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The significance of pop-up: an exploration of mechanical engineering's impact
on storytelling

by

Rachel A. McDermott
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of the Requirements for the Degree of Bachelor of Science in Mechanical Engineering

Abstract

Storytelling-and particularly the concept and perception of children's literature-has changed
drastically since the 18 th century. The introduction of movable books was an important step in
the gradual shift from didactic literature toward immersive, imaginative stories. These books
also drew engineering into the world of literature. As paper engineers continued to expand on
the transformation from 2D to 3D for the sake of better communicating stories, the principles
they introduced became cutting-edge ideas in engineering. Today, professional pop-up books
and other fields of engineering are in constant communication, challenging and improving upon
each other. This paper explores pop-up from both an engineer's and a reader's perspective to
identify the ways in which pop-up has reformed storytelling. Through the construction of pop-
ups as well as an investigation into professional constructions, mechanical complexities of paper
work will be discussed. Explanation of the history of children's literature as it pertains to pop-up
books will inform investigations into the unique storytelling capabilities of these books. Pop-up
in fields other than literature-namely visual art-will also be considered. All of this will be
condensed into important design criteria to keep in mind when designing and constructing pop-
up works.

Primary Thesis Supervisor: Sangbae Kim
Title: Associate Professor of Mechanical Engineering

Secondary Thesis Supervisor: Marah Gubar
Title: Associate Professor of Literature
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1. Introduction

1.1 Organization of Investigation

This paper will investigate both the unique mechanical challenge of pop-up books as well as
their unique storytelling properties. In particular, the basic structures used in pop-up books will
be explained mechanically, followed by a few more complicated structures. Approaching these
from the mechanical engineering perspective fuels an appreciation of pop-ups not just as literary
tools but as applications of common engineering design and kinematic principles.

Following the demystification of the physical pop-up motion, pop-ups will be viewed from a
storytelling perspective. Pop-ups are often reinventions of popular works of literature and art.
The main questions posed here are: 1) what do the pop-ups attempt to accomplish in their
retellings and 2) do they accomplish those goals? These questions will be partially answered
through a two-part user study (outlined in Section 3.2).

Based on the mechanical and storytelling advantages identified, the design considerations of
movable books will be explored to understand the process a paper engineer might follow to
design the "ideal" pop-up book or scene to meet that work's goals. Finally, other applications of
pop-up outside of literature will be explored.

1.2 Reasoning of Interest

The fields of mechanical engineering and literature are in greater communication with each other
than may be apparent at first glance. Engineering, and especially mechanical engineering,
focuses on applying the laws of physics to better understand and model the world. These laws
are combined with design principles and practices to create marketable products. At its core,
mechanical engineering is about explaining and communicating ideas.

Literature follows a similar trend. Stories are composed of building blocks such as characters,
setting, theme, message, tone, narrator, sentence structure, rhythm, etc. These blocks entirely
determine a reader's experience with a story. Similar to engineering, literature focuses on
communicating ideas.

These two fields are also related in their openness to and encouragement of reinvention of
familiar ideas to accomplish new goals. In the case of mechanical engineering, this reinvention
results in improvements to products people rely on and a broadening of perspectives regarding
the potential uses of different equations, designs, and technologies. In the case of literature, it
results in new lenses through which old stories may be viewed and new stories which branch off
of old ones.

It is in this reinvention where mechanical engineering and literature meet. Movable books allow
ubiquitous engineering principles and stories to combine and produce an entirely new work of art
which speaks both to the power of engineering in art and to the power translating a story to three
dimensions has in altering its message and impact.

5



In a world where engineering and humanities fields are increasingly viewed as opposites, pop-up
books are an interesting counterargument. These books force audiences to accept the beauty in
engineering as well as the new heights a story can reach (both literally and figuratively) when
approached from an engineer's perspective.

1.3 Definition of Terms

There are several terms which will be repeated in this paper. The definitions used here are given
below.

Movable book: A book which has components that move, either through the action of opening
the book or an additional action by the reader. Examples are pop-up books, accordion books,
pull-tab books, spinning wheel books, and combinations of these.

Pop-up book: A book which, when opened, produces at least one three-dimensional structure

Regular book: A book which, when opened, does not produce any three-dimensional structures

Pop-up scene: One two-page spread of a pop-up book

Pop-up: One component of a pop-up scene

First-tier design: A pop-up which results directly from the opening motion of the book

Second-tier design: A pop-up which results in translating the motion from opening the book or a
pop-up which results from the movement of another pop-up

Accordion book: A book which opens up in a similar fashion to a musical accordion to present a
three-dimensional image when viewed straight-on

Pull-tab book: A book in which images or words transform or move when the reader pulls a tab

Spinning wheel book: A book in which images or words transform or move when the reader
spins a wheel
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2. History of pop-up books

Pop-up and other mechanical books are not new ideas. While the first movable book is not
exactly traceable, one of the earliest examples is a spinning wheel book produced by Ramon
Llull in the 1 3 th century to better communicate his theories. The 1 8 th century marked a
breakthrough period for movable books as they transitioned from purely scholarly applications to
entertainment-based applications as well. [1]

