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A3SÏR,ACT

The rheologícal properties of potaoes from two harvest years were exonined by nnall

strain oscillatory sh¿ar and. uníaxial compresston tests, A sectioníng technique was

developed to obtain slices and cylinders of tßsue from the geomcnic centre of potao

tubers in three dírectíons, Slice samples with and without ltypotonícllrypenonic mannitol

trea rcnt were subjected to sm¿ll strain oscillaory shear at three frequercies (0,02, 0,2

and 2 Hz). Cylindrical satnples with an¿ without hypotonic/lrypertonic mannitol

treatments were subjected to three cycles of compression aî two strain raÍes (2 and 20

cnt mín-r) to a firu| strain of 10.5% ín uniañal compression. In terms of the variability

of the mcasurements, the coefrcient of varíation ranged. on average from below 10% for

the new crops to above 25% for the old crops. TÍssue slices obtaircd along the

longindinal length of the pirh were found to be stifer thon those obtaíned transversely

(highzr appareru G* and G' values). Tßsues slices obtaircil from thc pith were found.

to be srtffer thon those from the vascular ring/perimedullary regions as assessed. by

oscillatory shcar bw th¿ reverse was observed afier thc sønple were subjected to

hypotonic/lrypenonic teal¡nenîs. The discrepancy was thought to be due to diferent

responses in iliferew potato rtssu¿s to anificial osmortc adjusnnew, Tlsstæ cylindcrs

obtain¿d transversety to the pith were found to be stiffer thon those obtained along the

longirudínal length of the pith in uniaxial compression. The di.fference in rhcological



)o(

response comparcd to srutll strain oscillatory shear was believed to be relaed to

differerces in th¿ cellular strucnre and. parenchyma cell size between thc slíces and th¿

cylinilcrs. Tissues from poton crops of I months storage were found to be more prone

to changes in th¿ir mech¿nical propenies arter hypotoníclltypertonic mannitol treatm¿nts

than freshly harvested crops. An increase in strain rue from 2 to 20 cm mùtr generatty

ùrcreased. th¿ Young's modulus (calculøed at 1% deformaion), dcformation energy and.

energy recovered, but dccreased thc Young's nodulus (calculøed a 9% deformøion) in

compression, bærgy dissipated was not qffected by strain rate. An þrcrease ín

oscillation frequency lrom 0,02 to 2 Hz al a given ønpliudz generalty íncreased valu¿s

of G*, G' and energy recovered but d¿creased G", õ and energy dissipateil. The first

cycle of 3 cyclic compressioru was found. to be significantþ diferew from îhe subsequ¿nt

large dzformation cycles in both modulus and encrgy terms.



1. INTR,ODUCTION

Rleology is defined as "the study of deformation and flow of matter' (Mohsenin,

1986). When applied to foods, it has been defined as "the study of the deformation and

flow of the raw materials, the intermediate products, and the fual products of the food

indusry" (White, 1970). Studies of the rheological properties of food are of prime

importance not only for engineering process design (Ashby, 1983; Iah, 1992; Mohsenin,

1986; Voisey, 1971; Voisey and deMan, 1976) and assessment of the textural attributes

of the product (Szczesniak, 1963; l97L; 1972; 1977; Szczesniak and Kahn, 1971), but

also fo¡ a better understanding of the structure and conformation of the molecular

constituents of the foods @iliaderis and Zawistowski, 1990; Kokini and Pluüchok, 1987;

Rochefort and Middleman, 1987; Vincent, 1989;).

The potato is the most important dicotyledonous source of human food and it

ranks as the fourth major food crop of the world, exceeded only by wheat, rice and

maize (Salunkhe and IGdam, 1991). Globat potato production and the consumption of

potato products have increased steadily since 1960 (Horton and Anderson, t992), T\e

average annual world production of potato from 1981 to 1990 was estimated to be nearly

280 miilion metric tonnes, Canadian production in 1989 was estimated to be 60.7

million Cwt, whereas the production in Manitoba in the same year was 5.4 million Cwt,

comprising approúmately 9% of. the Canadian production (Anonymous, 1991).
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comprising approximately 9/o of the Canadian production (Anonymous, 1991),

It has been observed since the early 70's that the consumption patterns of potato

in developed countries such as Canada, the United States and the United Kingdom have

been shifting from mainly fresh use to mainly processed products (frozen french fries,

chips..etc) (I{orton and Anderson, 1992; Kadarn et a1., 1991; Thorton and Sieczka,

1980). This change in consumption pattem, coupled with increasing production

worldwide, requires Íemendous effort to minimize loss and improve the keeping quality

of potato during long term storage. It also necessitates efforts to develop objective

techniques in order to measure and moniüor at a cellular level the changes of potato

firmness during storage. Questions have been raised as to the suitability and capability

of traditional mechanical testing involving large deformation of the food specimens to

meet this demand @eterson and Hall, 1974; Tijskens, 1979).

This study was undertaken to assess the applicability of small strain oscillatory

shear testing fo¡ evaluation of the mechanical properties of raw potato tissue flesh. Since

the usual mode of testing of the textural properties of potåto is under large deformation

(Mohsenin, 1986), the mechanical properties deærmined by small strain oscillatory

testing will be compared with uniaxial compression of raw potato tissue flesh.



2. REYIEW OF LITER,ATURE

2.1 Morphological and Eistological Structures of Potato Ti¡ber

Potato (Solanum tuberosum L.) belongs to the family Solanaceae and is an amual,

he¡baceous dicotyledonous plant (Smith, 1977). The edible parts, the tubers, are

botanicaily modiñed, thickened, underground stems (Kadam et al., 1991). T\¡berization

does not occur until the end of the period of flower development. The tuber is formed

at the tip of the stolen (rhizome) as a laùeral proliferation of storage tissue resulting from

rapid ceil division and enlargement. The size, shape and colour of the tubers are

primarily determined by the variety and growing conditions (Kadam et a1., 1991). A

typical tuber shape of the variety Russet Burbank is shown in Figure l.

The histological structure of a potato tuber æe shown in Figures 2 and 3. The

principal regions in the mature tuber are (from the exterior inward): the periderm,

cofex, vascular ring, perimedull ary 7,otre, and central pith (water core). The periderm

is the outermost layer of the tuber which acts as a prot€ctive coating over the surface of

the tube¡. In a mature tuber the periderm is usually six to t€n cell layers thick (Fedec

el a1., 1977) but may vary considerably among va¡ieties (Smith, 197?. The cortex is

a n¿urow band of storage tissue next to the periderm but its width increases generally



Figure 1. Tlpical Shape ofthe Potato Yariety Russet Burbank (Flench
Flies Processing Grade)





Figure 2. ïÌa¡syerse Cross-Section View ofa Potato T[ber Stained with
Peúodic A,cid; a. Periderm; b. Cortex; c. Vascular Ring; d.
Perimeilullary Zone; e. Pith; f. Intemal Phloem





Figure 3. Longitudinat Cross-Section Yiew of a Potato Tì¡ber Stained
with Perioilic Acid; s. Periderrn; b. Cortex; c. Vascula¡ Ring; il.
Perimedullary Zone; e. Pit[ f. Inter:nal Phloem
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with the size of the tuber (Reeve et aI., 1973b). The vascular ring is narrow and

contains xylem and external phloem. The perimedullary zone contains numerous internal

phloems which are se,parated by storage tissues. The pith or waüer core consists of a

small cent¡al core with arms of medullary storage tissue radiating from it (Smith, 197?.

The moisture content of the pith is generally 4-7 Vo (wet basis) higher than the outer

region (Anzaldúa-Morales et aJ,, 1992) and the cells are more hanslucent than other

tissues (Smith, 1977). T'Ite periderm accounts for L.5-2,5Vo of the f¡esh weight of the

tuber, The cortex accounts for approximately 15-20% of the fresh weight, the

perimedullary zone for a further 60:757o and the pith the remainder (i.e. approximately

10%) @urton, 1989).

2.2 Cellular Structure

The ñve major histological regions listed in section 2.1 are composed of diffe¡ent

tissues which can be divided into 3 categories in accordance with thei¡ functions.

2.2.1 Parenchyma (Storage Tissue)

Parenchyma is the predominant tissue present in potato tuber. It can be found

in all parts of the tuber except the periderm (Fedec et al, , L977), Parenchyma cells are

mature, inactive cells that are not dividing, dying or enlarging @oume, 1976) but are

capable of resuming meristematic activity (Fahn, 1974). The shape of mature

parenchyma cells varies. They can be oval, round or polygonal (Aguilera and Stadey,

1990; Fedec et a1., 1977). The size of parenchyma cells in a mature tuber also varies,
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depending on thei¡ anatomical locations. They are generally 50-300 ¡rm across and the

largest celis are often found in the perimedullary zone (Fedec eta1., 1977; Ræve, 1967;

Reeve et a1.,1973a). Parenchyma cells are thin-walled and are separated by very small

intercellular spaces (Fedec et a1.,1977; Falk et al., 1958). The ai¡ volume in newly

harvested tubers has been reported to vary ftom 0,92-1,7% of the tuber volume @avis,

t962).

Mature parenchyma cells usually contain a single large vacuole that accounts for

most of the cell volume. The vacuole is surrounded by a membrane (tonoplast) and filled

with an aqueous solution of sugars and salts which is referred to as the ncell sap"

@ourne, 1976). Amyloplasts containing starch granules of different sizes and shapes are

embedded inside the cytoplasm (Fedec et al.,1977; Huang et al., 1990). Reeve (1967)

reported that over 50To of the granules extracted from whole tubers are less than 28 pm

in length. The cortex was found to contain numerous granules and the most starch per

unit volume. The largest granules were primæily found in the perimedullary zone and

the smallest in the vascular ring. A later study by Fedec et aL. (L977) reported a similar

obsewation, Anzaldúa-Morales et al. (1992) reported that cortex tissue has 3-6 % higher

dry matter than pith tissue.

Parenchyma cells usrrally consist of thin cell walls þrimary cell wall) surrounding

the living protoplast @ourne, 1976), The primary cell wall does not undergo secondary

wall formation upon maturation (Fedec et al., 1977; Hoff and Castro, 1969). Individual

parenchyma cells are cemented together by an amorphous layer extemal to the primary

wall. This layer is known as the middle lamella, or the interlamella¡ layer @ourne,



L2

1976). The p¡imary cell wall and middle lamella have been mqjor research foci for

decades and it has been suggested that the mechanical properties of potato tissues are

principally derived from them @alk et al., 1958; Frey-lVyssling, 1952; Mohsenin, 1977;

Van Buren, 1979). T'Ite cell wall content of mature tubers has been reported to be

approximately 1.2% (wet basis) and consists primarily of pectic substances,

hemicellulose, cellulose and water (Iloff and Castro, 1969). The thickness of the cell

wall has been reported to be 0.2410.02 ¡rm (Fedec eta1.,1977), The ultra-structure of

the primary cell wall has been shown to consist of randomly oriented cellulose

mic¡ofibrils interwoven with each others, forming a non-directional, three-dimensional

network embedding in an amorphous mahix that is composed maidy of pectic substances

and other hemicelluloses (Fedec et a1.,1977; Steward and Mählethaler, 1953). The pectic

substances found in the middle lamella have been reported to consist of mainly

polygalacturonic acids present in the form of calcium pectate (Bettelheim and Sterli¡g,

1955; Hoff and Castro, 1969). The width of the middle lamella in a mature tube¡ has

been estimated to be approximately 0.08 ¡rm (Fedec et al., 1977). Warren and Woodman

(1973) reported that the concent¡ation of pectic substances extracted from potato tissues

is higher in the periderm and cortex region, The possible function of pectic substances

in the middle lamella is to act as a c€menting agent betwe€n adjoining parenchyma cells

(Jaswal, 1969; Van Buren,1979).

2.2.2 Collenchyma and Sclerenchyma (Supporting Tissues)

Collenchyma consists of living, elongaûed cells which exhibit angular wall
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thickening (Aguilera and Stanley, 1990). Collenchyma usually forms immediately below

the periderm @eeve, 1970) o¡ towards the outside of the cortex (Aguilera and Stanley,

1990; Fahn, L974), Ttre major function of collenchyma is to provide support at the outer

region of the tuber.

Sclerenchyma consists of cells with thickened secondary cell walls, some of which

may be lignified. Lite collenchyma, sclerenchyma is primarily a supporting tissue and

it constitutes the integral part of vascular bundle or strands of vascula¡ tissues @ahn,

1974; Reeve, 1970), Sclerenchyma may also exist in the form of stone cells at the

periderm in some potato varieties such as Russet Burbank (Artschwager, 1924).

2.2.3 Xylem and Phloem (Conducting Tissues)

Phloem acts as conducting tissue which carries necessary nutrients to the

growing cells. TVo types of phloem can be found in a mature tuber: the extemal phloem

which is located between the cortex and the vascular ring, and the internal phloem which

is located in the perimedullary zone immediately next to the vascular ring (see Figure 2).

Both the exærnal and internal phloem occurs in strands and each süand is separated ftom

the others by parenchyma cells (Artschwag er, 1924), The strand consists primarily of

sieve elements and companion cells (Cutter, 1992), Tl,e phloem strands in a mature

tuber have been reported to comprise about 5% of its volume (Re€ve et al,, 1973b),

Xylem found in a mature tuber is located exclusively in the vascula¡ ring region.

Like phloem, individual xylem is separated from one another by layers of parenchyma

cells (Artschwager, 1924; Cutter, 1992). The xylem cells are large, mostly porous



t4

vessels with side walls which are heavily pitted, The proportion of xylem ir a mature

tuber is relatively small (Artschwager, L924).

The supporting and conducting tissues form an inter-connected branching network

throughout the fresh pæenchyma tissue to give overall support to the tuber @ourne,

1976).

2.3 Structural Changes with Respect to Physiological Changes During Storage

Potatoes are subjected to storage loss owing to thei¡ continuous metabolism

(Burton et a1., 1992), Transpiration and respiration continue at harvest and storage

resulting in a net loss of moisture, though the rate cån be minimizpd by controlling the

storage tempefirture and humidity (Jadhav et al., 1991). The decrease in moisture

content results in a concomitant deqease in turgor pressure inside the cells (Boume,

1983). Conversion of starch to soluble (reduced) sugars or vice versa during storage is

a function of storage temperature. Generally, for a given cultivar, storage at higher

temperature (7-10"C) causes lower reducing sugar accumulation than storage at lower

temperature (2-4'C) (Burton et al., 1992). Nevertheless, weight loss due to a decrease

in starch content consumed in respiration is inevitable (Aguilera and Stanley, 1990). In

this respect, small starch granules are more susceptible to enzymatic digestion during

storage (Reêve, 1967). Pectic substances also undergo change from water-insoluble

protopectin to water-soluble pectin during long term storage (Bourne, 1983; Kadam et
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al,, 1991; Van Buren, 1979). The ai¡ cell in the inte¡cellular spaces of potato also

dec¡eases with prolong storage @avis, 1962).

2.4 Yiscoelastic Nature of Biomaterials

Classic¿l theory describing the mechanical properties of matte¡ was developed

based on ideal elætic QIooke's law) and ideal viscous (Newton's law) materials (Ferry,

i970). In a Hookean body, stress within the body is always directly proportional to

strain for small deformations but is independent of the rate of strain (time-independent).

That is (Mohsenin, 1986)

o=Ee ........(1)

whe¡e o = tensile sness @a)

e = tensile strain (dimensionlass)

and E = tensile (Young's) modulus @a)

A Hooke¿n body will return to its original shape instantly upon ttre removal of sEess,

with all the applied stress recovered as work during the retuming process. In a

Newtonian fluid, stress is always directly proportional to the rate of strain but

independent of strain (time-dependent). That is

r:nl ........(2)

where ¡ = she¿¡ sEess (Pa)

? : shear viscÆsity (Pas)

i : shear mte (s{)
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A Newtonian fluid is not capable of sustaining the applied stress and the stored energy

is completely lost as heat.

In reality, most biomaterials exhibit mechanical behaviour that deviates from the

above two ideals; i.e., they exhibit behaviour which combines solid-like and liquid-like

characteristics. These combined behaviours are collectively known as yiscoelastic

behaviour @ao, 1992), The degree of viscoelæticity of any given biomaterial is

govemed by the relative magnitude of elasticity and viscosity it possesses, the time-scale

of the deformation and measurement, and for living tissues thei¡ physiological states

(Mohsenin, 1986; Pitt, L992). Tlre mathematic¿l models describing various viscoelastic

behaviours have been derived from constitutive equations which take into account

variables such as elastic recovery, viscous and plastic flow, inhomogeneity... etc during

deformation @erry, 1970).

2.5 Viscoelastic Properties of Potato as Meåsured by Uniaxial Compression Tests

Under uniaxial deformation, a potato specimen is placed between ttvo parallel

plates and its viscoelastic properties c¡¡ be characterized using a number of testing

conditions. Some of these 
. 

conditions are: shain rate (the rate of deformation with

respect to the change of the dimensions of the specimen to its original dimensions), final

strain (the final magnitude of deformation of the specimen with respect to the change in

dimensions of the specimen relative to its original dimensions), final stress (the final
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magnitude of shess attained in the deformation), sample shape (cylindrical, rectangular,

circular, etc), and þe of testing, e.g., t€nsion (stretching along the longitudinal axis of

the specimen), compression (compressing along the longitudinal axis of the sp€cimen),

a¡d radial compression (compressing along the diameter of specimen), etc. It is

important to note that results obtained from a given biomaterial under a particular testing

condition and geometry may not be compamble to those obtained ftom the same material

tested under other testing conditions and geometries (Mohsenin, 1986; Peleg, 1977).

Finney et at. (1964) compressed whole potato tube¡s between parallel plates at

diffe¡ent constant strah-rates to a pre-set sÍess level and then measured the relaxation

time of the tuber. Diffe¡ences in relaxation pattem were observed at different strain

rates, implying that the sEess relaxation function of potato r,vas dependent on the strain-

¡ate used for loading, At higher sEain-¡ate, more energy was dissipated in the fust few

seconds of the measu¡ement. It was also observed that potato tissue wæ câpable of

sustaining a large portion of the applied stess over a relatively long period of time, as

characterized by having one relaxation time constant as large as lds (Finney et al,,

1964).

Fianey and Hall (1967) studied the elasticity of potato flesh in cyclic compression.

In their study, cylindrical colum¡s of potato tissue were placed between parallel plates

and then compressed at a constant süain-rate to 3 ascending final snain levels in 3

loading-uriloading cycles. It wæ obsewed that pronounced hysteresis occurred in every

loading-unloading cycle and the degree of elasticity calculated declined ftom 0,6 at a

strain level of 0.1 to 0.46 at a strain level of 0.28; the corresponding hysteresis loss
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inc¡eased from 72 to 90%, It wæ observed that pre-loading increased the modulus of

elasticity in subsequent loading cycles, implying that substantial structural damage

occurred in the fust loading.

Since potatoes are frequently bruised or damaged during hawest and post-harvest

operations, such as bulk transportation and storage, cyclic loading techniques (which

simulate bulk transportation) and static loading techniques (which simulate bulk storage)

are fre4uently used by resea¡chers to study the susceptibility of potato to mechanical

damage. Pitt (1984) applied multiple cyclic compressions to cylinders of potato tissue

to assess the failure mechanism under cyclic loading. It was reported that under repeated

compression potato tissue would eventually fail at a sEess level insufficient to cause

failure initially. By studying and comparing the probability of different failure models

widely used in the field of materials science, the author concluded that potato tissues

failed by a random degradation in strength, not by an accumulation of localized damage

as in fatigue of engineering materials. The author also suggested that the hysteresis loss

that occurred during loading-unloading cycles might be due to cell wall plasticity, cell

fluid migration and plastic flow in the intercellular spaces, Brusewiø et al. (1989)

studied the effect of static pre-loading in conjunction with cold storage of potato tissue.

