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Abstract: We report the synthesis of presumably a “nanoridge” from the electrospinning of a
hydrophilic polymer–protein blend. The material exhibits vertical elevation from the substrate,
distinct from the morphologies seen in electrospinning. It is hypothesized that the formation of
the nanostructured ridges is due to the migration of the charged protein to the apex through a
highly polarized electric field in electrospinning conditions. In this study, we assessed the polyvinyl
alcohol–egg albumin (PVA–EA) system in a solvent comprising of water, formic and acetic acid,
together with the tip-to-collector distance (TCD) and solution flowrate. To quantify the factor effects
in the surface properties of the material, a Taguchi design of experiment was used. The ridge
heights observed ranged from 84.8–639.9 nm, and the material height is predominantly affected by
the PVA–EA ratio and solution flow rate. The root mean square roughness was influenced by the
TCD and flow rate, which has values ranging from 11.37–57.56 nm. In evaluating the sharpness
of the ridge, we used the radius of curvature, where the TCD highly affects the apex sharpness.
The work offers not just a likely new class of morphology, but a new perspective on the surface
characterization of an electrospun material which could affect the performance of such a use in
biological and physical systems.

Keywords: electrospinning; nanoridge; egg albumin; polyvinyl alcohol; atomic force microscopy;
surface characterization; design of experiment; Taguchi orthogonal array

1. Introduction

Electrospinning is one of the simplest ways to produce a nanomaterial: it involves a polymer
solution being drawn from a syringe through a high electric field [1–3]. A vast array of morphologies can
be created using the electrospinning technique; several primary structures obtained in electrospinning
are of a fibrous [4,5], ribbon [5–8], helical [9,10], web [11,12] or pillared [13] morphology with a
secondary structure of beads, pores and protrusions [14]. The variation in the solution and process
parameters could lead to a unique configuration that displays novel characteristics for use in broad
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areas of interest. An example of this is the hydrophilic polymer polyvinyl alcohol (PVA), where changes
in molecular weight and concentration modify its overall structural characteristics, from a fibrous to a
ribbon type morphology [4,8,15]. In blended polymers, the adjustment of each polymer content could
alter the secondary structure of the material, such as in the polymer blend of polyethylene oxide and
polyaniline sulfonic acid, in which the increased polyethylene oxide content increases the loop diameter
of the formed helical fibers [10]. Additionally, process parameters such as the tip-to-collector distance
(TCD), voltage and flow rate can greatly affect the characteristics of the material produced [16,17].

Upon the production of an electrospun material, its overall morphology will affect the general
characteristics of the surface developed [18,19]. For tissue engineering applications, the surface becomes
important as the cell–material interaction happens initially on the interface before the molecules,
proteins and cells permeate to the inner portion of the scaffold [17,18]. Currently, there is little
or no published literature on the surface characterization and vertical orientation of electrospun
nanomaterials based on a standardized roughness profile analysis, with few papers only discussing
surface roughness [20–22]. Therefore, more information needs to be developed to attain a better
knowledge on the morphological effects of the electrospun material to its macrostructural surface
properties, and so develop an improved correlation about cell–material interactions.

In this paper, we present a method to produce a distinct morphology from a hydrophilic
polymer–protein blend using electrospinning, wherein the polymer solution used is a tri-solvent
system of deionized water, acetic acid and formic acid. Generally, the morphologies produced by
electrospinning PVA–EA blends are characterized as “nanoridges”, a long narrow elevation from
the flat substrate, different from our previously reported study on a PVA–gelatin blend in which
nanofibres are observed [23,24]. Here, we analyzed the surface produced from the PVA–EA nanoridges,
as well as the effects of the solution and process parameters on the surface characteristics of the
material. By understanding the parameters involved in its synthesis, the nanoridges could be used for
tissue engineering purposes, or for developing new types of Janus nanomaterials [25] because of the
hypothesized distinct phase creation of PVA and EA in the nanoridge formed.

