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Neodymium magnet spheres provide unique opportunities for teaching mathematics, physics,
chemistry, biology, and engineering both in and out of the classroom. These magnets have spawned
a learning community engaged in designing, building, and understanding magnetic sculptures.
Banning the sale of these magnets would be an educational, creative, and artistic opportunity lost.

CONTENTS I. BACKGROUND AND QUALIFICATIONS
[ Background and Qualilications L I hold a 1985 PhD in applied physics from Stanford
L University. Since November 2010, I have served as pro-
1. ihygllzb;troma netism g fessor of physics and dean and executive director of Utah
AB. Eueréy ani Forice\s 1 State University Uintah Basin. Previously, I taught
' oo ’ physics at West Virginia University for 24 years, the
I1I. Chemistry 4 last five as Russell and Ruth Bolton WVU Professor, an
A Crystél Structure 4 endowed professorship awarded for excellence in teach-
B. Molecular Structure 8 ing. I have received the June Harless Award for Excep-
C. Angle Strain 8] tional Teaching and the John R. Williams Outstanding
Teacher Award. 1 am the author of more than 50 peer-
1V. Engineering 10 reviewed scientific publications, including five on mag-
A. Motors 10 netic phenomena, and have received millions of dollars
B. Crystal formation and defects 10 of research funding from the National Aeronautics and
C. Deformations in close-packed lattices 10 Space Administration, the United States Department of
D. Structural Engineering 11 Energy, the United States National Science Foundation,
and other agencies. I have taught electromagnetism at
V. Biology 11 the introductory undergraduate, advanced undergradu-
A. Protein Structure and Function 11 ate, and graduate levels. Copies of my curriculum vitae
B. ﬁimoeb‘azi\:/Iovement 12 and publications are available online [1].

C. Cell Division 12 In the fall of 2012, my son brought a set of 216 Bucky-
VI Mathematics 12 balls home from college, and I quickly became fascinated
A. Solid Geometry 13 by their magnetic properties. Buckyballs are coated mag-
B. Tessellations 13 net spheres of a neodymium iron boron alloy, NdyFe 4B,
C. Elementary Geometry 14  of approximate diameter 5 mm. Searching online, I found
that magnet spheres can be used to create beautiful
VII. Zen Magnets, LLC 16 sculptures, such as the caged bubble star by Magnenaut
[2] (Fig. 1). The magnets, being spherical, can be con-
VIII. Alternative Products 16 nected to each other at any angle, opening the door to
A. Ball-And-Stick Models 16 shapes that would be virtually impossible to build with
B. Weak Magnets 18 Legos or other fixed-angle construction sets (Fig. 2, Video
“Connections_Zen*.mp4”). Magnet spheres are like a jig-

IX. Learning Community 22 saw puzzle with a solution that you devise for yourself.
X. Public Statements 24 In November 2012, T placed an online order for 18
“booster” sets of Zen Magnets, another manufacturer of
X1, Interviews 24 magnet spheres, at a price of $32.98 per set, each set with
216 magnets and six spare magnets. In March 2013, T
XII. Conclusion 27 placed a second order, for three booster sets, and in April
2013, I placed a third order, for five booster sets. For the
References 28 magnets in this third order, I measured the lengths of



FIG. 1. Photograph of a caged bubble star designed, built,
and photographed by Magnenaut using 6205 Zen Magnets (3]

FIG. 2. Demonstration of the range of stable angles of an
elbow in a 2 x 2 Zen Magnets strut, illustrating the versatility
of spherical magnets in building shapes involving a variety of
angles.

chains of 200+ magnets with a tape measure, and de-
termined that the magnet diameters were slightly larger
than the advertised diameter range of 5 mm =+ 0.01 mm.
I notified the company of the matter, and returned the
magnets. This cycle was repeated twice. Zen Magnets
founder, Shihan Qu, then informed me that he had dis-
covered that the tape measure he was using to determine
magnet chain lengths was faulty. In August 2(13, I re-
ceived replacement magnets of the correct size, together
with 10 additional booster sets, minus the spares. These
additional sets were awarded- for pointing out the over-
size problem and for my help as Qu designed a reliable
way to measure chain lengths. )

I have participated in two photography contests hosted
by Zen Magnets [4]. In November 2013, I placed sec-
ond in Contest 34: Shadow Projection: Second Gener-
ation, and was awarded $55 in Zen Magnets credit. In

May 2014, T placed first in Contest 39: The Flagship
Video Contest (Video “Playing-with_Plato*.mp4”), and
was awarded $2500 and a “Mandala” set including 1728
magnets and 8 spares. Excluding spares, the Mandala
set contains the same number of magnets as eight booster
sets. The Mandala set retails for $263.84, which is eight
times the cost of a booster set.

I have submitted 64 photographs of magnetic sculp-
tures of my own creation to the online Zen Magnets
gallery, which accepts four photographs per day and re-
wards successful photographers with one booster set for
every three photographs accepted. Of these submissions,
46 photographs have been accepted, and 42 of these have
been redeemed for 14 booster sets. I have authored 26
YouTube videos describing how to build various shapes
with Zen Magnets [5].

