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ABSTRACT

The past deCade has seen many advances in harvest
mechanization of many of our agricultural crops. Recent
'years ha#e seen a concentrated effort by many investigators
to ﬁechanize the harvest of citrus fruits. A complete
harvest mechanization system for citrus does not eiist at
this time, A deterrent to the development of such a system
4 has béen the lack of basic dafa on methods of removihg the
cii:us fruit from its stem.

The citrus fruit can be removed from its tree by
application of forces én the fruit-stem system. These
forces may be applied directly to fhe fruit itself by, for
example, grasping and pulling on the fruit. Forces can be
‘indirectly applied to!the fruit when the fruit-stem system :
is vibrated and inertial forces are developed. The latter
two means of applying forces to thé fruit-stem system deél
with forces applied to the fruit itself. These forces
must result in one or a combination of tension, bending,
or shearing stresses béing developed across the button‘of
the fruit of such a magnitude as to cause fruit removéig'
The second means of applyipg forqes to the fruit-sten system
is to apply forces to the stem. Cutting the stem is used
to detach the fruit from the fruit-stem system. Here
shearing forces inducedyby clippers result in severance of"

the stem and the fruit is removed.

iz
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In this study the removal of the citrus fruit from
its stem by forsional, vibratory, ahd pulling actions has
been considered. Removing forces were applied to the fruit
-itselfei‘Removal_of fruit by forces applied directly to‘the
stem (aé in cutting the stem) were not'cdnsideréd. The
“torsional and pull ﬁests were conducted such that the
individual and additive effects of tension, bending, and
torsional stresses could be observed. Vibrational tests
on the fruit-stem system were conducted fo gather basic
daté and observe the response éf the system to Vibratory
removal actions. _ B

Results of pull tests have shown that trends of
‘removal pull force throughout the growth and maturation.of
the citrus fruit are charaéteristic of the particular citrus
‘variety. it was also shown that when ‘pull forces are apﬁlied
.yat an angle to the major axis of the fruit the magnitude of
the removal pﬁll force is substantially reduced.

.Torsional‘femoval‘tests have'éhown'thét removal
torques are independent of maturity of fruit and'independent
of amount of tension'(up to lO‘pounds) that was placed on
the stem at the sémé time the torque was being applied to
the fruit. In other words, for a partidﬁiér.variety, the
removal torque remained constant throughout the test seasdn;

Vibratdry removai tests haﬁe shown thaj,Mérsh grape=
fruit require a less severe shaking action to cause‘femovél

than do Valencia oranges.,
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An increase in the stroke (amplitude) of the shaking
motion applied to the fruit-stem system has been shown to
decrease the frequency necessary to remove the fruit from
the stem.

The fruit-stem system responds in definite and pre-
dictableimannerisms to a sinusoidal shaking action. These
particular responses, or régimes of vibration, were found
to be useful in predicting how, why, and if fruit removal
would occur. Threé modés of separation of the fruit from
i1ts stem were encountered. These were, fruit removed with
button intact.on the fruit; fruit removed with no button
on the fruit, and fruit removed with a portion of its stem
intéota The modes of separation were found to be related
to the regime in which the fruit was vibrating. | |

A theoretical analysis of steady-state forced vibra-
tion of the frult-stem system was made. The analysis
yielded a mathematical model of the fruit-stem system
undergoing a2 sinusoidal shaking action. The anélysis yields,
among other things, deflection and stress across the buttonv

- for a sinusoidal shaking action.



INTRODUCTION

CITRUS INDUSTRY IN THE UNITED STATES

Citrus was first grown in the United States in-
. Florida during the mid 1500's. It was not uﬁtil 1821,
however, that groves of sufficient size were established
to mark the presence of a citrus industry in Florida. By
the early 1900°'s the boundaries‘of this country's citrus
industry had been established. Concentrations of citrus
were found in Arizona, California, Florida, and TexXas.
Today, these same four states produce nearly all of the
commercially grown citrus in the United States. Small
areas of production exist in Alabama, Georgia, Mississipﬁi,
and Louisiana,

Citrus fruit represent a major portion of all the
' fruit produced in the United States&(l)e In the 1964-1965
season sbme‘79699y060 tons ofioitrus were pi'oducedo . The
total fruit production for that year was 18,8929580 tons.
The value of the citrus crop in 1964-1965 was 522,369,000 _
dollars. Production from all tree crops is a one and‘one«-
third billion dollar industry in the United States. There;
foreg“citrus accounts for in excess of one-third of the '

dollar value of tree crop production in the United States.



Florida is the leading citrus production étate as
it produced 71l.6 per cent of the nation's citrus crop during
the 1964-1965 crop season. This state has eXperienced a
rapid increase in production over the past 15 years. The
FOalifornia industry ranks second %o Florida having produced
23,9 per cent of the nation's crop in 1964-1965, Production
inVCalifornia has decreased over the past 20-years,.primarily
because of the large influxXes of population which are displac-
ing the industry. The citrus indusiry in Arizona amounts to
32,354 acres. This state produced 2097per cent 6f the
nation's crop in 1964-1965. Recent plantings in Yuma County
and in the Chandler Heights area of the Salt River Valley
have greatly expanded Arizona's industry. Texas contributes
1.6 per cént of the total production of the citrus industry
of the United States. Most of the TeXas industry is concen-
trated in the loWer Rio Grande Valley where a high quality

grapefruit is grown.

/

HARVEST METHODS AND COSTS

Citrus frults are harvested by hﬁnd.pickinga ~Hand
labor 1s.‘tedious9 time consuming, and eXpénsive. Two methods
of fruit removal are used. to separate the fruit from its
stem. One method is the use of clippers tb cut the fruit
from the stem. The clippers have been designed to fit thé
palm of one hand and are secured there by a strap. With

this one hand the picker grasps and cuts the stemg The other



hand is used to.cohvey the clipped fruit to a receptacle,
C_lippingv,v as it is called, leaves the button (calyx)
attached to the frult. This is desirable in fruit which

are marketed fresh. -An intact button inhibits deteriora-
.tiOn‘which might eésily ocﬁur had the button been removed.
Also, a fruit with a button is more easily marketed fresh -
because of its pleaéing appearance, The second method of
#fruit removal islcélled snapping. This method is used

- primarily in Florida. Removal results from a combination

of sharp mdvements of the hénde‘ These movements cbnsist

“in simultaneously twisting‘and jerking upon the fruit at an
angle to 1ts major axis. The movements are shown in Figure 1.
Snapping removes the:button from the fruit when it is pickéd.
:Improper.snapping may result in plugging which isvthe'remeval
of part of the peel with the stem. This is highly undesirable
as the,raw:flesh of the fruit is left exposed and‘is suscept-
ible to quick deteriorationg The twisting motioﬁ of the hand
in the snapping process tends to evenly distribute the force
appiied to the button and lessens the chance of plugging.-
The angular pull on the fruit tends to lessen plugging and
also decreases the émount of foréé necessary to femove the
fruit from the stém.

| | Harvest costs for hahd»picked oitrus'represent a
suhstantial.oash output to the grower (2). Harvest éosts

for Navel and Valencia oranges in Arizona in 1962-1963 were.



FIGURE 1: MOTION IN HAND SNAPPING OF CITRUS FRUIT



| ' 5
$0.25 per packed cartanplb The harvest cost for lemons was
$0.50 pef carton and for grapefruit the figurevwas $0°l75;
By comparison, production costs were $0.97 per packed carton
‘for Valencias, $1.55 per carton for Navels, and $0.71 per
carton for grapefruit. These typical figures show that the

harvest operation may be 25 per cent of the production costs.

HARVEST MECHANIZATION

Increasing labor costs coupled with an actual decrease
in a dependable, profioient labor supply have pressed the .
need for some degree of mechanizétion of citrus hafveste
Complete or 100 per cent mechanization of éitrus would resuld
in mass removal of the crop from the tree With a minimum of
humen effort or decision, Other mechanization programs are
aimed at improving the efficiency of the picker by.giving =
hinm the ability to position himself about the tree in a quick
and easy mannere |

Some WOrk has been initiated on mass removal harvest
systems for citruso The "shake and catoh" method has been
used on some varities of citrus with encouraging results (3)
Other harvest systems, Still very much in the exXperimental

stage, are being worked upon.

lweight of packed carton:
Marsh grapefruit o « » « 32,0
Valencia orange . . . . 37.5 pounds
Navel orange o o o o 37.5



OBJECTIVES OF STUDY

Very littie 1nformatioﬁ is available on mechanically
induced detachment of citrus frults from their stem. In
years past, citrus has been entirely hand picked and knowle-
~edge of the strength of the fruit-stem union and response
of the ffuit»stem system to various removing actions was
not needed. Recent efforts to mechanize the citrus crop
has brought a need to understand the "héws ahd whys" of
mechanically indﬁced detachmenfo K

One method of meéhanicaily removing a fruit from its
stem 15 to create fofces on the fruit which are greater
than the bond between the fruit and 1ts stem; Thé removing
forces may be induced from direct physical coﬁtact with the
fruit or may result from inertial forces as when the fruit
is shaken., In either caéegdetachmenﬁ' results from one of
a combination of a pull or a twist on the fruit.

A primary purposé of this_thesis Was'to study and
observe various methods of mechanically detaching citrus
fruits from their stems. .'Eull9 twisting, and shaking actions
- were used to cause.detachmenﬁg Testing was done'under coné |
trolled conditions so that the removal actions could be
studied for a more complete understanding of the removal
process, , |

Mathematical modeling can often shed light on under-
- standing a system. With such a motive in mind, response of

the fruit-stem system to vibfatoryAremoval'acticné were modeled.



‘It was expected that data would vary with maturity
~ of the fruit. Hence tests were made throughout the growth

. season of the fruit.

REVIEW OF LITERATURE

PULL TESTS |

Data pertaining to removal characteristics of citrus»
fruits is very limited. Coppock and assocliates (4) have '
.reported on the results 6f pull tests on Valencia oranges
in Florida. Tests were conducted by pulling on the stem at
:various angleé with reépect to the major axis qf the fruit
as shown in Figure 2. Results of this work show a decreasing
removal force as ﬁhe'pull is diredted away frbm the major
axis of the fruit. Tests also have shown a decrease in
removal forge with an increase in maturity of the fruit.

Similar pull tests were conducted by Lemouria and
Brewer (5) on Oalifornia olives. The authors eipressed v
results of their work in terms of a P/ ratiéo_‘F was the
force necessary to remove the olive from the stem and W was
" the ﬁeight of the individual olive. Conclusions reached bj
the authors indicate the F/W ratio to be dependent upon the
rate of force application. Results also show the F/W'ratio
1o beiinfluenced by fruit maturity, physiologieal changes

within the fruit, and varietal and gebgfaphical differences,
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|
0° PULL
A 45° PULL

> 90° PULL

2 MAJOR AXIS OF FRUIT

FIGURE 2: ANGLES OF PULL APPLIED TO CITRUS FRUIT STEMS



VIBRATORY REMOVAL TESTS
Several field studles have been made on vibratory
' redeai'of oitrus; 00ppoék (4) and Lenker and Hedden (6)
have reported on vibratory removal tests on citrus in
Florida. Work by Coppqu in the 1964~1965~harvest season
proved the feasibility of the tree shaker har?esi system .
for citrus. Work showéd frﬁit reméval by such a systen té
be dependent upon fruit maturity and fruit variety. Work.
by Lenker and Hedden was done to.determineioptimum shaking
action. In their study, the effect bf limb stque; limb
diameter, and shaking frequency on fruit iemoval were
determined. A regre381on equation was determined from
field dété. This equation expressed fruit removal as an
algebraic combination of a linear function of 1limb diameter
and 1limb stroke,,andAa'éecond order function of the product
of shaking frequency aﬁd'limb sti‘okeo Other results showedl
- different optimum shaking zctions for different citrus |
varieties. | |

Field studies of vibratofy removal of citrus have so
 far been limited to the work described above in Plorida,
' Considerable work has beén done in vibratory harvest of
other tree crops (7, 8, 9). As yet, however, little work
has been done to studyfthe effect of'shakiné actions on
the fruit-stem system. ‘Lamouria and Brewer (S) have studiedf

the revoval characteristics of the olive-stem system. ' Results
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of this study showed removal effectiveness to be propor-
tional to the product of applied stroke times frequency

raised to a power. The power was theorized to be between

one and tWwo. A power of two would indicate removal effective-
ness is proportional to the maXimum acceleration imposed upon
the fruit-stem system. A power of one indicates removal is
dependent upon maximum velocity.

Coppock (9) hasrcommented on two tree-shaking concepts
'which.represent possible modes of vibration of the fruite
stem’system,' Pigure 3 illustrates the two shaking concepts.
Concept one is the result of applying the vibration normal
to the major axis of the fruit. The magnitude of the removal
force is proportional to the mass of the fruit, length of
the stem, and the applied frequency and stroke. Concept
number two has an excitation motion applied parallel to the
major axis of the fruit. Therefofe inertial and gravity
forces always act in the same plane. For verticallyAimposed
velocities of sufficient magnitude, the fruit will tend to
rotate as shown, This rotation causes the resultant forces
to bé applied at én angle to the button, causing separation.
In both removal concepts, forces induced in the stem which |
cause separation result from a combination of gravity and

inertial forces.



CONCEPT Al CONCEPT *2

FIGURE 3: TWO SHAKING CONCEPTS FOR CITRUS FRUIT
REMOVAL
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TORSIONAL REMOVAL TESTS

A third mode of removal has been discussed by
Coppock (9). This method consists in applying a torque
in a plane normal to the major axis of the fruit. A% the
same time a tensile force is applied to ‘the.'steme Results
of tests have shown that this method of fruit removal

minimizes plugging.



