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Abstract

The particle size distributiofipsd produced by breakage of wheat in the Perten Single Kernel Characterisation $gt€18
was measured using sonic sifting, for a range of wheat varieties, kernel sizes and moisture contents. At moisture contents of 16%
wb, the psd produced by the SKCS was very evenly spread over the range 106+83%dth the average particle size much
greater than would result from roller milling. Hard wheats gave slightly smaller average particle sizes in the broken (iraserial
was unexpected and contrasts with First Break roller milling, for which hard wheats give larger output particles than soft wheats
but the variation in psd among different wheat varieties was surprisingly small. This indicates that the SKCS exerts a very
positive breakage action on wheat grains, giving similar degrees of breakage to kernels of different hardness. The reported
hardness index therefore depends primarily on the crushing force profile or energy to grind, and is not confounded by differences
in the extent of breakage achieved. Kernel size similarly gave little difference in the output psd. The effect of increasing the
moisture content from 9 to 17% wb was to increase the average output particle size greatly; moist kernels do not break so readily
in the SKCS.
© 2003 Elsevier Ltd. All rights reserved.
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Industrial relevance: There is an emerging trend towards single kernel characterization in wheat quality testing to also gain insights on genetic
and environmental influences as well as on moisture distribution. Several attempts have been made to approximate hardness as a key quality
criterion. However, no universally accepted definition of hardness exists. This paper is based on the notion that during First Break roller milling,
kernels break independently according to their individual properties. Meaning if the distribution of kernel properties in a sample is known
predictions for the breakage behavior of grain mixtures should be possible. Interestingly it could be shown that hardness was independent of
moisture content9—-17%. Hardness measurement under the given conditions related primarily to the energy required to crush the kernels. This
work clearly addresses the industrial need for a fundamental definition of wheat hardness.

1. Introduction ient and informative methods of measuring and predict-
) ) ing quality from tests on single kerne(®egner, 1995;

In recent years, wheat quality testing has started 10 Eyers, 1998. The Single Kernel Characterisation Sys-
move from bulk methods to single kernel methods, in tem (SKC9 developed by the USDA Research Centre
which the distributions of quality parameters of individ- 5t Beltsville, MD and commercialised by Perten Instru-
ual grains in a sample are measured. This emergingments, Sweden, is the most well developed system for
trend gives additional information about the distribution eya1uating the quality characteristics of individual wheat
of parameters and allows correlations between singleyarne|s(Martin, Rousser & Brabec, 1993: Psotka, 1995:
kernel parameters and processing performance to beGaines, Finney, Fleege & Andrews, 1996; Osborne et
identified. Several innovative techniques have been al., 1997: Sissons, Osborne, Hare, Sissons & Jackson,
investigated in order to provide accurate, rapid, conven- 2000. The SKCS measures the weight, diameter, hard-
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Hardness is a widely used measure of wheat breakage Despite this uncertainty, numerous workers have
patterns, and is one of the key parameters reported byapplied the SKCS to a range of studies and have
the SKCS. During roller milling, hard and soft wheats concluded that it gives useful results. Morris, DeMacon
behave differently; hard wheats initially shatter into and Giroux(1999 found that the SKCS provided the
large angular pieces and few fine particles are releasedpest discriminating measure of genetically different
whereas in soft wheats, fractures occur through the wheat hardnesses. Other workers have measured wheat
contents of the endosperm cel{sloseney, Wade &  properties with the SKCS and compared the results with
Finley, 1988; Pomeranz, Martin, Rousser, Brabec & Lai, conventional method¢Satumbaga, Martin, Eustace &
1989. Moisture content affects wheat endosperm hard- Deyoe, 1995; Gaines et al., 199®sborne et ak1997)
ness, which is in part the reason for conditioning reported on the use of SKCS data for prediction of
treatments prior to milling. In a comprehensive study Wheat milling performance, in particular flour yield and
comparing the effect of moisture on five different starch damage quality. They concluded that the SKCS
methods of measuring hardness, Obuchowski andgdenerates information on sample uniformity not other-
Bushuk (1980 showed that moisture content affects Wise available, and that data on the uniformity of
different hardness tests and different cultivars to differ- hardness could be interpreted in terms of the potential
ing extents, but increasing moisture generally led to for consistent milling performance. The raw SKCS data
reduced hardness. Hsieh, Martin, Black and Tipples @IS0 offer the potential to screen early generation plant
(1980 investigated the effect of moisture content on Preeding lines for milling and flour qualitySissons et

