
Granular I/O: Enabling Bi-directional Malleable Interaction for 
Actuated TUIs with Magnetic Particles 

Chi Wang 
University of Chicago 
Chicago, Illinois, USA 
chiwang@uchicago.edu 

Clara Cui 
University of Chicago 
Chicago, Illinois, USA 
University of Illinois 
Urbana, Illinois, USA 
cbcui@uchicago.edu 

Alan Pham 
University of Chicago 
Chicago, Illinois, USA 

apham799@uchicago.edu 

Justice T Andersen 
University of Chicago 
Chicago, Illinois, USA 

jtandersen@uchicago.edu 

Tucker Rae-Grant 
Computer Science 

University of Chicago 
Chicago, Illinois, USA 
raegrant@uchicago.edu 

Ken Nakagaki 
University of Chicago 
Chicago, Illinois, USA 

knakagaki@uchicago.edu 

Figure 1: Granular I/O: (a) Magnetic particles on one of the actuation platforms, (b) User interacting with a stick figure consists 
of particles, (c) User arrange the particles into a heart shape (top) and system record and recreated heart (bottom). 

Abstract 
Granular materials — clusters of small discrete particles — afford 
a uniquely malleable form of physical interaction, enabling intu-
itive shaping, splitting, and merging through natural hand gestures. 
Despite their rich interaction potential, granular materials remain 
largely unexplored as a form factor for actuated, bi-directional Tan-
gible User Interfaces (TUIs). We present Granular I/O, an approach 
that employs millimeter-scale passive magnetic particle clusters, 
actuated by external magnetic field controllers, to enable malleable 
input and output interactions for granular-based actuated TUIs. 
We describe a comprehensive design space for malleable granular 
interaction, alongside a full hardware and software implementation 
covering particle cluster fabrication, two actuation platforms, and 
authoring software. We further report technical characterization 

This work is licensed under a Creative Commons Attribution 4.0 International License. 
UIST ’26, Detroit, MI, USA 
© 2026 Copyright held by the owner/author(s). 
ACM ISBN 979-8-4007-2856-3/26/11 
https://doi.org/10.1145/3830398.3830589 

and evaluation to validate the system, and demonstrate a range of 
applications that harness malleable I/O for interactive use. 
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1 Introduction 
Granular materials — clusters of small discrete particles — possess 
a rich set of physical affordances that are unique among everyday 
substances. Their collective mass is inherently malleable: it can 
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be freely shaped by hand, divided into portions, and merged back 
together, all through natural, intuitive gestures requiring no tools 
or special skill. These qualities are deeply familiar from everyday 
experience: a child sculpts and carves a sandcastle with bare hands; 
a person sweeps beads into a new arrangement or carefully posi-
tions individual pieces; a gardener shapes loose soil into a mound, 
splits a portion away, or merges two piles together. Across these 
varied contexts, granular materials invite hands-on engagement 
— affording shaping, splitting, and merging — that is qualitatively 
different from how we interact with rigid, sheet, or liquid materials. 
These properties make granular materials a compelling medium 
for interaction design, yet they have been underexplored because 
of the challenge in actuating them. 

Within HCI, actuated Tangible User Interfaces (TUIs) [49] and 
Shape-Changing Interfaces [39] have explored diverse forms in-
spired by real-world materials and objects to investigate novel 
I/O modalities with rich affordances [38, 59]. These have included 
sheet materials[11, 43], threads and fibers[14, 28], playing cards[41], 
fluids[3, 29, 54, 55], and others. By enabling the actuation of familiar 
form factors, each of these bodies of work expands on novel interac-
tions and functionalities grounded in how we engage with the mate-
rial world in daily life. Yet granular materials — with their uniquely 
malleable and particulate character — have remained largely unad-
dressed as a form factor for actuated, bi-directional interaction. 

Within HCI, granular materials have primarily been explored for 
input, harnessing their tactile and spatial affordances. SandScape[13], 
for instance, allowed users to tangibly manipulate the terrain in 
a sandbox, which was simultaneously captured as digital data to 
allow for seamless interaction between the physical and digital 
realms. Some research has employed granular materials for ac-
tuation, such as Fluidized Bed Interface[24], Jamming UI[6], and 
Three-Dimensional Mid-Air Acoustic Manipulation [32, 33]. How-
ever, no prior work has comprehensively explored granular material 
as a form factor supporting both malleable input and output within 
a unified actuated TUI. This gap motivates our work: to explore, as 
an initial step, the interaction affordances of granular materials for 
bi-directional, actuated systems. 

In this paper, we use the term malleable interaction — or mal-
leable I/O — to describe the unique interactivity and affordances 
(inspired by [5] 1)of a robotic, actuated system enabled by clusters 
of granular particles. While malleability as a mechanical property 
refers to “an ability for something, generally metals, to be molded 
or deformed into another shape” 2 , malleable interaction focuses on 
the interaction itself: the capacity of a dynamic physical interface 
to be manipulated and shaped both by the user and by the system. 

