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ABSTRACT

SPECTRAL ANALYSIS FOR OPTIMAL DESIGN OF A
VARIABLE ECCENTRICITY TRUNK SHAKER HARVESTER SYSTEM

By
Henry A. Affeldt Jr.

Until the advent of mechanical harvesting in commercial
cherry orchards of Michigan in the mid-1960's, the normal
productive 1life of trees exceeded 40 years. Annual bark
damage from trunk shaker harvesting had shortened orchard
life to 15-20 years maximum by the mid-1980's. A dynamic
analysis of a trunk shaker was needed to affect a shaker
redesign and to establish physiologically safe operating
procedures. A method to nondestructively monitor possible
changes in tree growth resulting from mechanical harvesting
was also needed.

A C-clamp, fixed-eccentricity trunk shaker was
instrumented with transducers to measure instantaneous
acceleration and position. A frequency-domain analysis
technique was developed to obtain displacement from
acceleration and compare with other events. Peak
displacements during start-up and shut-down of the shaker
vibration were found to be associated with destructive
stress levels in the bark.

A fixed-eccentricity mass on a harvester was exchanged
for a controllably variable eccentric mass. Starting and

stopping transients that involved excessive displacement and







Henry A. Affeldt Jr.

stresses were successfully eliminated with this design, even

though the steady-state displacement remained equal to

that
of the

fixed-eccentricity design. Several multi-mass,
fixed-eccentricity designs are presented which

could also
reduce the trunk damage.

A spectral analysis package was developed to compare
profile changes in trunk perimeters with time. Bandwidth,
Fourier

analysis, and invariant moments appear to indicate

bark damage permeation (internal and external damage can be

differentiated), and level of infection.
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CHAPTER 1

INTRODUCTION

Fruit and nut production around the world continues to
be a costly, long term investment for growers (Brown, 1980).
The onset of industrialization combined with problems in
labor management and production economics has forced growers
to mechanize crop production, harvesting and processing.
Countries such as the U.S., Japan, Australia, New Zealand,
Israel, South Africa, the Socialist Block Countries, Canada
and many countries in South America currently have programs
to mechanize labor-intensive fresh market crops. Improved
means by which production can be made more efficient and
reliable are necessary to meet the demands of the
competitive world food markets and the 4,917 million people
therein (United Nations, 1986).

Tree fruits have been mechanically harvested since the
early 1920's (Abildgaard, 1923) but mechanization actually
began with the development of the eccentric powered cable
limb shaker for walnuts in 1946 by J. P. Fairbanks (O'Brien
et al., 1983). Since that time, there have been extensive
efforts to mechanize the harvest of the world's multitude of
fruit and nut crops, thereby realizing increases in labor

and economic efficiency. An unwanted side effect of



mechanization evolved, however; bark damage at the point of
shaker attachment. The clamping and shaking forces from
vibrating shake-and-catch harvest systems are transmitted to
the tree limb or trunk through the bark and cambium causing
subsequent fruit release onto a catching surface below.
Worldwide, grower's have expressed concern as to the
potential role dynamic shaker loading may play in internal
tree damage and subsequent tree decline, particularly in
younger orchards.

In Michigan, for instance, commercial cherry growers
who mechanically harvest estimate 20-30% annual decline of
cherry trees 1in some orchards (Brown, 1982). Until the
advent of mechanical harvesting, manual cherry orchard
productive life exceeded 40 years. Commercial orchard 1life
degenerated to 30 years in the late 1960's and finally to
15-20 years with today's trunk shakers (Burton et al.,
1986).

Trunk damage alone can result in the death of many
trees, particularly young trees subjected to annual shaking.
Mechanical harvesting, however, may simply initiate decline,
presenting an opportunity for the infectious cankers or
predisposing the tree to other stress factors such as cold
injury, nematodes, borers, viruses, fungi, bacteria, etc.

USDA  undertook an engineering analysis of a
representative commercial inertial shaker in order to
determine basic dynamic behavior which may be correlated to

fruit harvesting success and bark strength failure. This



information 1is mandatory for design of a mechanical shaker
which will cause minimum tree (bark) damage. It may also be
of value in indicating the range of basic tree properties as
limits for future harvester designs.

This research describes the hardware and methodology
employed to characterize the dynamic behavior of an inertial
trunk-shaking harvester clamped to differ;nt sizes of trees.
The analysis of the data highlights a new criterion for
shaker design. Subsequently, a new mechanical vibratory
tree shaker 1is designed, built and tested. Finally, a
method for studying the long term effect of shaking on tree

trunk profiles is presented (spectral analysis).

1.1 Physics and Physiology

The first limb shakers transmitted forces in a linear
reciprocating motion, practically devoid of any lateral
forces on the tree when the clamps were correctly attached
perpendicular to the limb. Due to the greater speed, 1lower
harvest cost and lower labor requirement offered by trunk
shakers, however, trunk shakers were adopted in the early
1960's. The trunk shakers applied large forces in epicyclic
patterns such as cycloids, hypocyloids, cardioids, N-leaved
roses and spirals. These patterns are quite efficient at
fruit removal when transmitted at proper design frequency
and amplitude for a given crop. Compared with limb shakers,
the compressive, tangential and longitudinal forces
associated with epicyclic trunk shakers are usually greater,

the motion 1is non-linear and hence, some lateral forces






become apparent.

Research on cherry bark strength indicates that cherry
tree bark is easier to damage than apple or peach tree bark
in both longitudinal and tangential directions (Diener et
al, 1968). The adoption of the epicyclic trunk shaker
patterns also brought about obvious bark damage to the
trees. Potential causes of bark damage include operator
error, carrier slip, improper shaker and clamp adjustments,
improper machine maintenance, inadequate orchard maintenance
and poor choice of harvest date, harvest practice or
production practice, and clamping and shaking forces too
high or too low (Cargill et al., 1982).

By itself, bark damage from these and other causes
would not be deleterious to tree production. Insect attack
and fungus cankers often infect the damaged area, however,
spreading and quickly causing premature tree decline (Devay
et al., 1965). Fungal spores can be transported from tree
to tree by shaker pads from diseased trees to healthy,
undamaged plantings.

Damage can be greatly affected by the condition of the
cambium at harvest. During periods of rapid growth and
irrigation when the cambium is moist, the cell interiors and
intercellular spaces become filled with liquid. Cell walls
are thinner (Bukovac, 1984). When shear stress is applied,
the bark slips easily over the wood. When the moisture
content decreases or Fall dormancy sets, cell walls become

thicker and less elastic and intercellular spaces lose their






liquid content (Priestley, 1930); the occurrence of slip 1is
greatly reduced under these conditions (Fridley et al.,
1970).

Rain and irrigation during periods of rapid growth
increase the tendency for the bark to slip. Thus, cherry
trees harvested in June and July are more susceptible to
damage than peach, plum or apple trees which are harvested
later. Bark damage that occurs as torn or split bark
(visible) has been studied for the past 20 years. Research
has been conducted to determine the limits on cherry bark
strength and how to eliminate bark damage (Diener et al.,
1968; Brown et al., 1982). Excessive clamping forces which
were found to crush bark and internal tree tissues have been
identified in the static, nonvibratory state (Frahm et al.,
1983).

Responding to the recommendations of researchers, some
manufacturers have redesigned clamp pads with increased
contact area; larger pads transmit shaking forces at lower
pressures (Brown et al., 1986). Forces transmitted by
shakers have been studied; recommendations have resulted for
stroke and frequency to remove fruit and minimize tree
damage (Fridley and Adrian, 1960). Procedures on operations
and maintenance of both machine and orchard have been
suggested by other researchers (Brown et al., 1982; Cargill

et al., 1982).



1.2 Importance - Tree Fruit Statistics

Mechanical trunk shaker harvesters are employed to some
extent throughout the U.S. and abroad for apples, apricots,
olives, peaches, pears, plums, prunes, cherries and citrus
(Brown, 1980). Frequently, over 50% of the total 1labor
required for these crops is dedicated to the harvesting
process. Production quantity and a short harvest season
often mandate the wuse of mechanical harvesting in some
crops, especially 1in countries where hand 1labor 1is not
available or affordable.

The soil condition, drainage, elevation, and climate
combine to make the counties bordering Lake Michigan host to
some of the most productive cherry orchards in the world.
In 1985 Michigan ranked first in the nation in production
value of tart cherries; Michigan ranked second in production
value for sweet cherries (Table 1.1). Seventy-seven percent
(100,000 tonnes) of the nation's tart cherries, worth 52.4
million dollars, are produced in Michigan along with 23%
(28,000 tonnes) of sweet cherries worth 15.5 million
dollars.

Cherries are high in nutritive value (Table 1.2) and
are often wused as a supplement to the diet. The primary
market for Michigan tart cherries (95%) is in cherry pie
filling and dessert toppings in frozen market packs. The
remaining tart cherries go into juice, raisins, wine and
jams. Sweet cherries are also mostly processed (90%), the

light varieties being packed for juice, jelly, ice cream and



Table 1.1. Total 1985 U.S. cherry production.
(National Agricultural Statistics Service, 1986)

TART CHERRIES

Total Production Value of Production

1000 t 1000 Dollars (U.S.)
Michigan 100.0 52,395
New York 10.2 5,764
Utah 9.5 4,832
Wisconsin 3.9 1,549
Oregon 2.9 1,560
Pennsylvania 2.7 1,608
Colorado 0.8 390
U.S. 130.0 68,098

SWEET CHERRIES

Total Production Value of Production

1000 t 1000 Dollars (U.S.)
Washington 34.4 36,588
Michigan 28.2 15,500
Oregon 26.4 16,761
California 21.4 24,641
Montana 4,2 2,255
Idaho 2.0 2,065
Utah 2.0 1,624
New York 1.8 1,396
Pennsylvania 0.4 655
U.S. 120.8 101,485

frozen products, the remaining 10% going

and fresh market.

Yield per

tree depends on factors such as

cultural practice and variety but is generally

by age of the tree (Table 1.3).

Michigan was up 5% from 1984 while sweet production was down

6% (Figure

Michigan were 1100 kg/ha (6000 lbs/acre) for tarts and

1.1). The

average

The yield for

into maraschinos

climate,
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Table 1.2. Nutritional com§osition of fresh raw cherries*.
(Westwood, 1978).

Sour Red Cherry Sweet Cherry
Water (%) 83.7 80.4
Calories (kcal) 58 70
Carbohydrates (g) 14.3 17.4
Protein (g) 1.2 1.3
Ash (q) 0.5 0.6
Fat (g) 0.3 0.3
VITAMINS
Vitamin A (I.U.) 1000 110
Ascorbic Acid Vitamin C (mg) 10 10
Niacin B-Vitamin (mg) 0.4 0.4
Riboflavin B, (mg) 0.06 0.06
Thiamine B, %mg) 0.05 0.05
MINERALS
Potassium (mg) 191 191
Calcium (mg) 22 22
Phosphorus (mg) 19 19
Sodium (mg) 2 2
Iron (mg) 0.4 0.4

* Based on 100 g (3-1/2 oz, 110 cherries/1lb).

kg/ha (7000 1lbs/acre) for sweets with a reported 82,300
hectares (33,300 acres; 3.25 million tart trees) and 18,800
hectares (7,500 acres; 625,000 sweet cherry trees) of
bearing age (Figure 1.2). There were 1383 tart cherry
growers and 775 sweet cherry growers in Michigan in 1982;
recently grower numbers have been decreasing and orchard
acreage has been increasing.

