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Abstract

Research at the intersection of robots and dance promises to create vehicles
for expression that enable new creative pursuits and allow robots to function
better, especially in human-facing scenarios. Moving this research beyond
fringe spectacle and establishing it as a serious, systematic field—a proper
subdiscipline of both robotics and dance—will require answering a key ques-
tion: How does dance advance the fundamentals of robotics, and vice versa?
Focusing on the former, this article offers glimpses of this new field with
examples of meaningful contributions to control, robotics, and autonomous
systems, such as novel actuator designs, improved sensing systems, salient
motion profiles for robots, reproducible experiment designs, and new the-
ories of motion derived from the study of dance. It also poses two grand
challenges for the emerging field of choreobotics: developing a robust sym-
bolic system for representing bodily action and establishing rich, repeatable
testing environments for human-robot interaction.
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1. INTRODUCTION

Roboticists have long dreamed that robots will become harmonious (or, alternatively, antagonistic)
counterparts of human beings. Although companies like Amazon, iRobot, SoftBank, and Zebra
Technologies are making big bets on new so-called social devices, there has been little success for
machines that engage in complex embodied interactions with humans. Itis a pragmatic suggestion,
then, that a field like dance, which is primarily concerned with arranging bodies in space and time
harmoniously (or, alternatively, antagonistically—and everything in between), can make important
contributions toward achieving this dream.

This article is a review of progress at the intersection of robotics and dance as framed for an au-
dience interested in control, robotics, and autonomous systems. In it, both robotics and dance are
treated as academic fields with clear questions for research-oriented inquiry and urgently needed
applications in industry. Although many of these advancements also stand to advance the field of
dance (by creating new movement patterns and modes of expression reflective of modern life), the
questions and applications in robotics are foregrounded. Moreover, a healthy primer on dance is
offered for this audience.

1.1. Alchemy

Imagine it is the year 325, in a world without aspirin, magenta dye, nylon, and the entire field of
chemistry. Today, many teenagers learn the basics of ideas and facts that took thousands of years
to untangle in the form of the periodic table of the elements (1), which outlines a comprehensive
structure of how elements combine to create compounds. This feat of rigor and order gave rise to
a true academic field from people who look like goofballs in hindsight: the alchemists, who tried
to turn lead into gold. Using the alchemists as an argument for bold experimentation, Baker (2)
compared the advances in his relatively recently developed field, linguistics, to those in chemistry,
and I do the same in this article, comparing an emerging intersection between robotics and dance
to the well-established field of chemistry (see Figure 1).

Without any tools or procedures that we would today consider scientific, ancient philosophers
imagined that matter would have an indivisible unit. They called this unit an atom, and this name
kept everyone dreaming about the possibility of its existence for thousands of years, especially
during the Renaissance, when alchemists worked to convert ordinary materials into gold. They
never succeeded, but they maintained an interest in a way of working with matter that was cru-
cial to establishing the field of chemistry. A similar idea about movement—a moveme—has been
percolating in control, robotics, and autonomous systems for over a quarter of a century (3, 4).

The ancient concept of the atom was picked up—after a couple of millennia of fitful
experimentation—by experimentalist John Dalton, who associated the term with the patterns in
weight he observed after combining elements chemically. This pattern was related to electron
valence structure by Dmitri Mendeleev in a paper that presented a precursor to today’s periodic
table (5), and the modern field of chemistry was born. The periodic table provided not only a
symbolic representation of elements but also the ordered relationships among them, finding a
pattern across many previously disparate experiments. As an academic field, the intersection of
robotics and dance has delivered nothing like the periodic table of the elements. But it may be in
a similar medieval period, somewhere in that long, confusing inflection interval after the dreams
of philosophers but before rigorous organization.

Thus, this article presents a pitch for alchemy—for play, exploration, and failure—and high-
lights the brave pioneers who dare attempt the impossible in today’s successful-output-oriented
world. It is not gold we are searching for, but machines that move in harmony with human
counterparts—that glitter and shine in the presence of human observers. Perhaps the behavior
of these machines will come to be symbols for various emotional or aesthetic states, e.g., happy or
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Figure 1

Comparison of key developments in chemistry and choreobotics. It took thousands of years for the field of chemistry to develop—from
the conception of the atom to centuries of alchemical exploration to the initial development of the periodic table to predictive
computational models. How long will it take choreobotics to develop similar underpinnings?

chic. This article celebrates the value of panning for gold in this frontier, even if we never find it,
and suggests directions for deeper veins of ore.

1.2. Outline

The introduction has given some overview as to why such an article would be valuable and a com-
parative frame through which we will proceed. Section 2 provides a significant primer on dance,
distinguishing it as an academic field (as opposed to only a human activity) and hopefully deep-
ening the reader’s appreciation for this crucial knowledge base. Once dance has been established
as a serious intellectual domain, we will look at how an expressive frame poses new questions (and
some answers) for control, robotics, and autonomous systems. Section 3 provides a review of work
at the intersection of robotics and dance in the following categories: examining whether robots
can actually dance, crafting tools for motion design and art making (including hardware, software,
and interface development), studying human behavior through an expressive lens, and evaluating
the efficacy of robot motion with the rigor of theatrical production design. Framed by what I
suggest as two grand challenges for this intersection (symbolic representation of movement and a
revolution in experimental design), Section 4 then attempts to define areas of this field, directions
that seem ripe for exploration, and possible theoretical foundations and experimental practices
that will illuminate and organize a spirited group of explorers on the fringe of control, robotics,
and autonomous systems. Section 5 concludes the article with a vision of our future field.

2. PHILOSOPHERS OF MOVEMENT (A PRIMER ON DANCE)

This article is not concerned with dance as an activity; rather, I pursue dance as an art form, a base
of knowledge, and an investigative approach. It is this definition that is the most apt in an academic
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HOW DOES ART WORK?

