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Figure 1: Shape-aware generative authoring process with Shape n’ Swarm. Left to right: The user arranges a stick figure with
the robots. The user instructs the system with speech. The system interprets the user-manipulated shape and generates a
walking animation.

ABSTRACT
This paper introduces a novel authoring method for swarm user
interfaces that combines hands-on shape manipulation and speech
to convey intent for generative motion and interaction. We refer to
this authoring method as shape-aware generative authoring, which
is generalizable to actuated tangible user interfaces. The proof-of-
concept Shape n’ Swarm tool allows users to create diverse ani-
mations and interactions with tabletop robots by hand-arranging
the robots and providing spoken instructions. The system employs
multiple script-generating LLM agents that work together to han-
dle user inputs for three major generative tasks: (1) thematically
interpreting the shapes created by users; (2) creating animations
for the manipulated shape; and (3) flexibly building interaction by
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mapping I/O. In a user study (𝑛 = 11), participants could easily
create diverse physical animations and interactions without coding.
To lead this novel research space, we also share limitations, research
challenges, and design recommendations.
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1 INTRODUCTION
Researchers in Tangible and Shape-Changing Interfaces [52] and
Recon�gurable Robotics [74] have long envisioned materials that
dynamically recon�gure in response to user intent. Visions such
as Radical Atoms [23] and Programmable Matter [17] imagine mal-
leable physical interfaces that interpret user inputs and adapt their
form in real-time, enabling seamless, expressive interaction.

In pursuit of these visions, HCI researchers have developed
a range of actuated tangible user interfaces (A-TUIs) using self-
recon�guring hardware and materials [15, 31, 40, 72]. Complement-
ing these advances, researchers have proposed various authoring
methods to enable user control over actuation. Notably, tangible
manipulation techniques � where users manually shape the inter-
face to record gestures and trigger actuation � have o�ered intuitive
modes of interaction [43, 51, 61]. However, these approaches often
fall short of the adaptive, intent-interpreting responsiveness envi-
sioned in speculative materials like Radical Atoms or Programmable
Matter.

To illustrate our vision, consider a speculative scenario involv-
ing a nine-year-old child without technical experience. The child
interacts with a soft, clay-like material embedded with sensing and
actuation capabilities. As they intuitively sculpt the material into
the form of a dog, the material continuously senses changes to its
shape. When the child gives a simple verbal command � �Wag his
tail!� � the system draws on both the shape and the linguistic input
to disambiguate the child's intent. By interpreting the manipulated
form in the context of the speech instructions, the system identi-
�es the relevant region and activates it to simulate tail-wagging
behavior.

This scenario highlights the importance ofshape awareness�
incorporating speech with the direct shape-based manipulation
for the system to interpret and respond to the user's goals. In this
context, the user does not use shape in isolation to communicate
intent to the system; instead, they combine it with speech as part
of a broader interactive dialogue through which intent is expressed
and interpreted. Based on this vision, we introduceshape-aware
generative authoringas a generalizable authoring method and con-
cept that integrates direct shape manipulation and speech to convey
intent for generative motion and interaction for A-TUIs (Figure 2).

Figure 2: Concept behind Shape-aware Generative Author-
ing. The user inputs speech instructions and shape-based
manipulation, which the system interprets for generating
actuation.

In this visionary scenario, we theorize that the combination of
shape and speech is an intuitive work�ow for users, allowing the
shape itself to carry semantic intent for robot actuation. To test
this hypothesis, we introduceShape n' Swarm, a proof-of-concept
Swarm User Interface (SUI) authoring tool. Shape n' Swarm en-
ables users to arrange tabletop robots and issue spoken commands
to generate responsive, adaptive behaviors such as motion and
interaction.

The proof-of-concept uses toio robots, an established platform in
HCI research on SUIs [34, 41, 63], which are self-recon�guring and
easily arranged by hand on 2D tabletop surfaces � making them
well-suited to our tangible authoring paradigm. We use a multi-
agent Large Language Model (LLM) architecture [48, 69], where
dedicated agents interpret both the physical arrangement of robots
and natural language input to generate appropriate actuation via
script-generation.