Childrens' books as we know them today were also once a foreign concept. Before the late 18 th
century, very few books existed to provide children with entertainment. Rather, children read to
learn and become better contributors to society. Robert Sayer, a London publisher, paved the
way for entertaining, movable books with his "metamorphoses" or "turn-up" books. These were
also called "harlequinades," which referred to a particular form of pantomime theater which
featured the characters of Harlequin, Columbine, Clown, and Pantaloon. Sayer was originally
inspired by pantomime and created his books with flaps to recreate the changing scenes of those
plays. [2] When one flap was lifted, the next scene of the book would appear. An example
harlequinade, The Falsehood ofExternal Appearances, produced in the 1790s, is shown below.
While these were entertaining books and made theater even more accessible in a format other
than the stage, they still often taught morals and lessons deemed important for children. [1]

Figure 1: Robert Sayer's The Falsehood of External Appearances [3]

Dean & Son, a London publishing firm, produced the first large quantity of true movable books,
in which the characters on the pages moved to reflect the actions of the story. Dean & Son
produced about fifty distinct movable books between the 1860s and 1900. This also began the
introduction of early paper engineers, while this term was not yet coined. Dean & Son employed
a department of craftsmen who crafted the mechanical parts of the books. These were a series of
layers connected by a ribbon. When the ribbon was pulled, the layers sprang apart to form the
scene. These craftsmen also created books with plates based on the venetian blind design to
transform scenes when pulled by a tab. [1]

Other 19t century publishers also experimented with movable books, each introducing
modifications on existing techniques as well as new techniques. Ernest Nister produced books
similar to the pop-ups we are familiar with today. His pictures stood up automatically with the
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turning of pages because they were mounted by paper guides that connected them to the
foundational pages. This is the same basic idea behind the pop-ups that will be primarily
explored in this paper. While Nister's books were made available in the United States,
McLoughlin Brothers were the first to produce American movable books in the 1880s. [1]

The First World War and the early Depression years saw a dip in the production of any movable
books. In the heart of the Depression, however, Blue Ribbon Publishing, in a desperate attempt
to encourage book buying, reintroduced movable books. They approached these books a bit
differently by animating Walt Disney characters and fairy tales to ensure popularity. Blue
Ribbon also coined the term "pop-up" to describe their movable images. This rebirth of movable
books instated a new group of pop-up artists and publishers in the 1940s. Through the 1960s,
new forms of pop-up, including new materials and modes of reducing costs, were introduced to
the market. By 1965, pop-ups as we know them today were very much prevalent. [1]

Today, movable books are created by a skilled team. Artists work on the concept and story line.
A paper engineer then takes this work to establish the mechanics behind the book itself. The
engineer considers material, adhesives, height of pop up, length of pull tabs, nesting of the pop-
ups, etc. The publisher then prints and markets the final book. Even today, pop-up books are
assembled by hand on production lines. While this process may vary from artist to artist and
book to book, universally the work that goes into a single pop-up book is staggering. [I]
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3. Kinematics of Pop-ups

3.1 First-tier designs

The kinematics of first-tier designs are presented below for four designs, made available by
Popular Kinetics Press. [4] In each case, the pop-up was constructed and photographed during
the book-opening motion to demonstrate the motion of the design. The material of choice for
these pop-ups was Bristol board, as it is both foldable and durable.

3.1.1 Box
The template for a pop-up box is provided below.

.l . .1 .

Figure 2: Pop-up box template [4]

First, the template was folded along the dashed lines. Gluing tab 1 under shaded section 1 with
mod podge formed a support for the pop-up box. Connecting each tab 2 to the corresponding
shaded section 2 formed the sides of the box. Pushing down on the dotted line neighboring
shaded section 1 demonstrates the pop-up box's form when collapsed (see Figure 3).

9



Figure 3: 'The collapsed pop-up box

Figure 4 shows the pop-up box as the pages to which it is attached are opened. A pop-up box of
this form will open and close in this way every time the pages are opened because the base of the
pop-up connects to one page, while tab 4 connects to the other page. The box is glued to the
pages when in its completely collapsed form. This ensures that the tabs are located in the correct
positions such that the pop-up box fully opens when the two pages fully separate (open book
position). Gluing the pop-up in this way prevents those constructing the book from having to
calculate the precise appropriate position of the tabs on either page to ensure the pop-up will
fully open. Opening the pages pulls the tabs apart, which pulls the box into its popped-up form.
The repeatability of this pop-up arises not only from the memory of the folds, but from the
support box below the pop-up box. Because the support box sits fully on one page, it guides the
pop-up box between the closed book (collapsed) and open book (popped-up) positions.

Figure 4: The unfolding pop-up box, starting at fully collapsed and ending at fully opened
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3.1.2 Cylinder
The template for a pop-up cylinder is provided below.

Figure 5: Pop-up cylinder template [4]

Again, the template is folded along the dotted lines. Tab 1 folds completely over to fortify what
will become the main center wall of the cylinder. Then tab 2 is glued below the shaded section
on the circular portion, forming the rectangular support for this pop-up. Tab 4 wraps to connect
to the corresponding shaded section, forming the side of the cylinder. Tab 3 then folds down to
be glued to these sides. The collapsed pop-up cylinder is shown in Figure 6.

Figure 6: The collapsed pop-up cylinder
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As with the pop-up box, the pop-up cylinder functions through first aligning the pop-up along the
book binding and then gluing the main support (below tab 6 in Figure 6) to one page and tab 6 to
the other while the pop-up is collapsed. Opening the pages pulls the tabs apart and allowing the
cylinder to pop up. Figure 7 shows the cylinder popping up as the pages are separated.

