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A method is deHcribed for t he measurement of gel s trength that involyes essentially the 

determination of the shearing force r()q uired to fracture gels. vVeight is applied to standard 

disks embedded in t he gels. A standardization of t he method is outlined. Several applica­

t ions are given to ill ust rate the precision of the method and its use in s tudies of starches of 

various kind s. No exact co rrelat ion between gel st rength and t he granular size or t he 

amylose o r amylopectin co ntents of s tarches was found. 

1. Introduction 

This paper deals with a method for the measure­
ment of gel strength . It was developed during 
the course of an investigation of the paste-wall of 
electric dry cells. The paste-wall of most dry 
cells consists of starch-flour gels. Therefore, 
attention is primarily given to gels prepared with 
these materials. The method, however, may be 
used in d etermining the strength of all types of 
gels whether they are of the reversible (gelatin) or 
irreversible (starch) type. 

Many methods have been proposed for the 
measurement of gel strength . Of these, mention 
may be made of the ASTM [1]1 and Fuchs [2] 
penetrometers, the Bloom [3] gelometer, the TalT­
Baker [4, 5] gel tester, the Brimhall-Hixon [6] 
rigidometer , the Sheppard [7, 8] torsion dynamo­
meter , the Rosinger-Vetter [9] static-loading mem­
brane method, and the Saare-Martens [10] disk 
method. All of these have specific advantages. 
However , as stated by Kerr [11], different char­
acteristics of a gel may be measured by the various 
methods, depending on the point of view. They 
may give an indication of the rigidity, elasticity, 
plastic viscosity, or the resistance of gels to some 
force such as cutting action or torsional force. 
Some of these properties may be related to gel 
strength. For precise measurements on starches, 
the methods that involve the surface of the gel 
are less suitable than the others because starch 
o-els form hard "surface skins" on standing. b 

1 Fi~ures in bmrkr ts indicate the literature references Rt the end of this 
raper. 

Measurement of Gel Strength 

Of the various procedures, the Saare-Martens 
disk method appeared to be the best suited to 
starches and to give data tha t are a tru e indica­
tion of their strength . However , preliminary 
tests showed that it could be used only with gel 
containing a small amount of starch , and that the 
precision was low. The Saare-Martens method 
involves the fracture of a gel by an embedded 
disk. The gel and disk are placed on a stationary 
platform over one pan of an analytical balance, 
and lead sho t is added at a known rate to the 
other pan. However, because of the deformability 
of the gels, the pan to which the lead shot is added 
frequently to uches the baln,nee rest before a frac­
ture of the gel occurs. This was prevented in the 
present work by using an adjustable platform 
instead of a stationary one. Usc of mercmy was 
also found superior to lead shot because the latter 
co uld not be added at a steady or consistent rate. 
By using an ad justable platform it was also pos­
sible to obtain an indication of the rigidity of gels 
by determining the rate of change of heigh t of the 
adjustable platform. The method described in 
this report, therefore, gives t·wo properties of gels: 
the strength of the gel and an indication of its 
deformability . 

II. Description of the Method 

A schematic diagram of the apparatus is shown 
in figure 1. A brass disk is suspended in the gel 
by a brass wire conn ected to the center of the 
top surface of the disk. The upper end of the 
wire is benL so that it ma.y he fastened to a hook, 

29 



L , suspended from the beam of an analytical 
balance. A beal\:er, A , containing the gel and 
disk is placed on an adj ustable platform, B , with 
scale 0 , over one pan of the balance. Mercury 
is then added from a burette, E , supported by 
a stand, F, at a constant flow-ra te to a beaker , 
G, on the other pan of the balance. The beaker 
is tared with a weight, H . A burette constructed 
on the principle of the Mariotte flask is used so 
that mercury is delivered at a eonstan t rate 
regardless of the amount of mercury in the burette. 
Different flow-rates were made possible by the use 
of various sizes of capillary tubes, J1;[ , which 
were attached with rubber tubing to the bulb 
of the burette. The capillary tubes were cali­
brated by weighing the mercury delivered in a 
given time. At the beginning, the space above 
the mercury is evacuated, and as mercury is 
withdrawn, a partial pressure is maintained over 
the mercury. As mercury is added to beaker 
G, the height of the adjustable platform, B , is 
changed by a screw, D , so that thc pointer , J , 
of thc balance is always kept at the zero mark 
The scale readings on scale 0, arc rcad at intervals 
of 1 minute, timed 'with a stopwatch , un til the 
end point is r eached. The end point is determined 
to the nearest qu a rter of a minu te. 

FIGURE I. - Schematic diagram of equipment for the 
measw'ement of geZ stTenglhs. 