To this end, we propose Granular I/O, an approach for employing 
granular material — specifically, a cluster of self-attractive particles 
— as a generalizable form factor for an actuated TUI that affords 
bi-directional malleable input and output. Granular I/O is designed 
around three core criteria: 1. Granular Particle Design: We design 
a granular particle that supports intuitive hand-shaping of clusters 
by encapsulating magnets within each particle to allow the group to 
maintain a given form through cohesive attraction, 2. Actuation of 
Granular Material: We develop an actuation method that enables 
1[5] referred to the term ‘malleable’ as an interaction opportunity for inputs, but didn’t 
explore the actuation outputs.
2https://www.physicsbook.gatech.edu/Malleability 

active malleable shape change as well as haptic feedback, and 3. 
Sensing Malleable User Input: A sensing system captures the 
user-manipulated state of the granular matter, enabling a complete 
interaction pipeline between user and system. 

To achieve these goals, Granular I/O employs a cluster of magnet-
ically attracted particles at the millimeter-scale (3–5 mm diameter), 
actuated by an array of computationally controlled magnets and 
sensed via a computer vision system. A key finding from our pro-
totyping process was that effective malleable actuation requires 
carefully tuned inter-particle magnetic attraction, rendering bare, 
commercially available neodymium magnets unsuitable. We thus 
developed a generalizable method to attenuate attraction force by 
encapsulating magnets using FDM 3D printing. 

In this paper, we present a comprehensive design space for mal-
leable granular input and output interaction. Our proof-of-concept 
implementation explores two actuation methods — electromag-
nets [EM] and linearly actuated permanent magnets [LAPM] — 
for surface-based (2D) shape manipulation of particle clusters. We 
further developed a 2D computer vision input system to detect 
user-manipulated shapes and support real-time interactivity, and a 
set of actuation primitives that enable versatile shape manipulation 
across generic actuation platforms, evaluated through technical 
characterizations. Together, these contributions are demonstrated 
through a range of applications that harness malleable I/O to both 
display information and facilitate expressive user input. 

We consider this work an opening of a novel and generalizable 
form factor for actuated, shape-changing interfaces capable of rich 
malleable interactivity, in the spirit of seminal visions such as Radi-
cal Atoms and Programmable Matter [9, 12, 26]. 

The list of our contributions includes: 
• The concept of malleable interaction to describe a class of 
bidirectional TUIs based on granular materials. 
• An approach of using millimeter-scale passive magnetic par-
ticle clusters with external magnetic field controllers for 
malleable interaction. 
• The implementation of an integrated hardware and software 
platform for actuating a granular interface, as well as author-
ing software for designing interactions. 
• A technical characterization of our system. 
• A demonstration of potential applications for interactivity 
and a discussion of future opportunities. 

Figure 2: (a) Examples of bi-directional malleable interaction 
and (b) Haptic property rendering 

1.1 Malleable Interaction with Granular I/O 
Figure 2a provides examples of bidirectional, malleable interaction 
performed by the user and the system for Granular I/O. Granular 
material affords users the ability to move individual particles or 
entire groups (“clusters”). Various redistributive operations can be 

https://www.physicsbook.gatech.edu/Malleability


Granular I/O UIST ’26, November 02–05, 2026, Detroit, MI, USA 

performed, such as split and merge and shape transition (or defor-
mation). Users can pick up and place as an operation for additive 
and subtractive interaction. Overall, malleable interaction refers to 
the capability of the granular material to be manipulated bidirec-
tionally through granular and manipulative means. These examples 
are not meant to be a comprehensive list, but rather provide promi-
nent instances of interaction with granular material that can be 
afforded. Additionally, Figure 2b shows the added capability of our 
system to enable haptic property rendering, such as vibration and 
stiffness-change beyond geometrical manipulation. 

As a first bidirectional granular material actuation system, Gran-
ular I/O is designed with the range of malleable interactivity in 
mind. As a foundational step, our implementation focuses on 2D 
surface-based granular material interaction; 3D shape construction 
and input remain open challenges, even though the material itself 
physically affords 3D manipulation. 

2 Related Work 
Granular I/O is built on diverse literature, including programmable 
matter, modular and swarm robotics and UIs, interfaces employing 
granular materials, and magnetic actuation systems. 

2.1 Programmable Matter and Modular Robotics 
Programmable Matter [26], coined by Toffoli and Margolus in 1991, 
was defined as “an ensemble of fine-grained computing elements 
arranged in space[53].” Inspired by this concept, in the early 2000s, 
Goldstein, Mowry et al. developed Claytronics [9], implementing 
modular components consisting of computing and actuation ele-
ments that each particle could dynamically reconfigure, envisioning 
a future where these could be miniaturized to the nano-scale. 

This line of research heavily influenced work in Modular Ro-
botics [48, 65], which produced modular robotic components that 
can reconfigure to take diverse geometric and kinematic forms to 
serve different tasks, including m-Blocks [42] (5 cm-cube, flywheel-
embedded self-reconfigurable systems) and Robotic Pebble [8] 
(1 cm-cube, supporting passive assembly without dynamic self-
reconfiguration). In HCI, the engineering and deployment of modu-
lar robotic components have also been actively explored. For exam-
ple, the Swarm User Interface [17], which proposed self-locomoting 
tabletop multi-robot systems for display and interaction, was partly 
influenced by Swarm Robotics research [2, 44]. The concept and 
implementation of Swarm UIs have inspired a cluster of actuated 
modules with rich input and output manipulability, harnessing the 
affordance of cluster sizes between “objects” and “particles”. 