It was reported that cold storage increased cell wall stiffuess which in turn resulted in a

rise in tissue stiffness, Static pre-loading was observed to cåuse an increase in

unrecove¡ed strain, and to decrease the volume and turgor pressure in potato tissue, and

the effect was more pronounced as the static pre{oading sÍess increased,

The change in potato firmness during storage at different temperatures has been
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reported by Jindal (1986), In his study, moduli of elasticity, as calculated from uniaxial,

radial and Hertz compression tests, we¡e uæd to compare potato samples stored at 4

temperatures for 4 periods of time, It was reported that at each storage temperature, the

modulus of elasticity decreased as storage time increased ftom I to 8 weeks, and at each

storage period, the modulus of elasticity dec¡eased with an increase in storage

temperature from 5 to 3OC. In addition, specimen dimension and compression rate we¡e

also observed to affect the values of elasticity modulus. A higher length to diameter (Vd)

ratio in the cylindrical specimen resulted in decreased values of the elasticity modulus

in uniaxial and radial compression tests. An incre¿se in loading rate from 50 to 500 mm

min'r in four stages resulted in progressive decrease in the value of the elasticity modulus

in uniaxial compression. It was suggested by the author that ¡adial compression might

be more sensitive than uniaxial compression for monitoring the change in firmness of

potato duri¡g storage.

Canet and Sherman (1988) also investigated the effects of sample dimension,

deformation rate and friction on raw potato flesh. Il their study, cylindrical potato

specimens with various Vd ¡atios were subjected to uniaxial compression at diffe¡ent

strain-mtes. Some tests were performed with lubrication or emery paper inserted

between the specimen and the upper and lower plates. It was observed that the failu¡e

stress and strain generally dec¡eased as the sample Vd ratio increased, but the rate of

compression did not appear to exert a pronounced effect on the failu¡e st¡ain. The

failure st¡ess was observed to be generally dec¡eased with increasing raûe of compression

and sample lubrication, but increased with the use of emery paper, Diehl and Hamann
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(1979) reported that varying the Ud ratio of the potato specimen had a negligible effect

on the modulus of elasticity in uniaxial compression but affected the she¿r failure shess,

Failure st¡ess was obærved to i¡crease as the diamete¡ of the samples increased (with

the sample length kept at constant) and decrease as the length of the sample inc¡eased

(with the sample diameter kept at constant). Niklæ (1988) reported that tensile modulus

increased as the transverse areå of potato tissue spocimen increased,

It has been well recognized that plant tissues æe highly inhomogeneous,

anisoüopic and discontinuous in nature (Mohsenin, 1986; Van Buren, 1979). An early

study by Huff (1967) showed that the mechanical properties of potato tissue varied

among different histological regions during 4 months of storage: tensile strength, strain

at failu¡e and unit snain energy were observed to inc¡ease in the pith and decrease in the

cortex, whereas no apparent changes was observed in the perimedullary zone. However,

a majorify of later studies eithe¡ failed to report the location at which the specimen was

obtained o¡ focused only on the center pith region @rusewitz et a7., 1989; Canet and

Sherman, 1988; Diehl eta7.,1979; Lin and Pitt, 1986; Qiong et al., 1989) or considered

potato tissue as isoEopic (Khan and Vincent, 1993). It has been reported recently by

Anzaldúa-Mo¡ales et al. (1992) that the cortex tissue of ¡aw mature tuber has a

significantly higher puncture force than the pith tissue, impþing that different sEess-

strain responses exist in these two diffe¡ent regions.

T[rgor pressure is a physiological status of plant tissue and is governed by the

maturity of the plant cells and envi¡onmental conditions that the plant cells a¡e subjected

to(Burton, 1989;Pitt, 1992). Farly studiesofpotatoparenchymabyFalketal. (1958)
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a¡rd Ni-lsson et al. (1958) investigated the relationship between turgor pressute and tissue

rigidity, In thei¡ studies, slices of potâto parenchyma tissue were cut from the

perimedullary zone and subjected alternatively to 0.0 M a¡rd 0.4 M mannitol solutions.

It wæ obsewed that the pæenchyma tissue did not return to its original diameter after

the fust cycle of swelling (at 0.0 M mannitol) and conhaction (at 0.4 M mannitol) and

the changes in diameter in subsequent swelling and conEaction cycles remained at 2

constant values (i.e diameters at 0.0 and 0.4 M mannitol). The authors suggested that

the irreversible increase in diameter in the first cycle was attributed to the plastic

component of the parenchyma cell wall and the constant changes in diameter the¡eafter

represented the elastic component. The mannitol üeated specimens were also subjecæd

to resonance a¡rd it was observed that the elasticity modulus of parenchyma was directly

proportional to the turgor pressure.

A later study by Lin and Pitt (1986) indicated that the effect of turgor pressure

on elasticity modulus was more complex. In thei¡ study, cylindrical parenchyma tissues

were soaked in mannitol solutions with inc¡emental concentrations ranging from 0.0 M

to 0.5 M. The soaked specimens were then axially loaded to compressive failure at 4

diffe¡ent strain-rates. It was reported that above 0.4M mannitol concentration

(corresponding to plasmolysis state) the elasticity modulus \üas very low and wæ

independent of mannitol concenEation and shain-rate. At 0.2-0,4 M mannitol

concentration (the physiological turgor pressure of fresh potato corresponded to about 0.3

M mannitol concenhation) the elasticity modulus decreased proportionally æ mannitol

concenEation increased, with sEain-rate having little or no effect, Below 0,2 M mannitol
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concentration (corresponding to high turgor pressure) the elasticity modulus no longer

decreased with mannitol concenEation, reaching a plateau at about 0.15 M. Thereafter

the elasticity modulus dec¡e¿sed as mannitol concentration decre¿sed. The elasticity

modulus was not affecæd by strain-rate for samples Íeated at 0.5 to 0.3 M mannitol

concenÍation. Below 0.3 M mannitol, higher stain-rate was observed to ¡esult in a

higher elasticity modulus.

Qiong (1989) subjected potato tissue to various concentrations of mannitol

solutions (ranging from 0 to 0.55 M at 0.02 M inc¡ements). Cell wall stretch ratio and

wall tension were then calculated and plotted against each other. It was observed that

at higher stretch levels significant irreve¡sible deformation occur¡ed upon subsequent

plasmolysis. An inflection point on the stretch ¡atio to wall tension curve corresponding

to 8 % stretching induced by mannitol was observed. The authors suggested that elætic

deformation occurred in parenchyma cell wall below 8% streæhing (as characterized by

an upward concave slope), and the stretching was plastic in nature above 8% (as

characterized by an upwæd convex slope).

Niklas (1989) suggested that the mechanical properties of living tissues are

dependent on the magnitude of turgor pressure. At higher turgor pressure, the cell wall

was being sEetched, creating tension along the cell wall plane. This ¡educes the

magnitude of cell wall deformation under an applied stress, and thus inc¡e¿ses the

apparent elasticity modulus of the tissue. A similar suggestion was advanc€d by Pitt

(1982) and Pitt a¡rd Chen (1983) baæd on a mechanics model. On the other hand, at

reduced turgor pressure, the cell wall wi.ll respond as line¿r elastic, nonlinear elastic, or
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densifying material, depending on the magnitude of the applied stress (Niklas, 1989).

2.6 Viscoelastic Properties of Potato as Me¡su¡ed by Dynamic Rheomefi

Unlike uniaxial compression tests which are principally destructive, dynamic tests

cause little or no destruction of the food specimen sEucture. In a dynamic sheår test, a

food specimen is subjecûed to a sinusoidally varying sEess or strain, depending on the

instrument geometry, and the ¡esulting shear stain or sEess is measured as a function

of wave cycle. Since the strain imposed on the specimen in dynamic tests is exEemely

small, linear viscoelastic behaviour c¿¡r be assured throughout the measurement @ao,

t992).

If a small sinusoidal varying srain is appted to a biomaterial at a frequency o,

the shear strain at the bottom surface of the material can be expressed as (Biliaderis,

t992)

tG) = t. sin (cot) .........................(3)

where .yo : srain amplitude or maximum srain (dimensionless)

o = radial oscillatory frequency (rad.s-¡ or Hz)

t : time (s)

The she¿¡ rate will be the fust derivative of sEain with respect to time.

d{dt = i = . "to cos (cot) .""""""""' (4)

The resulting shear stress transmitted through the biomaterial to the top plate will

also be sinusoidal but will lag behind the snain by an angle ô, which is usually referred
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to as the phæe angle @gure 4)

o(t) = o" sin (<ot * ô) ..................... (5)

where øo = maximum shear stress (MPa)

ô = phase angle (rad)

Fo¡ viscoelastic materials, the phase angle lies between 0 to rl2 (0 for ideal

elastic materials which are exactly in phase with the sEain, whe¡eas r/2 for ideal viscous

fluids which ue ,rl2 (or 9f) out of phase with the strain). Thus, the phase angle is a

measure of the viscoelastic characteristics of a given material.

Expanding equation 5, we have

r'l
o(t) = o. L sin (<ot) cos ô + sin ô cos (<ot) L...................... (6)

Since oo is proportional to ?" for linea¡ elastic materials, and fo¡ viscoelastic materials

at small deformation, equation 6 can be further split into 2 components

rl
o(t) = % L o/7. sin (cot) cos 6 + oJ1" sin ô cos (,0Ð J,..........(Ð

The first component in equation 7 constitutes the part of sress in phase with the

stain (elastic component), whereas the second component constitutes the part of stress

90o out of phæe with the snain (viscous component). The ratio of in-phase stress to

sEain is the storage modulus, G', and the out-of-phæe sEess to shain is the loss

modulus, G".

C' = (alt" ) cos ô..............................(8)

G,, = ( oJ,t. ) sin ô . . .... ... .. ... ... .... ......... (9)

Equation 7 can then be expressed as

Íl
o(t) = ?" t G' sin (tot) + G" cos (<¡t) I ......... (10)



Figure 4. Stresses and Strai¡s in Dynarnic Tests of Elastic, Viscous and
Viscoelastic Boilies (Arlapted fron Peleg, 19E7)
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The storage modulus relates to the energy stored and recoverable, whereas the

loss modulus relates to the energy dissipated or lost per cycle of sinusoidal deformation.

The storage modulus is taken as an indicato¡ of the solid or elastic character of the

material,

The relationship of shess to sEain can be expressed as

lo"l = c'(,) lz"l '.......... (11)

where G'is the complex modulus, which includes the complete information of the

viscoelastic properties of the materials. When G' and G" are represented in absolute

terms the complex modulus is represented as (Shoemaker, 1992)

G'=G'+ ic'.......... .....(12)

where i : y'-l

From equations 8 and 9 the coefficient of intemal friction (damping) can be

derived as:

tan ô = G" / c'.....................,............. (13)

Tan ô is a measure of the ¡atio of energy dissipated as heât to maximum energy

that could have been sto¡ed in the material during one cycle of oscillation.

The application of dynamic testing such a¡¡ resonance techniques on foods is not

a new approach (Anonymous, 1966; Finney and Norris, 1968). However, it was not

until recently with the increasing availability of commercial instruments, that dynamic

rheometry has ¡eceived much attention urd gradually bec¿me a major technique for the

mechanical and textural analysis of foods (though it is still somewhat limiæd to liquid

and gel systems). Recent applications of dynamic rheometry on semi-solid foods include:
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cheese @iefes et al., 1993; Hsieh et at., 193b; Nolan et al., 1989), butter (Rohm and

Weidinger, 1993), whey and egg proteins (Ilsieh et al,, 1993a), flour dough (D¡eese et

al., 1988a, b; Navickis at a1., 1982) a¡d cooked pasta (Edwards et a1., 1993).

Applications of dynamic rheometry to plant tissues have been scarce in the

literature, An early study by Peterson and Hall (1974), using a self-assembled dynamic

tÊst instrument, investigaæd the influence of t€mpe¡ature and frequency on the dynamic

rheologicat properties of potato. They reported that complex dynamic Young's modulus

@*), phase angle and storage modulus @') of potato flesh were independent of

temperature from 2-30"C but inc¡eaæd with frequency from 50-300 Hz. Specimens

taken from the bud end were found to have a higher phase angle and lower complex

modulus than those from the center and the stem end, indicating structural differences

between these regions.

PeÍell et al. (1980), using a self-assembled oscillatory shear rheometer,

investigated the dynamic rheological properties of apple parenchyma tissue. By

comparing the storage moduli of tissues obtained from different locations in the apple

(ftom the cheek, stem and calyx ends) and at a particular stage of maturity, it was

observed that the magnitude of the storage moduli was dependent on the sample location.

It wæ also observed that dynamic testing wæ capable of differentiating the firmness of

apple at the eating ripe and over ripe stages in some cases. The autho¡s suggested that

dynamic testing was capable of differentiating the cell size and intercellular spaces in

apple tissues,

Vincent (1989), using a modified Dee¡ ¡heometer, studied the effe¿t of storage
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and cell density of apple on the torsional stiffness of 9 apple varieties. In his study,

apple flesh specimens r,vere cut in a similar marner to those of Petrell at al. (1980) but

the densities of the specimens we¡e measured by vacuum and photographic techniques.

Signiñcant dependence of torsional stiffuess on density was obsewed both within and

between varieties at different stages of maturity. It was also observed that the outer

parenchyma was stiffer than the inner parenchyma at any given density. The author

attibuted the observed differences to the differences in orientation of air spaces and

parenchyma cells in apple tissues.

Jackman and Stanley (1992) investigated the resistance to puncturing and the

dynamic viscoelastic properties of tomato pericarp tissue. Signiñcant diffe¡ences we¡e

observed in the mechanic¿l properties of pericarp tissue from tomatoes subjected to

diffe¡ent temperature treatments during storage, as measured by both puncture and

dynamic tests. The results obtained from small strain testing were observed to be

parallel to those from the puncture test, suggesting a possible relationship between the

bioyielding shength of tomato pericarp and the stress fr¡nction in the small strain test.

Although not a cellular biomaterial, sEong linear relationships between InsEon

measurements and parameters derived from small sbain oscillatory shear me¿su¡ements

of cooked pasta have been reported later by Edwards et al., (1993),

Ramana and Taylor (1992a) studied the viscoelastic behaviour of a number of

vegetables, including potato, during heating, in an attempt to establish the applicability

of dynamic rheometry for monitoring textural changes of vegetable tissues during

comme¡cial cooking. In their study, cylindrical discs of vegetable tissue were placed
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between parallel plates and subjected to pre-determined oscillatory frequency and strain

at a heating rate of 20PC mid. A rapid decline of storage modulus (G') was obsen¡ed

at a temperature around 50-60"C in all vegetables investigated, indicating structural

changes occured which reduced the magnitude of the elastic component within the

tissues. It was also observed in an initial experiment of their study that the storage

modulus increased as sample thickness increased up to a certain thickness (Table 1), It

is noted from Table 1 that G' increased as sample thickness increaæd from 1 to 7 mm.

Beyond 7 mm, G' appeared to be no longer affected by sanple thickness. The authors

suggested that this phenomenon was attributed to the fixation effect (glue layer) or end

effect; at smalle¡ thickness the shear modulus fi¡nctions should be reported in apparent,

not absolute terms.

Ramana et al. (1992) laûer reported a similar pattem for the decline of G' of

carrot tissues subjected to identical heating and dynamic she¿r tests. In their study carrot

tissues of different maturity and histological origin were subjected to dynamic testing and

heating. It was observed that the dynamic test was capable of differenûating the ûextural

changes in the carrot tissues of different maturity and anatomical origin. In addition to

dynamic testing, the authors also performed compression and sensory tests on the carrot

tissues, The co¡relation coefficients between the Young's modulus, E, and the firmness

score ftom the sensory test, arid between G' and the firmness score were reported to be

0.93 and 0.86, respectively, indicating that the dynamic and compression tests \ryere able

to measure the same intensity of æxtural characteristics æ perceived by the panellists.

Ramana and Taylor (i992b) subjected isolated canot cells and cell wall materials
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Effect of Potato Sample Thickness on Storage Modulus (G') at a
flequency o10.2Ez (from Ramana anrl Taylor, I99a)

I

2

J

5

7

9

0.67+0.02

0.89+0.13

1.34+0.14

2.08+0.35

2.16+0.15

2.08x0.22

G'
(MPa)

Thickness
(mm)
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to dynamic shear using the parallel plate, concentric cylinder and cone and plaæ

geometries. It was observed that parallel plate geomehy did not provide linear results

for carrot cells over a ftequency range of 0.02 to 0.2H2, and a stress level of 0.1 to 20

Pa. For carrot cell wall maûerials all 3 geomehies we¡e observed to provide linear

results, Shomer et al. (1993) studied the effect of heating and cellulase treatments on the

dynamic rheological properties of potato cell suspensions, It was reported that elevating

temperature f¡om 20 to 7trC resulted in an inc¡ease in G' and dec¡e¿se in G" and

complex dynamic viscosity, 4* of cell suspensions. The addition of cellulase was

observed to cause breakdown of the cell sEucture, resulting in ¡eduction of G', G" and

4* of the cell suspensions.

In view of the research carried out by others that has been outlined above, the

objectives of this study were:

1. To assess the applicability and reproducibility of small strain oscillatory shear

rheometry for measuring the mechanical properties of raw potato tissues.

2. To assess the mechanical properties of raw potab tissues using cyclic uniaxial

compression testing,

3, To map out the mechanical properties of the raw llotato tissues at different

physiological ages using these two techniques.

4. To map out the mechanical properties of the ¡aw potato tissues taken from

different histological regions of the tuber.

5. To map out the mechanical properties of the raw potato tissues taken from

diffe¡ent histological regions of the tuber and subjected to hypotonic and hypertonic
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mannitol treåtments,
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3. EXPERIMEI.ITAL

3.1 l\¡faterials

The potatoes were of the cultivar, Russet Burtank, and of french fües processing

grade. They were kindly supp)ied by Ne.stlé Simplot Foods (Carberry, Manitoba) and

had been obtained f¡om thei¡ contracted growers in Manitoba, Tle old and new crops

were grown at different locations.

The old crops were harvested in early Septemb er, 1993 and arrived on September

24, 1993. Upon arrival the potatoes were pr+conditioned at 15"C with 90% relative

humidity (R.H.) for one week. After the pre-condition üeåtment the temperature was

reduced to 6oC at a ¡ate of l'C per week without changing the R.H. Thus, the storage

temperature re¿ched 6"C by the end of November, 1993. fhe potatoes were then kept

unde¡ these conditions until use. Potatoes were not sprout inhibitor treated and the total

storage time was approximately 10 months. It was observed that sprouting started to

occur at the end of Aprit, 1994, As a result, a considerable amount of potatoes with

severe sprouting were disca¡ded and any sprouts found on the remaining potatoes were

manually removed.

The new crops were harvested in September, L994 and arrived on September 23.

Upon arrival the potatoes were promptly stored in the cold room at a temperature of 7

t i'C with cont¡olled R.H. until use. Potatoes we¡e not sprout inhibitor heated and the
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total storage time was approximately one month,

D-mannitol (ACS reagent grade), nitric and periodic acid (basic) we¡e obtained

from Sigma chemic¿l company (St.I¡uis, MO), Potassium phoqphate (mono. and di-

basic) were obtained ftom Fisher Scientific Limited (Ottawa, ON). Emery paper with

grain size 280 and cyanoacrylate bonding agent were procured ftom a loc¿l store

@ominion Lumber).

The B¡on slicer (model Mandoline) was procured ftom J.B. Prince Co. (New

York, NY). The double blade cutting device, similar to that used by Mclaughlin (1987),

was manufactured by the physics workshop at the University of Ma¡ritoba. The cutting

device consists of 2 parallel blades (with a clearance of 40 mm between them). Core

bore¡s of 15 and 30 mm diameters were supplied by the Food Science Department at the

University of Manitoba,

3.2 Methorls

3.2.7 Sampling and Selection of Potato Tt¡bers

The old and new potato tube¡s were randomly sampled ftom the top to the bottom

of five and th¡ee one-hundred{b bags, respectiveþ, prior to thei¡ use. The sampled

tubers were then selected for use based on their size. Since tube¡s of the cultivar Russet

Burbank have a typical elongated, oval shape (see Figure l), care was taken in selection

to ensure that during subsequent sectioning sufficient flesh portion would be obtained

ftom the tubers, This was carried out by measuring the length of the tubers by a caliper
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in 3 directions: the longitudinal, and 2 transverse directions perpendicular to each ottrer.