I now own the equivalent of 84 booster sets of Zen
Magnets, some that came with spare magnets and some
that did not, for a total of over 18,000 magnets. Of these
84 sets, 34 were purchased with cash, 14 were received
for photographs accepted into the Zen Magnets gallery,
8 were awarded for winning Zen Magnets Contest 39, 18
sets were traded for cash winnings from Zen Magnets
Contests 34 and 39, and 10 sets were awarded for my
help with the oversize problem.

In this report, I refute two paragraphs in the CPSC
Complaint Counsel’s Second Amended Complaint in the
matter of Zen Magnets, LLC, Docket No. 12-2:

105. Upon information and belief, the Sub-
ject Products have low utility to consumers.

106. Upon information and belief, the Sub-
ject Products are not necessary to consumers.

Zen Magnets have educational, creative, and artistic
utility, and thousands of consumers have expressed the
need for these magnets, as shown below.

II. PHYSICS
A. Electromagnetism

Despite having taught undergraduate and graduate
electromagnetism for years, and despite knowing the
mathematical equations describing how dipole magnets
attract or repel each other depending on their relative
orientations [6], I was surprised at how Zen Magnets al-
ways seem lo find a way to atiract each other. Paral-
lel bar magnets repel each other when they are placed
side-by-side, yet parallel chains of magnets attract each
other when brought into close proximity (Fig. 3). Con-
sequently, adjacent chains and adjacent rings connect in
two distinct ways depending on their magnetic orienta-
tions (Fig. 4, Video “Connections.Zen*.mp4”).

This hands-on experience taught me practical concepts
of electromagnetism, a subject that I thought I knew well.
The key was experimenting with the magnets, which
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I'IG. 3. Schematic diagram illustrating the stable configu-
rations of parallel and antiparallel chains of magnet spheres.
North magnetic poles are denoted by the color red and, in
some cases, by the letter “N.” South magnetic poles are de-
noted by the color green and, in some cases, by the letter
“8.” Axial magnetic field lines are denoted by horizontal (vi-
olet) arrows, and always point from south to north poles.
Forces between magnets are denoted by vertical (black) ar-
rows. A: Bar magnets with antiparallel magnetic fields at-
tract each other when they are placed side-by-side because
the north pole of one magnet attracts the south pole of the
other. B: Antiparallel chains of magnet spheres attract each
other for the same reason. C: Stable configuration for an-
tiparallel chains. D: Parallel bar magnets repel each other
when they are placed side-by-side because their north and
south poles repel each other. E: Parallel chains cf magnet
sphieres repel each other for the same reason. F: However,
when forced into close proximity, parallel chains shift by half
a magnet so that north and south poles line up, yielding a
stable configuration with spheres in one chain fitting into the
gaps in the other chain.

caused me to consider magnetic configurations that I
hadn’t studied before. Once I had seen the behavior of
the magnets, it was straightforward to explain it. This is
education at its best, letting exploration drive questions
that can be answered using the scientific method.

Magnet spheres present unique opportunities for the
physics classroom and laboratory.  In physics de-
partments in universities in the United States, elec-
tromagnetism is often taught to students of physics,
mathematics, chemistry, and engineering at four lev-
els: (1) as the second semester of a general physics
classroom/laboratory course, for freshman and sopho-
more students, (2) in a classroom-only electromagnetism
course for juniors and seniors, (3) as part of an advanced
physics laboratory course for juniors and seniors, and (4)
as a specialized classroom-only electromagnetism course
for graduate students. Students build their physical un-
derstanding and mathematical proficiency as they pro-
ceed from one level to the next.

Zen Magnets closely approximate uniformly magne-

Parallel

-  ; Antiparallel

FIG. 4. Photograph of parallel and antiparallel configurations
of Zen Magnets. A: Two antiparallel chains with four magnets
each (Fig. 3C). B: Two antiparallel chains with six magnets
each whose ends are joined to form a double ring, with axial
magnetic field lines now forming two circles that circulate in
opposite directions. C: Two parallel chains with four mag-
nets each (Fig. 3F). D: Two parallel chains with six magnets
each whose ends are joined to form a double ring, with axial
magnetic ficld lines now forming two circles that circulate in
the same directions. For parallel connections, spheres in one
chain or ring fit into the gaps in the other chain or ring. For
antiparallel connections, spheres in one chain or ring line up
side-by-side with spheres in the other chain or ring. Since the
north and south poles of Zen Magnets are not marked, it's not
possible to tell visually whether the magnetic field of a ring
of magnets is clockwise or counterclockwise. The way that
magnets connect together can therefore seem mysterious un-
til builders understand these basic magnetic principles. Once
these principles are understood, the behavior of the magnets
is predictable. ’

tized spheres, one of the most important examples of
magnetism in the undergraduate and graduate physics
curriculum. [igure 5 shows the magnetic field lines of
a uniformly magnetized sphere, which are straight and
parallel within the sphere, and follow circular paths out-
side of the sphere, except [or the axial magnetic field line,
which is an infinite straight line directed from the south
pole to the north pole, as seen in Fig. (3).