For many of the concentrated gels, so much 
m ercury was required to pull disks from the gels 
that beaker A would be raised from the platform 
before a fracture of the gel occurred. Therefore, 
the b eaker was placed in a lead mold, K , weighing 
1,500 g made to fi t snugly th e circumference of 
th e beakers. Copper strips fused into the lead 
mold pro truded up and over the rim of the 
beaker. 
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Sam'e and ~i{artens and others hav e defined gel 
strcngth as the weight of mercury required to 
produce a fracture in the gel divided by the ar ea 
of the disk. It will be shown later tha t this 
definition must be modified and is sui table only 
for comparisons. The rate of change in height 
of the adjustable platform gives an indication of 
the resistance of gels to deform ation. 

The precise moment the first fracture of the 
gel occurs is not always easy to detect. There­
fore , the weight of mercury was recorded as the 
value after tbe disk was pulled from the gel. In 
t hose cases where the time of fracture was no ted, 
it was observed that the disk s were pulled from 
t,he gels within a few seconds for dilute gels and 
within % to 2 minutes for the more concentrated 
gels. These time intervals introduce only small 
errors in the determination of gel strength. 
Furthermore, the true end point may be de ter­
mined from a plot of the scale readings of t}w 
adjustable platform as a function of time as will 
b e discussed later. The disks sometime separate 
suddenly from the gels with considerable jarring 
of the balance. TherefOl'e, cork pads wcre 
placed under the balance pan to protect the 
b eams and knife edges of the balance against. I 

ll1)ury. 
To illustrate the method, a number of gels 

were made under identical concli tions. A known 
weight of sample was added to a known weight 
of distilled water of pH 6,1 to 6.6 in a P yrex 
b eaker. The beaker was then placed in a boiling­
water bath (98 0 C) and the paste heated for 15 
minute with constan t stirring. The paste was 
then poured into a beaker of standard dimensions 
to a designated marle A brass disk having a 
thickness of 1 mm and a diameter of ] .9 em (% 
in. ) was immediately inserted into the hot gel to 

• a dep th of 3.8 cm (2 in) and the hook of the sup­
porting wire hung over a temporary rod resting 
on the top edge of the bottl e. The temporary 
rod was removed before the wire of the disk was 
engaged with the wiro extending from the beam 
of the balance . The disk: was cen tered in tbe gel , 
a necessary precau tion , by a simple mechani cal 
device. It consisted of a circular piece of alu­
minum (X4 in. thick) with holes for the wire and 
hook suppor ting the disk. I t rested loosely on 
top of the beaker , T en milliliters of liquid 
petrolatum was then poured over the surfa,ce of 
thc gel to preven t the formation of "surface 
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I skins." Prior to the measurements, the gels 
wer e aged for 24 hI' in a constan t-temperature 
water bath controlled at 25 ± 0.02° C. 

In table 1 data arc given for variou gels. 

I 
H ere, for illustra tion , gel t rength j defined in the 
customary manner as the load in grams divided 
by the area of the disk in square cen timeters . 
Actually, the surface of shear , as will be discussed 
later , is given by a column of starch , having a 

I 
circumference equal to that of the disk and a height 
approximately the dep th of immersion. A flow 

I rate of 16 g of mercury per minute was used in 
these measuremen ts. The gel strengths may be 
calculated either from the final weight of mercury 
or the flow-rate, and the minutes required to 
reach the end poin t. Both values are given in the 
t able, and the agreemen t is good. The r eproduc-

T ABLE I. - Gel stTength 0/ vaTious stm'ches and whwt 
flouT at 25° C 

Weigh t Weigh t 
"Vc i ~ht ~I' im c of W eight Weight of dry of of mercury Gel Sa mp le' of of samp le mer- end fr om st rength so mplc watcr per 100 cury po int end 1111 poin t 

----------- -----------
y !I !I !I minute y (I/em 2 

(3. 211 145. 9 1.9 0 -- - -- -- -------- 0 

r~ 
140. 0 3.3 13 1.00 16 5 

6. 422 144. 7 3. 8 22 1. 25 20 8 

Corn starch ...... 
9.633 134.7 5. 7 161 10. 00 ]60 56 
10. 00 141. 3 5.9 177 11. 00 176 62 
12.84 138. 4 7.6 291 18.50 296 102 
15. 00 13S. 0 8.8 362 23. 00 368 127 
20. 00 134.7 11. 8 592 37. 25 596 208 

r~ 
142.3 2. 9 0 --- ---- -------- 0 

6. 527 143. 7 3.8 21 I. 25 20 7 

W heat starch ... 
10. 00 141. 3 5. 8 141 9. 00 ]44 49 
13. 05 138. 2 7.6 251 16. 00 256 88 
15. 00 138. 0 8. 7 294 20.25 324 103 
20. 00 134. 7 11.6 463 29. 00 464 162 

r oo 
143.7 3.8 4 0. 25 4 1 

10. 00 141. 3 5.9 40 2. 50 40 J4 
W heat fl our ..... 12. 79 138. 4 7. 6 77 5. 00 SO 27 