The point of measurement for the tr¿nsverse di¡ections was as close ûo the nid-point of

the longitudinal length as possible. The longitudinal direction was arbitrarily assþed

and referred to as the x-axis, the longest transverse di¡ection as the y-axis and the

shortest transve¡se di¡ection as the z-axis. The length criteria of the tubers used were

as follow: 100-150 mm at the x-axis, 55-65 mm at the y-axis and 50-55 mm at the z-

axis. Potatoes were rejected if below bottom of these ranges, The weight of the tubers

ranged from 225-300 g.

3,2.2 Overall ExperÍmental Design

The whole project consisted of 4 pafs. They were:

a. Mapping of mechanical properties of potato tissues using small stain

oscillatory rheometry - axis (x, y and z) and frequency (0.02, 0.2 and 2 Ez) we¡e the

main effects in this part. In addition, slices obtained at 2 different locations in the y and

z-axes (inner and outer slices) would also be investigated.

b. Exami¡ation of the effect of a¡tificial turgor adjustment on the mechanic¿l

properties of potato tissues using small strain oscillatory shear rheometry - axis (x, y and

z) , frequency (0 .02 , 0 .2 and 2 IIz) and mannitol concentration Q a¡d 7 /o) were the main

effects in this part. Like in part a, slices obtained in 2 diffe¡ent locations along the y and

z-axes would be investigated.

c. Mapping of mechanical properties of potato tissues using uniaxial

compression - axis (x, y and z) and strain rate (2 and 20 cm min-l) and thre€ cycles of
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cyclic compression were the main effects in this part.

d. Examination of the effect of artificial turgor adjustment or the mechanical

properties of potato tissues using uniaxial compression - axis (x, y and z), strain raæ (2

and 20 cm minl), three cycles of compression, and mannitol concentration Q a¡d 7Vo)

we¡e the main effects in this part.

Each of the above experiments were applied to both old and new potato crops to

examine the effect of storage on the mechanical properties of potato tissues.

3.2.3 Preparation Procedures for Potato FIæh Slices Used in Small Straín
Oscillatory She¿r Test

3.2.3.1 X-Axis Samples

A number of potato fubers we¡e taken ftom the storage room, washed,

dried with paper towels and equilibrated to room temperature Q2 ! 2'C) overnight. The

length of the tubers at the x-axis were carefully measured with a caliper. A knife was

used to discæd equal portions (in length) of flesh ftom the stem and bud ends. Since the

tubers used varied considerably in length along the x-axis, the length of the remaining

center portion was kept as close as possible to 50 mm to facilitate laûer sectioning. A

core borer of 30 mm diamete¡ was carefully placed in the center of the top of the center

portion. The core borer was then punched through the whole flesh to obtain a

cytindrical flesh co¡e (diameter 30 mm, length '' 50 mm) (see Figure 5). The length

of the core was then measured with a caliper. To obtain a cylinder of 40 mm length, the

double-blade cutting device was used to chop off equal portions ftom the ends.



Figure 5. Sectioning of Pot¡to Slice Samples for Smnll Strain Oscillatory
Shear Test
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Therefore, the final cylindrical core of flesh had a diameter of 30 mm and length of zl0

mm. The slicer was carefully set at a clea¡anc€ of 4 mm between the sliding plate and

the blade. The cylindrical flesh co¡e was then ¡¡¿¡uelly pulled onto the blade. The

slices obtained in this manner had a thiclness of 4 mm and diameter of 30 mm. The

fust 3 slices obtained were disca¡ded and only slices 4,5, 6, and 7 were used for

meåsu¡ement, The portion remaining after süce 7 was also disc¿rded. The slices

obtained in this fashion were arbirarily assigned and ¡eferred to as slice numbers 4, 5,

6,and7, respectively (see Figure 5). To avoid dehydration, the slices were cut from the

cylindrical corejust prior to measurement and the remaining core was covered by a paper

towel saturated with a small quantity of distilled water. The slices were rinsed with

distilled r,vater (to remove any cellula¡ debris remaining on the surface) and dried with

a clean paper towel prior to testing in the rheometer.

3.2.3.2 Y-axis Samples

A number of potato tubers were taken from the storage room, washed, dried with

paper towels and equilibrated to room temperature Q2 t 2'C) overnight. The length of

the tubers at the x-axis were carefully measured with a caliper. The core borer was

placed as close as possible to the mid-point of the x-axis length and then punched through

the whole flesh along the y-axis to obtain a cylindrical flesh core. To obtain a cylinder

of 40 mm length, the double-blade cutting device was used to chop off equal portions

f¡om the ends. The¡efore, the final cylindricat core of flesh had a diameær of 30 mm

and length of 40 mm, The slicer was carefi.rlly set at a clearance of 4 mm between the
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sliding plate and the blade. Tle cylindrical flesh co¡e was then manually pulled onto the

blade. The slices obtained in this manner had a thickness of 4 mm and diameter of 30

mm. The fust slice obtained f¡om the end of the cylindrical core was retained, æ were

slices 4, 5, 6 and 7, and also the læt slice from the cylinder. Thus, the totâl number of

slices measured we¡e six, The slices obtained f¡om the opposite ends were arbirarily

assigned and refer¡ed to as slices numbe¡s I and 10 (the ouær slices), while slices 4, 5,

6 and 7 were referred to as slices numbe¡s 4, 5, 6 and 7, respectively, as for the x-axis

slices (the inner slices) (see Figure 5). To avoid dehydration, the slices were cut ftom

the cylindrical core just prior to meåsurement and the remaining core wÍu¡ covered by a

paper towel saturated with a small quantity of distilled water. The slices were rinsed

with distilled water (to remove any cellula¡ debris remaining on the surface) and dried

with a cle¿n paper towel prior to æsting in the rheometer.

3.2,3,3 Z-Axis Samples

Samples for the z-axis were obtained in an identical manner to those in the y-axis

(section 3.2.3.2) except for the punching of the co¡e bo¡er which was performed along

the z-axis (see Figure 5).

3,2.4 Preparation Procedure for Potato trlesh Samples Useil in the
Determination of the Effect of Sample îhickness on Storage Modulus

This experiment consisted of two parts and was performed on the old crops. The

first part involved the use of sample thicknesses of L,2,3,4 and 4.5 mm, whereas the



42

second part involved the use of sample thicknesses of 3, 5 and 7 mm, respectively, The

total replicates (tubers) used in this experiment were l2;9 for the fi¡st and 3 for the

se¿ond part. Since the combined thickness of the pre-selecæd thicknesses in the fust part

was 14,5 mm (1, 2, 3,4 and 4.5 mm) and the length of the cylindrical core was 40 mm,

2 sets of the 5 samples could be obtained from each potato (i.e. 18 sets could be obtained

ftom 9 tubers). The order of 5 sample thicknesses (1,2,3, 4 and 4.5 mm) for each set

was obtaiÍed by drawing randomly from a bag c¡ntaining 5 pieces of papers with the

thicknesses written on them. This procedure wæ repeated to obtain the random orde¡

of thicknesses of the slices for the second set of the tuber. Both these procedures were

repeated nine times (9 different tubers) to assign a total of 18 thickness combinations

The assignment of thickness order and sets pairing fo¡ the second part were cårried out

in the same manner (with the exception that the combined thickness was 15 mm for each

set) . The cylinder preparation and slicing procedure described in section 3 . 2 . 3 . I for the

x-axis was followed with one modification: for the x-axis samples only the center portion

(süces number 4, 5, 6 and 7) was used but for the thickness trials the fust 30 mm portion

was used and the ¡emaini¡g portion was disc¿rded.

3.2.s hocedures for Marnitol Tleaûnents for Pot¿to Flesh Slices Useil in
Small Strain Oscillatory Shear T€sts

Based on preliminary experimentation and the work of Lin and Pitt (1986), two

mannitol concentrations Q and 7%) were employed to c¡eate hypotonic and h¡pertonic

conditions for potato flesh. The 3% rnanrlltol solution wæ h¡potonic wherezs the 1Vo
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mannitol r,vas hypertonic to potato tissues. Fresh stock mannitol solutions at conc€ntra-

tion of 3 and,1Vo (wlv) were prepared and kept in a refrigerator at least one day prior

to use, Any solutions that had been kept for more than 7 days was disca¡ded. To

minimize cellula¡ degradation, the marinitol solutions were buffered with 0.02 M KrI{pO4

and 0.02 M KH2PO4 @in and Pitt, 1986). Potato slices for the 3 Ð(es rve¡e obtained as

described in sections 3.2.3,1, 3,2,3,2, and 3,2,3.3 (with the exception that no

temperature equilibration of the tube¡s was performed prior to slicing). The slices we¡e

placed in petri dishes containing approximately 45 ml of a given mannitol solution. For

the i¡ner slices, two slices from the same tuber we¡e kept in one labelled petri dish

containing the 3% mannitol solution. The other two inne¡ slices from the same tuber

were kept in another labelled petri dish containing the7 % manrutol For the outer slices,

two outer slices each ftom diffe¡ent tube¡s were kept in one labelled petri dish containing

the 3% mannitol solution. The remaining two outer slices were kept in another labelled

pehi dish containing the 7% mannitol. Based on preliminary experimentation and the

wo¡k of Lin and Pitt (1986), sample slices were soaked for 12 h at room t€mperatwe

prior to testing. Since the time required for measuring the mechanic¿l properties of a

sample slice in the dynamic sheâr test was approximateþ 5 min, slices from the same

tube¡s were cut and soaked at intervals of 5 min to ensure e4ual mannitol soaking time

was achieved. While awaiting slicing, the potato cylindricâl core was covered with a

paper towel saturated rvith a small quantity of distilled water,
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3.2.6 Small Strain Oscillatory Shear Testing

A Bohlin Rheometer @ohlin Reologi, Edison, NÐ \{ith a parallel plate geometry

was used for small sEain oscillatory shear testing, The diamete¡s of the upper and lower

plates were 30 mm. Pre-cut ci¡cula¡ discs of emery paper (diameter = 30 mm) were

glued on to the plates with cyanoacrylate bonding agent. The thickness of both pieces

of emery paper was then measured by the dial gauge attached to the rheometer by

lowering the upper plate until the upper and lower plates' emery papers touched, The

value obtained \{as subtrcted ftom all sample thickness measurements to obtain the true

thicloess of the sample slices in later measurement. The total thickness of the emery

paper discs was approximately 0.5 mm. In most cases, the same emery paper discs were

used throughout a given set of experiments. If a change of emery paper was required,

the same procedure described above would be repeaûed prior to æsting. Compression

of the slices was necess¡rry to provide contact over the maximum area between the slices

and the upper and iower plates, and to prevent slipping during testing. The compression

was maintained at less than 5% strain,

Rheological measurements were obtained using the oscillatory mode. All

measurements were conducted at 22 t 2C nsng a2.74 x 10'3 kg.m torsion bar for the

thickness trials (section 3.2.4) nd a 9.31 x 104 þ.m to¡sion bar for the rest of the

work. Small amplitude oscillation meã¡urements were performed at strain amplitudes

of 1.0% (for old crops) and 2.0% (for new crops), and at frequencies of 0.02, 0.2 and

2 Hz. Values for the apparent complex (G*), storage (G') and loss (G') moduli, as well

as maximum strain (e) were obtained using the softwa¡e analysis program of the Bohlin
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Rheomete¡. The energy sto¡ed and dissipated in each quarær cycle of oscillation were

c¿lculated from (Ferry, 1970):

Energy stored per y1 cycle (J) : G' e.2 l2

Energy dissipated pr l+ cycle (UnJ : G' r e] l4

For the dete¡mination of the effect of sample thickness on G', strain amplitudes

of 0.1 to l5/o utd a frequency of 0.2 Hz we¡e used, The values of G' at 13%

amplinde we¡e taken for analysis. Unfortunately, the maximum slice thickness that

could be measured by the dial gauge attached to the Bohlin Rheometer was 5 mm. this

distance set a limit on maximum slice thiclness if thicknesses used in the calculation of

the dynamic shear moduli were to be me¿sured accuraæly. Since the emery paper discs

took up approximately 0.5 mm, the maximum thickness that could be measured by the

dial gauge was reduced to 4.5 mm. Consequently, most of the slices used in the second

part of the thickness trials (which had thicknesses over 4.5 mm) could only be measured

by a caliper, and the slight compression of the slices during the lowering of the top plate

prior to testing could only be estimated. The true thicknesses of the slices were obtained

by subtracting the estimated compression distance from the thicknesses measured by the

caliper.

3.2.7 Experimental Desig¡ for $maìl Strain Oscillatory Shear Testirg

A completely randomized block design was not feasible since meåsurements were

performed over a period of 4 weeks for old crops, and 4 weeks for the new crops at

different times of the year (June and October, 1994, respectively). In all experiments
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listed in 3.2.2, ptato tubers we¡e tested for the x-axis fust, followed by the y and z-

axes. Originally the effect of ftequency was to be investigated on separate tubers

(seven tubers for each frequency). However, it was observed that int€rnal black spot and

hollow heart had occurred quite extensively in the old crops. As a result, a number of

tubers had to be disc¿rded and the degree of replication was reduced. In order to

maximize the number of results obtainable from the limiæd tube¡s available, a decision

was made to employ pairing of frequencies on individual tubers. This was done by

an'anging the th¡ee frequencies investigated into two pairs. The fust pak was 0.02 Hz

arrd 0,2 Hz, a¡rd the second pak was 0.2H2 and 2 Hz. Since the lower frequency pair

required substantially longer analysis times than the higher ftequency pair, it was

important to consider whether errors were innoducæd by sample dehydration during

testing (Vincent 1989), especially in the fi¡st pairing (i.e. 0.02 urd 0.2 Hz). To

investigate this effect consecutive slices f¡om the same tuber were tested at alternating

frequencies within a given pair of frequencies. Shown in Table 2 is an example of the

application of the paired frequencies of 0.2 and 2Hz on the slices obtained for the x, y

and z-axes for tubers without manniûol treâtments. On average, for each axis, 20 slices

(from 5 tubers) were analyzed at 0,02 and 2 Hz, wlnle for 0.2 Hz 40 slices (from 10

tubers) were analyzrÅ. For tube¡s with mannitol t¡e¿tments, the paired frequencies were

also applied to consecutive slices from the same tuber in an alternating manner.

However, the number of analyses obtained at 3 and 7% mannitol would be half of those

without mannitol Eeatments (see Table 3). On average, for each mannitol concentration

and each axis, l0 slices (from 5 tubers) were analyzed at 0.02 and 2Hz, wttle for 0.2
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Application of Pairtil trlequenciæ (0.2 a\d2 Ez) on Potato Slices in
Small Strain Oscillatory Shear Testing for the Old and New Crops
without ilfannitol Tte¿fu ents

Slice Number

X-Axis Y & Z-Axes

Frequency Applied

Ftst Second

4

5

6

7

4

5

6

7

0.2H2

2Hz

0.2Ilz

2Hz

0.2H2

2Hz

2Ez

0.2Hz-

2Hz

0.2H2

2Hz

0.2H210
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Àpplication of Paired Flrquencies (0.02 anrt 0.2 Ez) on Potato Slices
in Small Strain Oscillatory Shear Testing for the Okl and New Cro¡s
with Mannitol Treshents

Slice Number

X-Axis Y & Z-Axes

Ma¡nitol
ConcenEation

(Vo wlv)

Frequency Apptied

4

5

6

7

4

5

6

7

7

J

7

J

0.02H2

0.2H2

0.02Hz-

0.2H2

0.02H2

0.2H2

0.2H2

0.02H2

0.2H2

0.02H2

0.2H2

0.02H2
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IIz 20 slices (from 10 tubers) were analyzeú. The application ofa particular frequency

pair was ca¡¡ied out in an altemating manner on the tubers. For example, if 5 tubets

were subjected to the frequency pat,0.2 and2Ez, and tuber number one w¿ut subjected

to the paired frequencies in the same sequence as that shown in Table 2, the fust slice

of tuber number 2 would be subjected to 2 Hz frrst then 0,2 llz, and so on alternately

for the rest of the slices remained in tuber number 2. This procedure was the¡efore self-

repeated every 2 tubers in a given set of experiment.

In all measurements two full cycles of oscillation at a particular frequency were

given to the sample slices for 'conditioning' (Vincent, 1989); the reading obtained ftom

the third cycle was reco¡ded. The 'conditioning' was necessary to overcome any inertia

effect from the 4 mm thick slice samples, particularly at such a small strain level applied

(O.MVo). The totâl analysis times for the frequency pairing of 0.02 and 0.2 IIz, and the

0,2 a¡d 2 Hz pair were approximaûely 5 and 3 min, respectively.

3.2.E Preparation Procedures for Uniaxial Qempression Testing of Potato
Flesh Cylinders

3.2.8.1 ¡-¿r¡ $amples

The samples were obtained as dercribed in section 3.2.3.1 with the following

modifications: a core borer of diamete¡ of 15 mm was carefully placed as close as

possible to the geometric center of the top of the center portion after chopping off 2

equal portions from the stem and bud ends. The co¡e borer was then punched through

the flesh and a cylindrical flesh core was obtained (diamebr 15 mm; length ^, 50 mm).
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A se¿ond cylindrical core was obtained in close proximity to the fi¡st co¡e in the same

manner. The fust and second cylindrical cofes r,vere always aligned on a straight line

along the y-axis and the distance between the positions where the samples were obtained

was approximately 5 mm (see Figure 6). After chopping off 2 equal portions ûom the

ends of the cylinder by the double blade cutting device, the final cylindrical flesh core

had a diameter of 15 mm and length of 40 mm. To avoid deþdration the second

cylindrical sample was cored just prior to testing. The top and the bottom surfaces of

the samples we¡e ¡insed with distilled water (to remove cellular debris remainíng on the

surfaces) and dried with a clean paper towel prior to loading on to the compression

plates.

3.2.8.2 Y-Axis Samples

The samples were obtained as described in section 3,2.3,2 with the following

modifications: two cylinders of flesh were obtained (diameter 15 mm, length 40 mm)

along the y-axis instead of one 30 mm diameter cylindrical core. The cylinders were

always aligned on a sraight line along the x-axis and the distance between the positions

whe¡e the samples were obtained was approximateþ 5 mm (see Figure 6). The same

precautions and cleaning procedures described in section 3.2.8.1 were used prior to

testing of the cylinders,

3.2.E.3. Z-Axis Samples

Same as 3,2.8,2 except on z-axis (see Figure 6).



Figure 6. Sectioning of Potsto Cylinder Samples for Uniaxial Compression
Test



52

(f_-_-l
0-__l

Y.A.K.S

I!

$



53

3.2.9 hocedures for Mannitol Treahent for Pot¿to Cylindricat Flesh
Samplæ Useil in Uniaxial Compression Test

The mannitol solutions were prqrared as described in section 3.2.5. The

cylindrical samples were obtai¡ed in the same manner as in sections 3.2.8.I,3.2.8.2

and 3,2,8.3 (with the excqrtion that no tempenture equilibration of the tubers was

performed prior to sectioning). The cylinders were put into plastic bottles containing

approximately 70 ml of a given mannitol solution. Only one sample was kept in each

labelled bottle. Based on preliminary experimentation and the work of Li¡ and Pitt

(1986), samples were soaked for approximately 17 h at room temperature prior to

testing. Since the time required for measuring the mechanical properties of a cylinder

sample in the compression test was approximately 5 min, the second cylinder sample

from the same tuber was cored and soaked 5 min laæ¡ to ensure equal mannitol soaking

time was achieved.