Although the original Programmable Matter vision of “fine-
grained elements” influenced seminal research, scaling down indi-
vidual robotic elements (containing computers, actuators, batteries, 
etc.) has remained a technical challenge. While exciting results have 
been demonstrated in both HCI and robotics, pursuing this vision 
via self-contained robotic devices presents a bottleneck for scaling 
toward “fine-grained elements” capable of reconfiguring themselves. 
To this end, we approach the scope of the programmable matter 
concept by exploring the actuation of passive particles and granular 
materials using external actuation energy, namely a magnetic field, 
while focusing on the malleable interaction. 

2.2 Interactive Granular, Passive Materials 
While diverse malleable materials, including fluids, have been ex-
plored as actuated interfaces [46, 56], the idea of employing pas-
sive granular particles or modules has been explored in HCI. For 
example, passive granular particles were used to provide rich affor-
dances for users manipulating 3D terrain, as in SandScape [13]. The 
Jamming User Interface [6] and ClaytricSurface [23] explored gran-
ular material in vacuum-sealed deformable membranes as stiffness-
changing malleable materials. As such, TUIs based on granular 
particles offer significant advantages in providing rich malleable 
affordances. 

Within HCI, actuating passive materials or modules has been ex-
plored under the concepts of Shape-Changing Interfaces and Shape 
Displays [7, 40]. Kinetic Blocks [47] demonstrated the manipulation 
of passive magnet-embedded blocks (5 cm cubes) assembled via a 
pin-based shape display. DynaBlock [52] advanced this approach by 
shrinking individual modules to 9 mm cubic units, using a magnet-
based interlocking design controlled by a linear-actuator array to 
create 3D geometries. 

Towards reconfiguring finer granular materials, prior work has 
employed non-contact ultrasonic acoustic actuation to manipulate 
light particles on a 2D surface [22], to levitate clusters of granular 
particles in mid-air [32, 33], to rotate individual beads of a mid-air 
display [45], and to assemble particles or small modules one by one 
[4]. While acoustic actuation enables precise manipulation of fine 
objects (e.g. as acoustic tweezers), malleable I/O of granular parti-
cles — where users can deform, shape, and manipulate materials 
bidirectionally — remains largely unexplored. 

Several studies have explored actuating granular materials to 
enable global, dynamic stiffness or property changes, including 
Jamming [6, 23] and the Fluidized Bed Interface [24], affecting the 
malleability or haptics of the interface. However, leveraging actu-
ated granular materials to enhance both malleable input and output 
— and to harness their rich affordances — remains underexplored. 

2.3 Magnetic Actuation and Microrobots 
Magnet-based actuation for tangible, actuated UIs has been actively 
explored in HCI, including levitating tangible UI [18] and shape-
changing deformable materials [50]. 

One of the standard actuation methods for tabletop tangible ac-
tuation has been to develop computationally controlled magnet 
arrays. An early example of this was the Actuated Workbench[35], 
which explored control methods for using an electromagnet (EM) 
array to actuate the magnet pucks on top of it. Madget [58] used 
a similar EM array as an actuation device, but extended the actu-
atable components to widgets like sliders and knobs. Reactile [51] 
employed an array of PCB coils to actuate the 2D position of 10 mm 
magnet-embedded tangibles for interaction. Our work similarly 
uses a grid array of magnetic actuators (e.g. EM or linearly actu-
ated permanent magnets) but explores magnetic particle actuation. 
While some prior research explored magnetically actuating fluids 
[15, 57]and clay materials [61], our approach of actuating granular 
particles focuses on the interaction space between centimeter-scale 
blocks and fluid-like elements. 

On the other hand, robotics researchers have studied particles’ 
behavior at the millimeter scale with magnetic microrobots research. 
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Microrobots are robotic systems that integrate sensing, actuation, 
and/or control, often powered or guided by external fields at the 
micrometer-to-millimeter scale. They are designed for tasks like 
biomedical intervention, micromanipulation, or collective robotic 
research. Recent works, for example, presented magnetic microbots 
at a scale of 0.3 x 0.3 x 0.6mm [19, 62] and 1.8mm cube [1], as well as 
diamagnetically levitated robots at 2 x 2 x 0.5 mm [36]. While exten-
sive motion control methods have been proposed and evaluated for 
microrobots ~1 mm in size, the unique possibilities for display and 
tangible interaction at this scale have not been explored. Thus, we 
also contribute to HCI, specifically in the actuated, interactive ma-
terial realm, techniques for manipulating millimeter-scale magnetic 
particles (3-5mm) with computationally controlled magnetic arrays 
(one of the standards for actuated tabletop TUI in HCI [35, 51, 58]), 
presenting generalizable control methods for magnetic particles, 
defined as actuation primitives. 