15. 00 138. 0 8. 9 11 3 7. 00 11 2 40 
20. 00 134. 7 11. 8 170 10. 00 160 60 

rL 20 
140. 0 6.6 0 ------- - -. -- --- 0 

\ Vaxy cornstarch _ 12. 95 138. 3 7. 6 0 - - ----- - ---.-.- 0 
20. 00 134. 7 1l. 7 0 - ------ ---- ---- 0 

{ 10 00 141. 3 6. 4 0 -----.- --.----- 0 
G um gluten ..... 15. 00 138. 0 9. 7 0 ------- ---- -- -- 0 

. 20. 00 134. 5 12. 9 0 -- ----- .------- 0 
M aine pota to 

starch ........ . 13. 11 138. 1 7.6 70 4. 25 68 25 
Idaho pota to 

starch ......... 13. I I 138. 1 7. 6 12 1. 00 If, 4 
S weetpotato 

starch ........ 12. 49 138. i i . 6 88 5. 25 84 32 

• SouTce (Co.) and moistme con tent of samples : cornstarch , B uffalo, 12.S% ; 
whea t s ta rcb, A2 1 General M ills, 14.2% ; w heat flou r, P illsbury XXXX, 12.4% 
waxy cornsta rch, Na tiona l Starch, 13.5%; gum glu ten , Keever Starch , 4.5%; 
1tla ine potato s tarch, American l\1ai ze, 14.6%; Td aho potato starch, American 
M aize, 14.6% ; and sweetpota to st arch, Laurel Starch , 10.3%. 

MeasureIl1ent of Gel Strength 
745694- 47--3 

ibili ty of the method is high, and the gel strength 
may be determined with a precision of better than 
0.5 percen t. The limitations of the method lie 
more in the reproducibility with which gels can be 
prepared than in errors inherent in the method . 
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F I GUR E 2.- Gel strength 0/ some staTch and flour samples 
at 25° C. 

Comparisons of the gel strengths of the samples 
on the dry basis are shown in fig m e 2 . Th e 
moisture conten ts of the samples were determined 
as recommended by Sau: and Fetzer [12) by 
heating 2 to 5 g of the sample in a vaCUlUIl oven 
for 48 to 72 ill at 135° C to constan t weigh t . 
Dilu te pastes of waxy cornstarch and gum glu ten 
do no t form gels. Only a fraction of a minu te was 
required to pull disks from them, and they were 
listed as having no gel strength . As will be shown 
la ter , more concen trated pastes of waxy corn­
starch form gels. 'Wh eat flour has less strength 
than wheat starch . It contains abou t 30 percen t 
of gluten, which does no t contribu te to gel strength. 
The method also makes poss ible the determination 
of the minimum percen tage of starch for gel 
formation. Pastes con taining less than about 
4 percen t of dry whcat flour, wheat starch , or 
cornstarch do not gel. F or illustra tion, data are 
given in table 2 showing the effect of temperature 
on the strength of cornstarch gels. The gel 
strength of cornstarch is lowered by an increase in 
tempera ture and by additions of either NH 4Cl 
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TABLE 2.- Ej)·ect of snlts and temperattlre on the strength of 
cornstarch gels 

Weight r. · I 
Weight Weight of dry \\ Clght Gel Ge l 

of of sbreil of strengths strength Salt 
starch water pc;' J 00 m er· (aq ueo us (salt 

ml cury pas te) paste') 

----------------------------
g g/ml g/cm'l g/cm' 

40 g NH, CI --.-.-.- JO 1.15.3 5.9 51 62 18 
40 g NH,C1 -------- 20 J08. 6 11. 8 440 208 154 
40 g Zll CI, __ . _______ 10 127.6 5.9 6 62 2 
41 g ZnCJ, __________ 20 120.9 J1. 8 290 208 102 

---------- -------
Temperature, Gel Gel 

°C strcngth, a strength, 
25° C 54° C 

------- ------
54 ___ . ______________ 10 141. 3 5.9 26 62 
54 __________________ 15 138.0 8.8 250 127 88 
54 ______ ____________ 20 134.7 11 . 8 445 208 156 

• Data obtained from table l. 

or ZnCh, tho effect being more marked for dilute 
gels.2 Tho data presented are not extensive, as 
it is beyond the scope of this paper to investigate 
all possible variations on the characteristics of 
s tarch gels. Only sufficient data have been in­
cluded to illustrate the possibilities of the method 
described in this paper. 

