Mechanical Behavior of Oats: Specific Groat Characteristics
and Relation to Groat Damage During Impact Dehulling
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ABSTRACT

Oat damage has negative effects on milling yield and finished product
quality. Interrelationships among groat characteristics and mechanical
behavior were analyzed to better understand groat damage caused by
impact dehulling (ID). Regression of the natural logarithm (In) of appar-
ent stiffness (S;.x) on the contents of ferulic acid, syringic acid, and
moisture suggests that ferulic acid or perhaps diferulate cross-links in-
crease groat stiffness, and syringic acid or perhaps syringate derivatives
and moisture decrease groat stiffness. Polymer cross-linking decreases
extensibility, and moisture (a plasticizer) softens polymers. Regression of
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In of apparent toughness (T) on -glucan and protein content implies that
both polymers increase groat toughness. [3-glucan is a cell-wall polymer,
and the cell wall is known to confer toughness. The location of these
polymers (perhaps concentrated in the bran) may also confer toughness.
Regression of In(ID) on moisture content, starch content, and T/S,,.x
suggests that moisture decreases impact damage (as does T/S,,.x), and
starch increases damage. Starch may act like filler, increasing stiffness
and damage. According to the ratio of T/S,,, groats must be tough but
not too stiff for low levels of damage.

Oat damage caused by impact dehulling has negative effects on
milling yield and finished product quality. For constant dehulling
conditions, the preventative agents of damage are groat or hull
characteristics, or both, though specific characteristics have not been
completely identified. Groat damage is proportional to oat mass
(Symons and Fulcher 1988); the proportionality constant appears
to be a function of biological variability in the groat or hull or
both. In terms of impact dehulling, the literature focuses on de-
huller efficiency, the percentage of oat input-mass dehulled in one
pass (GanPmann and Vorwerk 1995), rather than groat damage.

Kernel morphology, hull content (the percentage of oat mass
that is hull), and moisture content affect dehuller efficiency. Small
kernels require higher angular velocity than large kernels to
achieve the same dehuller efficiency (GanPfmann and Vorwerk
1995; Lapvetelainen et al 2001). Tertiary kernels are smaller than
secondary kernels, which are smaller than primary kernels (Mar-
shall and Shaner 1992). Considerable variation in kernel size also
exists within a floret group (Peek and Poehlman 1949; Handel
2001). Tertiary kernel shape is generally rounder (more circular)
than supernumerary kernels (Handel 2001), where roundness is
measured by digital image analysis and defined as

_ (object perimeter) *

roundness = (D

47 (object area)

where circular objects have roundness equal to 1, and roundness
approaches 1 as the kernel image becomes more circular. Handel
(2001) showed that a high frequency of tertiary kernels results in
smaller, less uniform, and rounder supernumerary kernels, and
decreases efficiency of compressed air dehulling, which has posi-
tive correlations with impact dehulling (Doehlert et al 1999).

Many studies have shown that tertiary kernels have lower hull
content than supernumerary kernels (Peek and Poehlman 1949;
Wesenberg and Shands 1971; Youngs and Shands 1974; Pomeranz
et al 1979; Palagyi 1983; Lapvetelainen et al 2001). However,
GanPmann and Vorwerk (1995) demonstrated that dehuller effi-
ciency is inversely proportional to hull content for constant mois-
ture and dehuller conditions. This relationship suggests that the
dehuller efficiency of tertiary kernels should be high, which is
generally not true. The contradiction may indicate that hull con-
tent alone is not an adequate predictor of dehuller efficiency.
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Dehuller efficiency also depends on moisture content (Ganf—
mann and Vorwerk 1995). Increasing moisture content decreases
dehuller efficiency, and increases resistance of an oat to impact
damage (Zoerb and Hall 1960; Goncharova 1962; Bilanski 1966;
Doehlert et al 1997).