Ninety-nine percent of the state's tart cherries are of
the Montmorency variety. For sweet cherries, 31% are the
Napoleon variety; Golds (17%), Schmidt's Biggareau (12%),

Emperor Francis (11%) and other varieties (29%) make up the
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Table 1.3. Cherry tree productivity categorized by tree age.
(Fouch, 1986).

Tree Age (Years) Average Annual Productivity (kg/tree)
4 22
5 33
6 44
74 88
8 132
9 176
10 - 18 176 - 220
19 - 20 176
21 - 22 132
23 110
24 66
25 55
26 44
27 33
28 22
29 + 0

General Classification of Bearing Age:

0 - 5 H Non-bearing

6; % 9 S Moderately Bearing
10. = .20 : Prime Bearing

21 = 25 o Rapid Decline

rest. Domination of the state's cherry trees by the tarts
(84%), in particular by the Montmorency variety, facilitates
design of mechanized harvesting systems because of the
uniformity of tree size and structure.

Over the past eight years there has been an increase in
the number of bearing trees. This increase will continue as
nearly 50% of the state's tart trees and 30% of the sweets
are currently of non-bearing age. New orchards signal even
greater uniformity in terms of design for reduction of bark

damage. New orchards also make urgent the need to eliminate
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bark damage and tree decline factors before harvesting
should begin on these younger, more susceptible plantings.
Bark damage leading to tree decline (loss of vigor and
yield) is thought to be caused by excessive shear,
compression stress or strain (Adrian et al., 1965). Limb
shakers may damage one or more scaffolds but damage to the
entire tree can occur when a trunk shaker causes damage.
The flow of nutrients essential to tree vitality is
interrupted when the xylem or phloem cells are damaged. The
tree isolates damaged areas in a two step process to protect
healthy wood and tissue (Santamour, 1986). The speed at
which this process occurs depends on the area damaged and

can determine the spread of decay and loss of tree vigor.

1.3 A Timely Goal

Visible bark damage has practically been eliminated for
operators who accept current recommendations for shakers,
pads, operations, pruning, and irrigation scheduling. Bark
damage from excessive stress or strain may still occur in
the form of cell-crushing which is not visible. The outer
bark periderm on cherry trees is elastic and may hide the
internal damaged areas for several weeks. This damage is
later revealed in the form of open cracks, dead bark
tissues, gummy areas, or abnormal bark growth (Brown et al.,
1984).

Despite continued shaker and pad development and the
adoption of enlightened operating procedures, growers

continue to report some bark damage each year in commercial
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orchards (Timm, 1986). Sweet cherry trees are more
susceptible than tarts and young trees are more susceptible
than older plantings. The productive life of mechanically
harvested orchards appears to have decreased from 30 years
to 10-15 years; bark damage may be a significant factor
(Burton et al., 1986). When considering that mechanical
shake-and-catch harvest systems are used to harvest over 95%
of all sweet and tart cherries used for processing, this
loss in productivity adds up to 3.0 million tart trees (30
million tree-years of productivity) and 536,000 sweet trees
(5.36 million tree-years of productivity) in 1985 alone for
existing orchards. Significant plantings of new orchards in
the late 1970's and early 1980's (nearly 50% of the state's
tart trees and 30% of the sweet trees in 1982) have made the
elimination of bark damage an economic priority. These new
orchards signify another 1.3 million tart trees and 312,500
sweet trees that will come to bearing age 1in Michigan
orchards which may be harvested mechanically.

The U.S.D.A. Joint Council on Food and Agricultural
Sciences (1986) 1lists as one of it's eight top research
priorities for 1988: "to sustain the long term productivity
and profitability of agriculture...Greater emphasis is
needed on integrated farming systems which are based on the
appropriate new and existing production technologies". The
current problem of eradication of hidden bark damage
requires the identification and control of safe 1limits on

applied pressure and strain from mechanical shake-and-catch
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harvest systems (Brown et al., 1984). Re-design of current
shaker-pad-tree systems and modification of shaker operating
procedures are just two of the many bio-physic interfaces

that promise to benefit from engineering intervention.

1.4 Objective of this Research

The goal of this research was to analyze the dynamic
displacement response of an inertial fruit tree shaker and
attached cherry trees of varying size. Displacement data
can aid in estimation of stress and strain applied to the
bark. Critical maxima thought to be harmful to tree bark
would be sought. Theoretical analysis and re-design of the
inertial fruit tree shaker based on vibration results may
then provide a key step in minimizing bark damage. A tree
trunk profile analysis method, a possible hidden bark damage
indicator, would be developed and presented for wutilization
in future studies. The specific objectives formulated for

the needs of this research investigation were:

1. Collect and analyze dynamic displacement data from
a typical commercial inertial fruit tree shaker and develop

the methodology for required signal analysis processes.

2. Determine peak X and Y displacements of the tree

and shaker for several vibration frequencies and tree sizes.

3% Design, construct, test and evaluate a modified
shaking mechanism based on an analysis of the apparent

vibration anomalies potentially harmful to the bark.
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4. Develop and test a method for monitoring tree trunk

profile changes over a several year period.



CHAPTER 2

LITERATURE REVIEW

The first manual harvesting of a tree fruit is
attributed to Eve (Genesis 3:6). For millennia thereafter,
fruits were harvested manually, requiring much time and
labor. The amount of labor needed for harvesting was
frequently over 50% of the total labor and cost requirements
to raise a specific horticultural crop (Brown, 1980).
Different tree fruits pose different difficulties for manual
harvest. Date palms, for example, grow very tall (9-18 m,
30-60 ft.) and bear fruit at the top where skilled workers
are needed to climb and cut the fruit bunches. Some citrus
fruits like tangerines, lemons and limes, rapidly
deteriorate if the stem is improperly removed from the fruit
during picking. Apple, pear, peach and plum trees require
ladder or platform work; the bulk of these fruits also
necessitates frequent trips to empty the picking sacks.

Cherries, on the other hand, are not bulky, but are
small and vastly abundant within a tree. It requires ten
times as many man-h of labor to pick a tonne of cherries as
are required to pick a tonne of apples, peaches or pears
(Levin et al., 1960).

Most tree fruits also pose the problem of a short

16
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harvest season and 1low yield per worker, particularly
cherries (150 h season, 8 man-h per tree: Fridley and
Adrian, 1968). When an orchard is ready to be harvested, a
grower may have only a few days to harvest for prime
quality. Until the 1late 1960's, the cherry growers in
Michigan could rely on over 45,000 workers, 35,000 of whom
were migrant workers, to meet the harvest need (Levin et
al., 1960; ARS, 1964; Brown, 1980). Public Law (PL) 78,
known as the "Bracero program”", which permitted seasonal
migratory workers to enter the United States, was terminated
December 31, 1964. Investors in orchard crops were faced
with the choice of selling out, switching crops, abandoning
the orchards or mechanizing. As the problems of 1labor
shortage, labor cost, labor unrest, transportation costs,
rough handling and economics accumulated, growers learned
that mechanization could be economical and eliminate many
labor problems while maintaining steady product flow to the

market (Drake, 1983).

2.1 Chronology of Tree Shaker Design

Mechanical vibratory tree fruit harvesting has seen an
evolution from crude tools to current-day, highly complex
mechanized shakers (Figure 2.1). The concept of these tree
fruit harvesters remains quite simple: to transmit enough
shaking force through the shaker and the clamp to overcome
the inertia of the tree and provide 1limb acceleration
sufficient to detach the fruit at the stem. This concept

was first employed in hand tools used as knockers and
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shakers. Stiff trees where low amplitude, high frequency
vibration could remove fruit were found to be good targets
for mallet shakers, especially 1in the nut groves of
California. A 1-m long wooden mallet with a hard rubber
padded tip was used to beat limbs to remove fruit. Bark
damage from this method, however, in conjunction with

Ceratocystis fimbriata canker infestation, caused enough

harm to nut trees in California that the canker earned the
nickname "mallet wound canker" (Devay et al., 1960).

Long willowy poles have also been used to knock limbs,
thereby jarring the fruit from the stem (Gaston et al.,
1959; O'Brien et al., 1983). Fridley and Adrian (1966)
describe manual limb shaking of prunes with a hook secured
to a long pole. W. F. Rurup actually patented the first
manual "tree shaking device" in 1927 consisting of a spring
loaded metal hook on the end of a rod. Gustafson patented a
similar concept in 1951 with an improved hook guide to shake
nuts from tree limbs. Expectedly, the size of the limb was
limited; weakened branches were easily broken, and workers
quickly tired.

Hand-carried mechanically activated shaking devices
were developed to replace poles in the shaking of small
limbs (Gaston et al., 1959; Russel and Dowling, 1964;
Plummer, 1969). Ferguson (1963) developed a hand held,
spring loaded 1limb knocker which was activated by a hand
crank. Several hand held motorized designs were based on

the use of a chain saw type power unit with a pitman linkage
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(Londo, 1965; Auﬁabaugh, 1965). A manually operated pulley
system on a tractor frame was developed in 1959 to knock
tree limbs for fruit removal (Roberts, 1959). Steingas and
Gaul (1968) developed a portable hydraulic/air cylinder
which had one end ratchet-clamped to a 1limb with the
opposite end supporting a mass which was reciprocated; the
unit was powered through a flexible hose coupled to a
tractor unit. Watson (1970) had a similar idea with a PTO-
powered pneumatic pump hose-connected to a hand held
rotating motor wunit which operated a pitman arm for limb
reciprocation. Most of these hand-held shakers were not
popular, however, due to the low rate of harvest, operator
fatigue, shock transferred to the user, in effectiveness on
large limbs and bark damage.

The next step in tree shaker evolution was changing the
shaker carrier from man to machine. Abildgaard patented the
first completely mechanized fruit and nut harvester in 1923.
A spring loaded hook clamped to a trunk or main scaffold
imparted linear reciprocating motion from a boom driven by a
gasoline powered pitman-crank mechanism mounted on a carrier
below. This was the first patented account of a "trunk
shaker" of sorts. In 1927, Harold Bartlett patented a
hydraulically activated boom shaker harvester (limbs or
trunks) with a two-half tree encircling catching frame.
Berger (1937) moved the standard reciprocating pitman-crank
mechanism to the end of the boom on his design such that

only the shaker head and the trunk or limb were oscillated
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and not the boom itself. Berger was also the first of the
tree shaker patentees to suggest using some padding at the
tree contact surface to prevent bark damage.