In 2019, I co-taught the course “FAA 110: Exploring Arts and Creativity” at the University of Illinois Urbana-
Champaign. One day, when my co-instructor and I were walking around the university’s Krannert Art Museum,
he asked which piece I would most like to hang in my own home. This is a great question to ask a colleague in an
art museum, getting right at the heart of art in an approachable package: Which piece speaks to you right here,
right now? I chose a nearby piece by Mark Rothko. My answer was partly personal—I do appreciate the soothing
and brilliant swathes of color made iconic by Rothko—but also professional: I wanted my colleague to know that
I recognized the prominence of this particular artist. Thus, our discussion of art was more about a social exchange
than a decoding of a singular meaning of a particular work. As Elgin (6) wrote about Goodman (7), “the same thing
may serve as different symbols by being incorporated into different systems. The same configuration, for example,
can serve as an electrocardiogram or as a Hokusai drawing. That being so, Goodman contends, the question we
should ask is not ‘What is art?’ but ‘When is art?’ Rather than embark on the futile quest for the essential properties
that permanently distinguish art works from other objects, we should seek to determine under what circumstances
an item of whatever sort functions as a work of art. For the very same item can function aesthetically at some times
and not at others” (p. ix).

context and the most urgent in a research pursuit, and it is in this meaning of dance where we will
find kindred spirits to the philosophers who dreamed up the concept of an atom. To share a sense
of dance as an intellectual pursuit (see also the sidebar titled How Does Art Work?), I will quote
philosopher Catherine Elgin and offer insights from dance literature to illustrate her points for
an engineering audience. Elgin (8) writes about three important works of art—dances—that give
insight into how Western concert dance is more like an ever-evolving search for movement and
expression than a static set of moves, steps, or routines:

Swan Lake is beautiful. It is delicate, graceful, enchanting. Martha Graham’s Night Journey is not. It is
riveting, harrowing, horrifying, often ugly. Yvonne Rainer’s 7iio A isn’t even that. Being utterly pedes-
trian, it does not play on the emotions at all. But it is intriguing. Taken together these three dances
raise questions: What is dance up to? What does it do and how does it do it? Night Fourney discredits
the thesis that the end of dance is beauty. Tiio A discredits the thesis that the end is affective engage-
ment. Possibly dance as such has no end. Different works and different genres pursue different ends.
But whether or not dance has a telos, questions arise: “What does this particular dance do? How does
it do it? And why?” (p. 82)

Swan Lake is a work of classical ballet set to music by Russian composer Pyotr Tchaikovsky
that originally premiered in 1877 with choreography by Czech ballet master Julius Reisinger (9).
Subsequent choreographers have created alternate steps that follow a similar narrative structure:
A handsome prince falls in love with a beautiful maiden who is trapped by an evil sorcerer as a
swan; to defeat the sorcerer, the two choose death together.

The style of motion of these productions was that of movement that evolved from court dances
formalized primarily in France and Russia after the Renaissance. It is movement of a particular
time and place that is a direct ancestor of ballet today (10). The steps of this dance form are
highly codified and recognizable motifs in Western culture. The movements leverage outward
rotation of the limbs, a lifted presentation of the spine, and particular articulation of the feet and
hands. Dancers move with a quality that creates a sense of ethereal weightlessness associated with
virtuosic ease of motion, which contrasts the intensely physical jumps, lifts, and turns performed
by the dancers. The form includes the use of special shoes that allow dancers to balance on the
very distal ends of their toes. Other traditional costuming choices include tight-fitting pants and
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stiff, short skits (tutus) that emphasize a distinction between the upper and lower bodies. Likewise,
traditional sets depict pastoral and romantic settings where the movement is meant to be set.

Swan Lake highlights an important tradition of dance as an art form. Dances were created to ac-
company musical scores with a narrative structure and theatrical embeddings that created a richer
performance. In restagings, the steps performed tend to vary more than the musical scores (in
part due to music notation). The narratives included fantastical creatures and magical beings that
transformed between earthly and heavenly forms. Themes of royalty, virtue, and betrayal were
created through archetypal characters that emerged. This tradition is so well known in Western
culture that it is commonly thought to be synonymous with dance itself—that dance is wholly
about being graceful, beautiful, or otherwise aesthetically virtuous while performing a set of pre-
ordained steps. Elgin’s writing complicates this idea, as she presents two more important works of
dance that came after Swan Lake: Night Journey and Tiio A.

Night Fourney is a work by choreographer Martha Graham that premiered in 1947, 70 years
after Swan Lake. Graham’s company refers to the piece as a ballet in its archives (11); however,
the style of movement Graham was working in—the steps her dancers took onstage—has little
overlap with those in Swan Lake or other classical ballets. Graham’s goal was to reject the light
ethereality of classical ballet in order to express a modern image of her experience: gritty, painful,
and hard (12).

Like Swan Lake, Night Journey used narrative structure, referencing the Greek myth of Oedipus,
a king who tragically falls in love with his mother. But, instead of tutus, Graham’s dancers wore
body-hugging and revealing costumes adorned with graphic, scrolling lines. Some female per-
formers wore long rectangular dresses that stretched across and hid their limbs as they walked, ran,
or made deep lunges and squats—a shocking departure from the costumes of classical ballet, where
tutus and tights preserved physical space for independent and visible articulation of both legs.

But it was Graham’s movement vocabulary that ensured her place in the halls of dance history.
In fact, her movement spawned an entirely new eponymous technique. The core idea of this style
of motion, as Graham writes in an essay included in Reference 12, is the duality of contraction
and release. As such, her dances break away from the almost constantly lifted presentation of the
spine in classical ballet, where the sternum is open and upward facing and the shoulders are spread
open across the collarbones, the lower abdomen supporting this lift, highlighting trim, thin waists.
In Graham’s technique, dancers round their spines in deep contractions that bring the sternum
facing downward with the pelvis rotating upward, deepening the spine’s articulation, creating a
jarring and powerful contrast to the postures promoted in classical ballet. This resulted in dances
that were loaded with dramatic storytelling that relied on portraying intense affective states of
the onstage characters. These works, like the classical ballets before them, create another idea
that is so powerful it might be confused as the entire goal of dance: to make movement about or
conveying emotion. But Elgin paints a more complex picture by introducing the innovative work
of Yvonne Rainer and her fellow postmodern choreographers.

Trio A is a stark departure from the narrative and emotive engagements of Swan Lake and
Night Journey. Rainer’s “No Manifesto” (13) outlined her approach to choreography. It stands
in direct reference to choreographers before her, including Reisinger and Graham. Eschewing
their approaches to dance-making quite directly, she wrote, “NO to spectacle no to virtuosity no
to transformations and magic and make-believe. ..” (13, p. 14). This manifesto was anathema to
many of the tools and conventions that dances in Rainer’s cultural lineage favored. It was again a
sharp departure that created wholly different movement, staging, presentation, and, thus, artistic
expression.

Dressed plainly in comfortable, loose black pants and a T-shirt, Rainer does not immediately
seem to be employing any particular vocabulary or refinement of movement, as in Swan Lake or
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Night Journey. She seems utterly pedestrian, casual, and unaffected in her movement. She walks,
raises an arm, jogs, shifts weight, bends over, folds her arms together and apart—all while main-
taining an emotional detachment or indifference to the actions that was radical for her time. Yet, as
the piece winds on, a particular expressive state is achieved. Even the setting—it was performed in
the famous Judson Memorial Church in New York City to a soundscape of wooden planks being
dropped (14)—pointed to the experimental, nontraditional nature of the work (13).