Lastly, one of our supplemental contributions includes fine-tuned 
magnetic attraction for passive particles, which was partially in-
spired by prior research exploring the magnetic strength and geom-
etry of modules [37] for the vision of Molecular HCI [37], while our 
approach considers magnetic strength as it supports bidirectional 
malleable I/O. 

3 Implementation and Methods 
With Granular I/O, we explore the approach to manipulate passive 
granular, magnetic materials for bidirectional malleable interaction, 
where both the system and the users can dynamically manipulate 
the granular materials. 

To explore this approach, we implemented proof-of-concept 
prototypes consisting of two types of magnetic actuator arrays, 
custom magnetic particles with tuned attraction force produced 
via an accessible fabrication method, and control software, which 
includes the GUI and control algorithms that perform the actuation 
methods with arrays of magnetic controllers. The overall physical 
interface is shown in Figure 3. Each implementation detail and 
generalizable technical method is described below. All the code, 
design files, and PCB files are available on GitHub.3 

Figure 3: Physical interaction with Granular I/O involves the 
user, magnetic particles joined into granular clusters, and a 
magnetic field actuator array. 

3.1 Magnetic Particles: Design and Fabrication 
When designing the particles for Granular I/O, our goal was to 
support both direct manipulation by the user and control by the 
system, enabling bidirectional malleable interaction. We proposed 
to use millimeter-scale magnetic particles as the malleable medium 

3https://github.com/AxLab-UofC/GranularIO 

for an actuated TUI. While prototyping, we found that one of the 
most important design considerations for the magnetic particles 
was to have a relatively weak strength of self-attraction relative 
to the strength of the magnetic control system. Prior research has 
introduced different candidate methods for fabricating such weak 
magnetic particles. One such method is to use custom magnetic 
compounds with tunable properties [25, 34, 62], yet these methods 
require chemical processes, such as material molding and casting. 
Another method is to incorporate reprogrammable magnetic sheets 
[30, 31, 63, 64], but we require the particles to be actuated by a 
strong, dynamic magnetic field, and such reprogrammable materi-
als would be prone to demagnetization under repeated exposure, 
making them less suitable. For our research, we developed a more 
accessible method to fabricate ‘weak’ attraction magnetic particles 
using magnets enclosed in 3D-printed shells. 

Specifically, we used a Bambu Lab A1 Printer with a 0.2 mm 
nozzle and PLA filament for the enclosures. Figure 4 shows the 
printing processes. For the magnets, we settled on two options 
based on the target particle size. For particles in the 4-7 mm range, 
we use commonly available, 3 mm diameter toy magnetic beads4 . 
For smaller particles, we use 1.5 mm cube N42-grade magnets, 
which are also commercially available5 . 

We provide a performance evaluation of different configurations 
of magnet and shell in the appendix (section C), but our rough 
target for weakening the self-attraction of the magnets was to 
reduce their magnetic strength by one order of magnitude (e.g. 
from 300 mT to ~30 mT). We found that shell thicknesses of 1 mm 
for the 3 mm spherical magnets and 0.5 mm for the 1.5 mm cubic 
magnets achieved reductions in this range. Additionally, using a 
3D printer to fabricate the shells allowed us to customize other 
aspects of the particles, such as their color, shape, and material. 
For example, we employed a two-tone, red and blue color scheme, 
which helped us visualize the polarity of particles when applying 
magnetic fields. Meanwhile, we also experimented with different 
shapes and observed that cubes tend to align more in grid/linear 
configurations, while spheres form rather organic configurations, 
as seen in Figure 3.1a. We also present an example that uses PVA 
filament to allow users to fuse clusters together by spraying them 
with water. 

Figure 4: (a) Six kinds of particles we evaluated. (b) Inserting 
magnets in the middle of 3D printing. 

3.2 Control Hardware 
We explored two approaches to engineering magnetic field actuator 
arrays: one utilizing electromagnets (EM Array) and the other using 

4https://www.amazon.com/1000PCS-Magnetic-Building-Anti-Anxiety-
Relaxation/dp/B0GRPQJFJZ/
5https://www.kjmagnetics.com/b111-neodymium-block-magnet 
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permanent magnets mounted on linear actuators (LAPM Array). 
The design of the actuator array should carefully balance the con-
trol resolution, magnetic strength, and response time. Our proposed 
approaches and their key characteristics are shown in Figure 5. This 
section first introduces how we implemented these two systems, 
and then provides design considerations for control arrays based 
on their differences. 

Figure 5: (a) Exploded view of LAPM (Linear Actuated Perma-
nent Magnet), (b) Two magnetic field actuator arrays (From 
Left-to-Right): LAPM and EM (Electromagnet) Arrays 

3.2.1 Electromagnet(EM) Array. The electromagnet array consists 
of 16 off-the-shelf electromagnets (12V DC, 25 mm diameter, 20 
mm height) arranged in a 4 x 4 grid with 26 mm spacing center-to-
center, which are encased in a 3D-printed PLA enclosure. Through 
prototyping, we found that adding an 18 mm diameter by 3 mm thick 
steel disk on top of each electromagnet increased the magnetic field 
area. The maximum measured magnetic strength at the interaction 
surface was 70 mT, and the response time to change the intensity is 
less than 0.01 s. When actuating particles, the maximum vibration 
frequency is ∼500 Hz (limited by our implemented firmware on the 
micro controller), and the time to flip over an individual particle is 
∼0.3 s. The electromagnets are driven by 4 Adafruit Feather Wing 
DC motor drivers, which are controlled by one Teensy 3.2 via I2C 
(see Figure 6). 