Figure 7: The unfolding pop-up cylinder, starting at fully collapsed and ending at fully opened

3.1.3 Pyramid
The template for a pop-up pyramid is provided below.

(4j

Figure 8: Pop-up pyramid template [4]

The first step to forming this pop-up is again to fold along the dotted lines. Tab 1 is glued to the
shaded section. Tabs 2 and 3 are then available to glue to the pages, with the scalloped line on
tab 2 aligned with the book binding. Opening the pages pulls these tabs apart and unfolds the
third pyramid side to form the popped-up pyramid. Figure 9 shows this process.

12
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Figure 9: The unfolding pop-up pyramid, starting at fully collapsed and ending at fully opened

3.1.4 Tent
The template for a pop-up tent is provided below.

Figure 10: Pop-up tent template [4]

Once again, this template is folded along the dotted lines first. Each of the tab Is is glued to its

respective shaded section to form the main tent structure. In its collapsed state, the tent folds in

at these sides. Tabs 2 and 3 are connected to opposite pages to control the collapse and opening

of the pop-up, shown in Figure 11.
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Figure 11: The unfolding pop-up tent, starting at fully collapsed and ending at fully opened

3.2 Second-tier designs

Second-tier designs are what transform basic pop-up shapes into masterful pop-up scenes. They
allow not only for taller, more complicated pop-ups, but also for pop-ups which translate the
motion of a book opening to other degrees of motion. This section discusses the kinematics
behind just a couple of second-tier design options through discussing their use in Robert
Sabuda's Alice's Adventures in Wonderland. [5]

3.2.1 Rotational motion pop-ups
A pop-up scene can be greatly diversified through the inclusion of rotational motion pop-ups
along with traditional pop-ups which spring out at the reader. Rotational motion can also be
quite useful in demonstrating actions of a character in the scene. One example of this from Alice
is the scene in which the Queen of Hearts invites Alice to play croquet. Alice quickly learns that
the croquet balls are frightened hedgehogs who like to hide and roll away. Demonstrating the
rolling hedgehogs brings to life the chaos of the scene in a way that first-tier designs cannot, but
the rolling motion poses an interesting challenge.

Dissecting how Sabuda accomplishes this rolling introduces a reliable way to accomplish
rotation in pop-up scenes as well as good practices in hiding the support structures that make this
motion possible. Figure 12 shows the key to not distracting the reader with support material.
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Figure 12: A hedgehog from Sabuda's croquet pop-up scene and the key to rotation motion in the
scene [5]

This cute, furry hedgehog creature, hides everything Sabuda needs to make rotational motion
possible. Rather than being attached to the central fold of the book, this hedgehog is attached to
two long pull tabs. As can be seen on the left and right of the hedgehog, these pull tabs thread
through the scene to behind. The only parts readers see are those attached to the hedgehog,
which pops open as the pull tabs are pulled apart when the pages open. Figure 13 shows the pull
tab on one side of the pop-up scene extending under the pop-up scene.

Figure 13: The pull tab connecting to the right side of the hedgehog which connects to a second,
rotational hedgehog [5]

This pull tab then connects to another tab underneath the pop-up scene. This is not a rigid
connection but rather the second tab sits in a slot in the first. This second, smaller tab serves as a
lever arm, which springs out from a circular base of a hedgehog that will rotate (see Figure 14).
This hedgehog must simply be rigidly connected through the pop-up scene to the circular base
below the scene with a sort of pin joint. When the pages are opened to this pop-up scene, the
long pull tab pulls on the short lever arm. Because this lever arm is short, it rotates noticably.
This rotation is then translated to the circular base and, finally, the visible rotating hedgehog in
the pop-up scene.
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Figure 14: The rotational hedgehog, which is connected to a circular base below the pop-up
scene [5]

It is clear looking through Sabuda's book as well as other professional pop-up books that this is
one preferred way of achieving rotational motion (although not the only way). A few
considerations with this method to keep in mind is that the pages of the book become thicker
with more of these features, as the pull tabs below the scene must be sandwiched between two
pages to be fully hidden (visible in Figure 13). Placement of rotating components must also be
carefully considered, as the moving structures below the scene should not get caught on
stationary ones.

3.2.2 Pop-up-dependent pop-ups
Pop-up-dependent pop-ups can take a couple of forms. The first form is rather straightforward.
A pop-up as discussed here so far only needs a central fold along which it can collapse and
expand. In Section 3.1, this central fold was the binding of the book where the pages separate
and come back together. However, any fold can act as a central fold for a second-tier pop-up.
So, one option for pop-up-dependent pop-ups is to build one of the structures discussed in
Section 3.1 and attach it along the fold of a first-tier pop-up. Then, when the pop-up scene is
opened, the pages will pull up the first-tier pop-up, which will in turn pull up the second-tier
pop-up. One consideration here is that, because the first-tier pop-up serves as both part of the
scene as well as part of the support structure, the material chosen must be stiff and durable so it
does not sag or tear while still foldable.

