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Abstract. Estimates of fruit surface area are often required in physiological and
technological studies. The objective was to establish a procedure to accurately quantify
the fruit surface area based on Archimedean buoyancy measurements. The setup
comprised a fixed, linear stepper motor mounted with its spindle vertical and aligned
directly above the pan of an electronic balance. A fruit was clamped to the motor spindle
and a beaker of water rested on the balance pan.When the motor was activated, the fruit
was progressively immersed, stepwise, in the water. Each vertical displacement step
increased the buoyant upthrust on the fruit, which was opposed by a corresponding
increase in the downthrust on the balance. Pairs of the step displacement length (mm)
and corresponding buoyancy increment (g) values were recorded in an MS Excel
(Microsoft, Redmond, WA) spreadsheet using Arduino components. Each displacement
step immersed another ‘‘virtual slice’’ of the fruit in the water. From each pair of known
displacement–buoyancy measurements, the volume (mL) of that slice could be calculated
with high precision based on the known density of the liquid (g·mLL1). With the fruit
orientated so that its morphological ‘‘long’’ axis was vertical, for most fruitcrop species,
the slice can be assumed to have a circular cross-section. Hence, the slice can be analyzed
geometrically as a truncated cone of known height (mm) and known volume (mL).
Therefore, the surface area of its outer face is calculable. The surface area of the whole
fruit was calculated as the cumulative total of the surface areas of all steps (virtual slices).
The procedure was evaluated and calibrated using stainless-steel spheres in place of the
fruit. However, the measured surface area was slightly greater than that calculated for a
sphere. The calculated andmeasured areas did not differ bymore than 1.7%. The surface
area determinations were highly reproducible (CV = 0.95%). The magnitude of the
displacement steps affected the variability of the surface area measurements. Increasing
the step displacements decreased the measurement variability, but there were no
significant effects on the surface area measurements of the surface tension of the liquid
or of the wettability of the surface of the fruit or the stainless-steel subject. Using
stainless-steel spheres (diameter, 5–60 mm) or rubber truncated cones (mean diameter,
8–45 mm) revealed an excellent agreement between the measured and calculated surface
areas. Using tomatoes, grapes, blueberries, and strawberries, the measured surface areas
were in excellent agreement with those calculated from the fruit dimensions and
appropriate geometrical assumptions. The results demonstrate that the surface areas
of fruit with approximately circular cross-sections normal to their morphological axes
can be determined with high accuracy and reproducibility using Archimedean buoyancy.

Studies of fruit physiology and agricul-
tural and food technology often require in-
formation regarding the fruit surface area.
Typical examples are measurements of water
uptake or transpiration (Beyer et al., 2005)
or of gas exchange (e.g., O2, CO2, C2H4)
through fruit surfaces (Cameron and Yang,
1982; Knee, 1991). These processes are often
described using Fick’s law of diffusion, for
which knowledge of fruit surface area is a
prerequisite for calculation of the permeabil-
ity of the fruit skin (Cameron and Yang,
1982; Knee, 1991). Moreover, in studies of
agrichemical spray application, the dose of
the active ingredient retained per fruit de-
pends (among other factors) on the fruit size
or, more precisely, fruit surface area
(Schlegel and Sch€onherr, 2002). In food
technology, the estimation of the fruit surface

area is central to calculations of fruit mass
and heat transfer, which are important for
shelf life determination, drying and freezing
technologies, designing storage facilities, and
applications of postharvest treatments (coat-
ings, heat treatments, and designing mini-
mally processed products) (Moreda et al.,
2009).

