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INTRODUCTION

To achieve efficient design of a fruit-
or vegetable-harvesting system, the ma
chine function must be matched to the
physical properties of the product. A full
investigation of physical properties fre
quently suggests a suitable mode of me
chanical harvesting.

This report presents the results of
physical and rheological property deter
minations made on the Northwest culti-

var of strawberry and the analysis of the
spectral reflectance characteristics of the
strawberry surface. These optical'proper
ties were to be used in the design of an
electronic color-sensing system for evalua
ting fruit ripeness.

The following measurements were con
ducted on this cultivar: 1. plant distribu
tion within the row and fruit distribution

on the plant; 2. physical dimensions and
weight of fruit; 3. fruit retention force as
related to time within the harvesting
season; 4. rheological properties; and 5.
spectral reflectance measurements and
subjective color evaluation. These differ
ent physical and rheological properties
were then correlated with the subjective
color evaluation to determine the best

indicator of fruit ripeness.

MATERIALS AND METHODS

Fruit and Plant Distribution

Plant density on the row was found by
counting the number of plants within 1-ft
(0.33-m) segments of a row. A wire
frame, 1 X 2 X 1 ft (0.33 X 0.66 X 0.33
m), was used to measure the fruit distri
bution within the row. The number of

berries per foot was also counted at 36
places on the 240-ft (73-m) row. To
cover the full row width, four successive
3-inch (7.6-cm) sections were taken about
a vertical center place.
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Figure 1. Hand dynamometer with berry in the
clamp and holder.
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Fruit Size and Weight

Each strawberry from a sample of 172
berries was weighed on a Mettler H-16
chemical balance. The height of the berry
and the minimum and maximum berry
diameters were measured about the cen

tral axis with calipers.

Fruit Retention Force

The fruit retention force (FRF) was
determined on the same samples by a
Chatillon DPP1 hand dynomometer
mounted on a surveyor's tripod (Figure
1). The strawberry stem was placed in a
spring-loaded jaw and the fruit held in a
special metal holder. The force was appli
ed by a hand-operated screw to avoid
impact loading. Maximum detachment
force was read on the dial and the weight
of the berry was added to the detachment
force to obtain the FRF. The dial was

then reset to zero to test the next sample.

Rheological Properties

A table model Instron Tester was used

to obtain force deformation curves for

118 strawberry samples (Figure 2). Each
berry was placed in an upright position
and pressed between two flat plates at a
loading rate of 2 cm/min. From these

Bioyield point (Y)
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Figure 2. Typical force deformation curve for strawberry subjected to loading between two flat
plates at a rate of 2 cm/min.
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Figure 3. Typical spectral reflectance curvesfor
totally green, 100% red, and overripe
strawberries plotted on an arithmetic
scale.

curves the values of linear limit (LL), the
minimum load when load deformation
curve becomes nonlinear; bioyield point
(Y), the maximum load beyond which
force decreases or remains constant with
increase in deformation; and tangent
modulus (0), the slope of the force
deformation curve, can be measured. The
statistical correlations among these vari
ables are shown in Table I.

Color Evaluation

One hundred and seventy-two berries
were taken over a 10-d period and subjec
tive color determinations were made to
get a range of samples from totally green
to red ripe to overripe strawberries. The
color determinations were expressed as a
percent of red surface. A 0% value was
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Figure4. Cumulative frequency fruit distribution curve per foot (30 cm) of strawberry
crop measured about the center of the row.

TABLE I CORRELATION MATRIX FOR RHEOLOGICAL PROPERTIES

Mean

SD

FRF

F/W
LL

Y

e

FRFt F/W LL

667.80 71.36 49.97 116.60 1.62

±236.70 ±24.26 ±26.10 ±47.70 0.65

1.000

0.408 1.000

0.263 0.006 1.000

0.423 0.254 0.471 1.000

0.410 0.262 0.280 0.759 1.000

t FRF, fruit retention force; F/W, fruit retention force to weight; LL, linear limit; Y, bioyield
point; and 0, tangent modulus.

TABLE II CORRELATION MATRIX FOR PHYSICAL DIMENSIONS OF STRAWBERRIES

FRF Weight Height

Mean ,667.80 g 12.30g 2.26

SD ±236.70 ±4.80 ±0.40
FRF 1.000

Weight 0.286 1.000

Height 0.282 0.054 1.000

Mean diam 0.383 0.445 0.746

Mean diam

2.02 cm

t0.56

1.000
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given for totally green, 100% for totally
red, and 120% for overripe berries be
coming deep red in surface color.