In table 3, the scale readings for a cornstarch gel 

TABLE 3.- Scale readings of the adjustable platform fOT 
cornstarch gel containing 11.8 g of d,'y starch peT 100 ml 

Minutes 

-----
0 __________ : ___ 
L ___________ __ 
2 ______________ 
3 _______ . ______ 
4 ______________ 
5 ______________ 
6 __ ______ . _____ 
7 ______________ 

8 ___ -----_.---
9 ______________ 
10 ________ _____ 
11 ___________ __ 
12. ________ ____ 

Scale 
read· 
ing 

---. 2, 14J 
2. 138 
2. 133 
2. 128 
2. 123 
2. 11 9 
2, 116 
2. 112 
2. 108 
2. 104 
2. 101 
2. 098 
2. 096 

Minutes 

13, ____________ 
14 _____________ 

15 _____________ 
16 _____________ 

17 ___ __________ 

18 _____________ 
19 ___ _____ . ____ 
20 _______ . -.-.-
21. ____________ 
22 _____________ 
23 __ . __________ 
24 _____________ 
25 _____________ 

a AO.02 scale reading equ als 1.0 mm . 

Scale II read-
lllg 

---
2.092 
2. 090 
2.086 
2.083 
2.079 
2.078 
2.076 
2.072 
2.068 
2.066 
2.063 
2. 058 
2.055 

Minu tes 

-----
26.. ___________ 
27 _________ . ___ 
28 _____________ 
29 ________ _____ 
30 _____________ 
3L ____ . ______ 
32 ____________ . 
33 _____________ 
34 ________ _ . ___ 
35 __________ ___ 
36.. . __________ 
37. _______ _____ 

37.25.. _. ______ 

Scale 
read ­
ing 

---
2.048 
2. 040 
2.032 
2.025 
2.0J8 
2.002 
1.988 
1. 979 
1. 968 
1. 955 
1. 938 
1. 907 
1.858 

(11.8 g of dry starch per 100 rnl) are given for 
illustration. In figure 3, the scale readings are 
shown plotted with respect to time for gels con­
taining 20 g of starch in 148 ml of paste. The 

' 1' bese variables were chosen berc because of their importance in dry cells. 
A temperatm e of 54° C was used because dry cells during the war were 
shipped to th e tropics, where the temperaturc in 30me cases reached as high 
as 54° C. 
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FIGURE 3.- Scale j'eadings of the adjustable platform as a 
function of time, showing the deformability of dij)'erent gels 
under vaTious conditions. 

slope differs for each sample. A large slope up to 
the break in the curve (large departure from ver­
tical axis) means that the gel is more easily de­
formed. It will also be noted that the end point 
for cornstarch gel is approached gradually, where­
as the addition of ZnCl2 causes the gel to break 
sharply. A more aCClU'ate value of the end point 
may be obtained from these plots by extending the 
two distinct sections of the curves until they inter­
sect. In general, the value of gel strength ob­
tained fr0m these end points agrees closely with 
that found from the weight of mercury and given 
in table 1. In table 4, the values of the slopes are 

TABLE 4.- Ra/e of change of the platform height for various 
gels 

Sample a d (scale readi ng) /dt Gel strength 
------------------------~---.---------

lVurnbe r/min 
Cornstarch ___ _ ___ ___ ___ _ __ _ __ _ _ _ _ _ _ b O. 003 
Wheat s tarch ___ ____________ ._ __ ___ _ .004 
Wheat fl our __ _____ ______________ ,__ . 010 
Sweet potato starch __ __ __________ _ _ 
Maine potato starch _______________ _ 
Idaho potato starch _________ . _ .... __ 
W axy cornstarch ________ . _________ _ 
Cornstarch N H ,C1 ________________ _ 
Cornstarch ZnC!, ________ . _________ _ 
Cornstarch a t 54° C _______________ _ 

04 
. 05 
.4 

'. 9 
. 003 
. 006 
. 004 

mm/min 
0.15 
. 20 
. 50 

2.0 
2.5 

20 
, 45 

0. 15 
.30 
. 20 

g/cm' 
208 
162 
60 
32 
25 I 

4 
o 

154 
102 
156 

• All gels contained 20 g of undried starch per 148 illl of paste except t he 
ones made with potato starches, which contained J2.94 to 13. 11 g per 148 ml 
ofpaste. 

b A value of 0.02 on t he scale equalled 1.0 mm . 
o E sti mated value; the slope may be infi nite as the gel stren gth was prac­

ticall y zero. 
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given for the various samples plotted in figure 3. 
rt may be seen that gels having the same strength 
do not always have t he same slope, or t Il e same 
resistance to deformation . 

III. Standardization of the Method 

In the foregoing, certain variables were assigned 
arbitrary values. Obviously, the rate at which 
the mercury is added, the diameter of the disk , 
the depth of disk immersion, the time of heating 
and aging -of the gels, and the heating container 
must be standardized . 