Unfortunately, it took almost a quarter of a century
after these first designs were patented before total
mechanization found general acceptance. The first widely-
noted "pioneering account" of mechanical tree shaking was
published in 1946 by J. P. Fairbank, Extension Agricultural
Engineer, at the University of California, Davis (O'Brien et
al., 1983). Although many earlier designs employed rigid
booms, Fairbank's design (for walnut trees) employed a cable
with a hook at one end which was reciprocated by an
eccentric crank on a farm tractor. The hook was placed over
the 1limb, tension was applied to the cable. The eccentric
was then started to apply reciprocating, large amplitude
motion to the tree limb. The speed of the shaker was
limited by the natural frequency of the 1limb, which
accounted for the return stroke of the shake, as the cable
was capable of applying only tension. In 1950, the first
cable shaker was patented by Paul Balsbaugh; it consisted of
a cylindrical housing in which a PTO driven crank attached
to a pitman arm provided reciprocating motion to a cable
attached to a tree. Other reciprocating mechanisms for
cable shaker operation followed, often powered by a tractor
PTO (Johnson, 1951; Avansino, 1953; Hess, 1962).

The boom shakers of the 1920's had been difficult to

maneuver in many orchards due to tree shape and ground
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conditions. Early models were expensive and were subject to
frequent breakdowns. As a result, cable shakers outsold
boom shakers for many years.

Eventually, however, the rigid boom design of the
1920's began to replace the Fairbanks cable shaker of 1946
in the design evolution (Gould and Gould, 1954). The boom
eliminated the second operator who handled the cable hook.
Two types of boom shakers simultaneously developed. One
type of boom shaker was called a "knocker" and consisted of
a padded member which simply maintained flush contact with
the tree delivering a series of impulses to the tree and
thus still relied on the natural frequency of the tree for
return motion (Jones, 1961; Balsbaugh, 1961; Phelps, 1963).
Knocker designs included eccentric boom bumpers, spring
activated impulsers, and pressurized air cylinder impulsers.
Fridley and Adrian (1966) developed an impulse shaker
consisting of an air-accelerated piston in a tube which
impacted a padded head next to the limb. A spring between
the head and the piston prolonged the impact. Pellerin et
al. (1978) designed a pendulum type of trunk impulse shaker
with a variable mass and drop height.

Pacheco and Rehkugler (1980) developed a spring-
activated impact shaker capable of delivering up to 1151 J
(10,185 in.-1b) energy with an 86.6 kg (191 1lb) mass moving
at 516 cm/s (203 in./s). 1In 1982, Pellerin et al. designed
a spring activated trunk impact shaker capable of both a

double 1impact mode (second impact strikes tree in opposite
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direction of first impact and at a time when the tree
reaches maximum displacement from the first impact) and a
recoil impact mode (tree is pulled toward shaker by a spring
recoil force, then impacted to move away).

The second type of boom shaker simply replaced the
cable with a boom and the hook with a mechanically activated
clamp which could be remotely fastened around a limb by the
tractor operator (Lowe, 1955). The tension-compression
member with clamp had the advantage of allowing the
frequency of vibration to be set by the operator,
independent of the natural frequency of the limb or tree.

The majority of the boom and cable shakers which
provided a linear motion utilized a cam, piston-crankshaft
or pitman-crank drive mechanism. Some innovative deviations
from these designs had arisen, however. Goodwin (1954) used
a linear hydraulic actuator (cylinder) to reciprocate the
boom as fluid was switched in and out of opposing cylinder
sides. Balsbaugh (1963) developed a journaled swash plate
to reciprocate the shaker boom. In a rigid boom 1limb
shaker, Anderson (1963) used a rotating eccentric to pull a
cable attached to a sliding shaker head for retracting
motion and used a built-in compression spriné to provide the
extending motion. Sumner et al. (1975) used a four bar
crank-rocker mechanism 1including a flywheel to provide
linear motion at the tree. Khalilian et al. (1978) added a
spring between the mass and the limb shaker boom to reduce

the maximum force and peak power necessary at frequencies
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above the second natural frequency (mode) without affecting
limb displacement.

Cherry tree shaker mechanization made its debut in 1958
in Michigan. Levin et al. (1960) recorded 95% fruit removal
on sour cherry trees with a Gould tractor-mounted,
hydraulically-activated boom shaker designed for West Coast
nut crops. Operation was at 12 - 17 Hz with a 3.8 cm (1.5
in.) stroke for 3-5 s. A bear-hug style clamp with rubber
padding was used. Tart cherry tree bark damage ranged from
no damage to very serious damage depending on clamp slip,
clamp pressure, or deviation from a 90° clamp angle. Sweet
cherry harvest with this same machine caused severe bark
damage due to the violent, long shaking periods required to
remove immature fruit for brining (the maraschino process).

Boom shakers, where the boom was fixed to the carrier,
required the mass of the carrier to be greater than the mass
of the tree, otherwise the carrier would shake more than the
tree due to the reactions. The development of the floating
inertial limb shaker (Adrian and Fridley, 1965) relaxed this
requirement, however, since the suspension of the shaker
from its center of gravity allowed free body motion relative
to the tractor and thus absorbed some of the reactions.

Fridley and Adrian (1960) experimented with a double
eccentric mass boom shaker where masses weighing 2.3 kg (5
l1b) were mounted on a common shaft, had 6.4 cm (2.5 in.)
eccentricity, and rotated at 7-18 Hz (400-1100 c/min).

Herbst (1964) patented a boom shaker activated by two
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eccentric masses on the same shaft capable of running in
apposition or opposition. Read's (1965) boom shaker patent
was similar to Fridley and Adrian's model of 1960 actuated
by two eccentric masses on separate shafts rotating
synchronously in opposition to produce linear motion.
whitfield (1971) designed a pivoted boom shaker activated by
a single rotating eccentric mass.

Fridley (1968) wused a crankshaft arrangement to
oscillate a mass thus providing a "linear inertially-
excited" shake. Brandt (1965) developed a general two
eccentric mass vibration generator capable of real-time
phase/velocity indexing between the two masses thus
producing a multidirectional shake. Brandt's was the first
multidirectional vibration generator for inertial shakers.
Two rotating eccentric masses were mounted atop one another
on a common shaft and driven by a common hydraulic motor and
V-belt. Twisting of the V-belt provided reverse rotation
for one mass and different eccentric mass pulley diameters
permitted slight speed differences. Shipley (1970) patented
a plural eccentric mass harvester, each driven by its own
hydraulic motor on a C-clamp frame to provide a
multidirectional shake.

In 1967, Shipley patented a complete multidirectional
trunk shaker design which used two masses in line with the
tree, one on either side of the tree, operated hydraulically
by individual motors on a free hanging suspended body.

Direction of rotation was by hydraulic design, velocity was
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by hydraulic flow control and eccentricity was adjustable by
manual adjustment of the masses on their eccentric arms.
Fridley and Adrian (1966) produced a multidirectional shake
by placing two masses on opposite sides of a tree, rotating
the masses in the same direction and at the same speed for a
circular translation of the trunk, or rotating the masses in
opposite directions at equal or different speeds to produce
various translational patterns.

Gould and Richter (1969) developed a two mass
hydraulically driven multidirectional trunk shaker with two
masses in line with the tree but adjacent on the same side
of the tree. The masses rotated in opposition and were
chain 1linked for pattern fixation. This design is claimed
to achieve minimal bark damage with increased shake vyield
due to the extra "twisting" of the tree. Savage (1981)
developed a C-clamp shaker that uses two chained eccentric
masses rotating 1in the same vertical plane but on spaced
axes and synchronized such that a linear horizontal forcing
vector is generated to vibrate the tree.

Gentry (1980) developed a citrus shaker for lemons in
1978 utilizing two rotating masses totaling 114 kg (250 1b)
in a housing weighing 565 kg (1245 1b). The shaker was
attached to trunks up to 40 cm (16 in.) in diameter at
heights of 36 cm to 1 m (14 - 40 in.) above the ground. The
frequency of shaking was less than 5 Hz (300 c/min).
Debarking of the lemon trunks forced Gentry to switch to

grapefruit; trees which had smoother trunks and tougher
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bark.

Trunk shakers usually deliver an output of relatively
high frequency (12 - 40 Hz), short stroke (5 - 20 mm, 0.2-
0.8 in.) and varying pattern (O'Brien et al., 1983). These
parameters can be varied by modifying the relative masses,
the eccentricities, the relative direction of rotation and
the relative speeds of rotation. Overstreet (1969)
developed a three-mass triangular (isoceles) arrangement of
eccentric masses around the tree, which were chain-linked to
provide a circular motion of the trunk shaker and tree.
This design was used in conjunction with a tri-clamp to
effectively transmit forces with minimal bark damage. Fruit
removal 1is a function of stroke and frequency and 1is also
influenced by pattern. Inertial shaker stroke can be
approximated by (Adrian and Fridley, 1965):

S = 2*m*r/(Mghaker * Mlimb)

S = Peak to peak stroke

m = Eccentric mass of shaker

r = Eccentricity of shaker
Mshakeg = Total mass of shaker

Miimp - Total mass of limb = 0.2 kg/mm diameter for limbs
2.0 kg/mm diameter for trunks

The development of the trunk shakers throughout the
1960's saw larger power units transmitting larger forces.
Unrecognized at the time, the general design of some shakers
inherently induced tree damage. Torques generated by
counter-rotating masses induced twisting effects at the pad
which must be absorbed as friction at the tree bark.

Redesigned clamps and pads were necessary to fit the

trunk diameters and allow the bark to survive the increased
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stresses (radial, tangential, longitudinal) imposed on the
trunk. Clamp design (Burke, 1951; Gould, 1962; Gould, 1964;
Gerrans, 1968; Gerrans, 1971), pad design (Gerrans, 1966),
pad 1lubrication (McEwen, 1965), increased pad contact area
and reduced clamping forces (Edgemond, 1967) have all been
means by which researchers have attempted to reduce shear
and torque transmitted to the tree.

The first tri-clamp pad design was patented in 1969 by
L. B. Overstreet. Three pads comprised the clamp, grasping
the tree approximately 120° apart, via one fixed arm and two
hinged arms; the tri-clamp made for better grip and less
slip within the clamp system. A tri-clamp design by Friday
(1981) incorporates a single hydraulically-driven rotating
mass in each of two arms. These arms pivot about the trunk
so two pads make contact at approximately 120° and 240° from
the approach angle, and combine with a third stationary pad
at 0°. The forcing vectors developed by the masses are thus
nearly in-line with the tree, although torque may still be a
problem.

To study relative levels of bark damage, two shakers
were utilized by Hedden et al. (1984) to harvest Valencia
and Hamlin oranges. One shaker provided linear motion, the
other multidirectional motion. Minimal bark damage was
observed in all tests, even for growing Valencia orange
trees when clamping 16.2 cm (6.4 1in.) average diameter
trunks at 640 kPa (93 psi) average contact pressure for the

linear shaker and 1215 kPa (176 psi) for the
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multidirectional shaker.