The work is a technical and creative accomplishment. Rainer developed new modes of move-
ment, performance, and presentation—pushing our understanding of how the human body may
express itself in space and time. Only 17 years after Night Journey, Rainer had yet again innovated
in human movement. The vocabulary developed by Rainer and her peers would transcend dance,
too. For example, it informs the movement used by actors in their performances, even in popular
movies (15). Even political movements of the time (16) are associated with postmodern dance: In
shedding so much, choreographers like Rainer helped identify aspects of everyday life where, for
example, women were asked to perform their gender, e.g., through actions associated with camp
and/or seduction. Their vocabulary informs how I think about robots, and it probably informs
how you think about them as well.

The steps and movements used in dance change every day. It is not interesting, in fact, to do the
same steps that have been done; instead, artists seek to push and change those steps (or something
about their sequencing or presentation) to create something new. This kind of expansion of the
known movement palette is what robotics requires as well.

Dance can be seen as an overlap of the broader fields of movement and performance studies.
Movement studies, which encompasses movement analysis (e.g., Laban Movement Analysis), is
a fundamental resource for fields like physical therapy, meditation, and exercise science. Perfor-
mance studies, on the other hand, has a more theatrical focus and feeds adjacent fields like music,
theater, performance art, and even interactive museum installations. Dance sits at the nexus of
these two broader fields, foregrounding the whole physical body of performers, situated inside of
performative settings. This is not the only way to describe the field, but it works for my purpose
here: to vividly outline the depth and expanse of the field of dance for an audience of engineers.
The next subsections briefly highlight three topics from this nexus and share (some) relevant
literature in each; for a deeper reference, readers can consult Reference 17.

2.1. Choreography (Writing Movement for an External Audience)

Essays in Reference 12 by influential figures in modern dance reveal variety: It includes works by
Isadora Duncan, known for her flowing movement that echoed her sheer wisps of costuming; Loie
Fuller, known for her innovations in stage lighting and technology; Martha Graham, known for
her dramatic contractions; Merce Cunningham, known for using random chance in his process
and performances; Alvin Ailey, known for his seminal piece Revelations; Anna Halprin, who helped
her spouse, the landscape architect Lawrence Halprin, notate movement to aid in his community-
based design process (18); Yvonne Rainer, who studied with Martha Graham, Merce Cunningham,
and Anna Halprin before creating her work; Twyla Tharp, who has authored broader texts on
creativity based around her choreographic process (19, 20); William Forsythe, who has codified his
“improvisational technologies” (21); and Mark Morris, who juxtaposes a traditional appreciation
of classical music! with modern, playful gestures. These examples of choreographers who have
been significant to a particular tradition of Western concert dance give a sense of the vastness of

Morris also provided a great example of how dance need not be set to music with Bebenoth, a work that is
performed in silence.
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choreography. Other traditions, entire universes of choreography unto themselves, exist alongside
this work, e.g., jerking (22) and Bharatanatyam (23). Choreography is an arena where the artists’
movement training, the time and place where they live, the work of prior artists, and the abilities
of their dancers’ bodies mix to create new traditions in movement (24). It is a place of problem
solving, convention creation, and expression through (often) nonverbal movement.

2.2. Somatics (Investigating Internal Bodily Experience)

Dance also houses communities of knowledge centered around physical practice: How do we expe-
rience and edit our own bodily movement? This is manifestin how dancers train and how choreog-
raphers find physical inspiration for their material. In the movements of Swan Lake, dancers exhibit
control through a lifted carriage of their skeleton, with a generally upright orientation to gravity.
In Night Journey, dancers practice a series of contractions and releases of their cores, bending their
spines almost like rubber bands, storing and releasing potential energy. In Trio A, the approach to
stability (and its dual, mobility) is instead informed through a more relaxed tone of muscle that
invites skeletal efficiency, e.g., allowing the femur to float more deeply into the hip socket. These
examples of physical practice and approach to movement showcase another vein of dance: somat-
ics (25). Systems of somatic practice include the Feldenkrais Method, the Alexander Technique,
Laban Movement Analysis, Bartenieff Fundamentals, Body—Mind Centering, and yoga.

2.3. Notation (Representing Movement Symbolically)

A third area of study within the larger field of dance is that of movement notation. For ballets of
historical importance, such as The Afternoon of a Faun by Vaslav Nijinsky (26), systems of movement
notation are our only record of the work. In Reference 17,1 argued that the development of move-
ment notation has been hindered by technological development, in particular by video. But rep-
resentations of movement through symbolic systems (7) have epistemic value beyond their use as
archival records (27, 28). Technology can and has helped in this process of “writing dance” (29-31),
and new systems for movement analysis are constantly improving our ability to notate it (32-35).

3. ALCHEMISTS EXPERIMENTING WITH MOVEMENT

When Cynthia Breazeal built Kismet (36), she took an important first step away from robots that
served a work-oriented function (like the industrial machines of the prior decades) into something
that was meant to be sociable and expressive. Her immediate goal was to create a device that would
simulate the expression of emotion (though we know from Section 2 that this was not the only goal
she might have pursued). She worked toward this goal through the design of vocalization and with
an imitation of facial features: The robot had eyes, lips, and ears. But she also launched a whole field
of machine designers who would aim to recreate these ideas about expression through movement
via improvements in software and hardware across an array of forms. Like the alchemists before
and after her, Breazeal was interested in bringing forward a rare, fleeting aspect of her earthly
experience and making it more readily available. For medieval alchemists, it was a shiny metal
that made people feel good. For Breazeal, it was a machine—and its movement—that would make
people feel good. And, while there were experiments in robotics and dance long before Breazeal
(who is not a trained dancer, to my knowledge) (e.g., 37), she is the instigator who has created a
true and lasting need for the field of dance within robotics.

Did she succeed? While she constructed user studies (more on these in Section 3.4) that
supported the claim that the robot expressed different emotions (38), there remained low dif-
ferentiation among emotional states, e.g., ones that shared high degrees of arousal in Russell’s
circumplex model (39). In my opinion, she created a fascinating device (more on building these
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in Section 3.2), which could certainly ape emotion in limited contexts but is fundamentally in-
capable of resolving enough perceptually distinct physical states of motion to robustly simulate
our changing facial expressions (more on humans in Section 3.3). First, I address the question of
dancing robots.

3.1. Dancing Robots?

“Does a robot really dance or does it only appear to dance?” asked Margo Apostolos (40, p. 549)
of her early explorations as a choreographer working with a robot (37). As a dancer and chore-
ographer, Apostolos used these machines to extend her own palette of movement and create new
patterns onstage—just like the choreographers discussed in Section 2. In asking, “Can comput-
ers create art?” Aaron Hertzmann (41) offered a definitive answer to her question, detailing the
ways that technology changes (and creates) art forms but also unilaterally and effectively arguing
that art is a social act and that “computers do not create art, people using computers create art”
(p. 2). This argument applies to Apostolos’s inquiry as well: Robots extend the potential for human
dancers—and may, quite convincingly, appear to dance—but the true artists are the humans whose
intent they translate into action.