In table 5 data are given for various flow­
rates obtained with a disk having a diameter 
of 1.9 cm and embedded 3.8 cm in the gels. 
Higher value of gel strength are obtained by 
using higher flow-rates, beeau e the gels have not 
had sufficient time between uccessive additions 
of mercury to ad just to the strains imposed on 
them. A higher How-rate , although requiring 
less time for ea.,eh measurement, makes less 
accurate the reading of the scale of the adjustable 
platform and introduces 1 larger end-point enor. 
Usually, the stopcock of the burette cannot be 
closed at the instant the disk is pulled from the 
gel. Therefore, some mercury is delivered after 
the disk has been separated from the gel. Experi­
ence has shown t hat the stopcock can be closed 
within 2 to 3 seconds after the disk has been 

T ABLE 5.- The e.ffeet of flow-mte of mercw'y on the measure­
ment of gel strength 

Flow·rate 

Weighto[ 
mercluy 
req uired Gel E nd·point 
to pull s trength error 
disks 

rrom gels 

A, 8.8 G OF DRY OORNSTAROH PER 100 ML OF PASTE 

Minute 9 glem' g 
8.0 ................ . .... . ............... . 340 119 0.3toO.4 

16.0 ......... . ..... . . . ... . ............... . 362 127 . 5 to .8 
17.1 ............. .. .... . ........ ... ... . .. . 364 128 . 6 to .9 
43.0 ............. .. .. _._ . . ............... . 386 135 1.4t02.2 
92 .............. . .... . ... . .............. . '128 150 3. 1 to 4. 6 

170 . . .... . . .. ..... . . . . . . . •... _ ........... . 452 159 5. 7to 8. 5 

B , 5.9 G OF DRY OORNSTAROH PER 100 ML OF PASTE 

7.0 .............. . ............. . ........ . . 
16.0 .. . ........... . ... . .................. .. 
17.1 .... ... ........ . ........... ...... ... .. 
43.0 .......... . .. .. ... . . . . '''''' "'"'''''' 

159 
177 
178 
204 

Measurement of Gel Strength 

56 
62 
63 
72 

0_ 2 to 0.4 
.5 to . 8 
. 6 to . 9 

J. 4to 2. 2 

pulled from the gel. This is equivalent to an 
elTor of 0.5 to 0.8 g in total weight of mercury 
for a flow-rate of 16 g of mercury per minute. 
Corresponding end-point errors for other flow­
rates are given in the last column of table 5. 
A flow-rate of 16 or 17 .1 g of mercury per minute 
was found to be the most convenient, and either 
may be used as the standard. The former was 
used for all data already presented ; the latter 
value is used for all subseq uen t data. 

Data are given in table 6 showing the effect of 
hea ting time on the pastes. As no change was 
observed in gel strength after 15 minutes, this 
time of heating was chosen as standard. 

T ABL E 6.-Eff eet of time of heating of gets on the measure· 
ment of gel strength 

W eight Weighto[ 
o[ dry mercury 

Sample sample rrimc of required Gel 
per 100 heating to pull strength 
m] of disk [rom 
paste gels 

----------------- ----- ----- ----- -----
y lvIinute g glem' 

5.7 6 44. 5 16 
5.7 15 161 57 
5. 7 30 172 60 

Oornstarch . 
11. 8 4 473 166 

-- - - -- - - --- --- - - - -- It. 8 6 588 206 
11.8 10 594 208 
1.1 . 8 15 592 208 
11 .8 30 588 206 

... { 5.8 G 22 8 
Wbeat starch ................ 5.8 15 141 49 

5. 8 30 139 48 

Data obtained with d iffer ent sizes of disks em­
bedded various depths in Amaizo cornstarch gels 
are given in table 7. It was found that the con­
centrated pastes could not be prepared in beakers 
and then transferred to other containers. There­
fore, the procedure of preparing the gels was 
changed. The pastes were prepared and heated 
in standard Pyrex 150-ml beakers (diameter = 5.2 
em), disks were inserted to a known depth, and 
tests of the strengths made of the gels in the stand­
ard beakers. Metal containers had the disadvan­
tage of being either expensive or easily corroded. 

The weight of mercury req uired to fracture the 
gels approaches a constant value with an increase 
in the depth of immersion and more rapidly the 
smaller the d iameter of the disk. It would be 
conveni ent, therefore , to have some means by 
which data obtained with different sizes of disks 
embedded various depths may be correlated. 
For rigid materials, like concrete or steel, the 
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TABLE 7.- Data showin g the effects of the diameter of the 
disk and the depth of i m mersion of the disk on the load 
Tequired to fro ctuTe Amai zo cornstarch gels at 25° C 

.c 3 ~ 

~ '" i< 
'0 '0 
:0 :0 
"" 

.., 
.;;; .;;; 
::: ::: 

0 g 
5 ••••.. 104.5 
7 . ..•.• 103. 2 
10 •.... 101. 2 
12 ..••• 99. 8 

15 ••..• 97.8 

18 .•... 95. 8 
20 .. . .. 94. 5 
25 • .••. 91. 2 
30 • •... 87. 8 
35 .• ••. 84.5 

