
INTRODUCTION 
The atomic nucleus exhibits collective oscillations, with the 
most prominent one being the giant dipole resonance. A tan-
gible, 3D-printed model of the nucleus can be constructed to 
illustrate this oscillatory behavior. The model (Fig 1) in-
cludes two separate components representing neutrons and 
protons. In the 3D-printed model, the equatorial core of one 
component prevents the polar cap of the other component 
from sliding all the way through, thereby preventing the two 
parts from separating completely. Cylindrical columns con-
nect the two polar caps of one component, passing through 
voids in the equatorial collar of the complementary piece. 
This tangible model solves the geometric puzzle of how to 
construct a pair of handheld structures that oscillate through 
each other. More importantly, the model serves as a simple 
prop to promote discussion about the structure and behavior 
of the nucleus.  

A.MEASUREMENTS AND MODELS OF THE NUCLEUS 
The atomic nucleus absorbs photons in the energy range 
4-20 MeV (million electron volts). An extensive collection 
of absorption graphs for different nuclei has been compiled 
in atlases [Dietrich; Varlamov]. This absorption of photons 
by the nucleus is explained in two ways: mathematical theo-
ry (consulting the nuclear Hamiltonian H) and descriptive 
model. The descriptive model appeals to intuition based on 
physical, geometric relations, allowing the unfamiliar and 
unobservable structure in the nucleus to be imagined accord-
ing to our experience with macroscopic objects.  
In the descriptive model of nuclear photo-absorption, a pho-
ton imparts energy causing neutrons to oscillate, sloshing 
back and forth, and causing protons to oscillate in a com-
plementary fashion. Such motion is illustrated in Fig 2, 
where the volume of protons moves through the volume of 
neutrons. The out-of-phase collective motion of the two 
species — namely, protons (electrically charged) and neu-
trons (electrically neutral) — of these nucleons is called the 
“giant dipole resonance” of a nucleus.   An introductory 
textbook on nuclear physics provides considerably fuller 
details regarding the structure of the nucleus, including ex-
perimental results and theory [Povh; Cottingham]. 
The goal of this work is to fabricate a physical object that 
demonstrates the 2-species out-of-phase oscillation of the 
giant dipole resonance using a spherical shape composed of 
separate parts that oscillate as shown in the cartoon (Fig 2). 

B.DESIGN OF THE MODEL 
Construction of a 3D realization of the cartoon in Fig 2 
presents an immediate problem: two solid objects do not 

pass through one another. A single-species version of the 
dipole-resonance model (representing nucleons, without 
distinguishing protons versus neutrons) was therefore de-
signed and fabricated as an initial prototype, shown in Fig 3 
(top). This prototype imitates a collapsible camping-cup 
constructed of nested cylindrical shells; the shells are con-
fined between two polar caps. This prototype was presented 
to nuclear physicists, some of whom are shown in Fig 3 
(bottom) as they used the model while describing giant di-
pole resonance.  
One nuclear physicist pointed out that (1) the cylindrical 
elements within the collapsible model were distractors, in-
appropriately suggesting non-physical features of the nucle-
us, and that (2) the model was not composed of two different 
species (emphasis added): 

… maybe you're thinking about giant resonances like this 
[pulls polar caps apart]. It’s kind of a dipole resonance. But 
then the things on this side kind of have to slosh over here and 
the things on this side have to slosh over here. So maybe, you 
know, if this was a giant dipole resonance, it’s kind of, you 
would want these blue and these red and they would have to 
be able to pass through each other. And then you could be 
making giant dipole resonances out of it. 

The equator of the collapsible model shrinks as the model 
elongate; one nuclear physicist found that this “necking” 

Tangible Models of the Giant Dipole Resonance ISAM 
2017 
Paper 
No.: 
022 

David Banks1

1Visual Models in Science and Medicine; e-mail: david@scivis.io

 (a) (b) (c) (d)

Fig 2. 2D illustration of giant dipole resonance. Species 1 (dark 
region) moves from left to right through species 2 (light).
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Fig 1. 3D printed models of 2-species dipole resonance. (a): with 
affordances (bumps) for finger-grips. (b): smooth version.
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behavior would better serve as a model for fission rather 
than for giant dipole resonance: 

This kind of model could hypothetically illustrate nuclear 
fission. This would be a fission of the nucleus. This is pluto-
nium 240 in its ground state, and it potentially fissions, ok? It 
becomes more and more elongated. The neck develops. At 
some point the nucleus splits into two fragments. 