Seeking the appearance of avatars (42) or robots dancing (43) is a process that dates to antiquity
(44) and has much yet to offer. My doctoral dissertation focused on this idea, developing new
tools for sequencing (45) and modulation (46) of movements, collaborating with dancers (47),
and subsequently analyzing data with the designed model (48). In shifting from a task-oriented
goal, movements must be codified, named, and sequenced and become the goal of the work in
and of themselves. This is a shift from task space to configuration space that begins a deeper
pipeline into symbolic representation of movement and has many applications, e.g., in education
(49), healthcare (50), manufacturing (51, 52), defense (53), entertainment (54, 55), and the arts (56),
including generating choreography with computers (57), as, e.g., Analivia Cordeiro (58), Merce
Cunningham (59), and engineers (60) have done.

The cultural shifts that occur when creating dancing robots necessitate an awareness of these
real theatrical productions (61-65) when designing robots (66). In 2011, the dance company Pi-
lobolus collaborated with Daniela Rus’s robotics lab at MIT to create a joint venture combining
cutting-edge dance and cutting-edge drones. This was a golden opportunity to conduct research
and simultaneously make art; however, the collaboration was criticized in both the dance and
robotics communities as being superficial (67). On the other hand, the performance artist Stelarc
has used robots throughout his work over decades with many different iterations of use, enabling
a deeper exploration that has gained critical acclaim (68). Dance also offers the frame of improvi-
sation for human-robot interaction (HRI), suggesting the possibility of creative extemporaneous
relationships between humans and these embodied movement devices (69-72).

These performances serve as incubators for compositional ideas about movement inside and for
the dance community—and provide a key opportunity for robotics labs. Formalizing this concept
and hoping to offer meaningful outputs in both the dance and robotics communities (and sup-
plement my lab’s composition of mostly engineering students), I developed an artist-in-residence
program in my lab, which has given berth for two external artists, Catie Cuan (73, 74) and Kate
Ladenheim (75), to train my students and employees and consult on research projects (both paid
pursuits) while developing their own artistic collaboration (an unpaid pursuit that created op-
portunities for paid showings in the future). The works were shown in international arts venues,
including the DANCE NOW Festival at Joe’s Pub at the Public Theater in New York City, USA,
and the Performance Arcade in Wellington, New Zealand. Both residencies also produced rich
research in robotics, pushing my own understanding of robots further. The work with Cuan de-
veloped into designing characters on low-degree-of-freedom platforms (76, 77) and examining
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THE MOST POIGNANT ROBOT MOVEMENT I HAVE EVER SEEN

A jarring, jerky march animates the quadruped through a series of natural and unstructured environments: the
underbrush of the woods in the fall, then the winter; an icy parking lot, painted lines hidden under thick, mounded
sheets of ice. The irritating hum of noisy engines is overwhelming, but the progress of the device is undeniably
impressive. (It is the year 2009; I am watching a video posted nearly a year prior.) As I adjust to the alien rhythm of
Boston Dynamics’ BigDog robot, a human counterpart appears. A man, clad in heavy work boots, enters stage left
(the right side of my screen) and lands a merciless kick to the center of the robot, sliding the whole device—which
must weight hundreds of pounds—sideways, off its footing. The machine sputters, for a lack of a better term, and the
legs that so closely matched the repeating noise of the engines reveal themselves as a separate process from that hum
as they slip and slide on the ice out of time with the drone of the engines. Itis in this struggle [discussed in Reference
17 as “shaping” (pp. 178-79)] where a sense of amazement, followed by concern, bubbles in my chest. I give a short,
relieved exhale when the device regains its footing, rejecting the disturbance and righting itself against the booted
man. See, all movement is expressive, sometimes powerfully so, even when it is designed for a functional end.

perceptions of expressivity (78, 79) and control (80, 81). The work with Ladenheim considered
feminine representations in robotic design (56) as well as the creative process of making dance
with robots (82). Additionally, making art provides more enriching opportunities for outreach
with robotics, casting these systems as creative tools, not just functional ones (83).

Working in the capacity of art making can be viewed as the most basic, exploratory research at
this intersection of robotics and dance. (It also can refine and investigate our experience of robots
created in a more traditional manner—e.g., see the sidebar titled The Most Poignant Robot Move-
ment I Have Ever Seen.) While the immediate practical applications of these works can be unstated
and even unforeseen at the time of their presentation (just as with a curiosity-driven researcher
in basic science or basic math), the basic capabilities in expression through artificial bodies is best
developed in this capacity. For example, researchers in robotics have translated avant-garde partic-
ipatory robot dance (63) into the broader development of exoskeleton robots (84). This approach
was summarized in a piece on the process and methodology that developed in my lab (85).

3.2. Machines as Hammers—and Paintbrushes

Those with an interest in studying dance quantitatively (as in 86, 87) are in luck: Robotics is
increasingly interested in human-facing applications and other dynamic contexts but coming up
short. This has brought on a heightened awareness of how “creepy” robots can be. My favorite
example of this has to be the googly eyes belatedly affixed to Badger Technologies’ Marty robot
to help grocery store shoppers put up with the large, lumbering stockist aid (88). We might say
that Marty was designed with functional goals in mind (as a hammer) but needed expressive goals
during its deployment (like a paintbrush).

The quest to choreograph complex robot motion through the lens of function (where stability
is the main criterion) has led to many interesting developments. Grizzle’s output linearization
takes the richness of complex nonlinear systems (useful for imitating complex systems in theory
but difficult to control in practice) and renders them simple and controllable (useful for not falling
over) (89). Mombaur et al.s (90) path planning and whole-body musculoskeletal control adheres
closely to the spirit of Flash & Hogan’s (91) seminal paper on studying human motion and seems
to take optimization as far as it can interestingly go. Kingston & Egerstedt (92) developed tools for
morphing signals from a high-dimensional body to a low-dimensional one. However, while these
methods do get out of the limits of logical specifications, none of them create systems that are
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as richly expressive as human or animal bodies (93). These new, dynamic contexts require more
modularity (94). Switching among distinct motion controllers, as imagined by Brockett (95), stably
(96) and optimally (97)—with progress toward leveraging actual natural language in constructing
these controllers (98)—has helped produce a more mature viewpoint of movement design: from a
simple, functional, stability-oriented view to one that aims to create complex aggregated phrases
with rich moments of instability (99). The goal of these efforts is summarized well as “symbolic
control” (100).

