 480 mm2

is resulting due to the sensor lengths. The sensors
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are embedded in the lower mould half and the cav-
ity high is locally not affected by the sensors. Two
different sensor lengths are used. The sensor length
for the east (E) and west (W) direction are 185 mm
and the sensors for the other six directions have a
length of 105 mm. The sensitive width of all eight
sensors is 5 mm. They comprise eight actinoid posi-
tioned dielectric capacitive sensors as schematically
illustrated in Figure 1.
In the upper mould a central injection point is given
which results in a radial or elliptical flow, depend-
ing on the isotropy respectively anisotropy of the
flow behaviour. The flow front is quasi-continu-
ously tracked by the capacitive sensors. The dielec-
tric properties of the inserted fibre structure inside
the mould change due to increasing saturation [49].
The sensors capture the change of capacitive equiv-
alent which represents the dielectric properties of
the fibre structure lying above their sensitive area.
Knowing the capacitive equivalent of the sensor
when covered by dry respectively fully saturated
textile, allows the derivation of the flow front posi-
tion on the sensor out of the development of the
sensor´s capacitive equivalent over time. The corre-
lation of flow front position and level of saturation
is linear. Since eight sensors are given, at each point
of experiment time, eight coordinates of the flow
front are available. The elliptic equation of a per-
fectly point-symmetric ellipse can be defined by
only three coordinates. However, if only three sen-
sors are given, it is not possible to make a statement

about the deviation of the true flow front from the
assumption of the ideally point-symmetrical ellipse.
With the eight sensors, it can be analyzed how well
the assumption fits, which is also an indicator for
how accurate the permeability calculation can be.
Furthermore, this offers the possibility of state-
ments on the material homogeneity, e.g. by compar-
ing the flow front progression on opposing sensors.
The 8-sensor system allows an averaging of oppos-
ing sensors which minimizes the sensitivity for
local material inhomogeneities, while the informa-
tion about these inhomogeneities is not lost.
Out of the elliptic equation, the calculation of length
and orientation of the half-axes is possible. This is
done for every time step. According to Adams et al.
[34] to the fluid motion can be described by the con-
tinuity equation for incompressible flow by Equa-
tion (2) and Darcy’s law in the tensorial form by
Equation (3):

!·v0 = 0                                                               (2)

                                                     (3)

thereby, v0 is the superficial velocity which is the
product of flow front velocity and porosity. Corre-
spondingly, besides the flow front movement also
the pressure drop and the viscosity have to be
known. Assuming the pressure at the flow front to
be atmospheric the pressure drop equals the set
injection pressure (gauge). The temperature-based
viscosity was preliminarily measured and the fluid
injection temperature is measured online. Based on
this data the calculation of the permeability is possi-
ble using the methodology presented by Adams and
coworkers [32–35].
Several different cavity heights between 1.45 and
8 mm can be realized by highly accurate steel
frames. By varying the cavity height and the num-
ber of layers numerous different fibre volume con-
tents can be set. Both measurement systems are
arranged on mould carriers. A schematic represen-
tation of the permeability measurement method, the
offline flow front length calculation and on the used
test rig are given in Figure 1.
The software used for the calculation of the perme-
ability out of the captured sensor data was the same
at both research sites.
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Figure 1. Schematic overview of the used sensor arrange-
ment, the offline analysis and the permeability
measurement set-up



3.2. Materials and sample preparation
The measurements have been executed with two
dual-scale textiles differing concerning the material
type, the fibre material and the grammage. Their
characteristics are listed in Table 1.
In order to minimize effects of sample preparation
on the results of the comparison, the preforms used
for the measurement series were manufactured uni-
formly in one laboratory (Leoben, Austria). They
were directly stacked to the intended final number
of layers and cut using a CNC cutter. Subsequently,
they were transferred to the IVW. The preform
geometry was square shaped with an edge length of
465 by 465 mm2. In order to ensure a vertically
straight flow front an injection hole of 13 mm diam-
eter was cut out in the middle of the preform pro-
viding a flow channel through the thickness. Before
every single measurement the preforms were
weighed on a scale to evaluate the material inhomo-
geneity. As a test fluid rape seed oil was used. The
viscosity-temperature characteristics were deter-
mined separately in each lab using an Anton Paar
couette- respectively a Brookfield spindle rheome-
ter under standardized lab conditions.

3.3. Approach
In order to evaluate the reproducibility of the results,
the permeability at three different fibre volume con-
tents was measured independently at both research
sites. This allows the interpolation of the data based
on data iteration with an exponential function,
which allows a very good accordance to the actual
measurement data. Thus, it was possible to use the
same number of layers at both research sites, even if
the cavity heights weren’t exactly equal. Changing
the number of layers can have an influence on the
results even if the influence is small [50, 51].
The industry asks for reliable results which are
acceptable within the repeat tests. Due to the high
material costs and the measurement expenditure the
measurement series should be kept to a minimum.
Therefore at each fibre volume content five meas-
urements with five preforms were performed for
statistical coverage. Deviation between the single

measurements gives indication about material
homogeneity and measurement errors.
At first the measurement results of both institutes
were directly compared, without any instruction for
determination of analysis parameters. Subsequently
single parameters were varied in order to estimate
their influence on the reproducibility.
These parameters were:
–#Time frame for permeability calculation
–#Grammage of samples (individually weighed vs.

averaged)
As mentioned, the permeability calculation is possi-
ble using different sensor triplets. The sensors are
denoted by cardinal directions (Figure 1). Within
the presented study the opposing sensors were aver-
aged. Then the permeability was independently cal-
culated based on the triplet (N/S, N-E/S-W, E/W)
and (N/S, N-W/S-E, E/W). The resulting perme-
ability values and orientation angles are then also
averaged.
The presented work focused on the empirical deter-
mination of in-plane permeability values with two
similar permeability measurement systems. The
instrument errors, the error propagation as well as
the human influence during sample preparation and
through measurement execution were not taken into
consideration.

4. Results and discussion
4.1. Independent data analysis at LVV and

IVW
Figure 2 shows the comparison of the results gained
at both research sites for the glass fibre woven tex-
tiles. The time frame for analysis was independently
set and the viscosity curve corresponded to the dif-
ferent measurement liquids used. As can be seen in
the diagram of Figure 2 the data is in very good agree-
ment. The diagram shows the permeability over the
fibre volume content which corresponds to 1-poros-
ity. Thus, increasing fibre volume content states a
decreasing pore space available for flow, which
decreases permeability. The minimum and maxi-
mum deviations are at 1.6 and 4.98% respectively.
The chosen material perfectly suits the require-
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Table 1. Material data of the used reinforcements for 2D permeability determination
Material Fabric type Fibre material Grammage

Hexcel 1102 Woven fabric, 2/2 twill weave, balanced Glass fibre 290 g/m2

Saertex X-C Non crimp fabric, Biaxial, ±45° Carbon fibre 588 g/m2



ments for a comparison, since the variation coeffi-
cient is comparably low (between 4.52 and 17.28%)
in the light of the huge amount of materials which
have been investigated at both research sites (e.g.
[50]). Thus the deviation between the LVV and the
IVW results is smaller than the standard deviation
between the repetition measurements.
Besides the comparison between IVW and LVV the
IVW results were also compared to results gained
during a previous study at the institute. Rieber [50]
has investigated the same material at equal cavity
heights – number of layers combinations. However,
it was a different batch of the material and the
grammage has slightly changed in the data which
results in differing fibre volume contents. Also, the
system ‘2D-COMP’ was used, which states the 2nd

generation in-plane permeameter and thus the pred-
ecessor of the currently used system. The compari-
son is shown in Figure 3, where again the perme-
ability is shown over the fibre volume content.
Again, the deviation between the results is smaller
than the standard deviation. The similarity of the
results shows the homogeneity of the chosen mate-

rial, but also the high reproducibility of the meas-
urement with the capacitive technology.
The comparison of the results for the carbon fibre
non-crimp fabric showed higher deviations. The
results are shown in Figure 4. However, the perme-
ability values show good accordance.
The minimum and maximum calculated standard
deviations are 3.66 and 22.77% for K1 and 4.16 and
41.00% for K2. The comparison of both research
sites showed that there is an average difference of
3.77% for the permeability of the major and 30.05%
for the permeability of the minor axis. In the dia-
gram shown in Figure 4 it can be seen that the
anisotropy is higher for the IVW values, which
leads to comparably higher K1-values, while the
K2 values are comparably lower. Such anisotropy
can be caused e.g. when during handling the crimp,
which results from the differences in the weft and
warp yarn tension during manufacturing, is changed.
However, since only one fibre volume content is
affected, no in-depth interpretation is meaningful,
since the data base is rather small.

