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a b s t r a c t

The combination (often referred to as phase-stepping profilometry, PSP) of the fringe projection

technique and the phase-stepping method allowed us to retrieve topographic maps of cuticles isolated

from the abaxial surface of leaves; these were in turn sampled from an apple tree (Malus domestica) of

the variety Golden Delicious. The topographic maps enabled us to assess the natural features on the

illuminated surface and also to detect the whole-field spatial variations in the thickness of the cuticle.

Most of our attention was paid to retrieve the highly-resolved elevation information from the cuticle

surface, which included the trace (in the order of tens of micrometers) left by ribs and veins. We expect

that the PSP application for retrieving the cuticle topography will facilitate further studies on the

dispersion and coverage of state-of-the-art agrochemical compounds meant to improve the defending

properties of the cuticle. Methodological details are provided below.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Non-destructive optical techniques can be used to retrieve
shape as well as changes in shape due to, for example, out-of-
plane deformation. Out-of-plane deformation is extensively mon-
itored using interferometric techniques such as electronic speckle
pattern shearing interferometry (ESPSI) [1–3], electronic speckle-
pattern interferometry (ESPI) [4,5], and whole-field subtractive
Moiré (WSM) [6,7]; using interferometers with out-of-plane
sensitivity, ESPI and WSM have been also used to follow the
thickness reduction associated with the strain localization onset
[8,9]. However, the high sensitivity of the applied inteferometric
techniques restricted these measurements such that shape
changes only up to 10 mm could be measured.

Monitoring highly-resolved elevation information in the order
of tens of micrometers requires applying whole-filed optical
techniques of greater dynamical range than the interferometry-
based methods, such as those based on the fringe projection
technique [10–18]. As pointed out in [13], these techniques are
often referred according to the particular fringe analysis method
used in the measurement: phase stepping profilometry (PSP)
[14,15], Fourier transform profilometry (FTP) [16], wavelet
ll rights reserved.
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transform profilometry (WTP) [17], etc. In [18,19] a comparison
is presented.

The fringe projection technique for contouring involves pro-
jecting gray-code straight fringes onto the surface of the speci-
men. The topography of the specimen leads to variations in the
fringe pattern (captured using a camera), which are related to the
actual shape of the specimen. The technique has been successfully
applied to monitor changes in shape that involved out-of-plane
deformations greater than 10 mm [20–23].

We used PSP (as indicated above, a combination of the fringe
projection technique and the phase-stepping method) in order to
retrieve the highly-resolved topographic maps of leaf cuticles.
Fruits and aerial green parts of plants are protected by the cuticle
[24–29]. The cuticular membrane (CM) is a non-cellular thin layer
of polymer covering the outer cell layer; it consists of a matrix
membrane (MX) made of polysaccharide microfibrils and lipo-
philic polymers and waxes. The cuticle is not only exposed to
abiotic factors such as solar radiation, wind or rain, but it also
interacts with microbes, fungi, and insects [24].

Attending to its importance as protective layer, there is great
interest in the characterization of the cuticle as well as in the
improvement of its defending properties using state-of-the-art
agrochemical compounds; under water stress plants can close their
stomata, but after taking such a measure, the loss of water of the
plant is determined by the cuticle. Accordingly, efforts have been
conducted on the assessment of the cuticular permeability to water
and also on the development of cuticular antitranspirants [25].
However, further tests are needed in order to understand the



Fig. 1. Veins and ribs may affect the dispersion and coverage of agrochemical

compounds, when applied –as usually – by aspersion.

Fig. 2. Fringe projection optical setup.
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mechanism of water diffusion through the MX, the differences
(up to three orders of magnitude, see [26]) in the permeability of
different species of plants, as well as the factors determining the
performance of antitranspirant compounds (i.e. the compound
dispersion and coverage). The cuticle topography is required in
order to assess the effect of ribs and veins (see Fig. 1) on the
compound dispersion and coverage.

As shown below, PSP allowed us to efficiently assess the natural
features of cuticular membranes (CM) isolated from the abaxial
surface of leaves; these were in turn sampled from an apple tree
(Malus domestica) of the variety Golden Delicious. Our attention was
mostly paid to assessing the highly-resolved elevation information
from the cuticle surface, which included the trace left by ribs and
veins. Also the whole-field spatial variations in the thickness of the
tested specimens were measured.
2. Fringe projection

This technique for contouring involves projecting gray-code
fringes onto the surface of the specimen and then viewing from
another direction. Fig. 2 shows the required setup; a computer
projector can be used as illuminating source. If the illumination
distance is adequately large, the CCD camera in Fig. 2 captures,
from the initially flat surface (meant to be a calibration surface),
an intensity pattern I of nearly straight equally spaced fringes of
period p

Iðx,yÞ ¼ Aðx,yÞþBðx,yÞcos
2p
p

xþyðx,yÞ

� �
, ð1Þ

where A and B are the functions of position and y is the
modulation term related to perspective and optical aberration
effects (see [30,31] for further discussions on the aberration
dependence on the geometry of the object). If the illuminated
specimen is not flat, its topography leads to the departure of the
viewed fringes from straight lines such that a new intensity
pattern I can be captured by the camera

Iðx,yÞ ¼ Aðx,yÞþBðx,yÞcos
2p
p

xþyðx,yÞþfðx,yÞ

� �
, ð2Þ

where f is the phase modulation due to the topography of the
illuminated specimen.