INVESTIGATION

EXPERIMENTAL PROQCEDURE AND APPARATUS

Mechanically induced detachment may result from one
or a combination of straight or angled pulls and a twisting
action. These forces may be applied directiy to the fruit
or may arise through inertial action. Equipment was cone-
structed to perform three reﬁoval tests utilizing pulling,

twisting, and vibratory removing actions.

PULL TESTS

The most basic removal test performed was a pull
testeA The appafatus consisted of a maximum reading force
gauge and an alligator clamp., The clamp was attached to
the stem of the fruit and provided a means for the force
gauge to be‘attached to the stem. Removal force could be
read directly from the gauge When the stem was pulled from
the fruit. _

Pull tests were conducted at three positions with
respect to the ﬁéjor axis of the fruit. Figure 4 shows
the pull testrapparatus as connected to pull in line with
the major axis of the ffuite ’This test was designated as
the zero degree pull test. The test places the>fruit stem

system in direct tension and is therefore a measure of the

13



FIGURE U: ZERO DEGREE PULL TEST
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tensile strength of the fruit-stem union. Figure 5 shows
the apparatus In position to perform an angled pull on the
stem. This second pull test was conducted by pulling at a
45 degree angle with respect to the major axis of the fruit.
The clamp was attached at one-half inch above the button of
the fruit. The third pull test conducted, is shown in
Figure 6. Here the pull was exerted at 90 degrees with
respect to the major axis.

All pull tests were conducted by firmly holding the
fruit against a surface with one hand and pulling on the
force gauge with the other. All attempts were made to

exert a uniform, even rate of pull on the stem.

TORSIONAL REMOVAL TESTS

Torsional removal tests were performed with the
apparatus pictured In Figure 7. The purpose of this type
of removal device was to apply a torque normal to the major
axis of the fruit while at the same time placing a constant
tensile load upon the stem. Figure 8 shows the desired
action.

Figure 9 shows the test specimen mounted in the
torsional removal device. The spring loaded clamp was
adjustable to compensate for size variation among the
samples.

The torsional action was provided by the force

gauge acting on a one-quarter-inch radius. The torque was



FIGURE FORTY-FIVE DEGREE PULL TEST



FIGURE 6: NINETY DEGREE PULL TEST

17



FIGURE 7: TORSIONAL REMOVAL DEVICE

18



STEM TENSION

) TORQUE

FIGURE 8: TORSIONAL REMOVAL ACTIONS
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applied at a uniform rate. Tbrque application was increased
until separation of the stem from the fruit occurred.

Tests were conducted at three different stem
tensions. These Were zero, eight, and ten pounds. The

stem length was not varied, and was set at one-half inch.

VIBRATORY REMOVAL TESTS |

A device was constructed which applied = sinusoidal
excifing mbtion normal,to‘the ma jor axis of the fruit, The
device ié shown in Figure 10. A scbtch yoke device supplied
theoretically pure sinusoidal mofiong The scotch yoke,
Figure 11, was driveh by a variable speed elecitric motor.
.Thg execlting motion could‘be varied éontinuously bet?eén
zero and 720 fpm;ﬁ“The scotéh yoke was-donstrudted such
that 1t.could be set at either a pne‘or two-inch stroke.

A screw.doﬁn‘clamp was used to attach the fruit and
its stem to the shaker arm, Ihe stem was held between a
metal and rubber surface. The rubber padding minimized
" injury to the stem as it was being clamped for the test.

Tests of fruit removal were made‘at different _
settings of_the shaking device. Variables which could be
changed on the shaker were frequenéy and stroicee Variables
concerning the'fruit were maturity and stem length. |

4 particular shaking test consisted in setting the
fréquency9 stroke, and stem length at'préadetérmined values,

The shaker was turned on and the test was timed until the



FIGURE 101 VIBRATORY REMOVAL DEVICE
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FIGURE 11:

SCOTCH YOKE
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ffuit was shaken from 1ts stem. If fruit removal had not
occurred within one ﬁinute the fruit was considered not ?
removable at thoée particulgr'shaking condi tions, Experin.
mental;design enabled the determination of dependence of

fruit removal oh frequency, stroke, and mafurity.

STATISTICAL DESIGN.

Citrus fruit were gathered and tested at the Univer-
sity of Arizona Salt River Valley Citrus Farm in Tempe,
Arizona. Fruits of three citrus varieties were all gathered
within a one-acre block on the farm.. Tests were conducted
ﬁpén Navel and Valencla oranges and Marsh grapefruit. The
Navel, Valencia, and grapefruit trees were planted in 1932,

Samples were randomly clipped from the tree for -
testing. Each fruit to be testéd was clipped with a three
to four inch stem attached, and brought into the shop to
"be tested. All_samples'were tested within three hours after
théy had been cut. In all 3625 citrus fruit were picked |
and tested. | ‘

| ‘Twentynfive4fruit were used as a sample size for
. the tests. For example, to determine the average zero
degree‘pull force to separate the stem from the'fruitg‘
twenty-five fruit were tested. Likewisesftwenfy;five
fruit determined the removal effectiveness of the shaker
for a given stroke, frequency, aﬁd stem length.
Tests on Navel oranges were begﬁn in mid~December and

Valencia oranges and Marsh grapefruit were begun in Fébruarye



THEORY -

A powerful tool of the engineer is his abllity to
represent physical systems with mathematical models. Such
modéling usually enables him to study a system in greater
detall than could be done by running actual tests'on the

system. In this study the fruit-stem system was modeled.
Fundamental mode freQuenciés of the fruit»stem gystem wWere
‘determineﬂ._ Mathematical'queling was then extended to
determine the steady~state forced vibration response of the
system to & sinusoidal. eXciting motion. Results of the
analysis’yielded an equétion which would give, among other
things, deflection and Stress at the button for the fruit-

sten systenm undergoing a sinusoidal forcing motion.

SYMBOLS USED IN THEORETIOAﬁ ANASYSIS DIMENSIONS

a. ¢ross seotioﬁal areg of stem . L

Qe amplitude‘of scotch yoke L
modulus of elasticity of stem ' .M/LTE
cross sectional moment of -
inertia of stem . A
radius of gyratlon of cr;ss sectional
moment of inertia of stem - ' e
length of stem L
moment at button | | ML2 /72
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frequency of“féréing %ibrationf _ - 1/7

cC o 9 R

P
: fundamental frequency a ‘ ',l/T
| radius of fruit ' o ; _ L
“ radius of stem ’ : o L
~ weight of stem‘ﬁer unit volume of stem 1'H/L2T2
time ‘, ’ g ’ B T
amplltude of stem at any position X along
. the stenm . . L
W " weight of fruit I . uML/T°

' NORMAL MODES OF VIBRATION |
Normal modes of vibration are speciaircases of the -
’iﬁfinitely many ways in which a system may vibrate. A
beam is said to be undergoing a normal mode of 0801llation
when - every portion of the beam is undergoing simple harmonic
motion invthe sameiperiod and phase., Bach portion of the
beam will have a different amplitude. In dtheriwofds,
period is independent of positidn along the beam, whereas
amplitude is dependent upon position. . | 4
' Normal mode response of the beam can be represented

by the equatlon.
3:UMMR¢, B e (1)

The general equation of métion for transverse oscillations

of thin beams is given by;

O (ET Q! é'" :
S ( I:EE%) {%r Eﬁ%ﬁ o oo (2)
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Substitution of equation (1) into (2) enables the deter-
mination of the amplitude of the normal mode yibration,
U. (See Appendix B for complete derivation of equations in

the theory section).

U= Adomx + Baummy &CUED}\NY\X4 DMMY . o . (3)

wWhere .H“4=.%J§Ly
, Qe p?

" The four constants A; B9 C, and D may be determined
by four boundary gonditions for the beam, or in this case,.
the fruitastém system. The boundary conditions were derived
by considering the fruit-stem system as a vertical canti-
leéired beam wWith a concentrated weight 2t one end. The
fruit-stem Systém is shown in Figure 12,

The first boundary condition is that the amplitude

of the beam is zero at the clamped end. In mathematical

notation,
U= 0 AT X=0. : | o o o (4)

The second boundary condition is that the slope of the stem

at the clamp end is zero. This is eXpressed as,

é&:g AT Y= O. .,,,(5)'
S dXx

The third boundary condition is the value of the shear
force at the button end of the stem (at-x = 1). The shear
force is egqual to the inertia force developed from the

concentrated mass during transverse motion. The shear



STEM  LENGTH

FRUIT RADIUS

FIGURE 12: THE FRMT-STEM SYSTEM
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forces and bending moments developed from the inertial
forces are shown in Figure 13. The shear developed at

X = 1 is a negative shear and is,

E= - W d%y | .. . (6)
9 dtz .
From beam equations, shear is expressablé by, .
- ETd
R= T E

But the co-ordinate system used 1n Figure 13 is not a right
handed system as was used in the derivation of the latter
equation. Por this particular co=-ordinate system,. the

shear eguation becomes,

- 3'- ‘
E;—EI%%B- , - (7)

Equating equations (6) and (7), We have,

W dYy - _ETAY .
SE‘E’Z‘ dx

But, ,
%‘l UMPNT_

Therefore,

WP bt = ~ET %0 pn Py
9 dx?

From which,

) e el o



FIGURE 13: REACTIONS TO

INERTIAL FORCES AT BUTTON
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In several sources of literature reviewed by the
author the fourth boundary condition was thatbthe bending
moment at XV: 1 was zero. However, because of the large
mass and large diameter of the citrus fruit, it was felt
that this assumption was not good. Therefore, the fourth
boundary was assumed to be the moment arising froﬁ
the inertial foroe aeting’over the radius of the fruifQ
This condition can be eXpressed by,

M= &LE at x= 1 Y (9)
dt?' o

The beam equation for moments is,

M- -ET q%z o | . o+ (10)

Equating equations (9) and (10) we havep

‘X%LEP\&UMDNt = —-EI cP mmﬂ\i AT x:f)

%}LP&RU = ET 4%

adx?
and,
AL mrw At ox= | ‘
% oc Lo o o o (11)
wWhere,

(12)

®

. .
b~ Dby I
© Q8 R* |
The four boundary equations are now expressed in

equation 4, 5, 8, and 11. Substitution.of the four condi=~

tions into equation (3) will eliminate the unknown consiants
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A, B, ¢, and D. This done, the resulting equation will be
solved for valufs of m. The frequenqies for the fundamental
modes of vibration can then be determined from equation (12)
which relates m %o Py the fundamental mode frequency.
Substitution of boundary conditions from eguatiouns

(4) and (5) into (3) yields,
U= Aoy cohmx) + 8(ammy-amhmy) |

Letting,
2=
c= wad
and using the last two boundary conditions, we eliminate A

and B and obtain,

Cir wohzwoz ] + czlandhe oz ~ome aohe | - %ca" (wdeanz] =0

This becomes9

L+ aohzan? - c2 + Rcz® anzomdz .
ohZmz — wmh2 (2 wheamz -amheape  © ¢ o (122)

This equation must.be solved for z so that the‘fundamental
mode frequencies may be determined. The equation was solved
for z by én'iterative process utilizing the digital computer.
Values of z which were det@rmihed are presented in Table 1.
Typical values of fruit radius and the weight of fruit to
weight of stem ratio were used.

| Once 2z has been determined; the fundamental mode

frequencies can be determined in the following manner.



TABLE 1
VALUES OF "Z" TO BE USED IN FUNDAMENTAL FREQUENCY EQUATION

1. FIRST MODE FREQUENCY

Stem length (in.) PFruit radius (in.) C* Z
2.0 1.5 406.0 0.24285
3.0 1.5 271.0 0.23205
4.0 1.5 203.0 0.31185
. 6.0 1.5 135.0 0.35645

2, SECOND MODE FREQUENCY
Stem length (in.) Fruit radius (in.) O
. 2.0 1.5 406.0 3.925

2.0 1.5 271.0 3.925
4.0 - 1.5 203.0 3.925
6.0 1.5 135.0 3.925

* Weight of fruit = 300 gms.

Weight of stem/in. = 0.37 gm/in.

33
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From equation (12),

- ‘ \
Bo — (Mj&my
" ,
But,
mZ: 22/92:
Therefore,
\
R 22[0Ek)? |
~ Qz( G j « o o.(13)

This equation shows that the normal mode frequencies arse

a function of six variables., O0f these six, three are assumed
constant fof the fruit-stem system, These are g, the accelera=
tion due to-gravity;Qg_the density of the stem, and E, the
modulus of elasticity of the stem materiél° Hence, we may

express. the above equation as,

Ro- K2k
L
where,
4

v :‘<:%?\2 = constant.

Thus we see that the fundamental frequencies are inversely
proportional to the square of the stem length and directly
prqportional to the radius of gyration of the stem. The 22
term is'influenced by the weight of the stem, weight of the
fruity'diametgr of the fruit, and length of the stem. It

was assumed that there was little variation in the diameter
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of stems among the three citrus varieties. Therefore, the
k2 term was combined with X and the resulting fundamental
frequency equation becomes,
2
Where, ,&
4
G = (ﬂ3
Q
The constant Kj cannot be evaluzted because the modulus of
elasticity of the stem was not known. Therefore, the
fundamental frequency curves can be plotted from the
equation,

2/l = 2?1 C . (1)

A plot of @N/\C\ ve. 1 for the Tirst fundamental mode is
shown in Pigure 145 The natural frequency of the system is
highly dependent upon stem lengtihs for lengths under approxay
imately four inches.