4.2. Variation of evaluation time range
The influence of the time range on the evaluation is
an indicator for the homogeneity of the material. If
the material is perfectly homogenous, it should not
make an influence which time range is chosen for
permeability calculation, as long as all used sensors
are in a valid area (overflow started but not fin-
ished). The valid area is illustrated in Figure 5 where
the metric flow data as a function of experiment
time is shown for each sensor, which allows the cal-
culation of the flow front ellipses. As can be seen,
the curve growth is very homogeneous. Due to the
faster velocity of the flow front advancement in the
East and West direction the slopes of the curves
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Figure 2. Comparison of the in-plane permeability values
for the glass fibre woven textile independently
calculated at IVW and LVV

Figure 3. Comparison of IVW results with results from
Rieber [50]

Figure 4. Comparison of the permeability values for the
carbon fibre NCF independently determined at
IVW and LVV



have a stronger dependence on the experiment time.
The flow front propagation during the permeability
measurement is less dependent on the experiment
time in the other six directions. That means that the
anisotropy of the investigated textile is very high.
Due to the fact that the sensors are located 25 mm
away from the injection point the maximum
detectable flow length increases from the sensor
lengths. Thus, the maximum detectable flow lengths
are an addition of the distance between the injection
point to the sensitive area of the sensor and the sen-
sitive area of the sensors itself. The maximum
detectable flow lengths are 210 mm for the east (E)
as well as the west (W) sensor and 130 mm for the
north (N), the south (S), the north-east (N-E), the
south-east (S-E), the south-west (S-W) and the
north-west (N-W) sensors. The maximum end time
for the analysis – if all sensors are taken into account
– is the time point at which the first sensor is fully
overflown. Using very inhomogeneous material, the
curve of the flow length over the experiment time
may be less smooth and show several humps. In this
case the automatic detection of the status of full
sensor coverage by fluid might catch the wrong
hump. In this case a manual correction is possible.
In order to quantify the influence of the evaluation
time range, 10 s were manually added to respec-
tively subtracted from the value automatically set
for end time and the permeability was recalculated.
For the GF-textile, which showed even smoother
curves, a change between 0.02 und 0.19% was
measured for K1, and a change between 0.10 and
0.13% was measured for K2. The initial evaluation
time range was 120 s. For both, the glass fibre and
carbon fibre textile, the time range was set individ-
ual on each research side. This reflects the measure-
ment stability and the material homogeneity. For
the CF-textile a change between –6.09 und +5.59%

was measured for K1, and a change between –6.96
and 6.89% was measured for K2. The initial evalu-
ation time range was about 280 s. Considering the
results of both textiles it can be seen that a change
of the evaluation time range has a higher influence
on the CF-textile. The reason for this high impact
can be explained with the electric properties of the
CF and the used sensors. In some cases of measur-
ing CF-textiles it is very difficult to determine the
point on which the sensor is fully overflown
because the sensor and the CF have an electrical
interaction. This interaction at the end of the sensor
can be termed as ‘sensor creepage’. Thus, the sensor
creepage is responsible for the higher deviation if
the evaluation time range is changed as well as for
the determination of the experiment end.

4.3. Variation of grammage values
As can be seen by the results shown in the previous
sections, the influence of the fibre volume fraction
on the permeability is very high. Thus, besides an
accurate measurement it is also important to corre-
late the measured value to the right fibre volume
fraction. Otherwise the exploitation of the results,
e.g. for a numerical filling simulation, will be highly
corrupted. Accordingly, in this section is shown,
how important the correct definition and determina-
tion of the fibre volume content is. Thus their influ-
ence on the presented comparison was investigated.
Three basic alternatives were examined:
1. Assume the grammage on the data sheet for each

measurement
2. Measure the weight of all samples and assume all

samples to have the average value
3. Directly account the measured value to the sam-

ples
Each option goes together with its advantages and
disadvantages. Generally it has to be questioned
where grammage deviation between the samples
can arise from. Often it is caused by a fringe out at
the edges of the sample. In this case it is not very
meaningful to account the individual weight to each
sample because the grammage in the area relevant
for measurement is not affected by the fringe out.
On the other side most manufacturers state a possi-
ble variation of ±5% which causes huge deviation
concerning the fibre volume content. Thus the first
option is also not always appropriate. Therefore, the
most target-aimed option seems to be to average the
weight of all samples. However, knowing the indi-
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Figure 5. Flow distance over time calculated from each
sensor data by using the glass fibre woven textile



vidual weight of each sample can help to explain
permeability deviations. In the case of the carbon
fibre fabric the average grammage was 580.71 g/m2

(min: 580,40 g/m2, max: 581.07 g/m2) while the data
sheet stated 588 g/m2. The resulting difference in
fibre volume content can be a main error source for
example for flow simulation. The permeability as a
function of fibre volume content is one of the most
important inputs in the flow simulation. False
assumptions concerning the grammage lead to a
horizontal shift of the curves. Due to the strong
decreasing influence of the fibre volume content on
the permeability such an error is as highly
unfavourable as an error concerning the measure-
ment itself. It can be concluded, that the influence
of grammage variation on the permeability is huge.
Thus, when simulating the filling process it should
be taken into account that the grammage can vary
(e.g. by the 5% stated in the data sheet). A possible
solution would be best and worst case simulations
based on the minimum and maximum permeability
possible.
Grammage is only one side of the problem, when
calculating the fibre respectively the pore volume
fraction. Figure 6 shows the influence of the gram-
mage on the in-plane permeability calculation.
In order to calculate the fibre volume content out of
the areal weight the material density has to be
known. For the glass fibre woven material the den-
sity of glass is sufficient. In the carbon fibre NCF
an additional polyester stitching yarn (PSY) is pres-
ent. Thus, it has to be decided which density value is
to be used. The differences are exemplarily shown
in Figure 7. In the first case the pore volume con-
tent was calculated taking the PSY into account but
assuming it to have the same density as the carbon
fibre. In the second case the individual material den-

sities were used. It would also be possible to calcu-
late an effective material density weighted by the
respective contributions to the total areal weight of
the material. The resulting pore volume fraction
would be the same as for the second case. The dif-
ference is about two to three percentage points.
Regarding the decrease of permeability which is usu-
ally caused by such a reduction of pore space, this
points out the importance of correct or at least con-
sequent pore space calculation.
Other influencing factors on the permeability of
textiles could be the filament type, the filament
shape and the filament diameter. Rieber [50]
showed that the influence of the filament diameter
can influence the in-plane permeability values by
10% using 6 and 9 %m thick filaments. Summer-
scales [52] refers in his work to the studies of Gur-
ton. Gurton reports that the impregnability of a yarn
with 50% fibre volume content is three times higher
by using a 15 %m filament diameter compared to a
yarn with 5 %m filament diameter.
The determined values for the permeability of the
major and minor axis as well as the orientation angle
are listed in Table 2 (glass fibre woven textile) and
Table 3 (carbon fibre NCF). The orientation angle
refers to the direction of the highest in-plane perme-
ability K1 related to the production direction of the
material (0°). Since both materials are not pur-
posely sheared the permeability main axes should
coincide with the material axes. Thus, the orientation
angle should be 0°. As can be seen slight deviations
from are given, which can be caused by material
inhomogeneities, unintended shearing during han-
dling, and deviations of the real flow front from the
assumed ideally point-symmetrical ellipse. Consid-
ering the orientation angle detected at the IVW for
the CF NCF at a FVC of 54.80% it can be seen that
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Figure 6. Influence of the used CF NCF textile grammage
on the in-plane permeability values

Figure 7. Influence of different approaches for grammage
calculation for carbon fibre NCF



this value is negative. Due to the large preform size
which gets saturated during the measurement, mate-
rial inhomogeneity and handling as well as shearing
effects it is possible to generate a negative value for
the orientation angle.

5. Conclusions
In this study two similar dielectric capacitive based
2D permeability measurement systems were com-
pared by measuring two different materials. A glass
fibre woven textile and a carbon fibre based biaxial
NCF were investigated at two diverse research
sites. In order to eliminate the influence of sample
preparation the samples were prepared in Leoben,
Austria and were shipped to Kaiserslautern, Ger-
many. The permeability measurements were exe-
cuted independently of each site. The permeability
results and the reproducibility of these chosen tex-
tiles gained at the two research labs are valid for the
investigated material. The reproducibility and the
accuracy of the permeability measurements cannot
be transferred to other textiles produced with other
materials, e.g. aramid or natural fibres.
The results can be summarized and are stating to
the following:
–#The results for the in-plane permeability values

have shown a very good agreement. The deviance
between the LVV and the IVW results is smaller
than the standard deviation between the repeti-
tion measurements.

–#A high reproducibility of permeability measure-
ments was also reached by comparing two batch
qualities to each other. The similarity of the results
shows the homogeneity of the chosen material.
Also the older batch was measured with a third
capacity technology-based system.

–#The comparison of the permeability results of the
carbon fibre NCF showed higher deviations but
there is also a good agreement between the two
research sites.

–#The in-plane permeability values are affected by
the used textile grammage. The grammage is
directly related to the fibre volume content which
influences on the permeability calculation.

–#In the case of the carbon fibre textile an addi-
tional polyester stitching yarn is present. If the
carbon fibre and the polyester yarn were allo-
cated with their true density the difference of the
calculated permeabilities were two to three per-
centages compared to the procedure of using
only the density of a carbon fibre.