These expert comments motivated the design of the two-
species model described below. 
Two species model. An alternative to constructing the two 
solid disks shown in Fig 2 is to place voids in each compo-
nent, thereby dithering each solid disk. The voids allow cor-
responding projections of each component to pass through 
empty space in the other component. Fig 4 shows the result 
of placing several voids within two disks. The voids remove 
obstructions to the oscillation of one object through the oth-
er, but the voids separate each disk into disconnected com-
ponents that would fall apart when manipulated by a human 
user. As a remedy, the voids can be shortened so that fingers 
projecting from each disk remain connected by the solid cap 
at the pole. Unfortunately, these models with solid caps only 
pass partially through each other before their motion is ob-
structed by the very caps that keep the fingers connected 
with each other.  
The situation changes in 3D space, where an extruded void 
does not necessarily separate the spherical volume into dis-
connected pieces. A void through the sphere can take the 
shape of an extruded polygon (prism) or an extruded disk 
(cylinder), leaving the surrounding solid still connected. For 

example, the checkerboard pattern in Fig 5 contains squares 
that can be extruded into solid rectangular prisms. The 
prisms comprising one object pass between the prisms of the 
other object, just as the fingers in Fig 4 do. If disks, rather 
than squares, are extruded, the resulting cylindrical fingers 
slip into corresponding cylindrical voids. Fig 5 illustrates 
these underlying geometries. 
Fingers and Voids. When two spherical solids contain such 
cylinders and voids, each sphere-with-voids (“tailored” 
sphere) can slip past the other. Fig 6 shows a pair of tailored 
hemispheres; the component on the left contains cylindrical 
fingers that are received by cylindrical voids in the comple-
mentary shape to its right. Branches connect the polar cap to 
the fingers; voids between the branches accommodate com-
plementary extrusions rising from the equatorial collar of the 
other component, as shown on the right in Fig 6. 
Optimization. The polar cap in Fig 6 allows the piece to be 
realized as a single connected component, but the solid polar 
cap also hinders the mating tailored hemisphere from pass-
ing completely through. If the solid polar cap is too thick, 
the complementary mating piece does not have sufficient 
room to fit within it. If the polar cap is too shallow, its cylin-
drical fingers break off. The optimum thickness depends on 
the strength of the fabricated object.  
Skin. The design in Fig 6 can be adorned with bumps, 
shown in Fig 7. The bumps serve two purposes: they suggest 
the presence of particles comprising the nucleus, and they 
provide affordances that allow the user to grip and push and 
pull two components. The smooth version without bumps 

Fig 3. Top row: indistinguishable species of nucleons in a cartoon 
model of giant dipole resonance. Middle row: single-species mod-
el represented as a hollow, collapsible shell.  Bottom row: three 
nuclear  physicists  using  the  single-species  collapsible  model 
while describing the behavior of an energetic nucleus. 

Fig 5. Arrangements of base templates extruded to form 3D solids 
that slip through each other.

Fig 4. Voids in the disks. Left: voids extend all the way through 
disks. Right: voids extend only partially through disks.

Fig 6. Fitting the tailored hemispheres together, with fingers in-
serted into cylindrical voids. Left: hemispheres facing each other.  
Right: hemispheres facing same direction.
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allows the fabricated model to show an intriguing property 
of nuclei: the excess of neutrons (compared to protons) pro-
duces a larger radius of neutron density than of proton densi-
ty, resulting in a “neutron skin”. For example, the nucleus of 
lead 208Pb, of radius about 5 fermi (fm), is surrounded by a 
neutron skin approximately 0.2±0.1 fm in thickness [Abra-
hamyan]. The slightly larger neutron radius is evident, both 
by appearance and by feel, in the smooth model of the nu-
cleus shown in Fig 7a. 
Internal Spring. One of the nuclear physicists described the 
giant dipole resonance by using a (physical, coiled) spring as 
a proxy for the nucleus:  

… giant dipole resonance would be a vibration like this 
[stretches spring]. Naturally, the shift between the center of 
proton and neutron mass, you know, is never large. 