3.2.L0 Uniaxial Compression Testing

A Lloyd Instrument model 1000R (Omnitonix, Mississauga, OÐ with a parallel

plate geometry was used throughout. All measurements were carried out at room

temperature Q2 + 2C) with a calib¡ated 100 N load cell. The diameters of the upper

and lowe¡ plates were 100.2 and 110.5 mm, respectively. Pre-cut, ci¡cula¡ discs of

emery paper (diameter = 20 mm) were glued æ close as possible on to the center of the

plates with cyanoacrylaùe bonding agent. In all measu¡ements the cylindrical samples

were placed on the emery paper at the center of the lower plate and the upper plaæ



54

lowered to just touch the upper surface of the sample.

Two compression rates (str¿in rates) were uæd throughout the experiment: 2 cm

min'r a¡rd 20 cm min't. Each sample was subjecæd to th¡ee identical, consecutive

compression cycles (i.e. three loading and unloading cycles) of 10.5% compression of

the original length of the sample (or a distance of 4.2 mm), Deformation and force

responses were recorded by the software analysis program of the Lloyd Instrument. A

number of parameters were derived from the fo¡ce-deformation curves for each cycle.

At the sÍain r:;te of 2 cm min'l, the initial and end moduli were calculated from linear

regression analysis of the points within the strain region from 0.85 to 1.18 Vo, and from

8.81 to 9.14 %, respectively. For 20 cm min-r, the initial and end moduli were

calculaæd from linear regression analysis of the points within the strain region from 0.75

to 2,35% , and 7.83 to 9.40% , respectively. The areas under the loading and unloading

curves were c¿lculated by the Fig.P softwæe program (Version 6.0, Biosoff9, NC) to

obtain total energy and recovered energy, respectively; dissipated energy being obt¿ined

by subtraction.

The st¡ain rates were applied to the cylinders in an alternating fashion. For

example, if the first cylinder from tuber number 1 was subjected to 2 cm minr, the

second cylinder ftom the same tuber would be subjected to 20 cm min-l, For tuber

number 2, the fi¡st cylinder would then be subjecæd to 20 cm min-r whe¡eas the second

cylinder from tuber number 2 would be subjected to 2 cm min'r. This procedure wæ

the¡efo¡e self-repeated every 2 tubers in a given set of experiment.
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3.2.11 Experimental Design for Uniaxial Compression Testing

Like the small süain oscillatory shear testing, a completely ¡andomized block

design was not feasible for uniaxial compression testing due to differences in the period

of measurement between the old and new ctops. The number of replicate tubers

ar'alyzcÅ, was 11, although only 10 x-axis replicates we¡e obtained for the old crops and

10 z-axis replicates for the new crops. In the manniøl Eeatment experiment, 10

replicates tube¡s were used for each axis. One cylinder form each tuber was soaked in

3% mannitol solution and the ¡emaining cylinder f¡om the same tuber wæ soaked nTVo

mannitol. As a result, it was not possible to compare cylinders from the same tuber

statistically. For both crops (with and without mannitol Eeatment) x-axis samples were

tested fust, followed by the y and z-axis samples.

3.2.12 Moisture Content Determination

Moisture cont€nt was determined in accordance with AOAC methods Q2.082-

32.084) with one modification: whole potato flesh slices were used instead of

homogenization of potato tissues. The potato slices were obtained æ dercribed in

sections 3.2.3.2 and 3,2,3.3. Tr.vo outer slices (numbers 1 and 10) and two i¡¡er slices

(numbers 5 and 6) we¡e obtained ftom each tuber. Ten tubers were used for both old

and new crops. In each crop five out of ten tubers were used for the y-axis and the

remaining five we¡e used for the z-axis deúerminations.
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3.2.13 gþining procedure

Staining solution was prepared by dissolving 0.5 g periodic acid powder

(IilOr.2IIrO) in 100 ml of 3% (wlv) nitric acid (IINQ) prior to staining. porâto slices

of approximateþ 1 mm thicl¡ress obtained f¡om the middle part of different tubers

(Íansverse cross section and longitudinal cross section) were imme¡sed in about 40 ml

staining solution fo¡ 10-15 min to allow colour development.

3.2.14 Statistical Analysis

All statistical analyses were p€rfonned on a PC microcomputer using SAS

statistical analysis software program package (SAS Institute, Version 6.09, 1989).

Analyses of variance we¡e car¡ied out using the General Linear Model (GLM) Procedure.

Significant differences Írmong Eeatments were determined by the Duncan's multþle range

test (p<0.05).
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4,7,1

4 RESULTS

4.1 PreliminarT Experiments

Deter:mination of the Lineår Yiscoelastic Region for Potato Flesh
lissue in Sm¡ll Strain Oscillatory Shear Test

It is important that only if the potato tissue displays a lineâr viscoelastic region

c¿n useful results be obtained from small strain oscillatory shear tests @iliaderis, 1992).

Therefore, preliminary work was carried out on both old and new crops to determhe if

potato flesh tissue exhibited a linear viscoelastic response when subjected to oscillatory

shear. Potato slices of 4 mm thiclness and 30 mm diameter (obtained at the x-axis) were

subjected to oscillatory shear at amplitudes from 0.L to 50/o and a frequency of Q.2Hz.

The new crop results are depicted in Figure 7, where it appears that potato flesh tissue

does possess a linear viscoelastic response in a nar¡ow shain region below 0.1%, as

indic¿ted by the dynamic shear function G'. Above 0.1% srain, G' starts to drop in a

rather constant, shallow slope up to a strain of about 0.6%. kyond 0.6% strain G'

drops more sharply, indicating that considerable irreve¡sible deformation has occur¡ed

il the tissue. The curve lools slightly diffe¡ent in terms of the other dynamic shear

f,rnction, G". The value of G" rises initially and levels off at a strain of about 0.4% ,

Beyond 0,4% shain, G" starts falling in a similar manner to G',



Figure 7. Effect of Oscillatory She¿r Strain on the Storage (G') anil Loss (G")
of New Crops at a trÏequency of 0.2H2
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Subsequently, potato flesh slices were subjecæd to oscillatory shear at lower

amplitude levels (0.1 to 2.5%) at a frequency of 0,2 Hz. The new crop results are

depicted in Figure 8. It can be seen from Figure 8 that G' and G" are independent of

oscillatory shear strain f¡om 0.001 to0,05%. The srain conesponding to 2% aÍryhþrde

was about 4 x lf (or 0.04Vo) which was slightly lower than that used by Ramana and

Taylor (1992). Therefore, a linear viscoelastic region was established for potato flesh

tissue for all subsequent experiments.

4,L,2 Effect of Slice thickness on Gr in Small Strain Oscillatory She¿r Test

Since the value of the dynamic shear function, G' hæ been reported to increase

with the thickness of potato tissue samples (Ramana and Taylor, L992), preliminary work

was ca¡ried out to (i) determine the extent that the dynamic shear function, G', was

affe¡ted by sample thickness, and (ü) deærmine the sample thickness that would be used

in subsequent work.

Potato slices of various thicknesses (section 3,2.4) were subjected to oscifatory

shear at amplitudes from 0.1 to l5Vo at a frequency of.0,2H2, For each meåsurement

the value of G' at an amplitude of L.7% was taken to construct the plot of slice thickness

against G' (Figure 9). It is apparent ftom Figure 9 that G' increased as sample thickness

inc¡eased from 0.6 mm to about 4 mm. Beyond 4 mm, G' appears to level off towards

a plateau at the largest thickness (7.5 mm). This observation concurs with that reported

by Ramana and Taylor (1992) in which G' was reported to no longer increase as sample

thickness was increased beyond 7 mm,



Figure 8. Effect of Oscillatory Shear Strain on the Storage (G') and I¡ss (G")
of New Crops at a Flequency o1 0.2fr2
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Figure 9. Effect of Slice Thickness on ttre Storâge Modulus (Gr) of Okl Crops
at an Oscillatory Amplitude oÌ LVo and Flequency of 0.2 Hz
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In regards to the sarnple thickness employed in this project, a choice of 7.5 mm

appears rheologically sound as it would eliminate the variation in dynamic shea¡ moduli

caused by slice thickness, However, a thickness of 4 mm was choæn for all experiments

due to unce¡tainty in measurement of sample thiclness (section 3.2.6). As a result, the

dynamic shear fi¡nctions that are reporæd are apparent (at 4 mm), not absolute values

(Ramana and Taylor, 1992).

4.L.3 Moisture Content of the OId and New Potato Tissues in Different
Histological Regions

The mean moisture contents for 2 outer and 2 inner slices for the old and new

crops are shown in Table 4. Since the old and new crops were grown at different sites

and in different years, a direct comparison between their moisture contents could not be

performed. For both the old and new crops, the difference between the i¡urer and outer

slices of the z-axis was higher than that of the y-axis (8,14% for the z-axis and 6.41%

for the y-axis on average).

4.2 h'eliminarT Statistical Analysis of Results

4.2.L E,ffect of Sample Dehydration lluring Measurcment

Since the time required for sample preparation and oscillatory shear measurement

was approximately 3 min for each slice at 0.2 and 2Hz, and 7 min at 0.02H2, the total

time elapsed from the measurement of the fust slice to the last slice in each replicate was
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TABLE 4. Moisture Content M.C.) of the Irner antl Outer Slices of the Old anfl

New Crops

Slice Position Mean M.C.t

(% wet basis)

Outer

Inner

Outer

Inner

Outer

Inner

Outer

Inner

73.14

79.82

73.97

81.82

78.54

84.68

76.20

84.62

1 Mea¡r value for a particular axis was the average of 5 tuber replicates; 2 inaer (slice
numbe¡s 5 and 6) and 2 outer (slice numbers I and 10) slices we¡e used in each
replicate for M.C. determination.
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approximately 25 to 30 min for the x-axis and 40 to 45 min for the y and z-axes. It was

thought that, despite the precautions taken, sample dehydration might occur in the

cyündrical cores awaiting sectioning which would affect the results. Preliminary

statistical analysis \{as cårried out to verify if this was the c¿se before a fr¡ll statistical

analysis was pe¡formed on the results.

The statistical analysis performed was to use the general linear model procedure

to state that apparent G' or G" were dependent solely on the variable slice position in the

cylindrical core (i.e, slice numbers 4, 5, 6 or Ð. The mea¡s of the dependent variable

(apparent G' or G") for each position were compared at a particular axis, frequency,

crops (o1d and new), and mannitol Eeatment (3 and 7y'o), and for all combinations of

these. For all cases, no significant difference at the 0.05 level or apparent pattem was

observed among the means of slice position, This indic¿tes that the preparation and

measuring procedures did not cause any significant moisture losses that had affected the

results, since it might be expecæd that slice numbers 6 and 7 which were sectioned last

would have lost more moisture than slice numbers 4 a¡rd 5 which we¡e sectioned earlier.

4.2.2 Effect of Flequency Pairing

As described in section 3,2,7 all slices we¡e subjected to oscillatory sheår at 2

frequencies. It was sp€culated that the ftequency pairing procedure might inhoduce

systematic errors in the results - the reading which was obtained ftom the fust analysis

in a pair at a particular frequency might be consistently higher than that obtained from

the same ftequency but from the second analysis in a pair (see Table 2 & 3), due to
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longer time having elapsed which would have caused more dehydration of the sample

(Vincent, 1989). This was thought to be mo¡e likely in the pairing of 0.V2 Hz ail, 0.2

Hz where analysis times were longer. As a result, preliminary statistic¿l analysis was

performed to consider this hypothesis.

The General Linear Model P¡ocedure was used to state that apparent G, o¡ G,'

were solely dependent on the va¡iable, order of frequency appJied (i.e fust or second

order). The me¿ns of the dependent variable (apparent G' or G") for each order were

then compared at a particular axis, frequency, crops (old and new), and mannitol

treatment (3 andT%), and for all combinations. In the majority of tests, no significant

difference was obsewed between the 2 orders at the 0.05 level. Despite the absence of

significant difference in the statistical analysis, a consistent but not statistically diffe¡ent

trend was observed that apparent G' values were higher in the first order than in the

second order for any given frequency used, indicating that deþdration may have affected

the results.

Since frequency pairing was carried out by pairing 0.02 Hz with 0,2H2, and0,2

IIz with 2 Hz, a decision had to be made whether fhe 0,2 Hz observations from both

frequency pairs could be combined together. Two arguments were put forward to justify

combining the results:

(Ð For 0.2 Hz analyzed as the fust order of frequency pair, the time

elapsed in the measu¡ement at 0 ,2 Hz paired with 0 .02 Hz is identic¿l ro lhat 
^t 

0 .2 Hz

paired with 2 Hz. The¡efo¡e, the means of apparent G' at0.2Hz should not be different

from each other.
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(ü) For 0.2 Hz analyzed as the second order of frequency pair, the time

elapsed for 0,2 Hz n the measurement at 0.2 Hz paired with 0,V2 Hz is substantially

longer than that at 0.2 llz paired with 2 IIz. Therefore, the means of apparent G' at 0.2

Hz paired with 0.02 Hz should be diffe¡ent from that measured at 0.2 ÍIz paired with 2

Hz.

If the ¡esults of the preliminary statistic¿l analysis agreed with these

arguments, measurements at 0.2IIz would ne€d to be treât€d separaûely, according to the

frequency with which it was paired, If not, then all observations obtained at 0.2 Hz

would be combined.

Results from the statistical analysis indicated that no apparent pattem existed

among the observations. At the second order of frequency pair, approximately half of

the apparent G' values obtained al0,2Hz paired with 0.02 Hz were higher than those

at0.2Hzpurú with 2 Hz. Simila¡ results were observed at the fi¡st order of frequency

pair. As a result, all observations at 0,2 Hz were combined in later statistical analyses.

4.2.3 Effect of Cylinders Pairing with Strain Rates

As described in section 3.2.10 the two cylindrical samples obtained from each

replicate were subjected to diffe¡ent sFain rates, a given strain rate being applied to the

first cylinder removed from the tuber number one, and then that sEain rate applied to the

second cylinder f¡om the next tuber. This alternating fashion was performed throughout

the replicates. Preliminary statistic¿l analysis was performed to determine rvhether

sample dehydration affected the ¡esults fo¡ the second cylinder. The samples were



70

grouped into 2 groups according to their order of strain rate application (i.e. whether fust

or second). The means of the 5 pammetss measured (Eio, 8,o,, U-, U,." and Uon) at a

particular order of strain rate \Ãrere compa¡ed at a particular axis, smin rate, cycle, crops

(old and new), and mannitol treatment Q aú7%), and for all combinations. In most

cases no significant diffe¡enc¡s were observed at the 0.05 level between the fust and

second cylinders, indicating that the application of sftain rates in an alternating manner

did not cause any signiflcant systematic eror.

4.3 Small Strain Oscillatory Shear Results- Okl antl New Crops without
Mannitol Treatment

The ove¡all coefficient of variation (c.v,) between replicates and between slic€s

are shown in Table 5 to 6, respectively (se€ appendix 8.1 for the original c.v. at each

frequency). Overall the c.v. values for apparent G' and G" were substantially lower in

the new crops than in the old crops. Generally, the c.v. of apparent G' were higher than

apparent G" c.v. The c.v. values were lower in the outer slices than in the inner slices,

The c.v. values between slices were comparable to those between replicaûes. In

regards to axis, no particular pattern was observed in the berween replicates c.v. values

(Iable 5), but x-axis samples showed the highest variation between slices fo¡ both

apparent G'and G" (Iable 6).

Statistical analysis revealed that in most cã¡€s no interactions were obæwed

between axis and frequency for all experimental parameters (G*, G', G", ô, U" and Uo¡)

at the 0,05 level, Therefore, the main effects of axis and frequency on the experimental
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TABLE 5. Coeffïcient of Yariation (C.Y.) between Replicates as Measured by Gl
and G" Yaluesl¡

Potato f.¡cation Axis C.V. of G' C.V. of G"

(%) (%)

x
Y

z

28.18

23.34

29.60

22.40

19.11

17.27

2t.14

19,30

31.23

14.37

22.16

22.30

10.51

17.94

2r.36

t6.32

t4.37

8.83

Oute¡

Outer

x
Y

z

Y 15.75

z 13.75

I Values were averaged over the 3 ftequency ranges measured,
2 Means of G' and G" are shown in Table 7.
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TAILE 6. Coeffïcient of Yariation (C.Y.) between Slices as Me¿sured by G' and
Grr Valuesl

C.V. of G' C.V. of G"

(V") (Vo)

lnner

Ouûer

Inner

x
Y

z

Y

z

30.66

26.87

27.02

17.6t

25.57

19.86

13.54

t6.99

14.69

15.05

24.50

D.n
L7.06

25.59

14.49

23.17

t2.13

r0.72

11,49

8.91

x
Y

z

Y

z

1 Values were averaged over the.3 ftequency ranges meåsured,
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(seeparameters for old and new crops are shown separately in Table 7 to Table l0

appendix 8.2 fo¡ the significant interactions),

In regards to the effect of axis on the i¡ner slices of the old crops (Iable 7), x,

y and z-axes we¡e not significantly different f¡om each other, though the values of

apparent G*, G', and G", Uo and U¿¡ were slightly higher in the x-axis than in the other

axes. For the new crops, the values of apparent G*, G' and G" were significantly higher

in the x-axis than those in the y and z-axes, but the opposiæ was true for Ur. The values

of ô we¡e generally 2o higher in the old crops than in the new crops.

In regards to the effects of axis on the outer slices (Iable 8), y and z-axes were

not significantly diffe¡ent ftom e¿ch other at both physiological stages, though the values

of U,, and U* were significantly higher for the y-axis than the z-axis in the old crops.

With respect to the effect of frequency on the inner slices (Iable 9), an increase

in frequency from 0.02 Hz to 2Hz had a greater effect on apparent G" and ô than the

other parameters; an increase in frequency was inversely related to apparent G" and ð.

The values of apparent G" and ô we¡e all significantly different from each other as

frequency increased from 0.02 lo0.2Hz. In terms of apparent G* and G', an increase

in frequency from 0.02 Hzto 2Hz did not cause any significant increåse in those values

for the old crops, but in the new crops an inc¡ease in frequency ftom 0.02H2 to 0.2H2

increased apparent G* and G' significantly. However, a further inc¡ease in frequency

from 0.2 Hz to 2 Hz did not cause my significant change in apparent G* and G'. It is

interesting to note that for the old crops although the values of apparent G* and G' were

not significantly different as frequency increased, they did follow a similar pattem to the
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TABLE 7. Effect of Axis on Complex Modulus (G*), Storage Modulus (G'), Lûss
Modulus (G'r), Phase Àngle (ô), Energr Storrd (UJ and Energgr
Dissipated (U¿¡) for the Inner Slices of the Otd anrl New potato Cropsl

Potato G*

(lPa)

G'

(lrPa)

G"

(kPa)

ô

c)

U" Udi,

(10rJm4) (103Jm¡)

01d2

New2

X

Y

z

403.32

373.19

370.12

x 682.57,

Y 625.93h

z 605.50b

399 .71 45.86 7 .46

369.76 45.77 7.62

365.62 46.57 8.34

679.22' 61.8e

623.12b 52.70h

602.r4b 55.87b

26.83, 4.18

28.68b 4.29

28.67h 4.60

19.53 5.84

18.07 3.86

11.08 2.tL

5.34

5.25

5.68

I Values followed by different letters are significantly different at 0.05 level.
2 Values were averaged over the 3 ftequency ranges measured
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TABLE 8. Effect of Axis on Complex Modulus (G*), Storage Modulus (G'), Loss
Modulus (G,'), Phase Angle (ô), Energr Stortd (UJ anil Energ¡
Dissipated (UJ for the Outer Slices of the Okl and New potato
Cropsr

Potato Axis G' G"

(lPa) (læa)

U" Udi"

(10¡rm3) (10¡rm¡)

G*

(lùa)

ô

e)

old2 Y

z

New2 Y

z

346.85 343.15 52.10

367.28 3&.03 43.07

575.95 572.18 58.20

580.46 576.65 59.63

17.42' 3.89'

11.22h 2.54h

7.98

7.39

6.24

6.20

29.92

28.98

5.29

5.10

I Values followed by different letters are significantly diffe¡ent at 0.05 level.
2 Values were averaged over the 3 frequency ranges measured.
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TABLE 9. Effect of FYequency on Complex Modulus (G*), gtorage Modulus (G'),
Loss Modulus (Grr), Phase Angle (ô), Energr Storerl (UJ anil Energy
Dissipatetl (U*) for the Inner Slices of the Okl anrl New potato Cropsr

Potato Frequency

Grz)

Gr'

(kPa)

G'

(lPa)

\.I

(lPa)

u"
(1o¡rmr)

Ud'

(1t3Jm{)

Ò

e)

old2

New2

0.02

0.2

2

0.02

0.2

,)

370.25 361.90 76.25' 12.72'

391.91 389.38 39.33h 6.54b

374.89 373.05 28.15 5.24"

60t.44' 594.2V 89.97' 8.95.