40 . • • •• 8!. 2 
45 •.... 77. 8 
SO ..... 74. 5 
55 •• • •• 71.2 

~ H eight , in em 
E 
~. ~ -------r-~-T---r-----
'0 § ----- -----:---:----------
.;..;0 ... Diameter, In em 
.c '" bL 0.. ___________________ _ 

.; 
::: I. 9 O. 95 O. 64 1. 9 O. 95 O. 64 1. 9 O. 95 O. 64 1. 9 O. 95 0 64 

g g g g g g 0 g g g g g 
4. 1 5 0 0 9 0 0 JO 5 0 J9 6 0 
5. 7 17 10 5 42 15 JO 48 20 11 84 24 12 

8. 2 50 21 14 103 40 24 143 50 28 178 60 28 

9. 7 85 41 24 166 63 37 223 88 42 292 95 44 

12. 1 148 67 38 267 108 63 360 131 70 471 140 75 

14. 7 217 103 61 395 156 89 555 197 105 673 213 108 
16.2 260 127 75 493 210 JlO 678 243 127 827 268 129 

20. 3 377 185 11 2 743 296 162 989 364 183 --- - 399 197 

24. 4 540 258 151 999 420 229 ---- 505 256 -- -- 550 261 
28. 5 690 328 200 ---- 537 291 ---- 649 326 ---- 714 340 

32.5 904 428 257 • . . 693 376 • .• • 822 423 . .•. 915 445 
36. 5 ...• 5il 371 . • .. 930 510 .•.•.•.• 587 ._ . •.. . • 610 
40. 6 .... 723 462 . . ...... 642 ........ 751 . . • . .••. 807 
44.7 • ••• . . • • 560 .•..•.......•• •.•• •.••••• • ••.••• ••.. 

• Moisture con tent of Amaizo cornstarch = 12.4 pcrcent. 

surface of shear would be given by a column h aving 
a circumference eq ual to that of the disk and a 
heigh t equal to the depth of penetra tion of the 
disk. For gels, however , the column is no t a true 
cylinder but is somewhat conical wi th a heigh t 
empirically found in this work to be proportional 
to the r adius of th e disk. Therefore, gel s trength 
is given by 

load 2 
Gel strength = (27fr) (kr) glcm , (1) 

where k is the propor tionali ty constant, and h 
would be the effective heigh t of the surface of 
shear . Only when lc= 0.5 is th e area of the ~LU'face 
of shear equal to that of the disk. H ence only for 
this special case may gel strength be defined in the 
customary manner as the load divided by area 
of the disk. The data of table 7 show that the 
weigh t varies exponentially with the depth and 
more rapidly the smaller the diameter of th e 
disk. Therefore, the propor tionality constant, k, 
varies exponentially , and its variation may be 
expressed by 

(2) 

where h is th e dep th of immersion and a and n 
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are empirical constants. For plastic materials, n 
is equal to 2. Values of a and n were chosen to 
give the best fit with the experimental data. 
They were found to b e, respectively, 0.24 and 1.l. 
Consequen tly, for corr elation of data, gel strength 
may be calcula ted by the equation 

load 
Gel strength = g/cm 2 • (3) 

1fr2( 1 - e- O.24 (h / T)1.l ) 

Values calculated by t his equation are independent 
of the diameter of the disks or their depth of im­
mersion, but are for a designa ted flow-rate, in 
this case 17.1 g of mercury per minute. In table 
8, data are given for the gel strength of cornstarch 
calculated by eq 3. As contrasted with the data 
of table 7, these dat a show th e validi ty of the 
generalized equation . The fi t is best in the 
in termediate range of concen tra tion, is fair for 
dilu te gels where the value of th e load is low, and 
fair for the most concen trated gel wher e in each 
case the precision of the method is less . It was 
found that this equation wi th the same numerical 
constants also applied to other vari eties of starch es. 
For the sake of brev ity these data are no t in­
cluded. 

For convenience, instead of using various sizes of 
disks and dep ths of immersions, stand ard values 
of the diameter of t he disk and its dep th of im­
mersion may be chosen . Then the quan tity in t he 
par en thesis of eq 3 is n, constan t . A diameter of 
0.95 cm (% in.) and a dep th of immersion of 2 em 
were chosen as standard because of experimen tal 
convenience. L arger diameters or greater dep ths 
require longer time for the indiv idual experimen ts , 
and smaller diameters or smaller dep ths decrease 
the precision of the method. 

Briefly, therefore, a flow-rate of 17.1 g of mercury 
per minute, a disk diameter of 0.95 cm, a dep th 
of immersion of 2 em , a Pyrex glass h ea ting con­
t ainer, a h ea ting period of ] 5 minutes, and an 
aging period of 1 day were chosen as the standard 
conditions. T ests in dicated that the strength of 
gels showed significant changes only after 4 or 5 
days of storage. 