No obvious trunk damage was apparent when Millier et
al. (1983) tried a recoil impact shaker for apple harvest,
The linear impact shaker performed better on Y-shaped trees
than diqg a multidirectional shaker on limbs parallel to the
applied force. Violent action was needed to remove fruit on
limbs perpendicular to the applied force,

With the advent of mechanical harvesting, tree crops
frequently needed pPruning or retraining to make the
operations efficient. Tree modification could increase the
speed of harvesting, bromote uniform maturity, improve
recovery, decrease product and plant damage ang improve
overall economics (Brown, 1980). Often new harvester
designs were based on a particular tree-orchard Pruning
configuration, particularly when continuous harvester
designs were being investigated.

Conventional Jow density orchards (75 - 200 trees/ha)
are presently harvested at acceptable rates with Stop-and-go
shaker harvester Systems (Tennes and Brown, 1981), Trunk
shakers with self Propelled catching frames harvest 60 - 120
cherry trees per h. High density orchards (200 - 400
trees/ha), however, may have lower yvield ber tree ang
therefore necessitate higher Speeds for equivalent
volumetric harvest rates, As a result, various continuous
harvesters for tree Ccrops have been designed.

Tennes and Burton (1977) developed a Sway-bar shaker

for continuous harvest of tree crops consisting of a pair of
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equi-spaced horizontal bars pivoted at the front end and
powered by two synchronized rotating eccentric masses at the
back end. A roller assembly mounted along each bar formed a
free wheeling contact surface for tree trunks. Tennes and
Brown (1980) expanded upon this design such that the
oscillating sway-bars were combined with a pendulum system
for absorbing vibrations otherwise transmitted to the power
frame. Bark damage was still a problem, however, as the
harvester moved 3 - 6 cm (1 - 2 in.,) during each cycle of
the sway bar, causing probable shearing impact on the bark
as discussed by Fridley et al. (1970).

Peterson and Monroe (1973,1974) developed an automatic
sequencing continuous over-the-row trunk shaker harvester.
Harvest rates were increased 100% on a time basis, reaching
200 trees/h. In 1985, Peterson et al. combined a recoil
impact shaker with an over-the-row sequencing harvester
frame to provide continuous detachment of apple fruits
without some of the apple damage and bark damage problems
associated with compact high-power inertial trunk shakers.

Continuous over-the-row tree harvesters with two
eccentric masses on separate shafts using a scissors type
grasping unit have also been developed by Peters (1980).
Orlando and Fitzmaurice (1981) built an over-the-row
harvester with a vertical scissors-type clamp suspended from
the top of the frame and shaken by a non-positive
oscillatory eccentric pair of masses at the upper end of the

frame. The entire assembly was pivoted by a single axis to
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alternately impact opposite sides of the trunk.

Gebendinger (1973) created a three mass shaking unit
with all three masses concentric on the same shaft to
prevent twisting of the shaker axis. This effectively was a
two-mass shaker however, as the top and bottom masses
rotated synchronously and were each half the weight of the
middle mass. Westergaard et al. (1983) discuss a true
three-mass concentric shaft design where the three eccentric
masses would be driven by various combinations of motors and
sheaves to impart a plurality of distinct shaking patterns
to a tree trunk or limb. Tempkins (1973) developed a
scissors type shaker head pivotally coupled to the distal
end of a transportable boom and having two counter-rotating
masses on a common axis, driven at different angular
velocities by a twisted V-belt; this could develop a 360°
progression of the shaking force vector.

Variable amplitude shakers have been developed to change
the shaking characteristics of the tree, sometimes even
while running. These often consist of adjustable eccentrics
with pitman arms (Harrett, 1963). Fridley (1970) developed
a mechanism to create any desired shaking pattern by having
a variable offset mass on a common shaft with a fixed offset
mass, chain-linked for a fixed phase relationship. Gould
and Richter (1971) used hollow cylindrical shells to vary
eccentricity by varying the amount of flowable heavy matter
(such as BB's, lead shot, etc.) in the cylinder. Because

the amount of unbalance depended on movement of the material
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in the shell, the moment of inertia was a function of the
shell's rotational velocity during operation. Hood et al.
(1979) created a unique scissors-type trunk shaker by using
eccentric masses mounted on sun gears which "walked" around
the inside of planet gears. As the eccentricity of the mass
was capable of being offset by the offset of the "walking"
sungear shaft, various shake patterns were realizable.

Brown and Perkins (1967) used a light weight, hand-
carried hydraulically powered eccentric mass C-clamp
vibrator for successful and complete fruit removal from date
palm bunches with a 3 s shake.

Tree fruit harvester mechanization improvements over
the past 25 years have reduced 65 man-h of hand picking per
hectare down to 4 and 8 man-h per hectare for mechanized
harvest of tart and sweet cherries, respectively.
Improvements in tree shaking and other fruit removal methods
will undoubtedly continue as technology advances in sensors,

controls and actuators.

2.2 Root Damage

Bukovac (1983) suggested that shaking with "unnecessary
force" may result in "breaking of roots, interfering with
conduction systems and doing other harm which 1is not so
apparent”. The use of plant growth regulators which would
loosen fruit and 1increase removal rate may prevent an
operator from shaking extra hard and long, thereby stressing

the tree and causing premature orchard death.
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Early experiments by Levin et al. (1960), however,
found no adverse affects on cherry root systems when limb
shaking to harvest fruit. Halderson (1966) also found that
root movement during trunk shaker harvesting ceased
approximately 15.2 cm (6 in.) below the soil surface and did
not appear to cause root or tree decline.

Beljakov et al. (1979) found no adverse effect on tree
growth either with only an insignificant number of roots
severed (less that 0.05% of the roots by weight of diameter
0.1 cm (0.04 in.) or smaller) when sweet and sour cherries,
peaches and plums were trunk shaken. An eccentric mass
trunk shaker clamped 20 cm (7.9 in.) above the ground
operating at 15 - 18 Hz with 2.4 - 3.0 cm (1.0 - 1.2 in.)
strokes was used.

Lyons and Yoder (1981) found that 7.6 - 12.7 cm (3 - 5§
in.) diameter peach trunks which were poorly anchored had
deeper crown roots and were susceptible to breakage by wind
and shaking.

More recently, however, Brown et al. (1984), in
attempts to find a nondestructive, convenient method of
detecting hidden bark damage, suggest that increased
ethylene production found in samples taken beneath trunk
shaken cherry trees may result from injury to the root
system, though this has not yet been verified. The question
of root damage from mechanical harvesting and its effect on

tree decline is still under inquiry.
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2.3 Tree Injury - Prelude

Tree damage generally occurs in three different forms:
1) damage to the bark at the point of shaker attachment, 2)
breakage of 1large stiff limbs, and 3) breakage of small
branches or detachment of leaves and other new, young growth
(Cargill et al., 1982). The authors 1list 19 possible
factors that can result in bark damage, much of which can be
serious.

Breakage of 1large limbs generally results from
excessive stroke length, shaking at a natural frequency or
shaking for a long period of time. Weak, grafted or low-
crotched trees are most susceptible. Breakage of small
limbs results from high frequency vibration. Long periods
of shake are likely to magnify the damage.

Bark damage normally occurs as a total stripping of the
bark from limbs or trunk or as a separation of the bark from
the cambium (Brown et al., 1982). The latter can seldom be
detected except by trained personnel. Tapping of the bark
for presence of a hollow sound is one method used to detect
internal damage; other more sophisticated methods of
detecting hidden bark damage have also been investigated
(Brown et al., 1984). Neglected bark damage combined with
adverse winter weather, insect and disease attack, poor
nutrient supply from the soil, improper use of growth
regulators or poor irrigation practices can cause rapid
orchard decline. Diener et al. (1968) found that the amount

of bark damage accumulated by a limb or trunk is determined
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by the bark properties, the radius of the limb or trunk, and
the resistive forces of the shaken object.

Preventing bark damage is of prime importance with
today's harvester which clamps to a tree trunk. Ironically,
Sturos and Erickson (1977) of the USDA Forest Service use a
compression debarking device consisting of two stiff rollers
which squeeze wood samples in order to intentionally
separate the bark. The adverse effect of poor tree clamping
mechanisms on bark damage has reinforced concern over what

is happening in Michigan orchards.

2.4 Tree Vibration

Fruit detachment 1is the prime objective in shake-
harvesting. Much work has been done to study fruit
detachment. When shaking is used for fruit detachment,
efficiency depends on the pull force required to remove the
fruit (the lower the better), the fruit mass (the higher the
better), the location of the fruit on the tree structure,
and the stem length (the shorter the better). For example,
pull force for Windsor sweet cherries never gets as low as
that for Schmidt's sweet cherries while Windsor cherries
seldom get as large as Schmidt's; thus Windsors are more
difficult to shake harvest.

Since mechanical shakers are attached to the tree trunk
or limb, factors 1like the 1limb's natural frequency,
efficiency in transmitting vibration, damping effect of the
leaves, damping effect of the fruit, mass of the 1limb and

direction of vibration are important. With inertia shakers,
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the mass of the shaker and 1its parts must also be
considered. Adrian and Fridley (1958) concluded that the
four variables affecting fruit removal were: 1) the
frequency of shake, 2) the length of the stroke, 3) the
force/weight ratio required to remove the fruit, and 4) the
number of limber fruit bearing hangers in the tree.

Cooke and Rand (1969) describe the three important
modes of vibration for a fruit (Figure 2.2). Instability
and fruit-stem resonance have been important in creating
high stress for fruit detachment. However, limb
characteristics are very important in successful vibration
transmissibility (Fridley and Yung, 1975).

Coffee, cherries and macadamia nuts are easily removed
because the stiff tree structure allows excitation of
resonant frequencies at the fruit-stem interface. Olives,
however, are more difficult to remove because the flexible
stem and branch act as vibration absorbers, isolating the
fruit from the excitation.

At low frequencies, fruit tends to detach by failure of
the stem or branch near the fruit, leaving a variable length
stem or branch attached to the removed fruit. The stem may
also be pulled or broken from the fruit causing a stem-tear
or similar damage at the area of stem attachment. At high
frequencies, the inertia of the fruit causes it to remain
stationary and stem failure normally occurs at an abscission
layer between the stem and fruit or the stem and branch. 1In

the cherry industry, excitation of the pendulum mode (low
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frequency) provides sweet cherries with stems for
maraschinos and fresh market, excitation of the tilting mode
(higher frequencies) provides stemless cherries for
processing.

High frequencies (25 - 40 Hz) and short strokes (20 -
25 mm, 0.8-1.0 in.) have been proven most effective at fruit
removal when the tree structure and fruit attachment are
relatively rigid (O'Brien et al., 1983). Low frequencies
(1.5 - 6.0 Hz) and long strokes (100 - 125 mm, 4.0-5.0 in.)
have been found superior for long branched and willowy trees
that hang down under the load of the fruit (Table 2.1).

Kronenberg (1964) found the detachment force of fruit to
decrease as the fruit ripened. The difference between the
force 10 days before harvest and that on the traditional
picking day varied according to the equation:

Y = -48°X + 428

9 - Number of days before harvest
Detachment force, g

Where: X
Y

Ripe cherries detached without stems whereas unripe cherries
detached with stem.