650.05b 648.01b 48.85b 4.62b

&9.81b 648.83b 35.90" 3.r7"

24.83 9.00

12.32 2.5L

15.18 2.34

28.37 7.!4'

27.76 3.&6

28.46 2.75

1 Values followed by different letters æe significantly different at 0.05 level.
2 Values were averaged over the 3 axes measured.
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changes with ftequency seen for the new crops. The values of U", and Uo¡" we¡e not

signi-ficantly diffe¡ent as frequency inc¡eased for the old crops, but the values of Uo¡

were significantly different from each other in the new crops as frequency increased ftom

0,02 Hz to 2 Hz. The effect of frequency on the measu¡ed values in the oute¡ slices

(Iabie 10) r ere very similar to those observed in the i¡ner slices.

In comparing inner and outer slices in their y and z-axes, no interactions were

found between axis, ftequency and slice position. The inner slices r ere not significantly

different from the outer slices in the old crops, but the i¡ner slices were significantly

different f¡om the outer slices in the new crops, as indic¿ted by higher apparent G' and

lower apparent G" values (Iable 11).

4.4 Small Strain Oscillatory Shear Results - Okl and New Crops with 3 and 7Vo

Mannitol Tleatmenfs

The overall c.v between replicates for the inner and outer slices for old and new

crops at 2 mannitol concentrations a¡e shown in Table 12. The overall c.v. between

slices for the i¡ner slices at 2 mannitol concentrations are shown in Table 13 (see

appendix 8.3 for the original c.v. at each axis and ftequency).

Overall the apparent G' c.v. values were higher than apparent G" c,v, values.

and the c.v. values we¡e lower at 3% rÁan at1% mannttol (Iable 12 & 13). The c.v

values were lower in the new crops than in the old crops, The c.v, values between slices

were comparable to those between reptcaües fo¡ the i¡ner slices, The c,v. values were
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TABLE 10. Effect of Flequency on Complex Modulw (G*), Storage Modulus (G'),
I¡ss Modulus (G,'), Phase Angle (ô), Energr Stored (UJ and Energ¡
Dissipateil (U¿) for the Outer Slices of the OId and New potato
Cropsl

Potato Frequency G* G'

(r\z) (!Pa) (!fa)
U" Ud¡,

(10¡Jm¡) (10ïm3¡

G"

(lPa)

o

e)

old2

New2

0.02

0.2

2

0.02

0.2

2

333.50 325.72 67.96, L2.5t,

36r.L7 358.39 48.92b 7.03b

363.74 362.30 31.2t 5.2tr

11.22, 4.01

14.59b 3.t7

l'7.63 2.97

518.63. 510.17. 9t.52. 10.4S 30.41

592.24b 589.91b 50.98b 5.12b 29.03

620.71b 619.50b 35.90 3.47. 29.27

E.95.

4.16b

2.84.

1 Values followed by different letters are significantly different at 0.05 level.
2 Values were averaged over the y and z-axes measured.
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TABLE 11. Effect of Slice I¡cation on Storage Modulus (G') anil I¿ss Modr¡Ius
(G") of the Old antl New Potato Cropsl

Potato G'

(kPa)

\J

(lPa)

Inner

369.80

Outer

352.32

Inner

48.43

Outer

48.13

Newz 612.63 574.33b 54.28^ 58.89b

I Values followed by different letteß are significartly different at 0.05 level.
2 Values were averaged over the y and z-axes, and 3 frequency ranges measured.
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TABLE 12. Coeffïcient of Yariation (C.Y.) between Replicatæ as Measured
by G' and G'r Values for the I¡ner and Outer Slices of the Old anil
New Potato Crops at Two l\darnitol Concentrations

Potâto Location Mannitol Concentr¿tion

(/o wlv)

C.V. of G' C.V. of G"

(vo) (%\

old Innerl

Outef

New Innert

Outel

J

7

21.26

20.80

28.23

45.29

16.86

22.70

18.01

21.63

20.84

36.38

18.43

16.27

24.79

3t.20

3 27.89

7 38.08

I Values were averaged over the x, y and z axes, and 3 ftequency ranges measured.
2 Values were averaged over the y and z axes, and 3 ftequency ranges measured,
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TABLE 13. Coeffrcient of Yariation (C.Y.) between Slices as Measured by
G' and G" Yaluæl for the Inner Slices of the Olil and New potato
Crops at Two l\lannitol Concentrations

Potato Mannitol Concentration C.V, of G' C.V. of G"

(% wlv) (/") (V")

J

7

25.27

24.95

28.55

24.85

3 22.84 18.41

7 32.62 22.46

1 Values were averaged over the 3 axes and 3 frequency ranges measured.
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higher in the outer slices than in the inner slices at both mannitol concentrations, fo¡ both

apparent G' and G".

Statistical analysis revealed that there were a number of interactions at the 0.05

level betrüe€n mannitol concentration and the other 2 main effects of axis and frequency.

Subsequent statistical analysis was carried out by separating ma¡nitol concentration from

axis and frequency. It reve¿led that interactions between axis and frequency were not

significant at the 0.05 level i¡ most cases (see appendix 8.4 for significant interactions).

Therefore, the effects of axis and frequency on the inne¡ and outer slices fo¡ old and new

crops were reported for separate mannitol concenFations (Iable 14 to Table 21).

In regards to the effect of axis on the inner slices, the values of apparent G* and

G' were signifrcantly higher in the x-axis than the y and z-axes at both mannitol

concentrations (Tables 14 & 16). The values of apparent G" were signiflcantly higher

in the x-axis than in the other axes for both old and new crops at 7% mannitol. No

apparent difference in apparent G* and G' was observed between the y and z-axes for

the new crops but the y-axis showed higher apparent G* a¡rd G' values than the z-axis

for the old crops at both mannitol concentrations, Unde¡ the same mannitol Eeatment

(3% or 7/o), the values of apparent G*, G' and G", Uo and Uo¡ were much higher in the

new crops than the old crops. The values of ô were approximately 2 times htgher at 7 Vo

mannitol than at 3% for all axes and for both crops. In terms of energy, the x-axis

showed signifi.cantly lower U", and Uo¡ values than the other axes for both old and new

crops at 3% mannifol concentration. However, the x-axis showed significantly higher

Uu¡. values tha¡r the other axes at7% mailntol concentration for both old and new crops.
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TABLE 14. Effect of Axis on Complex Modulus (G*), Storage Modulus
(Gr), Loss Modulus (Grr), Phase Angle (ô), Energr Stored (U)
and Energr Dissipateil (UoJ for the Inner Slices of the OId anrl
New Potato Crops at 3Vo Mannitol Concent¡atio

Axis G* G' G'

(lda) (lPa) (lPa)

U" Udn

(10'3rm-3) (l04Jm4)

Ò

c)

0.68.

1.25b

1.5lb

3.79.

4.69b

4.13

old2 x 454.26' 452.47' 23.39

Y 332.56b 330.53b 28.93

z 285.22 283.85b 25.79

3.16' 7.73.

5.23b 8.76b

5.90b 9.31"

New2 x 548.68. 546.98. 37.83' 4.41' 30.04.

y 468.27b 466.40b 39.57h 5.31b 31.42b

z 466.27b 475.69b 34.85" 4.68" 31.10b

1 Values followed by different lette¡s are significantly different at 0.05 level.
2 Values were over the 3 ftequency ranges measured.
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TABLE 15. Effect of Ftequency on Complex Modulus (G*), Storage
Moilulus (Gr), Loss Modulus (Gn), phase Angle (ô), Energr
Stored (UJ and Energr Dissipaterl (U¿) for the Tnner Slic¡s of
the Old and New Potato Crops at 37o llfannitol Concenfratio#

Potato Frequency G* G'

(lIz) (lPa) (!Pa)

U,. Ud¡

(103rm¡) (1û3Jm-3)

tJ

(lPa)

ô

f)
8.48.

8.52b

8.79"

o1d2 0.02

0.2

2

334.27 331.48

36r.69 359.89

376.48 375.83

38.07 7.13.

24.62b 4.3',1b

17.76b 3.28h

1.69

1.05b

0.83b

31.60 ó.56"

30.65 3.72h

30.51 2.36

New2 0.02

0.2

2

445.6U 442.18,

495.64b 502.33b

542.34 54r.72b

53.28,7.39,

34.58b 4.30b

23.59 2.72

I Vaiues followed by different letters are significantly diffe¡ent at 0.05 level,
2 Values were averaged over the 3 axes measured.
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TABLE 16. Effect of Axis on Complex Modulus (G*), Storage Modulus
(Gr), Loss Modulus (G,'), Phase Angle (ô), Enerry Storttl (U)
and Energr Dissipated (UJ for the Inner Slices of the Okl and
New Potato Crops at 7Vo Mannitol Concentrationr

Potåto Axis Gr' G' G" Uc U,'"

(lPa) (kPa) (lPa) (") (1û3Jm'3) (10¡Jm¡)

old2 x 38.60 38.06. 5.37' 8.35 5.11. l.L4

1.00

1.13

New2

Y 24.30b 24.02b 3.66b 8.75 4.17b

z 30.39 30.08" 4.18b 8.43 5.11.

x 107.80 106.86' 13.83.

Y 80.53b 79.74h 11.08b

z 74.68h 73.90h 10.78b

7.92'

8.36.

9.0,1b

32.02. 6.77'

28.43b 6.38b

27.24b 6.52

I Values followed by different lettqs are significantly diffe¡ent at 0.05 level.
2 Values were averaged over the 3 frequency ranges used.
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TÄBLE 17. Effect of trÏequency on Complex Modulus (G*), Storage
Modulus (Gt), Loss Modulus (Gn), Phase Angle (ô), Energr
Storeil (UJ and Energr Dissipated (UaJ for the tnner Slices of
the Olil and New Potato Crops at 7Vo Mannitol Concentratio

Potâto Frequency

(llz)

GI. G' G'

(kPa) (kPa) (lPa)

Ud Uon

(10-3rm3) (10rrm3)

ô

f)
old: 0.02 25.59" 25.03 5.31. 12.16,

31.63b 31.29b 4.05b 7,51b

36.60" 36.32 4.33b 6.83b

74.47, 73.21, 13.76, 11.28.

87.78b 87.08b 1l.l5b 7.75h

99.77" 99.18" 10.88b 6.57"

26.66. 8.11.

29.28b 6.09b

31.74 5.&.

4.05"

4.93b

5.52.

1.35^

0.ggb

1.03b

0.2

2

New2 0,02

0.2

2

1 Values followed by different letters are significantly different at 0.05 level.
2 Values were averaged over the 3 axes measured,



E7

TABLE 18. Effect of Axis on Complex Modulus (G*), Storage Modulus
(Gr), Loss Modulus (G"), Phase Angle (ô), Energr Stored (UJ
and Energr Dissipated (U*) for the Outer Slices of the Olrt and
New Potato Crops at 3Vo ll'fannitol Concentratio

Potato Axis G*

(lPa)

G'

(IPa)

G"

(lPa)

ô

c)

urr

(10-3Jm¡)

Udi,

(103Jmr)

o1d2 Y

z

4.57

4.66

New2 Y

z

393.10 391.65 30.28

402.00 400.65 28.82

583.79 581.67 41.55

545.65 543.77 42.36

4.64

4.65

8.36

8.',t9

29.09

29.54

1.07

1.15

3.79

4.03

I Values followed by different lette¡s a¡e significantly diffe¡ent at 0.05 level.
2 Values were averaged over the 3 fequency ¡anges measured.
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TABLE 19. Effect of Flequency on Complex Modulus (G*), Storage
Modulus (G'), Lûss Modulus (Gr), Phase Angle (ô), Energr
Stored (IÐ and Energr Dissipatetl (UJ for the Outer Slices of
the OId and New Potato Crops at 37o lVlannitol Concentratiof

Potato Frequency

(rrz)

G*

(lPa)

G'

(lPa)

\J

(kPa)

o

f)
U" Udn

(103Jm3) (1t3rm¡)

old2

New2

0.02

0.2

a

0.02

0.2

2

8.58

8.45

8.81

30.31

29.05

28.69

L.7L'

0.95b

0.84b

6.51.

3,33b

t.96

377.40 374.30 46.59' 7.25'

402.40 40t.45 25.65b 3.99b

408.00 407.40 20.3L' 3.34b

502.07 498.00

572.60 57r.20

623.09 622.36

63.01. 7.62'

37.22h 4.Mb

25.99' 2.09

I Values followed by different letters are significantly different at 0.05 level.
2 Values were averaged over the y and z-axes.



E9

TABLE 20. Effect of Axis on Complex Modulus (G*), Storage Modulus
(Gr), Lûss Modulus (Gn), Phase Angle (ô), Energy Storeil (U)
and Energr Dissipateil (UJ for the Outer Slices of the Olit anrl
New Potato Crops at 7Vo Mannitol Concentratio

Potato Axis G{. G' G'

(kPa) (lPa) (lPa)

U"' Udü

(104Jm¡) (103Jm3)

o

e)

43.06

46.44

old2 Y

z

New2 Y

z

43.47

46.85

126.43 125.30 t7.01

127.18 126.05 16.37

5.14 8.01

6.22 8.31

8.23

7.85

5.77

6.30

33.15

33.05

1.23

1.35

7.34

7.09

1 Values followed by different letters are significantly different at 0.05 level.
2 Vaiues were averaged over the 3 frequency ranges measured.
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TABLE 21. Effect of FÌequency on Complex Modulus (G*), Storage
Modulus (Gr), Loss Modulus (Gn), Phase Angle (ô), Energ
Stored (U) and Energr Dissipaterl (U¿") for the Outer Slices of
the Old and New Potato Crops at 1Vo l;sfannítol Concentratio#

Potato Frequency G* G'

(IIz) (!Pa) (IPa)

Uo Ud¡.

(10 3Jm¡) (104Jm¡)

G'

(lPa)

Ò

f)
old2 0.02

0.2

)

38.54 37.87

45.35 45.04

51.39 51.06

t06.26' tM.49'

t27.87b 126.90b

150.59" 149.9L

7.26 L1,25'

5.44 7.24h

5.78 6.90t

18.94 10.68.

15.90 7.36b

15.55 6.2V

1.60

1.16b

1.24b

31.28 9.15'

33.25b 6.69b

35.03" 5.91"

5.24

6.03

6.83

New2 0,02

0.2

t

1 Values followed by different letters are signiñcantly different at 0.05 level.
2 Values were averaged over the y and z-axes,
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In regards to the effect of frequency on the inner slices, an hcrease in ftequency

had a more pronounced effect on the measured parameters for the old øops at7Vo than

at 3% mannitol concentration (Table 15 & L7), In general, an increase in oscillation

frequency was directly related to increase in apparent G* and G', and U,, but inversely

related to apparent G", ô and U¿¡ at both mannitol concentrations, It was noted that the

incremental increases in frequency from 0.02 Hzto2Hz resulted in significantly higher

apparent G* and G' values for both the old and new crops at1% marr:'rtol concentration.

This phenomenon was not observed in potato tubers with no mannitol treatment (section

4.3).

In examining the effect ofaxis on the ouùe¡ slices, y and z-axes were not different

from each other at both mannitol concentrations (Iable 18 & 20).

In regards to the effects of ftequency on the outer slices, a more pronounced

effect was observed in the new uops at1% ma¡nitol concentration as comparcÅ to 3%;

at 7% mar,nttol the inc¡ease in appæent G* and G' became significant as frequency

inc¡eased from 0.02 to 2 Hz (Iable 19 & 21). Lite the inner slices, oscillation

frequency was directly related to apparent G* and G,' and U", but inversely related to

apparent G", ô and U* at both mannitol conc€ntrations.

In comparing the inner and outer slices, statistical analysis revealed that

significant interactions existed between ma¡nitol concentration and axis, frequency and

süce position at the 0.05 level. As a result, mannitol concenEation was separated in

subsequent statistical analyses. It wæ then observed that interactions between axis,

frequency and slice location were not signifrcant at the 0.05 level for a majority of the
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cases (see appendix 8.5 for signifrcant interactions). Therefore, the effect of slice

location was reported fo¡ individual ma¡nitol concentrations (Iable 22). It was observed

in Table 22 lhat the apparent G' and G" values were significanfy higher in the outer

slices than in the i¡ner slices at both mannitol conc€ntrations.

Generally speaking, under the same mannitol treatment the values of the

pammeters were far higher for the new crops than for the old crops for both inner and

outer slices.

4.5 Uniaxial Compression Results - Old and New Crogs without Mannitol
Treafment

The ove¡all c.v. between replicates as determined by E6 and U.. measurements

for the old and new crops are shown in Table 23 (see appendix 8,6 for the original c.v.

at individual shain rates and cycles). Since only 2 cylindrical samples were obûained

from each tuber and each sample was subjecæd to different strain rates, a comparison

between cylinders within replicates was not possible.

Table 23 indic¿ted that the x-axis showed the greatest variation, followed by the

y-axis and the z-axis, as me¿sured by 8". In terms of U-, the x-axis showed the largest

variation in the old crops but the least in the new crops. Overall, the c.v. values we¡e

lower in the new crops than in the old crops.

Statistic¿l analysis revealed no 3-way interaction between axis, strain ratÊ and

cycle, and the majority of the 2-way interactions were insignificant at the 0.05 level (see

appendix 8.7 for the significant interactions). The main effects of axis, shain rate and
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TABLE 22. Effect of Slice l¡c¿tion on Storage Modulus (G') and Loss
Moclulus (G'r) of the Old anil New Potato Crops at 3Vo a\d 7Vo
Mannitol Concentratio

Potato MannitolConcentration

(% wlv)

G'

(lPa)

G"

(lPa)

old2

New2

New2

old2

Inner Outer

307.19' 396.15b

47L.23' 561.96b

27.05^ 44.75b

76.7V 125.69b

Inner

27.36'

37.LL'

3.92'

10.93.

Oute¡

34.66b

41.97b

5.98b

t6.67b

I Values followed by different letters are signiflcantly different at 0.05 level,
2 Values were averaged over the y and z-axes.
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TABLE 23. Coeflicient of Variation (C.Y.) between Replicates as Measured by
Initial Elastic Modulus (F't") and Total Energr (UJ Valuesr for the Oltl
ând New Potato Crops

C.V. of E"

(%)

C.V. of U*
(%)

Old Crops

New Crops

x

Y

z

43.86

34.36

24.77

2s.93

24.26

15.52

46.28

31.91

27.81

8.31

15.00

10.39

x

Y

z

I Values were averaged over the 2 shain rates and 3 Cycles measured.
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TABLE 24. Erffect of Axis, Strain Rate and Cycle on the Initial Elastic Modulus
(E ), Enil Elastic Modulus @J, Total Energr (UJ, Energr
Recovered (UJ and Enerry Dissipaterl (UJ for the Oltl Potato Cropsl

Main Effect Eio

(MPa)

E*u

(MPa)

Uld

(1dJm3)

Ud¡. U'*
(1dJm3) (ldrm¡)

Aldf

Strain Rate3
|)

20

CycIea

I
2

-t

X

Y

z

0.42'

0.57h

0.53b

0.44'

0.59b

0.36',

0.57b

0.60b

3.05.