2. Materials and Methods

The technical grade polyvinyl alcohol (PVA, 87%–90% hydrolyzed, average mol wt 30,000–70,000),
food grade egg albumin (EA), deionized water (H2O), formic acid (FA, reagent grade, 95%) and glacial
acetic acid (HAc, anhydrous) were purchased at Sigma Aldrich and used as received. On preparing
the solution, a 12% w/v polymer–solvent composition was made by dissolving both PVA and EA in a
mixture of a H2O, FA and HAc solvent using a magnetic stirrer at 500 rpm for 5 h at 40 ◦C.

2.1. Design of Experiment

To evaluate the effects of different parameters, we have used the Taguchi method to assess the
factor effects and minimize the required number of runs [26]. An L9 orthogonal array was prepared
for 4 factors with 3 levels, with the solution factors of the PVA–EA mass ratio (9:1, 8:2 and 7:3) and the
H2O/FA/HAc volume ratio (4:4:2, 4:2:4 and 2:4:4); the process factors were the tip-to-collector distance
(TCD, 10, 12 and 14 cm) and flow rate (1, 2, and 3 mL/h). This design was made for the Taguchi method
of analysis on the estimation of factor effects, as used in our study on a PVA–gelatin blend [23]. Below
is the experimental design used for the electrospinning (Table 1):
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Table 1. Experimental runs for the electrospinning.

Runs PVA-EA Ratio TCD (cm) H2O:FA:HAc Ratio Flow Rate (mL/h)

1 9:1 12 4:2:4 2
2 8:2 14 4:2:4 1
3 7:3 12 4:4:2 1
4 9:1 10 2:4:4 1
5 7:3 10 4:2:4 3
6 8:2 10 4:4:2 2
7 8:2 12 2:4:4 3
8 7:3 14 2:4:4 2
9 9:1 14 4:4:2 3

2.2. Electrospinning of PVA–EA Solution

The electrospinning of the PVA–EA solution was similar to our work on PVA–gelatin [23]. Briefly,
the prepared solution was cooled at room temperature, loaded into a Terumo syringe (20 mL) with a
20G spinal needle, and attached in a Bbraun Perfusion syringe pump. The pumping was performed for
5 min initially to remove the startup effects, and then the flow rates and TCD were varied according to
Table 1. A mesh type collector and the body of the syringe needle were clamped on a high-DC voltage
generator, with the voltage set at 15 kV.

2.3. Response Analysis

The nanoridge surface morphology was determined using atomic force microscopy (NT-MDT
Solver Pro, single crystal silicon cantilever tip of a 6 nm radius, resonant frequency of ≈320 kHz and
force constant of 40 N/m). The atomic force microscope (AFM) micrographs obtained were digitized
and analyzed using the Nova RC1 software. The images obtained were preprocessed prior to the
roughness analysis, where a subtraction of the second-order plane was done to equalize the heights of
the micrograph and deconvolution was done to remove the effect of the tip geometry to the overall
topology of the sample. The roughness parameters analyzed were based on ISO 4287–1997 and the
specific equations are found in Appendix A.

3. Results

3.1. Surface Characterization of Electrospun PVA–EA

Surfaces produced by the PVA–EA nanoridges are generally very smooth in definition, with
seven samples of roughness of grade number N1 and only one sample of the N2 grade from sample 1;
the average roughness ranges from 7.85 to 47.56 nm and the root mean square roughness ranges from
11.37 to 57.56 nm. Large sample differences in the peak to peak and ten-point heights are also observed,
thus the resulting variance (second moment) and entropy of the surface is expected to spread out far
from the mean value overall, which are at 65.52 and 9.47, respectively. The specific values on each
parameter for all the samples are listed in Supplementary Table S1.

