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a b s t r a c t

The purpose of this study was to determine to role of flake shape on the packing characteristics of popped
popcorn. Unilateral, bilateral, and multilateral popcorn flakes, named for the direction of expansion of the
popcorn flake, were digitized and packed into a virtual conical frustum-shaped container using a digital
packing algorithm to simulate particle packing. Corresponding laboratory experiments were also con-
ducted. Number of flakes required to fill the container agreed between simulated and laboratory exper-
iments (r = 0.996; p < 0.0001) and ranged from about 340 for 50% bilateral +50% multilateral to >600 for
100% unilateral. Statistical modeling revealed 36.9% bilateral +63.1% multilateral would minimize the
number of flakes required to fill the container. Packing fraction varied from q = 0.14 for 10% unilateral
+75% bilateral +15% multilateral to q = 0.28 for 100% unilateral shape. These results offer insights into
the packing characteristics of irregularly-shaped materials.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Particle packing is a pervasive topic of interest in the engineer-
ing and physical sciences with applications in soil sedimentation,
pharmaceutical powders, and food systems (Clusel et al., 2009).
Understanding such phenomena is often described using geomet-
ric shapes of the same or discrete sizes (Donev et al., 2004; Torqu-
ato and Jiao, 2009). However, in reality granular materials in nature
tend to be irregularly shaped, which has a strong effect on packing
characteristics (Yu and Zoh, 1996).

Popcorn is an irregularly-shaped particle for which particle pack-
ing is extremely important. For popcorn, low bulk density, described
in commercials as ‘‘lighter and fluffier’’, is desirable to consumers
(Lyerly, 1942; Levy, 1988) and increases profits for commercial ven-
ues like movie theatres where popcorn is purchased by weight and
sold by volume (Song et al., 1991; Hoseney et al., 1983).

Previous studies have shown that variations in bulk density of
popped popcorn is influenced by many factors including flake size
(Dofing et al., 1990), flake density (Sweley et al., 2012a), and the
void spaces between kernels (Tian et al., 2001). Although modeling
experiments with other particles have shown that shape influences
bulk density (Zou and Yu, 1996; Jia et al., 2007), the role that pop-
corn flake shape plays in bulk density has not been comprehen-
sively reported.

We have described a method for modeling packing of irregular
materials into any space by digitization of particle shapes and the
packing space, rather than using mathematical equations (Jia and
Williams, 2001; Jia et al., 2002, 2007). In this approach, particles
are digitized by X-ray computed tomography (CT) scanning and
packed into a container that is also digitized in an identical manner
(Moreno-Atanasio et al., 2010; Caulkin et al., 2009). Particles are
added at a defined rate either from one point (causing heaping)
or from random points above the container. Each particle moves
one grid cell at a time in a randomly selected direction, out of 26
possible directions, with upward moves restricted (by a rebound-
ing probability) to encourage settling. The simulation can model
loose packing or dense packing by simulating shaking.

Popcorn is an attractive candidate for modeling irregularly-
shaped particle packing because popcorn flakes have been shown
to assume discrete, irregular shapes when popped (Sweley et al.,
2011), and the relatively large size of popcorn flakes makes it pos-
sible to perform controlled experiments. Thus, the purpose of this
study was to determine the role of flake shape on the packing char-
acteristics of popped popcorn using both laboratory experiments
and modeling approaches.

2. Materials and methods

2.1. Popcorn popping and sorting

A composite sample of commercial, butterfly-type popcorn hy-
brid (YP-213) produced in Nebraska, Iowa, and Ohio in 2010 was
obtained from ConAgra Foods (Omaha, NE). Kernels were tempered
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to 14% moisture by storing at 21.5 �C and 73% relative humidity for
about 30 d. Kernels (60 g) were then added to microwave popcorn
bags (15 � 30 cm2) containing an inlaid aluminum–polyester sus-
ceptor (14 � 17 cm2) positioned on the bottom center of the bag.
The kernels were then heated in a 1200 W microwave oven (Model
PEB2060, General Electric) until the interval between pops was 2 to
3 s. The contents of the bag were then poured into a sieve with
7.94 mm diameter round-hole openings (Seedburo, USA Model
007) to remove unpopped kernels. A total of 56 bags of popcorn
were popped.

Popped flakes were sorted into unilateral, bilateral, or multilat-
eral depending on the directions of flake expansion, as described
(Sweley et al., 2011, 2012a,b). Several thousand pieces of each flake
type were obtained from the 56 bags of popped popcorn.

Because flake size has been shown to affect expansion volume
(Dofing et al., 1990) and the objective was to determine the influ-
ence of flake shape on packing characteristics, only ‘‘medium’’ size
flakes were selected to reduce the effect of flake size. Medium flake
size was determined by randomly selecting 400 flakes of each
shape type and measured along three mutually perpendicular axes
using digital calipers to the nearest 0.01 mm (Mitutoya America
Corp., Aurora, IL). Flake size was the geometric mean diameter,
which was calculated as the cubic root of the multiplied lengths
of each of the three measured axes. The flake sizes of all three
shapes were normally distributed by the Shapiro–Wilk test (Shap-
iro and Wilk, 1965), with geometric mean diameters of
18.8 ± 3.0 mm for unilaterally-expanded flakes, 22.8 ± 2.3 mm for
bilateral, and 24.0 ± 2.4 mm for multilateral. Thereafter, flakes that
were within 0.5 standard deviations of the mean were deemed
‘‘medium’’ and selected for further study. Aspect ratio for each
popcorn shape was determined by dividing the length of the lon-
gest axis by the average of the other two orthogonal axes. To main-
tain consistency, the same researcher conducted the sorting and
measuring of individual popcorn flakes.