It could be shown that the dielectric capacitive per-
meameter technology is a promising approach
towards reliable and reproducible permeability
measurements. The executed radial in-plane meas-
urements show a low standard deviation and a very
good reproducibility in the case of the glass fibre
woven textile. It can also be noted that by using the
presented technology it is possible to measure the
same permeability characteristics with a very low
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Table 2. Major and minor axis permeability values for the glass fibre woven textile

Table 3. Major and minor axis permeability values for the carbon fibre NCF

Laboratory FVC
[%]

K1 K2 Orientation angle
Average

[m2]
Deviation

[%]
Average

[m!]
Deviation

[%]
Average

[°]
Deviation

[°]

LVV
46.10 5.53·10–11 17.28 1.20·10–11 11.70 1.40 ±2.54
50.40 3.51·10–11 5.95 6.73·10–12 8.85 0.80 ±2.16
53.80 2.97·10–11 8.63 5.48·10–12 12.13 1.40 ±1.45

IVW
47.10 4.98·10–11 10,60 1,08·10–11 8.68 0.96 ±1.13
51.50 3.19·10–11 11.20 5.85·10–12 10.62 0.04 ±0.63
54.90 1.95·10–11 7.20 3.33·10–12 4.52 1.08 ±0.92

Laboratory FVC
[%]

K1 K2 Orientation angle
Average

[m2]
Deviation

[%]
Average

[m!]
Deviation

[%]
Average

[°]
Deviation

[°]

LVV
49.30 2.37·10–11 3.66 1.11·10–11 27.61 3.06 ±1.59
55.40 7.62·10–12 11.64 3.49·10–12 4.61 3.83 ±3.83
58.60 3.50·10–12 22.77 1.89·10–12 9.83 7.09 ±7.53

IVW
50.80 2.20·10–11 4.97 6.64·10–12 14.87 0.02 ±7.40
54.80 8.43·10–12 14.51 3.81·10–12 11.69 –3.19 ±6.32
57.00 5.90·10–12 22.73 2.28·10–12 40.97 3.53 ±10.80



deviation in two different located and supervised
labs.
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1. Introduction
Corrosion is the deterioration of materials by chem-
ical interaction with their environment. The conse-
quences of corrosion are many and varied; corro-
sion’s effects on the safe, reliable, and efficient
operation of equipment or structures are often more

serious than the simple loss of a metal mass. Several
corrosion-control methods are available, such as
inhibitors, cathodic protection [1], anodic protection
[2], coating [3], and alloying. Among the above
methods, polymeric (or organic) coatings have been
employed to protect metals against corrosion for a
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UV-curable nanocasting technique to prepare bioinspired
superhydrophobic organic-inorganic composite
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Abstract. A UV-curing technique was used to develop advanced anticorrosive coatings made of a poly(methyl methacry-
late) (PMMA)/silica composite (PSC) with bioinspired Xanthosoma sagittifolium leaf-like superhydrophobic surfaces. First
of all, a transparent soft template with negative patterns of xanthosoma sagittifolium leaf can be fabricated by thermally cur-
ing the polydimethylsiloxane (PDMS) pre-polymer in molds at 60°C for 4 h, followed by detaching PDMS template from
the surface of natural leaf. PSC coatings with biomimetic structures can be prepared by performing the UV-radiation
process upon casting UV-curable precursor with photo-initiator onto cold-rolled steel (CRS) electrode under PDMS tem-
plate. Subsequently, UV-radiation process was carried out by using light source with light intensity of 100 mW/cm2 with
exposing wavelength of 365 nm. Surface morphologies of the as-synthesized hydrophobic PMMA (HP) and superhydropho-
bic PSC (SPSC) coatings showed a large number of micro-scaled mastoids, each decorated with many nano-scaled wrinkles
that were systematically investigated by using scanning electron microscopy (SEM). The contact angles of water droplets
on the sample surfaces can be increased from ~81 and 103° on PMMA and PSC surfaces to ~148 and 163° on HP and SPSC
surfaces, respectively. The SPSC coating was found to provide an advanced corrosion protection effect on CRS electrodes
compared to that of neat PMMA, PSC, and HP coatings based on a series of electrochemical corrosion measurements in
3.5 wt% NaCl electrolyte. Enhanced corrosion protection of SPSC coatings on CRS electrodes can be illustrated by that the
silica nanoparticles on the small papillary hills of the bioinspired structure of the surface further increased the surface rough-
ness, making the surface exhibit superior superhydrophobic, and thus leading to much better anticorrosion performance.

Keywords: coatings, polymer composite, bioinspired, superhydrophobic, anticorrosion
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long time. The primary effect of a polymeric coat-
ing is to function as a physical barrier against corro-
sive species such as O2 and H+.
Superhydrophobic (or ultrahydrophobic) surfaces
are those on which the water contact angle (WCA)
is 150° and higher. A lotus leaf is a classic example
of a natural superhydrophobic surface with a WCA
of larger than 150° [4]. The superhydrophobic effect
is due to both of low surface energy materials and
hierarchical (nano-/macro-) structures. The surface is
also characterized by a very low water roll-off angle
(i.e., very low WCA hysteresis [5]). Previous research
has shown that water droplets on these textured sur-
faces readily sit on the apexes of the nanostructures
because air bubbles fill the valleys of the structures
under the droplets. Water drops on such surfaces
cannot penetrate the micro- or nanostructures and
wet the surface, resulting in extremely high contact
angles; thus, these naturally occurring leaves exhibit
considerable superhydrophobicity. Numerous meth-
ods, including photolithography [6], plasma treat-
ment [7], templates [8], chemical deposition [9], sol-
gel processes [10], chemical vapor deposition (CVD)
[11], casting, and chemical etching [12], have been
utilized to fabricate superhydrophobic surfaces.
Several studies have been reported on using poly-
mers and polymer nanocomposites for various appli-
cations such as fabricating hydrophobic/superhy-
drophobic surfaces [13–21]. Therefore, develop-
ment of hydrophobic/superhydrophobic polymers
and polymer nanocomposites has become an inter-
esting subject in materials science. Very few studies
have reported on the use of polymer and polymer
nanocomposite coatings to study the anticorrosive
properties that hydrophobic/superhydrophobic sur-
faces provide [22–26]. However, organic polymer-
inorganic silica composite anticorrosion coatings
with bioinspired superhydrophobic surfaces have
never been studied. Therefore, we demonstrated a
feasible strategy to develop advanced PMMA/silica
composite (PSC) anticorrosion coatings by a nano -
casting method along with a UV-curing technique
designed to directly duplicate fresh plant leaf sur-
faces (such as Xanthosoma sagittifolium leaves). The
imprint of the approximate superhydrophobic Xan-
thosoma sagittifolium leaf was transferred onto the
composite surface so that the resulting composite
exhibited the approximate superhydrophobicity
required to prevent corrosion.

Traditionally, some resins utilized for their anticor-
rosion properties require the use of organic solvents,
which significantly increase human health risks. As
new regulations regarding the emission of volatile
organic compounds (VOCs) are put into effect,
increased demands for environmentally friendly
(green) coating systems will require the progressive
substitution of greener compounds in place of haz-
ardous coatings. Among the alternatives are water-
borne and solvent-free coatings. Thus, we developed
an eco-friendly process to prepare composite anti-
corrosion coatings without using solvents. The com-
posite anticorrosion coatings developed in this study
provided multiple effects to protect metals from cor-
rosion. One is the bioinspired structure with super-
hydrophobicity approximately equivalent to that of
Xanthosoma sagittifolium leaf that can repel mois-
ture and further reduce the water/corrosive media
adsorption on the PMMA surfaces, preventing the
underlying metals from corrosion. The other is the
silica nanoparticle on the small papillary hills of the
bioinspired structure, which enhances the surface
hydrophobicity to a superhydrophobic degree, lead-
ing to a better anticorrosion effect. The detailed anti-
corrosion performance of the developed SPSC coat-
ings was evaluated by a series of electrochemical
corrosion measurements. Corrosion protection stud-
ies were performed on a sample-coated cold-rolled
steel (CRS) immersed in a corrosive medium
(3.5 wt% sodium chloride aqueous solution).

2. Experimental section
2.1. Chemicals and instruments
Methyl methacrylate (MMA; Aldrich, 99.0%, USA)
was doubly distilled prior to use. Photo-initiator
alpha-Benzyl-alpha-(dimethylamino)-4-morpholi-
nobutyro-phenon (Aldrich, 97.0%, USA), tetraethyl
orthosilicate (TEOS; Fluka, 98.0%, Germany), 3-(tri -
methoxysilyl)propyl methacrylate (MSMA; Acros,
98.0%, Belgium), ethanol (EtOH; Riedel-de Haën,
99.8%, Germany), and ammonium hydroxide solu-
tion (NH3; Aldrich, 25.0%, USA) were used as
received without further purification. The liquid com-
ponents (Sylgard 184, Dow corning, USA) of poly-
dimethylsiloxane (PDMS) were supplied by the
Dow Corning Corporation. All the reagents were of
reagent grade unless otherwise stated.
Fourier transform infrared (FTIR) spectra were
recorded using an FTIR spectrometer (JASCO FT/
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IR-4100, Japan) at room temperature. Surface mor-
phologies of the superhydrophobic samples were
observed by using SEM (JOEL JSM-7600F, Japan)
and AFM (PSIA XE-100 STM SESTAM, Korea).
Contact angles were measured using a First Ten
Angstroms FTA 125 (USA) goniometer at ambient
temperatures. Water droplets (about 4 !L) were care-
fully dropped onto the surfaces of the samples, and
the contact angles were determined from the average
of five measurements at various positions on the
samples’ surfaces. The corrosion potential and corro-
sion current of sample-coated CRS electrodes were
electrochemically measured using a VoltaLab 50
potentiostat/galvanostat. Electrochemical impedance
spectroscopy (EIS) measurements were recorded on
an AutoLab (PGSTAT302N, Netherlands) potentio-
stat/galvanostat electrochemical analyzer.