Discovery of satisfactory frequency and stroke for
fruit removal has provided researchers with the following
empirical means by which to estimate fruit removal for
cherries, prunes, olives and macadamia nuts (Markwardt et
al., 1964; Halderson, 1966; Fridley and Adrian, 1960, 1966;
Fr idley et al., 1971; Peterson et al., 1972):

Percent Removal = 100°¢(1 - exp(-ksawb))
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Table 2.1 Tree characterization and tree shaker inputs for
several tree fruits (O'Brien et. al., 1983)

Typical Input to Tree

Tree Shaker Frequency Stroke
Crop Character Utilized (Hz) (mm)
Apricots 1 Trunk 15-30 12-8
Limb 10-20 40-25
Almonds 1 Limb 15-20 40-25
Trunk? 15-25 12-8
Apples 2 Limb 10-20 40-35
Trunk 15-25 12-8
Prunes 2 Trunk 15-25 14-10
Limb 10-20 40-25
Walnuts 3 Limb 7-16 50-30
Trunk? 15-20 14-10
Pecans 3 Limb 10-16 50-35
Trunk? 15-20 14-10
Peaches 3 Trunk 15-25 16-12
Red Tart
Cherries 3 Limb 10-15 40-30
Trunk3 10-24 40-20
Sweet
Cherries 4 Limb 10-20 60-35
Trunk? 12-24 16-12
Olives 5 Limb 20-35 75-50
Oranges 5 Limb 1.6-6 125-100
Trunk 10-15 16-12

la rating of 1 indicates a stiff tree structure and fruit
stem; 5 indicates willowy structure and long flexible
stem.

In large trees, multidirectional trunk-type shakers are
mounted on booms and used to shake major scaffold
branches.

Source: Bruhn, 1969.

[N)

w

Where: Constants a, b, and k have been tabulated
s = Stroke delivered to the limb, mm
w = Shaking frequency, Hz

Unfortunately, however, increasing either stroke or

frequency does not necessarily increase fruit removal since
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increasing the frequency may decrease the stroke or the
effective vibration transmission through the limbs to the
fruit stem (Fridley and Adrian, 1966; Fridley et al., 1971).
In fact, Diener et al. (1969) found 1limb transmission
efficiencies (ratio of end of limb stroke to shaker stroke)
ranging from 25-130%.

Direction of shake influences removal of fruits and has
had a significant role in shaker design. McLaughlin et al.
(1976) found that vertical shaking on apple 1limbs removed
16% more fruit than horizontal shaking for a 1 s period.
Lenker and Hedden (1968) used a variable stroke, variable
frequency FMC hydraulic cylinder (square wave) inertia
shaker and a crank-type inertia shaker to harvest Pineapple
and Valencia oranges. They found that more fruit 1in
Pineapple oranges were removed with smooth 1limb shaking
action than with the square wave.

Shaking patterns can be present on some machines; on
others there 1is an undefined continuous change of motion
either by design or from the operator's controls. Shaking
frequency and shaking force are related by the square of the
frequency. Increasing the frequency on any shaking pattern
requires more power. This frequency increase requires both
higher hydraulic system flow rate and pressure, resulting in
excessive clamping pressure between the pad and bark on
machines where the shaking and clamping circuits are
interconnected. Force transmission of most shaking patterns

can also cause excessive radial stress, tangential stress or
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longitudinal stress on the bark due to reactive forces at
the clamp.

Direction of shake has more influence on fruit damage
than on fruit removal. Pellerin et al. (1979) state that
minimum damage occurs when fruit is removed by several short
bursts rather than longer, more intense shaking. Fruit tend
to move very little before detaching and falling straight
down when shaking by impact shakers (Upadhyaya et al.,
1981a).

Fruit detachment 1is complicated by the existence of
combined tension, bending and shear stresses at the stem
(Alper and Foux, 1976). As the angle at which tension is
applied increases, bending and shear stresses on the stem
increase while tension stress decreases. Desired shaking
characteristics (frequency, stroke, direction) to get the
proper stress combination for removal of a particular fruit
are difficult to optimize due to the vibration
transmissibility. Fruit remaining attached to trees after
shaking are commonly hanging on limber fruiting branches
near the tree surface.

Fridley and Adrian (1960) conducted studies to
determine the power and optimal frequency of vibration of
prune trees such that fruit removal was high but fruit and
tree damage was avoided. Vibrations at the natural
frequency of the fruit, which would be the most efficient in
terms of power, were difficult to transmit through the

branched tree structure because of the damping by leaves and
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the collision of limbs. Vibrations at the natural frequency
of a limb caused both limb and fruit damage. Attempts to
vibrate prune tree limbs at the natural frequency indicated
that selection of the proper natural frequency was dependent
on the stroke required to remove the fruit at that
frequency, the power required and the resulting tree and
fruit damage (Fridley and Adrian, 1960). As expected,
minimum force and power were needed to vibrate a tree when
clamping was at an anti-node and shaking speed was at a
natural frequency. Less power was needed with longer
strokes and lower frequencies. Tree and fruit damage tended
to increase as stroke or frequency increased, although the
stroke effect was more predominant.

Alper et al. (1976) studied the effect of frequency and
the point-of-force application on resultant amplitudes at
the points of fruit suspension and at the zone of force
application on orange trees. Vibration amplitudes in a
shaken branch at points of fruit suspension were found to
increase as the force application point was moved further
from the main branching point. Vibration amplitudes at
points of fruit suspension remained the same with and
without attached fruit. With multidirectional trunk
shakers, Berlage and Willmorth (1974) found that the nodes
and antinodes of a vibrating limb move along the 1limb as
frequencies change, thus preventing dead spots with zero

displacement.

Halderson (1966) found the first resonant frequency of
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a vibrating tart cherry tree to be very low (e.g. 50 c/min).
Bruhn (1969) found that, except at very low values, changing
applied frequency and amplitude had little effect on cherry
fruit removal unless the combination resulted in a change in
acceleration, Accelerations in the outer fruiting zone of
the tree exceeded those applied to a trunk or limb base in
all cases. These conclusions were confirmed by Tennes and
Brown (1981) in over-the-row apple harvesting tests with a
sway bar shaker.

The response of each individual tree to vibration and
damage is different, and can vary from orchard to orchard as
well. The force and power required to shake trees varies
with stroke and frequency of shake, type of shaker, position
of tree attachment, limb or trunk size and tree species
(Fridley and Adrian, 1966). As expected, force was found to
be proportional to the stroke and to the square of the
frequency. Power was proportional to the square of the
stroke and the cube of the frequency. Power for increasing
trunk displacement was proportional to the square of the
ratio of the increased displacement to the original
displacement (Cargill et al., 1982). Limb shakers operating
with hydraulic motors typically average 8 kW (11l Hp) while
trunk shakers require 30 to 40 kW (40 - 54 Hp) (O'Brien et
al., 1983).

Hoag et al. (1971) studied the damping properties of
almond tree limbs. They found a log decrement of 0.0667 to

0.1015 when limb moisture content was near the saturation
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point of fiber (30%). External damping due to limbs moving
through the air was nonlinear and proportional to the
velocity squared. Air drag on vibrating olive tree 1limbs
could be described by a constant drag coefficient of 1.5;
the 1leaf area turned out to be important. With leaves
removed, external damping was negligible wunless limb

velocities were very high.

2.5 Shaker Clamps

The most likely point of tree injury is at the point of
shaker attachment. Here, longitudinal, tangential and
radial forces from epicyclic pattern trunk shakers are
transmitted through a pad which must act as a cushion,
damper and spring. The pad must be firm enough to conduct
vibrational energy so that excessive stresses are not
imposed on the bark yet conform to the trunk such that the
pad does not slip., If pad contact area is too small or
clamping pressure too low, observable scarring of the bark
or excessive shear stress may result, observable as a
slipping action (tangential or 1longitudinal) or beating
action (radial). On the other hand, excessive clamping
pressure can crush or split the bark. Excessive clamping
pressure also stiffens pads (smaller pad deflection per
force 1increment), reduces internal pad flex, and reduces
belt-system slip but a very stiff pad system can generate
large peak contact pressures and large torques during

shaking.
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Brown et al. (1982) found peak pressures between the C-
clamp pad and the bark of 2345 kPa (340 psi), 3450 kPa (500
psi) and 4140 kPa (600 psi) on an 11 cm (4.5 in.) diameter
trunk when clamping at manufacturer's recommended pressures.
Results indicated that all current commercially utilized
pads developed pressures that exceeded the suggested 1limit
when clamped at the manufacturers recommended circuit
pressure. Reducing circuit pressure to 1limit peak pad
contact pressure was not possible on some pad designs
because tree contact area became insufficient. Contact area
on limbs of 50-165 mm (2.0-6.5 in.) diameter ranged from
5000-25000 mm? (8-39 in.?) per pad for pads that were
acceptable relative to peak pressure and shake transmission.
Frahm et al. (1983) suggested 2070 kPa (300 psi) as an
ultimate bark pressure under a pad since the average
ultimate compressive strength of tree bark was found to be
2415 kPa (350 psi) on sour cherry trees and 1035 kPa (150
psi) on sweet cherry trees. Zero compressive failure is
preferred under shaker pads but a practical limit of 15% of
the pad area is stated as reasonable without necessitating
pad redesign (Brown et al., 1986).

Bark injury is usually caused by excessive tangential
or radial stresses at the cambium under the clamp (Fridley
and Adrian, 1966). The stresses at which the cambium 1is
damaged increase with age, decrease with cell turgidity and
increase from spring to fall (Fridley et al., 1970).

Cambial failure from compressive stress (radial) was
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initiated at lower pressure on sweet cherries (1000 kPa, 145
psi) than on tart cherries (2310 kPa, 335 psi). Shear
strength ranged from 350-700 kPa (50-100 psi) and should be
assumed to be the lower value of 300 (43 psi) to eliminate
shear damage. Bark strain at failure ranged between 4,5°
and 11.6° and should be limited to 5° for design purposes
(Brown et al., 1982). Bark damage is also more likely to
occur during morning operation since the trees experience
diurnal moisture fluctuations, having greater moisture in
the cambium during the morning (Burton et al., 1986).

Early padding in shaker experiments consisted of cloth,
belting or rubber wrapped around a tree attachment point
when clamping circuit pressure was 8280 kPa (1200 psi)
(Levin et al., 1960). Pads have been formed as hollow
tubes, bags filled with sand or ground nutshells (Martin,
1968; Brandt, 1967), solid rubber pads with small holes
drilled parallel to the tree trunk axis (Kilby, 1972),
preformed clamp jaws and rubber pads, belting mounted on
spring and universal joint assemblies (Brandt, 1964) and
other conforming materials (Brandt, 1985). Adrian and
Fridley (1963) suggested pads in the form of sacks filled
with magnetic particles and oil or viscous fluid. Flat
belts on parallel rollers and bolts placed in trees were
also investigated. Pool and Steingas (1969) employed
"bouncing putty", a non-Newtonian silicone fluid, on their
shaker head to conform to tree shape and prevent bark damage

during force transmission. Pool (1971) filled airtight
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pouches with a combination of silicone putty, tire carcass
discs and air to clamp to the tree. Savage (1971) took
another approach and used a hydraulically manipulated chain
to clamp firmly around the tree to prevent slip during
shake. Most manufacturers now place a flap over the clamp
pad with 1lubrication between to provide a slip surface,
thereby limiting shear stresses during cherry harvesting.