Through a user study (= = 11), participants used Shape n' Swarm
to author expressive animated characters and scenes [10], math-
ematical and geometric physicalizations, and remote I/O control
over physical objects. Our studies reveal that direct tangible shap-
ing with speech o�ers unique bene�ts to user ideation, lowers the
barrier of entry to SUI authoring, and enables expressive, diverse
outcomes.

Through �exible interpretation of shape and speech, the con-
cept ofshape-aware generative authoringadvances the vision of
programmable interactive materials [17, 23] and opens new direc-
tions for recon�gurable TUIs that seamlessly blend user-oriented
semantic shaping and system-oriented generative actuation.

1.1 Contributions
This paper makes the following contributions:

� We introduce a novel authoring approach for actuated tangi-
ble user interfaces (A-TUIs) based on shape-aware generative
authoring, which combines shape-based direct manipulation
and speech input to convey intent for generative actuation.

� We present a proof-of-concept authoring tool that integrates
a multi-robot platform (Toio) with a multi-agent LLM archi-
tecture, demonstrating the feasibility of shape-aware gener-
ative authoring.

� We report �ndings from a user study (= = 11) demonstrating
the unique strengths of our authoring approach, as well as
the current limitations and areas for improvement of the
developed system.

2 RELATED WORK
Shape n' Swarm builds upon prior works in (1) (Tangible) Authoring
of A-TUIs and SUIs, (2) Multi-modal Authoring Tools, and (3) LLM-
based Systems for A-TUIs and SUIs.

2.1 (Tangible) Authoring of A-TUIs and SUIs
To incorporate dynamic actuation into static TUIs [24], A-TUI
research [47] has investigated shape-changing hardware, taking
form factors including pin-based shape displays [15, 20, 59], shape-
changing lines [39, 40], space-distributed mobile robots [31, 75],
morphing sheets [46,55], and pneumatic devices [18,71]. Researchers
have sought to enable intuitive user control over the actuation of
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these hardware systems through various interaction modalities,
without requiring users to have programming skills. Such examples
include specialized GUI software [7, 25, 73, 75], hand or body-based
gestures [2, 13, 28, 43, 75], sketching [12, 27], or direct tangible
interaction [2, 16, 43, 51, 61].

Particularly, researchers have explored direct tangible interac-
tion, or shaping, as an intuitive method for users to convey their
intent for actuation. One such approach is `kinetic memory' pre-
sented in Topobo [51], which allows users, even children, to `record
and play' motions to make tangibly-de�ned locomotive or expres-
sive movements. Researchers have applied this `record-and-play'
hands-on approach to instruct movements for pin-based shape
displays [43], plush toys [61], and tabletop robots [16]. Moreover,
past studies have leveraged the a�ordance of a group of tangible
blocks, enabling users to construct custom geometries through ar-
rangement or assembly [22, 31, 32, 35]. This research highlights the
intuitive nature of shaping as a user input modality. Speci�cally,
shaping allows users to rapidly experiment while lowering the bar-
rier of entry [51]. Our research seeks to harness these advantages
explored in prior works.

While our approach similarly focuses on direct tangible ma-
nipulation and constructive assembly, we extend it by integrating
speech-based instructions and LLMs. By utilizing LLMs to interpret
user-manipulated shapes and speech to generate actuation, our
approach incorporates adaptive intent-interpretation in contrast
to `record and play,' o�ering generative actuation behavior while
preserving the a�ordance of tangible manipulation.

Further, Shape n' Swarm builds on prior research for author-
ing Swarm User Interfaces (SUIs). A subclass of A-TUIs, SUIs [31]
capitalize on the recon�gurability of tabletop multi-robot systems,
typically equipped with few wheels, to enable physical display and
interaction. (In contrast to the term `swarm robots ,̀ SUIs refer to
multi-robot systems more broadly, without necessitating decentral-
ized control). SUIs have been proposed for diverse applications in
haptic design [29], constructive assembly [76], display with story-
telling [10], shape-changing capabilities [64], and recon�gurable
physical environments [41, 42, 75]. Researchers are actively explor-
ing authoring methods for intuitive control over tabletop robot
clusters, including AR-based sketching [27, 62], gesture control
[28], and object-oriented, pre-scripted multi-modal control [68].
While a few recent papers presented the usage of LLMs for genera-
tive interactions with SUIs [19, 70, 77] (Section 2.3), our approach
employs the a�ordance of SUIs, allowing users to �exibly arrange
robots on 2D tabletop surfaces.