The magnetic field B at a position r outside of a sphere
of radius a and uniform magnetization M is among the
simplest of all magnets, being the magnetic field of a
point dipole m located at the center of the sphere [7, 8],

Ho AN
B(r) = T [3(m - #)f — m], (1)
where T = r/r. Here,
4 3
m = o7a M (2)

is the dipole moment. These equations mathematically
describe the magnetic field lines outside of the sphere
shown in Fig. 5. Inside the sphere, the magnetic field is



FIG. 5. Lines of magnetic field B produced by a sphere of
uniform magnetization M. These lines approximate the mag-
netic fields produced by a single magnet sphere, such as those
produced by Zen Magunets. This magnetic field is one of the
most important solvable magnetic field configurations, and
is a staple of undergraduate and graduate physics education.
Inside the sphere, the magnetic field is uniform and paral-
lel to the magnetization, according to Eq. (3). Outside the
sphere, the magnetic field replicates the dipole magnetic field
given by Eqgs. (1) and (2). The similarity between the mea-
sured north pole and south pole magnetic ficlds (Table T) in-
dicates that the magnetic fields produced by Zen Magnets are
similar to the fields shown in this figure. Diagram courtesy
http://en.citizendium.org.

uniform and obeys

2
B = ﬂM, (3)
3
Evaluated along the axis of the magnetic poles (f parallel
to m) at a distance r > a from the center of the magnet,
Eq. (1) yields the axial magnetic field,

fom
23’

(4)

An instructive undergraduate exercise is to determine
the magnetic field produced by a chain of magnets. A
chain of magnets produces a stronger magnetic field than
a single magnet. But how much stronger? The answer
comes through superposition, a key principle of physics,
which states that the net magnetic field is the vector sum
of fields from ail sources. In contrast with iron and steel,
neodymium magnets have high coercivity, meaning that
they have a high resistance to demagnetization by ex-
ternal magnetic fields [9]. We can therefore assume that
nearby magnets do not affect the magnetization of such
magnets. and we can simply add up the magnetic fields
produced by all of the magnets in the chain in order to

determine the net magnetic field. The following exercise
is suitable for advanced physics laboratory students:

Problem 1: (a) Use a gauss meter to measure the
north and south polar magnetic fields of four mag-
net spheres. (b) Deduce their magnetic moments from
Eq. (4), assuming that they are uniformly magnetized.
(¢) Apply the principle of superposition to compare pre-
dictions and measurements of the axial magnetic field at
the end of chains of two, three, and four magnets.

B. Energy and Forces

The energy U = —m - B of a magnetic dipole mo-
ment m in the presence of a magnetic field B reaches a
minimum when m is parallel to B and when B is at its
maximum possible value. For two magnets, this energy
minimum is achieved when the south pole of one magnet
is in direct contact with the north pole of its neighbor,
as scen in Fig. 3. If one of the magnets is held fixed, and
the other is moved from this minimum energy position,
the latter magnet will experience a force

F=V(m-B) (5)
and a torque
T=mxB (6)

that tend to move and reorient the magnet back to its
minimum energy position.

The following exercise is suitable for advanced un-
dergraduate physics students, and is pertinent to angle
strain in organic molecules (Sec. 111 C).

Problem 2: Calculate the ground-state energies of
symmetric rings of 3, 4, 5, 6, 7, and 8 uniformly mag-
netized spheres. Treat the spheres as magnetic dipoles,
each with magnetic moment m. Include only the energies
of nearest neighbor interactions. Show that the energy
per magnet decreases with increasing ring size.

I1I1. CHEMISTRY
A. Crystal Structure

Crystal structure is covered in general chemistry
courses, solid state physics courses, and metallurgy
courses. Using Zen Magnets to model various crys-
tal structures can make the subject come alive for stu-
dents, and can help students to visualize difficult three-
dimensional lattices. This subject is particularly well
suited for demonstration and exploration using Zen Mag-
nets (Video “Lattices_Zen*.mp4”).

The simple cubic lattice is the simplest of them all.
Figure 6 shows how to build a 6 x 6 x 6 simple cubic
lattice out of Zen Magnets by stacking six 6 x 6 square
lattices on top of each other. This 6 x 6 x 6 cube has
exactly 216 magnets, and is the form in which sets of 216



+

FIG. 6. Photograph of a simple cubic lattice built using Zen
Magnets. Shown are six 6 x 6 square layers and a 6 x6 x 6 cube
formed by stacking such layers directly on top of each other.
The resulting lattice has antiparallel connections between all
magnets.

FIG. 7. Photograph of the simple-cubic crystal structure of
pyrite, courtesy Wikipedia [10].

BuckyBalls were sold. Polonium and pyrite (a sulfide
of iron, FeSy) have simple cubic lattice structures [10].
Figure 7 shows pyrite crystals with this lattice structure.

The hexagonal lattice has hexagonally packed layers
that stack directly on top of each other. Figure 8 shows
how to build a hexagonal lattice out of Zen Magnets by
stacking six hexagonally packed layers on top of each
other. It is the crystal structure of Beryl, a gemstone that
comes in several varieties, including aquamarine, emer-
ald, golden beryl, goshenite, and red beryl [11]. Shown
in Fig. 9 is a crystal of red beryl. Zen Magnets ships its
magnets packed into a hexagonal lattice similar to that
shown in Fig. 8.