3.2.2 Linear Actuated Permanent Magnets(LAPM) Array. Our sec-
ond hardware implementation takes advantage of the strong mag-
netic fields of N42 grade NdFeB magnets, but this strength intro-
duces a new design problem: large pull forces are required to raise 
and lower these magnets in order to change the magnetic field 
strength at the interaction surface. To achieve a strong pull force 
while also optimizing for speed, we carefully selected the motor, 
gearbox ratio, and lead screw pitch for the linear actuators. In each 
actuation unit, as shown in Figure 5a, the 3/8 x 1/2 inch perma-
nent magnet is connected to a linear rail with a 3D-printed holder 
containing an M3 heat insert. The linear rail is an M3 x 40 mm 
screw with a stroke of 24 mm and is actuated by an N20 DC Mo-
tor with a gearbox ratio of 10:1, rated at 1000 rpm and 15mN · m 
stall torque. The combined magnet and linear actuator units are 
spaced 15 mm center-to-center, and our prototype consists of a 
7 x 7 actuator array. The maximum measured magnetic strength 
at the interaction surface was 566 mT, and our actuators take an 
average of 1.7s to fully lower from their highest position, providing 
an average magnetic field rate of change of 332.9 mT/s. 

Group Characteristic 
EM 

Array 
LAPM 
Array 

Strength 
Density 

Pitch / Distance 
Center-to-center 26 mm 15 mm 

Max. Magnetic Strength 70 mT 566 mT 
Dynamics Response Time <0.01 s <1.7 s 

Polarity Reversal Yes No 
Fabrication $ / Actuator ∼$20 USD ∼$20 USD 

Assembly Simple Complex 
Min. Height 20 mm 150 mm 

Table 1: Comparison of the EM and LAPM Arrays. 

The drive electronics for the LAPM array are shown in Figure 
6 and includes a motherboard, 4 Teensy 3.2s, and 14 motor driver 
boards. The motherboard distributes the power for the motor dri-
vers and connects I2C communication and encoder signals between 
the Teensy 3.2s and the motor drivers. The custom motor driver 
shares the same schematic as the Adafruit Feather Wing DC motor 
drivers used in the EM array, with a PCA9685 chip for I2C commu-
nication with the Teensy and two TB6612FNG chips to drive up to 
4 motors. We designed the layout of the PCB to be compact and to 
bypass the encoder signals from the motors to the motherboard, 
further simplifying the wiring required during assembly. 

PC 

PSU 

Serial 

UART 

12 VDC 

I2C 

I2C 

Motherboard
 
(LAPM only) 

Motor Driver 

Motor Driver 

Teensy 3.21 

Teensy 3.2n 

PWM1 

PWMn 

Actuator 
1 

Actuatorn 

Figure 6: Control Hardware Electronic Architecture. 

3.2.3 Control Hardware Comparison. While the two styles of con-
trol hardware share a similar electronic structure as well as layout, 
each of them has distinct characteristics due to the difference in mag-
netic field generation. Through testing and prototyping, we found 
each to have its own advantages and disadvantages for serving the 
goal of Granular I/O to manipulate passive magnetic clusters. With 
the two different hardware styles, we intend to explore the wide 
possibilities of the Granular I/O concept, where EM and LAPM com-
plement each other to explore broader actuation opportunities for 
interaction. Therefore, there are pros and cons for each hardware; 
they differ in suitable actuation functionality. Table 1 shows a gen-
eral comparison between the EM and LAPM arrays, including both 
qualitative distinctions and lab measurements, which are shown in 
brackets. This is meant to provide generalizable guidance to help 
future researchers select from different control hardware options 
based on their goals. We divide the comparative characteristics into 
three major groups. 

The first key group of parameters is Strength Density, which 
compares the performance of the center-to-center pitch of the actu-
ators and their peak magnetic strength. Generally, neodymium mag-
nets have a stronger magnetic field and a higher actuator density 
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compared to the electromagnets. With our prototype, a neodymium 
magnet (9.5 x 12.7 mm cylinder, 3/8 x 1/2 inch) measured a maxi-
mum magnetic strength of 566 mT while a larger electromagnet 
(25 mm x 20 mm) measured a much smaller peak strength (70mT). 
Peak magnetic strength directly affects how firmly the system can 
manipulate particles, and a stronger magnetic field also allows for a 
wider range of stiffness representations. Additionally, the actuator 
pitch directly correlates to the resolution of the magnetic field array 
– important when a high-resolution display is desired. 

The second key group of comparative parameters is Dynamics, 
meaning the ability of the system to modulate the magnetic field 
at the interaction surface. Specifically, EMs have a more dynamic 
controllability than LAPMs because they can rapidly switch the 
magnetic field on and off. Furthermore, EMs can reverse the po-
larity for individual actuators, whereas LAPMs are constrained to 
a singular polarity. Due to these characteristics, the EM Array is 
preferable when applications require high controllability, for ex-
ample, when creating fast oscillations (e.g., vibration), or when 
making individual particles flip over. Those actuations are difficult 
to perform using a single actuator with the LAPM array. 