2.2. Synthesis of vinyl-modified silica (VMS)
particles

VMS particles were prepared by conventional base-
catalyzed sol-gel reactions of TEOS in the presence
of MSMA molecules (Figure 1a). The procedure
was similar to previously described methods [27]. A
typical procedure to prepare the VMS particles was

given as follows: 0.52 g (0.0025 mole) of TEOS
and 2.48 g (0.01 mole) of MSMA were mixed in a
250 mL beaker under ultrasonic. A separate solu-
tion of 50 mL H2O that add a little 15 N NH3 to con-
trol the pH = 9 under magnetically stirring at room
temperature. Then, the MSMA and TEOS solution
was slowly added into the H2O solution with stir-
ring for 12 h at 60°C. After the sol-gel reactions, the
as-prepared VMS particles were thus obtained. The
raw silica (RS) was also prepared through the con-
ventional sol-gel reactions of TEOS molecules
simultaneously as control experiments without the
addition of MSMA monomers.

2.3. Preparation of PDMS template
The PDMS prepolymer was obtained by mixing the
elastomer base and a curing agent in a proper ratio
(10:1, w/w). The PDMS pre-polymer was poured
into 3"6 cm2 molds fixed to a piece of fresh, natural
Xanthosoma sagittifolium leaf (the veins of the leaf
were removed in an area of about 3"6 cm2) and
then cured in a 60°C oven for 4 h. After curing, the
PDMS blocks were separated from the molds and
used as templates for imprinting. The thick of PDMS
template was 3.0 mm.
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Figure 1. Preparation process of (a) VMS particles and (b) superhydrophobic surfaces of an organic-inorganic composite
by using a nanocasting method combined with a UV-curing technique



2.4. UV-curable SPSC coatings
Figure 1b shows a schematic diagram for the fabri-
cation of SPSC coating materials. First, a PDMS pre-
polymer was cast against a fresh Xanthosoma sagit-
tifolium leaf surface and then cured under appropri-
ate conditions. The prepared PDMS template has
negative Xanthosoma sagittifolium leaf surface struc-
tures, and was obtained after peeling the leaf off. Sec-
ond, the substrate was covered with the UV-curable
precursor solution, and the template was pressed
against the CRS. It was then exposed to UV-light
(fusion UV-curing, light intensity = 2000 mJ/cm2)
for 300 s. After the UV-curing process and peeling
off the PDMS template, a Xanthosoma sagittifolium
leaf-like surface was formed on the CRS.

2.5. Electrochemical measurements of
coatings

Electrochemical corrosion measurements were per-
formed using a VoltaLab 50 device. All the electro-
chemical corrosion measurements were performed
in a double-wall jacketed cell, covered with a glass
plate, in which water was maintained at a constant
operational temperature of 25±0.5°C. The open-cir-
cuit potential (OCP) in the equilibrium state of the
system was recorded as the corrosion potential
(Ecorr in mV versus a saturated calomel electrode
(SCE)). Tafel plots were obtained by scanning the
potential from –500 to 500 mV above Ecorr at a scan
rate of 10 mV/min. The corrosion current (Icorr) was
determined by superimposing a straight line along
the linear portion of the cathodic or anodic curve
and extrapolating it through Ecorr. The corrosion
rate (Rcorr, in milli-inches per year, MPY) was cal-
culated using Equation (1) [28]:

                          (1)

where E.W. is the equivalent weight [g/eq.], A is the
area [cm2], and d is the density [g/cm3].
An AutoLab (PGSTAT302N) potentiostat/galvano-
stat was employed to perform the a.c. impedance
spectroscopy measurements. The impedance meas-
urements were carried out in the frequency range
100 kHz–100 MHz with pure iron (area, 1"1 cm2)
as the working electrode embedded in epoxy, Pt as
the counter electrode, and SCE as the reference elec-
trode. The working electrode was first maintained in
the test environment for 30 min before the imped-
ance run. All experiments were conducted at room

temperature. All raw data were collected at least
three times to ensure reproducibility and statistical
significance.

3. Results and discussion
3.1. Spectroscopic studies of VMS particles
In this study, the as-prepared VMS particles were
synthesized from the process of acid-catalyzed sol-
gel reaction of TEOS in the presence of MSMA mol-
ecules and subsequently characterized by FTIR, 13C-
NMR and 29Si-NMR spectroscopy. Figure 2a shows
the representative FTIR spectroscopy of as-pre-
pared RS and VMS particles. For example, the char-
acteristic peaks located at 1711, 1654 and 1433 cm–1

were assigned to the stretching of C=O, C=C and 
–CH3, respectively [29]. The presence of organic
groups in the materials after hydrolysis and conden-
sation was confirmed using solid-state NMR spec-

Rcorr 3MPY 4 5 0.13 Icorr1E.W. 2
A
~
d

Rcorr 3MPY 4 5 0.13 Icorr1E.W. 2
A
~
d
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Figure 2. (a) FTIR absorption spectra of RS and VMS par-
ticles, (b) 13C CP-MAS NMR spectra of VMS
particles, (c) 29Si MAS NMR spectra of RS and
VMS particles



troscopy. The solid-state 13C CP MAS NMR spectra
displayed seven resonances for VMS sample, corre-
sponding to vinyl carbons at 127.1 and 137.1 ppm
vs. VMS [29], as shown in Figure 2b. Moreover,
solid-state 29Si MAS NMR provides information
about the silicon environment. The 29Si MAS NMR
spectra of RS and VMS samples were presented in
Figure 2c. RS particles exhibited two resonances at
–100.8 and –110.4 ppm, corresponding to
HOSi(OSi)3 (Q3) and Si(OSi)4 (Q4) silicate species,
respectively. Upon modifying the surface with vinyl
group using MSMA, the 29Si MAS NMR spectrum
show two additional resonances at –56.76 and 
–65.96 ppm that were assigned to R–Si(OH)2(OSi)
(T1) and R–Si(OH)(OSi)2 (T2) centers [29], respec-
tively.

3.2. Microscopic observations
A photograph of natural fresh Xanthosoma sagitti-
folium leaves is shown in Figure 3a. Figure 3b is a
high-magnification SEM image of the fresh Xan-
thosoma sagittifolium leaf. The average WCA on
the fresh Xanthosoma sagittifolium leaves is ca.

146±2° (Figure 3b). In Figure 3b, many small pap-
illary hills are clearly visible on the natural Xantho-
soma sagittifolium leaf. The diameters of the small
papillary hills are between 7 and 9 µm. Figure 3c is
an SEM image of the PDMS template prepared by
casting the liquid PDMS directly onto a natural fresh
Xanthosoma sagittifolium leaf. Many holes with
diameters of 7–9 µm are shown on the surface of
the PDMS template. Figure 3c shows the topo-
graphic structure of the holes on the surface that
complements the papillary hills on the natural fresh
Xanthosoma sagittifolium leaf. This result demon-
strates that the template effectively replicated the
topologically inverted structures of the Xanthosoma
sagittifolium leaf surfaces.
Figure 4 shows the structures on the surfaces of the
nanocast layers on the CRS slides as observed using
SEM. Numerous papillary microstructures (average
diameter, ca. 7–9 µm) were formed on the surfaces.
The papillary microstructures are the replicas of the
surface patterns on the Xanthosoma sagittifolium
leaves. Compared with the surface structure of HP
(Figure 4a–4c), many silica nanoparticles emerged
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Figure 3. (a) Photograph of Xanthosoma sagittifolium leaves. (b) SEM image of a fresh natural leaf. Illustration shows the
water contact angle of a Xanthosoma sagittifolium leaf. (c) PDMS negative template.



on the papillary and surface microstructures of
SPSC (Figure 4d–4f). The average size of these
nanoparticles is about 340±40 nm.
The chemical compositions of the surfaces of the
HP and SPSC coatings were analyzed by using EDX
spectroscopy (Figure 5). The spectrum of HP showed
peaks for carbon and oxygen, but no silicon was
detected. However, the EDX spectrum of SPSC
yielded carbon, oxygen, and silicon peaks. For SPSC,
the weight percentages of silicon were 34.20 and
41.15% for the papillary and surface microstruc-
tures, respectively. The presence of the silicon peak
indicates that the silica nanoparticles are actually on
the papillary and surface microstructures.
In order to better understand the surface topography
and the extent of surface roughness on the surfaces
of the HP and SPSC coatings, AFM studies were
performed in which height images were obtained
and average roughness levels of the surfaces were

determined. Figure 6 show three-dimensional AFM
images of HP and SPSC coatings on CRS substrates.
It can be seen that papillary nanostructures, which
are replicas of the Xanthosoma sagittifolium leaf,
were formed on the surfaces. The surface morphol-
ogy shown by the AFM images is consistent with
the SEM observations. Using these AFM images,
the root-mean-square (RMS) roughness levels of the
HP and SPSC coatings were measured. The HP coat-
ing had an RMS roughness of 1.482 µm; the SPSC
coating displayed a rougher surface consisting of
large silica domains with an RMS roughness of
1.645 µm.
Because providing a surface with nanostructures is
essential for fabricating a superhydrophobic surface,
we created a superhydrophobic surface by using a
nanocasting technique along with silica nanoparti-
cles on the small papillary hills of the bioinspired
structure.
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Figure 4. SEM images for (a, d) the Xanthosoma sagittifolium leaf-like hydrophobic surface of PMMA and the superhy-
drophobic surface of the composite. The inset shows the contact angle of the surface. (b, e) Top views of the sur-
face of PMMA and the composite. The inset of (e) shows the silica particles. (c, f) Section views of the surfaces
of PMMA and the composite.