In its final forﬁs the equation for'fundamental mode

frequencies has been determined as,

P/ = ZZ/QZ.

Considering this equétion relative to any given fruit-stenm
system let us discuss its inferences. The fundamentzl
frequencies are é function of the mass of the stem, mass of
the fruit, length of the stem, aensity of the stem, radius

of gyration of the stem, and modulus of elasticity of the



STEM LENGTH (IN.)

FIGURE Ik: FIRST FUNDAMENTAL MODE FREQUENCY VS. STEM
LENGTH
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stem. One would eXpeot a wide variation of these physical
properties of the system within a giveh tree., It is impossible
to say, without field date, which of the variables change more
than others and hence determine the span of fundamental

- frequencies one would find in a tree,

In this analysis it has been assumed that the modulus
ofrelasticity and radius of gyration are constant along the
length of the stem. In fact, all variables contained in
the.constant K, are assumed to be independent of stem length.
This assumption is valid when we view the stem as a uniform,
homogeneous rod. In reality, however, the stem may change
in section along its length. This means thatthe radius of
gyration ﬁould not be constant with stem length. Similarly,
the stem may not be homogeneous along itsrlengthm It
might be expected that.differénces in stem composition
could be found above and below nodes‘which are commonly
found on the stem. ‘Non-homogeneity meéns that the modulus
of elasticity would vary along the length of the stem.
| . The analysis of a non»unii“orm9 non=homogeneous
fruit-stem system would be much more difficult. Because of
uniformity and homogeneity, equation (2) could be written

and solved as, k
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Equation (2) can only be written in this manner when the
modulus of elasticity and moment of inertia are constant
along the length of the stem. These assumptibﬁs were made
and the analysis pfesented is only as good as the fruit-

stem conforms to them.

STEADY-STATE ‘FORCED VIBRATION ANALYSIS
The differential equation of motion for steady~

state forced vibration is, :
4 2

EI%%+QS£<%%Z:(Q%>GD o inpt . s
The forcing vibration is applied at the fixed end (at
X = 0 in Figure 12) of the fruit-stem system. The right-
hand side of eéuation (15) is the additional load per unit
length impoéed upon the system. This load arises from the
fact that the whole system is being accelerated by the
external vibration. Hence the right-hand side is an
inertial force.

Assuming‘the deflection of the system relative to

the»clamp aé,

g =Lumpt

equation (15) becones,

Ech\i%* (%&}UPZ:_%SGDPZ.» | Lo (16)
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The pa:ticular'gdlution to this diffefenfial_équation‘is
chosen as, . ' ' ‘
U\D: - O\O'
“The homogeneous solution is derived in a mannér,sfimiiar' to
the free vibration solution. ' Therefore the tota;_'soiution
. o . SRR ‘

0= Augh mx ¥ 8 ounhmx v Cenmy + Qummx 0o o .0 (17)

The boundary conditions~are'the‘same‘as determined inﬁthe-'

free vibration analysiso -

0= du - ‘ -~
Iz o AT.Xi O
L miR Wy aT =
axy - Q% 9
A0 - =~ ' =
4 = &Q&_\&U SN
. where,.
bk

,‘Using the firs% two boundary conditionswe'obtain9
0= Aludh ey - cmy « & smhanx - wneny) ¢ G (omy-1).
Using the’ latter two boundary conditlons and after con81dere

able substltution and simpliflcation, the total solution is,

U _Ax(ﬁﬂ\ﬁw eomy) & B Mm«x /wn/mxva (omy- l) (18)
C ReB3 v

'where9

= Qo Hmzcmﬁ\a +mmaMquz] %GQC%[Q(m%mmJ\Z “pme — mm}\z]

+&oc22((2/ﬂ3[\+cmzmh% - Am2amh 2 - cm«cmhz

Az = E(@mu @whz) - (E/JD cz (@}1\2 cm%ﬂ

A'?,: |+ (ghe (e Gz_) 22 mmizmm}se

(22 - m)\acmz (heaunz - wndie we
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8 = - Lol omhenme +amzumhe) +Oocz[ Jughe twz + (2 + wnhe )
+0o®/ D) 22l oz cshe - mzwn}?a meh% 37

Bz = L2 +anhz - (@/D)ce? (@n}»a~‘cwzﬂ
Bs - | Ltutheanz _ ez -(%caz mzamz -
oha iz - bz oz ' (mhzoin 2 - mhe®Z
Note that Az and 33 are the composite equation for the fuun-

damental frequencieé of free vibration (see equation (12a).
At thg fundaméntal.freQuencies the right and left-hand sides
of equation (13) are equaloi Since the right-hand side is
subtracted from the left-hand side_in Az and B3, 143 and Bz
are zero at the fundamental frequencies. But 4z and Bx
appear in the denomlnator of the forced vwbration solutiono
Therefore, the amplitude U, of the forced vibration becomes
,infinite,when the frequency of the forecing functicn becomes
equal to one gf the fundamental mode fréq_uencieso

Equation (18) gives the amplitude of the fruit-stem
system at steadyéstate conditions for a sinuscidal forecing
funetion. A éteadyastate condition is achieved iﬁ a very
short time after the vibration of the system is commenced,
During this short time period-a transient solution would
‘have to be added to equation (18) to represent the total
solution to the fruit-stem system. But as mentionéd9 the
transient affect is short-lived. For this reason it was |

decided to deal with the steady-state response of the system.
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Figure 15 shows the amplitude of the stem end (at

the button) plotted against the ratio of the forciag
_frequency to the first fundamental mode frequency. Points
were determined from evaluationrof equation (18),' The
analysis was done for a 6-inch stem length, a weight of
fruit of 300 grams, a fruit diameter of 3 inches, and a
stem diameter of 1/8 inch. The weight and stem diameter
Qorrespond to typical Marsh grapefruit. It was not poésible
to exXpress the ordinate of the graph in frequencies because
properties of the fruit-stem system were not known (namely,
‘the modulus of elasticity). Figure 15 shows the amplitude
of the stem end to be 2 minimun at a foreing frequency of
3.5 times the natural frequency of the system. The amblitude
increases as the foréing frequenoy is increased, Caicula= '
tions not plotted on this graph show that the amplitude will
‘level off, decrease, and finally\become zero at the second
fundamental mode frequency. Hence, at the second mode K
frequency the button end of the stem will remain stationary,
i.e., 1% 1s a node position.

| The maximum bending stress across the button is
plotted versus‘the frequency ratio in Figure 16. The.
maxXimum bending stress can be derived from eqﬁations (9),-
(13), and by using, |

MAXIMUM BELSDING  STRESD = —NM:LH )
A
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In its final form, the maximum bending ‘moment is,
IV\MM ~ (2. Q\IUIP |

Therefore, at a given;forcing"frequency9 the maximum bending-
'moment is rroportional to-forcing frequency ‘and to the |
"amplitude of the stem at the poini where the'moment is to

be: ‘e’aiculat‘ed@ .‘Aga:in,, the ordinate of the plot in Figure 16
would have to{be multiﬁlied,bj'ﬁhe,first fundamental mode
_frequency,toigiue absoiute values alonélthe\ordinateb
Likewise, the abscissa would have to be multiplied’by the -
square of the forcingifrequency to give absoiute values of
' the‘maximum bending streSS&. As in the defleotion plot the
maximum bending stress will begin to decrease at speeds
greater than those plotted and will becomne zero at the second
mode frequency because the amplitude at this speed 1S Zero.
| Theoretical analysis has ShoWn that properties of
the frultastem system, namely the modulus of elasticity OL.
the stem, will have to be. determined before numerical
’_values for'defleotionp oending stress, or shearing stress
can be calculated. More. such physioai da%a conoerning the
_fruitmstem system Would open the door to & more oomplete |
study of the v1brational response of the fruit~stem system.
Other empirical studies such as determination of first

' fundamental mode frequencies should be done so that~theoretu
i-ical calculations and field data can be compared for agree~
~_ment° This would be necessary as a check on the validity of

the mathematical model of the fruit-stem system,,



RESULTS AND DISCUSSION

PULL TESTS

MEAN ZERO DEGREE REMOVAL FORCE VS. TIME OF SEASON

Tables 2 through 4 show the analysis of the means of
zero degree pull tests of the th:ee citrus vérieties through
the test season. Raw data with means and standard deviations
of these and other tests are given in Appendix A, In
Table 2, Section 1, means from the Valencia zero degree pull
tests are arranged in descending magni‘tudeo -Section 2 of
Table 2 shows theAresults of‘computations for Duncan's New
Multiple Range Test that were performed on the data.
~Duncan'é test is a method of making all possible comparisons
among the means; The results of all possible comﬁarisens
are shown in Section 3 df Table 2., Means whicﬁ are under~
scored are not significantly different from one another at
thexbne per cent level. fThere is some question as to
whether mean number 2 is with mean 1 or is with mean 3. But
the:magnitude of the difference between 2 and 1 is less
thén‘the difference bétween 2 and %, Hence mean 2 was
considered to be significantly different from mean 3 and
‘nd{ significantly differeni from mean 1. Thus data shows

that no significant differences exist in mean zero degree

45
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o TABLE 2 .
"DUNCAN'S NEW MULTIPLE RANGE TEST
FOR
VALENCIA ORANGE MEAN ZERO DEGREE REMOVAL FORCE VS. TIME OF
' SEASON

1. RANKING OF MEANS OF 2ERO DEGREE PULL TEST

Date ‘ Mean of zero degree pull test (1lbs.)
1. March 17 18,95
2. February 24 18,34
3, April 23 16,60
4, May 14 16.11
5. June 7 15.61
6. June 27 15,58

2, COMPARISON OF MEANS AT 1 PER CENT LEVEL -

Means compared Difference S8R Conclusion
1=6 3.37 2.36 Significant
1-5 3. 34 2,33 Significant
1-4 2.84 2.28 Significant
1=3 2:35 2,22 Significant
1=-2 0.61 2,13 Not significant
2=6 2.76 2.33 - Significant
2=5 2,73 2,28 Significant
2=4 2.23 2,22 Significant
2=3 174 2,13 Not signiiicant
3=6 1.02 2,28 Not significant
3=5 '0.99 2.22  Not significent
3=4 0.48 2.13 . Not significant
4-6 0.53 2,22 - Not significant
45 0.50 2.13 Not significant.
5«6 0.03 2.13 Not significant
3. RESULTS
March  Pebruary April  May June June

18.95 18.34 16.60 16,11 15.61 15.58




TABLE 3

DUNCAN'S NEW MULTIPLE RANGE TEST

FOR

MARSH GRAPEFRUIT MEAN ZERO DEGREE REMOVAL FORCE

VS. TIME OF SEASON

H

1. RANKING OF MEANS OF ZERO DEGREE PULL TEST

1.
2,
,3“
4,
5e
6.
Te

Date
February 24
June 7

February 2

April 23
May 14
Marech 17
June 27

47

Mean of zero degree pull test (lbs.)

15.78
14,11
13.80
13,60
13.14
13,07
11.84

2, COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means compared'Difference

1-7
1-6
1-5
1-%
1-3
1=2
2-7
2.6
2-5
24
2u3
3.7
3-6
3-5
3.4
ko7
4-6
4-5
5-7
56
6-7

3. RESULTS .
February June

15.78

HOMFROORROOO

o -] ° 8 ©

14.11

3.94
2.7T1
2,64
2,18
1.98
1,67
2,27
1.04
0.97
0.51
0.31

°
N O\ U~ OV
U3 0 O\ v O vl

13.80

SSR
2.13
2,10
2,06

2,04
1.97

1.89

2,10

2.06
2.04

1.97
1.89

.06
04

2

2.0
1.97
1.89
2.04
1.97
1.89
7
1.89
1. 89

[

' February April

Conclusion
Significant
Significant

Significant -

Significant
Significant

Not significant

Significant

No%
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
No+t

Not

May

significant
significant
significant
significant
significant
significant
significant
significant
significant
significant
significant
significant
significant
significant

March June
13,60 13.14 13.07 11.84 -
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TABLE #
DUNCAN'S NEW MULTIPLE RANGE TEST
FOR
NAVEL ORANGE MEAN ZERO DEGREE REMOVAL FORCE
VS. TIME OF SEASON

1. RANKING OF MEANS OF ZERO DEGREE PULL TEST

Date : Mean of zero degree pull test (lbs.)
1. December 21 21.09 ‘

2. December 29 20,37

3. January 31 18.27

4, TFebruary 24 12.71

2, COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means Compared Difference SSR Conclusion

la:l& 3038 3e 12 Significant
1-3 2,82 3.02 Not significant
1=-2 0.72 2.91 Not significant
2=4 7.66 3.02 Significant
2=3 2.10 2.91 Not significant

| =4 . 5.56 2,91 Significant

3 RESULTS
December December January February

21,09 20,37 18,27 12.71
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pull forces determined in Februa#y and March., Similarly,
ﬁo significant differenceé occuﬁred in April§ MayB and
June, .But there.waS'é significant difference in data
taken in March and April. Hence the daﬁa can be separated
into two significantly different groups. The first group
includes means from Pebruary and March, éhd the second
group includes’méans from April, May and’Junea

The means of zero @egree pull forces for Valencia
orange-data are plotted in Figure 17. The standard.
deviation for each mean is given neér the plotted mean.,
A linear regressioh anélyéié of the daté gave a value of
R2 %0 be 0.154. This low value indicates that a linear
| relation does not aiist between time and pull force. The
squation of the curve in Figure 17 was supplied by.a
'computer pfogram designedito give a quartic equation that
best fité the given data. The derived equation is shown
on the plot.
| Table 3 shows .the ranking of means of zero»degree
pull tests which were performed on Marsh grapefruit.
Duncan'’s New Multiple Range Test was performed on the data
“and the computations are shown in Section 2 of Table 3,
Results of the test are shown in Section 3. Results show
‘means can be gioﬁpeda The positions of means 2 and 7 are
not clearly determined. It appears that mean 2 is more

closely related to mean 3 than it is o mean 1. Also,
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mean 6 appears to be more closely related to mean 5 thén
it is to mean 7; Hence the means can be arranged into
three groups. These are 1, 2 through 6, and 7. That is
to say, means determined in laﬁe February and late June
sténd alone, significantly different from the rest of the
means. | | |

The zero_degree.pull force means for Marsh grapefruit
are plotted in -Figure 18. The R2 value calculated was 0,054,
Maximum and minimum removal forces occurred in mideebruary
and 1dte'June, respectivelyev The fruit was harvested on-v
June 8 ﬁhen the removal force was 14,1 poﬁnds.e The maximum
mean removal force was 15.8 pounds and the fiinimum mean
removal force was 11.8 pounds. |

Méans of the zero degree pull tests for Navel oranges
are ranked in Section 1 of Table 4, Computationé for
Duncan’s New Multiple Range Test are shown in Section 2,
‘Results of the test are presented in Section 3 of Table 4.
The test shows that no significant differences exist
between data on December 21, 29, and January 31l. There was
significaht_difference'betweén the mean determined on
February 24 ahd the previous three means.