In addition to these two key groups of characteristics, there are 
other factors that future researchers and designers could take into 
account. Specifically, while the price per actuator is similar (both 
around $20 USD) the EMs require much less assembly compared to 
the LAPM, which employs a custom linear actuation mechanism. 
The LAPM also requires more Z-height space within the control 
hardware, which may not be preferable when needing a lower-
profile mechanism. 

While different component selections would result in different 
characteristics, we present these measurements to underline the 
fact that the control hardware should be selected strategically. 

3.3 Actuation Methods 
In this section, we describe the methods used to actuate the particles 
— specifically, the development of control patterns for the actuator 
array (applicable for both EM and LAPM). 

To achieve manipulation of granular material shapes, we devel-
oped two primary actuation methods: (1) A primitive, local control 
method that manipulates a cluster of particles through bottom-up, 
individual pixel-oriented control, which we call Actuation Primi-
tives, and (2) A global, top-down control method that takes a target 
arbitrary geometry as input and translates the overall shape ac-
cordingly, which we call Shape Transition. Within the authoring 
software tool (described in section 3.4.1), Actuation Primitives allow 
users to locally assign primitive actuations to specific actuator pix-
els, while Shape Transition allows users to specify an overall target 
shape for the system to configure automatically. The details of each 
control method are described below. 

3.3.1 Actuation Primitives. Actuation Primitives (AP) are local con-
trol methods to identify each actuator pixel to perform basic primi-
tive actuation, which includes move, split, and haptic vibration 
and stiffness change. These primitives are elicited from our moti-
vation to develop the basic malleable interaction shown in Figure 2, 
except for the Shape Transition, which we consider as a global con-
trol method. In Figure 7, we illustrate how these are implemented 
with our control hardware, and we detail one by one below. 

Move: As shown in Figure 7a, the default-move is implemented 
in a stepwise process similar to prior works [35, 58]. In each step, 
the system turns the next magnetic pixel in the path on at a high 
strength and subsequently turns the previous pixel off. This on-off 
sequence is repeated for the entire path. When moving particles 
with electromagnets, we add an additional step of turning the pre-
vious pixel briefly to the opposite polarity before turning off, as 
this improves the moving success rate. 

Unlike the near-instantaneous response with electromagnets, 
when moving particles with the permanent magnets, the pixel re-
sponse time becomes a bottleneck for improving the movement 
speed. As the target move speed increases, the pixel may not have 
enough time to fully turn on to attract the particles from the pre-
vious pixel. To improve the movement speed for LAPM, we im-
plemented a method to turn on all pixels in the path so that at 
every step the next pixel will always be attracting at maximum 
intensity, as illustrated in Figure 7b, fast-lapm-move. The cost of 
this approach is that all the pixels in the path are occupied during 
this move, and may not be used to complete other actuation. We 
further evaluate the maximum moving speed in Section 5.1. 
Split: Different types of hardware handle splitting differently. 

For the LAPM array, as shown in Figure 7c, the general approach 
for splitting involves actuating 3 pixels in a row, namely the starting, 
intermediate, and target pixels. Starting from [c1], the intermediate 
and target pixels turn on [c2], then the starting pixel’s intensity is 
reduced by 𝑑 , and the intermediate pixel by 𝑑 /2 [c3]. Then, all the 
pixels turn on to maximum strength [c4] and finally complete the 
split by turning off the intermediate pixel [c5]. A key step here is 
[c3], where the particles transferred to the target pixel depend on 
the intensity-difference parameter 𝑑 . To understand how 𝑑 would 
affect the splitting ratio, we evaluated the splitting particle amount 
with different 𝑑 in Section 5. 

For the EM array, as shown in Figure 7d, the splitting approach 
also involves 3 pixels, including a starting pixel and 2 neighboring 
pixels. A key step in splitting is [d2], where the starting pixel will 
oscillate to split the cluster to its 2 neighboring pixels. 
Stiffness: As shown in Figure 7e, both devices support changing the 
cluster’s stiffness by running at different intensities. The stronger 
the intensity, the stiffer the particles feel. 

As a reference, we provide a preliminary comparison between 
the two devices. We used a force gauge attached to a planar surface 
to measure the maximum force while gradually compressing a 
cuboid cluster of ∼135 particles, each 5-mm in diameter, until they 
settled into a single layer of particles. On the EM platform operating 
at maximum magnetic strength, 4.5 N was measured and 60.4 N 
was measured for the LAPM platform. As a baseline, 2.1 N was 
measured without magnetic actuators. 
Vibration: As shown in Figure 7f, the unique capability of elec-
tromagnets to generate oscillating magnetic fields enables the EM 
array to create a vibration. The particles’ vibration intensity is pos-
itively correlated with the oscillation intensity, and the vibration 
frequency is the same as oscillation frequency. 