4.Mb

3.55"

3.76

3.35b

2.84^

3.95b

3.98b

2.92'

4.05b

3.4V

3.27'

3.6'7b

4.72'

2.93b

2.76h

1.19.

1.60b

1.33.

7.73^

2.45b

2.07'

1.9Ct

2.29b

2.15

2.08

2.05

1.38

1.38

2.57^

0.96b

0.71b

L Values followed by different letters a¡e significantly diffe¡ent at 0.05 level.
2 Values were averaged over the 2 strain rates and 3 cycles me¿sured.

3 Values were averaged over the 3 axes and 3 cycles measured,
4 Values were averaged over the 3 axes and 2 straìn raæs measured.
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TABLE 25. Effect of Axis, Strain Rate anal Cycle on the Initial Elastic Modulus
@r), End Elatic Moilulus @J, Total Energ (UJ, Energr
Recovered (UJ and Energ Dissipated (U-) for the New potato
Cropsl

Main Effect Eh

(MPa)

Ed

(MPa)

Uto(

(1trIm¡)

Ud¡. Ur..

(ldrm¡) (lGlma)

Aldi
x
Y

z

Strain Rate3

2

20

Cyclea

1

2

J

2.56'

2.93h

2.5V

2.58

2.68

3.76'

2.07b

2.07h

5.92'

6.30b

5.83.

6.17'

5.88b

12.66'

13.84b

12.55,

12.62,

13.44b

20.77"

9.53b

8.79

5.5CF

5.93b

5.14'

5.56

5.50

12.93',

2.09h

1.57"

7.16'

7.91h

7.4L'

7.06'

7.94b

7.83',

7.44h

7.22b

2.83'

7.48b

7.1ff

1 Values followed by different letters are signi-ficantly different at 0.05 level.
2 Values were averaged ove¡ the 2 shain rates and 3 cycles measured.
3 Values were ave¡aged over the 3 axes and 3 cycles meåsured.
4 Values were averaged over the 3 axes and 2 strain rates measured.
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cycle on the measu¡ed parameters for old and new crops a¡e shown in Table 24 and

Table 25 , respectively .

In regards to the effect ofaxis, y-axis showed significantly higher values fo¡ both

the elastic modulus and energy terms than the x and z-axes for old and new crops. In

the old crops, x-axis showed the lowest values for both the elastic modulus and energy

terms but the values we¡e not significantly different ftom those of the z-axis in the new

crops. The ratio of Uoo/U- for the x, y and z-axes in the old crops were slightly less

than that in the new crops, though the magnitude of the energy terms were far greåter

in the new crops.

In regards to the effects of strain rate, the higher strain rate generally resulted in

significantly higher values for both the elastic modulus and the energy terms for both the

old and new crops except for Uo". Iligher shain ¡ate also resulted in lower Uu¡/U* and

thus higher U,*/U,o. ratios. For the new crops E5 was not affected by strain rate.

In considering the cycles in both the old and new crops, cycle 1 was significantly

diffe¡ent f¡om cycles 2 and 3 as assessed by the elætic modulus and energy terms (except

U,* in the old crops). Cycles 2 and 3 were not significantly diffe¡ent from each other

in the old crops but they were significantly different from each other in the new crops

in terms of !-0, U- and U*. The ratio of Uo¡/U- was highest for cycle 1, followed by

cycLe2, and, the lowest fo¡ cycle 3 for both old and new crops. Shown in Figures 10 and

11 are representative curves fo¡ the old and new crops under 3 cyclic compressions.

Since the shape of the compression curves at two deformation raûes (2 and 20 cm min-l)

r,vere very similar, only the deformation rate of 2 cm min'r was chosen for presentation.



Figure 10. Representative Curves for the Okl Crops under Ilniaxial
Compression Test (Strain Rate ât 2 cm min't); a. First
Cycle; b. Second Cycle; c. Third Cycle
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Figure 11. Representative Curves for the New Crops under Uniaxial
Qompression Test (Strein Rate at 2 cm min-r); a. Flrst
Cycle¡ b. Second Cycle; c. Ihiril Cycle
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It can be seen from Figures 10a and l1a that the shape of the curve for the fust cycle

and the magnitude of deformation force attained at the pre-set final strain (10.5%) were

different between old and new c¡ops, Despite the diffe¡ence in the magnitude of

compression force, the shape of cyclæ 2 and 3 of the old crops were very simila¡ to

those of the new crops (Figure 10b,c & 11b,c).

4.6 Uniaxial Compression Results - OId and New Crops with 3 and 77o Mannitol
Treatments

The c.v. for E6 and U- between replicates for the old and new crops at 2

mannitol concentrations are shown in Table 26 (see appendix 8.8 for the original c.v, at

individual strain rates and cycles). Overall the c.v. values were lower at 3% tha¡ at1%

mannitol concentration. The c.v. values were also lower for the new crops than for the

old crops.

Statistical analysis revealed that there we¡e a number of interactions between

man¡itol concenüation and axis, shain rate and cycle at the 0.05 level. As a result,

mannitol concenfation was separated in subsequent statistical analyses which ¡evealed

that interactions between axis, strain rate and cycle were not signific$t at the 0.05 level

in most cases (see appendix 8.9 for significant interactions). Therefore, the main effects

of axis, strain rate and cycle on the measured parameters fo¡ the old and new crops were

reported at individual mannitol concenhations (Iable 27 to Table 30).

In regards to the effect of axis on both the elastic modulus and energy terms at

3% mannltol concenhation, the o¡der was y-axis, followed by the x-axis and the z-axis
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TABLE 26. Coefficient of Ya¡iation (C.Y.) between Replicates as Measu¡eil
by Initial Elastic Modulus (F*) and Total Energy (UJ Valuesr
for the Olil and New Potato Crops at Two l\¿Iannitol Concentrations

Mannitol Concentration

(To wlv)

C.V. of E6 C.V, of U,".

(v") (%)

oId J

7

23.55

38.80

3 14.32

7 19.48

16.9t

32.95

9.18

23.37

1 Values were averaged over the 3 axes, 2 sfrain rates and 3 cycles measured.
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TABLE 27. E¡flÍæt of Axis, Strain Rate and Cycle on the Initial Elastic
Modulus (\), End Elastic Modul¡¡s @J, Total Energr (UJ,
Energr Recovered (UJ and Energr Disipated (Uø,) for the
Oltl Potato Crops at 37o lVlannitol Concentrationl

Main Effe¡t E'"

(MPa)

E-d

(MPa)

ut"r

(ldJm¡)

Udi, IJ,,.

(ldJmr) (ldrm¡)

Aldf
x
Y

z

Strain Rate3

2

20

Cycle a

I
2

J

r.29.

1.43b

1.13.

1.18.

l.3gb

1.77'

1.05b

1.03b

4.54'

4.93b

4.33

4.73'

4.41b

2.47'

5.5lb

5.72b

8.36.

9.0lb

7.75.

8.05

8.70

13.06.

5.92b

5.83b

3,56.

3.78b

3.I2

3.54

3.43

8.00

l.3gb

1.07b

4.80

5.23h

4.&

4.50

5.27b

5.05

4.86

4.75

1 Values followed by different letters are significantly different at 0.05 level.
2 Values were averaged over the 2 sEain rates and 3 cycles me¿su¡ed.
3 Values were averaged over the 3 axes and 3 cycles measured,
4 Values were averaged over the 3 axes and 2 strain raùes meåsured.
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TABLE 28. Effect of Axis, Strain Rate and Cycle on the Initial Elastic
Modulus (\), End Elastic Modulus (EJ, Total Energ¡ (UJ,
Enerry Recovereil (UJ and Enerry Dissipateit (Û*) for the
New Pot¿to Crops at 3Vo Mannitol Concentratio#

Main Effect Eto

(MPa)

t

(MPa)

U,o(

(1dJm¡)

udi, IJ,o

(1dJm3) (1GIm3)

Aldf
X

Y

z

Strain Rate3

2

20

Cyclea

1

2

J

3.44'

3.64',

2.ggb

3.06"

3.65b

s.36',

2.4t
2.30b

5.96.

6.r4'

5.41b

5.90

5.77

2.36^

7.45b

7.69h

13.76'

T4,2T"

12.49b

12.62'

14.35b

22.92'.

9.14b

8.390

6.22'

6.49"

5.54b

5.99

6.17

15.19.

1.79b

1.27"

7.54'

7.72

6.95b

6.63'

g.1gb

7.73',

7.35b

7.12

1 Values followed by different lette¡s are significantly different at 0.05 level.
2 Values were averaged over the 2 strain ¡aæs and 3 cycles measured.
3 Values were averaged over the 3 axes and 3 cycles measured.
4 Values were averaged over the 3 axes and 2 shain raæs measu¡ed.
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TABLE 29. Effect of Axis, Strain Rate and Cycle on the Initial Elastic
Modulus (E¡), End Elastic Modulus (E*.), Total Energr (UJ,
Energr Recovered (UJ anal E¡rerg/ Dissipated (U¿) for the
Okl Potato Crops at 1Vo l:[,fannitol Concentrationr

Main Effect Eh

(MPa)

I:

(MPa)

Ut.t

(1flmr)
uu¡ lto

(ldJm¡) (r0Jm¡)

A}df

x
Y

z

Strain Rate3

n

20

Cyclea

I
2

J

0.09

0.09

0.10

0.09

0.10

0.11

0.09

0.09

0.53.

0.72h

0.57.

0.63

0.59

0.50

0.64b

0.68"

0.75

0.83

0.81

0.67'

0.92b

1.03.

0.70b

0.66b

0.34

0.40

0.38

0.28'

0.48b

0.40

0.45

0.66.

0.32h

0.29h

0.41

0.42

0.43

0.38

0.38

0.37

1 Values followed by different lettÊrs are significantly different at 0.05 level.
2 Values were averaged over the 2 srain raæs and 3 cycles measured.
3 Values were averaged over the 3 axes and 3 cycles measu¡ed.
4 Values were averaged over the 3 axes and 2 sEain rates measured.
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TABLE 30. Effect of Axis, Strain Rate and Cycle on the Initial Elastic
Modulus (F."), End Elastic Modulus (EJ, Totat Energ¡ (UJ,
Energr Recovered (UJ and Energr Dissipated (U*) for the
New Potato Crops at 1Vo Mannitol Concentratio

Main Bffe¡t E"

(MPa)

E

(MPa)

ut". udi. u,*
(lfJma) (ldrm¡) (ldrm¡)

tudt'

X

Y

z

Strain Rate3

2

20

Cyclea

I
2

3

0.63

0.68

0.69

0.61'

0.72b

0.69

0.65

0.65

4.æ'

4.L'lb

3.84"

4.35'

3.72b

2.76,

4.61h

4.73h

5.4L

5.14

5.10

5.01.

5.43b

7.56,

4.16b

3.94h

2.r0

r.92

1.90

t.99

1.96

4.23'

0.92b

0.76b

3.3t

3.23

3.20

3.02'

3.47h

3.33

3.24

3.18

1 Values followed by different letters æe signiflcantly diffe¡ent at 0.05 level.
2 Values were averaged over the 2 shain raæs and 3 cycles me¿sured.
3 Values were averÍ¡ged over the 3 axes and 3 cycles measured.
4 Values were averaged over the 3 axes and 2 strain rates measured.
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fo¡ the old crops (Iable 27). T'he new crops (Iable 28) followed the same pattern, but

the x and y-axes were not significantly diffe¡ent ftom each other. The z-axis was

signifi.cantly lowe¡ thal the x and y-axes in both the elastic modulus and energy terms.

The ratio of Uu¡"/U- in the x, y and z-axes for the old crops were slightly less than those

of the new crops.

At1% manrrrtol concentration, the x, y and z-axes were not signifi.cantly different

from each other except for E*¿ (Iable 29 and Table 30). However, the ratio of Uo¡/U-

at any particulü axis we¡e fa¡ lower in the new crops than in the old crops.

In general, higher sEain rate resulted in higher E6 but lower E*o and Udj,/Ubr

ratio fo¡ both the old and new crops at both mannitol concentr¿tions. In terms of {
cycle 1 was significantly different from cycles 2 nd 3 at 3 % mannitol (Iable 27 Ez 28)

but cycle 2 and 3 were not significantly different from each other at 3 a¡d 7 % mannitol

(Table 29 & 30). The Uo"/U- ratio was highest in cycle I , followed by cycle 2 and then

cycle 3 for both the old and new crops at both mannitol concentrations. The rqrresenta-

tive compression curves for the old and new crops after 3 a¡d7% mannitol treatments

a¡e shown in Figures 12-15, respectively,

Generally speaking, under the same marnitol úe¿tment the magnitude of the

elastic modulus and energy terms r¡r'ere far higher in the new crops than the old crops.



Figure 12 Representative Curves for the Old Crops with 37o Mannitol Treatment
under Uniaxial Çompression Test (Strain Rate at 2 cm min-r); a. First
Cycle; b. Second Cycle; c. Thirtl Cycle
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Figure 13 Represenlative Curves for the Olil Crops with 77o Mannitol Tïeatuent
under Uniaxial Compression Test (Strain Rate at 2 cm min-l); a. First
Cycle; b. Second Cycle; c. Ihird Cycle
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Figure 14. Representative Curves for the New Crops with 3 7a l\fannitol Tle¿tment
unrter Uniaxial Compræsion Test (Strain Rate at 2 cm min'r); a. First
Cycle¡ b. Second Cycle; c. Ihird Cycle
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Figure 15. Representative Curves for the New Crops with 77o Manrltol Treatuent
under Uniaxial Compression Test (Strain Rate at 2 crn min'r); a. First
Cycle; b. Second Cycle; c. Ihirrl Cycle
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5. GEI{ER,ÄL DISCT'SSION

5.1 Yariability of Measu¡ements

Fo¡ the small strain oscillatory shear test, the coefñcient of va¡iation (c.v.) values

were generally higher as measured by apparent G' than by apparent G". A possible

explanation fo¡ this result is that the values of apparent G' were generally one order of

magnitude higher than those of apparent G". The magnitude of the spreading of the

appflrent G' values was greater between sample measurements, and so higher standard

deviations were observed, and thus contributed to higher c,v. values.

Examination of c.v. values between slices without mannitol treatment (Iable 6)

showed the x-axis to have the highest c.v. values, but not when the slices were subjected

to mannitol treåtment (Appendices 8.3.5 and 8.3.0, A possible explanation for this

obse¡vation is that the inner slices of the x-axis were obtained along the pith which

frequently radiates arms of medullary tissue outward along the longitudinal length of the

pith (see Figures 2 & 3). The inner slices of the y and z-axes were obtained transverseþ

to the pith. A change in the medullary arm pattern in the tubers would have mo¡e effect

on the x-axis than on the y and z-axes at normal physiological turgor (without mannitol).

The difference in measured parameters between two slices taken from the x-axis would

be mo¡e pronounced than between two slices taken f¡om either the y and z-axes.
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However, under the ma¡nitol Eeatments (3 and 1Vo), the moistu¡e content of the inne¡

slices obtained from the x, y and z-axes would more likeþ be approximately equal and

the effect of tissue inhomogeneþ would be diminished.

In conrast, for the uniaxial compression test higher c.v, values were found

overail for the x-axis whether samples were not Eeaûed with manniüol (Iable 23) or were

treated with mannitol (Appendices 8.8). Since the cylindrical samples used in the

compression test rflere 40 mm in length, they would be likely to include tissues from

different histological regions along their length (see Figures 2,3 &,6) (Burton, 1989;

Reeve et a1., 1973a; Smith, 197Ð. For ttre y-axis, the cylindrical samples would likely

be composed of tissues from the pith (in the middle of the cylinder), the perimedullary

zone (from both sides of the pith), and the vascular ring (on both ends of the cylinder).

For the z-axis (the shortest axis of the tuber), the cylindrical samples would possibly

comprise tissues from the pith, the perimedullary zone, the vascular ring (next to the

perimedutlary tissue on both sides of the cylinder), and the cortex (on both ends of the

cylinder). For the x-axis (the longest axis), the cylindrical samples would likely

comprise two tissues running longitudinally along the length of the cylinder; tissues from

the pith on one side and perimedullary zone on the other side of the cylinder (see Figure

6). Therefore, samples from the y and z-axes r,vere structurally more heterogeneous than

x-axis samples and would have been expecæd to exhibit greater c.v. values. However,

the results obtained discounted this consideration, and possible explanations for the higher

c.v. observed for x-axis samples are: (1) the tissues from the perimedullary zone and the

pith were oriented in a somewhat parallel fæhion to each other along the length of the
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cylinder in the x-axis samples, as opposed to tissues in the y and z-axes which were

oriented in a sandwich fashion along the length of the cylinder, (2) x-axis samples would

be affected more by differences in the degree to which arms of medullary tissue ¡adiated

along the pith, and (3) x-axis samples would be affected more by variation in the dry

matter (starch) distribution, since it has been reported that the dry matter and cell size

varied considerably from the stem end to the bud end (Reeve et al. 1973a,b).

In general, the c.v. values were higher at77o than at 3% mannitol for both the

small strain oscillatory sheår and uniaxial compression tests (Iables n 9,26). Overall,

c,v. values were lower in the new crops than in the old crops for both the small süain

oscillatory shea¡ and the uniaxial compression tests. The higher c.v. observed for the

old crops might be due to the imperfection of the samples after slicing (e.g. uneven

thiclness on the sides and loosening of the cells) and biological changes during storage

which could change the cellular structure of the tube¡s (Aquilera and Stanley, 1990;

Davis, 1962; Reeve, 1967; Van Buren, L979), It w¿N observed that the old crops

became quite flaccid after eight months storage. In the same way that c,v. values were

lowe¡ed by greater tu¡gor at 3% mannitol compared to dehydration 
^t1Vo 

mannitol,

changes in water relations in the tubers during eight months storage may account for the

lower c.v. for the new crops.

5.2 Effect of Axis on Mechanical hoperties

In the uniaxial compression test, y-axis samples we¡e generally obsewed to be

significantly stiffer than the other 2 axes. This was observed for both old and new crops
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without mannitot (Iabtes 24 & 25), and 
^t'3% 

maniltol treatment (Iables 27 & 28), but

differences were not significantly diffe¡ent 
^t1Vo 

maruirilol treåt¡nent (Iabte 29 & 30).

Steudle et aJ. (1977) studied the volumetric elastic modulus, e, of plant cells from a

higher plant and giant algae. It was observed that e was strongly dependent upon the size

(volume) and turgor pressure of the cells; e increased with cell volume at a given turgor

pressure and the volume dependence wæ pronounced mo¡e at higher turgor pressures.

The size of potåto parenchyma cells varies; Reeve et aJ, (L973a) and Fedec et al. (1977)

reported that the largest parenchyma cells were primarily located in the perimedullary

zone, whereås the smallest cells we¡e located primarily in the cortex. The size of the

cells in the pith was intermediate. As discussed in section 5.1 the cylindrical samples

obtained f¡om the y-axis comprised mainly of perimedullary tissue, as compared to those

of the x and y-axes which contained proportionally less perimedullary tissues. Therefore,

at normal physiological turgor (without mannitol) and high turgor (with 3% mannitol),

the y-axis samples would contain a larger amount of the larger c€lls and would likely

exhibit a stronger shess-strain response. At the reduced turgor caused by plasmoiysis

(7% mannitol), it wæ likely that cell sizes would have been reduced and the effect of

turgor pressure would be ameliorated, resulting in shess-sfrain ¡eE)onses that we¡e

indistinguishable among the axes.