Commonly, fruit surface areas are esti-
mated by approximating the fruit shape using
simple three-dimensional (3D) geometrical
models. The surface area is then calculated
from the major fruit dimensions. For closely
spherical fruit, such as cherry tomatoes (So-
lanum lycopersicum L.) or (less so) apples
[Malus domestica (Suckow) Borkh.], the sur-
face area may be calculated from the mean of
the three orthogonal diameters of the fruit.
This assumes that the fruit resembles a sphere
or ellipsoid (Baten and Marshall, 1943; Clay-
ton et al., 1995). The sphere and ellipsoid
models may underestimate the actual surface
area of fruit by as much as 15 to 18% for
some apple cultivars. This is because their
shape significantly departs from ellipsoidal
(the stylar and stem cavities), thereby com-
promising the underlying assumption
(Clayton et al., 1995). Similar 3D geometry
approaches have been used to estimate sur-
face areas of plum (Prunus domestica L.
subsp. domestica) (Baten and Marshall,
1943), pear (Pyrus communis L.) (Baten
and Marshall, 1943; Scharwies et al., 2014),
and pepper (Capsicum annuum L. var. ann-
uum) (Marcelis and Baan Hofman-Eijer,
1995). Moreover, different cultivars, even
of the same species, differ markedly in shape.
Additionally, the shapes of some common
fruitcrops, such as strawberry (Fragaria
·ananassa Duchesne ex Rozier), are so far
removed from being ellipsoidal that they
require more sophisticated and complex 3D
geometrical models with measurements of
multiple dimensions, not just the three or-
thogonal ones.

Several alternative methods have been
used for the direct determination of the fruit
surface area. These include measuring the
area of the fruit skin after peeling (destruc-
tive) or measuring the area of a film applied
to the fruit as a coating that is subsequently
peeled off (Clayton et al., 1995). Other
methods that have been used to quantify the
fruit surface area are image processing
(Sabliov et al., 2002), structured light sys-
tems (Sakai and Yonekawa, 1992), atomic
force microscopy (Hershko et al., 1998), and
3D scanners (Eifert et al., 2006). All these
methods are laborious, and some require
specific and/or costly equipment. To our
knowledge, the Archimedes principle has
not been used to quantify the fruit surface
area. According to this principle, the buoy-
ancy experienced by a body submerged in
water equals the weight of the displaced
water. Because the density of water is close
to 1 g·cm–3, the weight of the displaced water
(g) can be considered numerically equal to
the volume (cm–3) of the submerged body.
The Archimedes principle has been used to
quantify fruit volume (Baumann and Henze,
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1983; Clayton et al., 1995; Drazeta et al.,
2004; Mohsenin, 1970; Sabliov et al., 2002).

The objective of our study was to inves-
tigate whether Archimedean buoyancy mea-
surements could be used to quantify the
surface areas of fruit with a circular cross-
section (perpendicular to their morphological
long axis). Setups for measuring fruit volume
and fruit density are available in many hor-
ticultural laboratories and may be converted
to surface area meters using the procedure
described here.

Materials and Methods

Plant material. Blueberries (Vaccinium
corymbosum L.), cherry tomatoes [Solanum
lycopersicum L. var. cerasiforme (Alef.)
Voss ‘Roma’ and ‘Dulcita’], grapes (Vitis
vinifera L. ‘Sugraone Seedless’), and straw-
berries were purchased locally. The blueberry
and strawberry cultivars were unknown.
‘Pinova’ apples (Malus ·domestica Borkh.)
were obtained from an experimental or-
chard of Leibniz University in Ruthe, Ger-
many (lat. 52�14#N, long. 9�49#E). A
stainless-steel wire (diameter, 2 mm) was
mounted on the stem end of a fruit using a
fast-curing epoxy glue (UHU Plus Schnellf-
est; UHU, B€uhl/Baden, Germany). The wire
served as an extended fruit stalk to hold the
fruit.

Equipment and calculations. The appara-
tus comprised a stepper motor (NEMA 23;
Mysweety, Guangzhou, China) mounted on a
rigid camera stand (Kaiser RLR; Kaiser
Fototechnik, Buchen, Germany). The spindle
of the stepper motor was equipped with a
‘‘sled’’ that had a female thread to engage
with the male thread of the stepper motor
spindle. This setup converted the rotational
displacement of the stepper motor to linear
displacement. A clamp mounted on the sled
allowed the wire of the fruit to be attached. A
balance (LA820; Sartorius, G€ottingen, Ger-
many) was placed immediately beneath the
spindle, and this was linked to a laptop
computer for direct data acquisition. Unless
otherwise specified, a 100-mL glass beaker
filled with deionized water was placed on the
balance (Fig. 1). Activating the stepper motor
allowed the fruit to be progressively lowered
into the beaker in steps of defined displace-
ment (mm) and number. Any one step was
followed by a 7-s delay period. Unless other-
wise specified, the rate of submersionwas 1.02
mm·s–1. As the fruit was progressively im-
mersed, the buoyant upthrust on the fruit was
recorded as the corresponding downthrust on
the balance (g), and this was converted to
displaced water volume (mL) by dividing by
the known density of water (g·mL–1).

