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Abstract

Dynamic rheological properties such as storage modulus (G') and loss modulus (G") of wheat-job's tears
(yulmu)-water mixture were measured by Bohlin mechanical tester using modified distance based design, and
analyzed by linear and non-linear backward regression model. As the job's tears content increased in the mix-
ture, G' and G" values were decreased, while moisture content played a most important role in the mixture.
Compared to linear model, non-linear model showed a lower probability value (p<0.001) and generated a
higher interaction term between wheat and job's tears. The response trace plot, showing the effects of chang-
ing job's tears content from the reference blends upon the G', G", viscous constant (11) and elastic constant (E),
showed that viscoelastic properties was negatively affected by job's tears content and the addition of water
into mixture caused dramatic changes. Viscoelastic properties, protein content and lipid content were con-
sidered for the target region in a least cost linear program suggested the optimum ratio and minimum cost for

the mixture.
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MG R B2 AFEANE Foh)7)SlE vt
2 2 response surface methodology(RSM)7} AL&-Ev}
HHEHAE JehlE 999 superimposing . 2 2s)
o=z veled oj2lgo] Ut} & contour map
2] 7§ /42 (component)?] 7} 37 B} & F-¢ uh
S-(response)el] thEl ZE AEE9 %5 Vel ¢
7} glt}. Derringer$d Suich(1980)= constrainti] of| 4
7H & wkeE e P YElA desirability func-
tionel gk A2 7 & =Yt o 1 wEE o]
435t non-lineard o2 A5 T3 Comell
(1990y EFEAA ) o] 4] AR ES AFE
A7 A8l trace plotE AA|SHH T EFFE]
& FVMRE o, thE JEE9 & trace plotol] 4]

s 2AES] H&e dF A fA P v

Hhgoll J1 AHE e A 2 vhge] A
g0l trace plotdll A Ao} A  gir}.
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AHAAN Uoe &F(213g E¥E, 37g A
100 g &%, 10% 758 3)E o] 85+ bleached U7}
2 (All purpose, Philsbury Co.)2} 4951 mixture ¥H5 &
ple=gvi=y

Functional propertie of dough

Mixture ¥F=2] complex viscosity, elastic and vis-
cous component 3tE-& Bohlin dynamic tester(Bohlin
instrument Co., Minneapolis)E o] &3}l =33},

€ WE-&59 13719 &3 AgdAlel we}
T8 JdAEA 42 F(Table 1), cone(angle=4°, di-
ameter=40 mm)-plate (diameter=60 mm)oll U3 <&
Y 11 stress sweepd} frequency sweep& sl Al S
sl o I MM BEutse] Hetdo 4
# (storage modulus, loss modulus, complex viscosity)

5% gt

Simple rheological dymanic model

4 designel W} ZPsoln A SHE 4
a2 element 2491 Kelvin modelo]| 2 83} 1
modelZ o| 31 3l& B LB} 4 84am¥E A
Ab3} 11 regression modelol] 2 &8l 1 FEA 2 v
Fule) 2t A8 S A8

Parallel(Kelvin) modelol| A ¢} spring#} dashpot: r}
+9] 2 (1)3} Zo] viepf ozl vk (Mohsenin, 1986).

o(w):Es(w)+n5‘~€‘§t‘l))— (1)
Sinusoidal =3 o] w}g} Z} stress 2 strain S HE
complex term 2 £ VGERJ o] A t}(2] 2).