The boldness with which Petra Gemeinboeck dons a physical artifice in order to choreograph
robot motions with her own body (101) and her broader analysis (102) makes the metaphor of
using robots as an extension of an artist’s body literal and promises a new class of roboticist. Like-
wise, a coterie of roboticists are using metaphors from choreography or expertise from dancers
to control large groups of robots (103, 104), even leading to industrial applications (105) and
patents (106). No one has thought more deeply about creative flow and its intersection with phys-
ical machines and embodied humans than Alexandra Nilles, who has developed a framework for
“live-coding” robots based on her study of improvisation in modern dance and the theoretical
underpinning for classes of mobile robot motion, forming clear design specifications from these
experiences (107, 108). Kate Sicchio brings a similar ethos from her live-coding and dance back-
grounds, teaming up with Patrick Martin, an engineer who is long versed in the challenges of
interoperability of controllers and programming architectures (109). Such choreographic design
specifications have inspired many control and specification architectures (and I anticipate will
inspire many more) (103, 110-112).

Hardware design is also affected by the influence of dance. Umer Huzaifa and I worked with
dancer and movement analyst Cat Maguire to develop robots that exhibit a wider range of walking
styles (113). Maguire led a workshop on walking, parameterized not by external measures of distal
joints, which are well measured by motion capture, but by the subtle movements of the spine,
which are not (114). This shift from external measurements to internal somatic strategies required
a lot of rolling around on the floor (training in Bartenieff Fundamentals) and also resulted in
new ideas about hardware design (115-117). Other have proposed robotics spines (118) and soft
machines (119) as apt for collaborations with dance.

3.3. Dancers as Specimen—and Collaborators

When engineers work alongside dancers, the expressive body holds a different deference. I have
seen this accomplished in two distinct modes: one as dancers being anonymous human subjects
and one as dancers being intellectual collaborators in research. No one has better exemplified
how contributions to both dance and robotics can be created in both of these modes than Naomi
Leonard’s group, which has operated in both. In the former, Leonard collected data from human
dancers and, applying similar methods as she has in the study of fish schooling behavior, ana-
lyzed the influence of different dancers on the rest of the group—in this case, using automatically
tracked position and orientation data from anonymous dancers (120, 121). In the latter mode, she
collaborated during the choreographic process of a new piece, aiding the choreographer (Rebecca
Lazier) and composer (Dan Trueman) in understanding the role that various decentralized con-
trol strategies may have in the work (122), and then (using laboriously hand-annotated data to
accurately recognize more complex movement patterns of dancers named in the created work)
studied the deployment of these methods (123, 124).2

Perhaps I am biased, because Leonard and Lazier were my undergraduate thesis advisers, but T prefer this
mode of working considerably. Not only were papers coauthored by artist and engineer teams working as peers,
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Using motion capture data from my own body (without acknowledging this source), I explored
studying the style of motion (125) and movement segmentation (48). This approach had the ad-
vantage that I intimately understood the data sources I was examining, but I also lacked objective
researcher distance from the measurements. The approach of studying one’s own movement train-
ing is also seen in Sommer Gentry’s PhD thesis (126), which documented a variety of quantitative
analyses of West Coast swing dance. Gentry attempted to dissect rhythmic and haptic interaction
structures for coordination of agents—a topic that remains a large and active area of research in
robotics. While Sharma et al. (127) used motion capture data from an unnamed dancer trained
in Laban Movement Analysis, who used the effort system to “author” motions for drones to ex-
hibit distinct states or affects, Dana Kuli¢’s group named their dancer collaborator (Sarah Jane
Burton, who is certified in Laban Movement Analysis) in creating a similar dataset to animate
nonanthropomorphic kinetic sculptures (128).

This particular system within dance has widespread use in studying human movement through
an expressive lens (48, 129-131) and likewise inspiring systems to generate variation in artificial
motion (46, 132-135) and is an especially good opportunity to examine the behaviors of dancers
under a structured system, allowing their expertise to contribute as collaborators. Other work
using this system has looked at modeling creativity (136, 137), studying the perceptual consis-
tency of the system (138), movement recognition (139), movement generation with Labanotation
(140-142), emotion communication (143, 144), and other aerial robot movement design (135,
145).

As with the examples presented in Section 3.1, the success of these projects, with simpler plat-
forms than human or animal bodies, indicates that human perception aids the pursuit of expressive
robots more than anything [and our intuition from simple cartoons, dating back to Heider &
Simmel’s (146) seminal study on apparent behavior, agrees with this]. This tantalizingly suggests
that even the simplest robots may be able to create behaviors that represent complex states. For
example, Kingston et al. (147) convinced human subjects that goopy green amoebas might look
like human movement. In my group, Roshni Kaushik worked with dance artist Ilya Vidrin to de-
velop a metric of imitation based on his preferences for professional performances (148), which
went on to drive imitation between humans and low-degree-of-freedom robots (149). We also
found that this metric breaks down when applied to new cultural contexts (150).

3.4. Human-Robot Interaction Experiments in the Lab—and Onstage

In Kate Darling’s work asking human subjects to smash robots with hammers, some subjects are
read a story about the simple device, and some are not. Those given a narrative struggle more
to smash (151). What is often taken from this paper is the tantalizing idea that we can create
lifelike robots, but what I think is more important is the role of narrative and framing in creating
experiences for human subjects. Narrative and framing undermine nearly every HRI experiment in
asignificant way: All of the results can be easily manipulated with the right (or wrong) presentation.
Given that there are few rigorous boundaries on how these setups should be established (many
papers fail to provide sufficient detail for reproduction), the field bumbles on using robots that
don’t fall over or do anything interesting, unless roboticists tell the right story about them.

A popular way to evaluate success in this vein is through the Godspeed Questionnaire (152),
which scores motion on traits like likability, animacy [the axes of the plots that supposedly reveal

but the dancers involved are publicly acknowledged through program credits and publications (allowing for
greater replication in future studies). But the work won the equivalent of an Oscar—a Bessie—indicating that
I am not the only fan!
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an uncanny valley (153)], anthropomorphism (154), perceived intelligence, and perceived safety.
These ideas have no direct mapping in dance, which suggests an entirely different route for
movement evaluation (something situated, personal, and descriptive). Work by Andrea Thomaz
and collaborators has formulated novel metrics for being human-like (instead of assuming that
this idea is well defined) and centers much of their discussion around imitation. First, the team
exploited the many possible ways that a given task may be completed (155). Then, the authors
proposed metrics to evaluate how human-like a particular motion is, including measuring the
number of times subjects rewatch a video in order to repeat the movement (a genius measure,
in my opinion) (156). Ultimately, the team’s method for creating human-like movement rested
on this notion of imitation writing—*“this experiment assumes that a human-like motion should
be easier for people to mimic accurately, and awkward, less natural motions should be harder to
mimic” (157, p. 1282)—and using trajectory-based measures of similarity (157).