Figure 19 shows the plot of zero degree pull.force
means for Navel oranges; The R® value was 0.382, The teéﬁsv
were initiated in the latter part of Deoember, only several

weeks before harvest. Removal forces were high during the
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FIGURE 19: NAVEL ORANGE MEAN ZERO DEGREE REMOVAL FORCE
VS. TIME OF SEASON
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harvest periéd‘ Navel orangeé from the teét block were
harvested on Febraary 2. Interpolation from the curve
shows the removal force to be 13.2 pounds atfhai'vest°
Tests were continued after the harvest season. Data show
é very rapid decrease in removal force oceurring between
the end of January and fhe end of February. |

It is interesting to compare the Navel and Valeucia
pull force -data relative to their harvest dates. The most
. obvious difference 1s that the Navel data are near their'
peak at harvest wﬁereas the Valencia removal forces'are
near their minima at hai'vesto The data show opposite trends
if compared rélative to the harvest perlod. Approaching the
harvest perlod the Valencia orange removal force is decreas»
ing rapidly. Conversely9 during thls same relative time
period, the Navels are slowly decreasing. At harvest, tﬁe
Navel require near 18 pounds to be removed whereés the
‘jValenoias require 15.5 pounds. After harvest, fhe §u11 force
data for Navels deéreases rapidly. This is consistent with_v
thé fact that if not harvested, Navel oranges will drop of
their owﬁ accord, The dQanérd trend of the data is evidence
that drastic changes in the strength of theAfruit«stem
union enables the fruit to fall easily. The ievéling off
of the Valencia data after harvest is also consistent with
observed phenomena, It is well known that if Valencia
fruit are not harvested, they ﬁiil remain on the tree

until the next harvest season. In other words, the strength
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of the fruit-stem union is meintained. The Valencia data
show this to be true, Thrqugh June, the strength of the
union was leveling off near 15 pounds.

MEAN ZERO DEGREE REMOVAL FORCE VS. ANGLE OF PULL

Results of the O, 45, and 90 degree pull tests are
| sumﬁafized in Section 1 of Table 5 through 7. Duncan's
New’Mﬁitipie RangeiTest’was used fo compafe between the
three types of pull tests. In all insﬁances, there were
signifiéantvdifferences between the means of O-and 90, and
O and 45 degree pull tests. Approximately hélf of the
tests showed no significant differences betﬁeen 45 and 90
degree pull tests. The results of Duncan's New Multiple
Range Test are summarized in Section 2 of Tables 5
through 7. | _ »

Typical pull force vs. angle of pull déta are .
plotted in Figures 20 and 21. Note the near 50 per cent‘b
reduction in removal force when attac?ment is‘made at a
45 degree angle.with respect to thejgéem, It should be
noted that attachment to the stem for the 45 degrée pull
ﬁas made af{oneehalf inch above the button. Therefore, in
"additidn toytension for@es{beﬁding and shearing forces were
induced in the stem during the pull which served %o reduce
the force to cause fruit separation. The important fact
gainéd from the angular pull tests is that the magnitude of
the removal foroé is substantially reduced when the force

is directed at an angle to the stem axis of the fruit.



DUNCAN'S NEW MULTIPLE RANGE TEST
VALENCIA ORANGE MEAN R

TABLE 5
FOR

1. RANKING OF MEANS (MEANS IN POUNDS)

‘Date

1. February 24

2. March 17
3. April 23

2, COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means Compared
February 24

0=45

0-=90

’ ~ 90=45
March 17

0=45

0=-90

9045
April 23

0=45

- 0=90

90=45

0 Pull 90 Pull
18.34 11.96
18.95 13.05
16.60 12.25

.Difference

7.88
6.38
1.50

9.04
5.90
3.14

7.63
5.90
3.14

S8R

2.29
2,19
2.19

2.36
2.26
2.26

1096
1.88
1.88

56 .

EMOVAL FORCE VS, ANGLE OF PULL

45 Pull
10.46
9.91
8.97

Conclusion

Significant .
Significant
~Not significant

Significant
Significant
Significant

Significant
Significant
Significant
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" DUNCAN'S NEW MULTIPLE RANGE TEST

FOR

GRAPEFRUIT MEAN REMOVAL FORCE VS. ANGLE OF PULL

1. RANKING OF MEANS (MEANS IN POUKDS)

Date

1. PFebruary 24
2. March 17

3. April 23

2. COMPARISON OF MEANS AT?l PER CENT LEVEL

Means Compared
February 24
: 0=45
0~90
‘ 90=45
March 17 :
0-45
0-90
90-45
April 23
: 0=45
0=90
90=-45

O Pull
15.78
13.07
1.3060

Difference

8.90
8.24 .
0.66

5,11
4.58
005.3

T.72
5.83
1.89

-90 Pull

T 54
8.49
T.7T7

SSR
1080

C1.73
1.73

1.66

1.59
1.59

1.78
1.70
1.70

45 Pull
6.88
7.96
5.88

Conclusion

Significant
Significant
Not Significant

Significant
Significant
Not Significant

Significant
Significant
Sigpifioant
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TABLE 7
DUNCAN'S NEW MULTIPLE RANGE TEST
FOR »
NAVEL ORANGE MEAN REMOVAL FORCE
VS. -ANGLE OF PULL

1. RANKING OF MEANS (MEANS IN POUNDS)

Date 0 Pull 45 Pull 90 Pull
1. December 21 21.09 15.68 12.84
2. December 29 20.93 12.89 11.44
3. January 31 18.63 8.22 8.64

2, .COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means. compared Difference SSR Conclusion
December 21
0-90 8.25 3.35 Significant
0=-45 5.41 3.22 Significant
45-90 2.84 3,22 Significant
December 29
0=90 9.49 2.77 Significant
O=45 8.04 2.66 Significant
45-90 1.45 2.66 Not Significant
January 31
0-90 9.99 2.59 Significant
0-45 10.41 2.48 Significant

45-90 0.42 2.48 Not significant



MEAN ZERO DEGREE REMOVAL FORCE(LBS)

VALENCIA ORANGE
APRIL 23,1966

MARSH GRAPEFRUIT
APRIL 23,1966

ANGLE OF PULL

FIGURE 20: MEAN REMOVAL FORCE VS. ANGLE OF FULL



MEAN ZERO DEGREE REMOVAL FORCE (LBS.)

20.0

N/WCL ORANGES
JANUARY 31, 1066

ANGLE OF PULL

FIGURE 21: MEAN REMOVAL FORCE VS. ANGLE OF PULL
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VIBRATORY REMOVAL TESTS

PER CENT REMOVAL VS. FREQUENCY OF VIBRATION

PMigure 22 shows a removal curve for Marsh grape-
fruit on June 27, 1966. Per cent removal, i.e., the
per cent of fruit removed from its fruit-stem system is
plotted as the ordinate and the rpm of the eXciting motion
is plotted as the obscissa, For this particular éurve, the
stroke of the scotch yoké was set at two inches and the
stem length of the oranges tested wefe two inches. The
data shows a linear relationship between per cent removal
and shaker rpm. Most pléts of this type showed the linear
relationship to exist. BSome curves showed siight convexity
and these curves Were:consistently those detérmined for 1
inch stem lengths. Figures 23 and 24 show Valencia orange
removal curves under two different strokes snd stem lengths.

It is interesting to note the slope of the removal
curves, figures 23 and 24 show that.the span between zero
and one=hundred per cent removal was only 80 rpm. The
steep slope indicates a rather rapid ehange in the vibra-
tional respouse of the éystem to 1its exciting métiono The
slopevof the curve was somewhat dependent upon *%ime, The
less mature fruii, especially young Valencias; give removal
curves with lesser slo?es than the mature fruite Thus,
removal curves shifted to the left along the abscissa and
increased in slope as the season progressed and the fruit

became easlier to remove.
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MARSH GRAPEFRUIT

JUNE 27,1966
2" STROKE
2" STEM

400

FIGURE 22: PER CENT REMOVAL VS. FREQUENCY OF

VIBRATION



VALENCIA ORANGES
JUNE 7, 1966

2" STROKE

2" STEM

R PM

FIGURE 23: PER CENT REMOVAL VS. FREQUENCY OF
VIBRATION
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VALENCIA ORANGES

JUNE 27, 1966
r STROKE
I" STEM

R PM

FIGURE 2h: PER CENT REMOVAL VS. FREQUENCY OF
VIBRATION
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REGIMES OF ViBRATION OF THE FRUIT-STEM SYSTEM

Althbugh obnsiderable data has been taken to
determine‘removal cbnditidns-for fruit under vibratory
motion, the process of removal itself was not fully undér-
sfodde What motlon in the response of the fruit to
vibration causes the frult to be separated from the stem?

In order to visually study responses of the cl trus
to vibration, movies were made of the fruit undergoing a
range of forcing fi‘equencieso This was done for iive
typical frult, three Valencia oranges and two Marsh grape-
fruit. Filus were made of fruit with two and four inch
stems. "Results of observations of the films are recorded
in,Téble 8. All fruit undérwent the same characteristic
vibrational responses to the exciting motion. At slow
speeds, motion of the fruit-stem system was in phase with
the exciting motion and the induced deflection (amplitude)
of the fruit was small. The next regime of vibration was
the first fundamenfal mode of vibration of the”system°
‘In this regime, ampliﬁude of the system was extreme. By
increasing the frequency by 1S-to 30 rpm above the fundém‘
mental,frequency'of‘ﬁhe system, another regime of vibfation
was encounteréd° At this particular frequency the fruita
stem system performed circular oscillations. The fruit-
sten éystem performed movements that looked like a ball on

the end.of a string being whirled in a circular path. This



Regime
Very slow

eXeciting
frequencies

Pirst

fundamental

frequency

' Oircular

response

. Beat
: fphenomena

Unstable
motion

TABLE 8

REGIMES OF VIBRATION
(2 INCH STROKE)

Approximate

Prequencies
(RPM)

0-100
100
130

145

300=400

Removal Effectiveness

W4ill not remove fruit frem
stem

Given sufficient time, the
stem Will fatigue at its

fixed end due to excessive
amplitude, The fruit will

- be removed with its stem

intacts

Remeval Will occur in same
manner as above

. This regime is poor im

removal affectiveness.
Relative motion between

.the fixed end of the stem
‘and the stem is not suffi-

cient to fatigue the stem

at 1ts fixed end and

inertial forces induced

. at the button are not

sufficiént %o remove fruit.

