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Correlation of Extrudate Infusibility with Bulk Propertles
using Image Analysis

ANN H. BARRETT and EDWARD W. ROSS

ABSTRACT

Corn meal extrudates were produced using process conditions de-
signed to obtain various product structures. Extrudates were infused
with a particle-containing, high melting point lipid suspension, a process
used to produce calorically dense components for military rations.
Image analysis was used to estimate the degree of particle penelration
into the extruded matrices and determine cell size distributions. In-
fusion uniformity was correlated with structural attributes, such as
density, expansion, and average cell size.

INTRODUCTION

VACUUM INFUSION of porous food matrices is currently
used to produce a type of calorically dense ration component.
This technique increases caloric vatue of food by filling the
pore volume of the matrix with a calorically rich, usually lipid-
based, substance (Briggs et al., 1986). Food matrices typically
used in infusion are highly expanded, extruded, grain-based
flatbread crackers, which generalty have porosities of 90% or
higher, The infusing liquid, or ““infusate,”” consists of a high
meiting point fat blended with a high concentration of dehy-
drated foods, the actual composition of which are determined
by formulation. Infusion is carried out at elevated temperatures
so that the infusate is liquid; the infused product is subse-
quently cooled to room temperature and the infusate becomes
solid.

Since the infusate will largely determine appearance, flaver,
and caloric density of the finished product, maximum penetra-
tion of lipid and suspended particles into the matrix is desir-
able. Vacuum infusion is essentially a reverse filtration process
during which a suspension containing a high concentration of
particles is forced to permeate a porous structure. If suspended
particles are too large to pass through the available fractures
and intercellular channels in the extrudate, visible exclusion
of the particles from some portions of the matrix will result.
Since the suspending lipid is white when it is solid and food
powders are frequently colored, separation of particles from
the lipid will produce a nonuniform ‘“patchwork’” appearance
in cut surfaces of ithe product. In these instances some cells
arc completely infused with the lipid and particles, and thus
have the same appearance and color as the original formula;
others, however, are virtually impermeable to particles, and
exclusively contain the white suspension lipid (Fig. 1). Sepa-
ration of food powders during infusion detracts from the qual-
ity, acceptance, and in extreme cases, the nutritive value of
the infused product.

Efforts to optimize infused products have included milling
to decrease suspended particle size (Barrett, 1986), use of sur-
factants (Barrett, 1987), and modeling the process with ideal-
ized components. Barrett et al. (1989} using standard filters
and well characterized particles, found that penetration through
a porous interface, prior to particle bridging and filtercake
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formation, increased exponentially with the ratio of pore size
to particle size; it was also found that the rate of particle bridg-
ing and clogging of pores was accelerated by increasing the
concentration of particles in the suspension. Infusion of ex-
truded matrices, however, is more complex than infusion through
filters due to the difficulty in determining extrudate permea-
bility, which can vary markedly from cell to cell within a given
extruded sample. Quantitative assessment of particle penetra-
tion into the matrix is also not straight forward.

Many investigators have worked on relating process param-
eters to extrudate attributes, particularly expansion and den-
sity. Chinnaswamy and Hanna (1988a) reported a negative
correlation between radial expansion of corn starch and mois-
ture content for systems having at least 13% moisture, which
they attributed to increased gelatinization at low moisture lev-
els. They furiher suggesied that reduced expansion at ex-
tremely low moisture contents, below 13%, was due to
degradation of the starch into low molecular weight fragments.
Fletcher et al. {1985} similarly reported that the radial expan-
sion of extruded maize grits correlated negatively, and product
density correlated positively, with moisture. Faubion and Hos-
eney (1982}, working with wheat siarch, demonstrated a neg-
ative relationship between product diameter and moisture at
levels above 17%.

A negative relationship between radial and longitudinal ex-
pansion has been documented by Launay and Lisch (1983),
who attributed this correlation to the respective influences of
melt elasticity and melt viscosity on the two indices. Alvarez-
Martinez et al. {1988) incorporated radial and longitudinal ex-
pansion into a generalized model that showed a negative cor-
relation between volumetric expansion and moisture content.