A custom control unit was built using
Arduino components (UNO R3; Arduino
AG, Ivrea, Italy) to control the stepper motor,
to read the balance, and to record the pairs of
data values [balance (g) and stepper motor
(mm)] in an MS Excel (Microsoft) spread-
sheet. The spreadsheet calculated the incre-
ments in immersed fruit volume for each
immersion step. Each step represented the

addition to the cumulative dataset of a new
virtual slice of the fruit ‘‘cut’’ in a plane
perpendicular to its morphological ‘‘long’’
axis (base to apex). Using the known volume
(mL) and thickness (mm) of each virtual
slice, its radius was calculated by assuming
the fruit to have a circular cross-section and
parallel sides (i.e., cylindrical). Necessary
corrections were applied for the increase in
water level in the beaker as the fruit was
immersed (based on the known diameter of
the beaker and the volume of the slice of fruit
immersed). The surface area was calculated
for each step as that of the outer surface of the
truncated cone. Preliminary experiments
established that there were no significant

improvements in the calculation of the sur-
face area when using the more complex
model of a segment of a sphere in the calcu-
lation instead of that of a truncated cone (G.
Hurtado, unpublished data). A summation of
the incremental surface areas for all steps
yielded the surface area of the whole fruit or
sphere.

Experiments. The effect of step size (mm)
on the surface area evaluation was investi-
gated by immersing stainless-steel spheres
(diameters of 15, 25, and 40 mm) as de-
scribed. The stainless-steel spheres served as
artificial fruit. The step sizes were 0.4, 0.8,
1.6, and 3.2 mm. The rates of submersion
ranged from 0.54 mm·s–1 at a step size of

Fig. 1. Sketch of the setup for stepwise immer-
sion of fruit in a beaker filled with deion-
ized water and placed on an electronic
balance.

Fig. 3. Frequency distribution of the measured surface
area (Ameas) (cm

2) of a 25-mm sphere (main graph).
Inset: Normal probability plot of the measured
surface area (n = 45). The dashed line represents
the surface area calculated fromsphere diameter and
the dotted line represents the mean of the surface
area of the stainless-steel sphere as measured by
displacement.

Fig. 2. (A) Cumulative volume (Vmeas) (cm
3) displaced by a stainless-steel sphere (25 mm diameter) as it is

immersed stepwise. The dashed line represents the cumulative volume calculated from the sphere
diameter (Vcalc). (B) Volume per step measured and calculated. (C) Measured surface area (Ameas) and
calculated surface area (Acalc) per step. (D) Cumulative Ameas and Acalc as the sphere is immersed in
water.
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0.4 mm to 3.11 mm·s–1 at 3.2 mm. The
surface areas were calculated as described.
The minimum number of replications was
five.

The relationship between the beaker di-
ameter and the size of the sphere was studied
by immersing spheres with diameters of 15,
25, and 40 mm in 400-, 250-, and 100-mL
glass beakers with diameters of 76, 58,
and 44 mm. The minimum number of repli-
cations was five.

The repeatability of the method was de-
termined by repeating the surface area deter-
minations of a stainless-steel sphere with a
diameter of 25 mm. The number of replica-
tions was 45.

The effect of surface tension on the sur-
face area determinations was established us-
ing four liquids of a wide range of surface
tensions: deionized water, sunflower oil,
aqueous Tween 80 (1.5% w/v), and aqueous
ethanol (80% v/v). Measurements were per-
formed for three spheres (diameters of 15, 25,
and 40 mm). All calculations were performed
using densities of the respective liquids. The
effect of surface tension was also studied
using truncated rubber cones with mean di-
ameters of 8, 19, and 29 mm. A minimum of
five replications was used.