The surface topography shows positive skewness values, indicating that the majority of the
grooves produced are valleys. Probing at the kurtosis of the surfaces, most of the profiles are typically
sharp (positive k). The microstructural surface is consistent with its macrostructural expression, as the
coefficients of kurtosis on both 50 × 50 and 10 × 10 µm have similar values. The bearing ratio curves
showed a high material ratio over air, which reinforces the smoothness of the surface found in the
parameters discussed above. Figure 1 shows the histogram profile and the bearing ratio curves of the
different samples produced.
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Figure 1. Histogram profile of the surface heights and bearing curve ratio of the samples. Numbers 
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and narrow nanoridge formation (Figure 2). Runs 1, 2 and 5 have broad widths, whereas Runs, 3, 4 
and 6 have narrow widths, and Runs 7 and 9 have blunt peaks. “Broad” and “narrow” nanoridges 
were defined as samples that are above (broad), or below (narrow) 0.4 µm in width. In the case of a 
blunt nanoridge, we defined it as having a radius of curvature below 100 nm. The ridge heights 
measured ranged from 84.82 nm to 639.95 nm, in which narrow nanoridges have the highest peak 
height across all the samples. The ridge width varied instead from 0.2–0.8 µm, with the broad samples 
having the largest width. Observations on the tip height homogeneity of each ridge reveal that the 
broad-peaked samples have a consistent peak height, while both the blunt and narrow ridges have a 
much more variable peak height in the individual fibers. The slopes from the base to the peak in both 
the narrow- and broad-peaked samples also show features that are nearly parallel to the surface, 
suggesting that the protein migration is inhomogeneous after being subjected to high-voltage 
conditions in the electrospinning. 
  

Figure 1. Histogram profile of the surface heights and bearing curve ratio of the samples. Numbers
shown on the figures represent the run respective to the pre-set L9 orthogonal array. Mostly all runs
have a high bearing ratio and narrow distribution range.

Atomic force microscopy shows three major morphologies across all parameters: broad, blunt
and narrow nanoridge formation (Figure 2). Runs 1, 2 and 5 have broad widths, whereas Runs, 3, 4
and 6 have narrow widths, and Runs 7 and 9 have blunt peaks. “Broad” and “narrow” nanoridges
were defined as samples that are above (broad), or below (narrow) 0.4 µm in width. In the case of
a blunt nanoridge, we defined it as having a radius of curvature below 100 nm. The ridge heights
measured ranged from 84.82 nm to 639.95 nm, in which narrow nanoridges have the highest peak
height across all the samples. The ridge width varied instead from 0.2–0.8 µm, with the broad samples
having the largest width. Observations on the tip height homogeneity of each ridge reveal that the
broad-peaked samples have a consistent peak height, while both the blunt and narrow ridges have
a much more variable peak height in the individual fibers. The slopes from the base to the peak
in both the narrow- and broad-peaked samples also show features that are nearly parallel to the
surface, suggesting that the protein migration is inhomogeneous after being subjected to high-voltage
conditions in the electrospinning.
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Figure 2. Representative AFM micrographs from Runs 1 (a, broad-peaked ridge), 7 (b, blunt ridge) 
and 8 (c, sharp-peaked ridge). Left pane: 2D AFM-rendered image (inset figure: single ridge 
micrograph). Center pane: 3D AFM micrographs. Right pane: (upper) 3D isometric view and (lower) 
front view of a single ridge. Scale bar = 1 µm. 
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Taguchi DOE also includes the non-controllable aspects of the work, i.e., temperature fluctuation, 
dynamic changes in the electric field and other sources of noise that can affect the result [27–29]. The 
result of the analysis reveals trends of the factors (i.e., solution and process parameters) to the 
response (ridge height, root-mean square (RMS) roughness and radius of curvature) in a robust 
degree [30]. Whether the factors themselves or points on each factor are significant enough to 
influence the result is also shown through a post-hoc test [29,30]. Generally, the effects of the factors 
to the responses are non-linear. The effect of PVA–EA on the ridge height, RMS roughness and radius 
of curvature (Figure 3) is similar, wherein there is a considerable decrease in the response from the 
9:1 to 8:2 and 7:3 ratio of PVA–EA (Figure 3a). It is highly plausible that these responses are 
interrelated, in which a decrease in the ridge height will also decrease the RMS roughness of the 
surface as well as its radius of curvature. On the other hand, the solvent composition does not have 
any significant effect on all the surface properties of the material being investigated. Additionally, 

Figure 2. Representative AFM micrographs from Runs 1 (a, broad-peaked ridge), 7 (b, blunt ridge) and
8 (c, sharp-peaked ridge). Left pane: 2D AFM-rendered image (inset figure: single ridge micrograph).
Center pane: 3D AFM micrographs. Right pane: (upper) 3D isometric view and (lower) front view of a
single ridge. Scale bar = 1 µm.