Note that the arguments ðð2p=pÞxþyðx,yÞÞ and ðð2p=pÞxþ

yðx,yÞþfðx,yÞÞ in Eqs. (1) and (2), respectively, can be efficiently
retrieved by applying the temporal phase-stepping method [32].
This involves capturing several fringe patterns generated at
different times by shifting the phases in known amounts. This
allows building up a set of simultaneous equations that are solved
for the phase using algorithms [33–41]. Two popular algorithms
that require a specific value of the phase shift are the conventional

N-bucket [39] and the self-calibrating (Nþ1)-bucket [40]. In order
to retrieve the arguments in Eqs. (1) and (2), we used in this work
a 4-bucket algorithm [41].

The subtraction of arguments in Eqs. (1) and (2) allows
isolating the phase modulation f and canceling perspective and
aberration effects. f encodes information only on the elevation W

(the departure of the specimen from a flat surface taken as a
reference). According to [42,43], the phase modulation f is
related to the corresponding elevation W by

Wðx,yÞ ¼
fðx,yÞ

2p
p

tana

� �
, ð3Þ

where a is the angle between the observation direction and the
illumination direction.

Note that, when used to measure out-of-plane deformation,
f stands for the phase modulation induced between any pair of
load stages. When the FTM is used to retrieve the phases at two
load stages, the corresponding phase difference f can be com-
puted and then used (by applying Eq. (3)) to evaluate the out-of-
plane relative displacement W between these two load stages. The
fringe projection technique has been successfully applied to
monitor changes in the shape that involved out-of-plane defor-
mations greater than 10 mm [20–23].
3. Experimental details and data exploitation

We used phase-stepping profilometry, PSP (a combination of
the fringe projection technique and the phase-stepping method)
in order to retrieve the highly-resolved topographic maps of some
cuticular membranes (CM).

The CM specimens that we tested were isolated using an
aqueous solution containing enzymes; we selected the deciduous
Apple tree (Malus domestica) cv. Golden Delicious due to the lack
of trichoms and stomata on the abaxial leaf side. Disks of 20 mm
diameter were punched out from mature leaves of field grown
apple trees. The disks were vacuum infiltrated with an aqueous
solution containing 0.2% (v/v) enzymes cellulase and 2% pectinase
in 0.01 molar citric buffer, at pH 3 adjusted with KOH. Cuticles
were kept in this solution for approximately 3 weeks. After that,
cuticles from the upper astomatous leaf sides were collected.
Isolated CM samples were washed in deionised water and then
dried on teflon laminas using plastic tweezers. See [27–29] for
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additional methodological details on the cuticle isolation. Fig. 3
shows isolated CM samples; the trace left by ribs and veins is
apparent.

We used the optical experimental setup shown in Fig. 4. It
includes a Dell digital projector of model WX 1609, 1280�800
pixels. The Pixelink CCD camera model PL-A741, 1280�1024
pixels. Note in Fig. 4 the rotating mount used to set the specimen.
Fig. 3. Isolated leaf cuticle; the trace left by ribs and veins is apparent.

Fig. 4. Experimental setup. Note that the specimen is set on a rotating mount.

Fig. 5. (a) Gray-code fringes projected onto the surface of a CM sp
The projector allowed projecting gray-code fringes onto the
surface of the specimen. a was equal to 25.61. The illumination
distance was selected adequately large, such that the CCD camera
in Fig. 4 captured, when illuminating a flat surface, nearly straight
equally spaced fringes of period p¼0.6 mm. Instead, when illu-
minating a CM specimen, its topography led to the departure of
the viewed fringes from straight lines (see Fig. 5a).

From the fringe pattern captured by the CCD, we retrieved the
whole-field phase map using the phase-stepping method [32].
This involved capturing several fringe patterns, generated at
different times by shifting the phases in known amounts. This
allowed us to build up a set of simultaneous equations that were
solved for the phase f using the well known 4-bucket algorithm
[41]. The latter is an arctangent function that at each pixel returns
a principal value in the range ð�p,pÞ referred to as the wrapped

phase. Fig. 5b shows the so-called wrapped map corresponding to
the CM specimen shown in Fig 5a; this is an image built up by
assigning a gray-scale value to each value in the range ð�p,pÞ.