- Unstable motion of the fruit

causes inertial and gravity
foreces to be applied at an
angle to the stem causing
fruit removal 2t the fruit-

stem union.
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unusual response was explained as follows. VWhen a system
undergoing forced vibrations enters the regime of 1ts first
fundamental modé}bf vibration the amplitude'of the system
increases linearly with time. As time progreésgs, the
. amplitude approaéhes infinityo When the frﬁit~stem_8ystem -
encouﬁtefs‘foréing frequencies at 1ts fundamental mode,
the émplituderof the system can be seen to increase with
time. At such time, the system goes into the circular
mode response, -As'the system attempts to échieve infinite
amplitude, imperfections~such as unbaiance ofvtheAhanging
fruit and crooked stems become-importj-anto Such conditions
. cause the fruit to be displaced from 1ts two dimensional
plane of‘mdtion intb the dimension perpendicular to the _
pléne of motion. Once this latéral displacement)haé ocdurred,
the ever increasing amplitude of the system tends to amplify'
the lateral movement. Hence the system enters & mode of
éircular osclllations, |

| An.incfease in‘freQuencylof from 15 to 30 rpm caused,
a transition into another regime of vibration.-_ﬁt this
partioular frequency, the fruit performed a combination of
‘ movements° Most noficeable was the transition ofAthe |
system te vibration 180 degrees out of phase With the’
_exciting motion. In addition, beats were clearly visible
in the motioﬁ of the fruita This beat, or stop and go

phenomena, occurs when the exciting frequency is near the
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natufal frequency of an ésci;lating-system, Comﬁined with
the‘beats and 180 degree phase shift #as a tWwisting of the
fruit about its‘major axis. This twisting can be explaine@-
by the mass center of the fruit being out of the plane of

- the exXciting motlion. The resultant inertial forces cause

a twisting moment about the major axis. The latter regime
of vibration occurred at approximately 150 rpm for the fruit
‘filmed. The next definable regime of vibratién 6f'intefest
occurred at 400 rpﬁ'for a Valencia orange>ﬁithAa 4 inch stem
and at approximately 350 rpm forAa'Valenéia orange with a
%Wo‘inch stem. Simiiaflyg the phenomena occurred at 250
rpm for a Marsh grapefruit With a four;inch7sfem,_ This
regime of vibrafion can best be deéeribed as a seémingly N
‘unstable vertical motion of the fruif'while undergoing:the
4horizonta11y applied exciting motion. The random motion of
the fruit relative to the stem induces bending forces in
the stem and causes inértialland gravity forces tq be
applied at an angle ﬁo the stem of the fruit.. But data have
shown that the separating'force is lessened for angularly |
applied forcés, Hence, When the fruit enters this fegime
of vibration, fruit separation is initiated. The'reéime of
vibration described here is a characteristid: response of
the fruit-stem system. In other words, it is a.définite,
Apredictable reéponse that does not occﬁr randomly. QIt.is
determined by physical properties of the system and by the

“exeiting function.
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Data supports the theory that when the unstable regine 6f’
Vibratien is entered fruit séparation will begin %o occur.,
The unstabie motion first occurred in the Marsh grapefruit
film at approXimately 250 rpm. Remo?al curves for grape-
-fruit with the same 2 inch stem show that fruit removal is‘
initiated near 200 rpm, With épproximately 40 per cent of
the fruit being removed at 250 rpm. Similarly, unstable
motion was first observed at approximatelvaSO rpm for a
Valencia orange with a 2 inch stem. Removal curves for
'Vaiéncia oranges show that approxXimately 40 per cent removal
would occur}ét this,frequency° Hence,_fdr both the one
grapéfruit'and one Valéncia orange, transition to the
unstablé‘regime fell near to the lowest frequénéies which
caused fruif separation.

'PER CENT REMOVAL VS, STROKE

Figures 25'aﬁd 26 show the influence of stroke on
. fruit removal. Date from Figure 25 was. for Marsh grapefrult
with a two inch stem. A one and twd inch stroke setting
‘was used to obtain the curves. For a ome inch stroke
setting, 100 per cent fruit removal was obtained at 400
rpm. By domparisonolthe tWwo inch stroke setting gave 100
pexr cent removal at 280 rpm,. _Results Were eveﬁ more dramatic
 with Valencia oranges in Figuré 26, The stem length for
these fruit were one inch. At a one inch étroke'set'taing9

thg highest_speed.of the shaker; 720 rpm, removed 80 per cent



STROKE
STROKE
MARSH GRAPEFRUIT
2" STEM
40
R PM

FIGURE 2$: EFFECT OF STROKE OF VIBRATION ON PER CENT
REMOVAL OF MARSH GRAPEFRUIT
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LU 40

VALENCIA ORANGES

JUNE 27, 1966
I STEM LENGTH

2 STROKE

RPM

FIGURE 26: EFFECT OF STROKE OF VIBRATION ON PER CENT
REMOVAL OF VALENCIA ORANGE

STROKE
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of the fruit. ‘On the other hand, 80 per cent removal at
the twd inch stroke setting occurred at 350 rpm.

Stroke appears to ha#e a marked affect upon citrus
fruit removal. As mentioned in the literature reviewD
several attehpts havé been made to correlate fruit removal
with stroke and frequency. No attempt in this study was
made at such a correiation° The mafked effect of stroke
on citrus fruit removal for the two strokes used indicates
that further work in this direction should be pursued.

REMOVAL FREQﬁENCIES VsS. TIME OF SEASON

Figures'27 and 28 show the effect of ‘time of season
on the freguency necessary to remove 100 and 50 per cent of
the fruit. It is.interesting to note the similarity between:
' these two curves and the pull force vs. time curves in
Figures 17 and 18. The bottom two curves of Figure 27
shoWw 100 and 50 per cent removal data frqm Valencia oranges
with a two inch stem and a two iunch stroké set on the shaker,
Note the relétively rapid change in the curves in late
April and the leveling off 'thrqugh'June° FProm the curve we
see that in léte April it took nearly 660 rpm to remove 100
- per cent of the fruit. By iate June it took only 400 rpm
to remove 100 per ceﬁfev The upper curve shows a SO'pér cent
remo;al curve for oranges with a one inch stem and‘the
' shaking stroke set at one inch. This curve showed less

change with time as compared with the lower two curves.



73

VALENCIA ORANGES

| stroke
-—-—- HARVEST

50% REMOVAL

2 STROKE
a 500
100% REMOVAL
50% REMOVAL
JUNE

4

FIGURE 27: EFFECT OF TIME OF SEASON ON REMOVING
FREQUENCIES FOR VALENCIA ORANGES
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MARSH GRAPEFRUIT

2" STEM
2" STROKE

IC0% REMOVAL

50% REMOVAL

HARVEST

MAR. APR. JUNE

FIGURE 28: EFFECT OF TIME OF SEASON ON REMOVING
FREQUENCIES FOR MARSH GRAPEFRUIT
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Figure 28 shows the same plot for grapefruit. The
‘curve has the same general shape as the pull force vs.
time curve for grapefruit for this same time period. 1In
Pebruary it took approximately 360 rpm to remove 1OQ per
‘cent of the fruit with a two inch stem and utilizing a8 two
inch stroke. By the end of June it took approximétely 280
rpm to remove the same fruit with the same stroke.

MEAN ZERO DEGREE REMOVAL FORCE VS. 100 PER CENT
REMOVAL FREQUENCY '

A plot of mean zefo‘degree pull force vs. 100 per cent
removal frequendy for Marsh grapefruit is shown in Figure 29.
The points for the curve were determined by taking the mean
- pull force and the frequency determined to remove 100 per
‘oent of the fruit‘froﬁ days in Feﬁruary, April, and June,

The purpose of the curve was to determine if pull force was
a sensitive indicator of removing frequencies. Statiéticél
analysis has shown the ordinate value of the‘iop point on
the curve to be*significanfly different from the ordinate
value of the bottom point. The curve shows zero degree
‘pull force fo be a relatively sensitive indicator of removal

frequencies for Marsh grapefruit.

| TORSTONAL REMOVAL TESTS

REMOVAL TORQUE VS. STEM TENSION
Torsional removal tests were conducted with 0, 8,
and 10 pound stém tensions. Data from the tests is presented

}in Table 9.



MEAN ZERO DEGREE REMOVAL FORCE (LBS.)

MARSH GRAPEFRUIT
2" STROKE
ZSTEM

RPM

FIGURE 29: MEAN ZERO DEGREE REMOVAL FORCE VS. 100%
REMOVING FREQUENCIES
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TABLE 9
ANALYSIS OF VARIANCE OF NAVEL ORANGE,
VALENCIA ORANGE, AND MARSH GRAPEFRUIT MEAN REMOVAL
TORQUES VS, STEM TENSION

NAVEL ORANGE MEAN REMOVAL TORQUES (IN. LB.)

Date 0 Pound 8 Pound F Test (1% level)
December 22 0.648 0,612 Not significant
December 29 0,703 0.847 Not significant
January 31 0.836 0,647 Not significant

MARSH GRAPEFRUIT MEAN REMOVAL TORQUES (IN. LB.)

Date 0 Pound 10 Pound F Test (1% level)
February 25 0.590 0.457 Not significant
March 18 0,460 0.421 Not significant
April 24 0,443 0.43%2 Not significant

June 8 0.561 0.360 - Not significant

. VALENCIA ORANGE MEAN REMOVAL TORQUES (IN.LB.)

Date O Pound .10 Pound F Test (1% level)
February 24 0.537 0.620 Not significant
March 18 0.604 0.553 Not significant

April 24 0.590 " 0.515 Not significant
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Navel oranges were tested on three occasions. At
each date of test, removal torques were determined for O
’and 8 point stem tensions. Of the three tests;, none
showed a significant‘difference in reﬁéval torque for the
two stem tensions. Marsh grapefruit were tested at four
) different dates. Results show that for all four dates, no
significant differences were found between the removal
torques for the O and 10 pound stem tensions. The»three
Valencia tests gave no signifiéant differences in removal
torques for the two stem tensioﬁs° |

REMOVAL TORQUE VS. TIME OF SEASON

The torsf%nal removal data collected throughout
the season fon Marsh graﬁefruit is presented in Tables 10
through 12. In Table 10, Section 1, the means of the O and
10 pound tests on grapefruit are ranked in descending order;
Computations and results of Duncan's New Multiple Range |
Test are shown in Section 2 ofATable 10. Results show that
mean removal torques determined in Pebruary, March,,‘ﬁ_prii9
ankoune were not significantiy different from one another.
In other words, reﬁoval torque is independent of the
maturity of the é;rapef’ruita

, Similar.cémparisons between means determined for

Navel and Valencia oranges showed mean rémoval torque to be
independent of time of season. The data and results of

Dapcan"sbNew’Multiple Range Test are presented'ianable 11
and 12.



GRAPEFRUIT MEAN REMOV

l. RANKING OF MEANS

TABLE 10
DUNCAN'S NEW MULTIPLE RANGE TEST

FOR

O POUND STEM TENSION

Date

10
2,
S
40

10

Date

8,
b,
C.
do

Pebruary 25
June 8
March 18
April 24

Mean removal

0.589
0.562

- 0.458

0,443

POUND STEM TENSION

February 25
April 24
March 18
June 8

Mean removal

0.457
0,432
0,421

- 0.361

AL TORQUE VS. TIME OF SEASON

torque (in. 1lb.).

torque (in. 1lb.)

2. COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means compared Difference

l=4
1=3
1-2
2=4
2=3
By
a=d
a=0
a=h
b=d
b=c
c=d

0.146
0.131
0.027
0.119
OO 104
0.015
0,096

. 0,036

0.025
0.071
0,011
0.060

SSR
0.207
0.201
0.193
0.201

0.193

0.193
0.267
0.259
0.249
0.259
0.249
0.249

Conclusion

Not
Not
Not
Not
Not
Not

"Not

Not
Not
Not
Not
Not

significant
significant
significant
significant
significant
significant

significant.

significant
significant
significant

significant

significant
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TABLE 11
- DUNCAN'S NEW MULTIPLE RANGE TEST
FOR '
NAVEL ORANGE MEAN REMOVAL TORQUE VS. TIME OF SEASON

1. RANKING OF MEANS

O POUND STEM TENSION

Date - Mean removal torque (in. 1b.)

1. January 31  0.837

2. December 29 0,732

10 POUND STEM TENSION

Date Mean removal torque (in. 1b.)

a, December 29 0,847

b. January 31  0.647
2, COMPARISON OF MEANS AT 1 PER CENT LEVEL

Means compared Difference SSR  Conclusion
1=2 0,105 0.330 Not significant

a=b 0.200 0.447 Not significant
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2,

DUNCAN'S NEW MULTIPLE RANGE TEST

TABLE 12

FOR

81

VALENCIA ORANGE MEAN REMOVAL TORQUE VS. TIME OF SEASON

RANKING OF MEANS

0 POUND STEM TENSION v
Mean removal torque (in. 1b.)

Date .
1. March 18
2. April 24
3. February 24

0,604
0.590
0.538

16 POUND STEM TENSION

Date _
a, February 24
b. March 18

c. ‘April 24

Mean removal torque

0,620

0.552
0,516

COMPARISON OF MEANS AT 1 PER CENT LEVEL
Means compared Difference

1-3
1-2
23

a=0
a=b
b=cC

0.066
0.014
0.052

0.104
0,068
0.036

SSR
0.258
0.248
0.258

0.231
0.221
0,221

(in. 1b.)

Conclusion

Not
Not
Not

ot
Not
Not

significant
significant
significant

significant
significant
signifiqant
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PRACTICAL IMPLICATIONS OF DATA

A major goal of this thesis would go unfulfilled if
the data taken could not be applied in a practical manner;
Exténsive data has been gathered on the physioal properties
of the citrus fruit-stem system under various removal
actions. Now the quesStion must be asked, "How can the
resuLtS'of this experiment be applied to mechanical harvest
- systems for use on ciltrus?”

PULL AND TCR$10NAL TESTS

Devices which remove fruit by direct physical contact
cén~use the pull and torsional test data outright as it is
présentedo Magnitude of the data (such as remoﬁal pull
fdrcesj could cohceivabiy be‘used for”design purposes. )

| Plugging of citrus fruit has been a problem in hand
picked fruit in Florida and to some extent in California.
Coppook (9) has commented that a direct, or zero degree
pull on the fruit‘encourages plugging. However, of the 425
zero degree pull tests %onducted, only eleven fruit plugged.
No fruit pluggedywhenlthe force was applied at an angle
and none plugged under torsional or vibratory removal
action_s° Thus, data shows an inherent>difference in one

: partiéﬁlar physical property of Arizona and Florida citrus.
It aﬁpearé that plugging would not be a problem to the

desert grown citrus in Arizona.