3.3.2 Shape Transition. For the top-down Shape Transition method, 
we defined the challenges for enabling the control as follows: from 
any starting shape, the system should render the target shape auto-
matically. In this paper, we developed the shape transition actuation 
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Figure 7: Implementation of Actuation Primitives. The Con-
trol Sequences illustrate actuator patterns for various APs 
with specific Control Hardware (EM/LAPM) 

only with the LAPM array because of the larger actuator counts 
(7x7), compared to the EM array (4 x 4). 

A naive approach to performing shape transition would be to 
simultaneously turn on all of the magnets in the target shape re-
gion, but we found that this does not work due to the fact that 
the magnetic actuators have a limited effect range. As shown in 
Appendix B, the magnetic field intensity for our actuators decays 
with distance 𝑟 at a rate of approximately 1/𝑒𝑟 , and the magnetic 
field drops to near background level after reaching the center of the 
neighboring pixel. This limited effect range creates two problems 
for shape transition: 

(1) The particles will not distribute evenly across the target 
shape, since more distant target pixels will not be able to 
attract particles from the original shape. 

(2) For shapes that are not adjacent, target pixels might not be 
able to attract any particles from their starting positions. 

To tackle the problem of uneven distribution, we propose a con-
trol method called “shaking”. As shown in Figure 8, by alternatively 
activating and deactivating the magnet, we can redistribute the 
particles across the platform. However, this method is not effective 
for particles in regions larger than the adjacent 8 pixels. 

Figure 8: Illustration of the “shaking” process, by alternating 
turning on/off the adjacent magnets 

To address the second problem where particles are not passed 
between shapes that are not adjacent, we were inspired by an anima-
tion technique called “tweening”[16, 60] that generates intermedi-
ate frames to create a smooth motion. We developed a custom-built 
algorithm that creates a set of tweening frames to help connect 

the gap between the distant shapes. The algorithm is applicable 
to arbitrary starting and ending shapes and typically completes 
the transition between two 7x7 pixel frames in about 3 intermedi-
ate steps, rarely requiring more than 8 steps. The detailed frame 
generation algorithm and example tweening frames are shared in 
Appendix A. 

By combining these two methods together, we get our current 
shape transition pipeline which is as follows: Given a starting shape 
and a target shape, we generate the tweening frames, where the 
connecting frames are close to each other. We then use the shaking 
process to complete the transition between frames. We discuss the 
quality of the algorithm in Section 5.3. 

3.4 Software Architecture and Workflow 
Overall, the software for our system consists of a GUI authoring 
tool written in Processing on the computer and firmware written 
in C++ (Arduino) on the control hardware. The authoring tool 
allows users to select actuation methods and execute them on the 
control array. This software and architecture are applicable to both 
types of actuator array; the program selects the control methods 
corresponding to the specified hardware type. 

In this section, we will mainly discuss the authoring tool, the 
associated GUI, and the sensing algorithm. 

3.4.1 Authoring Tool & GUI. The authoring tool implements a 
pipeline to convert user inputs on the GUI into commands for each 
individual magnet actuator or to trigger sensing from the camera. 

As shown in Figure 9, our GUI features a mode selector that 
allows the user to select between various control modes, including 
basic actuation primitives (move, split, merge, etc), as well as func-
tions that support the shape transition. Additionally, it displays a 
live camera feed overlapping a visualization of the strength and 
polarity of each pixel in the magnetic field actuator array. The 
workflow is as follows: 

For the Actuation Primitives, users choose the control mode 
in the selector mode panel, and choose the location and related 
parameters to customize their behavior. The raw motor command 
is generated based on the control sequence illustrated in Figure 7. 

To support using the Shape Transition functions, we designed a 
process for inputting shapes and generating a preview for tweening 
frames and execution. First, to input a target shape, the user can 
draw with a mouse on the grid or create the desired shape by hand 
and use the built-in sensing system (discussed below) to detect the 
shape. Once the user has the desired target shape sequence, the 
system automatically checks if the target shapes are far from each 
other and generates tweening frames if necessary for the user to 
review. The user then executes the frames after reviewing them. 
The raw motor commands are generated based on the shaping 
process illustrated in Figure 8. 

3.4.2 Sensing. The sensing system captures user-manipulated 
granular shapes and encodes them as binary occupancy data for 
use in the authoring tool — for example, to record hand-authored 
animation frames. 

When a frame is captured via the GUI, a top-down image from a 
USB camera (Logitech BRIO, mounted 20 cm above the interaction 
surface) is processed into a 7 x 7 binary occupancy grid aligned to 
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Figure 9: The GUI Interface consists of (a) Control mode se-
lector panel, (b) Actuator control grid with a camera overlay, 
(c) Parameter configuration and control execution, (d) Saved 
shape repository, (e) Tweening frames preview. 

the LAPM actuator array. The pipeline applies grayscale conversion 
followed by spatial binning: the image is divided into a 7 x 7 grid 
of equal regions, and pixel occupancy is computed for each cell by 
counting pixels below a brightness threshold. Since the background 
is white, any brightness deviation reliably indicates particle pres-
ence, independent of particle color. Each cell is then classified as 
occupied or empty by comparing its dark-pixel ratio to a tunable 
threshold, producing the final binary grid. 