The unwrapping process implies adding to the wrapped value,
the correct integral multiple of 2p [44]. Conventionally, one
proceeds by calculating the difference between the wrapped
phases at adjacent pixels along some chosen path. If this differ-
ence falls outside the range ð�p,pÞ, it is assumed to be due to a 2p
phase jump, which is then added or subtracted to one of the
points in order to bring the difference between the phases back
into the correct range [45]. In this way, an unwrapped phase map
is obtained with neither discontinuities nor sign ambiguities.
As shown in [41], noise is the main contributor to the phase-
difference uncertainty. The noise influence in the phase-differ-
ences was reduced by applying a low-pass filter. Fig. 5c shows the
so-called unwrapped map corresponding to the wrapped phase
map shown in Fig. 5b; this is an image built up by assigning a
gray-scale value to each value of f.

Note that the 4-bucket algorithm renders the phase f at each
pixel. The phase depends on the intensity values captured using a
CCD camera at each step. Therefore, the size of the set of discrete
values of j, which in turn determine the spatial resolution of the
topographic maps, evidently depends on the camera resolution.
4. Results

Fig. 6 shows topographic maps of both the obverse (a) and
reverse (b) side of a CM specimen. Note that plots in Fig. 6 do not
stand for the actual shape of the illuminated sample but they
show the elevation W relative to a flat surface taken as a
reference.

The elevation W maps shown in Fig. 6 were both computed by
applying Eq. (3); in the case of Fig. 6a, the whole-field f values
were calculated by subtracting the phase map corresponding to
the obverse side of the specimen from the flat reference; in the
case of Fig. 6b, the whole-field f values were calculated by
subtracting the phase map corresponding to the reverse side
from the same flat reference. Both sides were found to have
similar topography.
ecimen. (b) Wrapped phase map. (c) Unwrapped phase map.



Fig. 6. Topographic maps of both the obverse (a) and reverse (b) side of a CM specimen. The elevation W (the departure of the specimen from a flat surface taken as a

reference) was computed by applying Eq. (3) to the unwrapped phase values.

Fig. 7. Whole-field thickness values of a CM specimen. It was built up by

subtracting the topography maps shown in Fig. 6. The average thickness within

the area indicated by the dotted line was (130719) mm.
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The topographic maps shown in Fig. 6 allowed us to retrieve
the natural features from the cuticle surface, which included the
trace left by ribs and veins. As expected, this trace was found to
lead to variations in the elevation W in the order of tens of
micrometers.

By subtracting the topography maps gathered from both sides
of the tested specimens, we also assessed the whole-field spatial
variations in the thickness of the tested specimens. Fig. 7 shows
the whole-field thickness values of a CM specimen. This plot was
built up by subtracting the topography maps shown in Fig. 6.
Although the trace left by ribs and veins on the cuticular surface
was expected to lead to significant spatial variations in the
thickness, we found variations of only about 15% in the tested
specimens. For example, the average thickness within the area
indicated by the dotted line in Fig. 7 was (130719) mm.
5. Summary and conclusions

We used phase-stepping profilometry, PSP (a combination of
the fringe projection technique and the phase-stepping method)
in order to retrieve the highly-resolved topographic maps of some
cuticular membranes (CM). The CM is a non-cellular thin layer of
polymer covering the outer cell layer.
Attending to its importance as protective layer, there is great
interest in the characterization of CM as well as in the improve-
ment of its defending properties by using state-of-the-art agro-
chemical compounds; since these compounds are normally
applied by aspersion, the CM topography is required in order to
assess the effect of ribs and veins on the compound dispersion
and coverage.

The cuticular membranes (CM) that we tested, were isolated
from the abaxial surface of leaves; 20 mm diameter disks were
sampled from field grown apple trees (Malus domestica) of the
variety Golden Delicious. The isolation implied infiltrating the
samples using an aqueous solution containing enzymes. After
3 weeks, isolated CM specimens were washed in deionised water
and then dried on teflon laminas using plastic tweezers.

The elevation information was gathered from the surface of
CM specimens by applying the fringe projection technique. It
implied projecting gray-code straight fringes onto the specimen.
The topography of the illuminated sample led to the departure of
the viewed fringes from straight lines; the phase retrieved from
that fringe pattern, f, encoded information on the elevation W

(the departure of the specimen from a flat reference). In order to
retrieve the whole-field phase values we applied the temporal
phase-stepping method with a 4-bucket algorithm.

As shown above, the combination of the fringe projection
technique and the phase-stepping method allowed us to efficiently
assess the natural features of the tested CM specimens. Our
attention was mostly paid to retrieve the highly-resolved elevation
information from the cuticle surface, which included the trace left
by ribs and veins. This trace was found to be in the order of tens of
micrometers. By subtracting the topography maps gathered from
both sides of the tested specimens, we also assessed the whole-field
spatial variations in the thickness of the tested specimens.

We expect that the PSP application for retrieving the cuticle
topography will facilitate further studies on the effect of ribs
and veins on the dispersion and coverage of state-of-the-art agro-
chemical compounds. Moreover, since thickness may have an effect
on the cuticular permeability, we argue that the assessment of the
whole-field spatial variations in the cuticular thickness may help to
better understand the mechanism of water diffusion through the
cuticle.
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Meas Sci Technol 2006;17:825–30.
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