Starch type also influences expansion and density. Chinnas-
wamy and Hanna (1988b) demonstrated that the radial expan-
sion of corn starch peaked at a 50:50 ratio between amylose
and amylopectin. Bulk density, however, was negatively af-
fected by amylose content throughout the experimental range.

Increased degradation of corn starch at low moisture, as
indicated by increased extrudate solubility, gelatinization, and
susceptibility to enzyme attack, has been documented by Gomez
and Aguilera (1983, 1984). They (1984) also studied the issue
of cell size, finding that extrudates were progressively broken
into flaky, thin-walled structures as moisture was reduced.
Faubion and Hoseney (1982) described a wide distribution of
cell sizes and noted ruptures in wheat starch products extruded
at high moisture.

The objective of our study was to relate the functional prop-
erties--permeability and infusibility--of extrudates to other
structural characteristics such’ as density, expansion, and cell
size distribution; such correlation would assist development of
infused products by indicating what types of extrudates are
acceptable matrices, Experiments were therefore designed to
measure penetration of a standard infusion formula into a series
of widely varying extrudate structures.

MATERIALS & METHODS

EXTRUDATES were produced under conditions expected to yicld a
range of bulk properties, primarily through moisture variation. The
products were infused using identical conditions. New analytical tech-



Fig. 1—Photograph of cross-sections of an infused extrudate, illusirating separation of particles. Dark regions contain particles; white

regions were impermeable to particles and contain clarified fat.

nigues were developed to evaluate exfrudate structures and determine
efficiency of infusion into extruded matrices. Image analysis was used
to determine cell size distributions and to measure the uniformity (i.e.
extent of visibly separated lipid) of infused products. Data from these
determinations were correlated with results from other analyses, in-
cluding product density, cross sectional area, linear weight, and sol-
ubility. :

Extrusion parameters

Corn meal obtained from American Maize was processed on 2 Wen-
ger X20 extruder through a 3 mm by 18 mm flatbread dic. The mois-
ture content of the dough was adjusted during extrusion to levels of
16, 18, 20, 22, 24, and 26% at solids feed rate of 1.8 kg/min. The
extruder was operated at 350 rpm with no external heating or cooling.
The die temperature varied inversely with moisture content from 155°C
te 200°C.

All extrudates were dried at 115°C to a moisture content between
5% and 7%.

Infusion parameters

Each extruded product was vacuum infused with a formula con-
sisting of 70% Durkee Kaome!, 15% Dazaan cocoa powder, 14%
Domino confectionery sugar, and 1% lecithin. The formula was made
by melting the Kaomel and mixing ali ingredienis in a high shear
biender. Infusion was carried out in a small vacuum chamber. The
chamber, with the extrudate within, was evacuated to 1.5 kPa pressure
and a vabve leading to the infusion liguid reservoir opened, allowing
the liquid formula to fili the chamber and permeate the extrudate. The
valve was closed and the system restored to atmosphesic pressure and
heid for 2 min. The chamber was then drained and the products cooled
to 22°C to solidify the lipid,

A cocoa-based formula was selected because separation of particies
in this system preduced a distinct pattern of suspension-filied {dark)
cells and exclusively Kaomel-filled (white) cells that was suited to
image analysis.

Image analysis technigues

An Olympus Cue 2 image analyzer was used to characterize the
extrudates and infused extrudates. The image analyzer operated by
assigning a grey level value (i.e. position between black and white)
fo cach pixel in the image. Threshold levels were selected to construct
a binary (black and white) image in which pixels having grey levels
between the thresholds were black, and pixels having grey levels be-
low these values were white. Black objects within the binary image
were then counted, measured, and subjected to statistical and mor-
pholegical analysis.

Measurements

Extrudate expansien and density. The bulk density of each prod-
uct was calculated by measuring both linear weight (g/cm), deter-
mined by weighing measured lengths of the extrudate, and cross sectional
area (cm?) determined by image analysis. Cross sectional arca was
measured by tracing the circumference of the extrudate image {cut
cross section) on the video meniter using the compater mouse. The
instrument, which was calibrated to convert number of pixels to square
centimeters, measured the area of the image. Linear weight was then
divided by radial area to determine density. For each sample, threc
sections were averaged for radial area and four lengths were averaged
for lingar weight. This method of measuring density was particularly
useful for unevenly shaped products since cross-sectional arca was
measured directly and not calculated from a geometric formula based
on a perfectly round, or in the case of flatbread crackers, a perfectly
rectangnlar or oval shape.