Given constant impact dehuller efficiency, groat damage can
vary among genotypes (Ganfmann and Vorwerk 1995). Functions
of dehuller efficiency do not necessarily describe variation in
groat damage. Doehlert et al (1999) studied groat damage and
reported a positive correlation between groat damage caused by
impact dehulling and groat content (the percentage of oat mass
that is groat). Based on this relationship, the authors suggested
that thick hulls, associated with lower groat content, might pro-
vide groats with more protection during dehulling. It is probably
true that hulls provide protection during dehulling. The correlation
suggests that primary kernels (with lower groat content) experi-
ence less groat damage during dehulling, which seems to contra-
dict the Symons and Fulcher (1988) study because oat mass in-
creases with kernel size (Murphy and Frey 1962; DeKoeyer et al
1993). However, the apparent contradiction may reflect different
experimental approaches; the relationship is not clear. Progress in
selection for groat content is attributed to changes in groat or hull
mass, or both (Stuthman and Granger 1977; Ronald et al 1999).

Groat damage caused by impact dehulling is also likely due to a
groat or hull effect, or both. These effects may be due to mass, but
may also be due to fundamental mechanical behavior. Engleson
and Fulcher (2002) showed that for constant groat mass and mois-
ture content, other, undefined biological differences affected groat
mechanical behavior. Knowledge of specific biological character-
istics and how they influence mechanical behavior should lead to
the prevention of groat damage during impact dehulling. Recent
work (Doehlert and McMullen 2000) has accomplished this to
some extent by modeling groat damage as a function of the single
kernel characterization system (SKCS) hardness index, average
groat mass for a 10-g groat sample (M), bran yield, and groat j-
glucan content (R? = 0.62). Models of SKCS hardness index and
bran yield also depended on groat damage, making it difficult to
interpret the influence of groat characteristics on mechanical be-
havior. Doehlert and McMullen (2000) also reported significant
correlations between SKCS hardness index and M, and B-glucan
content, and between bran yield and M, , crude fat, B-glucan, and
protein content. Other measures of groat characteristics and me-
chanical behavior may lead to improved models.

For example, groat bran is comprised of several layers: the out-
ermost pericarp, followed by the testa, nucellus, and the aleurone
layer (Fulcher 1986). Typically, the pericarp and aleurone layers
are the thickest. Doehlert et al (1999) suggested that the hull
might also prevent groat damage caused by impact dehulling. We



are not aware of any studies assessing the effect of the hull on
groat damage. Therefore, one objective of this study is to develop
a measure of hull mechanical behavior and determine whether
variation in the mechanical behavior of the hull explains signifi-
cant variation in groat damage caused by impact dehulling. The
main objective of this study is to further develop interrelationships
among specific groat characteristics, mechanical behavior, and
damage caused by impact dehulling.

MATERIALS AND METHODS

Sample Preparation

Fifteen samples of oats (Avena sativa L.) were obtained from
the Quaker Uniform Oat Nursery (Table I). Each sample was di-
vided randomly by a riffle-style divider (model H-3985, Humboldt
Testing Equipment, Norridge, IL) into 10-g samples. Samples
were poured into a 0.5 L volume (V) and leveled using a filling
hopper system (model 151, Seedburo Co., Chicago, IL), and test
weight (oat mass/V) was calculated.

Wet Chemistry

Oat samples (10 g) were dehulled manually and groat mass
(GM) was measured. Groats were then ground in a centrifugal
Retsch mill (model ZM-1, Brinkman, Haan, Germany) through a
0.5-mm screen. Cell-wall phenolic acids were extracted as de-
scribed by Sen et al (1991) with modifications detailed by
McKeehen et al (1999). Phenolic acids (vanillic, caffeic, syringic,
vanillin, coumaric, ferulic, and sinapic) were separated, identified,
and quantified by HPLC analysis as described by McKeehen et al
(1999). Starch and B-glucan contents were measured with com-
mercial kits (Total Starch Assay Kit and Mixed-Linkage $-Glucan
Test Kit, respectively, Megazyme, Wicklow, Ireland). Moisture,
crude protein (Kjeldahl nitrogen x 6.25), crude fat, and ash con-
tents were determined according to Approved Methods 44-15A,
44-11, 30-25, and 08-01 (AACC 2000), respectively.