Although the stretching spring is not comprised of two dif-
ferent species passing through each other, its natural ability 
to oscillate did merit approval from a nuclear physicist in 
describing giant dipole resonance. 
Within the 3D-printed model shown in Fig 7(a), the equator-
ial band and the polar cap are separated by a gap, shown in 
Fig 8. This gap determines the amount of travel by the two 
components. The central interior column, shown in the cut-
away views, was removed to leave an additional void. Inser-
tion of a spring in the void created the haptic sensation of a 
restoring force when the two components oscillate. 

C.SUMMARY AND DISCUSSION 
In order to connect a verbal description of the giant dipole 
resonance of the nucleus with a visual and tangible represen-
tation of the nucleus, we designed and fabricated 3D-printed 
realizations  of a model that exhibits oscillation of two tai-

lored spheres passing through each other. The hand-held 
models demonstrate the collective motion within the nucle-
us, as inferred from the absorption of photons at energies of 
about 4-20 MeV and explained theoretically by the nuclear 
Hamiltonian. The hand-held model allows physics experts 
and non-experts to engage in conversation about this dynam-
ic nuclear phenomenon.  
A typical textbook on nuclear physics contains very few 
figures, and even these figures are generally graphs or 2D 
line drawings; 3D illustrations are typically limited to pho-
tographs or diagrams of experimental apparatus. In contrast, 
a typical textbook for biologists, chemists, or engineers 
[Serway p. 7; Hein p. 89] depicts the nucleus as a cluster of 
spheres of two species, such as in Fig 9, but does not illus-
trate the concept that the neutrons and protons behave as two 
collective entities. That is, the visual model of the nucleus 
that is typically presented by or for a chemist or biologist has 
only two levels of detail: either a single structure (at lowest 
resolution R=1), or a collection of distinct nucleons (at high-
er resolution R=A, where A might exceed 100). The tangible 
models in this work provide a level of detail at resolution 
R=2, interpolating between these two extremes. The haptic 
version of the model additionally displays the invisible nu-
clear force using a spring; such force is generally not dis-
played at all in textbook figures, regardless of the resolution 
used in the figures. 
These 3D-printed hand-held manipulatives, used during an 
explanation of giant dipole resonance, provide to the ex-
plainer a sensorimotor experience that is 3-dimensional, vis-
ual, tactile, bimanual, haptic, purposeful, coordinated, and 
rhythmic. The experience is coupled with the explainer’s 
extemporaneous oral narrative describing a mental represen-
tation of a nuclear process. The listener receives audio-visual 
stimuli from hearing and observing the explainer; the same 
cortical areas (primary motor cortex and somatosensory cor-
tex) in the brain are activated in an observer that correspond 
to cortical areas active in performer of an action [Raos], 
suggesting that the observer is mentally mirroring the per-
former. The use of these 3D-printed models may thus pro-
vide cognitive benefits to the explainer and to the observer 
by activating cortical regions that would otherwise not be 
activated without a tangible model. 

D.DISCUSSION 
The organizers of an academic makerspace have many con-
cerns. Should the space be physically located on an academ-
ic campus? Should it be staffed by employees of the academ-

Fig 9. Textbook-style illustrations of the nucleus. Left: spheres in 
a 2D lattice.  Right: spheres in a 3D cluster.  The textbook-style 
illustration does not clearly suggest that the nucleons one species 
exhibit collective motion that is out of phase with the collective 
motion of the other species.

 (a) (b) (c)

Figure 7. Different realizations of the dipole-resonance model. 
(a)  Smooth.  (b)  26  bumps,  suggesting nucleus  contains  a  few 
dozen nucleons. (c) 50 bumps, suggesting nucleus contains many 
dozens of nucleons. 