Affeldt et al. (1984) observed a shaker pad relaxation
effect, a change in contact pressure distribution of the pad
around the tree after a settling time. Settling time may
complicate the ability to maintain adequate contact force
for vibration transmission.

The Friday Tractor Company (1982) utilized a commercial
"tri-clamp"” composed of three pads 120° apart which
completely surrounded the tree. An eccentric mass on each
side of the shaker was centered in-line with the tree. This
design is claimed to prevent slip between the bark and pads
and to direct all forces to the center of the trunk to
minimize torque on the bark.

Research by Burton et al. (1986) indicated, however,
that after four years of mechanical harvesting, 58% of the
trunks in a 9 year-old tart cherry orchard had moderate-to-
severe trunk damage regardless of whether the Friday tri-
clamp system or experimental reduced pressure pad systems
were used to clamp to the trees. A low-pressure scissors-
clamp kit was developed in 1985 for further testing for

trunk damage control. In 1986, this kit resulted in almost



48

zero damage on 6.5 cm (2.6 in.) diameter trunks, whereas the
tri-clamp severely damaged 20% to 90% of the trunks. The
low-pressure kit appears to eliminate the damage experienced
with previous clamp systems (Brown, 1986).

Timm (1986) compared three beltings and five lubricants
to study the static and dynamic friction properties and
their relation to bark damage. Static and dynamic friction
forces were greater for neoprene-lubricant combinations than
for either polyurethane or nitrile-lubrication combinations.
Polyurethane belting had a lower nominal intermittent
operating temperature compared with nitrile, and delaminated
under high clamping pressure and long shaking periods.
Silicone spray was a better lubricant than Modoc oil, 1light
bearing grease, food grade grease or Crisco shortening due
to 1its tenacity, easy application, easy cleanup, low
friction, and minimal heat and dirt buildup. Furthermore,
the nitrile belting combined with the silicone spray
lubricant was found by researchers and growers to produce
minimal visible bark damage.

The optimal clamp pad system should have adequate
contact area to limit peak radial pressures, exert only
radial forces wupon the tree (to eliminate tangential and
longitudinal bark stresses) and efficiently transmit shaking
motion from the shaker to the tree. A properly designed pad
can minimize bark damage due to peak pressures. Even the
best pad, however, will not eliminate tree damage caused by

improper operation, thus highlighting the need for both good
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design and good operator training.

Some designs have come about as alternatives to
clamping the tree with pads. Adrian et al. (1965) attempted
to reduce shaker clamp injury to fruit and nut trees by
using permanent style installed fasteners in trees for
shaker attachment; the idea was to transmit shake force
directly to the structural wood. Fasteners included lag
screws, eye hooks and nut and bolt arrangements. Shaking
force transmission was adequate to remove fruit but problems
with 1initial installation, screws pulling out, screws
bending, tree gumming, structural failure and decay offset
any advantages. Coblentz (1973) developed several types of
permanent tree frames and fasteners to which the shaker
could be attached each season for fruit removal by shaking.
These included frames bolted to a group of limbs, eyehooks
bolted to individual tree limbs, spring loaded C-clamps and

multiconnector C-clamp hardware.

2.6 Modeling

Experimental study has provided a basic wunderstanding
of the forced vibration of fruit trees but details required
by engineers to design shakers or by growers to make optimum
use of shakers are difficult to obtain experimentally.
Therefore, many researchers have attempted to model the
shaker and a typical tree utilizing various mathematical
analysis methods. Alper et al. (1976) found good
correlation when modeling dynamic forces and displacements

of a shaken fruit suspension twig. Optimal removal of fruit
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occurred at 10 Hz (600 c/min) with a 30 mm (1.2 in.) stroke
using minimum power.

Phillips et al. (1970) used finite element analysis to
study a branched system consisting of a straight primary
limb with straight lateral branches all having viscous,
proportional damping. Hoag et al. (1970) also used finite
element analysis for a branched system where the elements
could be arranged to create curved branches. A Rayleigh-
Ritz procedure was used to find the undamped mode shapes and
natural frequencies. Hutchinson et al. (1970) found that
nonlinear damping gave better predictions than 1linear or
viscous damping. Most of these methods used 1lumped mass
systems.

Cooke and Rand (1969) developed a linearized three
degree-of-freedom model of a fruit-stem system excited by
sinusoidal periodic horizontal and vertical planar
displacements. Dynamic instability and modal shapes were
inferred from the coupled nonhomogeneous Hill's equations
allowing prediction of frequency conditions for fruit
separation or detachment with, or without, the stem
attached. Results indicated that the greatest dynamic
instability of the fruit occurred at a drive frequency twice
the natural frequency when the upper stem underwent small,
planar elliptical displacements.

Ghate and Rohrbach (1980) wused a transfer matrix
technique with lumped parameters to account for the

generalized structural geometry and interdependence of
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p>ending, longitudinal and torsional vibrations when solving
£ or vibrational characteristics of a continuous structure
hhaving a rigidly fixed base, a fork with two branches, and
a1 arbitrary geometric configuration. The model accurately
p>redicted response of an aluminum forked structure and was
s wuabsequently applied to blueberry cane vibrations.

Yung and Fridley (1975) used finite element analysis
and a consistent mass matrix (mass not lumped) to model
cof fee and olive trees bearing fruit. Their model wused
truncated conical segments which formed a trunk and two
branches supporting fruits. Natural frequencies, mode
shapes, dynamic internal stress, and vibration response of
the complete tree structure correlated well with the steady-
State forced vibration of a similar steel model.

Moini et al. (1980) also used a consistent mass finite
©lement model to simulate cone harvesting in the forest
indUStry, modeling the 1limbs and branches as truncated
COnical beams and the fruit as short circular beams with
COncentrated masses at the end. Leaves and twigs were
t’:’eated as distributed loads along corresponding elements.

Analytical studies of tree vibration have supported the
Q':>I‘l<:ept of shaking at several frequencies to develop a
MUl tjtude of wvibrations throughout the tree, as the
Structural variation from tree-to-tree has not permitted the
designation of any one optimum frequency or range of

f"‘QQI.lencies for shaking (Liang et al., 1971; Hussain et al.,

19.75). Analysis shows the waveshape is important: high
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£ requency components account for more fruit detachment and
pro tentially more damage to the bark.

Transient analysis wusing finite elements has been
—onducted for impact shakers with good correlation between
e xperimental and analytical results (Upadhyaya et al.,
1 98la; Upadhyaya and Cooke, 1981b).

Upadhyaya and Cooke (1981) used a finite element model
to study the transient response of a limb impacted on its
underside at 90° to its vertical inclination. They found
that impacting the 1limb transversely was superior to
impacting the limb in any other direction. The optimal
direction for branch inclination in Y-shaped open center
trees was 45°-60° from horizontal for a transverse impact
from below. The percent of harvested apples having a stem
Pull (rather than an intact stem or stem and spur) was
dependent on stem-spur angle of attachment, spur-limb angle
of attachment, impact direction, and stem physical
Properties.

Upadhyaya et al. (1981lc) were able to show that a
Sin'lple one-degree-of-freedom model adequately represented
the impact response of a tree and concluded that physical
I:":'Operties relevant to design of impact harvest equipment
(dYnamic mass, damping coefficient, spring stiffness and
Y‘)ung's modulus) could be obtained from a pendulum test.
The mechanical energy loss may be as high as 40-50% and must

be accounted for when attempting to impact harvest tree

frujes,
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2.7 Tree Injury - Bark

Cherry bark consists of a thin, nonliving outer
pre riderm, a large, spongy, nonfunctioning phloem in the
—enter and a thin, functioning phloem next to the cambium.
=k loem cells have their 1long axis 1in a longitudinal
( ~rertical on the trunk) direction, whereas periderm cells
hawve their long axis in the tangential (horizontal on the
+ runk) direction. This gives cherry bark its characteristic
greater strength in the 1longitudinal direction. The
Periderm consists of dead cells encrusted with waxes; the
waxes lubricate the tissue allowing slippage between cells
(Esawu, 1965). The periderm on cherry trees is elastic and
can hide compression damage to the phloem, xylem and cambium
for several weeks.

When cells are crushed, cell liquids are freed and
Sma 11 cracks usually occur in phloem (bark) tissue. Damaged
bark often separates from the wood (xylem) interrupting the
flow of vital nutrients. Hairline cracks in the bark tissue
fol‘m, then air enters and oxidizes cambial tissues turning
them brown quite rapidly (Adrian and Fridley, 1963; Adrian
St al., 1965). 1Insects and disease, can then enter and
il'lfect the damaged tissue, slowly spreading to healthy
tiSsue and causing tree death. Devay et al. (1960) describe
the canker attack aé a depression in the infected tissues,
ac'fzompanied by the production on an orange frothy gum.

P . . . .
%omonas syringae, a serious bacterial canker disease of

Stone fruits in Michigan, is almost identical to C.
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£ imbriata, except that it is active only when the tree is
Aormant and early in the spring months; at other times it is
i nactive (Devay et al., 1960). P. syringae is normally more
3 i fectious to young trees (4 to 8 years old), and is rarely
£ ound in the older orchards.

Live canker fungi spread rapidly as soil moisture and
i nsect activity increase. The first few weeks after
i rrigation in an orchard is the time when fungus development
is most pronounced. Continued trunk shaker damage to the
tree base can spread spores and mycelial fragments of
diseased tissue to healthy trees, causing tree death within
a few years.

The strength of fruit tree bark has been studied by
researchers trying to develop design parameters for
mMechanical harvest systems (Table 2.2). Fridley et al.
(1970) found the bark strength of prune, peach, apricot,
AQlmond and olive trees to be directly related to seasonal
factors such as moisture content and cambial activity. When
the moisture and cambial activity are high, the bark
St15‘ength is low and the bark "slips" easily. "Slip" is the
Separation of the bark from the wood at the cambial zone
(Cargill et al., 1982).

Diener et al. (1968) found the periderm strength of
Qherry bark to be highest 1in the tangential direction
Perpendicular to the vertical axis of the tree. Phloem
s‘t’-'ength was greatest 1in the longitudinal direction,

Parajjel to the long axis of its cells and weakest in the
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T able 2.2

Comparison of radial stress causing browning at

cambium and tangential stress causing bark
failure for various species and varieties

(Cargill et. al., 1982).

C xop and Variety

Radial Stress

Tangential Stress

(kPa) (kPa)
Apricots, Tiltonl 1 5500-6200 1720-1830
Apyricots, Blenheim 5500-6200 1480-1690
P e aches, Dixon 4830-5500 1380-1590
A 1 monds, Non Pariel 3800-4140
A 1 monds, Peerlcfss 3800-4140
Prunes, French 4140-5170 1000-1210
Prunes, French 4830-6210 1310-1720
Oliwves 3450-4140 960-1100
Cherries, Tart? 2410 550-690
Cherries, Sweet? 1030 410-480

T r ees approximately 6 years old; other trees tested were

mature.