Extrudate cel size distribution. The cel! size distributions of ex-
trudates werc measured by cutting cross-sections of the products and
blackening the cut, cell wall surfaces with ink (Fig. 2a), which delin-
eated cells and aflowed clear projection of the structure onto the video
monitor. The problem of depth, or picking up features lying deeper
than the blackened cut surface, was eliminated by adjusting grey level
threshold values so that only truly black pixels were incorporated inio
the image. The result was a black and white image of the cell wall
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Fig. 4—Effect of extrusion moisture on extrudate bulk density.

““skeleton’” at that particular plane. The computer mouse was used o
trace over any slightly broken sections in the structure to ensure that
cell walis were continuous, so that the program could measure dis-
crete, separated cells. The image was then inverted—making black
pixels white and white pixels black (Fig. 2b)—because the analyzer
only measures black objects. Upon analysis, the number of cells in
each section and the area of each cell (larger than the assigned cutoff
of 0.5 mm?, selected 10 eliminate noise) were measured. Three scc-
dons of each extrudate were analyzed and the cell area data combined
so that between 60 and 130 cells of each product were measured by
this technique, Statistical analysis, including caleulation of average
and median cell arcas and evaluation of area distributions, was per-
formed using a MINITAB (Minitab, Inc., State College, PA) pro-
gram. The tests were repcated on selected samples cut axially to
determinc if orientation significantly affected cell size.
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Fig. 2—{a) Photograph of inked extrudate section. (bj Video image of inked extrudate section, after threshoiding, inversion, and

Fig. 3—(a} Video image of an infused exirudale cross section, with inscribed rectangle. (b) Binary video image of infused extrudate

Extrudate solubility. The water-soluble fraction of the uninfused
extrudates was measured by pulverizing each product in a coffee grinder
and soaking 10g of the powder in 100 mL water overnight at 22°C.
The slurries were then centrifuged at 5700 1pm for 15 minutes and
aliquots of the supernatant dried to determine percent solubility.

Infusion uniformity. The infused products were sectioned into 1
cm slices. No further preparation for image analysis was required.
The image of each sample was projected on the video monitor (Fig.
3a}, and the largest reciangle that could be inscribed within the sample
was constructed using the mouse; a rectangular image was required
by the program for this function. Grey level threshold values were
then selected so that a black and white image that closely corresponded
to the sample could be formed (Fig. 3b). These initially selected
threshold levels were subsequently used for every sample in the run.
The program calculated percentages df the image containing black and
white pixels. The fraction of the image that was black, which corre-
sponded to the paris of the extrudate that were infused with particles,
was recorded as an index of sample uniformity. The fraction that was
white, which corresponded to sections of the extrudate that contained
separated fat and no particles, was recorded as a mcasurement of
visible particle separation. Six sections of cach infused extrudate were
analyzed.

RESULTS

VARYING MOISTURE CONTENT in the extrusion dough
produced samples having extremely different densities and de-
grees of expansion, resulis similar to the findings of Chinnas-
wamy and Hanna (1988a} and Fletcher et al. (1985). Extrudate
density followed an almost linear relationship with moisture
[Bulk Density {g/fem?) = 0.02 + 0.021 x {Moisture(%} —
16); r* ==0.91] within the range of this experiment (Fig. 4).
Cross-sectional area and linear weight, however, showed a
more complex relation to moisture content (Fig. 5). Cross sec-
tional area had the greatest rate of change at high moisture
levels and was maximum at 20% moisture; linear weight had
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Fig. 5—Effect of extrusion moisture on extrudate cross sectional
area (8) and linear weight (m).
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Fig. 6—Effect of extrudate bulk density and extrusion moisture
on extrudate average cell area (i and average number of cells
per section (%), (% moisture scale calculated from density-mois-
ture function, Fig. 4.