the First Break grinding of Canadian wheat, with respect @l 2000. Furthermore, the distribution of moisture
to the ash and protein contents of the product streamscontents from SKCS measurement provides additional

and starch damage of the flour. Their results showed Information about a sample’s potential storage stability
that increasing the moisture contents of wheat from 14.5 (Osborne et al., 19970hm, Chung and Deyo€l998)

to 15.5% through tempering resulted in higher break nvestigated the relationship of wheat single kernel
releasegmany smaller particles being produgeGlenn, characteristics with end-use properties and found signif-

Younce and Pitt1991) studied the compressive hard- icant correlation between SKCS data and milling and

ness of wheat endosperm and found that beyond 17_5%ball_<||n%qual|ty. t clearlv defined i fund tal

moisture, textural changes occur causing wheat to araness Is not clearly definéd in a fundamenta
sense, such that relating hardness measurements to

become too mellow to fracture and mill properly. enetic and environmental influences and to millin
Hardness has been measured previously using a rangg g

of approaches and instruments. The principle of hardnessloerformance is not straightforward. Wheat hardness is

measurement may be based on crushing fopameranz - ied e, BUE EEPRCCER R PCTORE D R PO
et al., 1988, time to grind (Stenvert, 1974; Williams, ' : y P

: . i hardness existéSimmonds, 1974; Wu, Stringfellow &
e e rosucedter & o o5k, 1o, 1990, and th ariness ndex repored by tre
Symes, 1961: Williams, Sobering, Knight & Psotka, SKCS itself is an arbitrary indicator, nominally varying

. . from O to 100, with no units. Also, in addition to
1998. However, the basis of_hardnes_s measurement "Mhardness, several other single kernel parameters, includ-
the .SKCS has not been preqsely defined prewously. In ing weight, size, shape, moisture content and density
an ideal system for measuring wheat hardness, e'therare believed to affect millingWilliams et al., 1987;
the degree of breakage will be kept constéarnstant

i . AT : Pomeranz et al., 1988
output particle size distributiorand the energy required ~ pocent studies have demonstrated that during First

to achieve this measured, or a constant energy input will gaak roller milling, grains break independently, i.e.
be applied, and the resulting degree of breakage measgach kernel breaks according to its own physico—
ured. In most actual systems used for measuring wheatspamical properties, independent of the mixture of
hardness, _neither the energy input nor the extent of kernels surrounding i€Campbell & Webb, 2001 This
breakage is kept constant, compromising the meaning-means that if the distribution of kernel properties in a
fulness and interpretation of the results. The SKCS sample is known, and if predictive equations of breakage
clearly measures the crushing force during breakageof individual kernels in terms of their physico—chemical
(related to the energy inpytbut in previous studies the  properties exist, then it is feasible to predict the breakage
resulting particle size distributiofindicating the extent  of the mixture based on the distributions of single kernel
of breakage has not been measured as well. It is properties. Thus, it is possible, in principle, to predict
therefore, unresolved as to whether the hardness indexvheat breakage during roller milling directly from SKCS
reported by the SKCS is related to a combination of parameters. As a step towards this goal, the objective of
both the energy to break and the extent of breakage, orthe current work was to determine the breakage pro-
if in practice one of these is relatively constant and the duced in the SKCS itself. This would help in identifying
other is measured relatively unambiguously. the basis of the hardness index reported by the SKCS
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Table 1 _ measured accurately over a wide size range. The coarse
Average kernel properties of wheat samples measured by the SKCS set of sieves consisted of the following aperture sizes:
3350, 2800, 2360, 2000, 1700, 1400 and 1p00. The

Variety Weight Diameter Hardness  Moisture . .