Source: Brown et. al, 1982; trees approximately 4 vyears

o1ld.
tangential direction. The periderm could elongate five-to-
Six times that of the phloem in the tangential elongation
be fore rupture. These facts indicate that tangential shear

Stress or strain from shaker torsion or clamp pressure can

CAause the phloem underneath to rupture without periderm

Tuptyre, thus concealing the hidden damage.

Brown et al. (1982) studied bark failure on sweet

cherry and sour cherry. Sweet cherry bark was damaged about

tw5-¢::e as easily as tart cherry bark on equal diameter trees.

The bpark of young cherry trees (up to 8 cm (3 in.) trunk
diaI!leter) damaged more easily than the bark of older trees
aNd  yas more likely on 4-8 year-old trees than on 10-20
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yrear-old trees. Contact pressure limits, subject to
moisture content and cambial activity, were accepted as 1035
I« Pa (150 psi) and 2415 kPa (350 psi) for sweet and sour
c— herry trees, respectively.

Adrian et al. (1965) found that tangential shear
£ &ailure in fruit and nut trees always resulted in complete
bark failure. Cambial browning was initiated by average
dynamic stresses which were only 75% of average static
st resses which caused browning. This indicates that
acceptable average static clamping pressures may be much too
high to prevent tree damage in a dynamic state.

Cherries are harvested earlier in the growing season
than most other fruit crops; cambial activity and moisture
Content are very high and the bark is very susceptible to
Slip. 1In addition, variations in use of trickle irrigation,
Use of growth regulators, location, climate, soil, and

ProqQuction methods may adversely affect bark strength.

2.8 Suggestions for Eradicating Bark Damage

The success of a shake harvesting system depends on
faCZtors such as age and structure of the tree, cultural
pr'iactices, equipment, operator care and supervision.
jx(ijldsting the shaker properly, proper pruning of the trees
to accommodate the shaker, employing attentive operators,
|Sng avoiding canker infected areas on trees were all

Signijficant factors in maintaining orchard vitality.

Proper design of shaker pads (Adrian and Fridley,
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1 963), proper clamping pressure and maintaining
p>erpendicularity at the point of shaker attachment have all
> een valuable suggestions (Brown et al., 1982).

Prevention and control of Ceratocystis fimbriata canker

by avoiding bark injury, shaving away bruised bark tissue,
A ressing wounds with an appropriate fungicide (Cerano, for
e 3xxample), surgically removing and dressing internal wounds
and severing infected limbs or scaffolds have been promoted
by Devay et al. (1965). Diseased tissue should be
immediately collected and burned.

One of the current odious tasks facing researchers is
the nondestructive detection of bark damage. At present,
detection of hidden bark damage is possible only through
destructive tests that are subjective. Either sections of
bark are removed for visual inspection or the tree is cut
down and the trunk sectioned for inspection (Brown et al.,
1984; santamour, 1986).

Nondestructive methods of detecting hidden damage have
been investigated by Brown et al. (1984); the methods
irlC:lude electrical resistance measurements, infrared
thel:'mography, ultrasound spectrum analysis, scanning
®lectron microscopy (SEM), and energy dispersive X-ray
s11>e<:trophotometry (EDS). None of these methods were both
Nongdestructive and effective in the field. EDS analysis of
Core samples revealed an accumulation of K and Ca and a
decl‘ease in P in damaged tree tissue; the test was somewhat

destructive and time consuming.
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2.9 Trunk Shape Analysis

Proper training of operators, better designs for clamp
prads, safe recommended pressures for clamping, stopping
i rrigation prior to harvest and checking fruit for maturity
1 evel prior to harvest are all means by which recognizable
b ark damage has been reduced (Brown et al., 1982; Frahm et
al., 1983). Bark damage that is not visible may still occur
during trunk shaker harvesting. Damage is currently
ewv aluated by assessing the delayed decline symptoms of the
tree: loss of yield, bark splitting, insect and disease
infestation, dead branching structures, and decay spots.

Many trees never show signs of decline when damage is
minor or occurs only once. A young tree can segregate a
wounded area from undamaged tissue (Santamour, 1986).
First, a chemical barrier is set up to limit the spread of
decay, then the cambium develops a decay resistant wall to
Protect new growth in the wood. Some tree species are more
SUccessful than others at this process and individual trees
aIl"Ol'lg a species may also vary. Stressful events requiring a
healing process draw heavily upon the energy reserves of the
tree. I1f wounded annually for several years, a mature tree
San pecome weak, develop poor growth patterns, and decline
in fryit productivity.

Santamour's work indicated that growth rates in the
tree may vary within a zone depending upon the degree of

re‘fiovery undertaken to prevent decay. Therefore, even

1:ho‘«lgh the conventional signs of decline may never surface,
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+ he shape of a tree limb or trunk may change within the
— lamp attachment region during the seasonal growth period.

Because trunk shakers are designed to shake mature

+ rees, most growers have delayed starting mechanical
I arvesting operations in their new orchards until the tree
+ runks were at least 13 cm (5 in.) in diameter: about 9
years old. In recent years, however, because of economic
i ncentives and lack of 1labor, growers have begun to
mechanically harvest trees of trunk diameters as small as 5
cm (2 in.) (tree about 4 years old). These young trees are
pPar ticularly susceptible to trunk damage (Burton et al.,
1986). Young trees (3-6 years old) suffering major wounds
or a series of lesser wounds may never realize their full
Production capacity.

Nondestructive continuous measurements of
Circunferential growth on stems of woody plants utilizing a
St rain gage dendograph have been conducted by Burger et al.
(1982). Light and temperature controlled growth chambers
Provided the environment for experimental young trees. Data
COrrelated well with young tree growth and could provide a
Means to estimate the effects of environmental changes in
these and other growth factors as a means for following
©Orchard progress.

The shape of a tree trunk, particularly when young, is
Father smooth and circular. As age 1increases, the bark
be'flomes rougher. Tree limbs which are undamaged are still

l.‘early circular to elliptical in older trees and are usually
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expressed by an average diameter. Kenworthy (1974) reports
that tart cherry trees may exhibit terminal shoot growth
£ rom less than 25 cm (10 in.) to more than 46 cm (18 in.)
w ith corresponding changes in shoot girth, depending on tree
~7 igor. The peripheral shape of a trunk would only be a
p lanar number so other means are needed to classify the tree
+ runk shape and express shape changes over time.

Means to <classify trunk shapes that vary between
c ircular and elliptical may be similar to investigations in
the literature on microscopic particle size analyses.
Classical methods to classify particle shapes are revealed
in Table 2.3.

Stockham (1977) demonstrates some of the means by which
nonspherical particles can be expressed (Figure 2.3). The
mOost common is the area-projected-diameter: the diameter of
a perfect circle with equal area. Martin's diameter is the
mean 1length of a line, parallel to the fixed direction of
Sscan, that divides the particle profile 1into two equal
area s, Ferets' diameter is the mean length between two
tangents on opposite sides of the particle profile,
Pérpendicular to the fixed direction of scan. The maximum
hori =ontal intercept is the longest diameter from particle
edge to edge in the direction of scan. The perimeter-
Proj ected-diameter is the diameter of a perfect circle with
th® sgame perimeter.

Hausner (1966) has displayed a set of common general

Shapes described by an elongation factor X, a bulkiness
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‘Table 2.3 Classical methods of describing particle shape.

Author (Year) Parameter Formula
Curray (1951) Roundness RD=Object Area/Circle Area
Hausner (1966) Elongation X X=Length/Width
Bulkiness Y Y=Area/(Length°width)
Surface 2 Z=Perimeter®/(12<6°*Area)
Gr af (1966) Form Factor FF=Area/Perimeter?

Duda and Hart
(1973) Thinness Factor TF=4e¢n*FF

Segerlind and

We inburg (1973) Shape by
Harmonics Fourier Transforms

Stockham (1977) Area

Projected
Diameter D=2+(Object Area/n)0:5
Perimeter
Projected
Diameter D=Object Area/m
Martin's
Diameter D: A; = A, || Scan
Feret's
Diameter D: Dist. Between
Tangents || Scan
Maximum
Horizontal
Intercept D: Maximum D || Scan

Sites and
Delw jche (1985) Invariant
Moments See Reference

factor Y, and a surface factor Z. When X = 1, the particle
ls ©quiaxed; when Y = 1 the particle fills the rectangle and
vhen gz - 1, the particle is spherical and smooth. Clarenburg
(1966) suggested that the side lengths of a rectangle, a and

b, in Hausner's description could be symmetrically reduced

; , : -
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to equal the area 'A' of the particle thus eliminating the
need for 'A'. 'Y' would then become unity and thus
s uperfluous.

Curray (1951) described the roundness of an object
using the measured projected area and the smallest
< ircumscribing circle. Graf (1966) separated objects based
on the 'form factor' which creates a distribution for
s elected objects such as circles even when triangles and
rectangles exist in the same field.

Similarly, Duda and Hart (1973) defined the roundness
o f near-circular objects by a property known as the thinness
ratio 'T', a dimensionless property independent of the
object's size, which was used by Parrish and Goksel (1977)
in attempts to design an automated robotic harvesting
machine for apples. The maximum 'T' value is 1 which occurs
for a perfect circle. As the object's shape changes, 'T'
decreases.

Segerlind and Weinberg (1973) classified various types
of grain kernels using a Fourier series expansion of the
rad i g1 distance from the two dimensional center of gravity
to the grain kernel periphery. The first ten harmonics of
€dch grain kernel shape were calculated and statistically
COmp ared. Interspecies discrimination among relatively
di f £ @rent kernels resulted in only 1% error but intraspecies
diScripmination resulted in an error range of 11-25% when
Uti1 3jzing only ten harmonics.

Sites and Delwiche (1985) utilized various vertical,
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horizontal and central moments of inertia combined with area
and perimeter for feature extraction as the means for
locating tree fruit for robotic harvesting. As machine
vision becomes more popular, many algorithms will become

available for shape analysis of real world objects (Sarkar,

1984).



CHAPTER 3

TRUNK SHAPE ANALYSIS - FOURIER AND CORRELATION

3.1 Tree Trunk Profile Measurement

In 1985, peripheral shape of nine Montmorency cherry
trees, located at the Michigan State University
Horticultural Research Orchards, were measured for profile
analysis. These trees were first trunk shaken in 1983.
Circumferal traces of tree trunks were first made 1in
September 1985 before experimental trunk shaker harvesting
tests. Successive corresponding measurements were made on
the same trees in September 1986.

A perimeter measuring device designed and constructed
by the USDA Plant Pathology and Agricultural Engineering
teams at Michigan State University was utilized to perform
the measurements. The contour tracer (Figure 3.1) consisted
of a toroidal aluminum table (a), hinged on one side (b),
With a spring loaded clasp opposite (c). The device
encircled the tree (d). Three adjustable legs (e) allowed
Positioning and leveling. A leveling bubble (k) ensured
COnsistent alignment. A sliding pointer (f) mounted on the
table's rail border (g) consisted of a teflon pen carrier

(h) precisely fitted with an aluminum cam-follower (i) at

1ts head.