O €1 =E(&m €=+ 1 (€ i weil@-a)

G*= O-meial
Em

=E+ion=G"+iG” 2

Table 1. Experimental points of mixture of yulmu,
wheat, and water

obser. Yulmu ‘Wheat Water
1 0.10 0.40 0.50
2 0.10 0.40 0.50
3 0.00 0.50 0.50
4 0.00 0.50 0.50
5 (.105 0.40 0.495
6 0.105 0.40 0.495
7 0.05 0.45 0.50
8 0.102 0.40 0.498
9 0.052 0.45 0.498
10 0.052 0.45 0.498
11 0.084 0417 0.499
12 0.034 0.467 0.499
13 0.068 0.43 0.499
*Low and high limitation of each component
Yulmu Wheat Water
Low limit 0 0.4 0.4953
High limit 0.11 0.5 0.5

*Constraint of moisture contents of mixture
0.55<(0.14 yulmu+0.1 wheat+1 water)<(0.555
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7| A], o=stress, £=strain, E=elastic constant, N=vis-
cous constant, G,=max. stress, €,=max. strain, d=phase
angle (wAt), G*=complex modulus, i=imaginary numb-
er, w=rate of angular rotation

oo whz} Z4 B ANIEAR G, G" & E, nel gE
£ 7}7} regression modelol] | £38lod modelslol] u}E
FEA S AFSTH(Yoon et al., 1996a, 1996b).

Experimental design and statistical modeling

AF el data ¥4 2 A3l Design expert
(Stat-Easy Co., Minneapolis)& ©| &3l 1 & Ad
HHH 2 Fig. 1o Ve flow chart®] el 7] &3l
t}. Constrainte] gte2A SF-U7F ETFEL dy-
namic 4 A 2 #3}3]c}. Extreme vertice design-g- 2} gt
LR, 5 % 9 Ha E He[ &S 2H7) 40~
50%, 0~-11%, 49.5~50%2 A &}sl 1, 2t A8 ver-
texoll A 313 st7] 3] EFuS A Uit} &
o] SRS 242t 10%8} 14%2 754 e, A
A +EHLE 55~55.5%% A&t & constraint2)
weight(5LE variable?] )2 100%2 3151 fixed
variable 2= 0%=2 3tgit}. g3t tlzbel x| ujol A
5o & N&S @Fs7I¥s modified dis-
tance based design(Snee, 1979)& A}&-3t9 11, W+
HkE: oA 9] interaction E¥HE LolR 7] 30, EFH
A B A (point)yE EF317] Y8 quadratic experimental
design& = £-3}ic}.

Coefficient& Al4317] €A87] A o] &5
Al Zh A oA 9] pseudo JEEL ThE9] 4 (3)

2 o] &-afod A1bstdrt.
Pseudo components = (Real - Li)/(1-L) 3)
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Fig. 1. Optimization outline for Yulmu-wheat-water
mixture.

o] 7]4] Li=lower constraint in real value, L=sum of
lower constraints in real values.

Regression modelS UERHAE  coefficient
Scheffe2] polynomial form(Comell, 1990)el] A
31 AlAbsl o} F ot

Linear®} canonical #E}2] quadratic model 2 mod-
ified least square regressionel] 2]&] TFEJFH o full
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data Mee] £8 Wd o] -1 modeld} coefficient gt
E-2 F-test ¥ regression coeffincient(R’) ¥} lack of
fite 2 2 #9948 FFagnt EFE A 7
AEE a8 A 17198l Piepele] ®WHaH(Cornell,
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Optimization using least cost linear program-
ming
Least cost linear programming< objective function
(cost/kg)?}  canonical &} 2]
(dynamic properties) 3! target constraints(X}H] 2] 7] &)
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Rheological effects of the addition of yulmu
on dough

Y ¥ modified distance-based A& Tz}l 2} &)
AdHE &§F-U/1F-Ee EPUE JeEle actual
value2] A& A1} pseudo value?] A& XL Table 13}
2¢] JERIUTE & 13709] Aol Fale] o
4712] replicates7} A% = A}, Pseudo valued] N3 &
Agr)Alel ez w9 fitting S )& 8] 3t
71 la A AR5 A THCornell, 1990).