3.2. Mean Effect Analysis

The Taguchi orthogonal array design of experiment (DOE) enabled us to assess the factors involved
in the electrospinning and quantify the response on the changing factors with a minimal number
of samples required [26,27]. Compared with the one factor at a time (OFAT) approach, the Taguchi
DOE also includes the non-controllable aspects of the work, i.e., temperature fluctuation, dynamic
changes in the electric field and other sources of noise that can affect the result [27–29]. The result
of the analysis reveals trends of the factors (i.e., solution and process parameters) to the response
(ridge height, root-mean square (RMS) roughness and radius of curvature) in a robust degree [30].
Whether the factors themselves or points on each factor are significant enough to influence the result
is also shown through a post-hoc test [29,30]. Generally, the effects of the factors to the responses
are non-linear. The effect of PVA–EA on the ridge height, RMS roughness and radius of curvature
(Figure 3) is similar, wherein there is a considerable decrease in the response from the 9:1 to 8:2 and 7:3
ratio of PVA–EA (Figure 3a). It is highly plausible that these responses are interrelated, in which a
decrease in the ridge height will also decrease the RMS roughness of the surface as well as its radius of
curvature. On the other hand, the solvent composition does not have any significant effect on all the
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surface properties of the material being investigated. Additionally, although trends can be seen in the
plots, other factors also have no significant effect on the surface properties: TCD on the ridge height,
the PVA–EA ratio on the RMS roughness and the PVA–EA ratio together with the flow rate on the
radius of curvature.

Process parameters have a more profound effect on the surface and ridge morphology of the
material produced. The flow rate increases the ridge height from 1 to 2 mL/h, whereas pairwise from 2
to 3 and 1 to 3 mL/h have no significant difference on the trend. The TCD has an inverse effect on the
RMS roughness from the 12 to 14 cm values (Figure 3g) and a direct effect on its radius of curvature
(Figure 3k). Other pairwise comparisons are not statistically significant. As the distance from the tip
of the syringe increases, the field strength decreases, and so it weakly affects the polarization of the
solution. Assuming the previous hypothesis on ridge formation applies, the decrease in polarization
decreases the overall curvature of the nanoridge formed, which in turn reduces the RMS roughness of
the surface. The flow rate, on the other hand, affects the ridge height (Figure 3d) and RMS roughness
(Figure 3h); increasing the flow rate from 1 to 2 mL/h both increases the ridge height and the RMS
roughness, while increasing it further to 3 mL/h reduces both responses almost similarly to 1 mL/h.
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Figure 3. Mean effect plots of the factors on the ridge height (nm, a–d), RMS roughness (nm, f–h) and
the radius of curvature (nm, i–l). (e) is the effect of PVA-EA ratio on RMS roughness. For the radius of
curvature, it is noted that the lower the value, the “sharper” the ridge is. Broken arrows indicate the
significant level pairs from the Tukey’s test.
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4. Discussion

Upon designing the experiment, we have used active DOEs to ensure the reproducibility of
the process. This is because the experiment accounted the experimental errors which can affect the
final morphology of the material being produced [30]. Unlike passive/classical DOEs, the Taguchi
orthogonal array DOE includes uncontrollable factors such as environmental variation, errors from
experimental sequence and bias errors, making the result robust and reproducible [29]. Regarding
the morphology, it is seen as hardly distinguishable as compared with nanofibrous constructs and
other assemblies. Looking at the 2D structure of the PVA–EA, it can be easily mistaken for a nanofiber
assembly as it looks similar on SEM images published for the said blend. Prior studies on electrospun
PVA–EA blends claimed to produce a nanofiber morphology [5,31]; it is deduced that the solvent
composition highly affected the formation of the fiber morphology. Studies that used acetic acid and
formic acid as a solvent for the electrospinning produced a nanoribbon morphology [5,32,33] which is
somewhat similar to the present manufactured material, however, the consistent upright orientation
and its varying sharpness (Figure 2) makes the morphology distinct from nanoribbons and nanofibres.