2.2 Multi-modal Authoring Tools
HCI researchers have sought to integrate speech with input modal-
ities like gesture and touch for authoring digital systems or media
[3, 30, 54]. For example, in DrawTalking, Rosenberg et al. [54]
incorporate hand-drawing with speech to allow users to �exibly
author animations. These approaches leverage the a�ordance of
other input modalities (e.g., touch, gesture, drawing) combined
with speech instruction, allowing for more intuitive authoring than
speech alone. In contrast to our approach, where users generatively
author new movements and interactions, DrawTalking mapped
pre-programmed movement patterns tied to keywords.

Recently, to expand the �exibility of natural language (speech
and text) as an approach to authoring digital systems and content,
researchers have explored using LLMs to generatively respond to
natural language inputs. LLMs have demonstrated potential in in-
terpreting text-based user intent to advance tools for creating and
authoring digital content [4, 37, 38], reducing the need for program-
ming experience. For example, LLM-based systems have used user
natural language prompts for creative coding in 2D digital art [1],
sketching interactive storylines [5], enabling keyframe animation
work�ows [ 65], and creating and manipulating objects in virtual
reality [9]. In this space, we observe the utilization of LLM-chaining
and script generation [1, 9, 38, 48] to generatively translate user
speech or text instructions into digital content, informing our ap-
proach.

Recent research in AI and HCI has sought to provide multimodal
inputs to LLM systems beyond natural language [14, 21, 57, 67],
merging research in multimodal digital authoring and LLM-based
authoring tools. These approaches include the interpretation of
mouse inputs [21], vision [14], and tangible interaction with robotic
arms [67]. As part of our contributions, we explore how LLMs
can interpret user manipulation of an A-TUI's shape, particularly
tabletop robots, as another form of multimodal input to LLMs.

2.3 LLM-based Systems for A-TUIs and SUIs
Further, we build on prior research on applying LLMs to A-TUIs
and SUIs. A closely related work to our approach is SHAPE-IT [48],
which applies LLM tools to A-TUIs by enabling text-to-shape gen-
erative authoring on a pin-based shape display. It employs LLM-
chaining with multiple agents to generate scripts that control the
actuated hardware. In contrast to pure user-typed text input, we
make the advancement of incorporating shape-based tangible ma-
nipulation as a means for users to author the behavior of A-TUIs.

In the context of swarm robotics and SUIs, researchers are in-
creasingly incorporating LLMs for �exible authoring and control
methods. Recent research in swarm robotics has sought to enable
natural language as a method to coordinate multi-unit swarms [26,
36, 60]. Similarly, in SUI research, researchers have explored speech
to generatively author motion and interaction for tabletop robots [70],
including tabletop games [19]. TangibleNegotiation [77] combines
speech with robot arrangement to generate images for art education,
using simple motion for tangible feedback rather than shape-aware
actuation. In contrast, utilizing LLM agents to interpret user ar-
rangements of robots for generative actuation has yet to be explored,
advancing research at the intersection of LLMs and SUIs.

Notably, our overarching idea of combining shape and speech
for authoring does not center on the usage of LLMs. Rather, our
LLM architecture enables our speci�c implementation, with the
intent of proving the feasibility of our broader authoring method.

3 CONCEPT AND AUTHORING WORKFLOW
This section introduces an alternative approach to authoring swarm
user interface. Instead of writing code to de�ne robot positions,
behaviors, and interactions, users physically arrange robots and
describe their intentions aloud. We describe this approach asshape-
aware generative authoring, a tangible and conversational authoring
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