The effect of the wettability of the
immersed surface on the surface area measure-
ment was determined using a stainless-
steel ball with a diameter of 30 mm with
either a roughened or a polished surface.
Wettability differed significantly between
the roughened and polished spheres. We also
sprayed stainless-steel spheres with a water-

repellent spray (AquaStop; Multicolor,
Osnabr€uck, Germany). Unsprayed spheres
served as the control. A minimum of five
replications was used. The wettability of the
spheres was characterized by measuring the
contact angle according to Mack’s equation
(Mack, 1936). Briefly, the base width and
height of a 5-mL droplet of deionized water
on the surface of the sphere were measured
by digital analysis (cellSens Dimension
1.7.1; Olympus Soft Imaging Solutions
GmbH, M€unster, Germany) on calibrated
photographs. These photographs were ob-
tained 30 s after placing the droplet on the
surface. A preliminary time course estab-
lished that this time interval was required to
reach equilibrium. To minimize droplet
evaporation, wet filter paper was placed on
the sphere surface surrounding the droplet
area. The minimum number of replications
was 10.

Furthermore, the effect of wettability of
the surface was tested using cherry tomato
and grapes previously coated with water
repellent spray (AquaStop; Multicolor). Un-
treated fruit surfaces served as controls. The
minimum number of replications was five.

The procedure to quantify surface areas
was calibrated by comparing measured and
calculated surface areas of spheres and trun-
cated cones. These served as model ‘‘fruit’’
with geometrical and simply defined shapes.
A range of 14 stainless-steel spheres (diam-
eter, 5–60 mm) and a set of eight truncated
rubber cones (mean diameter, 8–45 mm)
were investigated. The minimum number of
replications was five.

Fig. 4. Effect of step number during immersion of a stainless-steel sphere (diameter, 25 mm) on the
measured surface area per step (Ameas). The step number was varied by the varying step width. The
number and width of steps were 59 and 0.4 mm (A), 30 and 0.8 mm (B), 15 and 1.6 mm (C), and 8 and
3.2 mm (D). The dashed line represents the surface area per step calculated from the sphere diameter
and step width (Acalc).

Fig. 5. (A) Effect of step length during immersion
of stainless-steel spheres with diameters of 15,
25, and 40 mm on the measured surface area
(Ameas), the absolute difference (DA) between
Ameas and the surface area calculated from
sphere diameter (Acalc) (B), and the relative
difference (DA/Acalc · 100) between Ameas and
Acalc (C). The dashed line represents the sur-
face area calculated from the respective sphere
diameter Acalc. The step number varied accord-
ing to the varying step length.

Fig. 6. Images of stainless-steel spheres during
stepwise immersion in deionized water (A and
B) or ethanol (C and D). Arrows in (A) and (C)
indicate the meniscus formed at the base of the
sphere at the beginning of immersion in water
(A) or ethanol (C). (B and D) Same as (A) and
(C), but arrows indicate the top of the sphere at
the end of the immersion in water (B) or ethanol
(D).
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The applicability of the procedure to real
fruit of varying sizes was established using
cherry tomatoes (‘Roma’ and ‘Dulcita’),
grapes (‘Sugraone Seedless’), blueberries,
and strawberries. For the latter two, the cul-
tivar names were unknown. The fruits were
immersed and the surface area was deter-
mined as described. In addition, the surface
areas were estimated using simple geometri-
cal models. The ‘Dulcita’ tomatoes and blue-
berries were assumed to be perfect spheres.
The ‘Roma’ tomatoes and grapes were as-
sumed to be rotational prolate ellipsoids. For
the strawberry, we used the model of a
truncated cone capped by two oblate rota-
tional semi-ellipsoids. The minimum number
of individual fruit replications was 10. Every
fruit was measured five times.

The effects of concavities on surface area
determinations were investigated using
‘Pinova’ apples. Five apples were selected
to be of similar mass (mean mass, 114.6 ± 1.6
g). The fruit stalk was removed. Using epoxy
glue (UHU Plus Schnellfest; UHU), a
stainless-steel wire (diameter, 2 mm) was
mounted as a virtual stalk: first on the stem
end of a fruit, then on the calyx end, and,
finally, on the cheek in the equatorial plane.
For each stalk position, the fruit was sub-

merged and its surface area was determined
as described. Finally, all fruit including their
stem and calyx cavities were peeled, the peel
was flattened on a glass plate, and the peel
surface area was determined by image anal-
ysis (cellSens Dimension 1.7.1; Olympus
Soft Imaging Solutions GmbH). The number
of individual fruit replications was five.