The hexagonal close-packed lattice has hexagonally
packed layers that mesh with each other instead of stack-
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FIG. 8. Photograph of a hexagonal lattice built using Zen
Magnets. Shown are six hexagonally-packed layers, each with
parallel connections, and a hexagonal lattice formed by stack-
ing six such layers directly on top of each other, with antipar-
allel connections between layers.

FIG. 9. Photograph of the hexagonal crystal structure of red
beryl, courtesy Wikipedia [11].

ing directly on top of each other. That is, magnets in
one layer fit into the spaces between magnets in the layer
just below, and in the layer just above. The hexago-
nally close-packed lattice alternates between two types
of layers, A and B. Shown in Fig. 10 is a diagram used
to teach the structure of this lattice. Figure 11 shows
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FIG. 10. Diagram of hexagonal close packing (left) and face-
centered cubic packing (right), courtesy Wikipedia [13].

FIG. 11. Photograph of a hexagonally close-packed lattice
made from Zen Magnets and colored Neoballs, with two kinds
of alternating hexagonally packed layers (with parallel con-
nections) that connect in parallel with the layers above and
below. :

how to build a hexagonal lattice out of Zen Magnets and
colored Neoballs by alternating violet layers A, with up-
right 3-magnet triangles at their cores, and orange lay-
ers B, with inverted 3-magnet triangles at their cores.
Hexagonal close packing is the crystal structure of zine,
titanium, and cobalt [12]. Shown in Fig. 12 is the crys-
talline form of titanium. Colored Neoballs are sold by
Zen Magnets, LLC.

FIG. 12. Photograph of the hexagonal close-packed crystal
structure of titanium, courtesy Wikipedia [14].

FIG. 13. Photograph of a face-centered cubic lattice made
from Zen Magnets and colored Neoballs, with three kinds
of alternating hexagonally packed layers (with parallel con-
nections) that connect in parallel with the layers above and
below.

FIG. 14. Photograph of the face-centered cubic crystal struc-
ture of halite, or rock salt, the mineral form of table salt,
courtesy Wikipedia [17].

Face-centered cubic packing has the same density as
hexagonal close packing, which has the maximum pos-
sible packing density. The differcuce between the two
is that face-centered cubic packing has three types of
layers, alternating ABCABC... Figure 13 shows how
to build a face-centered cubic lattice out of Zen Mag-
nets and colored Neoballs by alternating green layers A
with single-magnet cores, violet layers B with upright
3-magnet triangular cores, and orange layers C with in-
verted 3-magnet triangular cores. In this case, the single
magnet at the core of an A layer fits into the hollow
created by the 3-magnet triangles above and below it.
Face-centered cubic metals include aluminum, lead, cop-
per, silver, and gold [15]. The ionic solids sodium chloride
(NaCl, table salt) and zinc blende (ZnS) also have face-
centered cubic structure [16]. Figure 14 shows the crystal
structure of halite, or rock salt, which is the mineral form
of table salt. Figure 15 shows the structure of crystalline
gold.

In Fall 2012, my wife, Nadine Edwards, took a college
chemistry class (CHEM 1210) from Dr. Michael Chris-
tiansen at Utah State University Uintah Basin, which
included a discussion of the face-centered-cubic lattice
[15]. She mentioned to me that my Zen Magnet models
of this lattice helped her to understand it better.



FIG. 15. Photograph of the face-centered cubic crystal struc-
ture of gold, courtesy Wikipedia [18].

Face-centered-cubic packing is used in building the di-
agonal cube, a popular cube shape built from diagonal
layers of magnet spheres. Producing a tutorial video on
this shape [19] taught me better than any textbook how
the face-centered-cubic lattice fits together in three di-
mensions because | was forced to confront exactly how
each layer connects to the next. Figure 16 shows a side
view (a) and a top view (b) of a family of diagonal cubes
that I built using this technique. The top view inspired
Zen Magnets photography contest #34, Shadow Projec-
tion: Second Generation [20)].

Magnenaut published an alternate construction
method for the diagonal cube [21]. His cube looks iden-
tical to the standard diagonal cube - it has the same
face-centered-cubic packing with magnets in the same
locations. But it is magnetically quite different. The
magnets are rotated in their places and connect to each
other differently to yield circular magnetic polarities at
all eight corners, instead of just at two, allowing greater
flexibility in attaching the cube to other structures. The
fact that two seemingly identical cubes could have such
different magnetic properties reflects the amazing ver-
satility of these magnets, the large numbers of ways of
connecting them, and their value as a tool for creative
exploration.

Figure 17 shows how face-centered cubic packing is
used to build the diagonal cube with Zen Magnets
and Neoballs, with the same three types of layers as
Fig. 13. Video “Lattices Zen*.mp4” shows how to trans-
form Fig. 13 into Fig. 17.