One probable cause for this is the solvent–EA interaction of the system. Although it is seen in
the plots that there are no significant differences within the means of the H2O/FA/HAc ratios, there
is probably an interaction between the EA content and the solution used due to the solvation effects.
The isoelectric point of EA is relatively around 4.8, and below this value the overall charge of the
solution is highly positive due to the polyelectrolyte nature of EA [34]. All solvents prepared are highly
acidic, and so EA proteins, being positively charged in the solution, will repel in the collector (charged
positive) and move towards the negative electric field side (i.e., the tip of the syringe). Figure 4 shows
the hypothetical formation of the nanoridge.
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Figure 4. Formation of a nanoridge from nanofibers. Morphological transformations are divided into 3
sections (green dashed line), where the EA content of the nanofibers from the tip migrate to the apex of
the newly formed nanoridge at the collector. Legend: + = EA, o = PVA.

It is theorized that there is an initial formation of fibers upon the ejection of the stream of the
PVA–EA blend. After being subjected on a highly polarized electric field, EA aggregates begin to form
and migrate from a homogenous PVA–EA fiber to a distinct PVA and EA phase. This distinct phase is
comprised of a base PVA and an EA rich apex; the apex is formed from the stretching of the upper
portion of the nanofibers due to EA migration, thus developing a nanoridge. A lower EA content
could have a higher protein mobility that increases the velocity of migration towards the apex, and
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thus results in a higher ridge formation upon deposition into the substrate. On the effects of the other
parameters, the increased flight time by having high TCD values resulted in a blunt ridge, which is
most likely to be the result of the evening out of the EA transfer to the apex upon substrate arrival.
Meanwhile, the non-linear response of the flowrate into the RMS roughness and the ridge height (albeit
not significantly different from 2–3 mL/h) seemed unclear. As discussed previously, an increased ridge
height also translates into an increased surface roughness; however, it is rather unclear on the sudden
drop in the ridge height and the RMS roughness upon increasing the flow rate from 2–3 mL/h, though
it might be possibly due to the complex interaction of the amount of solution being subjected into the
electric field and the ejection perturbation to the collector.

5. Conclusions

The production of a PVA–EA nanoridge has been successful, and the surface and morphological
parameters have been assessed to characterize the material. The ridges produced were broad-,
blunt- or sharp-peaked, and the effects of the solution and process parameters on the surface and
morphology characteristics of the material have been analyzed. The ridge formation hypothesis has
been associated with the polarization of the solution, wherein the initial formation of nanofibres upon
ejection from the syringe is stretched due to the migration of positively charged EA proteins to the
apex. The higher the EA content, the smaller the fibers formed and the blunter the ridges being
produced. Additionally, increasing the TCD has an inverse outcome on the RMS roughness and a
direct effect on its radius of curvature, while increasing the flow rate has a nonlinear response to the
ridge height and RMS roughness. Increasing the levels of THE factors could be done to evaluate
further the trend of each factor on the surface properties of the material and reinforce the results in this
paper. In addition, other 3D imaging techniques such as micro-CT could be utilized to confirm the
existence of a nanoridge morphology, and time-of-flight secondary ion mass spectrometry (TOF-SIMS)
to evaluate the chemical composition of the apex. Using the technique on electrospinning with a
polarized solution could produce other types of polymer blends containing a globular protein with
a nanoridge morphology, obtaining a new class of morphology that could be used from guided cell
growth to filtration membranes.
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Table S1: Surface roughness parameters on samples produced from experimental conditions at 50 × 50 µm surface
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Appendix A

Calculation of surface properties and sharpness of the nanoridge synthesized.
The roughness parameters analyzed were based on ISO 4287-1997 and are as follows:
Let ||Ai j|| be the input image NiN j (amount of sampling)

http://www.mdpi.com/2079-6439/8/5/29/s1
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Height range of the input micrograph:

Peak− to− peak height : Ry = maxz j −minz j (A1)

The sum of five maximum and minimum heights divided by ten:

Ten point height : Rz =
1

NiN j

∑
i j

Ai j (A2)

Average Roughness : Ra =
∑

i

(
Ai j −Average

)
P
{
X = Ai j

}
(A3)