The second primary form of pop-up-dependent pop-ups is actually quite similar in execution to
the rotational motion pop-ups in that it relies on a hidden pull tab to lift the second-tier pop-up
up. One example of this type of pop-up-dependent pop-up is shown in Figure 15, taken from
Sabuda's version of the White Rabbit seeing a giant Alice exploding out of his home.
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Figure 15: The pop-up-dependent pop-up as seen by the reader when the pages are opened [5]

The underside of this pop-up is shown in Figure 16. The bushes extending in front of the White
Rabbit and through him to the other animals are a first-tier pop-up and also the visible portion of
a pull tab, which extends below the pop-up scene (Figure 16). This pull tab connects through to
the opposite page of the scene, where it pops back out into the scene to form the carpet inside the
house and where it is adhered to the page. When the pages are opened, this tab is pulled toward
that far page, which shortens the length of the bushes side of the pull-tab which is visible.

This motion is what the second-tier White Rabbit and other creatures rely on to pop up into the
scene. These creatures are all simply attached to tabs which fold under the scene and are adhered
to the underside of the page. They pop up because the pull-tab expands after being threaded
through them (visible in Figure 15), which catches the creatures. As the pages are opened and
the pull tab moves toward the far page, the creatures are then lifted up to their popped-up form.
The pull tab also expands in front of the animals so that, when the pages are closed, the creatures
are pushed back down to their collapsed state.

17



Figure 16: The pull tab and glued tabs below the pop-up scene [5]

Using pull-tabs in this way allows for pop-up scenes to become wider-spread. Individual pop-
ups don't need to be visibly connected to each other and they absolutely don't all have to pop up
out of the same central fold. This allows for more expansive, dynamic storytelling.

18



4. Storytelling experiment

4.1 Selection of materials

The storytelling experiment was executed based on two general works: Alice 's Adventures in
Wonderland and M.C. Escher's Bond of Union. The Alice texts, as they will be referred to from
this point forward, were a Norton Critical Edition of Alice 's Adventures in Wonderland by Lewis
Carrol [6], Walt Disney's Alice in Wonderland by Little Golden Book [7], and Robert Sabuda's
pop-up book adaptation of Alice 's Adventures in Wonderland [5]. Specifically, the tea party
scene was the focus in each text.

The Alice texts were chosen for a few reasons. Alice's story is one which many MIT students
could be expected to know in some form, but perhaps not remember in its entirety. It has been
presented in many forms and is therefore a prime example of story retelling through the years as
different forms of stories became popular. Furthermore, Sabuda's pop-up book offers interesting
perspective as a text which follows more closely the artwork and text of Carroll's original work
than a later version meant specifically for children but which incorporates color and texture as
the original did not. The three texts were chosen together to challenge the experiment subjects to
consider several ways of telling a story and to encourage them to answer the questions without
giving in to their predisposition toward or against pop-up books or the story in particular.

After selecting the texts, the tea party scene was chosen because it exists in each of the three both
visually and textually. Furthermore, the visual layout of the three, while different, is not so
drastically different that subjects were expected to struggle to draw comparisons. This scene
also includes several characters, which allowed for greater range of emotion in each of the visual
representations of the scene, helping to better establish tone for those subjects who were entirely
unfamiliar with the Alice story. Figures 17-20 show the specific scene in each of these texts as
presented to the subjects.

Figure 17: The tea party scene in the original Alice text [6]
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Figure 18: The tea party scene in the Walt Disney Alice text [7]

Figure 19: The tea party scene viewed from above in the Sabuda Alice text [5]

Figure 20: The tea party scene viewed from the side in the Sabuda Alice text [5]
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M.C. Escher's Bond of Union offers a different view into the purpose of pop-up. Escher is
known for his fascination with confusing dimensions and including infinite loops in his work.
Translating this to pop-up poses a unique challenge, which makes pop-up versions of Escher
interesting when evaluating effective uses of pop-up. Bond of Union in particular was chosen
because of its use of open space, which further challenges its translation to pop-up. This specific
M.C. Escher pop-up book was chosen for two reasons. First, it is a unique approach to Escher
and contained a pop-up version of the work in question. Second, the pop-up scene differed
greatly in execution from the Sabuda execution of Alice, which provided a potentially very
different and interesting reflection on pop-up books. The works shown to subjects are presented
in Figures 21-23.

Figure 21: The original Bond of Union [8]

Figure 22: The pop-up adaptation of Bond of Union as viewed from above [9]
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Figure 23: The pop-up adaptation of Bond of Union as viewed from the side [9]

4.2 Experimental design

A study was conducted among MIT students to evaluate the storytelling differences between
pop-up books and regular books. In this study, 24 college-age students were polled. Each
subject was presented with the same texts and asked the same questions. Subjects were polled
individually. Notes were taken on the answers to every question as well as any other
observations of the subjects' interaction with the texts.

For the Alice texts, the order of presentation was original Alice, Disney Alice, and then pop-up
Alice. The subjects were told that they could take into account the amount, placement, and size
of text but should focus primarily on the image/scene. The questions asked about each text were:

1) What is the first thing you noticed?
2) After viewing the scene longer (at least 2 minutes), what stands out most to you?
3) What is the tone of this scene?
4) You may now flip through the book. Is this book intended for a certain age group? If so,

is it for
a. Children
b. Adolescents/young adults
c. Adults
d. Any age
e. Other (please specify)

After viewing all three versions of Alice, the subjects were asked that if they were to want to
absorb the story of Alice's Adventures in Wonderland, which of the three texts would be their
top choice and which would be their last. They were also asked to provide reasoning for these
choices.