3.3. Contact angle (wettability) measurements
The coating material replicated from the fresh Xan-
thosoma sagittifolium leaves showed superhy-
drophobic characteristics and a large WCA. The
WCAs of PMMA, HP, PSC, and SPSC are shown in
Table 1. The results show that the WCA became as
high as 163±1° with a hysteresis of 4° for SPSC. As a
significant amount of air was trapped between the
papillary hills of the SPSC surface, a water drop on
such a coating could only make contact with the tops
of the papillary hills. Thus, the water placed on the
surface of the SPSC coating was likely resting on a

thin air cushion. In addition, the silica nanoparticles
increased the roughness of the SPSC coating, which
could lead to the formation of more air pockets, trap-
ping more air, and minimizing the contact area; thus,
the surface hydrophobicity was further enhanced.
Figure 7 shows the change in the water contact angle
with various times for SPSC. The durability of the
water repellent on the SPSC coating is a very
important parameter. The SPSC was stored at room
temperature in the ambient atmosphere for one
month, and water contact angles were measured
hereafter. Almost no decrease in the water contact
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Figure 5. EDX spectra of (a) HP, (b) papillary microstructures of SPSC and (c) the surface microstructure of SPSC

Figure 6. 3D topographical images (a) HP and (b) SPSC surfaces



angle was observed, indicating that the superhy-
drophobic property of the as-prepared SPSC coat-
ing is stable enough.
The ability of a coating to protect metal substrates
against corrosion depends on three aspects: (1) sorp-
tion of water onto the coating, (2) transport of water
throughout the coating, and (3) accessibility of water
to the coating/substrate interface. Therefore, it is rea-
sonable to accept that the low-wettability SPSC effec-
tively prevented the water from adsorbing onto the
substrate surface and therefore exhibited excellent
corrosion resistance in wet environments.

3.4. Potentiodynamic and electrochemical
impedance measurements

On the basis of a series of electrochemical measure-
ments (i.e., corrosion potential, polarization resist-
ance, and corrosion current measured in a corrosive
medium (3.5 wt% aqueous NaCl electrolyte)), we
concluded that the SPSC coating was more effective
at protecting the CRS electrode against corrosion
than the common HP, PSC, and PMMA coatings.
Information about corrosion current can be obtained

by extrapolating Tafel plots from both the cathodic
and anodic polarization curves for the respective cor-
rosion processes [30]. Extrapolating the cathodic and
anodic polarization curves to their point of intersec-
tion provides both the corrosion potential and the
corrosion current. Corrosion protection studies were
performed on samples with 17±3 !m-thick coatings
and which were immersed in a corrosive medium for
30 min. Tafel plots for the four samples immersed in
the corrosive medium are shown in Figure 8; the cor-
responding data are listed in Table 1. Generally,
higher Ecorr and polarization resistance, Rp, values
and lower Icorr and Rcorr values indicate better corro-
sion protection.
The Rp values were evaluated from the Tafel plots
according to the Stearn–Geary equation (Equa-
tion (2)) [31]:

                                    (2)

where, Icorr is determined by an intersection of the
linear portions of the anodic and cathodic curves

Rp 5
babc

2.3031ba 1 bc 2 IcorrRp 5
babc

2.3031ba 1 bc 2 Icorr
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Table 1. Contact angle and electrochemical corrosion measurements of bare CRS, PMMA, PSC, HP and SPSC coated elec-
trodes

a)Saturated calomel electrode (SCE) was employed as a reference electrode.
b)The contact angle was determined from the average of five measurements at various positions on the samples’ surface.

Sample
code

Electrochemical corrosion measurementsa

PEF% Thickness
[µm]

Contact angle
[°/H2O]b

Hysteresis angle
[°/H2O]8Ecorr

[mV vs SCE]
Rp

[k!·cm2]
Icorr

[µA/cm2]
Rcorr

[MPY]
CRS –825 1.15 17.45 16.24 – – – –
PMMA –685 14.67 2.21 2.06 92.16 16±2 81±1 1
PSC –587 23.45 1.79 1.67 95.10 18±2 103±1 1
HP –501 58.27 0.75 0.70 98.03 19±2 148±1 2
SPSC –320 296.91 0.03 0.03 99.61 19±2 163±1 4

Figure 7. Change in water contact angle with various times
for SPSCm

Figure 8. Tafel plots for (a) bare, (b) PMMA-coated, (c) PSC-
coated, (d) HP-coated and (e) SPSC-coated CRS
electrodes measured at 25±0.5°C



and ba and bc are the anodic and cathodic Tafel
slopes (i.e., #E/#logI), respectively.
The Tafel plots for the sample-coated CRS elec-
trodes indicate corrosion potentials of Ecorr = –685,
–587, and –501 mV for the PMMA, PSC and HP
coatings, respectively, which were more positive
than that for the bare CRS electrode, for which
Ecorr = –825 mV. Moreover, the corrosion currents
(Icorr) of the PMMA, PSC, and HP-coated CRS
electrodes were ca. 2.21, 1.79, and 0.75 µA/cm2,
which were significantly lower than that of the bare
CRS electrode (i.e., 17.45 µA/cm2).
The corresponding Icorr and Rcorr decreased consid-
erably when we used the PSC-coated bare CRS
electrode with Xanthosoma sagittifolium-leaf–like
structures (SPSC) to obtain superhydrophobic prop-
erties. Moreover, the Ecorr and Rp of the SPSC-coated
CRS electrode was more positive and larger than
that of the HP-coated CRS electrode, as Ecorr and Rp
increased from –501 to –320 mV (vs. SCE) and
58.27 to 296.91 k$·cm2, respectively, for the SPSC-
coated CRS electrode.
The protection efficiency (PEF%) values were esti-
mated using the Equation (3) [32]:

  (3)

The SPSC coatings exhibited a PEF of 99.61%, sug-
gesting that SPSC is more effective in preventing
electrochemical corrosion than PMMA, PSC, and
HP, which had PEF values of 92.16, 95.10, and
98.03%, respectively.

Figure 9 shows the Nyquist plots of the four meas-
ured samples. The first sample (a) is uncoated CRS.
A series of samples denoted as (b), (c), (d), and (e)
represent the CRS-coated by PMMA, PSC, HP, and
SPSC, respectively. The charge transfer resistances
of all samples, as determined by subtracting the
intersection of the high-frequency end from the
low-frequency end of the semicircle arc with the
real axis, were 0.001, 0.048, 0.645, 2.95, and
6.52 M$·cm2. EIS Bode plots (impedance vs. fre-
quency) of all samples are shown in Figure 10. Zreal
is a measure of corrosion resistance [33]. Low Zreal
value could be brought about by very high capaci-
tance and/or very low resistance of the coating [34].
Large value of the capacitance has been related to
the high extent at which water has penetrated the
coating [35]. In the case of Bode plots, the value of
Zreal at the lowest frequency also represents the cor-
rosion resistance. The Bode magnitude plots for
uncoated CRS and CRS-coated by PMMA, PSC,

PEF, 5 100
Rp
211uncoated 2 2 Rp

211coated 2
Rp
211uncoated 2PEF, 5 100

Rp
211uncoated 2 2 Rp

211coated 2
Rp
211uncoated 2
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Figure 9. Nyquist plots for (a) bare, (b) PMMA-coated,
(c) PSC-coated, (d) HP-coated, and (e) SPSC-
coated CRS electrodes

Figure 10. Bode plots for (a) bare, (b) PMMA-coated,
(c) PSC-coated, (d) HP-coated and (e) SPSC-
coated CRS electrodes

Figure 11. Schematic representation of hydrophobic and
superhydrophobic surfaces of HP and SPSC
coatings



HP, and SPSC shows Zreal values of 2.5, 4.3, 4.8, 6.0
and 6.7 k$·cm2, respectively, at low frequency end.
The electrochemical results show that the SPSC
coating provided better protection against corrosion
of the CRS electrode than the other coatings did;
this is mainly attributed to the superhydrophobicity
of the SPSC coating compared to HP, PSC, and
PMMA coatings, which may have resulted from the
super water-repellent property, as shown in Fig-
ure 11. This is evidenced by the contact angle (wet-
tability) measurements of the as-prepared coatings.