Building these lattices using Zen Magnets helped me
to fully appreciate their structure for the first time. I
studied these lattices in solid state courses that I took as
a student, trying to make sense of them using diagrams
like Fig. 10. But such diagrams siimply do not effectively
communicate how lattices fit together. It takes a tactile
experience, an opportunity to examine each layer and
place it atop the previous. Thus I can personally attest
to the power of magnet spheres in bringing understand-

FIG. 16. Side-view (a) and top-view (b) photographs of a
family of diagonal cubes built by the author and illuminated
by the setting sun. The top view inspired a Zen Magnets
shadow projection photography contest (see text).

FIG. 17. Photograph of two diagonal cubes, one made of
colored Neoballs with the same face-centered cubic structure
as Fig. 13, and the second identical in every respect except
that all of the magnets are the same color.
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FIG. 18. Photograph of Platonic solid frames built using Zen
Magnets, including a tetrahedron with 4 triangular faces (A),
a cube with 6 square faces (B), an octahedron with 8 triangu-
lar faces (C), a dodecahedron with 12 pentagonal faces (D),
and an icosahedron with 20 triangular faces (E). Molecules
with more than one symmetry axis have tetrahedral, octahe-
dral, or icosahedral symmetry.

ing of crystal structure. While exploring these lattices
using Zen Magnets, 1 also tried models using ping-pong
balls, which proved very difficult to hold together during
construction - the slightest jostle and I had ping-pong
balls all over the table and floor. With magnets, the
magnetic force supplies all of the force necessary to hold
the structures elegantly together.

B. DMolecular Structure

A staple of chemistry education is the study of molec-
ular structure, that is, how molecules are formed out of
atoms. And here, Zen Magnets have great utility. Mag-
net spheres can be used to teach molecular structure and
symmetry through models of molecules and atomic clus-
ters. Of particular interest are molecules with more than
one symmetry axis, including methane (CHy4, with tetra-
hedral symmetry, Fig. 18A), sulfur hexafluoride (SFg,
with octahedral symmetry, Fig. 18C), and the buckmin-
sterfullerene (Cgg, with icosahedral symmetry, Fig. 18E)
[22], as well as 13-atom icosahedral clusters formed by
neon, argon, krypton, and xenon [23]. Figure 19 shows a
photograph of a model of a 13-atom cluster, an icosahe-
dron frame with atoms located at its 12 vertices and with
one atom located at its center. Care must be taken to
ensure correct magnetic polarities in building this model
so that all of the components fil together correctly [24].
That is, success in constructing the shape is contingent
upon understanding its underlying magnetic structure.

On June 28, 2014, my wife Nadine Edwards described
to me how magnet spheres help students visualize elec-
tron and molecular configurations in her college chem-
istry class, saying:

FIG. 19. Photograph of a model of a 13-atom icosahedral
cluster made with 3860 Zen Magnets. Such clusters can be
formed by neon, argon, krypton, and xenon, and have 12
atoms at the icosahedral vertices and one atom at the center.

In Fall 2012, T took a college chemistry class
(CHEM 1210) from Dr. Michael Christiansen
at Utah State University Uintah Basin. In
class, we learned about electron domains of
atoms and molecular geometry of molecules,
including linear, trigonal planar, tetrahedral,
trigonal bipyramidal, and octahedral [25]. I
left the classes and went home where my hus-
band showed me Zen Magnet shapes includ-
ing a tetrahedron, octahedron, and dodeca-
hedron, some of which I had learned about
in chemistry. As he showed me the shapes
he had built and as he used their names, the
Zen Magnets reinforced what I was learning
in chemistry.

C. Angle Strain

Brian Kirk, author of statement 411 in Appendix E and
holder of a 1984 B. A. in Chemistry from Hanover Col-
lege in Hanover, Indiana, invented a way to use magnet
spheres to illustrate strain-induced reactivity of organic
molecules [26]. Atoms have optimal angles at which they
like to bind with each other to form molecules. For exam-
ple, the optimal angle for carbon is 109.5° [27]. Molecules
with bond angles that are at or near these optimal an-
gles tend to be more stable, and to have lower energies,
than molecules that deviate significantly from these an-
gles. Molecules with non-optimal bond angles can re-
arrange, via chemical reactions, into lower energy con-
figurations with bond angles that are closer to optimal.
“Angle strain” is the term used to describe the increase
in energy, reactivity, and heat of combustion of molecules
with non-optimal bond angles [27].

Magnet spheres prefer to connect in straight lines with



north and south poles of adjacent magnets in direct con-
tact with each other (Fig. 3). Thus, magnet spheres can
be used to illustrate angle strain for molecules with op-
timal bond angles of 180°. As discussed in Sec. II B,
straight-line connections between magnets minimize the
energy, and any deviation from a straight line leads to
forces and torques that tend to reorient and realign the
magnets into a straight line. Bending a chain of magnets
increases its energy and introduces angle strain. The
smaller the bend radius, the greater the angle strain.