(mg) (mm) Index content(%) fine set comprised 850, 600, 300, 250, 180, 125 and
Srake 4545 273 5 7 614 l(_)6 pm sieves. The sieves were placed in the stack
Consort 46.47 85 26.3 16.08 with the largest aperture size on top, and samples loaded
Riband 50.19 297 28.1 16.01 onto the top sieve. Sieving was carried out according to
Crofter 49.23 2.80 45.4 16.31 the operating manualGilson Company, Worthington,
Soissons 43.41 2.68 54.1 15.81 Ohio). The total sieving time was set at 5 min, and
Avalon 46.70 2.80 62.0 16.05 included both vertical and horizontal tapping and sonic
Haven 50.59 3.12 62.0 16.39 . . ; ' .
Abbot 44.90 280 621 16.12 pulsing. Sonic pulsmg_ consisted of 3600 puVsm_m
Buster 45.08 296 64.1 15.84 (60 H2), and the amplitude of the pulse was adjusted
Charger 42.58 2.74 64.7 16.05 to allow the samples to flow freely on the sieves. The
Raleigh 44.67 2.87 65.8 16.08 amount of power used for both sets was 97% of full
Caxton 46.90 2.98 66.4 15.73 power. After the process was completed, a balance
Rialto 47.79 2.94 68.4 15.65 .
Brigadier 16.35 76 68.9 15 88 accurate to 0.01 gOhaus Corporation, Florham Park,
Mercia 45.22 284 711 16.07 NJ) was used to weigh the material remaining on each
Cadenza 52.69 3.10 71.9 15.79 sieve and in the fines collector. Material collected in the
Spark 37.17 2.64 79.1 16.15 fines collector following sieving using the coarse sieve

set was then analysed using the fine sieve set, to give a

and thus interpreting the physical significance, and in total of 15 fractions.

relating SKCS parameters to breakage during industrial o )
roller milling. 2.2. Investigation of the effect of kernel moisture content

on breakage in the SKCS
2. Materials and methods o o
From the 17 varieties, four selected varieties repre-
Investigations were performed on the effects of kernel senting the range of hardness valug9.1, 54.1, 45.4
hardness, size and moisture content on breakage in thé@nd 26.3 were prepared in 100 g batches and condi-
SKCS Model 4100(Perten Instruments AB, Sweden tioned to four different tempering moistures: 13, 14, 15

as measured by the resulting particle size distribution of and 16% (wet basis, wb to investigate the effect of
the broken kernels. moisture on breakage in the SKCS. In addition, wheat

of the cultivar Soissons was conditioned to nine different
2.1. Effect of wheat hardness on breakage in the SKCS tempering moistures: 9, 10, 11, 12, 13, 14, 15, 16 and
17% (wb). Tempering wheat to moisture contents lower

Seventeen winter wheat cultivars from the year 2000 than 14% was achieved by oven-drying kernels over-
harvest, covering a range of hardness values, werenight at 60°C to reduce initial moisture content; the
obtained for this study from ADA%Rosemaund, UK target tempering moisture was then achieved by adding
The samples were conditioned overnight in 100 g appropriate amounts of water and allowing the samples
batches to a moisture content of 168wb). Table 1 to temper overnight. The tempered samples were then
reports the average properties of the 17 varieties of broken in the SKCS and analysed in the sonic sifter as
wheat measured in the SKCS after conditioning, show- described above.
ing the wide range of hardness values. Conditioned
samples were loaded into the Perten SK(Perten 3. Results and discussions
Instrument AB, Swedenand tested according to the
operating manual procedur&ingle Kernel Character- Fig. 1 shows an example of the probability density
isation System 4100 Manual, 1995After testing of  function, p(x), and the cumulative psd?(x), obtained
300 kernels was completed, the broken material wasfor conditioned Drake wheat at 16% moisture. The
collected and kept in individual sealed polyethylene probability density describing particle size distributions
bags for further analysis. Five replicates were performedwas approximated by dividing the mass fraction of
for each wheat sample, resulting in approximately 15— particles staying on each sieve in the stack by the
20 g of broken material from each run. difference between the aperture size of the sieve and