For the Escher work, the original work was presented followed by the pop-up version. The
questions asked about each were:

1) What is the first thing you noticed?
2) After viewing the work longer (at least 2 minutes), what stands out most to you?
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3) What is the tone of this work?
4) What, if anything, do you think is the artist trying to convey?

After viewing both versions of the Escher, the subjects were asked that if they were to want to
view this work, which of the two versions would they prefer. They were also asked to provide
reasoning for this choice.

Only after completing the experiment were subjects allowed to ask questions about the goal of
the project or the actual intended audiences and messages of each work. This was enforced to
make sure each subject gave honest, gut reactions throughout the experiment rather than
attempting to give the answer the authors and/or artists would have expected.

4.3 Results

4.3.1 Alice
The tones subjects associated with each of the Alice works are presented in Figures 24-26 as
three word clouds created online [10]. Words that were repeated are larger than those only given
by one subject. Note that the size of font is relative between words in one cloud but not between
words in different clouds (the smallest text in the original Alice cloud corresponds to the smallest
text in the Disney Alice text, and so on).

gloomy
mad grumpy

dcp.v weird
deceptive argumentative

anxou upetheated
eerie neutral secreep

hauntingscary P
frustrated

angry
Figure 24: Original Alice tone word cloud
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bright cheerful

weird cutesy
chaotic Sl 'Y1 vful

goofy

happy
excited -oll

colorful jolly 0

whimsical

Figure 25: Walt Disney Alice tone word cloud

grotesque

weird dysfunctionalerdcolorful *
bored intense C O II Ct

unease
upset focused creepy

split stiff fun eerie

cute angry
excited

biz::etense

mad
Figure 26: Sabuda Alice tone word cloud

It is worthwhile to note that many subjects who had no trouble or hesitation producing a tone for
the original and Walt Disney versions of Alice struggled to do the same for the Sabuda. Many
noted that they were conflicted because this third version had the drawing style of the first with
the color of the second. One person referred to this as the "Goldilocks effect" when explaining
her difficulty in pinpointing just one tone.

Regarding which parts of the images subjects noticed first, patterns did crop up in a few
instances. The majority of the subjects noticed Alice's expression in both the original Alice as
well as the Sabuda Alice and noted surprise at her appearing to be "angry" or "mad." In the Walt
Disney Alice where Alice's face is much less eye-catching, the subjects were drawn to a variety
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of parts of the picture. In fact, the most common comment immediately upon opening the Walt
Disney Alice was not that an individual image drew the eye, but that the color was striking.

After spending some time with the picture, neither the original nor the Walt Disney Alices
seemed to direct the subjects to a particular part of the image. This was not the case with the
Sabuda Alice. Many subjects noted that what stood out to them was the shiny teacups and
plates. A few also noted general material choices by recognizing the fuzzy dormouse and hare as
well.

Figure 27 presents the age assignments subjects made to each version of Alice. Every subject
declared the Walt Disney Alice to be meant for children without hesitation. The original and
Sabuda versions proved a bit trickier. Many subject felt the original Alice was too text-heavy to
be meant for young children but thought the inclusion of pictures as well as the subject matter
steered it toward adolescents/young adults rather than adults. The Sabuda version was
interesting in that most of the subjects who chose children as the main audience reasoned this by
explaining that pop-up books are meant for children. Some of these subjects, however, went on
to list their preference for the pop-up version over the original. The Sabuda also challenged
subjects who felt the book was geared toward children but inappropriate for children due to
fragility. Few subjects noticed or noted the text in the Sabuda version.

Age assignments to each version of Alice

30

25

20

Adults reading to children

15 m Any Age

aAdults

10 * Adolescents/Young Adults

0 Children

5

Original Alice Disney Alice Pop-up Alice

Alice version

Figure 27: Graphical representation of the ages subjects associate with each version of Alice

The results of the subjects choosing their preferred and least-preferred Alice texts are presented
in Figure 28. It is important when considering this data to remember that all of the subjects were
college-aged individuals and had already presented their beliefs regarding the intended age of
each version.
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Figure 28: Graphical representation of the preferred versions of Alice

4.3.2 Escher
The tones subjects associated with each of the Escher work versions are presented below as word
clouds (Figures 29 and 30) [10]. Words that were repeated are larger than those only given by
one subject. Again, the size of font is relative between words in one cloud but not between
words in different clouds.

thoughtful
mysterious

connection
reflective

intimate bizarre
exotic gloomy emotionless

intellectual
geometric yearning a stract

serious
love provoking relaxed

pensive sad
introspecitve

imaginative
Figure 29: Original Bond of Union tone word cloud
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imaginative

peaceful emotionless
longing dominant introspective

static grand thoughtful
gloomy s ad. active

serious
kind geometric

deep disjoint da
surreal

Image 30: Pop-up Bond of Union tone word cloud

As with the Alice study, subjects were more challenged by the task of assigning a tone to the
pop-up adaptation than the original. However, the reasoning differed from that for the Sabuda
Alice. While the Sabuda Alice challenged subjects by bringing together aspects of the original
Alice and the Walt Disney Alice, the M.C. Escher pop-up challenged subjects who noted that
they felt like they drew less from the pop-up. Many subjects noted that they did not expect the
pop-up they were presented with. All but 5 noticed-and some even commented on-the fact
that the pop-up version was not made of an actual infinite loop of paper.