4. Conclusions
Advanced anticorrosion coatings of PSC with bio -
inspired Xanthosoma sagittifolium leaf-like super-
hydrophobic surfaces were successfully prepared
by using a nanocasting method along with a UV-
curing technique. Surface morphologies of as-pre-
pared SPSC coatings were found to contain a large
number of micro-scaled mastoids, each decorated
with many nano-scaled wrinkles. The WCA of the
SPSC coating whose surface was imprinted with
the bioinspired pattern of the surface of a natural
leaf was about 163°, which was significantly larger
than that of the HP coating (i.e., WCA = 148°). This
is because the silica nanoparticles on the small pap-
illary hills of the bioinspired structure enhanced the
surface hydrophobicity to a superhydrophobic
degree. The superhydrophobicity of SPSC materi-
als affords them excellent anticorrosive properties.
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1. Introduction
Polymer hydrogels are good candidates for several
bio-related applications because of their large water-
absorbing capacity, soft tissue-like properties, vis-
coelastic character and permeability to the influx and
efflux of small molecular compounds [1–5]. The
swelling properties and mechanical strength of the
hydrogels are determined mainly by the cross-link
density, which is the number of physical and chem-
ical net points that connect polymer chains in a unit
volume of gel [1, 6–8]. Although several theoretical
models are available for the estimation of cross-
linking density (e.g., Flory-Rehner swelling theory
[9]), these models have several limitations and can-
not distinguish chemical from physical net points.
However, chemical net points are of particular impor-
tance because they are stable under physiological
conditions and determine the maximum degree of
swelling of hydrogels.

The goal of this work was to develop a simple ana-
lytical method for quantifying the number of chem-
ical cross-links in aspartic acid-based polymer gels
[10–13]. Polysuccinimide (PSI) gels are obtained by
cross-linking PSI with diamines, and cross-linked
PSI gels can be hydrolysed into poly(aspartic acid)
(PASP) gels. During the cross-linking of PSI, some
of the diamine molecules remain unreacted, whereas
others react with the polymer through only one of
their amine groups so pendant amine groups remain
in the network. Cross-linker molecules reacting with
both amine groups form chemical cross-links
between polymer chains. The cross-linking ratio
(XFEED) is defined as the number of moles of cross-
linker molecules per the number of moles of repeat-
ing units of the polymer [14]. The structure of the
formed network can be characterized by the degree
of chemical cross-linking which is the molar ratio
of diamine molecules that form chemical cross-link-
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ing points to the repeating units of the polymer in
PSI and PASP gels. Essentially, the degree of chem-
ical cross-linking is only equal to the cross-linking
ratio if the conversion rate of the reaction is 100%.
The degree of chemical cross-linking of PASP gels
was previously determined by Torma et al. [14].
The concentration of unreacted cross-linker mole-
cules was quantified using ninhydrin, whereas the
concentration of pendant amine groups was deter-
mined by aqueous acid-base potentiometric titra-
tion. However, the equilibration time can be long for
every titration step in the case of cross-linked poly-
mers. Thus, this method is very time-consuming
because a large number of data points must be
determined to obtain a reliable titration curve. A
method that requires considerably fewer data points
would be highly beneficial.
In the colourimetric method developed in this study,
the degree of chemical cross-linking was determined
using 2,4,6-trinitrobenzene-sulphonic acid (TNBS),
which is a well-known reagent for the quantitative
determination of primary amine groups in chro-
matography. In alkaline aqueous solution, TNBS
reacts with amine groups via bimolecular aromatic
nucleophilic substitution, resulting in a yellow
adduct with absorption maxima at 340 nm (trinitro-
phenyl amine) and 420 nm (Meisenheimer com-
plex) [15–20]. Simultaneously, TNBS hydrolyses to
picric acid, which exhibits overlapping peaks with
the main product, trinitrophenyl amine (Figure 1)
[21]. The reaction constant of the hydrolysis is a few
orders of magnitude smaller than that of the main
reaction (e.g., the pseudo first-order rate constant
for the amine group of lysine is 9·10–4 1/s whereas
for hydroxyl groups is 1.4·10–7 1/s) [22]; thus, the
side reaction does not interfere with the quantitative

determination of small molecules [15, 22]. How-
ever, the side reaction is not negligible in slow reac-
tions; hence, the conventional TNBS assay cannot be
applied directly to determine the concentration of
amine groups in polymer gels. Moreover, the rate of
the hydrolysis to picric acid strongly depends on the
ionic strength [22], which is difficult to maintain at
a well-defined value in the presence of a polyelec-
trolyte gel [2, 8, 23]. The dissimilar reaction rates of
by-product formation in the analyte and in the blank
solution might cause inaccuracies during absorbance
measurements and in the quantitative determination
of amine groups. Some researchers tried to solve
this difficulty by hydrolysing the gels to small mol-
ecules in strongly acidic solution after the reaction
with TNBS [24–28]. However, controlling the degra-
dation of the polymer might be difficult under the
extreme reaction conditions, which resulting in the
formation of poorly defined oligomers and other
by-products. Consequently, we employed a new
strategy to exclude the formation of picric acid by
changing the solvent of the assay to DMSO and to
be able to perform the assay under mild reaction
conditions. The reaction mechanism is proposed
based on 1H NMR measurements of the model reac-
tion of TNBS and the cross-linker molecules. The
degree of chemical cross-linking was determined as
a function of the feed composition of the gels.

2. Experimental
2.1. Materials and instruments
Imidazole (puriss p.a.), 1,4-diaminobutane (DAB,
99%) and 2,4,6-trinitrobenzenesulphonic acid (TNBS,
1 M in H2O, analytical reagent) solutions were
acquired from Sigma-Aldrich Ltd., Hungary. Dibuty-
lamine (DBA, 99%), sodium tetraborate decahy-
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Figure 1. Reaction of 2,4,6-trinitrobenzenesulphonic acid (TNBS) with a) primary amines and b) hydroxyl ions



drate (a.r.), cysteamine hydrochloride (97%), cysta-
mine dihydrochloride (98%), potassium chloride
(99.5%), sodium bromate (99%), poly(vinyl alco-
hol) (PVA, MW = 60 kDa, 98% hydrolysed), glutar-
dialdehyde (GDA, 25wt% solution in water for syn-
thesis), S-aspartic acid (99%) and dithiothreitol
(DTT, for biochem.) were purchased from Merck
Ltd., Hungary. N,N-Dimethylformamide (DMF,
pure) was bought from Lach Ner, Czech Republic.
Dimethyl sulphoxide (DMSO, analytical grade) was
obtained from Fisher Chemical, Hungary. De-ion-
ized water (Milli-Q reagent grade, ! > 18.2 "·m,
Millipore, USA) was used for each analysis and for
the preparation of buffer solutions. All reagents and
solvents were used without further purification.
The pH of the buffer solutions was verified using a
pH/ion analyser (Radelkis OP-271/1, Hungary).
Absorbance measurements were performed using a
Specord 200 UV-Vis spectrophotometer (Analytik
Jena, Germany) with a quartz cuvette (path length =

1 cm, V = 3 mL). The spectral resolution was 1 nm,
and the scanning speed was 10 nm/s. Nuclear mag-
netic resonance (NMR) experiments were performed
on a Bruker Avance 300 spectrometer (USA) oper-
ating at 300 MHz. 1H NMR spectra were recorded
using 128 scans.
A buffer solution of pH = 8 was prepared from imi-
dazole (c = 0.1 M); the pH was adjusted to 8 by the
addition of 1 M HCl. A buffer solution of pH = 9.3
was prepared from sodium tetraborate decahydrate
(c = 0.1 M) and used in aqueous reactions of TNBS.
The ionic strength of the buffers was maintained at
0.15 M by the addition of KCl.

2.2. Synthesis
Polysuccinimide (PSI) was synthesized by the ther-
mal polycondensation of aspartic acid as reported in
a previous study [29]. The average molecular weight
of PSI was MW = 56 kDa. PSI-DAB gels were pre-
pared by cross-linking PSI with DAB (Figure 2). In
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Figure 2. The synthesis of polysuccinimide (PSI) and poly(aspartic acid) (PASP) gels



brief, PSI was dissolved in DMSO (9.70 wt%), and
the solution of DAB (8.80 wt% in DMSO) was
added dropwise to the polymer solution. The pre-
cursor solution of gels was transferred into Eppen-
dorf tubes (V ! 1 mL). Although the gelation of the
solution could be visually observed after a few min-
utes (Table 1), the gels were kept in the tubes for
24 hours to complete the cross-linking process. The

PSI-DAB gels were immersed in aqueous buffer
solution (pH = 8) and the gels became opaque at
first because water is a poor solvent of PSI. The
PSI-DAB gels hydrolysed to PASP-DAB gels within
3 days and homogeneous, transparent gels were
yielded. The degree of swelling (Qm) of the PSI-DAB
gel is defined as the mass ratio of the prepared gel
to the dried gel; Qm, pH = 8 of the PASP-DAB gel is
defined as the mass ratio of PASP-DAB gel swollen
at pH = 8 to the dried gel. The mass of the dried gel
was determined by immersing the gel piece into
water, followed by a drying step in vacuum at 25°C.