The particle size distribution(psd of the broken that of the adjacent larger sieve. The probability density
material was measured by sonic sifting using a GilSonic was relatively consistent over the particle size range,
Autosiever(Gilson Company, Worthington, OhioThe indicating that breakage in the SKCS produces a wide
Autosiever can take seven sieves, so two sets of sievesaand evenly distributed range of particle sizes. The
were used to allow the particle size distribution to be cumulative percentage of undersize particles was also
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et al., 1988; Campbell, Bunn, Webb & Hook, 2001;

100 0.08 Bunn, Campbell, Fang & Hook, 2001 This indicates
—#— Cumulative particle size distribution that the predominant mechanisms of breakage in the
80 O Probability density 006 SKCS differ from those operating during roller milling.

b However, the variation in output particle size with
hardness is surprisingly small. None of tRé values

> shown on Fig. 2 are significanfalthough this is pri-
004 marily due to the two apparent outliers—if these are

removed, the relationships appear much tighter and, for
Xso and x,5 achieveR? values that are just significant
[0.02 at the 5% level. Nevertheless, even if statistically sig-
nificant, the effect of hardness on the particle size
distribution is not great This indicates that the SKCS
000 exerts a very positive crushing action on the wheat

0 1000 2000 3000 L 2
Particle size, x (um) kernels, giving similar degrees of breakage to kernels

of different hardness. The reported hardness index there-
Fig. 1. Cumulative particle size distribution and probability density fore depends primarily on the crushing force profile and

function resulting from milling sample of Drak@ soft wheak con- is not confounded by large differences in the extent of
ditioned to 16% moisture. breakage achieved. In other words, hardness measure-

ment of the SKCS relates primarily to the energy
calculated, from which the average particle sizg, required to crush the kernels.

and the particle sizes below which 25 and 75% of Martin and Steele(1996) reported investigations of
material fell, x,s andx,5 respectively, were determined different SKCS rotor designs, concluding that a rotor
by linear interpolation. For the Drake sample shown in with a sawtooth pattern gave the best hardness discrim-
Fig. 1, the x,s and x5, were 1438 and 2635.m, ination. It would be worthwhile to revisit the issue of
respectively, whilexss, just beyond the particle size rotor design from the point of view of output particle
range measured, was estimated to be 3g84 These  size; if a particular design proved to give an even more
particle sizes are much larger than would be expectedconsistent particle size, it would make the reported
from First Break roller milling, for which thexs, is hardness values even more unambiguous and easier to
typically in the range 500-1500m (Fang & Campbell,  interpret. It might even be possible to define the meas-
20033. This suggests that the mechanism of breakageured hardness in fundamental units such as energy
in the SKCS is primarily compression, which tends to required per unit area of new surface produced.
produce larger particles, in contrast to roller milling in

which shear contributes significantly, as well as com- 32, Effect of moisture content

pression, the relative contributions depending on roll

disposition (Fang & Campbell, 2002a,b, 200BaThe Fig. 3 shows the cumulative particle size distributions

large particles also reflect the relatively large final gap at 16% moisture for the four samples selected for
of 0.89 mm between the rotor and crescent in the SKCS

(Martin & Steele, 1995

4000
3.1. Effect of wheat hardness 35001 M
Fig. 2 shows the variation in,s, x50 and x ;5 with = 3000 % "
kernel hardness for all 17 varietieeN.B. Data points 3 2500, A A
for cumulative psd’'s and the, values derived from x W
them are averages of five replicates; error bars were § 2000 A .
smaller than the symbols used in the graphs, so are not 2 1500 o
shown) At the smaller end of the particle size range, £ © %Qg_g,
the size below which 25% of the broken material fell & 40004 © ¢ o
varied very little with kernel hardness. The, and x5 y=-5.1043x + 3469.9, R® = 0.2034| XX75
however, decreased slightly with increasing kernel hard- 500 y =-5.0526x + 2641.5, R = 0.2916| AX50
ness. This indicates that harder kernels gave, on average, 0 y= 1.2510x+ 11813, R = 0.0351 OX25
i i iSi _intuiti 0 20 40 60 80 100
slightly smaller output particles. This is counter-intuitive, SKCS NardneDscore

as hard wheats might be expected to be harder to break

and therefore to give |§‘rger output parti?'_eS, as indeed Fig. 2.x,5 xsoandx;svs. SKCS hardness of seventeen wheat varieties
has been reported for First Break roller millifijoseney  conditioned to 16% moisture.
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Fig. 3. Cumulative size distribution of wheats of different hardness at Fig. 5. Cumulative size distribution of Soissons wheat at different
a tempering moisture of 16%. tempering moistures.