VIBRATORY REMOVAL TESTS

tpplication of the vibratory removal data to practical
utiliéation‘is~not the same direct process. This situation
arises directly from the assumptions made in setting up the
experimental fruit-stem system. For laboratory.tests, the
fruit-stem system was idealized in twdrespects° Pirst, the
exciting motion was'applied normal to thé major axis of the
fruit. Secondly, the initiai end of the stem was clamped in
a rigid support. Tnese idealizations may or may not exist
in the actual environment of the fruit-stem system.,

The vibratory removal data are directly useful in a
relative Sensé° Data have shoWn that the ex01ting stro&e
applied to the system has & great influence on fruit removal.
,In'pragtical appligation this wou1d indicate_that’exciting
frequencies appiied to trees could be decreased if the
stroke of the exciting motion were increased. |

" Other daté (Figﬁres.27,and 28) have shown removal
frequencies to‘be dependeﬁt»upon time of seésoh, df special
‘interest is the trend shown-for grapefrult asléhqwn.in
Figure 28. The curve'éhows fﬁe beginning of a'répid
decrease in removal frequencies after the conveatlonal
narvest date. This indlcates that delay of harvest WOuld
éase vibratory removal. It shoulﬁ be noted tnat the discus-'

sion of harvest delay is based upon,vibratofy removal data
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cnly°‘ Most certainlyﬁofher factors euch as fruit qualit&o
-maturity, and market conditions would have %0 be considered
 before delaying harvesto | |

| It is of interest to compare removal frequencies

fcr Valencia oranges and Marsh grapefruitg Comparing the
two citrus speciee at their respecﬁive harvest daﬁee
v(Figures 27 and 28) we see. that it took approximately 480
rpm with a two inch stroke and stem 1ength of two inches
to remove the Valencia orange. Under similar shaking
condiﬁions iv tcok approximately 300 rpm to remove the
grapefruit at harvestev The magnitude of the difference is
,impcrtant here; as the numbers ‘have no direct translation
-'to field conditicnso; The relative ease of vibratory detach-
ment of the grapefruit as compared 10 the Valencia crange
is due in part to the_lower strength of the fruit-stem
union of the grapefruit at harvest. The greater mass of.
the grapefruit'wiil also contribute tc its easier removal
. because cf the greater’ inertial forces Whlch would be |
| developedo
Marsh grapefrult and Valencia oranges are usually

harveeﬁed during May and‘J‘uneD respectively, in Arizona.
" At this time of the season the fruit for next years crop \
'15 already present on the tree., This young frult is small,
being oniy'oneito twe inches in dismeter at harvest. The

presenée of the young fruit makes the magnitude of the
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shaking actions extremely critical. Itvis conceivable
| that éhaking conditions of sufficient magnitude to remove
matuﬁe fruit would also remove the young crop of fruit.
Observations by the author indicate that although the
tenéilé streﬁgth of the ffuit=stem union of young fruit 1s
high, the strength of the young‘stem itself is iow, In
other words, young fruit would probably be removed with
portions of the stem intact if shaking conditions’were
. severe enough. Here the difference in removal frequencies
beﬁween.Marsh grapefruit and‘Valencia oranges becomes
‘1mporténte The comparative removal freQuencies indicate )
that removal of young fruit in Valencia trees might bé-éz”
probleﬁ. Conversely, the less severe shaking actions_:
required to remove gfapefruit indicates that remo§al of
young grapefruit may not be a problem.
STEM AND BUTTON REMOVAL
Ereshemarketed grapefruit and 6ranges are hande-
Harvested with the button left on the fruit. The buitton
is left on partly as protection agéinSt deteri6ration and
partly because of its appeal to the consumer. It would be
desirable that a mechanical harvest system remove the fruit
with the button intact on the fruit. o
' The pull, torsional, and shaking tests showed that
tha fruit was removed from the stem in one of three ways.

One mode of fruit removal. left the fruit with no button.
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On some tests, the complete stem was removed from the fruit
with the button left intact on the fruit. Here separation
of the stem occurred within the button. The third mode of
fruit removal left part of the stem attached to the fruit.
The third ﬁode of removal is highly undesirable not only
from the standpoint of appearance but from the fact that
the portlon of the stem left with the fruit is stiff. In
transit, fruit with short stems would poke andblacerate
other fruit thus adversely affecting the exterior quality
of the fruit. o
Tests have shown that 28.4 per cent of all Valencia

fruits that were$removed by vibraﬁory action were removed.
with the button intact on the fruit. This figure was
determined from 450 fruit that had been detached with
removing frequencies ranging from 260 to 720 rpm. Similariy9
10,0 per cént of all Marsh grapefruit fruits that were
removed by vibratory action were removed with the button -
intact on the fruit. This figure resulted from 300 fruit
that had been detached with removing ffequencies ranging
| from 190 to 510 rpm. One might expect that the number of
buttons left intact on the fruit would be dependent upbn“.‘
shaking speeq; Results have shoﬁn that 40,9 per cent of
the'Valenciaifruit removed at frequencies of 390 rpm
(50 per cent removing frequency at harvest) or greater

were removed with the button intact on the fruit. Likewise,
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16.0 per cent of Valencia fruit removed at less than 390
rpm Were removed wWith the button intact. Results of grape-
fruit testing have shown that 12.0 per cent of the Marsh
grépéfruit removed at frequencies of 275 rpm (50 per cent-
removing frequency at harvést) or greater were removed
with the button intact on the fruit. oOnly 8.0 per cent
of the Marsh grapefruiﬁ removed at frequencies of less than
275 rpm were removed witﬁ the button intact. Therefdre both
the Valencia orange and Marsh grapefrulit data show that the
higher-removing frequencies are more favorable to femoving
fruit with buttons intact on the fruit. - L

Removal of the fruit with small portions of thétstem |
‘intact on the fruit was encountered in vibratory removal.
At frequencies of 390 rpm and greater approximately 14
per cent of Valencia oranges'were removed with stems left
on.the fruit. Conversely, at frequenclies of greater than
275 rpm, essentially no Marsh grapefruit were removed with
- stems left on the fruit. However, for bdth fruits, removal
with smallvstems on the fruit was highly encouraged when
the fruit was shaken at or near their first fundamental
frequencies.

Torsional removal tests showed substantiai pPer -
centages of fruit removed with buttons intact on the fruit.
Tests showed 63,7 per cent‘of Navels, 58a7 per cent of

Marsh grapefruit, and 56.0 per cent of Valencisa oranges”
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were removed with buttons intect on the fruit (stem failure
_occurring inside button). The remaining percentageé éf
Valencia and Navel fruit rémOVed:by torsional action, i.e.,
those removed other than those removed with button on the
fruit, were removed with portions of stem'left on thenfruito
‘As mentioned before, fruit hafvested with stems left on are.
highly.undesirable. "The remaining percentage of Marsh
grépefruit tha; were not removed With button on the fruit
were removed With no button left on the fruit. Very few
Marsh grapefruit were removed with portions of the stem
left on the fruit. This indicates a difference in the
reSponsevof Marsh grapefruit to torsional femoval actibnso
The button of the Mafsh grapefruit appears to be weaker in
torsion than the Valencia and Navel fruit. The buttons of
the Navel and Valenciavfruit'gré stronger in torsion than
fheir stem as shown by the fagﬁ the stem will fail before
| the buttoﬁ is removed under torsional action.

Pﬁll tests, regardless of angle of pull, almost
“éonsistently resulted in the removal.of the.button from
the fruit when the fruit was separated frqm 1ts stem, Only
twelve of the 425 zero degree pull tests resulted in buttons
left intact on the fruit. | |



" CONCLUSIONS

PULL TESTS

1. Significant differences were found in removal
forces measured over the growth and harvest season of the
fruit. ‘

2° The force necessary to remove a fruit from its
stem can be substantially reduced by pulling at an angle
to the major aXxis of the fruito

3, Navel removal forces decrease drastically after
.harvest Valencia removal forces are leveling off during

their normal harvest periodo

4, Plugging‘Was not a problem in pull tests.

VIBRATORY REMOVAL TESTS

l. A near linear relationship exXists between per
‘cent removalvand shaking freqﬁenciesvat and near harvest.

2, IncreaSiﬁg the stroke éfAthe shaking ﬁqtion :

applieq to the fruitmstem system decreases the frequency
necessary to reﬁove the fruit from its stem,

3. Removal frequencies (at a given stroke) decreése‘
as the fruit‘matures. The fréqgencies for Valencia oranges'
and Marsh grapefrult decrease with fruit maturity in the

- same manner as do their removal pull forces.

89



90

' 4° The fruit-stem system responds with definite
mannerisms to a sinuéoidal shaking action. Its responses
(or regimes of vibrations) aré useful in predicting how,
why, and if fruit.reﬁoval will occur. o

| 159 Narsh grapefruit requﬁre a substantially less-
severe shaking action to cause removal than do Valencis
oranges. |

| 6. Approximately 30 per gént'of Valenéia oranges
are‘rémoved,Witﬁ buttons intadﬁ dn.ths fruit when shaken
at minimum removing frequéncies:(at a given s‘troke)° Only
10 ber cent of Marsh grapefruit_are‘reméved'with'buttons
intacﬁk ﬁﬁder similar shaking oonditionsw |

7. Removal ‘of. frult with a portion of the stem
left 1s encouraged when .the fruit is v1bratin6 at its first
fundamental frequenoya‘ At frequencies which remove 50% o
more fpuit apbroximately 14 pér cenf of Valencia oranges
were femd?ed~ﬁith,Stems'lefﬁ"on the fruit. Conversely, at
frequenéies which remove 50% or more.f;uit‘no Marsh gfapee

fruit were removed with stems left on the fruit.

TORSIONAL REMOVAL TESTS

1. in general, no significant differences at the
one per cent level in removal torque were found when O
and 10 pound stem ten51ons ‘Wwere used.,

2., There were no s1gniflcant differences between
removal torques measured throughout the pre- and post-

harvest season.



APPENDIX A |
MARSH GRAPEPRUIT

ZERO DEGREE PULL TESTS -
(LBS.)

Feb, 2 PFeb. 24 Mar. 17 Apr. 23 May 14 June 7 June 27

11.0 15,6 11.4 13.6 11.2 17.1 13,2
16.2 19.53 9.3 10.6 12,1 16,3 13.2
10.4 16.7 16.0 13,0 ° 10.5 14.5 13.9
14.5 10.3 12.4 14.2 12.2 14.1 12,0
18.0 19.3 12.9 15.4 15,5 13.6 12.7
15.5 15.3 11.8 17 .4 15.0 10.9 Te5
115 13,0 15.2 = 12.3 13.5 - 10.4 11.3
7.4 13,0 12.9 11.8 10.0 15.2 11.2
12.0 19.8 13.5 15.3 14.5 9,9 11.8
- 18,1 17.4 9.7 11.0 12,7 Te3 11.7
14.4 16.9 13.3 24.5 14.4 13.7 13.0
12.9 18.2 19.9 10.9 13.9 16.8 11.7
13.0 20.7 13.8 11.2 16.6 14.8 12.0
13.4 14.5 15.5 12.0 4.1 15.2 11.7
14,4 14.5 12.6 15.2 12,1 20.7 12.3
16.5 15.6 11.6 15,7 13.2 12.6 12,5
14.9 13,2 18.3 15,1 14,0  12.8  11.3
14,7 15.0 8.1 15.6 12.0  14.3 12,1
17.3 12.0 11.3 17.7 11.2 15,0 11,6
10.3 18.5 11.9 12,8 14,9 12,0 10.6
11.1 15.0 12.4 13,7 11.5 14,5 11.2
14.6 14.5 12.4 10.0 14.9 13.7 13,2
12.2 17.6 13.6 11.3 13.7 14.6 14.0
16.0 15.5 13.5 9.0 13.0 16.1 13.7
14.6 13.2 13.6 10.8 11.7 16.7 6.5 -
avg 13.8 15.8 13.1 13.6 13,1 14.1 11.8
S = 206 256' v 206 3e3 107 207 107

91
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MARSH GRAPEFRUIT

FPORTY-FIVE DEGREE PULL TESTS
(LBS.)

Apro 23

17

e
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24

Feb,

MO N MO0 0810086 7..4 M~ OOV DN

o @ 14 o o o o 0 o o © o o -] © L ° ] 1 o 2 o o

WO WOV~ IV O YYD 5514 ..3,,02—.llO/_..DlaaY no 1IN

17)07.572005214105121356281

< o o 4 o o L] Qo ® o ° (] ° - - @ o o o o © -] °

96 &~-00 990087778 7.188 00 D00 N D

2980050562407005050000605

-] -4 Q L4 L] -] o o ° o -] ° @

88178 776 556 7.6 556 9558 O~ 00N\O D~

avg 5.9

avg 8.0

avg 6.9

s=1.03

S 1.66

s =1.70
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MARSH GRAPEFRUIT

NINETY DEGREE PULL TESTS
(LBS.)

17

Maro

Feb 24

MO NF VN0 D F 081008674 7.7.90/758

o [ o o -] o ] ] ) o L] © -] o o o L3 L L] o
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NAVEL ORANGES

ZERQO DEGREE PULL TESTS -
(LBS.)