65
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The height of shaker clamp attachment at harvest time
on each of the nine trees was marked with indelible white
tree paint. Each tree was also marked for magnetic north as
a reference and alignment point for the following year's
measurements.

The contour tracer was centered, leveled, and clamped
around each tree at shaker clamp height. A pre-cut,
toroidal-shaped piece of paper was aligned on pins (1) on
the table and taped onto the contour tracer table. A pen
(j) was inserted into the teflon pen carrierv(h) until the
point made contact with the paper. Light downward pressure
was applied to the pen as the follower (f) was moved around
360° of the tree's perimeter to trace the profile of the
tree trunk at this height. The largest of the nine sample
trees outgrew the contour tracer size and was therefore not
measured in 1986.

Each trace was identified by orchard, row and tree
number . Magnetic north, as marked on the tree, was also
labeled correspondingly on the paper trace. The two halves
of the paper trace were then removed from the table, taped
together, and stored for later analysis.

Accuracy in following the tree profile was estimated to
be + 1 mm (+ 0.04 in.) on smooth trees and + 2 mm (+ 0.08
in.) on rough bark trees due to the width of the pointer tip
"filtering" the valleys in rough bark. The cam radius of
curvature (p(t) = 5 mm, 0.20 in.) was slightly larger than

the average radius of curvature of valleys on rough tree
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bark (p(t) = 2-3 mm, 0.08-0.12 1in.). This radius was
selected to provide a continuously smooth motion in tracing
tree bark. Narrower tipped cams (small radius of curvature)
had a tendency to lodge in tree bark abnormalities, thus
shifting the burden of accuracy to the operator's dexterity.
Repeatability in measurements was approximately *+ 1 mm (%
0.04 in.).

Accuracy in realigning the measuring table in 1986 to
the magnetic north mark made on the tree in 1985 was
estimated to be + 3°. This was also the repeatability in
realignment. Repeatability in vertical alignment was
estimated at + 5 mm (+ 0.20 in.).

It should be noted that the accuracy of measurements on
some smooth trees decreased in 1986 due to severe damage
resulting from intense shaking tests in 1985 which caused
the bark to deform. This introduced measurement error of
valleys in the bark not previously a factor with smooth
bark. Expected overall profile measurement tolerance was
found to be + 2 mm (£ 0.08 in.) on rough bark trees, a
figure I chose to accept.

In the laboratory, a transparent acetate overlay
containing 360 radial lines emanating from the center (1°
resolution) provided equally spaced polar coordinates for
digitization and analysis of the near-circular tree
profiles. Each profile trace was visually centered under
the transparent acetate grid and taped onto a Tektronix 4954

Graphics Tablet (1080 mm x 880 mm, 42.5 in. x 35 in.). The
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graphics tablet was connected to a Prime 750 Mainframe
located in the MSU Engineering Computing Facility via a
Tektronix 4014 Graphics Terminal. The points at which each
radial line intersected the periphery were digitized
starting at north as 0° and proceeding 360° ccw back to
north. The first point was redigitized along with one point
directly north of the periphery for a total of 362 points.
These last two points provided computer identification of
magnetic north in the data. Digitized values were put into
an IBM AT Personal Computer for disk storage and analysis.

The block diagram for the data preparation phase of the
shape analysis project 1is shown in Figure 3.2, In the
calibration phase, digitized data were converted from
digitizing tablet coordinates to paper trace measurements
via multiplication by a simple ratio. Calibration was then
necessary to convert from paper trace measurements into
actual tree profile values by adjusting the radial 1lengths
from the profile center to each digitized coordinate to
compensate for the constant radial offset of the measuring
table's cam follower (Figure 3.3) determined from the
equation:

Cam Radius (mm) = (HOLE - 1) * 25 + 58.5

The trace radius for each digitized point was:

Radiusg e (mm) = /' (X; - X)? + (Y; - Y.)?
for i = 1,2,...360

Where:

[[I]

Xcenter
C center

<
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X:,Y:

i (X,Y) coordinates of the i, digitized

ir X
data point of the trace

The uncorrected area was calculated using the survey

area coordinate method (Brinker and Wolf, 1984) as follows:

X Y SUM = X; ¥ Y
1 1 poSsS 1 1+1
X5 Y5 SUMpeqg = Xj+1 * Y3
X, Y, AREA = (SUM,,g - SUMpeq)/2

Area-projected-radius (APR) is often used to define near-
circular particles and is defined as the radius of a circle
with area equal to the object area under consideration. The

area-projected-radius of the trace is then:

APR, = / Trace Area / 7
Where:

APR, = Area-projected-radius of trace

The corrected profile radius for each point is then:
Radius.gyprrect = Radiusi,.yce — Length i,

And the corrected (x,y) profile coordinates which give the

corrected profile radius are then:

Xi_correct = Xj * APRy - Length. g
APRt
Yi_correct = Yi * APRy - Length.

APR;
The wvalid profile area was then recalculated using the
survey area coordinate method. Profile area (Ap) and
profile radii (APRp) were compared with hand measured
estimates.
The profile center was defined utilizing a least

squares fitting procedure, i.e., the point which minimized
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the sum of squares distance from all the circumferal points
(Kasa, 1975).

Letting (xj,y;) represent the x,y coordinates of the
ith measured data point, N the number of data points
(1<i<N), (X.,Y.) the coordinates of the center, and R the
radius of the circle, the least squares error criterion for

locating the center is:

N
I (R; - R)? = min
i=1

Where:

= e 2 e 2
Ry = /(X] - X%+ (Y5 - ¥Q)
for N>3
This expression is not easy to solve analytically.
Consequently, Kasa (1975) uses a modified least squares
error criterion defined as:
N
(R;? - R*)? = min
i=1
This form presents no analytic difficulties and can be

written in the form:
N
W= [(X; - X)? + (Y; - ¥Y)? - R*]? = min

A best fit circle 1is then found by searching for the

unknowns X., Y. and R.

c

Since the sum p is a second-order function of X and p
without constraints, the extrema can be simply evaluated by
setting derivatives of u equal to zero. Taking derivatives
with respect to Xe» Yo, and R, setting them equal to =zero,

and simplifying, the new variable C can be introduced to
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linearize resulting equations:

(B L T
Resulting equations appear as (all summations are over i=1
to N):
Xc25X; + YL2IVy + CN = E(X32 + Y;?)

Ko2EX; % + Y 2IK;¥; + CIX; = E(X;® + Xy¥;%)

XG2EK;Y; + Y 2IY;? + CIY; = I(X;%Y; + ¥;3)
Introducing the matrix DM and the vectors EM and QM
respectively:

2IX; 2IY; N
DM = 2IX;? 2IX;Y; IX;
2IX;Y; 21v;? IY;
E(X;% + ¥5%)
EM = |Z(X;? + Xj¥;?)
I(Xj?Y; + YjR)
We can write:
EM = DM * QM
and solve:
QM = DM~} * EM
by the classical Gauss or other appropriate method.

If R from Kasa's solution was within 2% of APRy, then
the geometric center found from Kasa's equations was
accepted. If not, this meant that the tree trace was not
bilaterally symmetric and hence, the center of the tree
trace would not correspond to the center of a best fit
circle through its coordinates (Figure 3.4). Therefore, a
least squares error criterion was used to iterate through
the profile to find the best center:

E = ((X; - X )2 + (¥; - Y)?)? = min
irrespective of h
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The geometric profile center calculated by either
method does not necessarily correspond to the tree's center
of mass, however, due to density variations in material
content.

Once calculated, the center of a tree profile plot
could be translated to any desired X,Y location for further

analysis via:
Xnew = ¥01d ~ Xtranslate

Ynew = Yold ~ Ytranslate

Where (XiranslaterYtranslate) Usually equal (XC,YC) in order
to center profiles at (0,0). For uniformity, all centers
were subsequently translated to (0,0) for plotting and
analysis.

Rotation was also performed to align the profile on the
plot as desired. The angle of rotation 6 could be specified
by the user or it could be calculated so as to set magnetic

north at the top of the plot according to the routine:

C
Y361 ~ Yc

6 = ARCTAN(AY/AX)

AX = X R <
A% = Xael

Rotation was accomplished by matrix multiplication:
QM = DM * RM

Where:
QM is the N*3 output matrix of rotated X,Y values
DM is the N*3 input matrix of nonrotated X,Y values
RM is the 3*3 rotation matrix:

cos(9) sin(@)
RM = -sin(@) cos(8)
X (cos(8)-1)+Y_ sin(8) -Xc(sin(8)-1)-Y (cos(8)-1) 1

oo

Rotation was necessary in the 1986 profile data in
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order to increase the accuracy (and repeatability) of
alignment of plots with magnetic north. A time domain
cross-correlation procedure was used on the 1985 - 1986
profile plan to determine a rotation angle for best
alignment as follows:

1 41

Vi(g) = — = J £1(¢)f(d+g) do
(3] $=0

or in discrete formulation:

g tes sl BT o thnteat)
¢q ¢=0
¢ = 1l...5y
This provided the required angle of rotation of the 1986
plot which would provide best alignment with the 1985 plot.
Assuming accurate directional traces on each years profile
plot, this would improve alignment repeatability to * 0.5°
from magnetic north.
Now that successive profiles are calibrated and
aligned, multiple shape discriminators can be calculated.

The perimeter (needed for several shape discriminators) was

calculated as:

w
o

9
P (mm) = i VR X)) 2+ (Yy,9-Y5)2)

i=
+ J(Xp-Ry) 2+ (Yy-1) ?

3.2 Geometric and Linear Profile Plots

Much work has been devoted to image analysis and shape
discrimination. Unfortunately, most of this work has been

targeted towards keeping similar shapes in the same category
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(rectangles, ellipsoids, circles: Figure 3.5). This
presents a problem in trunk profile analysis because, while
it is clear that successive annual profiles will have
similarity, my goal is to identify those small differences
which may provide indicators of tree deformation and damage.

Tree shapes have received little attention as
indicators of damage. In a first attempt to make small
discriminations in shape, the simplest methods of
discrimination were approached - observation of the
geometric profile plots produced by the digitization and
calibration procedures of Section 3.1. Three of the nine
tree profiles analyzed were selected as examples for what
follows. Tree 11 (Figure 3.6) has a small trunk (dia<100
mm, 4.0 in.), Tree A (Figure 3.7) has a medium trunk (100
mm<dia<l50 mm, 4.0-6.0 in.) and Tree 2S (Figure 3.8) has a
large trunk (150 mm<dia, 6.0 in.). Plots are not to-scale.
Dashed lines indicate a circle of area equal to that of the
corresponding trunk profile (Area-projected-radius circle).

Tree 11 in 1985 had a nearly circular cross section.
In 1986, after having been shaken once in 1985, the shape
has become less circular, having a radius smaller than APR
in the SW and NE octants and a radius larger than average in
the NNW and SE octants. Visual inspection of this tree
indicates no external damage except for a slightly scuffed
bark patch in the WSW sector.

Tree A appeared to have some slight malformation in

1985; visual inspection in 1985, however, failed to reveal
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