Compression Tests

Oat samples (10 g) were dehulled manually and sorted by groat
mass into four subgroups: <0.02 g, 0.02-0.03 g, 0.03-0.04 g, and
>0.04 g. Number fractions (N) were calculated for each subgroup.
Maximum groat length and width were measured by digital image
analysis using VideoPro (v. 3.2, Leading Edge Pty, Hove, S. A.,
Australia). Ten groats selected randomly from each subgroup were
placed ventral side down on a copy stand with substage illumina-
tion. Images were captured with a Sony-89C CCD camera (model
XC-77) with 512 x 480 pixels/frame (0.1887 mm x 0.2400 mm
resolution) and a Tamron lens (F-28 mm).

TABLE I
Growing Location and Season of Genotypes Evaluated,
and Genotype Sample Number?

Location Season Genotype Sample No.
Aberdeen, ID, USA 1997 MNO93272 1
0A974-1 2
0A966-1 3
86Ab4582 4
0A970-10 5
Saskatoon, SK, CA 1997 Boyer 6
1995 Pacer 7
1994 Derby 8
1996 Derby 11
86Ab4582 12
Jerry 13
S093221 14
0A971-2 15
Ottawa, ON, CA 1996 AC Hunter 9
0A952-3 10

4 Genotypes were coded numerically to simplify sample identification in
figures.

Individual groats were compressed, and apparent stress and
strain were calculated as described by Engleson and Fulcher
(2002). Stiffness and toughness, two common material properties,
were derived from the stress-strain curves. Apparent stiffness
(Smax) Was defined as the number average maximum of the first
derivative of apparent stress () with respect to apparent strain (g),
and was approximated using the secant line of the stress-strain
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where S, is the first derivative at i, m is the number of compres-
sion tests completed (7-10) per subgroup k, and Ae is the differ-
ence € — €. Apparent toughness (T) was defined as the number
average definite integral of apparent stress from strain O to €__,
and was approximated using the midpoint (&€ ) of [g, ,, €] and the
Riemann sum
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Impact Damage

Oat samples (10 g) were dehulled in an experimental impact
dehuller (model L-92575, The Quaker Oats Co. Central Shop,
Barrington, IL) with a 10.5 in. diameter finned distribution disk
set at 3600 revolutions per minute. Output mass was sorted manu-
ally into 4 groups: undamaged groats (UG), oats (OT), hulls (H),
and damaged groats (DG). OT were dehulled manually and their
groat mass (GMot) was measured. Damaged groats were visibly
split or cracked. In an attempt to account for variation in dehuller
efficiency at constant dehuller speed, impact damage (ID) was
defined as

_ percent of groat input mass that was damaged GM - (UG + GMot)
GMot

percent of groat input mass that retained hulls ~
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Fig. 1. Scatterplot matrix: apparent stiffness (S,,x) model.
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where GM is the groat mass obtained by dehulling manually 10 g
of oat samples.

Pericarp and Aleurone Content

Estimates of pericarp and aleurone content (the percentage of
groat sample that is pericarp and aleurone layer, respectively)
were quantified by digital image analysis using the automated
Dipix I440F microscope imaging system (measurement module
Bran 14, v. 5.0, Dipix Technologies Inc., Ottawa, ON). This sys-
tem is described in detail by Harrigan (1995). Samples (excluding
sample 11 in Table I, which developed mold) were dehulled
manually, ground in a centrifugal Retsch mill (model ZM-1,
Brinkman, Haan, Germany) through a 0.5-mm screen, and packed
in a sample holder (4 x 6 x 1 cm), which fit the microscope stage.
Images (390 fields of view using a 2.5x objective) of fluorescent
bran particles were captured with a monochrome 8-bit CCD cam-
era and a 1.6x camera eyepiece. The filter combinations for peri-
carp content detection included an excitation filter (wavelengths
[A] 410-490 nm), a dichroic reflector (A 505 nm), and a barrier
filter (A > 515 nm); the filter combinations for aleurone content
detection included an excitation filter (A 310-390 nm), a dichroic
reflector (A 380 nm), and a barrier filter (A 410-490 nm).