2.3. Determination of degree of chemical
cross-linking of PASP-DAB hydrogels in
water

The degree of chemical cross-linking of PASP-DAB
gels was determined in two main steps as shown in
Figure 3. In the first step, unreacted diamine mole-
cules were extracted from the PASP-DAB gels
(m ! 1 g) by washing the gels with buffer solution
(5·1000 #L, pH = 9.3). The amine content of the
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Figure 3. Flow-chart of the quantification of unreacted cross-linker molecules and pendant amine groups inside the gels

Table 1. Cross-linking ratio, gelation time and degree of
swelling of the gels

aXFEED: cross-linking ratio which is the number of moles of cross-
linker molecules per the number of moles of repeating units of
the polymer,

btgel: gelation time of PSI-DAB gel determined by visual observa-
tion,

cQm: the mass ratio of the prepared PSI-DAB gel to the dried gel,
dQm, pH = 8: the mass ratio of the PASP-DAB gel at pH$= 8 to the
dried gel

Sample XFEED
a

[–]
tgel

b

[min]
Qm

c

[–]
Qm, pH = 8

d

[–]
A 1/5 3–5 5.0 7.5
B 1/10 5–8 7.2 15.2
C 1/15 8–10 9.0 18.3
D 1/20 18–20 9.3 20.5



washing solution was determined after adding TNBS
(50 µL, 30 mM TNBS in water) in excess to 2000 µL
of the analyte. The absorbance of the analyte solution
was measured after 30 min against a blank buffer
solution (pH = 9.3) containing TNBS at the same
concentration as in the analyte. Calibration of the
method was done using DAB in alkaline aqueous
solution (cTNBS = 7.3·10–4 M, pH = 9.3, % = 420 nm,
& = 15364 M–1·cm–1, r2 = 0.9956).
In the second step, a washed gel sample (m! 0.01 g)
was immersed in aqueous solution of TNBS (500 #L,
3 mM, pH = 9.3) and reacted for 3 h at 25°C. The gel
was removed and the unreacted TNBS was extracted
from the gel by washing with buffer solution
(3·500 µL, pH = 9.3). The TNBS content of the solu-
tion was determined by the addition of DAB (50 #L,
8.80 wt%) in excess to 5000 #L of the analyte. The
concentration of unreacted reagent was determined
from its absorbance spectrum.

2.4. Determination of degree of chemical
cross-linking of PSI-DAB gels in DMSO

The degree of chemical cross-linking of PSI-DAB
gels was determined similarly as in the case of PASP-
DAB gels, but the solvent was replaced from water
to DMSO (Table 1). Thus, in the first step (Figure 3),
unreacted diamine molecules were removed from
the PASP-DAB gels (m ! 1 g) by washing the gels
with DMSO (5·1000 #L DMSO). The amine content
of the washing solution was determined after adding
TNBS (50 µL, 300 mM in DMSO) to 2000 µL of the
analyte. The absorbance of the analyte solution was
measured after 30 min against the blank solution of
TNBS in DMSO. Calibration was done in DMSO

using TNBS in excess (cTNBS = 7.3·10–3 M, % =
437 nm, & = 625 M–1·cm–1, r2 = 0.9992).
In the second step, a washed gel sample (m! 0.01 g)
was immersed in TNBS (375 #L, 30 mM in DMSO)
and reacted for 1 day. The gel was removed and the
unreacted TNBS was extracted from the gel by wash-
ing (3·500 µL DMSO). The TNBS content of the
solution was determined by the addition of DAB
(125 #L, 8.80 wt% in DMSO) in excess to 5000 #L
of the analyte. The concentration of the reaction prod-
uct was determined from its absorbance spectrum.
Calibration was done in DAB excess (cDAB =
25·10–3 M, % = 437 nm, & = 18 393 M–1·cm–1, r2 =
0.9995).

2.5. Accuracy and stability
A widely accepted reference method does not exist
for the determination of the number of pendant
amine groups. Thus, we applied a method based on
the determination of small molecules to determine
accuracy because the TNBS assay for small molec-
ular amines is well-established. Disulphide cross-
linked PSI gels (PSI-CYS) were synthesized by the
reaction of PSI and cystamine (CYS) (Figure 2).
950 mg of polymer solution (PSI in DMF, 5.00 wt%)
was diluted with 451 mg DMF, and then 23 mg cys-
tamine hydrochloride was dissolved in the same solu-
tion. 34 #L dibutylamine as a deprotonating agent
was added dropwise to the solution under continu-
ous stirring. The solution was poured into Eppendorf
tubes (V ! 1 mL) and kept there for 24 h to yield
gels. The concentration of pendant amine groups in
PSI-CYS gel was determined in DMSO as described
previously in the case of PSI-DAB gels after careful
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Figure 4. Reduction of cystamine cross-linked poly(aspartic acid) (PASP) gels to cysteamine-modified PASP and cys-
teamine



removal of cystamine by washing with 0.1 M HCl.
For the reference measurements, the PSI-CYS gels
were hydrolysed to disulphide cross-linked PASP
(PASP-CYS) gels. A given amount (m! 0.1 g) of
PASP-CYS gel was placed into a dialysis tube (cut-
off molecular weight was 12 kDa) filled with 10 ml
of a buffer solution (pH = 8) containing 10 mM
DTT to reduce the disulphide bonds inside the
hydrogel (Figure 4). Solutions of the reduced poly-
mer and cysteamine were dialysed against water. The
cysteamine concentration in the outer solution was
determined with TNBS in the presence of sodium
bromate (c = 10–4 M). Calibration was done using
cysteamine in aqueous buffer solution over the con-
centration range of 1.0·10–5 to 8.0·10–5 M (cTNBS =
7.3·10–4 M, % = 420 nm, & = 11 727 M–1·cm–1,
r2 = 0.9998).
The stability of TNBS was determined in DMSO.
Chemically cross-linked poly(vinyl alcohol) (PVA)
gels were synthesized as it follows. 3.0 g of PVA solu-
tion (12 wt%) was diluted with 1.7 g of deionised
water. Subsequently, 150 mg of 1 M GDA as a cross-
linker and 100 #L of 20% HCl as a catalyst were
added to the solution of PVA under continuous stir-
ring at 25°C. The pre-cursor solution was transferred
into Eppendorf tubes and kept there for 24 h. Unre-
acted cross-linker molecules were removed from
the PVA gels by careful washing with de-ionized
water. Lastly, the PVA hydrogels were immersed in
DMSO, and the solvent was changed several times
to produce PVA gels swollen in DMSO. A sample
of PVA gel (m ! 0.1 g) was immersed in TNBS
(300 µL, 5 mM in DMSO) and incubated for 3 days.

The gel was washed with DMSO (3·500 #L) to
extract TNBS. The collected solution of TNBS was
diluted with DMSO to 5000 #L. 50 µL DAB
(8.80 wt% in DMSO) was added to 2000 #L of the
diluted solution of TNBS. The absorbance spectrum
of the solution was measured after 30 min against
DMSO containing DAB at the same concentration
as in the analyte.

3. Results and discussion
3.1. Determination of degree of chemical

cross-linking in water
The unreacted DAB molecules were extracted from
the PSI-DAB gel and reacted with TNBS at pH = 9.3.
Figure 5a shows the absorption spectrum of the
solution after 30 min (sample D in Table 1). The
characteristic peak at 420 nm could not be detected.
Thus, the concentration of cross-linker molecules is
below the detection limit of the method (1.2·10–5 M)
which means that less than 0.1% of the DAB mole-
cules remain unreacted after the cross-linking process
independently of the cross-linking ratio. Thus, each
cross-linker molecule is attached to the polymer
chain through at least one of its functional groups,
in agreement with previously reported results [14].
After the immersion of the PASP-DAB gel into
TNBS, the solution became yellow within 3 hours.
A broad peak could be identified at 357 nm in the
absorbance spectrum of the solution (Figure 5b).
Because the supernatant must not contain amine
groups, we can assume that the yellow compound is
the hydrolysed by-product of TNBS, picric acid.
The side reaction might have a larger reaction rate
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Figure 5. a) Absorption spectrum of the extracted swelling solution of PASP-DAB gel after the addition of TNBS in excess
in aqueous buffer (pH = 9.3); b) absorption spectrum of the supernatant of PASP-DAB gels after 3 h incubation
with TNBS in aqueous solution (pH = 9.3)



in the presence of the PASP gel, as indicated by the
absence of a yellow product in the blank solution
after the same reaction time. The dissimilar reaction
rate of hydrolysis of TNBS can be explained by the
difference in ionic strengths, i.e., PASP polyelec-
trolyte gels carry mobile counter-ions, which have a
poorly defined effect on reaction kinetics. As a con-
sequence, the number of pendant amines cannot be
determined in aqueous solution and the reaction
medium must be replaced to exclude side-reactions.