AEnAle] tet 43 2t Wl wet 24
8l response| A3} Figs. 29} 3, ®3F Table 39| o}
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oA YERIQT Fig 28 &% Wk 8ol £3
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Table 2. Pseudo experimental points of mixture of yul-
mu-wheat- water based on the equation 3

Table 3. Dynamic properties of yulmu mixture
Elastic and viscosity constant values were calculated

Obser. Yulmu Wheat Water by Kelvin model, G'+G"=E+ion

1 2.50 10.00 12.50 Obser. G G E n
2 2.50 10.00 12.50 1 226 6.62 7.35 2.518
3 0.00 12.50 12.50 2 1.13 6.84 9.25 1.994
4 0.00 12.50 12.50 3 0.422 52 6.317 2.089
5 2.62 10.00 12.38 4 0.945 5.2 4.629 6.317
6 2.62 10.00 12.38 5 5.98 197 31l 3.202
7 1.25 11.25 12.50 6 6.23 20.5 33.7 3273
8 2.56 10.00 12.44 7 11 26.5 43.35 3.857
9 1.31 11.25 12.44 8 2.99 127 20.7 2.324
10 1.31 11.25 12.44 9 25.4 482 88.9 6.421
11 2.10 1042 12.48 10 6.82 195 29.6 3.154
12 0.85 11.67 12.48 1 3.31 131 20.93 2.395

13 1.71 10.83 12.46 12 73 172 23.86 2.83
13 3.54 134 21.53 2.413

yulmu:wheat:water=0:0.5:0.5

3 — - EEm——
H i
— 2 i : -
s = R = o
& 1 - /}_/)—/"-‘/- i
ED ' /rr" //-/" | i
20 - {
(@) v - ' |
g)'1 ‘I - - i
S i
3 R

2 15 A1 -0.5 0 0.5 1 1.5
Log frequency (Hz)

Fig. 2. Dynamic properties of yulmu mixture as a func-

tion of frequency. Mixture ratio of yulmu:wheat:water

is 0:0.5:0.5. —M: Log G', v—W¥: Log G"

yulmu:wheat:water=0.1:0.4:0.5
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Fig. 3. Dynamic properties of yulmu mixture as a func-
tion of frequency. Mixture ratio of yulmu:wheat:water
is 0.1:0.4:0.5

g wizlafo]l 1, Fig 3& &7 :U71% B9 g3 &
o] 0.1:0.4:052 &3l A g9 Wggolt} e
storage modulus(G") #}¥} loss modulus(G") #+-& 0.1
Hz9| frequencyollA] Aeislgi o Rg 1372 A4
o] theted = 22 frequency Wlol| Al Mei st}
ZXEA =HFAn, G & &M ued

Table 4. Anova table for linear and non-linear model
bulit by modified least square linear regression
a) Sequential Model Sum of Square

Sum of Mean F
D

Square Square value
Mean 3398.3 1 33983

Linear 299.0 2 1495 1.18 0.351
Quadratic 609.4 3 203.1 2.29 0.178
SpecCubic 82 1 8.2 0.08 0.791
2
’;

Source Prob>F

FullCubic 110.8 554 0.40 0.700

Residual 412.2 1374

Total 4837.812

b) Lack of Fit Tests

Model Sum of = pp Mean - F b hsF
Square Square  value

Linear 728.4 6 1214 0.88 0.591

Quadratic 119.0 3 39.7 0.29 0.833

SpecCubic 110.8 2 55.4 0.40 0.700

FullCubic 0 0

Pure ERR 412.2 3 1374

0.422-6.82 kPa2] HHE How G" & 5.2-48.29]
WO E HoFQrH(Table 3). Kelvin modeld] 283}
o] 3} elastic component(E) 313} viscous compont(T))