In comparing the change in values of E5 and U- that occurred when the old crops

were subjected to 3% mannitol Eeatment (Iable 24 versus Table 27), it was noæd that

the ¡elative changes were higher in the x-axis (= 3 fold for the x-axis, ve¡sus - 2,5 to

2 fold for the y and z-axes), This indicates that the x-axis cylinders were more sensitive
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to 3% mannitol treåtment. Since the x-axis cylindrical samples were composed of a

larger portion of pith tissue than the y and z-axes, it is likely that the amount of water

uptake at 3% mannitol was not equal for samples for different axes, The inærmediate

sized cells of the pith may have been influenced more by turgor changes,

In comparison to the old crops, the ¡elative increase in the E¡ and U- values

were much less in the new crops (for any axis) when subjected to 3% mannitol Eeâtment

(Iable 25 versus Table 28); the valuæ ofE6 and U- increased by orúy 30% and3Vo on

average, respectiveþ. A similar trend was also observed between the old and new crops

when subjected to7/o manntol Eeatment (Iable 24 & 25, versus Table 29 & 30); for

any axis the relative reduction in the E and U". values afrer 7 % mandtol treatment

were higher for the old crops than for the new crops, All of these observations

suggested that under identical mannitol incubations Q or 1Vo) the old crops were more

permeable to water (uptake and withdrawal) than the ne\r' crops. In view of the wo¡k

by Tirmbull and Cobb (L992), n which stuctural disruption was found to take place in

the cellula¡ membrane and tonoplast of potato tuber cells after prolonged storage, and by

Ha¡ker and Hatlett (1994), in which cells ftom ripe kiwifruit were observed to withstand

higher hypotonic stress than the cells from unripe kiwifruit during hypotonic mannitol

incubation, it is likely that the parenchyma cell wall of the old crops underwent structural

changes which ¡esulted in a higher permeability to r,vater. Further work would be

necessâry !o verify this point.

In regards to energy recovery during compression, the highest overall U,*/Ur.r

ratio was found for z-axis samples, followed by the y-axis and the lowest in the x-axis
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(Iables 24, 25 &27-30), It was likely that compositional differences accounted for the

diffe¡ences observed in the U-/U- ratios among the axes, The z-axis cylindrical

samples are composed of the lægest portion of xylem and phloem (as compared to the

y and x-axis samples which are composed of maidy parenchyma cells with higher

moisture contents), Since these conducting tissues are primarily cellulosic and thus,

elastic in nature (Frey-Wyssling, 1952), greater recovery of strain energy would be

expected in the z-axis samples.

For the small strain oscillatory shear tests, the x-axis was observed to be

significantly stiffer than the other 2 axes in all c¿ses except in the old crops without

mannitol treåtment Cfable Ð, and in this case the stiffuess r,vas greater than that of the

othe¡ axes. In general, the y and z-axis samples were not significantly different from

each other. The ¡esult obtained was contradictory to that obtained ftom the uniaxial

compression test in which the y-axis was stiffer than the x and z-axes. For small strain

oscillatory tests, the 4 inner slices were tâken f¡om the cenhe region of the tube¡s. The

total thickness of the slices was approximately 16 mm. It was therefo¡e unlikely that the

slices from any axis contained tissues other than those from the pith and perimedullary

zone. It r as also unlitely that the size of the cells would vary among the slices as much

as among the cylindrical samples used in uniaxial compression. For the x-axis, the inner

slices were obtained along the pith. Therefore, they would likely be composed of the pith

tissue located at the cenEe of the slices, with perimedullary tissue and possibly radiating

arms of medullary tissue sur¡ounding the pith tissue (see Figures 2 and 5). For the y and

z-axes, slice numbers 5 and 6 would lilely have similar cellular orientation to slices of
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the x-axis, but slice numbers 4 a¡rd 7 would likely be composed of perimedullary tissue

only (se€ Figures 3 and 5). It also c¿n be se€n in Figure 2 and 3 that nume¡ous internal

phloem tissues a¡e scåttered throughout the perimedullary zone. A more oriented patt€rn

of internal phloem can be seen in Figure 2, particularly in the centre region of the tuber

in which the intemal phloem seemed to be oriented radially around the pith. This pattem

of orientation \{ru¡ absent in Figure 3 and the internal phloem appeared to be randomly

oriented. It is not lnown if these structur¿l diffe¡ences would have accounted for greåter

stiffrress values for samples taken from the x-axis. Information available in the literature

has presumed that potato parenchyma cells a¡e isoEopic in nature (Falk et a1., 1958;

Khan and Vincent, 1993), but information on the ¡elationship between the cellular

orientation of parenchyma cells and other conducting tissues þarticularly in the pith

region of potato tuber) and thei¡ mechanical properties has been scarce. The importance

of cellular orientation in the mechanic¿l properties of plant tissues has been emphasized

by Ashby (1983). Itis possible that theparenchyma cells and internal phloems found in

the pith region of potato tuber are packed in a more symmetric and organized pattern

along the longitudinal axis of the tuber than the ransverse axes, contributing to a greater

st¡ess-strain response. Further work would be necessary to verify this hypothesis.

5.3 MechanicåI Propertiæ of Inner and Outer Slices

In comparing the inner and outer slices under small shain oscillatory testing, the

old crops without mannitol üeåtment were not observed to be signiflcantly different

(Iable 11). However, the outer slices were significantly stiffer than the inner slices after
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both 3 ard 7Vo mannitol Eeåtments (Iable 22), For the new crops the inner slices were

signif.cantly stiffer than the outer slices, but the reve¡æ was true afrer 3 nd 7%

mannitol treåtments (as for the old crops) (fables 11 & 22). Diffe¡ences in the

mechanical properties between these two locations within the tuber have been reported

recently. Huff (1967) reported that potato tissue obtained from the pith required higher

tensile force at failure than tissues from the skin and perimedullary zone. In conEast,

Anz¿ldrfa-Morales et al. (1992) reported that tissue from the cortex required higher

puncture force than the pith tissue in a puncture test,

It is noted that the i¡ne¡ and ouúer süces responded differently to mamitol

heatments. For the old crops, the G' values of the inner slices decreased after the 3Vo

mannitol Eeåtment (Iables 7 & 14), whereas the G' values of the outer slices increased

after the 3% mannttol tre¿tment (Iables 8 & 18). After 7% mannitol treatment, the G'

values of the inner slices dec¡eased by more than 10 fold (Iables 7 & 16), whereas the

G' values of the outer slices decreased by less than 8 fold (Iables I & 20). A similar

Íend was appaænt for the new crops at both 3 and 7% mannitol treatments. It is known

tlrat the inner slices had over'l% more moisture than the outer slices on average (Iable

4) and the structural composition, e.g. cell sizes, starch content and pectic substances

concenEation (Iloff and CasEo, 1969; Reeve et al, 1973a,b) varied considerably benveen

the inner and outer slices, It is also noted that the x-axis cylindrical samples behaved

differently ftom samples from the y and z-axes in the uniaxial compression test when

subjected to mannitol Eeatments (see section 5.2). Since the inner slices would have

been expected to exhibit a greater sEess-strain response becauæ of larger cell sizes and
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higher moisture content, as was observed in the new crops without mannitol Eeatment

it is therefore likeþ that the difference obsewed between the inner and outer slices after

the mannitol treatments was caused by different responses of the outer and inner tissues

to artif,cial turgor adjustment. Further wo¡k would be needed to investigate the effect

of mannitol on potato tissues if it is to be used to induce a¡tificial turgor in potato tissues.

5.4 Effect of Strain Rate and Frequency on Mechanical Properties

An increase in strain mte ftom 2 to 20 cm min'l generally increased the values

of Eh, Ubt and U,o, but decreased those of Fto¿. E* did not appear to be affected by

strain rate. Murase et al. (1980) reported that the Young's modulus of potato tissues at

five different water potential levels inc¡eased as deformation rate increased from 2,1 x

L0'3 to 4,2 x 10'3 m s{. In conEast, Jindal (1986) reported that the Young's modulus of

potato tissue (as calculated at 3% compression) decreased as deformation ¡ate increased

ftom 50 to 100, 100 to 200, and 200 to 500 mm mi¡-l. The E6 value for the new crops

was 3.76 MPa (Iable 25, first cycle) which is higher than those reporæd by Jindal

(1986) and Pitt (1984) but is in agreement with that reporæd by Lin and Pitt (1986), the

values obtained were 2,93,2.30 and 3.70 MPa, respectively. The diffe¡ence between

our value a¡rd those from Jindal (1986) and Pitt (1984) might be due to different

experimental settings and potato storage time. For instance, the elætic modulus reported

by Jindal (1986) was calculated at 3% compression, as compared lo IVo uæd in our

calculation. Pitt (1984) subjected cylindrical potato tissues to a pre-set final stress level

of 1,4 MPa in compression, as compæed to a pre-set fi¡al srain of. 105% used in our
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compression tests.

The increase in U- with increase in sFain rate might be due ùo time diÊferences

in the loading process between different strain rates. At the lower strain rate (2 cm

min-r) more time was available for the poato tissue to dissipaùe the energy (Finney et al,,

1964), while at higher strain rate (20 cm min-r) gleatÊr intemal p¡essure could build up

in the tissues and give rise to higher U- values. Peleg and CaJzarda (L976) subjected

potato tissues to sEess relaxation and they observed that higher sfess was obøined using

a loading deformation mte of 10 cm min-l compared to I cm minl at the end of 20%

compression, In regards to the increase in U,." with strain raûe, the time of measurement

at higher strain rate during the unloading cycle was shorter than at lower strain raæ (1.2

s versus 12 s). At the lower shain rate, 10 times more time was available for the potato

tissues to dissipate the energy than at higher strain raúe, The energy which would

otherwise be dissipated in the relaxation process at lower sbain rate was being registered

in the faster unloading cycle, resulting in a higher U,"" value.

The values of E* in this experiment wæ deærmined at approximately 9% s*ain'

Qiong et at. (1989) reported that lower sÍess-str¿in slope (modulus) was observed in

potato tissue beyond 8% strain (induced by hpo/hypertonic mannitol heatments) and the

author suggested that pectin matrix disruption was responsible fo¡ the fall in slope.

Peleg and Calz*rda (1976) obsewed that the values of residual force within potato tissues

deformed at a rate of 10 cm min'r was smaller than the values of those deformed at 1 cm

min t during 7 min sEess relaxation measurement, implying that greåter physical

ir¡eversible changes occurred at higher strain r¿te during the compression. In view of
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the work above, it is likely that a higher strain rate would cause a grez,ter disruption of

the pectic matrix in the cell wall and/or middle lamella, resulting in the lower E* values

observed.

An increase in frequency from 0.02 to 2 Hz in the small shain oscillatory test

generally increased the values of apparent G*, G' and E"r, but decreased those of

apparent G", ô and E* for both inner and outer slices. Like the effect of strain rate in

uniaxial compression, an incre¿se in ftequency ¡educed the time for the potato tissue to

relax and the time of measurement in each cycle of oscillation, resulting in higher values

in apparent G' and E,, but lower values in apparent Gu and Eoo, Peterson and Hall

(1974) reported that for potato tissue the complex dynamic modulus @*) and phase angle

were linearly related to frequency from 50-300 Hz. Ramana and Taylor (L992a) reported

that for potato tissue the apparent G' value was not altered between the two frequencies

0.2 and 0,03 Hz. For both i¡ner and outer slices, the values of ô were lower for the new

crops and the old and new crops 
^t3% 

mannitol heatment than the old crops and old and

new crops at7% marnitol indicating that the new crops and crops after 3% mannitol

treåtment r,vere more elastic than the old crops and crops afrer 77o mannitol üeåtment.

5.5. Effect of Cycling on Mechanical Propertiæ

For the loading/unloading cycles performed in uniaxial compression, cycle I was

significantly different ftom subæquent cycles in terms of the shape of the curves, the

modulus and energy. For cycle l, more energy was needed for the compression process

than subsequent cycles and more than half of the input energy was dissipated during the
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compression process (as indic¿ted by the U*/U- ratios), In this respect the new crops

and the new and old crops with 3 % mannitol treatment required more deformation energy

than the 7Vo marfjlitol treåtments and the old crops. However, the ratio of U¿¡/U- was

comparable among them (60 ! 6%). In ûerms ofE", cycle I generally showed higher

values than subsequent cycles (though the values were not significantly different for the

old crops without mannitol, and the old and new crops with 7% manntol), For 4 u,

cycle 1 consistently showed significantly lower values than the subsequent cycles. Cycle

2 and 3 were not signif,cantly diffe¡ent from each other except that the Ud¡"/Ub. ratio was

lower in cycle 3. The value of Es from the new crops after 3% mannitol Eeatment was

comparable to the tensile modulus reported by Niklas (1988). In his work, the author

subjected cylindrical potato tissues to various hypo- and hypertonic ma¡nitol

concentration solutions. The tensile modulus of hypotonically treated samples at -0,4

MPa water potential was reported to be between 4.58 and 5.23 lvl}a (as compated ùo

5.36 MPa in our work; Table 28, fust cycle), whe¡eas the tensile modulus of

hypertonically Eeated samples at -0.8 MPa r,vater pot€ntial wæ reported to be about 2

MPa (as compared to 0.69 MPa in our work; Table 30, ñrst cycle),

The shape of the fust compression curve was different for the new and old crops,

and between the mannitol üeåtments. In general, 2 kinds of shape could be

distinguished: the fust group encompassed the new crops without mannitol treâtment and

the new and old crops wLrh3% mannitol (Figures lLa, l2a E¿ l{a); the second group

encompassed the old crops without mannitol Eeatment and the new and old crops with

7Vo manntol treâtment (Figures 10a, 13a & 15a). The first compression cycle of the
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fust group generally had the following shape: a rather short, flat initial slope at the

beginning of the compression, then the slope rose sharply in a convex upward fashion

and flattened slightly towards the end of the compression. An i¡¡ecove¡able deformation

of about 1 mm (= 25% of the original strain) was observed after unloading. For the

second group the general shape was as follows: a rather long, flat slope at the beghning

of the compression, then the slope rose gradually in a concave upward fashion to the end

of the compression. The i¡¡ecoverable deformation was about 2 mm (= 507o of the

original strain) after unloading.

The effect of 3% mannitol treåtment on the old a¡rd new crops cân be seen by

comparing Figures 10a and lla with l2a and l4a, respectively. For the new crops, no

major change was observed in the overall shape after the 3% heatment except that the

"bump" on the uprising convex slope was more apparent than that without mannitol

treatment. For the old crops, the shape of the curve changed drastically afær the 370

mannitol treatment and the resulting shape resembled that of the new crops without

mannitol treatment. The effect of.1% manfx:tol Íeåtment on the old and new crops cån

be seen by comparing Figures 10a and lla with l3a and 15a, For the new crops, the

shape changed drastically after the 7% mannitol he¿tment and the resulting shape closely

resembled that of the old crops without mannitol. The magnitude of the force reading

at a given amount of deformation (10.5%) d¡opped to about half that of the new crops

without mannitol Eeatment. For the old crops, no apparent change was observed in the

overall shape of the cuwes exc€pt that the magnitude of force reading at a given

deformation dropped to a much lower level. Similar shape of curvæ have been reported
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by Lin and Pitt (1986). In their work, potato samples subjected to hypertonic mannitol

Eeåtments were observed to exhibit a long, flat initial slope at the beginning of uniaxial

compression, then follow by a concave upward slope until failure occurred. Tte flat

initial slope was observed to be extended longer with increasing manniúol concentr¿tion.

For potato samples subjected to hypotonic mannitol treåtment, the initial slope was short

and sharp, followed by a slightly flattened, convex, upward slope until failure occurred.

A "bump" was obsewed at the inflection point and it became more appatent as manni¡ol

conc€nration dec¡eased. Despit€ the effect of the mannitol treatment and the difference

in the physiological maturity of the new and old crops, the shape of the curves for cycle

2 and 3 we¡e very similar (Figures 10b,c to 15b,c).

Our results are comparable to those reported by Pitt (1984) where cylindrical

potato samples were subjecæd to cyclic loading !o a pre-set final stress level (1,4 MPa).

The author obsewed a large hysûeresis loss and unrecoverable deformation after the fust

Ioading cycle. He att¡ibuted this deformation to plastic flow in the intercellular bonds,

loss of cell fluid f¡om the cells and plastic flow in the cell wall. During subsequent

loading cycles the author observed a small initial sfess-strain slope and large upward

curvature which he attributed to the continuous loss of cell turgidity caused by fluid

extusion and cell wall plasticity.
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6. CONCLUSIONS AND RECOMMEI{DATIONS

The present study was undertaken to characûerize the mechanical properties of

living potato tissues under small shain oscillatory shear and to com¡nre the results with

those obtained from uniaxial compression tests. With the above objectives in mind, the

experiments were designed: (1) to map out the mechanical properties of potato tissues

obtai¡ed from diffe¡ent histological regions of the potato tuber; (2) to examine the effect

of strain rate on the mechanical properties of potato tuber tissues; (3) to study the

difference in mechanical properties of potåto tissues for crops from two crop years; and

(4) to study the mechanical properties of poùato tissues subjected to artificial osmotic

adjustments.

With respect to the mapping of mechanical properties of potato tissuæ , both small

sÍain oscillatory shea¡ and uniaxial compression testing suggested that potâto tissue was

not isoüopic in nature. In small strain oscillatory shear testing potato tissues obtained

from the pith region exhibited different sfess-shin responses, depending on the direction

from which the tissue was obtained. Tissues obtained along the pith were found to be

signifi.cantly stiffer than those obtained transversely to the pith. The observed

phenomenon is thought to be ¡elated to differences in moistu¡e content and sizp of

parenchyma cells and orientation of parenchyma cells and internal phloems in the pith

region. In addition, tissues obtained from the pith were found to exhibit a different
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st¡ess-sfain ¡esponse from tissues obtained from the vascula¡ ring/coræx region.

However, the ¡esults were complicated by the mannitol treatments. At normal

physiological turgor (no mannitol Eeatment), tissues obtained ftom the pith were stiffer

than tissues obtained from the vascular ring/cortex region. At hypotonic and hypertonic

conditions, the reve¡se was observed to be true. Under uniaxial compression tissues

obtained ûansverse to the pith were stiffer than tissues obtained along the pith. The

result was conmdictory to that obtained by small sEain oscillatory shear testing, but it

could be explained by the way the samples were sectioned. Fo¡ the small sEain

oscillatory sheâr test the stress-strain response of tissues we¡e measured for the pith and

perimedullary regions. In uniaxial compression a combination of tissues ftom the pith,

perimedullary, væcular ring and cortex regions was being measured. Further resea¡ch

is needed to ñrlly quantify the mechanical properties of potato tissues with resp€ct to their

structural combination and orientation.

kr uniaxial compression an increase in strain rate from 2 to 20 cm min-l generally

inc¡eased the Young's modulus as c¿lculated at 1% srain, as well as the energy input

and recovery, but it decreased the Young's modulus as calculated at 9% stun. In small

strain oscillatory shear testing an inc¡ease in frequency ftom 0.02 fo 2 Hz generally

increased the apparent complex and storage moduli and the energy recovered, but

decreased the value of the apparent loss modulus, the phase angle and the energy

dissipated. Resuits obtained ftom cyclic uniaxial compression concur with literature

findings.

With respect to the effect of a change in material ftom one harvest to another,
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direct comparisons were not carried out due to different growing locations between old

a¡rd new crops. Small sh'ain oscillatory she¿r and uniaxial compression tests appeared

to be equally capable of measuring the difference in the mechanical properties between

old and new crops, regardless of whether they had been subjected to mannitol treaÍnent

or not. This is justiñed by the similar hends observed in the results from both

techniques. For instance, the lower c.v. values for the new crops and in 3Uo mannitol

treåtments, and the different response of the old crops under mannitol treatment.

For the osmotic adjustment using 2 mannitol concentrations, it wæ found that

long term storage had affected the permeability of potato tissues to water uptake and

withdrawal. Potato tissues subjected to long term storage were found to be more

permeable to water than tissues from tube¡s subjected to minimal storage, It was also

found that potato tissues obtained from diffe¡ent histological regions responded differently

to osmotic adjustments regardless of theh physiological age, In this respect, tissue

obtained from the pith region was found to be more permeable to water than tissues from

the cortex and perimedullary z¡ne. Future wo¡k is ne¡ded to investigaúe the effect of

mannitol on the moisture sorption/desorption behaviour of potato tissues at different

physiological stages and ftom diffe¡ent histological regions.