Statistics. All experiments were conduct-
ed and analyzed using completely random-
ized designs. To compare the accuracy of the
immersion measurement method to estimates
based on the various geometrical models, the
surface area was measured using Archimedes
buoyancy and compared with the areas esti-
mated based on calculations from the diam-
eter of a simple sphere or the two diameters
and height of a simple truncated cone. Sub-
tracting the calculated surface areas from the
measured surface areas yielded the absolute
errors. The relative error (%) was calculated
by dividing the absolute error by the calcu-
lated surface area and multiplying by 100.

Data were analyzed by analyses of vari-
ance and linear regression. Means were com-
pared using Tukey’s Studentized range test
(P # 0.05) using R (version 3.5.1; R Foun-
dation for Statistical Computing, Vienna,
Austria). Data are presented asmeans with SE.

Results

The volume of water displaced increased
as a stainless-steel sphere was progressively
immersed. Regarding the stainless-steel
sphere, a comparison of the measured volume
with the calculated volume revealed a small
discrepancy that increased as the extent of
immersion increased (Fig. 2A). As expected,
the volume increment per step (calculated as
the difference between two consecutive cu-
mulative volume determinations) increased
until the sphere was immersed to its equator;
then, it decreased (Fig. 2B). The measured
volume increment per step was slightly great-
er than the volume calculated using the
diameter and step length. Similarly, the mea-
sured surface area increment per step was
slightly greater than that calculated for a slice
of a sphere with a thickness equal to the step
length (Fig. 2C). The cumulative surface area
obtained by summing the measured surface
areas of the individual virtual slices of a
sphere was in excellent agreement with the
respective calculated cumulative surface area
(Fig. 2D). The relative discrepancy between
the two was –0.75% compared with the area
calculated from the sphere diameter.

Surface area measurements of stainless-
steel spheres with a standard diameter were
highly reproducible, as indicated by a narrow
and symmetrical frequency distribution
(Fig. 3). The variability, as indexed by a CV

of 0.95%, was very low, indicating very high
repeatability. The cumulative frequency dis-
tribution of measured surface areas was linear,
suggesting a normal distribution. In general
terms, the calculated and the mean measured
surface areas did not differ bymore than 1.7%.

Step length had a significant effect on the
surface area measurements (Fig. 4). Increas-

ing the step length markedly decreased the
variation in surface area for any one step. The
areas per step measured using the shortest
steps (0.4 mm) showed the greatest scatter
and largest deviation from the calculated area
(relative error = 35.8%). For increasing step
lengths, the variation decreased after a step
length of 0.8 mm (CV = 0.72%). For the larger
step lengths of 1.6 and 3.2 mm, the scatter
and deviation between the calculated and
measured surface areas per step decreased
markedly. For the latter, the CV were 0.41 and
0.14%, respectively. These correspond to
relative errors in the surface area determina-
tion of –0.75% and –3.8%, respectively
(Fig. 4).

The effect of step length did not depend
on the sphere diameter (Fig. 5). As step
length increased, the discrepancy between
the measured and calculated areas decreased
consistently for all sphere diameters (Fig. 5B).
The relative errors were larger for the smaller
spheres than for the intermediate and larger
spheres (Fig. 5B and C).

The surface tension of the liquid used for
the measurement had little effect on the
volume displaced. When deionized water
was used, a meniscus formed between the
water surface and the sphere as a conse-
quence of the high surface tension of the
water:air meniscus. At the intersection of this
air:water meniscus, with stainless steel, the
contact angle will be 71� (at the intersection
between the three phases). The direction of
the meniscus depended on position. It was
concave for the ‘‘southern hemisphere’’ of
the sphere but convex for the ‘‘northern’’
hemisphere (Fig. 6A and B).

When 80% (v/v) aqueous ethanol, which
has a lower surface tension (23.8 mN·m–1)
(Vazquez et al., 1995), was used the surface
tension effects on the apparent sphere volume
with progressive emersion were correspond-
ingly reduced (Fig. 6C and D). A comparison
of surface area measurements in water (high
surface tension) and ethanol (low surface
tension) did not reveal a consistent significant
effect of surface tension despite the marked
differences in meniscus formation (Fig. 7).
The surface areas per step measured were
essentially identical (Fig. 7A and B). The
discrepancies between measured and calcu-
lated surface areas were negligibly small and
never exceeded 30 mm2 (Fig. 7B). In cumu-
lative terms, the calculated and measured
surface areas did not differ by more than
2.5% (Fig. 7C).