Table 1 —Average and median cell areas of corn meal extrudates

Moisture content {%]

16 18 20 22 24 26
Average cell area (mm?) 323 425 624 533 567 4,35
Median cell area {mm?) 227 273 604 388 347 3.53

the greatest rate of change at intermediate moistures (18-20%)
and was fairly constant above 20% moisture.

Avcerage cell size (i.e. arca) roughly followed radial area
and was maximum at about 0.10 gfcc bulk density, or roughly
20% moisture content {Fig. 6). Cell size for selected samples
(24%, 20%, and 16% moisture contents) measured axially was
only slightly larger than cell size measured radizlly. The re-
spective values for radial and axial determinations of average
cell area were: 24% moisture—5.67 vs. 5.74 mm?; 20% mois-
fure—6.24 vs 6.72 mm?; and 16% moisture—3.23 vs. 3.78
mmy”. Cells measured axially also displayed slight orientation,
in that many were aligned with the direction of extrusion (i.ce.,
a high propertion of cells had their longest dimension within
15 degrees of the axis).
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Fig. 7—Effect of extrudate bulk density on infusion uniformity
(% dark).

Table 2— Waler solubility of pulverized corn meal extrudates
Maisture content (%)

16 18 20 22 24 28
% Soluble fraction 61 58 59 52 37 30
Standard deviation 3.5 3.2 2.9 1.8 2.0 2.3

Cell area distributions were in all cases skewed toward smali
sizes. Two of these distributions, for the 24% and 22% mois-
ture content samples, were distinctly lognormal [log{cell area)
normally distribated]. The others did not conform to lognermal
distributions because of too few exireme values. Comparison
of average and median values is shown in Table 1.

The number of cells per cross-section was also highly de-
peaden: on moisture and density, with low density products
having the highest count (Fig. 6}. Low density extrudates formed
under low moisture processing conditions were generally much
more finely subdivided, and had a greater number of small
cells than did high density extrudates produced with a higher
moisiure content.

Infusion uniformity correlated strongly with exirudate buik
density (Fig. 7). Although there was substantial within-sample
variation, which would be anticipated due to the inherent struc-
tural variation of extrudates, the average value for particle
penetration—percent dark as determined by image analysis—
correlated with bulk density and followed the linear relation-
ship [% Dark = 98.5 — 187 x Extrudate Density (g/cm®);
r* = 0.98]. Including all data points (instead of averages) in
the regression gave [% Dark = 98.2 — 184 x Exirudate
Density (g/cm®); t* = 0.73]. As is indicated by Fig. 7, most
scatter occurred in dense, high moisture samples.

Sotubility of the extrudates ranged from 30% to 60% (Table
2). Low moisture samples had twice as much soluble materiat
as did high moisture samples, indicating greater degradation
of starch into low molecular weight fragments.

DISCUSSION

THE SUITABILITY of extrudates as infusible matrices, as-
sessed by infusion uniformity, varied widely. Infustility with
particles can be considered analogous to permeability: L.e., the
larger in size and more numerous the openings that allow in-
fusion, the more permeable the product. During high-temper-
ature, shorf-time extrusion, the starch “melt” undergoes rapid
expansion as it exits the extruder die due to brupt reduction
in pressure. The resultant structure is celfular but generally not
closed, and the openings, consisting of intercellular charnels
or fractures in the cell walls, are pathways that allow nfusion
into the extrudate (Briggs et al. 1986}, Such openings, pro-
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duced during expansion, are failures in the structure and result
from overstretching of the cell wall film while the extrudate is
still plastic. The number, size, and distribution of these pores
that connect cells therefore must be affected by properties of
the starch melt; characteristics such as dough extensibility and
elasticity can be expected to influence the cell wall thickness
and in turn the permeability of the exirudate.

It is reasonable that a physical property such as density would
influence permeability and infusion uniformity: the more mass
in a unit volume, the higher the potential for increased resis-
tance to penetration. Two extrudates having roughly similar
cell size distributions but different densities would have dif-
ferent celf wall thicknesses. For example, an increase from 30
microns to 60 microns in cell wall thickness would not cause
a noticeable difference in macroscopic measurements of ceil
size by image analysis; this two-fold increase in wall thickness
would, however {all other factors being equal) reduce the like-
lihood of rupture during stretching. Thick cell walls are in-
herently less fragile and less likely to rupture than are thin celt
walls.