No patterns were present in what subjects noticed first or what they were drawn to most for
either the original or the pop-up adaptation of the work.

Figure 31 presents the results of the subjects choosing their preferred version of Bond of Union.
This was one of the more interesting tests. The vast majority of subjects preferred the original
Escher, but those who preferred the pop-up version more often than not had struggled to identify
a takeaway from the original. While most subjects disliked the pop-up for forcing a particular
viewpoint on them, subjects who struggled to establish their own viewpoint with the original
alone appreciated the pop-up version's suggestion of one interpretation option.
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Figure 31: Graphical representation of the preferred version of Escher's Bond of Union

4.4 Reflection on results

The experiment done here leads to many conclusions about the roles and responsibilities of
effective pop-up works and how careful engineering practices influence the success in executing
an individual pop-up.

The Sabuda pop-up scene overwhelmingly impressed the subjects. Even those who did not like
the pop-up due to the apparent anger of nearly every character recognized the intricate
engineering behind the book and considered it on the whole very impressive. There are a few
key takeaways from the subjects' comments which are particularly helpful in understanding the
success of this pop-up book.

First, as the subjects' struggle to identify a unifying tone demonstrated (see Figure 26), the tea
party pop-up scene challenges readers because it combines the original art style of Alice with the
color and silliness of Walt Disney Alice. In this way, Sabuda reinvents the visual telling of a
ubiquitous story. While no one aspect of his scene differs drastically from previous
representations, his mixture of several Alice forms forces readers to recognize the multi-
dimensionality of the story. Those who have read Alice 's Adventures in Wonderland know that
the story is both very dark and silly as it satirically comments on the approach to educate
Victorian children through catechisms and forcing them to take on roles as tiny adults [6].
Carroll's infantile adult characters further stress this satire by being both incredibly domineering
and frightening as well as rather childish and goofy as they demand ridiculous tasks of Alice.
Sabuda captures this in his pop-up scene in a way the colorless original version and the fright-
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less Walt Disney version cannot. It is this reinvention which gives his pop-up adaptation a
unifying purpose between scenes and makes his take on Alice new and exciting beyond just
being three-dimensional in a sea of two-dimensional versions.

Second, all but a few subjects noticed the different materials, namely the shiny teacups and
occasionally the furry animals. This indicates that pop-up books-and all movable books for
that matter-offer a unique opportunity to interact with readers in a way that printed, regular
books cannot. Jacqueline Reid-Walsh, a professor of children's literature who is engaged in
work with early movable books, argues that pictures in books transform readers to reader-
viewers and that movable books transform them even farther into reader-viewer-players. She
notes that Subuda's work does not capitalize on the player aspect with its many fragile parts and
the lack of reader control in modem pop-up books, which treat the reader as a catalyst for an
action that will always take place if the pages of the book are opened rather than an active
participant with agency over when transformations occur (as was true in harliquinades). [11]
Still, Sabuda's use of a range of materials and especially tactile materials indicates he
understands and values the player part of an individual's relationship with a pop-up book over a
regular book.

Third, any comments on the engineering behind Sabuda's tea party were complimentary or
statements of wonder and how the pop-ups each moved. No subjects made comments indicating
they were distracted by any behind-the-scenes engineering. While this does not seem terribly
conclusive on its own, when contrasted with the reactions to the M.C. Escher pop-up, this lack of
distraction becomes quite important.

Fourth, as mentioned previously, readers were confused by the intended age of the pop-up book.
Those who chose children all explained their answer with their belief that pop-up books are for
children. While many of these subjects were clearly captivated by the book and even chose it as
their preferred version of Alice, this experiment demonstrated that a clear bias exists and older
readers may have a hard time accepting a pop-up book as intended to capture both young and old
audiences.

Finally, it is worthwhile to note that only three subjects opened up the text booklet on the side of
the pop-up scene and recognized the full amount of text included in the Sabuda version. This is
important to take into account when considering the preference results (see Figure 28). All of
the subjects who did not look through the Sabuda text booklet and who chose the original Alice
as their preferred text cited their desire to not miss out on parts of the story in favor of the
inclusion of images of any kind. These subjects said that they felt the Sabuda version left out
parts of the story that they would miss. While it is undeniably true that the pop-up adaptation
does not include every word from the original text, it does include a great deal of the original
text. After the experiment, subjects who asked follow-up questions about the different texts were
surprised to see the amount of text the Sabuda version offered which they had previously not
noticed.

This brings to light an important concern with pop-up books. In order to make room for more
and more intricate pop-up scenes, the text is often pushed to the side, eliminated, or condensed
into its own book to save space, as is the case here. While that is space efficient, it may exclude
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potential older readers who, when choosing their preferred version of Alice, neglect to consider
the pop-up book version because it does not immediately seem to include as much text.

While the Subuda pop-up scene had all but a few subjects completely engrossed, the M.C.
Escher pop-up scene was comparatively quite badly received. Subjects were critical of it from
the moment they opened the pages. The explanations behind the general preference of the
original Escher over the pop-up adaptation shed light on the design and mechanical flaws of the
pop-up scene itself.