investigating the effect of moisture. Fig. 3 confirms that t_he Iarger _end of t_he particle size range. This i.S con-
firmed in Fig. 6, which shows a small effect of moisture

the differences in particle size distribution with hardness .
but larger effects onsg and x .5 especially at

were more evident at the larger end of the range. Fig. 49" *25 . .
shows thexy, for the four wheats at different moisture moisture contents above 14%. Increasing moisture con-

contents. Clearly, increasing the moisture content (€Nt inCreases the average particle size, primarily by
increased the average output particle size, but the dif-Ncréasing the size of the larger, more branny particles,
ference in breakage between the wheat samples wa&S moisture toughens _b_ran_. Increasing m0|sture_also
preserved, i.e. there was no strong hardness-moistur&®ftens endosperm, facilitating breakag@buchowski
interaction. Similar studies using Hereward and Consort & Bushuk, 1980, but this is not reflected in a greater
samples separated into narrow size fractions and tem-_m"_nber of particles at the small enq of the range. This
pered to different moisture contents confirmed this IS iN contrast to the effect of moisture on breakage
effect, and also showed that kernel size has a negligibledu'ing roller milling, for which increasing the moisture
effect on breakage in the SKQ®esults not shown content increases the numbers of both small and large

The effect of moisture on breakage was studied in Particles, giving fewer in the mid-size rang€ang &
more detail for a single variety, Soissons, conditioned C@mPbell, 2003 Similarly Hsieh et al(1980 found

to 9, 10, 11, 12, 13, 14, 15, 16 and 17% moisture. Fig. that increasing the moisture content gave a greater

5 shows the cumulative particle size distributions for Proportion of smaller particles. This again reflects that
five of these moisture contents, for clarity, illustrating N mechanisms of breakage in the SKCS are somewhat

that, like hardness, the effect of moisture is greater at different to those operating during roller milling. This
may imply that relating SKCS hardness to breakage

2600

3500 85
*-X75
2400+ 3000 | -=-X50 80
—--X25
2200 2500 | -e—Hardness r75
€ 2000 170
20001 g
x x 1500-] 65
18001 SKCS hardness
--79.1 1000+ 60
2541
1600- =454 500- 55
-*-26.3
1400 T T T T 0 T T T T T T T T T 50
12 13 14 15 16 17 8 9 10 11 12 13 14 15 16 17 18
Moisture content (%) Moisture content (% wb)

Fig. 4. Average particle sizei, of wheats of different hardness at  Fig. 6. x,5, x50 @andx,sand hardness at different tempering moistures
various tempering moistures. of Soissons wheat.



124 L1. Muhamad, G.M. Campbell / Innovative Food Science and Emerging Technologies 5 (2004) 119-125

during industrial roller milling could be problematic; References

equally, the finding that the SKCS hardness relates

primarily to the energy of grinding may facilitate making Bunn, P. J., Campbell, G. M., Fang, C., Hook, S. C.(800D On
this link. Indeed Fang and Campbé&?0029 demon- predicting roller milling performance. Part Ill. The particle size
strate that the output particle size distribution from First distribution from roller milling of various wheats using fluted rolls.

L . Proceedings of the 6th World Chemical Engineering Congress,
Break roller milling of wheat can be predicted from University of Melbourne, Melbourne, Australia.

SKCS size and hardness data. Campbell, G. M., & Webb, C(2001). On predicting roller-milling
Fig. 5 also shows the reported hardness of the wheat performance, Part I: The breakage equatiBowder Technology,

samples at different moisture contents, averaged from 115(3), 234-242.

three replicate samples. While some variation is appar- campbell, G. M., Bunn, P. J., Webb, C., & Hook, S. C. (00D.