There were no consistent effects of sur-
face tension when surface areas of smaller
(diameter, 15 mm) or larger (diameter,
40 mm) spheres were measured. The relative
error increased to 7.2% with smaller spheres
but remained at �1.3% for all larger spheres.
Regression lines calculated for the relation-
ships between calculated and measured sur-
face areas had highly significant r2 and slopes
very close to 1.0, regardless of the surface
tension of the liquid used (Table 1).

Wettability of the surfaces of roughened
and polished spheres with and without treat-
ment with a water repellent spray differed

Fig. 7. Effects of stepwise immersion of a stainless-
steel sphere in deionized water (H2O) or etha-
nol (EtOH) on the measured surface area per
step (Ameas) (A), the difference in surface area
between Ameas and the surface area per step
calculated from the sphere diameter (Acalc) (B),
and the cumulative measured and calculated
surface areas (C).
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significantly (Table 2). The roughened
spheres were more difficult to wet than the
polished spheres. Applying a water repellent
spray rendered surfaces of both roughened
and polished spheres that were more difficult

to wet. Despite the different wettability, there
was no significant effect on the surface area
measurement (Table 2). Measured surface
areas of spheres remained the same before
and after treatment with a water repellent.

The absolute error was always positive and
not significantly different with and without
water repellent. The relative errors in surface
area were always <5%. Also, there were no
differences in measured surface areas when
tomatoes and grapes were treated with water
repellent spray (data not shown).

We calibrated the method using standard
geometrical objects of different sizes. This
revealed excellent agreement between the
measured surface area from displacement
experiments and the calculated surface area
based on their dimensions. The slopes were
very close to 1.0 (Fig. 8A and B). The
absolute error increased as the size of the
spheres and truncated cones increased
(Fig. 8C and D). For the spheres, the relative
error decreased as the diameter increased
(Fig. 8E). For the truncated cones, size had
no consistent effect on the relative error of
surface area determinations.

The displacement method was applied
to fruits of a range of different species.
Excellent linear relationships were obtained
between the surface areas measured by dis-
placement and the surface areas calculated
using fruit dimensions and simple geometri-
cal models. Generally, the slopes were very
close to 1, and all r2 were highly significant
(Fig. 9). Only with ‘Roma’ tomatoes was the
slope 1.19, indicating a larger discrepancy
(+19%) between the measured and calculated
surface areas. This discrepancy was probably
more likely the result of oversimplification of
the geometrical approximations (spherical
fruit or rotational ellipsoids) than a result of
the displacement method.

When measurements of apples were per-
formed and the virtual stalk was mounted in
the stem cavity, air collected in the (oppos-
ing) calyx cavity during submersion. Simi-
larly, when the virtual stalk was mounted in
the calyx cavity, air accumulated in the (op-
posing) stem cavity. However, when the
virtual stalk was mounted on the cheek in
the equatorial plane, no air was entrapped in
the calyx or stem cavities. The surface areas

Fig. 8. Relationship between the calculated surface area of spheres (Acalc) (A) and truncated rubber cones
(B) of varying dimensions and the measured surface area (Ameas). Relationship between Acalc and the
absolute difference (DA) between Ameas and Acalc for spheres (C) and truncated cones (D).
Relationship between Acalc and the difference (DA/Acalc·100) between Ameas and Acalc for spheres
(E) and truncated cones (F). Significance of coefficients or determination (r2) at P # 0.05, 0.01, and
0.001 indicated by *, **, and ***. Dashed line indicates a slope of 1.

Table 1. Parameters of regression equations for the relationship between the measured surface area (Ameas) and the surface area calculated from the diameter of a
stainless-steel sphere (Acalc). The regression model was: Ameas (cm

2) = b · Acalc (cm
2).