Hull Damage
Because dehulling may cause permanent hull deformation, a
measure of hull mechanical behavior was developed during the
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Fig. 2. Summary plot for partial least squares regression (PLSR): natural
logarithm of apparent stiffness (Sy,x) Pa on ferulic acid pg/g db, % mois-
ture wb, and syringic acid pg/g db.
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Fig. 3. Weighted partial least squares regression (PLSR) coefficients: natural
logarithm of apparent stiffness (S,,.x) model.
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dehulling process. Individual oats (10 g total, excluding sample 11
in Table I, which developed mold) positioned ventral side forward
and distal end down were passed between experimental calender-
ing rolls (The Quaker Oats Company, Barrington, IL) with a 1-
mm gap. The oat hull was compressed as it passed through the
gap, which forced the groat from the hull. The groat remained on
top of the rolls. Compression caused cracks and splits to form
along the dorsal side of the hull, which were quantified by digital
image analysis using Image-Pro Plus (v. 4.0, Media Cybernetics,
Silver Spring, MD). Compressed hulls were placed ventral side
down on a copy stand with substage illumination. Images were
captured with a Sony-89C CCD camera (model XC-77) with 512
x 480 pixels/frame (0.1887 mm x 0.2400 mm resolution) and a
Tamron lens (F-28 mm). Hull damage (HD) was calculated as

(crack and split area) x 100

= 5

(crack and split area) + (hull area) ©)
If hulls protect groats during impact dehulling, then perhaps hulls
with low HD offer more protection during impact dehulling.

Statistical Analysis

Multiple linear regression (MLR) analysis was performed with
Arc and the Xlisp-Stat system (v. 3.04, University of Minnesota,
St. Paul, MN) using the least squares algorithm. Arc and MLR are
described in detail by Cook and Weisberg (1999); the use of re-
sponse and predictor transformations is a major theme of the text.
Weighted MLR was used to model S,,x and T. Weights were de-
fined as the number of compression tests per sample (33—40).
Samples lying outside the mean function (P < 0.05), based on the
Bonferroni inequality as described by Cook and Weisberg (1999),
were identified and discarded from analysis. Ordinary MLR was
used to model impact damage.

Partial least squares regression (PLSR) was performed with
Unscrambler (v. 6.11, CAMO ASA, Trondheim, Norway) using
the PLS1 algorithm to model S, T, and ID. Initial PLSR vari-
ables were standardized to unit variance with the standard error of
each variable. PLSR models were validated by full cross valida-

TABLE II
Weighted Multiple Linear Regression (MLR) Summary Statistics:
Natural Logarithm of Apparent Stiffness Model*—*

Regression Standard
Predictor Coefficient Error t 4
y-Intercept 20.9697 0.3830 54.751 0.0000
Ferulic acid, pg/g db 0.0036 0.0005 6.965 0.0000
%Moisture, wb -0.2139 0.0265 -8.069 0.0000
Syringic acid, pg/g db —0.0910 0.0094 -9.705 0.0000

2 Sample 3 not included.

b Response: In(S,, ), where S, has the unit Pa.

¢ R2=0.9137,6=10.6074; df = 10.

d Overall analysis of variance regression values: df 3; SS 39.0748; MS
13.0249; F = 35.30; P = 0.0000.

¢ Overall analysis of variance residual values: df 10; SS 3.6896; MS 0.3690.

TABLE III
Weighted MLR Summary Statistics:
Natural Logarithm of Apparent Toughness*—*

Regression Standard
Predictor Coefficient Error t 4
y-Intercept 14.2536 0.2042 69.795 0.0000
(%B-glucan db)3 -47.9176 7.7834 -6.156 0.0001
(%protein db)2 -169.754 32.2436 -5.265 0.0003

2 Sample 9 not included.

b Response: In(T), where T has the units J/m’.