Consequently, small rings of magnets have large angle
strain and high reactivity, as seen by the following simple
demonstration. Roll a single magnet sphere toward a 3-
magnet ring (Fig. 20). The ring quickly opens to accom-
modate the new magnet, relieving some angle strain by
rearranging to form a symmetric ring of 4 magnets. Four-
magnet rings behave similarly when a fifth magnet is
rolled toward them, producing a symmetric ring of 5 mag-
nets. As magnets are incorporated into the expanding
ring, its angle strain decreases until it no longer accom-
modates new magnets, which stick instead to the outside
of the ring (Fig. 20, Video “Angle Strain.Zen*.mp4”).
The maximum number of magnets accommodated by a
ring ranges between 6 and 9 magnets. Larger rings have
less angle strain and find it energetically less favorable to
open to accommodate a new sphere. Thus, small rings
have large angle strain and high reactivity, while large
rings have small angle strain and low reactivity.

Weak magnets (Sec. VIIIB) are ill suited for this
demonstration (Video “Angle_Strain_ Weak.mp4”). Fol-
lowing the procedures in the previous paragraph 100
consecutive times using weak magnets, I succeeded in
replicating the demonstration only 16 times because
the magnet that was rolled toward the 3-magnet ring
generally produced some shape other than a sym-
metric or nearly-symmetric ring of 4 magnets (Video
“Angle _Strain_100_Trials. Weak.mp4”).  Following the
procedures in the previous paragraph 100 consecu-
tive times using regular Zen Magnets, I succeeded in
replicating the demonstration 87 times (Video “An-
gle_Strain_100.Trials_Zen.mp4”). For both Zen Magnets
and weak magnets, a trial was considered successful if it
produced symmetric or nearly symmetric 4-magnet and
5-magnet rings.

This reactivity can also be seen by sliding one small
ring into another identical ring; these rings quickly com-
bine to form a symmetric ring with twice as many mag-
nets. This works for rings of 3 and 4 magnets, but not for
rings of 5 or more, which simply attach together without
opening into a larger ring, as shown in Fig. 21.

I explained this demonstration to Dr. Michael Chris-
tiansen, Assistant Professor of Chemistry at Utah State
University - Uintah Basin [28] and asked him whether the
demonstration would be useful in teaching strain-induced
reactivity. He confirmed that it would, and expressed in-
terest in obtaining magnet spheres in order to incorpo-
rate the demonstration into his organic chemistry classes.
He mentioned that the experience of tactile learning in-

FIG. 20. Rings of 3, 4, 5, 6, 7, 8, and 9 sphere magnets used to
illustrate strain-induced reactivity in organic molecules. The
ring of 4 was produced by rolling a single magnet into the ring
of 3, which quickly opened to accommodate the new magnet
to produce a ring of 4. The ring of 5 was produced by rolling
a single magnet into the ring of 4, and so on. Large rings
with 8 or more magnets have less angle strain, and do not
generally open to accommodate new magnets, which instead
attach to the outside of the ring. Thus, small rings have high
angle strain and high reactivity, while larger rings are stable.
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FIG. 21. Second illustration of chemical reactivity resulting
from angle strain in organic molecules. Two highly-strained
rings of 3 magnets combine to form a ring of 6 magnets. Two
rings of 4 magnets combine to form a ring of 8 magnets. Two
rings of 5 magnets attach to each other, but do not have
enough angle strain to produce an open ring of 10 magnets.

creases comprehension over simple visual and auditory
learning, because it adds one more sense to the learn-
ing process. He said that magnet spheres can convert
the abstract microscopic concept of atoms into something
macroscopic that students can see and touch. He pointed
out that the dynamics of this angle strain demonstration
could not be accomplished with standard ball-and-stick
chemistry models, which have fixed angles and lack an
attractive force to bring the “atoms” together.

I also explained the demonstration to Dr. Alvan
Hengge, Professor of Organic Chemistry and Head of
the Department of Chemistry and Biochemistry at Utah



FIG. 22. Motor built by Graham Nash out of magnet spheres.
This motor is the subject. of the second-most popular magnet-
sphere YouTube video, with over & million views [30].

State University [29]. Dr. Hengge pointed out that, while
the demonstration does not replicate the details of chem-
ical reactions, it is useful in illustrating the concept of
reactivity associated with angle strain, especially when
coupled with understanding of the energetics of magnetic
dipoles (Sec. I B).

The demonstration illustrates the unique utility of
magnet spheres for chemistry education. Necessary for
this angle strain demonstration are the strong attrac-
tive forces of magnet spheres and their ability to con-
nect with each other at a continuous range of angles. As
pointed out by Mr. Kirk, the demonstration emphasizes
that molecular bonds are not like sticks in ball-and-stick
molecular models, but are energy fields, modeled here by
magnetic energy fields.

Mr. Kirk reviewed this section and consented to have
me include it in this report. :

IV. ENGINEERING
A. Motors

Electrical engineers must understand how motors
work. The second-most popular magnet-sphere YouTube
video, with over 8 million views, shows a motor built by
Graham Nash out of magnet spheres [30] (Fig. 22).

B. Crystal formation and defects

On July 4, 2014, I talked with Dr. Stephen Niezgoda,
Assistant Professor of Materials Science Engineering at
The Ohio State University about his educational use of
magnet spheres [31]. I approached Niezgoda after seeing
his comment on the proposed CPSC rule: Safety Stan-
dard for Magnet Sets [32], transcribed the essence of our
conversation, and sent the transecript to him. He replied
and granted me permission to include this transcript in
this report.