Liquid Liquid density (g·cm–3) at 22 �C Surface tension (mN·m–1)

Regression parameters

b ± SE r2

Deionized water 0.998a 72.0d 1.019 ± 0.006 0.999***
Sunflower oil 0.913b 33.6b 1.016 ± 0.007 0.999***
Tween 80 (1.5% w/v) 0.980c 38.1e 1.024 ± 0.005 0.999***
Ethanol (80%v/v) 0.845a 23.8d 1.005 ± 0.006 0.999**

Significance of coefficient of determination at P < 0.05, 0.01, and 0.001 indicated by *, **, and ***, respectively. The y-axis intercept was not significantly
different from the origin. Hence, regression lines were forced through the origin. Density and surface tension values were taken from aStratton (1916), bEsteban
et al. (2012), cFarhadieh (1973), dVazquez et al. (1995), and eKothekar et al. (2007)

Table 2. Effect of wettability of stainless-steel spheres on the measured surface area (Ameas) and the surface area calculated from sphere diameter (Acalc). The DA
is calculated as the difference between the Ameas and Acalc. Data represent mean ± SE.

Surface Coated Contact angle (�) Acalc (cm
2) Ameas (cm

2) DA (cm2)

Blunt – 96.0 ± 1.6 a* 28.1 ± 0.0 29.8 ± 0.4NS 1.6NS

+ 119.7 ± 0.7 b 28.1 ± 0.0 29.5 ± 0.2 1.4
Polished – 90.4 ± 1.8 c 27.6 ± 0.0 29.8 ± 0.1 2.2

+ 119.4 ± 0.8 b 27.6 ± 0.0 29.1 ± 0.5 1.5

*Mean separation within columns by Tukey’s Studentized range test at P # 0.05.
NSMain effect within columns tested by an analysis of variance was not significant.
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determined among the three fruit orientations
did not differ significantly from one another
or from that determined from the peeled skin
(Table 3). However, the deviations from the
areas measured from the peeled skin were
smallest when the virtual stalk was mounted
on the cheek.

Discussion

Our results show that surface areas of fruit
that have a circular cross-section in the plane
lying normal to their morphological longitu-
dinal axes can be determined with high
reproducibility and accuracy by the displace-
ment method.

The wettability of the fruit surface and the
surface tension of the immersion liquid had
only very minor effects on the surface area
determinations. Only when working with
very small fruit were the relative errors of
surface area determination significant. For
example, for steel spheres (diameter
$15 mm) and truncated cones, the average
relative errors were 3.3% and always less

than 7.9%. We do not know the source of
this error, but it may have arisen from
meniscus effects. These were markedly re-
duced but still present when low surface
tension (80% v:v aqueous ethanol) was
used. Vibration generated by actuation of
the stepper motor may have contributed to
some errors and variability. These errors
seemed to decrease as the immersion step
length increased.

The minimum fruit size for reliable sur-
face area measurements is estimated to be a
diameter of 15 mm for spherical fruit. This
diameter is less than that for most blueberry
cultivars. Hence, the displacement procedure
is useful for most fruitcrop species. Other
plant organs should also be able to be mea-
sured in this way (tubers, bulbs, beetroot,
etc.) as long as they have a circular cross-
section in the plane normal to their long axes
along which they are immersed.

The method is limited to only organs with
convex surfaces. The presence of concavities
(such as in the region of the calyx and stem
ends of an apple) requires modification of the

procedure. Air bubbles will collect in these
cavities during submersion, leading to an
overestimation of fruit volume. Depending
on the geometry of the cavity, this could
result in an underestimation of the true sur-
face areas. Therefore, a possible adaptation
might be to fill these cavities with a silicone
sealant (to render the fruit convex or plane
only, i.e., no concavities). Then, both cast-
ings could be removed to determine the
surface areas. Following the appropriate cor-
rections, a true surface area of the fruit could
be obtained. Alternatively, a virtual stalk
mounted on the cheek in the equatorial plane
will avoid retention of air in either cavity.
However, this procedure may introduce a
new error if the fruit was not symmetrical
along the rotational axis. These errors were
small, at least for apples. The procedure
described herein is also useful to derive
empirical equations that predict fruit sur-
face area from readily obtainable fruit
properties such as mass, volume, diameter,
or height. Such models will be helpful in all
research requiring estimates of the surface
area.
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