Similarly, Dragan et al. (158) defined the concepts of legibility and readability based on in-
tegrative measures of movement trajectories. These ideas assume that movement is meant to be
predictable and advertise the intent of the mover, which may be a good idea for robots but is
not the case in many examples of human movement (consider the standoff between a goalie and
a penalty kicker or the actions of a thief or someone unhappy to see a disliked colleague arrive
unexpectedly to a faculty meeting). Yet this limited idea is pervasive in HRI, giving rise to the re-
dundant term expressive motion (159), which aims to describe movement that represents emotion
or other complex intents (160). In the isolated environment of a robotics lab, these ideas can pro-
duce usable experimental results, but they frequently break down across the kinds of situational
and environmental contexts that are so frequently explored in the arts. The field of dance advances
a different usage of this term: It demonstrates how all movement profiles can be expressive in the
right context, for the right observer, and reveals how the more movement profiles a given body
can exhibit, the more expressive that body is.

No one at this intersection has done more than Knight and her group (161-166) to present
evidence of the plausibility that robot motion can be tokenized for representative meaning of com-
plex human states, such as emotion, in a variety of real-world contexts. Enabling this success is her
work in the performing arts (including dance, theater, and comedy); she has formalized systems for
tracking and dealing with errors from robots in a theatrical context (167), demonstrating an unpar-
alleled sophistication and experience with putting robots onstage in front of a live audience—and
measuring the results. Likewise, Cuan has given high-profile performances at venues such as the
Public Theater, the Smithsonian, National Sawdust, and the TED main stage, with novel robotic
systems onstage, which brings weight to the potential for machines to exhibit intriguing, pleasant,
and delightful behaviors (74, 168). Another artist-engineer, Alexandra Bacula, is bringing robots
into public spaces (166), with the sensibility of a ballet dancer driven by archetypal characters
(169). Fellow former RAD Lab member Ishaan Pakrasi is also building evidence that characters
and imagined worlds can be built from simple mobile robots (76).

These efforts have groundbreaking practical applications. For example, Lena Ting’s group (50,
170) uses dance-framed robots for rehabilitation. By embedding simple devices inside a partner-
dancing context, their work shows that instead of applying mechanically significant disturbances
to improve gait, small forces can be communicative inside this frame (171), which is part of a larger
effort to use dance in rehabilitation (172).

Using the stage to reformulate HRI experiments opens up new conventions and tools for re-
porting on and understanding the implication of user study framing, with formulations already
suggested by my group (78), Jochum & Herath (173), and Troughton (174). Theaters offer con-
trolled environments where the lighting, sets, and costume designs are regularly attributed and
well understood; theater professionals create routinely repeatable conditions for performance; and
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audience flow is commonplace (and comfortable for participants). What’s more, working inside the
ethos of performance provides a more realistic set of expectations around robot demonstrations
(that is, working once in an experiment is a long way from working routinely in practice).

In this vein, my group has shown how representative labels supported by subject pools in one
context break down in another. For walking gaits created by animators from motion capture data,
emotive labels such as happy and sad break down across contexts, while gender labels hold up
slightly better (175). We have also explored our own character-oriented styles of motion in distinct
contexts (176, 177) and gaits for a planar walker in different environments (178). Such studies are
relatively rare, to my knowledge, but are aimed at formalizing context and situation variance for
perception of motion. Based on our studies, I am sure that prominent results like those from Badler
and colleagues (179), Dragan and colleagues (158, 160), and Knight & Simmons (132) would not
hold up through this kind of theatrical inquest.

4. TOWARD A NEW FIELD (COMPARING CHEMISTRY
AND CHOREOBOTICS)

In the quest to turn lead into gold, it took two millennia to find empirical evidence for the atom.
The organization of different types of atoms with respect to one another and principles for how
they combine to create compounds then came together relatively quickly—only a few decades
later, Mendeleev debuted the periodic table. In the quest to turn robots into harmonious, expres-
sive human counterparts, at least two grand challenges remain: developing symbolic relationships
between our experience and machine behavior and creating more robust, human-facing testing
environments, which account for context and result in more success deploying systems in the
real world. Take the example of self-driving cars: These machines are unable to interpret the
meaning of counterpart actions [of both vehicles and pedestrians (180)], and though the vehicles
demonstrate success in testing, they are endangering public safety (181).

With this framing challenge, and amid specialized publication venues, growing conference op-
portunities, and high-profile events, there is a sense that we are moving toward a new field. We are
calling it choreobotics. We have a concept of an indivisible unit of movement (although it is only
decades, not millennia, old), and we have theories about how longer phrases of movement become
meaningful for people (from studies in psychology, dance, and HRI). But these ideas are not co-
herent: Our indivisible units of movement (movemes or motion primitives) are short, quantitative,
and universal, while our theories of meaning making are contextual, qualitative, and personal. We
have intriguing and fascinating examples of machine movement, but we have no rigorous system
for making them and limited ability to deploy and test them. We need a new guiding framework—a
periodic table—to advance into a true field. What are the columns and rows of this periodic table?
What are the topics that form the foundations of this field?

I think some initial answers may be found in the relatively recently established field of linguis-
tics. Linguistics is the study of symbolic notation for the bodily action of vocalization (language)
(182). It has around 30 different subfields (183), including origins of language, field linguistics,
phonology, morphology, syntax, semantics, pragmatics, and translation. Each of these (and the
many more subfields of linguistics and computer science that have produced technologies that
deal with language, from cuneiform tablets to the keyboard to text-to-speech systems to genera-
tive Al) offers a possible template for how much work there can be at the intersection of robotics
and dance—work that lives as much in studios and on stages as it does in laboratories, as illus-
trated in Figure 2. Here, then, are some suggested foundational areas for choreobotics, framed
by a comparison to chemistry.
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Figure 2

Features of a life cycle of art making, commercialization, education, outreach, and research at the intersection of robotics and dance.
Photos feature RAD Lab artists-in-residence Catie Cuan (“the stage as a testbed”) and Kate Ladenheim (“rehearsal as laboratory”) and
were provided by Yi-Chun Wu (“the stage as a testbed”), Natalie Fiol (“performance as outreach”), RAD Lab members (“rehearsal as a
laboratory” and “the studio as a classroom”), and the RAD Lab startup spin-off AE Machines (“incubator for products”).