As touched on before, the overwhelming preference for the original work stemmed from the
general discomfort with a forced viewpoint (see Figure 31). Escher is known for playing with
symbols of infinity as well as for confusing perspective, eliminating set foregrounds and
backgrounds in his work. Bond of Union is no different, as the heads are entirely connected
through one strip and the ideas of dimension and space are purposefully ill-defined. The pop-up
version not only chooses layers to physically take the foreground and the background, but it
cannot successfully accomplish the task of keeping the pop-up heads entirely connected as one
strip of paper. Only three subject failed to notice the cuts in the strip and several asked if the
cuts were a mistake. It was this forced perspective and failure to maintain the original form of
the work that subjects cited for their preference of the original work.

This brings to attention an inherent flaw with applying the form of pop-up to any and all works.
Stories have the potential to translate quite well to pop-up books because they can be modified
visually to approach the story from a new perspective, making the retelling fun and new. Visual
art does not have this same flexibility. Because the entire point of the work is the visual
representation, a work which starts as two-dimensional cannot always be effectively translated to
the three-dimensional space. Escher's work relies on its two-dimensionality to make points
about connection and confusion of depth. Because of this, not only does translating his work to
three dimensions frustrate viewers who wish to come to their own conclusions about how the
work would fit into their reality, this translation cannot be fully successful. Escher's images
cannot structurally exist in three dimensions, so forcing them to do so leads to the introduction of
breaks in material which take away from the meaning of the work.

Many subjects were also constantly distracted by the support material holding up the two faces.
Because Bond of Union includes immense negative space, not much room exists to physically
hold up the pop-ups in the scene. While Sabuda's support materials are all nested between pages
and on the inside of individual pop-ups, the M.C. Escher pop up exposes the viewer to the
behind-the-scenes workings of the pop-up scene. This introduces a visual piece to the scene
which is not only new, but unintentional. The support material detracts from the expression of
the work and the heads which were originally free-floating are now clearly bound to some sort of
reference frame.

As a result of the ineffective transfer of the original Escher work to the pop-up form, viewers had
a more difficult time coming up with a meaning behind the work. This is also apparent in the
similarity between the tones used to describe both works (see Figures 29 and 30). While the
Alice texts saw a range in tones and the subjects worked to identify a unique tone for each,
subjects seemed more apathetic when assigning a tone to the pop-up Escher. Frequently,
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subjects said they felt like the tone and meaning were the same as before (referring to the
original work) but just a bit less clear. This indicates that this pop-up did not succeed in
reinventing the original work but instead simply weakened the points the original work already
made to viewers.

Combining all of this feedback makes it clear that pop-up for the sake of pop-up can be
incredibly distracting and may detract from the accomplishments of a well-executed two-
dimensional work. Pop-ups should only be applied when they offer a unique perspective to a
story or visual. In particular, they should foster viewers' imaginations rather than forcing a
specific viewpoint or approach to the original work upon them.
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5. Design criteria of pop-up books

Constructing pop-ups and understanding their storytelling capabilities are clearly equally crucial
in constructing an effective, well-received pop-up book. These books, while artistic and
beautiful, therefore pose strict engineering challenges. As such, paper engineers who work to lay
out and construct pop-up books must follow a similar design process as mechanical engineers
who work to design and construct other marketable products. Based on the mechanical and
storytelling demands detailed above, design criteria can be outlined for a successful pop-up
book:

1) Durable material and construction
a. Correct paper choice
b. Correct glue choice
c. Correct placement of pop-ups in pop-up scene
d. Repeatability of motion
e. Each pop-up has a strong support structure/base
f. If one pop-up breaks, the entire pop-up scene does not break

2) Target age range identified
a. Complexity of pop-up (fragility) appropriate for age
b. Amount of visible text, if applicable, appropriate for age
c. Visual complexity appropriate for age (one tone for children, several for older)

3) Support material not distracting
a. Nested between pages of the book
b. Nested under individual pop-ups
c. Incorporated as part of the pop-up scene

4) Careful selection of textures and colors
a. Eye-catching textures and colors used to focus the reader
b. Understanding of the reader-viewer-player relationship in applying textures
c. Incorporation or complication of tone through color

5) Established purpose
a. Creating a scene that can only be expressed through pop-up
b. Still allowing for reader/viewer imagination and participation
c. Reinvention of the story or visual

6) Constantly engaging
a. Interesting from all angles
b. Immersive
c. Detail-oriented design

Based on this investigation, careful consideration of all of these design requirements will either
lead to the conclusion that pop-up is not an effective adaptive form for a given work or to the
construction of an interesting, novel pop-up work.
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6. Applications to other engineering fields

Just as creativity in engineering spurred the creation of more and more intricate pop-up books,
these books have in turn begun to inspire new applications of paper engineering methods. One
of the most prominent of these applications is the creation of MEMS (microelectromechanical
systems). MEMS devices are popular because, compared to other micro devices that must be
constructed manually, they are more cost-effective, perform better, and are easier to fabricate.
Even so, the current MEMS fabrication techniques are flawed to an extent, as the practice of
repeated layer deposition puts early layers at risk of being damaged and limits material choices
and as defects are magnified with each following layer. [12]

Because of the challenges presented by surface machining or bulk machining some MEMS
devices, such as force sensors or microfluidic devices, have been approached in a new way.
Rather than following traditional methods, researchers have worked to determine if the devices
can be constructed through folding. The Harvard Microbiotics Lab has done a great deal of work
in this field, focusing on assembly through the folding of multilayer rigid-flex laminates.