IV. Applications of the Method 

A few applications of the method follow. Vari­
ous starches may b e characterized by their gel 
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T A BLE S.- Gel strength of Amaizo cornstarch at 25° C. calculated by the equation 

load 
Gel strength = gjcm2 

7rr2 [1 _ e- O.24 (hM 1. 1J 

Height, in em 

Weight o[ dry starch per 100 ml 
Diameter, in em 

AyeI.'· 
age 

________________ ~ ~ ~~ __ ~_ ~1~_'_1_.9_ ~~ ~1_l_.9_ ~I 004 ____ __ _ 

0 0 
4.1. .•. ________ . __ .. __ . ____ . __ .. ______ 8 0 0 0 6 8 10 4 
5.7 .. __ .. ________________ ... __ . __ . __ .. 27 33 27 35 30 38 29 33 37 43 32 38 38 
8.1. ____ • __________ ••..•... ________ • .. 78 70 77 86 80 90 88 84 94 91 82 90 84 
9.7 .. ___ . ________ .. _______ . _ .. __ • _____ 133 137 132 139 128 139 137 147 141 149 145 142 137 
12.1. ___________ . _____________ .. ______ 232 224 210 224 220 237 221 219 234 240 214 242 226 

14.7 .. __ . ________ .. _______ . ______ .. __ . 340 345 337 331 318 335 341 330 352 343 339 348 338 
16.2 .. ___________________________ . ____ 408 425 414 413 428 414 416 407 426 "(422) 416 4J5 4J7 
20.3 .. __ . ___________ . ___ .. _____ . ___ . __ 591 619 618 622 604 610 "(607) 610 613 610 634 613 
24.4 .. ______ ... __ .. ______ ... .. __ • ____ • 857 864 833 "(837) 857 863 845 858 842 840 850 
28.5 .. __ . _. _ ._. _ •.. ___ ._. ___ .•.. _ .••• _ 1, 082 1,098 1, 104 1,095 1, 096 1, 086 ] ,092 J , 092 1,095 1, 093 

32.5 .. ___________ .. ______________ ..... "(1,418) 1, 433 1,418 J, 413 1, 416 __ .... __ ' (1 , 375) 1, 417 " __ " __ '(1,414) 1,416 1,413 
36.5 .. ________________________ .. ______ ________ 1, 912 2, 047 __ .. _ .. _ "0 , 897) 1,921 .. ---- __ ----____ 1,967 _____ .. _______ .. 1, 994 1,956 

!~:;:: :::::::::::::::::::::: :::::::::: :::::::f~'· ~~~ ~ "(~::) :::::::: :::::::: ~:~: ~~~~ :::::::: :::::::: . :~:~~~: :::::::: :::::::: ::~:~~~: 
2, 498 
3,090 

a Values in parentheses arc less precise than the other values. 
b Arithematieal mean dedation; re[ers to the lim its with wh ich the equation reproduccs the experimental data and not to the experimental preCision . 

strength. The amounts of mercury required to 
pull disks from various starches are given in ta,ble 
9. The gel strengths of the various starches as 

calculated by eq 3 are shown plotted in fIgure 4 
as a function of grams of dry starch per 100 ml of 
paste. The minimum concentration for gel form a­
tion differs for the various starches. 

TABLE g.- Gel strength nf various starches at 25° C 

W eight of 
starch 

g 
5 _________ .. 
7 _____ ______ 

10 __ .... _ ... 
12 ____ .. __ .. 

]5 _ ......... 

20 .... ___ ... 
25 _____ __ _ 
30 ...... __ _ 
37 __ .... _ .. 
45 ____ .... . 

" 'e ight of mercur y 
Weight -----------------------

w~[er Corn Wh eat Arrow· Ri ce Cas· Waxy fRL~d fa~Le~d 
root sava corn corn wheat 

g g g g 
104.5 0 0 4 
103.2 11 ---- -------

101. 2 22 12 52 
99.8 50 -- - ---- -------

97.8 Jl9 71 80 

94.5 264 23~ 123 
91. 2 363 372 l e9 
87.8 493 585 256 
83.2 661 826 477 
'17.8 825 884 

g y 
0 0 

0 

------ -----

34 14 

85 63 
137 76 
208 130 
330 197 
52il 293 

g 
0 
0 
0 

26 
53 
92 

14 6 
228 

g 
10 
53 

150 
235 
135 

625 

49 

138 
215 
350 

512 
750 
97., 

2000 

IBOO 

1600 

a:: 
w 1400 
I-
W 
:2 
>= 
Z 
W 1200 
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W 
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BOO 
a:: 
w 
Q. 