4.1. Platforms (Matter and Bodies)

The advances in the manipulation of matter brought by chemistry have proved a fertile space for
building all sorts of objects large and small [e.g., proteins (184)]. The expressivity of human lan-
guage is evident through the way that a finite set of words can be combined and recombined
into endless paragraphs, sentences, and utterances. Likewise, the many theatrical successes of
choreographers for robots, like Margo Apostolos, Huang Yi, Merritt Moore, Petra Gemeinboeck,
Stelarc, Madeline Gannon, Blanca Li, Elizabeth Streb, Catie Cuan, Kate Ladenheim, Ilya Vidrin,
Susan Marshall, and Monica Thomas, suggest that robot bodies are expressive, fertile media as
well.

How do we understand this phenomenon quantitatively? The minimum jerk model suggests
that human movement is solving a basic optimization problem (91). Fitts’s law, another classic
model, took an information-theoretic approach, using Claude Shannon’s work in communications
to develop predictive models for trajectories and end points of human movement (particularly
across a human—computer interface) (185) that develop measures of throughput (bits/s) across a
range of devices (186). These models have helped advance an understanding of a moving body
through a functional lens. But what makes one body more expressive than another? As I describe
in Reference 187, we should think about these devices, in the context of expression, as informa-
tion sources, where bits, or Shannon entropy, can distinguish why robot motion is still (mostly)
so opaque to human counterparts. Comparing the number of static postures described by the
anatomy of a variety of robots and animals, I offer an expression-focused alternative to other
models, which use displacement to determine information content (188), and establish a measure
of expressivity for robotics that is consistent with how the term is used in other disciplines (e.g.,
computer science, genetics, and dance) and reveals how inexpressive our current platforms are.
Expanding their capabilities may be as simple as adding well-designed dynamic indicator lights or
as complex as using soft materials (see, e.g., the sidebar titled My Favorite Robot to Dance With)
(189).
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MY FAVORITE ROBOT TO DANCE WITH

It’s yellow, it’s squishy, and it’s difficult to resist dancing with it. I don’t think anyone has done it better than Marek
Michalowski and collaborators did when building the interactive Keepon robot (190). The inclusion of beat detec-
tion and rhythmic imitation meant the system would be responsive even if users were off the beat (191). The squishy
body of Keepon dresses up the relatively simple linear actuators inside, offering a more complex, softer shape than
most robots to date. Instead of rigid blocks rotating precisely in space, Keepon squishes. Maybe because people are
mostly made of water or maybe because we just like squishy things, this feels right. Finally, the design of each action
and the variety across repeated up-and-down pumping provide a beautiful imitation of the bouncing of our spine.
My favorite thing about this motion design, though? It serves as a wonderful reminder that you don’t need arms,
legs, or music to dance.

4.2. Dyadic Interactions (Bonds and Body Language)

How do we know if an expression was successful—if we have been understood by a counterpart?
How do we share that we understood? Perhaps we do so through imitation. Psychologists have
measured this phenomenon in humans, describing and probing symmetry breaking and formation
in dyadic interactions (192, 193). Moreover, parents have experienced this with infants: How do
you know if the baby heard you? You wait for an imitation. How do you let it know that you heard
it? You make the same sound back.

We have developed robust tools for determining whether a system can be stabilized, e.g., the
Lyapunov stability criterion (194). Although systems are often most interesting when they employ
instability and nonlinearity, tests for stability provide an important foundational underpinning for
robotics. Just as stability is a baseline requirement for successfully producing movement on an
artificial system, I predict that a measure of imitation will form a test for the possibility of suc-
cessful communication. Such is the approach employed by Simmons & Knight (195), who showed
that mimicking robots elicit a greater range of behaviors—and thus engagement—{rom interac-
tants. Just as bringing a system to rest is rarely the goal of modern robotics, solely mimicking a
human’s action—in a parrot-like way, say—will be unlikely to produce the desired interactions
between humans and machines, but formalizing tests for our ability to do so will become an
important foundation of robotics. Likewise, I think we will find analogs between energy and en-
tropy, information and mass, and even expression and force. Working through this alternate way
to view movement—as a source of information and variation rather than a repeatable trajectory
of mass—requires foundations in dance that will transform robotics.

4.3. Indivisible Units (Atoms and Movemes) and Their Combinations
(Compounds and Movements)

Although comprehensive models for simple animal movement have been established (196), identi-
fication and classification of smaller snippets of human movement from measurement systems like
two-dimensional video (197), mouse data (198), and three-dimensional motion capture (199) are
ongoing challenges common to computer vision, robotics, and dance. Most of this work is driven
by empiricism (which is tricky when ground-truth labels depend on finicky human perception),
but some are philosophical, probing lived experience for models that identified movements from
actions and activities and so on (200). More complex behavior, especially for animated bodies, is
generated through motion graphs (201), and style of motion has also been modeled (202).
Researchers in computer vision have coined a term for indivisible snippets of human move-
ments, calling these snippets movemes (3) in order to relate the idea to phonemes in linguistics.
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Oxford Languages defines a phoneme as “any of the perceptually distinct units of sound in a spec-
ified language that distinguish one word from another” (https://www.google.com/search?q=
define+phoneme.) But the engineer who coined the term defaulted to an external, quantitative
definition of the idea. In the many attempts to define a moveme, usages in control, robotics, and
autonomous systems typically fail to emphasize the idea of perception. Several adhere to the orig-
inal definition of a second-order linear system that approximates a region of significant movement
(3, 198), a parameter in an expectation—maximization problem (200), bases that facilitate transla-
tion between 2D image data and 3D movement models (203), and even an unconscious aspect of
our neuromuscular systems (204). In the study of animal behavior, ethology, where Perona and
colleagues have motivated the discipline of computational ethology, the emphasis of human per-
ception is present in the definition and use of the term, defined in that context as “the simplest
meaningful pattern associated with a behavior” (4, p. 27). Linguists produce the underlying pho-
netic elements (phonemes) through a concept called minimal pairs. By creating words that sound
almost exactly the same (but aren’t), linguists identify perceptually salient sounds. It should be
similar, then, with movement. Instead of defining movemes through mathematics, they must be
defined through experience.

Comparing motion programs to snippets (or sounds) of words has been inspirational in the
community of researchers trying to compose longer behaviors from simpler movements. One
example is Topping’s dissertation (205), which uses the idea of a syllable (figure 4.1, p. 71). From
a dynamical systems perspective, this is a very hard problem. Branicky’s counterexample (206)
shows the fundamental issue with such switched systems: Even if each individual mode is stable,
switching between modes at the wrong moment can produce an overall unstable system. That is,
just because a robotic system can hop, skip, wave, and jump doesn’t mean it should (or could) do
all four in sequence. In a functional framework, Topping asks, Are these movements stable? In an
expressive framework, we must also seek a rigorous mapping but instead ask, Do these movements
make sense?