3.2. Reaction mechanism in DMSO
TNBS reacts with amine groups in DMSO as well,
but several other factors must be considered. Con-
trary to the protic character of water, DMSO is a
polar aprotic solvent. TNBS is a strong acid and
exists in its dissociated form in alkaline aqueous
solutions. Its dissociation is hindered in DMSO.
Thus, TNBS remains protonated before the reaction
with amine groups, which affects the mechanism of
adduct formation. The stability of the Meisenhei-
mer complex might also be different in DMSO [30].
We carried out a model reaction between TNBS and
1,4-diaminobutane in d6-DMSO to propose the pos-
sible reaction mechanism. We confine our discussion
to two cases that are relevant to the present analysis:
first, a large excess of TNBS was maintained, and
second, a large excess of DAB was maintained (the
molar ratios of TNBS to DAB were 3 and 1/3, respec-
tively). 1H NMR spectra were recorded after 8 hours
of reaction time. A detailed analysis of the reaction

mechanism lies beyond the scope of the present
study, and only the main conclusions are drawn here.
The results of a detailed NMR analysis are to be
published in another paper.
In all probability, sulphonic acid and primary amine
groups form a salt in the dipolar solvent in a large
excess of TNBS (Figure 6, I), followed by the nucle-
ophilic addition of the primary amine group onto
TNBS (Figure 6, II). The primary amine groups in the
analyte can act as a base catalyst in the elimination
of sulphonic acid groups (Figure 6, III). Accord-
ingly, the conversion of TNBS to its amine-substi-
tuted derivative requires an excess of primary amine
groups. Lastly, nucleophilic attack at the unsubsti-
tuted ring positions of TNBS may also occur in the
large excess of primary amine groups (Figure 6, IV)
[20, 30].
In a large excess of TNBS, the peak of the unre-
acted reagent appears at 8.8 ppm (H-a nuclei) in
Figure 7. A relatively small peak at 8.9 ppm indi-
cates the presence of the aniline derivative (Figure 6,
III, H-b nuclei), assuming that a reaction time of
8 hours is sufficient for the total conversion of the
Meisenheimer adduct (Figure 6, II) to the correspon-
ding aniline (Figure 6, III). The broad peak at 7.6 ppm
can be assigned to the salt of TNBS and DAB (Fig-
ure 6, I). The assumption is supported by the inten-
sity integrals (I) of the peaks: I(H-c):I(H-d):I(H-e) =
3:2:2. The integrals indicate that both amine groups
of DAB are protonated as shown in Figure 6.
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Figure 6. Proposed mechanism of the reaction between TNBS and 1,4-diaminobutane (DAB) in DMSO



In a large excess of DAB, the NMR spectrum is
essentially different. The peak of TNBS (H-a) was
reduced, indicating that only a small amount of the
reagent remained in the mixture. The peak of ammo-
nium group (H-c) disappeared; thus, we can assume
that the equilibrium shifted towards the nucleophilic
substitution of sulphonic acid groups and the for-
mation of the aniline derivative. However, the peak
of the H-b nucleus was not observed, whereas new
peaks appeared at 8.1 and 6.0 ppm, indicating the
formation of a new reaction product. The strong
decrease in the chemical shift suggests the presence
of an electron-rich chemical environment. The nucle-
ophilic addition of primary amine groups to the
unsubstituted ring positions resulted in the forma-

tion of a '-complex (Figure 6, IV), which fits the
chemical shifts (8.1 and 6.0 ppm) in the NMR spec-
trum [20]. The presence of this '-complex is con-
firmed by the 1:1 intensity integrals of H-f and H-g
nuclei.
The results prove that different species were present
simultaneously in the reaction mixture. However, a
reliable analysis requires a large excess of one of the
reagents to shift the equilibrium to a well-defined
product. Consequently, the molar ratio of TNBS to
DAB was kept above 5 during the analysis of unre-
acted DAB to yield only the product I (Figure 6).
Similarly, DAB was used in a 4-fold excess to TNBS
during the quantitative determination of unreacted
TNBS to yield only product IV (Figure 6).

3.3. Determination of degree of chemical
cross-linking of PSI-DAB gels in DMSO

At first, unreacted cross-linker molecules were
extracted from the PSI-DAB gel by washing with
DMSO and the DAB molecules in the washing solu-
tion were reacted with TNBS. Similarly to the results
obtained in aqueous medium, a characteristic peak
(% = 437 nm) was not obtained in the absorption spec-
trum of the solution (Figure 8a), indicating that less
than 0.1% of the cross-linker molecules remain unre-
acted after the cross-linking process, independently
of the cross-linking ratio.
Secondly, the PSI-DAB gel was immersed in the
solution of TNBS. The supernatant remained colour-
less indicating that the formation of picric acid was
excluded in DMSO. Unreacted TNBS was extracted
from the gel by washing with DMSO, and its con-
centration was determined from the absorbance
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Figure 7. 1H NMR spectra of the reaction product of TNBS
and 1,4-diaminobutane in DMSO

Figure 8. a) Absorption spectrum of the extracted washing solution of PSI-DAB gel after the addition of TNBS in DMSO;
b) absorption spectrum of TNBS extracted from the gels in DMSO with and without DAB



spectrum after the addition of DAB (Figure 8b).
The reaction time was varied between 1 to 5 days, but
it did not affect the measured amount of unreacted
TNBS; thus, a reaction time of 1 day was applied in
further experiments. The conversion rate of diamine
molecules to cross-linking points was smaller than
100% in each case (Figure 9a). Consequently, the
degree of chemical cross-linking was smaller than its
theoretical maximum value calculated from the total
conversion of cross-linker molecules (Figure 9b).
The difference between the degree of chemical cross-
linking and its theoretical maximum is rather small,
but we observed a clear tendency between the con-
version rate and the cross-linking ratio (Figure 9a).
A larger cross-linking ratio results in a larger conver-
sion rate, which contradicts the original expectation.
However, the observed correlation can be explained
by the development of a network structure during the
cross-linking process. The amine groups of the cross-
linker molecules and succinimide repeating units
exhibit high reactivity; thus, a slightly cross-linked
structure with pendant amine groups must form dur-
ing the first stage of the cross-linking process. The
presence of chemical cross-linking points reduces
the segmental mobility of the polymer, which hin-
ders the further formation of amide linkages; there-
fore, the structure formed in the initial stage of the
process essentially affects any further reaction. In the
case of a large cross-linking ratio, the polymer chains
are densely cross-linked, which has a dual effect.
First, the degree of swelling is significantly smaller
than that of a less densely cross-linked gel (see the
degree of swelling values in DMSO in Table 1)

because of the elastic effect of net points, and the
increased polymer concentration inside the forming
gel accelerates the reaction. Second, the densely
cross-linked structure orients the pendant amine
groups for amide formation with the succinimide
groups of adjacent polymer chains. Amide forma-
tion is supported by favourable distance of polymer
chains and the orientation effect might be further
strengthened by hydrogen bonds between nearby
pendant amine groups. Further effects must be also
important in this case e.g., electrostatic interactions
in the polyelectrolyte network. All of these effects are
less significant in a loosely cross-linked network,
resulting in a lower conversion rate of cross-linker
molecules. Nevertheless, the conversion rate was
remarkably high (>70%), and the degree of chemi-
cal cross-linking was also relatively high over the
investigated range.

3.4. Stability and accuracy
TNBS was incubated in PVA gels for 3 days in the
absence of free amines and approximately 99.9% of
the feed amount of the reagent was recovered after
careful washing of the gel. Therefore, the reagent is
chemically stable in DMSO, and long-term meas-
urements can be carried out without the formation
of interfering by-products.
The accuracy of the TNBS assay was verified on
PASP-CYS gels by quantifying of cysteamine after
cleavage of disulphide linkages inside the gels. The
presence of thiol groups during the analysis inter-
feres with the reaction of TNBS and free amines,
thus sodium bromate was used to oxidize excess
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Figure 9. a) Conversion rate of diamine molecules to cross-linking points as a function of cross-linking ratio (XFEED);
b) Correlation between the degree of chemical cross-linking and the cross-linking ratio. The diagonal line repre-
sents 100% conversion. The curves on both diagrams are used to guide the eye.



DTT after dialysis (Figure 10). The number of pen-
dant amine groups in the PSI-CYS gel was also
determined in DMSO with the developed TNBS
assay. Results show that 8.0±1.4% of cystamine do
not form chemical cross-links, whereas the reduc-
tion-based method yielded a value of 11.3±1.8%.
According to an F-test, reproducibilities of the two
methods are equal at a significance level of 95%,
and a paired t-test proved that the numbers of pen-
dant amine groups obtained by the two methods are
the same at a significance level of 95%. Conse-
quently, the method developed for the quantitative
determination of pendant amine groups in DMSO
exhibits satisfactory accuracy for chemically cross-
linked aspartic acid-based polymer gels.

4. Conclusions
A novel method using 2,4,6-trinitrobenzensul-
phonic acid (TNBS) was developed to determine
the degree of chemical cross-linking in aspartic
acid-based polymer gels. The conventional TNBS
method is reliable for the quantitative determination
of small molecular amines in alkaline aqueous
medium because the hydrolysis of the reagent does
not interfere with the analysis if the reaction time is
short. However, analysis of polymer networks bear-
ing pendant amine groups is difficult in aqueous
medium because of the formation of picric acid in a
considerable amount. The TNBS assay was imple-
mented in DMSO, and the reaction products were

examined by 1H NMR. The formation of picric acid
was excluded, and the degree of chemical cross-link-
ing of polysuccinimide gels was determined. Less
than 0.1% of the cross-linker molecules remained
unreacted because of the high reactivity of diamine
molecules and the repeating units of the polymer.
The conversion rate of diamine molecules to chem-
ical cross-linking points was high but strongly
depended on the feed composition of the gels. The
stability of the reagent and accuracy of the devel-
oped method are satisfactory; thus, the method can
be used to determine the degree of chemical cross-
linking of PSI gels. Furthermore, this method can
be extended to analyse other DMSO-swollen poly-
mer gels bearing pendant amine groups.
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