. . . On predicting roller-milling performance. Part Il. The breakage
ent, analysis of variance confirmed that the reported g, tion Powder Technology, 115(3), 243—255.

hardness is independent of moisture contémt< Cutler, G. H., & Brinson, G. A(1935). The granulation of whole-
1x10-%), as reported by Psotkd 997). It should also wheat meal and a method for expressing it numericallyreal
be noted that the SKCS only reports moisture contents Chemistry, 12, 120-129.

accurately in the range 9—15% according to the operat-EVers. A. D.(1996. New opportunities in wheat grading. In G.

. Skrede, E. M. MagnusThe Nordic Cereal Industry Towards Year
ing manual (Perten Instruments, 1995although the 2000 (pp. 61-67. Proceedings of 26th Nordic Cereal Congress.

hardness values returned for samples outside this rang&ang, C-v., & Campbell, G. M(2002a. Stress—strain analysis and

were in agreement with the other samples. visual observation of wheat kernel breakage during roller milling
The above work addresses the industrial need for a using fluted rolls.Cereal Chemistry, 79(4), 511-517.

fundamental and unambiguous definition of wheat hard- Fang, C-Y., & Campbell, G. M.(2002b. Effect of roll fluting

. . disposition and roll gap on the breakage of wheat kernels durin
ness that can be related quantitatively to breakage during 2’520 2001 milﬁng&ml Cheml.mi 200y, B18-522. 9

roller milling. The SKCS potentially provides a defini-  rang c.v, & campbell, G. M.(20020. Modelling of wheat
tion of hardness that is evidently based on the energy breakage during First Break roller milling based on single kernel
required to achieve an approximately constant degree of characteristics. In C. K. Black, J. F. Panozzo, C. W. Wrigley, I. L.
breakage, such that hardness could be defined in fun- Eztey, N-C'-a][se”vp "’C@;d’}’%&s Ofggheggznl\jll If‘t‘)““m“a"A Cet’ei’_l
. . . - emistry Conference, vol. pp. —-98. Melbourne, Australia:
damental engineering units for robust pre_zdlctlpn of the Cereal Chemistry Division, Royal Australian Chemical Institute
breakage of mixtures of wheat kernels during First Break (;sgn 876892 07 2).
roller milling. Fang, C-Y., & Campbell, G. M(2003a. On predicting roller-milling
performance. Part IV. Effect of roll disposition on the particle size
distribution from First Break milling of wheatlournal of Cereal
Science, 37, 21-29.
Fang, C-Y., & Campbell, G. M(2003b. On predicting roller-milling
The output particle size distribution from the SKCS performance. Part V. Effect of moisture content on the particle size

has been measured, as a basis for determining the dlgtrlbutlon from First Break milling of wheatlournal of Cereal
Science, 37, 31-41.

physical significance of hardness values rgported by theGaines, C. S., Finney, P. F,, Fleege, L. M., & Andrews, L(1296).
SKCS. Greater kernel hardness gave slightly smaller predicting a hardness measurement using the single kernel char-
particles on breakage, in contrast with First Break roller acterisation systenCereal Chemistry, 73(2), 278-283.

milling in which harder kernels result in larger output Glenn, G. M., Younce, F. L., & Pitts, M. X1991). Fundamental
particles. However, the effect of hardness on the output physical properties characterising the hardness of wheat endosperm.

. . L . . . Journal of Cereal Science, 13, 179-194.
particle size distribution was small, implying that SKCS Hoseney, R. C., Wade, P, & Finley, J. W1989. Soft wheat

hardness values depend primarily on the energy to grind. products. In Y. PomeranZpp. 407-456 Wheat: Chemistry and
Increasing moisture content gave larger output particles, Technology, vol. Il. St.Paul, MN: American Association of Cereal
especially at the larger end of the particle size range Chemistry.

where the particles are predominantly bran. These find- Hsieh, F.H, Martin, D. G., Black, H. C., & Tipples, K. H1980.

: : : ‘o Some factors affecting the first break grinding of Canadian wheat.
ings may help in relating SKCS characteristics to wheat Cereal Chemistry, 57, 217223,

breakage du”ng roller m'"mg' Martin, C. R., Rousser, R., & Brabec, D. (1993. Development of
a single-kernel wheat characterisation syst@ransactions of the
ASAE, 36, 1399-1404.