Reflectance Spectrum and Color Measure
ments

A Unicam automatic spectrum record
er was used to measure the reflectance of
the strawberry surface. A 2.54-cm diam
surface from the lower portion of each
berry, held in a metal holder and covered
with saran wrap, was scanned on the fast
speed over the visible spectrum (400-700
nm) (1 nanometer (nm) =1X10 9 m).
The instrument was calibrated for 100%
reflectance on a magnesium oxide surface
(reflectance factor 0.97). (Reflectance
factor is the ratio of reflected light to
incident light.) Spectral analysis was car
ried out for 118 samples over the 1970
harvest season. The relative reflectance
curves plotted by the instrument were
recorded on a logarithmic scale that was
then converted to an arithmetic scale
(Figure 3).

RESULTS AND DISCUSSION

Fruit Size and Distribution

Plant density per foot (0.33 m) of row
was 21 ±5. The mean weight of the
berry was 11.08 ± 4.15 g; mean height
was 2.26 ± 0.4 cm; and mean diameter
was 2.02 ± 0.56 cm. The statistical
correlations among the physical
dimensions are given for the Northwest
cultivar of strawberry (Table II).

A cumulative frequency curve was
plotted to show the berry distribution
across the row (Figure 4). This curve
indicates that 85% of the crop is contain
ed within 9 inches (23 cm) of the row
center line, 60% is within 6 inches (15
cm), and 20% is within 3 inches (7.6 cm)
of the row center line. To harvest 100%

of the crop, the total row width of 2 ft
(60 cm) should be harvested.

Fruit Retention Force (FRF)

The variation of mean FRF for ripe
berries related to day of harvest was
determined (Figure 5). Ripe berries are
those having 80% or more surface red
ness. The mean FRF for the ripe berries
decreased as the harvest season progress
ed. The equation of the line of simple
regression indicating the relation between
the two variables is:

FRF = 867.3

n = 112

Sy = 215.7
r2 = 0.122

32.7 D (1)

where FRF =

grams, and D
< 10.

fruit retention force in

day of harvest for 1 < D
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Figure 5. Least square simple regression of fruit retention force and F/W ratio on dayof harvest.

For the 1970 harvest season, the mean
FRF for 112 ripe berries was 667.8 ±
236.7 g. Tests conducted by Hoag and
Hunta in 1963 and 1964 on six different
cultivars (Stelemaster, Vermillion, Red
Glow, Sparkle, Sure Crop, and Midway)
found that the mean picking force of
different cultivars of strawberries was
significantly different (P< 0.05). In their
1963 results the range of picking force
was a maximum of 1155 g for Vermillion
to a minimum of 266.5 g for Sure Crop.
The correlation coefficient between FRF
and the day of harvest in the 1970
harvest season for Northwest was -0.349.
The ratio of FRF to weight (F/W) of the
ripe berry was calculated for 112 samples
and the F/W remained relatively constant
for ripe berries over the harvest season.
The simple regression of F/W on the day
of harvest gave the relation:

F/W = 64.6 + 1.73 D (2)
n = 112

Sy = 23.99
r2 = 0.030

Rheological Properties

Some rheological characteristics of
fruit can be utilized as apparent maturity
indicators. These properties indicate the
mechanical behavior of the fruit and the

response to applied mechanical forces.
The correlation of the three measured

rheological variables and FRF are given in
Table I. The highest correlation coeffi
cient of 0.423 was obtained between

FRF and Y (P < 0.05). Evidently, the
dimensionless ratio F/W is not a better
indicator of the various rheological pro
perties as might be first expected. The
least square simple regression of FRF on

a Hoag, D.L. and D.R. Hunt. 1965. Mechani
cal stripping of harvesting strawberries.
Paper No. 65-620, Amer. Soc. Agr. Eng.,
St. Joseph, Michigan.

Y resulting from a sample of 118 berries
is:

FRF = 504.8+2.0 Y
n = 118

Sy = 208.6
r2 = 0.178

(3)

where FRF = fruit retention force in
grams and Y = bioyield point in grams.

Spectral Characteristics and Maturity
Ratio

Normally, fruit ripeness is judged on
the basis of surface redness, and picking
and sorting are carried out by visual color
judgment. If berries are to be picked
mechanically, or processed on a continu
ous-processing operation, some suitable
color criterion is needed for quick and
accurate color evaluation that would indi
cate the ripeness of the berry. Therefore,
to find a color criterion suitable for
distinguishing ripe from unripe berries
electronically, the reflectance spectrum
of the berry surface was analyzed. Typi
cal reflectance curves were obtained from
the Unicam recorder for totally green,
100% red, and overripe berries (Figure
3). The results are of particular signifi
cance because the relative reflectance up
to 520 nm does not change significantly
over the range of berry ripeness; from the
650-nm wavelength and above, the differ
ence in relative reflectance is insignificant
over the range of berry ripeness. Within
the 520-650 nm range, however, there is a
sharp difference between the relative re
flectances with change in berry ripeness.