4.4. Notation (Chemical Formula and Movement Scores)

Generative Al tools, like OpenAl’s ChatGPT, only work because we have the symbolic system
of writing, developed by ancient humans in a long, iterative, laborious process. ChatGPT works
great when training corpora, queries, and responses are all in this shared symbolic stream: The
user types a symbolic query, and the algorithm uses its huge corpus of data (text, video, and images)
labeled in this same symbolic stream to then reply in this symbolic stream or media format. The
internet s full of images, videos, and long streams of text that have been generated by humans. The
algorithm creates an internal representation of that material (which is nonsensical to us) and then
uses that representation to generate (mostly) sensible replies. No such widely used system of la-
beling or data corpus exists for bodily movement (not to mention that consistent correspondences
to human bodies and machine bodies are still an open problem). Therefore, embodied agents are
not prepared to use generative Al, and increased research (both scientific and embodied) is needed
on developing this symbol system.

Consider the International Phonetic Alphabet (207), a common system (of many) used by dic-
tionaries to provide word pronunciations. This system is rooted in the morphology of the mouth
and was created through obsessive study of its movement. This system allows for detailed notation
of human movement to translate to more abstract concepts like words (which can be pronounced
in different dialects and even with different body parts, e.g., in American Sign Language). The
body can make many more shapes and dynamic actions than the vocal cords alone, so we will
likely need elaborate computational tools to aid in the discovery of useful movement notation (17;
C. Maguire, S.H. Yoo, A. Bacula & A. LaViers, manuscript in review), but I expect this area of
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work will need to develop many movement taxonomies (e.g., 208-210). Moreover, this advance
would help dance artists protect their own intellectual merit (211).

4.5. Testbeds (Laboratories and Studios/Rehearsals/Stages)

Just as chemists have toiled in laboratories and linguists traveled the globe studying languages in
the field, the field of dance has a long, physical lineage of practice in studios and on stages, and
of moments when audiences clapped, gasped, sighed, and cried (or didn’t). The sense of whether
a particular work—and performance of it—worked is established and reestablished with every
live performance and every unique audience. Likewise, all HRI experiments take place on a stage.
HRI studies are created from a very specific, ephemeral alchemy of the researchers, their lab, their
recruited subjects, and the presentation of stimuli and queries. Yet, whereas lighting designers in
theaters are acknowledged in the credits of every dance performance, I have never once read an
HRI paper where the details of the lighting conditions were available.

Papers that purport to create emotional expression in robots will be better understood as pa-
pers attempting to create symbolic relationships between robot behavior and human interactants.
And these relationships are relative. Just as motion is only accurately recorded with respect to
a particular reference frame, we need to develop a system of reference frames that resolves the
multiplicity and variability of meaning for each observer. These frames are likely better viewed as
contextual than planetary: environment, situation, culture, and so on.

4.6. Foundations (the Periodic Table and the BESST System)

One of my favorite video series on the internet is Jimmy Fallon’s on the history of (or evolution
of) dance, in which he performs alongside another famous entertainer. There is real knowledge
embedded in these entertaining videos. For one, they present a taxonomy of different dance styles.
For another, they offer an example of two distinct bodies doing the same thing despite significant
physical differences between them. Under what conditions is this exercise successful? When do
two bodies stop doing the same thing? When has a particular presentation changed how a robot
is perceived? Why are some imitations successful and others aren’t? How do bodily postural and
gestural shifts supplement the far-better-understood movements associated with vocalization (and
facial expression) to support communication and expression? How do we write down the essence of
an observed example of bodily movement? What is the relationship between observed movement
and real physical phenomena? How many different things can our bodies do, and how many can
they perceive? These are questions that should be keeping you up at night.

The periodic table unified chemists around an experimental exploration of matter, and
choreobotics will be developed when the kind of internal, somatic investigations and external,
choreographic presentations happening on a regular basis in dance studios begin occurring more
frequently alongside the measurement, modeling, and movement systems of robotics labs, e.g.,
motion capture suits, Euler-Lagrange equations, and humanoids. The best system I know to grow
this experimentation into a symbolic, ordered system—one that captures the experience of being
a moving human inside a systematic taxonomy—is the Body, Effort, Shape, Space, and Time com-
ponents of movement, comprising the BESST System, which has recently been documented in a
textbook for engineers (17).

5. CONCLUSION

This article began with imagining the past—1,700 years ago, before chemistry existed as a field.
Now, let us imagine a possible future. It is the year 2325, and we are at the IEEE International
Conference on Robotics and Automation. Many elements of the event are the same as they
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are today: Industrial companies and academic research labs bring physical demos of their latest
devices and software systems; researchers present new foundational advances on the subject of
robotics in parallel paper tracks, divided by topic area; and developing, fringe areas of work are
explored in workshops and tutorials before and after the main conference. But a new class of ma-
terial (choreobotics) and a new kind of conference attendee have emerged: the kinesiologist, the
physical therapist, and the dancer—people who make their work in studio spaces, in bodily motion
perception and creation, in making meaning with moving bodies. These attendees will come
because of multiple paper tracks that leverage knowledge from the performing arts and somatic
practices within the study and development of robots (which are now commonplace in human-
facing contexts). That is, dance is now widely recognized as a foundational field of knowledge for
robotics, and the expressive human body has taken root as a site for research in robotics.?

1. Dance is an academic field that offers a framework for understanding the complexity and
malleability of bodily movement and the process of expression.

2. Grand challenge 1: Robotics lacks a system for symbolic representation, classification,
and control of movement. A truly abstract symbolic system of notation is needed to un-
derstand the color wheel of bodily movement patterns and how its components combine
to, contextually, create expressions in movement.

3. Grand challenge 2: Human-robot interaction experiments take place on an often un-
acknowledged stage. The notion that movement belies intent (including legibility and
the expression of emotion solely through any given movement profile) is a mirage born
of ignoring this frame. Meaning (expression) is created through a complex alchemy
of body (source), observer, and context. Greater expressivity (in both generation and
interpretation of movement) is accomplished through a broadened movement palette.

1. Viewing dance as a lexicon of moves—or merely an activity—limits the intellectual
power of this rich academic field (and broad scope of professional practice). Instead,
it should be formally recognized as a foundational underpinning of the field of robotics
in programs for research and education.

2. Robotics is missing foundational theory to govern expression. Entropic models of move-
ment and principles of dance must be incorporated alongside the already prevalent
energetic models of movement and principles of psychology. Symbolic description of
movement can only be achieved through personal, situated, bodily investigation.

3. Robotics, especially human-robot interaction, is missing grounding practice to govern
experimental design. Understanding measurements of human interactions with ma-
chines requires better acknowledgment and documentation of the (often performative)
framing of experiments and the training of experimenters (including anonymous human
subjects with specialized training).

3 And, wouldn’t you know, it is possible to turn lead into gold after all (212).
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