Martin, C. R., & Steele, J. L(1996). Evaluation of rotor-crescent
design for sensing wheat kernels hardneBsmnsactions of the
[IM gratefully acknowledges the Universiti Teknologi ~ ASAE, 36(6), 2223-2227.

Malays|a for fund|ng to pursue these Stud|es The Morris, C. F, DeMacon, V. L., & Giroux, M. X1999. Wheat grain

; ; hardness among chromosomes 5D homozygous recombinant sub-
authors are grateful to Dr Chaoying Fang for practical stitution lines using different methods of measuremefireal

help and useful discussions, and to the Satake Corpora- cy.isy, 76(2), 249—254.

tion of Japan _for supporting _the WOI’k of the Satake opuchowski, W., & Bushuk, W(1980. Wheat hardness: Comparison
Centre for Grain Process Engineering. of methods of its evaluatiorCereal Chemistry, 57(6), 421—425.

4, Conclusions

Acknowledgments



L1. Muhamad, G.M. Campbell / Innovative Food Science and Emerging Technologies 5 (2004) 119-125

Ohm, J. B., Chung, O. K., & Deyoe, C. W1999. Single-kernel
characteristics of hard winter wheats in relation to milling and
baking quality.Cereal Chemistry, 75(1), 156-161.

Osborne, B. G., Kotwal, Z., Blakeney, A. B., O'Brien, L., Shah, S.,
& Fearn, T.(1997. Application of the single kernel characterisa-

tion system to wheat receiving testing and quality prediction.

Cereal Chemistry, 74(4), 467-470.

Pomeranz, Y., Martin, C. R., Rousser, R., Brabec, D., & Lai, F. S.

125

Single Kernel Characterisation System 4100 Mani#95 Perten
Instruments AB, Sweden.

Sissons, M. J., Osborne, B. G., Hare, R. A., Sissons, S. A, &
Jackson, R(2000. Application of the single-kernel characterisa-
tion system to durum wheat testing and quality predictiGereal
Chemistry, 77(1), 4-10.

Stenvert, N. L.(1974). A simple measure of wheat hardneg%our
and Animal Feed Milling, 156, 2427 (July).

(1988). Wheat hardness determined by a single kernel compression gymes k. J.(1961). Classification of Australian wheat varieties

instrument with semiautomated feedelereal Chemistry, 65(2),
86-94.

Psotka, J(1995). Basis for the measurement of hardness of wheats
using the Perten 4100 SKCSPerten Instruments North America,
Inc.

Psotka, J(1997). Single kernel characterisation systePnoceedings
of the International Wheat Quality Conference (pp. 129-140.
Manhattan, KS: Grain Industry Alliance.

Regnier, S(1995). Kernel mass related properties of cereal grains.
Dissertation. Uppsala: Swedish University of Agricultural Sciences.

Satumbaga, R., Martin, C., Eustace, D., Deyoe, C. (095
Relationship of physical and milling properties of hard red winter
wheat using the single—kernel wheat characterisation system:.
ciation of Operative Technology Bulletin, January. 6487—6496.

Simmonds, D. H(1974). Chemical basis of hardness and vitreosity
in the wheat kernelBakers Digest, 48, 16.

based on the granularity of their whole me&dustralia Journal of
Experimental and Agricultural and Animal Husbandary, 1, 18—-23.

Williams, P. C., Kilborn, R. H., Voisey, P. W.,, & Kloek, M(1987).
Measuring wheat hardness by revolutions per minute reduction.
Cereal Chemistry, 64(6), 422—-427.

Williams, P. C., Sobering, D., Knight, J., & Psotka, (1998.
Application of the Perten SKCS-4100 single kernel characterisation
system to predict kernel texture on the basis of the Particle Size
Index. Cereal Foods World, 43(7), 550 (Abstract 273).

Wu, Y. V,, & Nelson, T. C.(1991. A simple, rapid method to
measure wheat hardness by grinding time and speed reduction in
a micro-hammer millCereal Chemistry, 68(4), 343-346.

Wu, Y. V., Stringfellow, A. C., & Bietz, J. A.(1990. Relation of
wheat hardness to air-classification yields and flour size distribu-
tion. Cereal Chemistry, 67(5), 421-427.