E& 717t 4.629-88.99} 1.994-6.4219] Frel HYE
Bo| Q. olebgo] kgt Wele] gE linear R
non-linear modelS & modified square regressionol 2]
& EAA e g A3 &ul(Table 4), linear model2)
probability gt 0.35124 model3} }7ioll 2 §H3R]
%e ¥ oz Yelda £5F9 WrkRAloldle
interaction termo] &A3l= Ao el Non-
linear model $oll A= quadratic model2] probability 7}
0.1782 71 A et 718 2 3 model2A 2
el on 12] speccubice]l} fullcubic modelS 1
gHE°] 07917} 0724 F-HHEE Ao R vieRgtct
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£, model®) HEPAHE VEME lack of fite] gho]
quadratic model®] Zto] T}E model®r} 713 Fol
(0.833), & F9} Y7} wrEAlolol & interaction term
o] ZA3l%= non-linear modelo] 7} 2 3Hg Aoz
yehgttl. webA non-linear models 7+ BAAAEe
Zholl A-8-3}ed A|4et anova teste] Zi}: Table 59
el v}, Non-linear model2 G', G", E, ngtell o
& 0.125, 0.061, 0.097, 0.1852] z}z} Y& p-valueE
BojPlond lack of fit g& zhzt 0.892, 0.902,
0.893, 0.8558 YehASITh. o|ekzdo] Y& p-values|
%3} F& lack of fite] Aol whal, non-linear model
o] MFANL B on TN 72 HBEEY] in-
teraction A9t A3} AFE A83517] A3} non-
linear quadratic modele] 783 o 2 A} &3HA ®Qlt.

SRt drheet & EFEoA ZF AR (comp-
onenty=2] E I+ non-linear canonical regression

Table 5. The results of Anova test of models for dy-
namic properties of mixture of yulmu, wheat and wat-
er

P-vale G G" E n
Model 0.125 0.061 0.097 0.185
Lack of fit 0.892 0.902 0.893 0.855

*Model was developed by stepwise regression.

Table 6. Regression models for dynamic properties of
mixture of yulmu (A), wheat (B), and water (C)

G'=—2.73*A+ - 8.43*B+211.49*C+40.5*AB
G"=1.11*A+ - 15.17*B+466.99* C+66.60*AB

= 0.06*A+ - 29.26*B+784.22*C+131.18*AB
1=1.347* A+0.479*B+46.033*C+5.848*AB

G' (Pispel)
12.77+
10.59 |
8.41¢ /
o 823}
4.05¢ g:g:éd Quadratic

1.a7| Pseudo components:
UL A = yulmu
i B = wheat
-0,31§ C = water %
-0.340 -0.230 -0.120 -0.010 0.100 0.210 0.320
Deviation from Reference Blend
Fig. 4. Trace plot describing the effects of yulmu-
wheat-water mixture on storage modulus (G').

i

model 24 H @ = o} A tH(Table 6). <] coefficientE &
2} JE-E2] activityE WYERUl = 21 2 2 (Arteaga et al.,
1993, Yoon et al., 1996a, 1996b), =5-§ako] BHE
Aol 7V A dFE WA e Aoz =iy 1§
G'# G 2L T8 EAEA &5 Uree] 4
% 2 S-(interaction)o] positivedt HEFE v Ao
Uelbt=d] 25 interaction term& 1<0.012) ® 2ol A
e ekt

Non-linear model & ZA & 3l E{Eorel 7z}
qEE0 AL ARz BI|$8 trace ploto] G
(Fig. 4), G"(Fig. 5), E(Fig. 6), n(Fig. 7)ll tha}e] 124
A}, Reference blendE Y ER &= plote] center:= &

G* (Piepal)
28.02
2422 \
20.42¢ \\s

& 16.62+ ]
|
i

Modet:
12.83+ Reduced Quadratic

| Pseudo compongnts:
9.03 A = yuimu )

B = wheal
5_231[ C = water

-0.340 -0.230-0.120 -0.010 0.100 0.210 0.320
Deviation from Refsrence Blend

Fig. 5. Trace plot describing the effects of yulmu-
wheat-water mixture on loss modulus (G").