CR?2=0.8172;6=0.5274; df=11.

d Overall analysis of variance regression values: df 2; SS 13.67948; MS
6.8395; F = 24.59; P = 0.0001.

¢ Overall analysis of variance residual values: df 11; SS 3.0594; MS 0.2781.



tion. In general, each sample was treated successively as a predic-
tion object, and prediction errors were combined in a validation
model. Methods of validation and PLSR are described by Martens
and Naes (1989). MLR may overfit noisy data compared to PLSR.
However unlike PLSR, MLR is a method with tests of signifi-
cance for the regression coefficients.

Scatterplot matrices were constructed with Arc. All other fig-
ures were constructed with SigmaPlot (v. 5.0, SPSS, Inc., Rich-
mond, CA).

RESULTS AND DISCUSSION

Apparent Stiffness

The scatterplot matrix of the apparent stiffness model (Fig. 1)
shows the marginal relationships between each pair of variables,
without reference to the other variables. This is a visual lower
bound for the goodness-of-fit that can be achieved with MLR
(Cook and Weisberg 1999). The scatterplot matrix is a two-
dimensional (2D) array of 2D plots. With the exception of the
diagonal, each cell of the matrix contains a scatterplot. Variable
names along the diagonal label the axes. Numbers along the di-
agonal are the minimum and maximum values of the variable in
the cell. Plots above the diagonal are the transpose of plots below
the diagonal. For example, the bottom right plot is the natural
logarithm (In) of S, as a function of syringic acid, and the top
left plot is syringic acid as a function of In(S,,,,). No strong linear
or nonlinear trends are obvious, and no samples seem unusual in
the scatterplot matrix.

Table II summarizes the weighted MLR of In(S,,.,) on the con-
tents of ferulic acid, syringic acid, and moisture. Sample 3 was not
included in the final MLR or PLSR analysis of S, as it resided
significantly outside the mean function. Sample 3 had the lowest
moisture content (10.5% wb) of the 15 samples; sample 2 also had
10.5% moisture but did not seem unusual, suggesting that some
other variable may make sample 3 different from the rest. Regres-
sion coefficients can be interpreted as the change in the expected
response of In(S,,.) given a change in the corresponding predictor
of one unit, assuming that the other predictors in the model are
constant (Cook and Weisberg 1999). For example, if moisture
content is increased 1%, the expected decrease in In(S,,.,) is esti-
mated to be 0.2139 units, assuming constant ferulic and syringic
acid.

The standard error (Table II) of a regression coefficient (1) of
the jth predictor (u,) depends on the other predictors in the model
and is defined as

se(n)=—2 1
se(u)vn-1V1-R}?
where o is the variance of the response in the subgroup with
weight equal to 1, n is the number of samples, and R{ is the coef-

ficient of determination for the linear regression of uj on the other
predictors in the model (Cook and Weisberg 1999). If R;? is close

6)

TABLE IV
Ordinary MLR Summary Statistics:
Natural Logarithm of Impact Damage Model®4

Regression Standard
Predictor Coefficient Error t 4
y-Intercept —29.5848 4.9369 -5.993 0.0001
(%moisture wb)~2 1333.57 181.384 7.352 0.0000
Yostarch db 0.3548 0.0701 5.060 0.0004
(T/Smax)? -1245173.0 331519.0  -3.756 0.0032

4 Response: In(ID).

b R2=0.8491; 6 =0.9166; df = 11.

¢ Overall analysis of variance regression values: df 3; SS 52.0252; MS
17.3417; F = 20.64; P = 0.0001.

d Overall analysis of variance residual values: df 11; SS 9.2424; MS 0.8402.

to 1, then uj is nearly equal to a linear combination of the other
predictors and se(n;) is large; on the other hand, as Rj* approaches
0, se(n;) approaches a minimum value. Ri* either increases or
stays the same as the number of predictors in the model increases
(Cook and Weisberg 1999). Then increasing the number of predic-
tors generally increases se(n;). Adding more predictors also
changes the value and interpretation of each regression coeffi-
cient.