(j) 600 
:2 
<! 
a:: 
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400 
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10 20 ,0 40 50 
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5 
6 
5 
9 

7 
6 
8 

10 

46 
64 

55 _ .... ___ .. 71. 2 947 418 322 l " lGliRE 4.-Gel stren gth at 25° C of different v01'ieties of 
starch as a function of concentration 
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In figure 5, the scale readings of the various 
starches are plotted as functions of time (in each 
case 20 g of s tarch per 94.5 g of water). This plot 
shows the difference in the resistance the various 
starches offer to deformation . In figures 6 and 7 
the scale readings are shown plotted with respect 
to time for various concentrations, respectively , 
of cornstarch and arrowroot starch. Both types 
of starch approach the end points rather sharply 
at all concentrations. 

2.1r----r--,..--;--,--r----r--,-----, 

0 .02 Scale Rtod inQ = 1.0 mm 

WQ xy corn 

1.7'L---'_.....L._....I..._...L...._1....---'_.....L._~ 

o 5 10 15 20 25 30 35 45 

MINUTE S 

FIGURE 5.- Scale readings of the adjustable plat/oTm as a 
function of time showing the deformability oj different 
varieties of starch of the same concentration. 

Starches of various types have quite different 
strengths. There is no exact correlation between 
gel strength and grain size of the various starches. 
Rice h as the smallest grain size, arrowroot the 
larges t, and the grain size of the other starches is 
intermediate between these two [13]. Bates, 
French , and Rundle [14] have shown that wheat, 
corn, rice, cassava, and waxy-corn starches con­
tain, respectively, 24 , 21 , 17 , 17, and 0 percent of 
amylose, the s traight-chained polymer fraction of 
starch and the gel-forming constituent. Thus 
wheat with the highest percentage of amylose has 
the highest gel strength, and waxy cornstarch 
with the lowest percen tage of amylose has the 
lowest gel strength . However, the gel strength 
of rice and cassava starches differ although they 
bo th contain 17 percent of amylose. The length 
of the amylose chain differs in these two types of 
starch. In any case the relation between gel 
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Cornstar ch 0.02 Sc a le Read ing = 1.0 mm 

1.0 mm[ 

'" 1.9 

W 
...J 
..: 
<.> 
If) 

1.70 5 10 15 20 25 30 35 40 4 5 50 55 

MINUTES 

FIGURE 6.-Scaie readings (deformability) of cornstarch gels 
of various concentrations. 

o 
..: 
w 

2 ,',..-.....,--,----,-,---,..-,---,..--r--,--.,.-....., 

Arrow root 
st o rch 

0.02 Scole Read ing = 1.0 mm 

1.0 mm[ 

'" 1.9 

W 
...J 
..: 
<.> 
(/) 

1.70'~~-1~0-,~5--:2~O......,2,.,5--:3,.,0......,3,.,5-4.J..0-4..L5-5..LO---J55 

MINUTES 

FIGURE 7.- Scale readings (deformability) of arrowroot­
starch gels of various concentrations. 

strength and granular structure is complex. This 
is even more apparent when it is realized that 
different varieties of the same type of starch show 
different gel strengths. In figure 8, a comparison 
is given of Amaizo and Buffalo cornstarch. These 
two brands of cornstarch give gels of different 
strength when they are prepared under identical 
conditions. 

It is well known that fats (oleic, palmitic, 
linoleic, and linolenic acids) are adsorbed on the 
surface of the granules of corn and wheat starches. 
The method described here may be used to see 
what effect these adsorbed fats have on gel 
strength. To this end corn and whcat starches were 
defatted by the methanol m ethod of Schoch [1 5] 
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FIG (iRE 8.- C(lmpw·ison of the gel strength oJ dijJ'el'ent brands 
of comstaTch at 25° C. 

and gels made with the defatted starches. The 
data are given in the last 2 columns of table 9. 
Comparisons of the gel strengths of natural and 
defatted corn and wheat sti1l'ches are given in 
figure 9. The gel strength of each i increased 
when the fats adsorbed on the starch granules are 
removed. The granules can then come into closer 
contact, and there is no fatty film between them. 
As a consequence, the strength of the gel is in­
creased. 

Only sufficient applications have been given to 
illustrate the precision of the method. It could 
be used in the study of the modifications of 
starches for adhesives, of detailcd studies of the 
paste wall of dry cells, of the preparations of 
starches for foods, and in many other ways. The 
method is convenient, entails little equipmcnt, and 
h lS a precision of better than 0.5 percent. The 
limitations of the method lie more in the repro­
ducibili ty with which gels can be prepared than 
in errors inherent in the method. 

Acknowledgment is made to H. A. Kaufmann 
formerly of American Maize-Products Co., and 
now with American Molasses Co., for furnishing 
many of the starch samples. 
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F1G~R}J 9.- Comparison oj the gel stl'ength at 25° C of 
nai1lral and defatted starches . 
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