The pop-up-book-esque folding that this lab group has done focuses on links made out of rigid
materials connected by small, flexible bridges. The ideal MEMS assembly using this technique
follows the pop-up book example of one assembly degree of freedom bringing together many
previously linked components. The group was successful in proving the effectiveness of this
idea through constructing a 1:900 scale model of the 1903 Wright Flyer. While the flexible
bridges were very delicate, resolution is not as high as with well-established MEMS creation
methods, and material defects affect the functionality of the entire machine, this proof of concept
is critical in opening up new ways of assembling micro-scale, complicated structures, especially
those which have a great deal of internal empty space when in their 3D form. They also open up
opportunities for future work into self-assembly, integration of electrical components, and
refinement of the folding processes. [12]

Pop-up books have also inspired further development of 3D modeling software. Because pop-up
books are assembled by hand, which is a time-intensive method, they are a great candidate for
3D modeling. This same modeling software can then find applications in MEMS fabrication as
well as any other application that benefits from the 2D to 3D transition, such as collapsible
furniture. A group in the Department of Computer Science at the National University of
Singapore has been working on this software. They started with the simplest folds and then
worked up toward more complicated pop-up scenes. They have not yet addressed pop-up scenes
which contain more than one type of pop-up (first-tier or second-tier) due to the complexity of
ensuring that the mechanisms will not interfere with each other. [13]

The generalized algorithm used by this group takes in a 3D model of the popped-up scene or
structure as an input, maps the different components of the pop-up, and then designs a layout and
assembly instructions for the paper engineer to follow. The layout step also includes an addition
of tabs where different pieces of paper will need to connect to each other. This group was
successful in running the algorithm for simple, block-like models in just a few minutes, which is
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a vast reduction on the time it takes to hand-craft a pop-up scene. However, the software is
nowhere near capable of producing pop-up books as complicated as Sabuda's or those of other
professional paper engineers. Further work to model actual objects resulted mostly in
simplification into box structures, maintaining the profile view of the object to make the
intention clear without actually modeling the full shape. If the difficulty in scanning and printing
parts to make rounded or curved pop-ups is resolved in this software, it could significantly
reduce the time paper engineers spend laying out an individual pop-up book. The group also
plans on modifying the algorithm to allow for some creative choices or preferences regarding
assembly, which indicates that the software is not meant to replace paper engineers or make all
pop-up books overly uniform. [13]

If successful, the software would make pop-up adaptations a more realistic endeavor for amateur
paper engineers as well as open the door of possibility to creation of collapsible objects in
general. With the fascination with 3D printing still very prominent today, this technology could
be revolutionarily cost-effective and efficient. In fact, 3D modeling of final pop-up scenes
followed by printing of design layouts to actually construct these scenes has already gained
popularity through a design suite called popupCAD. [14] This goes to show that pop-up books,
while viewed as fairly creative and whimsical, offer a great deal of insight into the world of
engineering and will continue to spur engineering advancements.
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7. Summary and Conclusion

Pop-up as both an engineering and art form has come a long way since its first breakthrough with
harlequinnades. As the popularity of pop-up books expanded and the specific structure of pop-
up books diversified, the applications also widened. Today, pop-up books do not only exist to
recreate an experience or to entertain children. Now they take on their own meanings and offer
new ways to see stories, art forms, and ideas.

In the world of literature, artists like Robert Sabuda have the unique opportunity to bridge the
gap between dense texts which make strong political statements, such as the original Alice, and
childlike adaptations of popular stories, like the Walt Disney Alice. Through intricate pop-ups
which play with color, texture, and different types of movement in each scene, Sabuda can draw
readers back into a story they may have already known and passed judgement on and force them
to see it in a new way. In a broad sense, pop-up books offer an immersive experience which
allows visuals and text to interact with each other and with the reader.

In the world of art, pop-up can be used to present a particular view of a work. Especially when
dealing with artists who play with dimensions, such as Escher, forcing three dimensions can be
quite jarring. While the particular pop-up adaptation used in this experiment may not be the
most effective use of pop-up, in general it is interesting to consider how pop-up adaptations
could remove meaning from visual art by forcing the viewer to see the piece in a specific way. It
is also important here to consider the power pop-up could hold in presenting many different
viewpoints of one two-dimensional work. While each individual pop-up may not hold as much
meaning as the one original work, the series of different perspectives could be useful in teaching
and discussing different viewpoints.

In order to create a successful pop-up work, it is important to approach it not just from a
storytelling or a mechanical perspective, but from both. The most effective scenes communicate
ideas clearly as soon as the pages are opened while integrating complex mechanical components
to make the scene as interesting as possible. Focusing on just engineering or just art will ensure
that a pop-up scene will metaphorically fall flat.

Finally, just as engineering sparked an interest in creating more complicated and engaging pop-
up books, pop-up books themselves has since turned around to fuel interesting engineering
projects. The concept of transforming a complicated structure from two dimensions to three has
applications in architecture, space-saving furniture construction, and especially creation of
MEMS devices which are difficult to create with current methods. If history is any indication of
what is to come, engineering and pop-up books will continue to test each other and ensure both
the fields of engineering and literature consistently reach new heights.
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