Tests of significance for the regression coefficients are listed in
Table II. The #-value is the ratio of n; to se(n;), and the p-value is
the probability of observing a r-value at least as extreme as the
one actually observed under the null hypothesis that n; equals 0.
Small p-values, like those in Table II, provide evidence against the
null hypothesis. This evidence depends on se(r);) and, in turn, on
the other predictors in the model. The coefficient of determination
R? is the fraction of the variability in In(S,,,,) explained by adding
the predictors to the model; 91% of the variability in In(S,,,) is
explained by adding the contents of ferulic acid, syringic acid, and
moisture to the model of apparent stiffness. Table II also shows
the overall analysis of variance as defined by Cook and Weisberg
(1999), which suggests that a model without the predictors pro-
vides a much worse fit than that with the predictors.

Figure 2 is the PLSR summary plot for the apparent stiffness
model; summary plots for MLR and PLSR were the same
[R*(Prediction,, ,, Prediction,, ) > 0.9999] for S, T, and ID
models, and therefore only PLSR summary plots are presented.
Calibration and validation lines for the apparent stiffness model
(Fig. 2) are similar, and the coefficient of determination (R?) is
high for the calibration and validation cases (0.9153 and 0.8538,
respectively) suggesting good model prediction ability. R? is the
square of the sample correlation between the measured and pre-
dicted responses. R? is an appropriate measure of variability in this
plot because the data form an elliptical cluster about the regres-
sion lines, and the deviations from the lines are constant.

Weighted PLSR coefficients are displayed in Fig. 3; the length
of a bar indicates the relative importance of a variable and the
direction indicates whether a variable has positive or negative
influence on the response assuming that the other predictors in the
model are constant. All three predictors are important in the model
of apparent stiffness. Moisture content has negative influence on
In(S,.0); as moisture increases, In(S,,,) decreases assuming fer-

%protein

db

%p-glucan
db

In(T)
Jm?

12.6

Fig. 4. Scatterplot matrix: apparent toughness (T) model.
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ulic and syringic acid are constant. Research shows moisture plas-
ticizes grain (Shpolayanskaya 1952; Zoerb and Hall 1960; Gon-
charova 1962; Bilanski 1966; Shelef and Mohsenin 1969; Husain
et al 1971; Davison et al 1975; Herum et al 1979; Al Saleh and
Gallant 1985; Pappas et al 1988; Dobraszczyk 1994; Bargale et al
1995; Bargale and Irudayaraj 1995) and plasticizers soften poly-
mers in general (Sperling 1986) by decreasing inter- and in-
tramolecular forces (Schmidt and Marlies 1948; Mohsenin 1986).
Ferulic acid has positive influence on In(S,,.x), and syringic acid
has negative influence (Fig. 3). Ferulic acid esterifies with cell-
wall polymers (Daniels et al 1963; Guenzi and McCalla 1966;
Fulcher et al 1972; Harris and Hartley 1976; Durkee and
Thivierge 1977; Hartley and Jones 1977; Fry 1979; Harris and
Hartley 1980; Ring and Selvendran 1980; Fry 1982; Sosulski et al
1982; Smith and Hartley 1983; Collins 1986), which can be cross-
linked by the oxidation of ferulate derivatives to diferulate cross-
links (Hartley and Jones 1976; Markwalder and Neukom 1976;
Neukom and Markwalder 1978; Harris and Hartley 1980; Fry
1983; Fry 1984; Shibuya 1984; Eraso and Hartley 1990). Such
cross-linking decreases cell-wall extensibility (Fry 1983;
Kamisaka et al 1990). The presence of a methoxy group at posi-
tion 5 of syringic acid makes the formation of a disyringate cross-
link unlikely. Polymers in general are cross-linked to prevent flow
by producing a network (Sperling 1986). As the mass of a polymer
network increases, noncovalent bonds holding it in place (as in the
cell wall) become more effective (Schmidt and Marlies 1948; Fry
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1983). Syringic acid or syringate derivatives may somehow de-
crease the effectiveness of such a network.