In 2009-2010, while a graduate student at Drexel Uni-
versity, Niezgoda used magnet spheres to deronstrate
the complex structure of crystalline materials, including
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defects such as dislocations and vacancies, at a week-
long materials camp sponsored by the American Society
for Materials (ASM) and at internal recruitment efforts
within the university. The purpose of these events was to
recruit undergraduate students to the Drexel University
Materials Science Department. Attendees at the camp
included Drexel University undergraduate engineering
students who had not yet chosen a major and high school
students who were considering attending Drexel Univer-
sity.

Niezgoda owned some Zen Magnets at the time, and
realized that they could be used at the materials camp
to demonstrate crystal defects, a central concept in met-
allurgy. He worked with his department to purchase sev-
eral sets of magnet spheres for this purpose. At the camp,
students formed a single-thickness layer of magnets on a
table by smashing an amorphous blob of magnets onto
the surface, and investigated the structure of this layer
(Fig. 23, Video “Lattice_Defects_Zen* . mp4”). These lay-
ers include regions of cohesive hexagonal lattice structure
separated by defects, dislocations, cleavages, crystallites,
and vacancies.

Niezgoda used this activity to teach the students that
such defects in crystalline structure help to define differ-
ences between materials, and that the temperature (the
extent of thermal agitation) during the crystal formation
process affects the equilibrium concentration of these de-
fects. This simple exercise demonstrates key thermody-
namic concepts of how crystalline materials self organize
into complex structures on solidification, and how engi-
neering materials such as metals that appear homogenous
on the macroscopic scale can be quite heterogeneous on
the microscopic level.

Niezgoda pointed out that this learning activity could
not be accomplished with standard ball-and-stick molec-
ular models because of the dynamic and imperfect nature
of the simulated crystal growth process.

C. Deformations in close-packed lattices

Niezgoda also commented on the utility of mag-
net spheres for demonstrating deformation in defect-
free close-packed regular three-dimensional lattices. He
pointed out that such demonstrations help metallurgy
students to understand why different metals have differ-
ent material properties. For example, magnet spheres
can be used to build the face-centered cubic (FCC) lat-
tice and to demonstrate its well-known mechanisms of ac-
commodating permanent, or “plastic” deformation. Such
plastic deformation is key to the malleability and ductil-
ity of aluminum, copper, gold, and silver.

To build the lattice, stack hexagonal layers in an AB-
CABC arrangement as in Fig. 13. To demonstrate the
deformation mechanisms, apply a shear force and defor-
mation will occur by sliding between the 111 (cube di-
agonal) planes, with atoms in one layer slipping past the
atoms in the next. The magnets naturally slide along



F1G. 23. Photograph of an amorphous blob of magnets (top),
and this same blob after being smashed into a single-thickness
layer of magnets (bottom). This process was used by Dr.
Stephen Niezgoda at a materials camp to simulate the forma-
tion of defects during crystal growth.

this direction, just as atoms in FCC lattices do in nature.
Figure 24 and Video “Lattices.Zen*.mp4” show how this
mechanism works, by sliding a close-packed layer relative
to another. Niezgoda mentioned that the capability for
magnet spheres to demonstrate such slippage along crys-
tallographic planes gives them a significant educational
advantage over ball-and-stick models, which lack this ca-
pability. ‘

D. Structural Engineering ;

Zen Magnets can also be used to teach and learn prin-
ciples of structural engineering. A cuboctahedrén frame
that I built using Zen Magnets has generated many com-
ments about the engineering principles that erable the
structure to support itself (Fig. 25), principles that are
taught in structural engineering courses designed to train
civil engineers to design buildings and bridges [33].
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FIG. 24. Demonstration, using Neoballs and Zen Magnets,
of the slip mechanism that is responsible for the softness of
metals with face-centered cubic crystal lattices, such as alu-
minum, copper, gold, and silver, showing the lattice before
(top) and after (bottom) displacing the top layer.

V. BIOLOGY

A. Protein Structure and Function

Anthony J. Pelletier uses magnet spheres to teach pro-
tein structure and function at the high school level. Using
magnet spheres, he has built helical molecules, boxes to
encase DNA, an icosahedron to model an ando virus, and
a dodecahedron to model a rhinovirus [36]. His students
use Zen Magnets and BuckyBalls to aid in understanding
how simple repeating subunits can be used to build more
complex structure (See Appendix E, statement 212).



FIG. 25. Photograph of a large 4,416-magnet cuboctahedron
frame designed by the author and a small 912-magnet cuboc-
tahedron frame designed by Magnenaut [34, 35]. Comments
marvel at the power of Zen Magnets to support such a large
structure, and discuss engineering principles that enable the
structure to support itself.