G (Plspel)
48.701
41861
35.02+ \\s
w 28.18;

Madel:
2134 Reduced Quadratic

14.50+ Pssudo components:
A = yulmy
B = wheal

7.66»t C = water

-0.340 -0.230-0.120 -0.010 0.100 0.210 0.320
Devistion from Reference Blend

Fig. 6. Trace plot describing the effects of yulmu-
wheat-water mixture on elastic component in Kelvin
model.
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Visc (Piepel)

a150]

3.750

3.350

;3 2.950}

Model:
25501 Roduced Quadratic

2151} Pssudo components:
A = yuimy
B = whaesl
1.75t+ C = waler

-0.340 -0.230-0.120 -0.010 0.100 0.210 0.320
Deviation from Reference Blend

Fig. 7. Trace plot describing the effects of yulmu-
wheat-water mixture on viscous component in Kelvin
model.

38 vertice?] centroidol| A} 3]} E‘_F— A E4
HEL M2 ¥ ATE e ed, 79 3
7heE (A-AX)o] 271842 BE %14 A e 7
aA7le AEE BAon, Wk A% (B-BA)
reference blend7}x] & AR Z7A7) A I35
gte) g e AT 29 Hrke (CCH) BE
EREY PS5 wHP oz FAATE o N3k
g & HAFYth F, EFEFAFE AN &
po) Fg AHILSS GUeEQ ©e 27147
v, BAWM e B Hrbt Hedd 2 B
& F3t2:3 A ojrEe]=negativedt S v 2R
B5 Hrisld vt A Ee A $= 53 o8k
oF &gtk wtr &RAE] A Al BT IA
3 BA7iEe 2e S E WEW A s, 1

o W& HAM7AE ArEsF7] 9% least cost non-
linear programming & 2 4% slich.

Least cost formulation of yulmu using Derring-
er-Suich’s method

w2 probability 2t 2 <¢13]A non-linear quadratic
model & A}-8-8+% 31 canonical modele] 1} trace plot-&
S43te] 2 A3}, Bol £59) Wike §9EHE
o] Aol negativedt B vlAe Ao g e}
o}, wheba], non-linear programmingS AM8-3la] 3
HEFHE FIHd BE THEAFEEC
response & acceptablegt range 2] A 3} ti(Table
7). Z, G & 05914 20 Pa, G" 32 25014 40 Pa,
el d g 15-20%, AMEEE 0-3.5%, Z2e

Table 7. Constraints for least cost formulation of yul-
mu mixtures

Functionality Low High

G 0.5 20.0

G" 25.0 40.0

E 30.0 70.0

n 2.0 40

Protein 15.0 20.0

Fat 0.0 35
Calory 2000 2500

*The content of protein, fat and calory/100 g of each com-
ponent.

Table 8. The least cost formulation of yulmu mixtures
from Derringer and Suich's method

a) The least cost formulation

Component Ratio (%)
Yulmu 7.25
‘Wheat 42.77
‘Water 49.98

b) Predicted response and cost

Predicted response

G' 11.86

G" 27.89

E 48.06

n 4.00

Protein 15.00

Fat 2.57
Calory 2619.0

Cost (min.) 1.307

*The price of each component was determined as; yulmu: 1,
wheat: 0.5 and water: 0

£ 20000 4] 2500 cal/(100 g &5)2] WY ol| X least
cost formulationg $1%} constraint®) ¢ 241 A&t
% 717 response= minimum 2. 2 A s},

AR 2o 1AL do® 1:05:008 A
3}1S ) non-linear programming®} minimum objec-
tive valuet:= 1.3079) 71402 ugn 1ol HAuigt
H| = 7.25% &5, 42.77% U715, 49.98%2] &< §aF
Hj 24 AAEE o] th(Table 8). o] 1&g EgH|E o] &
3l THE EFAIES BAUE dEHAEY G @2
11.86, G" gk 27.89, vhl A stare 159, x|uldlete
2.57%, calory 26192 YERSTE o|9bzhe HAEE
H]gr HA 7 Al gt Gﬂzé}(i’/} &S T response

Z}*ﬂﬂ A, A, F2 ikt Lz 5L o

vl &2 2AS ur] wE Z} B4 59 weighto]

1} desirablity & 25 A3 g2 Aldbdelt}. wet

A FF M ZCE weightS response] o] FHA7)A
£ 2H&3E o) o S dFE ook 33l
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