Apparent Toughness

Figure 4 contains the scatterplot matrix of the apparent tough-
ness model. No strong linear or nonlinear trends are obvious in the
scatterplot matrix. Sample 9 seems to stand apart from the other
samples in the 2D plot of %f-glucan versus In(T); sample 9 had
the highest B-glucan content (5.25% db) and was considered to
have high hull content (Burrows and McDiarmid 1993). Weighted
MLR confirmed that sample 9 resided significantly outside the
mean function, and it was not included in the final weighted MLR
analysis presented in Table III or the PLSR results given in Figs. 5
and 6.

Regression coefficients (Table III) suggest that In(T) increases
as B-glucan content increases (assuming constant protein content)
and as protein content increases (assuming constant 3-glucan con-
tent). Tests of significance suggest that the regression coefficients
in the apparent toughness model are not equal to zero, and the
overall analysis of variance suggests that a model without the
predictors provides a much worse fit than that with the predictors.
The PLSR summary plot (Fig. 5) shows the data in an elliptical
cluster about the calibration and validation regression lines, which
are similar. There are no obvious trends in the deviations from the
regression lines. The coefficient of determination is high for the
calibration (0.8032) and validation (0.6957) cases suggesting pre-
diction ability. The weighted PLSR coefficients (Fig. 6) suggest
that both B-glucan and protein content are important in the appar-
ent toughness model.

The composite cell wall is considered to be a primary source of
toughening in plants (Lucas et al 2000). A mechanical composite
is an organized mixture of two or more components, and a cell
wall is known generally as fiber (Lucas et al 2000). B-glucan, a
collective term for high molecular weight polymers of glucose
linked by B(1—3) and B(1—>4) glycosidic bonds (Fincher and
Stone 1986), is a major hemicellulose in oat endosperm and aleu-
rone cell wall (Wada and Ray 1978; Wood et al 1983). We are
aware of disparities in terms of $-glucan (Wood et al 1983; Henry
1987; Miller and Fulcher 1994) and protein (Fulcher et al 1972;
Youngs 1972; Bechtel and Pomeranz 1981) distributions across
the grain, and so it would be premature to conclude that a single
characteristic (or combination of characteristics) is causal.
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Fig. 7. Scatterplot matrix: impact damage (ID) model.



Impact Damage

Figure 7 contains the scatterplot matrix of the impact damage
model. No strong linear or nonlinear trends are obvious, and no
samples seem unusual in the scatterplot matrix. The MLR analysis
of In(ID) on moisture content, starch content, and the ratio of T to
Smax (T/S,,) is presented in Table IV. Tests of significance suggest
that the regression coefficients are not equal to zero, and the over-
all analysis of variance suggests that a model without the predic-
tors provides a much worse fit than that with the predictors. The
PLSR summary plot (Fig. 8) shows the data in an elliptical cluster
about the calibration and validation regression lines, which are
similar. There are no obvious trends in the deviations from the re-
gression lines. The coefficient of determination is high for the cali-
bration (0.8491) and validation (0.7724) cases, suggesting prediction
ability. The weighted PLSR coefficients (Fig. 9) suggest that all
three predictors are important in the impact damage model.

Increasing moisture content appears to decrease impact damage,
as does increasing T/ S, assuming of course that the remaining
predictors are constant. Adding moisture increases pliability and
the ability to absorb impact energy, which has been demonstrated
(Zoerb and Hall 1960; Goncharova 1962; Bilanski 1966; Doehlert
et al 1997). Because a plasticizer works essentially by solvent
action (Schmidt and Marlies 1948), cross-linkage among polymers
reduces the modification effect of a plasticizer. The ratio T/S,
may reflect a cross-linking index because T is a function of poly-
mer mass and S__ depends on the mass of cross-linking mole-
cules. T/S__ is large when T is large or S is small. Then for low
levels of impact damage the groat must be tough but not too stiff.
The ratio of toughness to stiffness is an important parameter in the
design of materials that can experience large displacement before
failure (Ashby 1999; Lucas et al 2000).