The reflectances at eight separate
wavelengths on each berry's spectrum
were correlated with the visual color

evaluation of that berry. The highest
correlation coefficient was found to be

-0.740 at the 525-nm wavelength. The
simple regression of Z on X gave the
following equation:

Z = 17.16-0.17 X
n = 118

Sy = 27.33
r2 = 0.551

(4)

where Z = percent relative reflectance at
525 nm and X = percent surface redness.

The electronic measurement of surface
reflectance of berries at the 525-nm
wavelength would give a reasonably good
evaluation of berry ripeness. It would,
however, incorporate many errors caused
by such variables as berry size, shape, sur
face wetness, gloss, instrument sensitiv
ity, and variation in instrument response
at different reflectances. Therefore, if
measurements of surface reflectances are
made at one wavelength, inaccuracies
caused by measurements would be incon
sistent for different levels of reflectance.

Color Criterion

To minimize instrumentation errors
resulting from measurements at one wave
length, the measurements of reflectances
were made at two wavelengths and the
ratio of reflectances was computed. The
resulting dimensionless quantity is a mea
sure of fruit maturity and not as easily
influenced by the previously mentioned
parameters.

The ratio of reflectances at two dif
ferent wavelengths was computed for a
number of possible combinations, e.g.,
600/500, 640/550, 650/530 etc. Of
all the reflectance ratios for each berry,
one reflectance ratio was required to
represent the surface color. This was de
termined by statistically comparing all re
flectance ratios with each berry's surface
color. The reflectance ratio for all the

berries that gave the highest correlation
coefficient with the objective surface
color determination was considered to
best represent the surface color and was
called the maturity ratio (Mr). This Mr
was found to be a good indicator of berry
ripeness and can be used effectively to
define the quality of the fruit.

The Mr for these strawberries was
established as the ratio of reflectance at
650-525 nm. Analysis indicated that Mr
increases steadily with increasing surface
redness. The equation of the line of
simple regression indicating the relation
between the two values is:

Mr = -1.76 + 0.11 Rp .
n = 118

Sy = 29.05
r2 = 0.493

(5)

where Mr = maturity ratio and Rp =
percent surface redness.

The correlations of Mr with rheological
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TABLE III CORRELATION MATRIX FOR SPECTRAL AND RHEOLOGICAL PROPERTIES

LLt 525 nm 650 nm Mr

LL 1.000

Y 0.470 1.000

525 nm 0.140 0.540 1.000

650 nm 0.200 0.004 -0.057 1.000

Mr -0.180 -0.470 -0.760 0.240 1.000

0 0.280 0.760 0.570 -0.060 -0.440 1.000

%Red -0.190 -0.570 -0.740 -0.050 0.700 -0.510
Day -0.270 -0.270 0.140 -0.440 -0.216 -0.050

%Red

1.000

t LL, linear limit; Y, bioyield point; Mr, maturity ratio; and 0, tangent modulus.

Day

1.000

and other spectral characteristics are
shown in Table III. The reflectance at

525 nm has a negative correlation of 0.76
with respect to Mr, indicating that the
green color of the berry surface decreased
as the Mr increased. There is also an indi

cation that Y decreased with increasing
value of Mr and a similar relation exists
with the tangent modulus.

CONCLUSIONS

The following conclusions were de
rived from the tests performed on the
Northwest strawberry cultivar:

1. The mean fruit retention force of ripe
strawberries decreased as the harvest

season progressed.

2. The fruit retention force decreased

and the surface redness increased as

the berry ripened. Both of these char
acteristics are good measures of berry
ripeness.

3. The rheological properties of the
strawberries obtained from the force

deformation curves are good indicators
of fruit quality and these parameters
can be effectively used in the design of
fruit-handling components.

4. The relative reflectance of 525 nm
(green-colored region of spectrum)
decreased and the relative reflectance
at 640 nm (red-colored region of
spectrum) increased as the berry
ripened.

5. The maturity ratio was an excellent in
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dicator of berry ripeness and can possi
bly be used in place of visual color
evaluations wherever sorting or separa
tion of berries based on color is used.

SUMMARY

Physical dimensions and fruit reten
tion force have been determined for the

Northwest cultivar of strawberry. Rheo
logical parameters were obtained from
force deformation curves. It was found
that mean fruit retention force of ripe
berries decreased as the harvest season

progressed. The correlations of rheologi
cal parameters with fruit retention force
and surface color were determined. The

highest correlation, 0.423, was obtained
between bioyield point and fruit reten
tion force. The ratio of reflectances at

650 and 525 nanometers, called the
maturity ratio, best represented the sur
face color and was used for evaluating
color and defining fruit ripeness.
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