The use of small strain oscillatory shear test on living potato tissues is a relatively

new application. It is the author's opinion that several points should be add¡essed before

the terhnique's potential can be fully realiz¡Å. Firstly, the preparation of plant tissue

slices is critic¿l in obtaining reproducible results. Any imperfection in the slice can lead

to either slippage between sample and plates or excessive compression of the stce during
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loading of the top plate. Secondly, a method should be developed to avoid desiccation

of the sample during and between meåsurements, particularly if the æsting is to be

performed at low frequencies. Thirdly, the small strain oscillatory shear technique

should be complemented with other me{ururements such as chemical, enzymic and

microscopic analysis of the cell walls and cellular materials, in orde¡ to fully understand

the conEibution of cellular chemistry and component structu¡e to the mechanic¿l

properties of potato tissues.
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E. APPENDICES

Appendix E.1. Original Coefficient of Yariation (C.Y.) Values
for Small Strain Oscillatory Shear Results
Okl and New Crops without Mannitol Tlr¿hnent



144

8.1.1 Coefficient of Variation (C.Ð between Replicates as Measured by G' for the
I¡ner Slices at three trÏequenciæ

Potato Axis c.v. of G' (%) At

0.02H2 0.2H2 2Hz

28.62

24,17

23.05

22.56

24.41

t3.78

28.20

20.24

28.47

17.33

19.93

18.95

Í.92

19.09

25. t8

27.71

25.66

37.29

x

Y

z

ord

x

Y

z
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E.1.2 Coefficient of Variation (C.Ð between Replicates as Measured by G" for the
Inner Slices ât Three Flequenciæ

Potato Axis C.v. of G" (%) At

0.02H2 0.2Hz' 2Hz

old X

Y

z

x

Y

z

24.34

15.63

21.50

14.25

15.58

16.4

29.68

14.60

27.20

t4.07

24.3t

t6.57

39.68

r2.88

17.79

25.49

24.I9

15.99
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E.1.3 Coefficient of Yariation (C.Ð between Replicates as Measured by G' for the
Outer Slices at Three Frequencies

Potâto Axis C.v. of G'(%) At

0.02H¡. O,2 TTZ 2Hz

L7.04

5.68

13.39

11.47

20.6r

t6.57

t5.52

14.26

29.54

35.07

18.33

15.51

oId

New
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8.1.4 CoeffTcient of Yariation (C.Ð between Replicates as Measured by G" for the
Outer Slices at Three Flequencies

Potâto Axis C.v. of G" (%) At

0.02H2 0.2H2 2Hz

5.39

6.72

26.43

11.99

35.17

12.82

12.5t

6.00

old

New 14.30

9.26

16.31

11.22
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8.L.5 Coefficient of Yariation (C.Ð between Slices as Measured by G' for the
Inner Slices at Three trtequencies

Potato Axis C.V. of G'(%) 
^t

0.02H2 0.2Hz 2Hz

22.72

24,49

30.23

17.28

7.43

18.59

19.15

14.55

16.75

40.11

26.05

21.87

23.16

18.64

t5.62

29.t5

31.06

28.95

x

Y

z

x

Y

z

old
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E.1.6 Coeffrcient of Yariation (C.Ð betìveen Slices as Measured by G" for the
I¡ner Slices at Three Flequencies

Potato Axis C.V, of G' (Vo) At

0.02H2 0.2H2 2Hz

23.78

27.34

17.0r

old X

Y

z

29.91

9.84

t5.47

20.M

1r.36

12.32

19.80

20.63

18.71

14.83

t6.82

8.60

34.63

8.21

tr.24

x

Y

z
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E.1.7 Coeffrcient of Variation (C.Y) between Slices as Measured by G' for the
Outer Slices at Three Flequencies

Potato Àxis C.V. of G' (%) At

0.02Hz. O.2Hz 2Hz

20.95

23.6t

16.85

14.r2

t3.67

13.95

8.92

28.88

22.95

24.22

Y

z

old

13.55

17.08

New



151

8.L.E Coefficient of Variation (C.Ð between Slices as Measured by Gn for the
Outer Slices at Th¡ee Flequencies

Potato Axis C.V. of G' (%) At

0.02H2 O.2Hz 2Ez

24.06

6.89

l7.72

19.94

13.03

8.51

9.00

10.83

35.00

16.65

ord

New 12.44

7.40
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Appendix E.2. SummarA of the Signifîcant Interactions between the Main
Effects, Axis and trlequency, for the Outer and Inner Slices of
the Old and New Crops without Mannitol Tle¿tment
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8.2.L Signifïcant Interactions between the Main Effects, Axis and trÏequency, for
the Outer and Inner Slices of the Old and New Crops without l\[annitol
Tleatment

Slice Position Pr>F

old 0.M97

0.0031

0.0014

New Inner 0.0136

I ð = Phase Angle; U,, = Energy Stored per /+ Oscillation Cycle; U* = Energy
Dissipated per t/ Oscillation Cycle.

Outef

Outer

Oute¡

ô

U,t

Udi,



Original Coeffîcient of Variation (C.V.) Yalues for Small Strain
Oscillatory Shear Results - Old anrl New Crops with 3 andTTo
Mannitol Tieatments
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Appendix E.3.
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E.3.1 Coefficient of Variation (C.Ð between Replicates as Me¿sured by Gr for the
Inner Slices at Three trlequencies and Two Mannitol Concentrations M.C.)

Axis M.C.

(% wlv)

C.V, of G' (To) At

0.02Hz. 0.2H2 2Hz

Xold 3

7

10.28

14.88

I7.68

37.25

28.92

25.98

13.88

17.75

10.27

26.65

18.68

16.62

t3.39

r7.66

14.89

23.80

35.62

19.61

L7.71

13.88

t4.72

29.95

19.51

23.90

15.7t

22.36

t2.31

12.80

42.49

12.82

L9.M

11.01

18.96

34.70

18.59

29.89
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8.3.2 Coefficient of Yariation (C.Ð between Replicatæ as Measured by G" for the
Tnner Slices at Three Flequencies and Two Mannitol Concentrations (M.CJ

Potato Axis M.C.

(% wlv)

C.V. of G' (%) At

0.02H2 0.2fíz 2Hz

old

New

17,71

13.83

14.34

33.11

13.40

24.42

10.30

T2.71

12.48

20.93

22.98

15.98

11.35

17.96

21.77

27.12

14.85

15.68

15.21

8.53

7.81

22.07

18.19

t8.67

30.89

30.23

22.40

24.57

15.41

7.74

35.95

5.93

13.26

22.9

29.66

18.68

J

7
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8.3.3 Coefficient of Yariation (C.Ð between Replicates as Measured by G' for the
Outer Slices at Three trhequencies and Two l!{annitol Concentrations M.C.)

Axis M.C.

(% wlv)

C.V. of G' (%) At

0.02H2 0.2H2 2Hz

old 3

7

24.57

31.63

18.42

57.46

34.87

49.50

22.88

30.58

n.20

43.92

32.2t

45.59

27.62

42.t0

28.98

37.05

24.75

57.3r

42.2r

35.83

21.77

32.5t

31.22

36.73

New
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E.3.4 Coeffïcient of Yariation (C.Ð between Replicates as Measured by Gx for the
Outer Slices at Three Frequencies and Two l¿Ia¡nitol Concentrations M.C.)

Potato M.C. C.V. of G' (%) At

(% wlv) 0.02H2 0.2H2 2Hz

old

New

14.24

26.89

16.81

48.91

t5.37

36.76

t4.32

32.38

1T,28

31.98

19.15

41.30

16.82

32.71

16.08

32.63

24.66

42.3t

38.87

26.88

25.80

23.17

û.32

29.56

3

7
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8.3.5 Coefficient of Yariation (C.Ð between $nmFle Slices as Measured by G' for
the Tnner Slices at Three Flequencies and Two llfannitol Concentratio¡s
(M.C.)

Potato Axis M.C.

(% wlv)

C.V. of G' (%) At

0.02H2 0.2H2 2Hz

old 3

7

13.61

t4.39

30.70

32.39

42.92

22.37

26.39

41.17

33.9t

32.87

39,28

42.19

t9.40

22.73

22.95

35.44

36.22

30.03

19.51

30.81

25.24

30.26

26.12

34.r9

23.20

28.05

20.87

12.81

17.58

26.35

13.57

27.27

9.45

27,37

t2.05

27.49

New x
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8.3.6 Coefficient of Variation (C.Ð between Snmple Slices as Measured by G" for
the Inner Slices at Ïbree trtequencies anrl Two Mannitol Concentrations
M.C.)

M.C.

(% w/v)

C.V. of G' (7o) At

0.02IIz 0.2H2 2Hz

old 3

7

23.45

10.81

24.52

28.56

23.27

20.54

9.72

30.75

18.37

24.75

26.23

30.74

t5.12

t6.45

77.08

30.25

14.55

3r.59

19.87

21.47

14.49

21,45

13.68

22.49

48.73

49.95

t2.&
11,23

17.63

24.23

28.61

21.&

7.45

18.54

27.25

t0.29
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Appenrlix 8.4. $'mmsrï of the Significant Interactions between the Main
Effects, Axis and Flequency, for the Outer and Inner Slices of
the Old and New Crops with 3 and 7Vo Mannitol Tfeåtments
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8.4.1 Significânt Interactions between the l\tfain Effects, Axis and Flequency, of the
Okl and New Crops Analyzed Separately for Each l¿fannitol Concentration
M.c.)

Slice Position M.C. Significant Iævel

7

7

7

otd Inner

Inne¡

Inner

Outer

G¡t'

G'

U,t

Udn

0.0373

0.0372

0.01r6

0.0162

1 G* : Complex Modulus; G' : Storage Modulus; U* : Energy Stored per ll
Oscillation Cycle; U* = Energy Dissipated per t/4 Oscillation Cycle.
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Appenilix E.5. Summary of the Signilïcant Interactions between the Main
Effects, Axis, Frequency anrl Slice Position, for the Outer and
Inner Slices of the Olil antl New Crops with 3 anil 77o ll(annitol
Treatments



L&

E.5.1 Signifïcant Interactio¡s bet\fleen the Main Effects, Axis, Frequency and Slice
Position, of the OId ancl New Crops Analyzeil Separateþ for Each lV[annitol
C oncentration (M.C.)

M.C. Pr)F

G'

G'

G"

7

New 3

J

Axis*Freq

Axis*Freq

Freq*Loc

Axis*Frsq*T oc

0.0049

0.0033

0.0446

0.0169

1 G' : Storage Modulus; G" = I¡ss Modulus.
2 Freq : Frequency; Loc = Loc¿tion.
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Àppendix 8.6. Original Coeffïcient of Yariation (C.V.) Values for Uniaxial
Conpression Results - Oltl anil New Crops without Mannitol
Treâtment



166

E.6.1 Coefficient of Yariation (C.V.) between Replicates as Measured by Íritial
Elastic Modulus (E¡") for the Okl Crops without lVlannitol Treatment

Axis Strain Rate

(cm min-t)

Cycle c.v,
(%)

)
)

2

20

20

20

x

t
t
a

20

20

20

2

2

a

20

20

20

I
2

3

I
a

J

I
2

3

1

J

3

50.99

61.08

63.61

35.73

25.13

26.59

35.35

43.70

43. r8

32.87

25.63

25.40

25.51

25.55

23.35

26.29

24.21

23.69

1

a

3

I
2

3
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E.6.2 Coefficient of Yariation (C.V.) between Replicates as Meåsured by Total
Energy Input (Ut"J for the Old Crops without Mannitol Tïeatment

Strain Rate

(cm min-l)

c.v.
(%)

2

2

t
20

20

20

2

2

2

20

20

20

2

2

t

20

20

20

5L.44

48.27

48.93

45.13

41.85

42.08

35.41

32.84

33.25

34.08

28.17

27,72

26.49

25.r7

25.81

31,80

28.64

29.34
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8.6.3 Coeffrcient of Variation (C.V.) between Replicates as Measured by Initial
Elastic Modulus (E¡") for the New Crops without llfannitol Tleatment

Axis Strain Râte

(cm min't)

Cycle c.v.
(%)

a

2

2

20

20

20

2

')

2

20

20

20

,,

2

2

20

20

20

I

5

1

a

J

26.10

27.96

33.97

25.22

20.76

21.55

31.01

23.23

24.08

29.39

t9.46

19.37

20.88

t7.t5

18.15

16.75

10.28

9.90

1

,,

3

1

2

J

1

t

J

1

2

J



169

8.6.4 Coefficient of Variation (C.Y.) between Replicates as Meåsured by Total
Energy Input (UrJ for the New Crops without lVfannitol Treahent

Axis Strain Râte

(cm min't)

Cycle c.v.
(v")

a

2

a

20

20

20

2

t

2

20

20

20

2

,,

2

20

20

20

1

2

3

I
2

3

1

2

J

1

,)

3

10.78

7.80

8.17

9.71

6.96

6.44

t6.23

13.92

14.22

t6.39

14.37

14.85

t2.12

9.45

9.92

9.90

9.84

11. 11

1

2

3

I
,,

3
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Summara of the Significant Interactions between the Main
Effects, Axis, Strain rate and Cycle for the OId antl New Crops
without l\{annitol Tf eatment
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E.7.1 Significant Interactions between the Main Effects, Axis, Strain Rate and
Cycle for the OId and New Crops without lMannitol Treatment

Pr>F

New Ejo

tDad

E*o

Uo¡

Uoo

AxisxCycle

SÍa*Cycle

Axis*Cycle

Sta*Cycle

Axis*Cycle

Stra*Cycle

0.0022

0.0030

0.0100

0.0001

0.0005

0.0001

1 Udi" : Energy Dissipated; E = Initial Elastic Modulus; E*a = End Elastic
Modulus.

2 Stra = St¡ain Rate.
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Originat Coefficient of Yariation (C.V.) Values for Uniaxial
Compression Results - Olil antl New Crops with 3 ar:d 7Vo

Mannitol Tleatments
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8.8.1 Coefficient of Variation (C.Y.) between Replicates as Measured by Initial
Elastic Modulus (f,'r) for the Old Crops with 37¿ ll{annitol Treshnent

Axis Strain Rate

(cm mid)

Cycle c.v.
(%)

2

2

2

20

20

20

2

2

t

20

20

20

)

2

t

20

20

20

I
a

J

1

t

3

37.09

28.74

27.50

11,63

15.80

18.63

31.41

31.59

31.51

19.51

13.51

t3.34

39.07

31.82

34.82

13.87

12.73

tl.37

I
2

3

1

a

J

1

2

3

1

2

J
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8.8.2 Coefficient of Variation (C.V.) between Replicatæ as Measured by Initial
Elastic Modulus (E¡") for the Okl Crops with 7Vo ls,fiannitol Treâtment

Axis Strai¡ Rate

(cm mini)

Cycle c.v.
(%)

')

a

a

20

20

20

2

)

2

20

20

20

2

2

2

20

20

20

1

2

3

1

a

3

I
2

3

I
2

J

25.06

43.24

38.49

48.80

45.90

52.47

3i.04

38.70

47.06

38.16

32.58

31.91

7.89

34.86

4r.28

45.74

46.21

48.99

t
a

3

1

t

3
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8.8.3 Coefficient of Yariation (C.Y.) between Replicates as Measured by Total
Energy Input (U") for the Old Crops with 3Vo Jô'.fannitol Treatment

Sbain Rate

(cm min-t)

c.v.
(%)

a

a

2

20

20

20

2

2

)

20

20

20

2

2

2

20

20

20

1

t

3

I
a

3

31.88

25.97

26.99

10.16

8.51

8.7r

19.70

14.95

14.77

11.80

8.7L

7.87

28.68

24.07

25.93

t4.59

10.70

10.43
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8.8.4 Coefficient of Variation (C.V.) between Replicates as Measured by Total
Energy Input (U") for the OItl Crops with TVoMannitol Treatment

Strain Rate

(cm min'l)

c.v.
(vo)

t
)
)

20

20

20

a

J

2

20

20

20

2

2

2

20

20

20

28.08

26.W

25.34

42.49

39.18

37.65

38.65

36.36

36,23

38.89

36.35

36.20

15.75

12.90

t2.40

47.37

41.98

4t.34
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8.8.5 Coefficient of Variation (C.V.) between Replicates as Measured by Initial
Elastic Modulus (Er) for the New Crops with 37o l\¿fannitol Trtatment

Axis Strain Rate

(cm min-t)

c.v.
(%)

,)

2

t

20

20

20

2

2

2

20

20

20

2

)

2

20

20

20

30.88

15.08

t6.27

9.06

13.76

t4.61

16.46

5.33

7.89

5.91

12.83

16.72

18.54

t9.r7

2r.77

9.21

11.33

12.95
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8.8.6 Coefficient of Yariation (C.V.) between Replicates as Measured by Initial
Elastic Modulus (ErJ for the New Crops with 77o Mannitol Tfeâtment

Axis Strain Rate

(cm min-t)

Cycle c.v.
(vo\

2

2
.,

20

20

20

2

a

n

20

20

20

2

2

2

20

20

20

1

,)

3

I
2

J

31.75

32.95

33.20

9.08

9.53

L2,LO

7.t6

7.48

8.41

34.79

21.95

22.46

29.86

29.03

28.51

14.54

9.43

8.39

I

2

3

1

t

3

I
2

3

1

2

3
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E.E.7 Coefficient of Variation (C.Y.) between Replicates as Measured by Total
Energy Input ({J"J for the New Crops with 37o Ma¡nitol Trestuent

Strain Rate

(cm min't)

Cycle c.v.
(vo)

a

2

)

20

20

20

x

)

2

t

20

20

20

a

2

a

20

20

20

I
t

3

I
2

3

7.82

8.86

8.06

7.84

8.46

10.46

9.50

t3.63

14.76

9.15

11.04

r3.88

6.63

6.91

6.70

6.09

7.93

7.48

I
)

J

1

2

3

I
2

J

I

2

J
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8.8.8 CoeffÏcient of Variation (C.Y.) between Replicates as Measured by Total
Energy Input (U"J for the New Crops with 7Vo Mannitol Tleatment

Strain Rate

(cm min't)

Cycle c.v.
(v")

2

t
t

20

20

20

2

2

20

20

20

2

2

)

20

20

20

I
t

3

1

3

23.15

L8.76

18.63

9.55

10.&

9.60

9.33

t2.M

t2.95

27.47

24.05

23.49

27.76

24.tI

23.51

12.70

9.24

9,31

I
2

J

I
2

3

I
a

3

I
2

3
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Appendix 8.9. Summary of the Significant Interactio¡s between the Main
Effects, Axis, Strain Rate anil Cycle for the Old and New Crops
with 3 anil 7Vo }lannitol Ïïeatments
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8.9.1 Significant Interactions between the Main Effects, .Axis, Strain Rate and
Cycle for the Old antl New Crops Analyzetl Separately for Each l\{annitol
Concentration M.C.)

M.C. Parameter lnteraction Pr)F
old 7

3

New 3

7

J

7

7

'3
J

7

7

J

3

7

Eb

Eh

Ed

E-d

E-d

Uþr

Ulot

uþr

U,O

Udi,

Udi,

Udü

Udü Stra*Cycle

E

Edi'

Axis*Stra

SEa*Cycle

Stra*Cycle

Axis*Stra

Axis*Cycle

Axis*Stra

Stra*Cycle

Axis*Cycle

Stra*Cycle

Axis*Stra

Axis*Stra

Axis*Cycle

Stra*Cycle

Axis*Stra

0.0368

0.0199

0.0001

0.0006

0.0196

0.0351

0.0033

0.0206

0.0021

0.0018

0.0007

0.0001

0.0001

0.0364

0.0189

I en = ¡ri6u1 
"tastic 

Modulus; E-¿ = End Elastic Modulusl Ut". = Total Energy Input;
U,* : Energy Recovered; U¿¡ = Energy Dissipated.

2 Stra : Strain Rate.