Increasing starch content seems to increase impact damage un-
der the assumption that moisture content and T/S_ _ are constant.
Starch (like filler) may be stiffening the groat. In some materials,
fillers interact with amorphous molecules, thereby serving as fix
points that increase stiffness. These points are often more numer-
ous and less strong than the covalent bonds that cross-link poly-
mers (Schmidt and Marlies 1948). Fillers may also stiffen materi-
als by forcing amorphous polymers to stretch partially around
filler bodies, causing the material to work in a higher region of the
stress-strain curve. There is usually little if any improvement in
the elastic response of a filled material to external stress (Schmidt
and Marlies 1948).

Addition of the predictor pericarp content squared, referred to
as (pericarp content)?, to the impact damage model in Table IV is
also significant (Ppericarp conteny” = 0.0211, R? = 0.9210). If (pericarp

IS
.

—-o—- Calibration

Measured In(ID)
N

0 R*=0.8491
2 —o— Validation
R>=0.7724

4 3 2 -1 0 1 2 3 4 5 6
Predicted [n(ID)

Fig. 8. Summary plot for partial least squares regression (PLSR): natural
logarithm of impact damage (ID) on % moisture wb raised to the power
of negative two (% moisture wb)‘z, % starch db, and the ratio of apparent
toughness to apparent stiffness cubed (T/Spar)’-

content)? is increased by one unit, the expected decrease in In(ID)
is 0.4732 units, assuming that moisture content, starch content,
and T/S__ are constant. This suggests that the pericarp layer pro-
vides groats with protection during impact dehulling. No signifi-
cant (P > 0.2) In(ID) models are identifiable with aleurone content
or HD as a predictor, suggesting that the aleurone layer and hull
provide little if any protection to groats during impact dehulling.
Because only 14 oat samples were evaluated (for aleurone con-
tent, pericarp content, and HD) and only one measure of hull
damage was developed, results should be viewed with caution.
Fluorescent material associated with aleurone content is likely
part of the cell wall, and perhaps the germ, rather than the total
aleurone layer. However, fluorescence analysis, as used in this
study to estimate tissue content, is rapid and simple. The sugges-
tion that pericarp content is an indicator of groat damage caused
by impact dehulling might be exploited to identify cultivars with
improved milling performance.

Test weight, crude fat, and ash were not important in models of
groat apparent stiffness, apparent toughness, or impact damage for
the samples evaluated. Given the small sample size, all results
should be viewed with caution. Increasing genetic variability
would probably result in more robust models; however, genetic
extremes may be nonphysical or nonrelevant in the processing
industry. Additionally, a statistically significant variable could be
masking some unknown variable that actually explains the ob-
served variation in the response.

CONCLUSIONS

Weighted MLR and PLSR of In(S,,.x) on the contents of ferulic
acid, syringic acid, and moisture suggest that ferulic acid or per-
haps diferulate cross-links increase groat stiffness, and that sy-
ringic acid or perhaps syringate derivatives and moisture decrease
groat stiffness. Polymer cross-linking decreases extensibility, and
moisture (a plasticizer) softens polymers. Weighted MLR and
PLSR of In(T) on B-glucan and protein content imply that both
polymers increase groat toughness. B-glucan is a major cell-wall
polymer, and plant cell walls confer toughness. The location of
these polymers (perhaps concentrated in the bran) may also confer
toughness. MLR and PLSR of In(ID) on moisture content, starch
content, and the ratio T/S  suggest that moisture content de-
creases impact damage (as does T/ S,.,), and starch content in-
creases damage. Starch may act like filler, increasing stiffness
and, in turn, damage by providing fix points or by forcing amor-
phous polymers to stretch around starch granules. Because T/S
is large when T is large or S, is small, groats must be tough but
not too stiff for low levels of damage.

(%moisture wb)? %starchdb  (T/S_,)°

PLSR Coefficient

Fig. 9. Weighted partial least squares regression (PLSR) coefficients: natural
logarithm of impact damage (ID) model.
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