2.2. Popcorn packing

2.2.1. Laboratory measurements
A conical frustum-shaped tub having interior cavity height of

15.4 cm, bottom rim diameter 14.0 cm, and upper rim diameter
of 17.0 cm was obtained from the Solo Cup Company (Spec No.
VP130-00061, Lake Forest, IL). Medium-size popcorn flakes (as
defined in Section 2.1) were manually added to the packaging
tub by dropping the flakes from a height approximately 10 cm
above the rim of the container at 1 flake/s. Individual flakes were
dropped from different positions above the tub, since adding par-
ticles from a single, fixed point above the container would result
in undesirable heaping (Jia et al., 2007). Treatment combinations
included each of the three flake shapes alone, all three binary
mixtures (one flake shape excluded and the other two present
at 50%), the ternary mixture of equal amounts of each shape, as
well as an unbalanced ternary mixture of 75% bilateral, 15% mul-
tilateral, and 10% unilateral shapes (percentage given as number
of flakes), which was previously reported in a typical bag of pop-
corn (Sweley et al., 2011). Flakes were added until the tub was
filled to the interior tub height, as determined using qualitative
observation at eye-level of the rim. The number and weight of
added popcorn flakes were then recorded. All runs were per-
formed in triplicate.

2.2.2. Digital simulation
To model popcorn packing, the DigiPac algorithm was used,

which treats 3D solid objects as coherent collections of voxels (as
in 3D digital images) instead of mathematically-described geome-
tries (Jia and Williams, 2001). For each popcorn shape, nine or ten
medium-sized pieces of popcorn (as defined in Section 2.1) were

randomly selected and CT scanned using a Nanotom NF160 (GE
Measurement & Control, Wunstorf, Germany). CT scan settings
were: 40 kV, 800 lA, no filter, 500 ms exposure time per image,
with a resolution 50 lm/pixel (Fig. 1). For the simulations, the dig-
itized pieces were scaled down to an effective resolution of
240 lm/pixel to save memory and computing time while keeping
sufficient details of their shapes. Each digitized piece of popcorn
was replicated 100 times, yielding a feed stock of 900 or 1000 par-
ticles of each shape for simulation. The tub used in empiracal mea-
surements was also digitized and mapped onto a grid at the same
(240 lm/pixel) resolution using the dimensions given above (Sec-
tion 2.1). The tub itself was not scanned because of its regular
shape and also because it was physically too large to fit in the sam-
ple holder.

Since both the popped popcorn and package container were
digitized, particle movements were also digitized. The model was
built on two simple rules: all particles undergo biased random
walks and they do not overlap. At each step and for each particle,
a random move to a neighboring site was tried and accepted if it
resulted in no overlap. To encourage particles to settle (under the
influence of gravity), the upward component of any such trial
moves were only realized with a probability of 0.3 (called rebound-
ing probability). For rotation, at each step and for each particle, a
random rotation axis and angle was generated, and the particle
was trial-rotated. If the trial move and rotation did not result in
overlap(s), it was accepted.

Popcorn flakes were introduced into the container in random
orientations at the rate of five pieces per one hundred Monte Carlo
steps. The total number of flakes required to fill the tub and the
packing fraction (q), or the fraction of the total interior container
volume that was occupied by popcorn, were obtained from the
DigiPac software. For all treatments except the binary mixtures,
five simulations with identical setup but different random number
sequences were performed for each popped shape type. Binary
mixtures were run in duplicate. For each simulation, runtime on
a Dell 15z laptop with Intel i7-2620 M quad-core 2.7 GHz CPU
and 8 GB RAM was 5–7 h for packing, using 1.4 GB of RAM.

2.3. Data analysis

All data were analyzed using SAS Software (version 9.2, SAS
Institute, Cary, NC, USA). Relationship between number of flakes
to fill the tub for laboratory and simulated experiments was calcu-
lated using least squares regression. Modeling the number of flakes
required to fill the tub using combinations of multilateral, bilateral,
and unilateral flakes was calculated using ANOVA in which the
proportion of the three flake shapes were treated as part of a mix-
ture design that summed to 100%. The design started with the full
cubic model (%unilateral�%bilateral�%multilateral) with backward
elimination at a = 0.1 to eliminate non-significant factors from
the model. A contour plot was generated from the final model
using Design Expert (version 8.0, Stat-Ease, Minneapolis, MN). Data
for flake aspect ratio, geometric mean diameter, and packing frac-
tion were compared using a generalized linear model analysis of
variance (GLIMMIX) followed by Fisher’s least significant differ-
ence test with a = 0.05.

3. Results and discussion

The number of popcorn flakes required to fill the tub agreed
well between laboratory and simulated experiments (Fig. 2). Nota-
bly, laboratory and modeling experiments were performed inde-
pendently by different researchers at different institutions.

Two factors contribute to density: inter-particle gaps and intra-
particle pores. The manuscript focuses on the number of popcorn
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