Dec. 21 Dec. 29 Jan. 31 Feb, 24

22,1 24,3 20.1 12.0
18.4 21.7 19.9 . 15.6
17.3 19.3 22,2 12.3
20.8 25.3 20.3 12.1
18.0 18.4 22,6 10.1
2’590 1907 1802 1705
18.0 17.0 18,2 23,6
22,7 18.3 20,3 11.6
22,4 21.6 14,3 7.0
14.6 23.5 22,0 13.0
24,5 20,0 22,6 12.3 -
22,2 - T4 22.0 12.3
20.0 23.0 12.2 15,0
25.9 - 21,6 14,0 7.9
21,0 21.5 14,6 14,9
17.0 17.9 18,0 10.5
19.8 21.1 14.5 15,0
19.0 24.6 16.0 11.8
24,2 22,0 18.3 7.9
27 .4 19.5 12.0 12,5
19.0 23.0 17.0 16.0
21.8 24.5 27.2 7.0
19.5 19.3 . 21.2 14.0
22,3 19,0 17.0 12.7
24,4 15.7 23,0 13.1

e ——

“avg 21,1 avg 20.4 avg 18.7 avg 12.7
=30 s= 3.70s= 3.81 8= 3.57



NAVEL ORANGES
FORTY-FIVE DEGREE PULL TESTS

(LBS,)
Dec. 21 Dec. 29 Jan. 31
T.T 9.0 7.6
10,6 15.1 T.1
16,1 12.6 11.0
22,2 11.0 14,2
22,2 7.0 8.7
27.5 12.7 14.2
11.2 11.9 2.5
11.7 16.5 9.0
17.6 10.8 3.2
14,7 14,0 10.4
19.2 13.0 8.0
16.3 18.0 11.8
1707 800 4o2
12,7 16.9 13.5
14,1 17.5 6.0 -
21.1 10.9 3.5
9.7 10.7 7.6
23,1 16.7 11.7
12,0 13.9 4,6
17.5 16.4 11.6
11.6 7.2 5.5
15.5 15.3 7.5
13.6 13.2 5.2
12,8 13.2 4.4
13.6 9.6 6.5

|
|

avg 15,7 avg 12.9 avg

-]

W @
(-]
W
\V)

S = 4015 5 = 3918 8 =
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NAVEL ORANGES
NINETY DEGREE PULL TESTS .
"(LBS.)

Jan. 31

29
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avg 8.6

avg 11 ] 5

avg 12.8

3,66 s =

2.56

s

4,63

S



VALENCIA ORANGES

ZERO DEGREE PULL TESTS
(LBS.)

Feb. 24 Mar. 17 Apr. 23 May 14

June 7 June 27
16.9 16,2 15.4 12.7 9.7 13.5
19.1 20.0 13.8 18.5 18.0 16.6
19,8 19.5 15.0 15.8 18.4 16.1
20,0 20,1 18.4 16.7 16,2 15.3
14.5 18.4 16.5 13.7 14,1 15.5
10.5 22.7 14,1 17.5 9.7 13.1
1302 1801 12e8 . 1800 1595 1499
18.8 21.7 13.6 15.1 13.8 16.5
14.8 19,8 15.2 13,1 11.2 16.3
14,2 18.0 13.6 16.2 15,8 17.5
18.4 23.5 13.1 14.4 15.0 13.1
16.1 20.5 17.0 19,5 16.0 13.1
16.6 17.6 16,2 15.9 12.4 13.5
17.5 13.8 14.1 15,9 16.4 14.5
16.5 15.4 19.4 14.8 13.2 15,9
19.5 19.4 19.8 18.5 16.4 14.4
18.8 6.6 15.6 17.1 19,2 16.5
19.2 19.5 17.5 16.8 14.8 -18.0
21.4 18.8 20.5 18,8 15.6 17.4
20,1 22,0 16.9 16.2 15.7 18,1
17.6 24,6 16.6 18.0 17.8 16.9
20.1 19.8 20,2 17.3 20,9 15,6
20,5 19.0 22.5 12.5 21,5 16,1
26.5 20.8 20.5 14,1 20.4 16.5
28,0 18.0 16,6 15.8 12.5 14,5

avg 18.3 avg 19,0 avg 16.6 avg 16.1 avgl5.6 avg 15.6
S = 307 s = 307 S = 297 S = 200 s 2302 s = 1@5
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17 Apr, 23

(LBS)

VALENCIA ORANGES
Mar,

FORTY-FIVE DEGREE PULL TESTS
24

'Febo

4660751561152208646851526mO
o © o [~ (-] ] -] o [ a o -] -] o o ° e -] o o o L] ° ®
9M88Hu8801699997978849186 o
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MINAHNAUT OINNINANN-N~ OOV OANO~AINAHN O] Oy
® -1 -4 © ] L] (3 L] ] - o o -] o ] -] ° - ] ° g - ° L] (<] o
7999279419290020919340958 o

el ed A

avg

° L o o ° e o e -] (-4 o o L ° o a - o Q ° -] ° -]
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3002843010000260300262534
A A A AA R A

avg 10.5

S = 1,74

2,37



VALENCIA ORANGES

NINETY DEGREE PULL TEST
(LBS.)

Feb, 24 Mar. 17 Apr. 23

13.5 13.2 13.0
12.7 11.5 9.7
12.0 10.9 9.8
13.5 13.1 16.5
11.3 12.4 4.4
9.0 6.5 10.1
15.5 19.0 13.1
11.0 18.3 13,3
15.2 16.1 10.5
19.1 13.8 10.4
15.2 11.5 14.0
12.6 15.0 13.3
7.0 13.5 16.2
14.6 13.0 16.8
10.4 8.4 14,7
7.8 12.0 8.2
10.9 9.6 11.6
13.1 9.5 14.7
11.5 13.4 9.8
8.5 11.8 9.7
11.5 11.6 16.3
Te5 14.0 13,1
8.6 19.0 12.2
15.1 12,1 12.53
11.8 17,0 12,6
12, avg 13.0 avg 12,2

2.0
2,80 s = 3,06 s = 2,87
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VALENCIA ORANGES

TORSIONAL REMOVAL TESTS
(POUNDS ON 1/4 INCH RADIUS)#*

o4
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avg 2.,4 avg 2.2 avg 2.4 avg 2,1

2.5

avg

avg 2.2

8 = 0,23

0.50

8

S = _0047

*#to convert data to torque, mul®iply by 1/4 inch
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MARSH GRAPEFRUIT

. TORSIONAL REMOVAL TESTS
(POUNDS ON 1/4-INCH RADIUS)*#

18 Apr. 24 June 8

Mar.

25

Feb,

HMOAONL OONOI L OOVDMOI g O i

L) ° ° o L L ° ° L] © ° L] ° L3 L ° ° e o ° o o L

117)20111021110111101123012

257.44 HOM~MONMNGTOTTNAO YOOV \O N

# © ° ° o o e ° o o o L ° L] ° ° o ° ° ° o o L] o

03212121122312121111212423

O S NG MO ANCOWO N G NN O OO H

QO @ ¢ © o ©6 o 6 o & o 6 © & o 6 ® o o © o 0 o o o O

AN A~ A A AN~ ~A N AN A A A AN AAANN

#79_0/On(vta.Q:LAuRib/oFDAu7!4‘L1Jhﬁh.0791+4A9

O © © » o © © 0o 6 © & © & 0 ©°© ¢ o & © e © © © o o

212)1121212111111211121111

FHOWOoOWVWOWNNAUMUIMNMNINO MMM A N0 N ONDO N

() e © © o © o © & o 6 © & © © & &6 o ©6 & o & o o & O

A AOOAHNNN A AAN AN AAN AN AN e e

OOUOWNT T ANOVWOITON-~-IOMNMNOOF NAHNMO NN

s & 0o o @ 0 o o o s © o0 & @ © o©o© © 0 6 ©° B T 6 & o o

OMNMFANAMNANANNAAAAAAAN QN QO

HrIV-OMN NN NNGT OMNMNAEANOW0VO N OO\ O

O @ © o o o & o & o 8 o0 © © o6 O B e & 0o o O° 8 ©° & o

~ NN~ N~ AAAAAANNNVNANASNAAAAAN

FHONUAANOOMNMNDOO 71857842504 O O KOO

O © © » ¢ o o 8 o o o©o & o o0 o o 6 o o & & o o =& o

2222132222312213222121222

avg 2.4 avg 1.8 avgl.8 avg 1.7 avgl.8 avg 1.7 avg2.3 avgl.4

S = 0073

0.17

]

8

s = 0,32

8 = 0,22

#t0 convert data to torque, multiply by 1/4-inch.
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NAVEL ORANGES

. TORSIONAL REMOVAL T
(POUNDS ON 1/4 INCH RADIUS)#*

ESTS
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avg 2.6 avg 2.5 avg2.9 avg 2.8 avg3.4avg 3.3 avg 2,

6

1.01
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S

S = lalB

y by 1/4-inch.

#*to convert data to torque, multipl

4



VIBRATORY REMOVAL TESTS
MARSH GRAPEFRUIT

STEM PER CENT 4 REMOVED

FREQUENCY LENGTH PFRUIT REMOVED WITH BUTTON

270
330
510
450%
490 %
T20%
400%*
600
220
260
310
460
200
240
270
300%
550%
400#
190
240
260

(W) ON FRUIT

16
92
100
56
72
100
0
96
28 .
92
100
100
12
44
96
0
48
100
4
30
100

N
=

DO EHFOL &

- W
o

§F OOt Ot

,—..l

one-inch stroke used on these tests.
other tests at two-inch stroke.

All
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% REMOVED
WITH STEM
ON FRUIT

OO0 OO0 Ot OOOCOPHOT O 1t O
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VIBRATORY REMOVAL DATA

VALENCIA ORANGES

STEM PER CENT % REMOVED % REMOVED

DATE FREQUENCY LENGTH FRUIT REMOVED WITH BUTTON WITH STEM

ON FRUIT ON FRUIT
4/23 330 1 48 . 4 - 36
4/23 510 1 100 : 68 20
6/7 310 2 0 o 0
6/7 350 P) 40 16 20
6/7 390 2 92 36 40
6/7 510 2 100 60 8
6/7 310 3 o) 0 o)
- 6/7 390 3 84 - 68 8
6/7 720 3 100 36 - 32
6/27 220 1 0 - -
6/27 260 1 44 24 4
6/27 320 1 100 4y 48
6/27 570% 1 16 0 0
6/27 680 1 68 ' 16 8
6/27 T20% 1 92 28 12
6/27 260 2 0 - -
6/27 330 2 by o4 8
6/27 390 2 100 - -
6/27 310 3 12 12 0
6/27 350 3 72 20 0
6/27 390 3 84 56 4

*one-inch stroke used on these tests. All
other %tests at two=inch stroke.



- APPENDIX B

NORMAL MODES OF VIBRATION

The differential equation for transverse oscillations

of thin beams is,

3 .

%(Z(EI%;‘%; %;ka _ | ‘,”(1)
This well known differential equation, (11) and (12), is
derived from considering the forces on a differential
‘element along the beam.

4 system is said to be in a normal mode of vibration
when every particle of the system is undergoing simple
harmonic motion in the same period and phase. The amplitude
of the particle, U, is a function of X, theidistance along
the beam. Thus, thé motion of the beam can be represented

by,
%:UMPNT~ | e oo (2)

Substitution of (2) into (1) allows the determination of U.

_EI% U,nim’p‘d) - % Ug_;( Ampt)

ET dy anpt - %gu%"‘mm
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Eaﬂf%ﬁ% = %1_[3,30 wieee T=ak
4 ~D2 4 2 |
E?§£~: gé&a B WHERE /M~ é%%g e (3)

To solve for U, we assume a solution of the form,

B=pe™

- In (3) this becomes,

At @™ = mdp o™
and,

=T (o WHERE (= (<)
Therefore U beconmes,

U= A\e'mx v e e""‘x P eumx +A4 Q—L./mx

Recognizing that,

Ae™ = (eehmx + sbung) A,
Az €7 = tah st - pimhan) A

As €™ = (anmy +C ) As

M éum& (cmmy ~Camanx ) Do

we have,

U= (A e avhmy V(0= A Amharx ¢ (s Ba) gy 10 (s Aa) puman
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Letting

(Az+ Aa)= A
(hs-Ma)=8
(Athe) =C
(Ax‘Az):‘D
we have,
U= kg +Bumany + Cashwy + 0 by, = o o (%)

Equation (4) gives the amplitude of the normal mode vibration
of a thin beam. The amplitude is 2 function of X, the
distance along the beam, m, which is a funétion of the
physical properties and normal mode frequency, and four
constants A, B, C, and D. The four constants may be
determined by boundary conditions for the particular beanm
problem. The boundary conditions are discussed in detail

in the text and will be presented here as derived. They are,

U= o0 AT X =0 ' . o o (5)
du - & AT X=o . . . (6)
dx

fu - oafrw y AT y= ] Ce e (T)
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Py ot AT :D, . . . (8)
de“ 0. Q D : (

These four boundary conditions determine A, B, C, and D.

Using boundary condition (5) we have,

0=A+C.
Boundary condition (6) gives
O=8%m+ Hm .

Using the relation between A and C, and B and D, equation

(4) becomes,

U= Alaamx ~ mahmny) + &0y - b mx) . . (9)

Differentiating (9) twice with respect to X Wwe have

g = Aot (- o= ahan) + @ - ~auhny)

Using boundary condition (7),

%&% . -w(cmh ahm - ww«\hmwﬁv:m\_“%& .
> .,

From equation (9) we may evaluate U at X ; Qo
0= Aol ahmd) + 8(ammJ - swhond)

Substitution of this value of U into equation (1l0) gives

sl mnbsbo - st lonk o)t ol

. (10)
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Oombining under like co=efficients :

A\_ (com\ﬂJrcmﬁ\m@ )y fm YZN(LCO}\/mg (D:wmﬂ) +
B|-(unm wﬂ\}\mﬂ\%m w\hmﬂ mmmxﬂ\] ©.