B. Amoeba Movement

W. Beaty has used magnet spheres to model the move-
ment of amoebas [37].

C. Cell Division

A U.S. teacher uses magnet spleres in her seventh
grade science class to demonstrate cell division and chro-
mosome splitting [38]. Figure 26 shows how she mimics
cell division by creating a “parent” ring of 16 magnets,
pinching it together in the middle, and separating two
8-magnet “daughter” rings [39].

I published a YouTube video entitled “Playing with
Plato” that shows how to build the five Platonic solids
using Zen Magnets [40]. In the video, transitions between
these shapes include ring divisions similar to those shown
in Fig. 26 (Video “Playing_with_Plato*.mp4”). These di-
visions prompted one viewer to comment on the similar-
ity with cell division [41].

Magnet spheres also aid in understanding DNA repli-
cation and chromosome segregation, essential processes
during cell division. Figure 27 shows a model of a DNA
strand with 10 base pairs, with nitrogenous bases repre-
sented by magnet spheres of different colors:

A = adenine (silver)
C = cytosine (violet)
(G = guanine (green)
T = thymine (orange)

The model obeys the DNA base pairing rules, with ade-
nine pairing only with thymine and cytosine pairing only
with guanine [42]. During DNA replication and chromo-
some segregation, the two strands in the molecule sepa-
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FIG. 26. Demonstration of cell division using Zen Magnets.

rate and each strand serves as a template for a new iden-
tical molecule, constructed by adding complementary ni-
trogenous bases according to the pairing rules.

A valuable classroom learning activity is to ask groups
of students to follow the base pairing rules in designing
and creating a double DNA strand like that shown in
Fig. 27, to separate it into two single strands, to have
different groups use these as templates to create two new
double strands, and to compare the two new strands. If
they are identical, then both groups succeeded in the ac-
tivity. If not, then the activity serves to illustrate genetic
mutation.

I described this activity to Dr. Edmund Brodie, Pro-
fessor of Biology at Utah State University [43], who
stated that the demonstration might be useful at the ju-
nior high level.

The double strand shown in Fig. 27 can be twisted by
hand to demonstrate the helical structure of the DNA
molecule. Alternatively, this helical structure can be
demonstrated by building a more rigid model of the DNA
molecule (Fig. 28).

The classroom activity mentioned above can be car-
ried out using pennies, nickels, dimes, and quarters, for
example, to represent the four nitrogenous bases. The
advantage of magnets for this activity is that they at-
tract each other, mimicking the chemical bonds and pro-
ducing a structure that holds itsclf together, as the DNA
molecule does. Coins cannot easily be used to replicate
the helical structure shown in Fig. 28.

V1. MATHEMATICS

Magnet spheres can be used as a math manipulative, a
physical object that can help students learn mathemat-
ics. Using manipulatives in mathematics instruction pro-
duces a small- to medium-sized effect on student learning
when compared with instruction that uses abstract sym-
bols alone [45].



FIG. 27. Model of a DNA strand with 10 base pairs, made
of two 10-magnet antiparallel strands of Zen Magnets and
Neoballs, with four magnet colors representing the four ni-
trogenous bases.

FIG. 28. Zen Magnets Double Helix, a Flickr photograph by
Thomas [44].

A. Solid Geometry

Magnet spheres excel at solid geometry. In fact, it
was the amazing replicas of solid geometrical shapes that
people had built that motivated me to buy Zen Magnets
in the first place.

At a 2013 New Year’s party with family members and
friends, I used a PowerPoint presentation to teach party-
goers about the Platonic solids (Appendix A), and taught
them how to use Zen Magnets to build an icosahedron, a
Platonic solid with 20 triangular faces (Fig. 29). The five
Platonic solids, each with a different numnber of identical
regular polygonal faces (Fig. 18), are the five most com-
mon shapes of gaming dice [46] and were once thought
to be spacers for planetary orbits [47]. My video showing
Lhow to build the Platonic solids won first place in Zen
Magnets Contest 39: The Flagship Video Contest [40]
(Video “Playing with_Plato*.mp4”)

Another of my videos shows how to build a giant
spherical rhombicosidodecahedron frame [48] (Fig. 30),
a highly symmetric shape with triangles, squares, and
pentagons arranged in a fascinating pattern. The rhom-
bicosidodecahedron is one of 13 Archimedean solids, each
employing two or more regular polygonal faces meeting
in identical vertices [49].
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FIG. 29. Photograph of an icosahedron, a Platonic solid with
20 triangular faces, built using 180 Zen Magnets. The author
taught nine teams of attendees at a 2013 New Year’s party
how to build this shape as part of a lesson on Platonic solids.

FIG. 30. Photograph of a hollow spherical rhombicosidodeca-
hedron frame designed and built by the author using 3660 Zen
Magnets. This structure barely supports itself under Earth’s
gravity, and cannot be built using weaker magnets.

B. Tessellations

Magnet spheres are well suited to demonstrate tessella-
tions. Some solids can be replicated and stacked together
to filt all space, with no gaps. These are called tessella-
tions, or honeycombs. Spheres cannot tesselate space, for
example, but cubes can. Another example of a tessella-
tion is shown in Fig. 31, which uses rhombic dodecahedra
to fill an octahedral volume [50]. Garnet crystals take the
shape of rhombic dodecahedra.