Figure 8. Cut-away view showing gap between equatorial band of 
one piece and polar cap of other piece. 
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ic institution? What types of 3D printers and/or CNC ma-
chines and so forth should it have? Should it offer instruc-
tion? What should be the fee structure for members? Should 
members be allowed to operate private enterprises by manu-
facturing objects within the academic makerspace? Should 
the makerspace share in profits and/or patents derived from 
use of the equipment or expertise in the makerspace? What 
types of insurance are necessary to protect the makerspace 
from liability? These various concerns are important to the 
successful operation of an academic space [Hartmann; 
Galaleldin]. 
The users of an academic makerspace have a somewhat dif-
ferent set of interest. Perhaps the user’s first interest is in 
learning to operate the equipment and learning to use (or 
write) software to design models and fabricate them. How-
ever, the academic user’s eventual interest is likely to be: 
what can I make that relates to an area of academics that 
interest me? 
The work described herein resulted from just such an inter-
est. The physics literature describes phenomena that could, 
in principal, engage the interest of a broad audience. One 
way to encourage that engagement is through programs 
broadcast on public television. This approach reaches a large 
market but includes a lengthy delay due to the time required 
to script and produce the content. Another way to encourage 
engagement is by assigning students to read recent publica-
tions by physicists. This approach reaches a very small mar-
ket because of the technical hurdle of digesting a scholarly 
article written for physicists, but the delay is very short. 
An academic makerspace provides a venue in which stu-
dents and faculty and interpret recent results in science by 
constructing physical models that illustrate the behavior de-
scribed in scientific papers. The science expert can correct 
the maker’s misperceptions by pointing out defects or short-
comings in the maker’s physical models. The science expert 
can also suggest improvements to the physical model that 
might better illustrate principles the expert knows well but 
that are not widely understood outside a small community.  
In this sense, an academic makerspace can serve as a forum 
for personalized instruction and intimate publication. The 
maker “publishes” a physical model to an expert. If and 
when the expert is satisfied with the physical “publication”, 
the maker and the expert can each share the physical “publi-
cation” with students and with colleagues. This approach to 
informal education relies heavily on the collocation of sci-
ence experts, students, technicians, and a makerspace. 
In a more formal instructional setting, an academic maker-
space will allow observation of how 3D-printed objects can 
contribute to learning and discovery. Putting 3D-printed ma-
nipulative into the hands of students creates distractions and 
complicates observation of learning outcomes — physical 
dexterity becomes part of the learning chain when a student 
must interact with the physical object in order to observe 
and/or cause a particular salient behavior such as dipole res-
onance. The student might discover properties of the plastic 
model or of the internal spring that distract from discovering 
properties of the atomic nucleus.  
Despite these shortcomings, a custom-designed 3D-printed 
bespoke model, produced in an academic makerspace, en-
joys the usual benefits of rapid prototyping. In particular, 

customs 3D-printed models can illustrate shapes and behav-
iors that science experts have internalized but that they do 
not communicate in their scholarly works. For example, the 
High Energy Physics Information System illustrates the gi-
ant dipole resonance using the figure below [Tamii]: 

The underlying oscillation of protons and neutrons is not 
immediately obvious in the figure. The Triangle University 
Nuclear Laboratory (TUNL) at Duke University augmented 
the 2D graph of excitation energy, placing a cartoon like Fig. 
2 in the upper right [TUNL]: 

This illustration connects the graph of experimental data 
with the internal representation a physicist imagines of the 
protons (red disk) and neutrons (green disk) that oscillate 
against each other. At the time of this writing, there appear to 
be no 3D illustrations in the physics literature of giant dipole 
resonance and no dynamic 3D animations of the process. 
The reason might simply be that physicists have little inter-
est in the 3D shape and the 3D motion of the nucleons, but 
are deeply interested in verifying the accuracy of their pre-
dictive models. The work described herein addresses this 
niche market and demonstrates that a custom 3D model can 
be designed and fabricated to enable a simple, scripted, in-
formal, hands-on experience that introduces an audience to 
the qualitative behavior of the atomic nucleus.  
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Figure 10.  Experimental measurement of atomic nucleus in the 
Giant Dipole Resonance (GDR) energy regime.

Figure 11.  Experimental measurement of atomic nucleus in the 
Giant  Dipole  Resonance (GDR) energy regime,  annotated with 
2D cartoons to illustrate collective motions of protons (red) and 
neutrons (green).
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