- (11)

“e
Now,-differentiafing (9) three times; we have,
%5_% = = B (- aunh k) = Bam® (caamy + cschm) .
X o _ ‘ .
From boundafy condition (8) we obtain, _
' '«Am?’(~wr\mx9+w\b\mﬁ)~Bm?.((mn9+£m}\%m5))' U e o (12)

(’

Evaluation of Uat x =1 and substitution into (12) yieldsD

—Am(mmm&w\}vmﬁ B (@Mum)z\/m . ﬂn__@(mtﬁ\g (m}‘wr\mivﬁ{nlmnﬂ Mﬁ\‘l)}.
Combining under like co«efficlents we hav39
| \AL mmsf.mmw um@_(unb\m\ - ammﬁ)] ¥

5(: coaﬁwnﬁwmfm [Aim}mﬂ Mﬂmﬁﬂ

» (13)

A%t this point consider equations (11) and (13) Selving for
the ratio, 4/B, in (11) and equating it to the ratio of A

to B from (13), we eliminate A4 and B From equationv(ll)9

A~ =L-lcombs ach ) +(m‘ W/eu(mw o]
U mmm\hwd\mﬂ - (W /o mﬁnﬂwmmﬁ]
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From equation (13),

_ - = Clambhomd- s & (m W/oe) (eenh - (mm\p)]
‘B T Clemhmd + ool 4 nw/po( puhml-smmf) ]

Letting 2 = ,mﬂ and ( = W . - weight of fruit/weight of

pad

s‘tem9 we have

- Loz W)/ 2 (ighe- )] - T

We shall proceed to solve this equation for z. Let us first
digress and reason why Wwe Wish to find z. We have:definedg

z=ml
and,

4 p‘;‘

L RS v
. E)Q%
Therefdre, _ ‘ _ » - ,
2 : A ,

B %(M} ~ | : e o o (15)
'T~The_frequency of the normal mode Vibration9  ,is_proporm
“tional to 22 and other physical properties of theffruiﬁestem*
system, Hencé,:if we cén determine z; we may'detérmine the
‘normal mode or, as sometimes called, fundamental mode‘
frequencies of the fruit-stem system°

:Droceeding with equation (14)9

m\b\z -wmz) 4 c2 (mhz - wz) T (mz+wz\ -s(i%/ﬂkzz(mm}%z Y]
= -l (cmzm)\zﬂ(ﬁ,/mczz(@}xz cmzﬂ[(tm)mcm%nczumhz anz)].
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~(athe-pme Yz umhe) + (uha-tnd) /D e lunhe-uma)-
celwhe - w2 ame ramhz) + ez (tohz - we)(@/ 1)@ mhe -une)=
- (@2 + @heY - (@2 +whe)cz (2 -umz) + f/D cz?(ca\}zz wh2)(1mh2 + m2)+
[Z/ﬁl\ﬁz?’ (he - owz)(mMz AUH%) . | .

| (Wzﬂmz)(mmzw\)«z) (e tashe?] + czl-(whe- cmz)(azmz+w,ﬁ€)+
o ez raeha)( (snhe zumz\]+ (®/{) czZLCmm}az -amd+

| ~(uphz - en2)(woha + ave) | +00/9)22? [@he - ceoz>@un/zz~mz
(@5\2 cwz)ﬁwz -wmz) ] = a. -

Lﬂmmzw&z mm)\zamm z +wnzmm}»z+ 6% +2 (02 m}»z +azzhzz] +
tcel- whadn - whe anhe +@zomz s wz bz + mzanhz - eozhng +
 roohzade - sohe sz |+ (/D ez Coukz - Jomz amhz e ¥z +

-z - oz ahe +cmzca#12 (o 8]+ [/Z/ﬁ c,z ] =0 ,

Usingg'_>
(00?2t 2 =1
b -z =1
vfurther simplification yields,

Qv 2wz @ahe] ¢ czl- 2@1‘»@%% unhz wez ]+
+R// D@l -eameamhz +) = o

'This becomes

o [Hcm&@%a] cz[unkwme Mec@z] OZ/Q)CZZ[MZWZ) A
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Pinally,

Hapz@hz . cz +(1&)sz h@m&mﬁg | .. . (16)
aInzamz - sz (s 2 J 20MZ - Wk 2 (D2

As stated in the text, this equation was solved for

z using an iterative procedure on the digital computer.
Values of zAdetermined can be placed in equation (15) to
determine fundamental frequencies. Equation (16) is satis-
fied by an infinite number of "z"'s. The lowest value of
z satisfying the equation determines the firsf fundamental
frequency, the next value of z satisfying the equation
determines the second fundamental frequency,;and S0 on.
Values of z could have been determined from equation
(14) just as easily as fromAequation (16). Preécottp (11)
however, has derived a similar fundamental mode frequency
‘equation for the same system which assumes the moment induced
at the stem end, at x = 1, is zero. This results in boundary

condition equation (8) being,

dU - o AT xzi}
dy

“Prescott’s frequency equation is,

l+@2tm}\€ - 2 o .
amh2Mmz- phz sz - | o o o (17)

Equation (16) predicts slightly lower values for first fun-
damental mode frequencies than does equation (17). This
lowering effect is more proﬁounced for fruit-stem systems

having short stem lengths.
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STEADY-STATE FORCED VIBRATION ANALYSIS

.Under steadjmstate forced vibration an additional
inertial load per unit length is added to the system. Thi
load is, |

e

The'differential equétibn of motion for forced»vibration

- now becomesg

E:cclg R %aﬁz @\&opwpt .. (18)

At steady«state condltionsﬁ the solution of this}equation

is of the fornm,

g

4= Uampt ) - R (19)

ﬁoté that the aséumed‘deflection; Vs conforms with steady-
étate assumptions that all ﬁprtions of the system aré
“vibration at the samé fré@uency and . the amplitudeﬂiS‘a
function of a linesr dimension in the system only. Sub-.

stitution of (1l9) into (18) gives,

dxd

‘-EICL“_U_,,_‘@{;ZU :(gxﬁoyl" | »4 : C e (42‘0)"

The homogeneoué solution of equatidn (20) is derived in the

same manner as the normal mode solution,

%:&&NW+6M%mx+ﬁmMXkMMMX
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The particular solution is chosen as

U'.P: “ao.
The total s

steady~-state forced vibration amplitude solution is,

()= A cahn %BM\)}\MM +Cc®-mx £ 0 pnwmy - (o

. . (21)
The boundary condltions are the same as those derived in the
" normal mode vibration problem. Théy are,
dU ~ o AT =0 . . (22)
Qi 412\Nb-- ATX:Q .. . (23)
dx? Q(l ' ‘ -
Pu. o-mtwoy AT g= (24)
T Ten Y ' |
The boundary conditlons of equations (22) and (23) substituted
- into (21) give,
A*’_C-'QO —64
B+D =0
.Therefore,

(21) becomes,

= NMahm - o) + Blamhomx - W) + Qo [y 1)

- (25)

Using equation (23) and differenfiating (25) twice with respect
to x, we have9 |

Cdu M(m!%\mg*cmmﬂh&»%w}mﬁmmm (o aaormJ) o o o (26)

N o

= Rw U : . .
LU
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Using equation (24) aﬁd differentiating (25) three times
with respect to X, we have,
%25 WNMM o c@}m&mmﬁ)wmwm/mf . . . (27)
z- M\4\MU/Q0.

Using equation (25) for the right hand side of equatlons (26)

and (27) respectively, we have,

AL (chwd € o) - m_é&ﬁm)/\my C!D/W\Q y BLM%MMMLQ %Wﬁnﬂmmxﬂ

*0’6\_’CODM9*NA\?\M(ED3JM§—QJ-, o o . (28)

and

Af(mm&wm%m m&«m@ﬂ)]+B[[an)\mf)+c®fmﬂ)+%w_(m}m/-m/}n/)]+
+aoumm9+m_()%_((®ﬁng“)]‘ Ce (29)

At this point rewrite .equations (28)'and (29) and designate

the co-efficients of A and B as,

aCw] Felx] -
ATYY + (2] =
Solving these two equations for A and B, we obtain5
n_ (elz] - L] ) /) oo v (30)
) - |

Cw)

U@LM YD) /Lv\ S | . (31)
F1- Ryl -
LWl |

We Will now procede to solve for A and B so that eauation

(25) may be evaluated. Let,

LE1~- CxY= A
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Therefore,

A= [lhmd tgoml) + %L(W)mﬂ o) ] [fs sl ZLM(;/EM (wmh] +

s ol + o muslea ml-0) ) [ amnSram rm/)*/mzé W oirhmL ).
. PQ p

Letghﬁﬂp and ¢ = —%%Y:‘weight of’fruit/weight of siem

Then, '

A\:@oma(m}/\awz) 0o C2{pmhe-wm 2) e 2) +

ko (R/Dce? vz - 1) cz (o 2 -am)
10 (/D2 (z-1)mhe +m2) ) +

1o aume(uh 2o 2) - (0 (R/Wcz? e lomh 2 - pme) +
- *'QOCZ((,GDZ‘O[ snh 2 %Mm/@) jlocz((cam Z—U(E/fﬁy(g? (amhe-pm2)] .

A.:[CLQGDZCQM +0o 072 + Qoamzumhz + 0o i 23 v
+0oC2 Damhe 2 -omz w2+ v zpnhe £z umz - wimbz - yma )+
+ao(r2/J)ka‘[gc>zm\a ro*2 -(nhz-@ 2 _amzamhz samiel v

10 R/DC2L wwephe -cnznmz -amhz —pmz - megmba+ mesm & +
| 1Mz tamhe]), |

A= (\o@@ 2ahz tomzihe ] o2 gen 2 indz ~(/ymz+w 2) |+
+ﬁo(i€/'ﬂ§cz?L\+ca>zm)\z—mszz«(cmzmhz)], C .. (32)

In equation (30) let Az ?ijUd]

ke <limhzrme _@czzwﬂzuwm L 3)
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gyl

In equation (30) letAs‘Lﬁl W Now, refer to
equation (14) in the normal mode frequency analy31so
Ovbservation of the bracketed terms indicate that it may be
rewritten as,

Wl oY)

tx] Uz
Simplifying, we obtailn,

(:_-Z] — [K iEYK el 6 - o & o (34)

Cw ) ‘

Equation (14) was solved for values of z so that the normal

mode frequencies could be'determineda In other words,
egquation (34) is true only at values of z which correspond
to the normal mode frequencies. Therefore A3 is zexo at
normal mqge frequenoies and is equal to the numerical value
ofE?S - LXQ%%%A_ at other frequencies. Equation (14)

was simplified into,

= . Byl - Hon)\zw)z ez [P\ Mmzambez
G- 50T ™ imhesine: anhaio ( Ghesme-mhizs S )

Therefore, at forcing frequencies not équal_to 2 normal

mode frequency of the system,

s~ _liohzm?2 _ (,z_( (25 miamhz . .. (35)
(hedmz - pmh 22 (whzpme - sz (@ Z

-Referring to equation {30), and our definitions of A, Ap,

and Az, We may wrlte,
, A 2 ﬁ' I | (37)
IA'L L\5 L\ E ’
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Now consider equation (Sl)o Define By as,
> Calug -0ty ]

B = 0L-wnz - celpe- \ﬂ[(uu}uz twd) -0/ )celighe -tw2)] +
{mz %(%(E wz-0 ][ mhe -tme)+cz (he - 2)] .

By = |- o a2 (hz v 2) M/Jg(wmzf@hz 02) +

ez (a0 @}»zms}naocz( lwa+1)(cha-we) )+

*00&,(!}2(&’/‘1\)’\{*%17: \’CZCN} ((_(DJ‘? C(Z)%’)?"
+@%L22 (e-Diamhz -ame) g%cz?/cé(@e -lohz-cpz)].

R = Q.U amzanhe -0z we - weamhe repzamz I+
oczl- vz cmh e -(?2 + @he tavz -@ewh 2 +mwé2 ] +
-\(1%62 (,NME he -2 W E -0 2 pnhe +m>zmz'+m}vz—-mzjf~

40%%\@{3[@%@@ 22 - coo}\z w2 -z @he tmie Hohe -we),

B, = - Lanzwhz +mz anhz ]+
+ Qo2 -2 (oh z Hah 2 ooz )+
4&:)@% Zune whz -wzomhe +mhe Jum%) e
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Equation (31) then becomes, using definitions of A, and
A3 o | -
. \3: —E—L_. 'a [ e (39)

) Azﬂs - ,
* . The total solution for the amplitude of the system in
| steadyastate'vibration is, from equations (25),‘(37)9 and
: (39)9

U A((@)J\I‘MK CJD/W\X) + A%E\W/mx /y/n/ym/) 7‘*&0(6&3/”1}’ ,) o "(40)
2R3

" Henoe the'deflection of the fruit-stem system in steady-
 state vibration as a function of diétance along the beam

- and time is,

[ A (my- WUJ«_@LM}M b ) +/1 (mmyz M t.
’) _Mb R PL (41)

' BENDING STRESS ACROSS BUTTON

The'momentAinduced across the button by.inertial forces 1is,

M- WR & - WROp gt
| 9. dtt -9 .

Therefore the maximum moment is,

Mo R ol

Assuming the fruit weights 300 grams;and the fruit radius is
- 1.5 inches, this reduces to, -

MO = -(2.58 x1572) pl0l



- From strength of materials equations, the maximum 'b'ending
. 8tress acroé'é the button is,, |

Sunx - me () - Mugx (78) Mg B

X
L 20Y10°= 3.6 X07°

e - (25800 >) pAol
(B0 Sy
Gunc = ‘; '(zb'.ialuﬂ;pz* :

- &
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Sirce U is a f_unctioni of P/R ", the equation was plotted

| aﬂs‘@ﬁ;x/‘ﬁz \!S D/P\
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