A similar argument could be made for comparison of two
samples of identical bulk density but different cell structures.
Extrudates that have small cells are more finely subdivided
and contain more cells per unit volume than do extrudates with
large cells. I density is constant, finely subdivided extrudates
have relatively thinner cell walls and are more likely to develop
pores. An interesting correlation existed between density and
average cell size in these experiments in that the lowest density
extrudates had the smallest average cell size. Cell area, how-
ever, went through a maximum and declined beyond a density
of about 0.10 giem?, possibly due to shrinkage of high mois-
ture extrudates after puffing.

Cell size distribution is partly a result of moisture content
in that cell walls in high moisture products are relatively more
fluid and set more slowly than do cell walls iz low moisture
products, possibly allowing cells to coalesce. The structure of
very high moisiure products, however, is soft and subject to
partial cellapse before cooling, At the other extreme, at very
low moisture, quick setting cell walls may be brittle and highly
prone lo fracture during expansion.

Another factor in permeability may be the chemical structure
of starch ai the time of expansion. Low moisture extrusion
doughs are reported to undergo greater degradation or dextrin-
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ization of starch than do high moisture doughs (Gomez and
Aguilera 1983,1984). Our results, which show a two-fold in-
crease in solubility due to reducing extrusion moisture from
26 to 16 percent, corroborase those findings. It is possible that
cell-wall films containing 2 high proportion of low molecular
weight starch molecules ate physically not as extensible as less
dextrinized cell-wall films.

CONCLUSIONS

STRUCTURAL ANALYSIS of extruded products provided an
understanding of factors that render an extrudate permeable
and infusible. Data on density, cell size, and solubility sup-
ported trends observed in the relative infusion efficiency of
samples. New image analysis techniques provided useful data
by which fo characterize extrudate structures.

REFERENCES

Alvarez-Martinez, L., Kondury, K.P., and Harper, J.M. 1988. A general
model for expangion of extruded products. J. Food Sci. 53(2): 609.

Barrett, A.H. 1986, Maximizing caloric density by vacuum infusion of po-
rous foods. Activities Report of the R&DA Associates 38: 56.

Barrett, A.H. 1987, Factors determining the infusion of suspended partic-
ulates into porous food matrices. Activifies Report of the R&EDA Associ-
ates 39: 154,

Barrett, A H., Ross, E.W., and Tauh, I.A. 1989. A descriptive model of the
vacuum infusion process. Army Science Conference Proceedings. In print.

Briggs, J.L., Dunne, C.P., Graham, M.A,, Risvik, E., Cardello, A., Barrett,
A H,, and Taub, LA. 1986. A ealorically dense ration for the 21st century.
Army Science Conference Proceedings 1: 81.

Chinnaswamy, R. and Hanna, M.A. 1988a, Optimum extrusion-cooking
conditions for maximum expansion of corn starch. J. Food Sei, 53(3): 834,

Chinnaswamy, R. and Hanna, M.A. 1988b, Relaticnship between amylese
content and extrusion-expansion properties of corn starches. Cereal Chem.
66(2) 138.

Fauhion, J M. and Hoseney, R.C. 1982, High-temperature short-time ex-
trusion cooking of wheat starch and flour. L. Effect of meisture and flour
type on extrudate properties. Cereal Chem, 59(6): 529.

Fietcher, B.I., Richmond, P., and Smith, A.C. 1985, An experimental study
of twin-screw exfrusion-cocking of maize grits. J, Food Eng. 4: 281,

Gomez, M.H. and Aguilera, .M. 1983, Changes in the starch fraction
during extrusion-cooking of corn. J. Food Sci. 48: 378.

Gomez, M.H. and Aguilera, JM. 1984, A physicochemical mede! for ex-
trusion of corn starch. J. Food Sci. 49: 40,

Launay, B. and Lisch, J.M. 1983, Twin-screw extirusion cooking of starches:
flow behaviour of starch pastes, expansion and mechanical properties of
extrudates. . Food Eng. 2: 259,

Ms received 9/8/89; revised 1/28/90; accepted 3/31/90.