Standard deviation of surface roughness:

Second moment : Rq =

∑i Ai j
2

NiN j

1/2

(A4)

Square root of the arithmetic mean of heights:

Root Mean Square : RRMS =

∑
i

(
Ai j −Average

)2
P
{
X = Ai j

} 1/2

(A5)

Measurement on whether asperities (+RSk) or valleys (-RSk) are dominant in the surface:

Sur f ace Skewness : RSk =

∑
i

(
Ai j −Average

)3
P
{
X = Ai j

}
RRMS3 (A6)

Measurement of peakedness of the height distribution:

Coe f f icient o f Kurtosis : RKa =

∑
i

(
Ai j −Average

)4
P
{
X = Ai j

}
RRMS4

− 3 (A7)

Degree of randomness of surface height distribution:

Entropy : S = −
∑

i

P
{
X = Ai j

}
log2 P

{
X = Ai j

}
(A8)

Plot of the volume ratio of air/material at the surface:

Bearing Area Curve : P(z ≥ h) = ∆z
∞∑

z=h

p(z) (A9)

On calculating the sharpness (radius of curvature, r) of the material, individual ridge height profiles
are extracted from the digitized AFM micrograph, and a span of ∆h ≈ 1.45× 10−8 nm (the minimum
ridge height span found on all samples) is evaluated from the apex of the tip of the curve so that
all samples can be compared in their degree of sharpness. Inclusive points are determined from the
height span, and the radius of curvature is determined using the least squares method. To provide
the mathematical description of the least squares method, starting from the equation of a circle (with
center at h and k), we have

(x− h)2 + (y− k)2 = r2 (A10)
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substituting the radius to be r2 = h2 + k2 + c, after simplifying, the equation becomes

x(x− 2h) + y(y− 2k) = c (A11)

setting the least squares method for Equation 11:∑
j

ω j
[
x j

(
x j − 2h

)
+ y j

(
y j − 2k

)
− c

]
= min(h, k, c) (A12)

where ω j is the weight coefficient. Differentiating with respect to h, k and c and equating to zero to
obtain the minimum: ∑

j

ω j
[
x j

(
x j − 2h

)
+ y j

(
y j − 2k

)
− c

]
=

∂
∂h

min(h, k, c) = 0 (A13)

∑
j

ω j
[
x j

(
x j − 2h

)
+ y j

(
y j − 2k

)
− c

]
=

∂
∂k

min(h, k, c) = 0 (A14)

∑
j

ω j
[
x j

(
x j − 2h

)
+ y j

(
y j − 2k

)
− c

]
=

∂
∂c

min(h, k, c) = 0 (A15)

Recasting into matrix format:
σxx σxy µx

σxy σyy µy

µx µy 1




2h
2k
c

 =

σxxx+ σxyy

σxxy+ σyyy

σxx+ σyy

 (A16)

where σ are the summations of the x jy j height profile of the material with a variable origin defined at

µh =

∑
j ω jh j∑

j ω j
(A17)

σhk =

∑
j ω jh jk j∑

j ω j
(A18)

σhkr =

∑
j ω jh jk jr j∑

j ω j
(A19)

Choosing the origin to be at the midpoint (µx,µy) and setting µx = µy = 0, and ω j = 1, we have
σxx σxy 0
σxy σyy 0
0 0 1




2h
2k
c

 =

σxxx+ σxyy

σxxy+ σyyy

σxx+ σyy

 (A20)

Decomposing the matrix [
σxx σxy

σxy σyy

][
2h
2k

]
=

[
σxxx+ σxyy

σxxy+ σyyy

]
(A21)

And
C = σxx + σyy (A22)
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Solving for the h and k values:

2
[

h
k

]
=

[
σyy −σxy

−σxy σxx

]
Det

[
σxxx+ σxyy

σxxy+ σyyy

]−1

(A23)

Finally, the radius of curvature r is computed as

r =
(
c + h2 + k2

)1/2
=

[(
σxx + h2

)
+

(
σyy + k2

)]1/2
(A24)

This method was derived by Robert Israel and is translated into an algorithm using MatLab
(2015a, Mathworks, Natick, MA, USA).
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