In our configuration — a well-lit environment with 5 mm par-
ticles and 15 x 15 mm grid cells — a threshold of approximately 
30% dark pixels per cell yielded reliable shape detection. Both the 
brightness threshold and the per-cell pixel count threshold are ad-
justable in the software to accommodate varying particle sizes and 
lighting conditions. Figure9D shows example detections. 

4 Application Space 
This section provides a demonstration of potential application 
spaces using our prototype. In each application, we highlight how 
the malleable interaction (defined in Figure 2) of Granular I/O is 
utilized in italic. 

4.1 Dynamic Shape Display with Haptic Effects 
Firstly, with the capability of using particle material to render ge-
ometries dynamically, we can render dynamic shapes for display 
and interaction. Figure 10a represents how Granular I/O utilizes 
shape transition to express tangible displays, such as a heart geome-
try with dynamic beating movement, fully-shaped from scratch by 
feeding particles from a feeder box. This could be used to express 
an affective message to remote partners or to display medical data 
in a tangible form that can be felt by touching. Figure 10b shows 
the geometry rendered as a human stick-figure and uses the stiff-
ness control capability to computationally decide which part of the 
geometry should be locked or free to control by the users. Here, we 
present a mock-up interaction; if the particle movements by user 
inputs could be recorded by an additional tracking system, it can 
create a record and replay movement for users to add animated 

character expression. As a display, it can not only render shapes but 
also exhibit additional layers of haptic properties such as stiffness 
and vibration to represent additional dimensions to the shaped dig-
ital model (Figure 10c). Not only cluster representation, but also the 
individual particle movements could be used to express granular 
element representation, such as a visualization of electron move-
ments in Figure 10d, which highlights the potential of Granular I/O 
as a tangible educational tool for museum exhibition or textbook 
augmentation. 

Figure 10: Shape Display with Dynamic Motion and Haptic 
Properties, including (a) Heart forming and beating, (b) Ani-
mating stick-figure, (c) haptic display with different stiffness 
and vibration, and (d) a particle animation to express elec-
tron movement within a circuit. 

4.2 Dynamic TUI and Assistance on Tabletop 
As Granular I/O takes 2D plane geometry to render shapes, the 
system could be infused into everyday tabletop surfaces for inter-
activity. Figure 11 shows how the particles can dynamically render 
physical UI elements for dynamic physical affordances [7], render-
ing dynamic buttons and sliders through move and shape transition 
(e.g. to control music formed by particles). As a tabletop interface, 
the system could bring passive tabletop objects to users, such as 
keys, before they leave the table. While the interactions presented 
in this demonstration are mock-ups, our camera system can be 
updated to detect a hand gesture to enable them. 

Figure 11: Reconfigurable Tabletop UI for (a) play and pause 
buttons, (b) interactive volume slider, and (c) Desktop Assis-
tance, moving key to users and alerting with vibration. 

4.3 Fabrication and Prototyping 
Inspired by DynaBlock [52], we present how dynamic geometries 
can be rendered with Granular I/O for users to pick up dynamically 
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rendered physical shapes, deform for adjustment, and employ for 
utilities, which we consider a powerful medium for prototyping 
3D geometries. As shown in Figure 12, users can “download” a 3D 
model to be loaded with the particles/clusters. Then, the user can 
adjust the shape through deformation and then pick it up. Once they 
are happy with the shape, they can “lock” the geometry by spraying 
water onto the PVA particles, which will solidify the design, to be 
used for a key tag, for example. 

Figure 12: Prototyping using PVA-based particles. (a) a user 
places a cluster on the platform, (b) the system shapes the 
cluster based on data selected by the user, (c) the user modifies 
the shape manually, (d) once they are happy, they apply water 
and wait for it to solidify, and (e) once solidified, the object 
can be used as a key chain.) - In this scenario, the user is 
creating a fish shape, completed by adding a red particle, 
inspired by the story, ‘Swimmy’[21] 

4.4 Stop Motion Messages 
In this application, the system performs stop-motion playback to 
display a message composed of sequential shapes created by the 
user. This mode has the user interact with the particles through 
deformation to form their own “manually-shaped” message, which 
is then recorded by the system and added to a sequence of messages 
that can be repeated. For example (as illustrated in Figure 13, if a 
user wanted to communicate a revealing love message to another 
user, they could form the following shapes in sequential order 
(“I”, “♥”, “U”), saving each frame as a sequence. After the user has 
completed this message, they can move the particles to obfuscate 
it. The receiving user can then come to observe the manipulated 
shapes replicated by the system via shape transition. 

5 Technical Demonstration 
In this section, we will demonstrate the actuation capabilities of 
Granular I/O, focusing on three main categories: (1) Movement 
Speed, (2) Splitting Control, and (3) Shape Transition – three key 
malleable actuation categories as in Figure 2. 

5.1 Movement Speed 
To evaluate the system’s movement speed, we performed trials 
moving the particle(s) from one corner of the platform to the oppo-
site corner (e.g., from the bottom-left corner to the top-right) and 
then back to the original corner. Furthermore, as the movement of 
the particle(s) largely depends on the speed of the magnets and in-
tensity of the neighboring magnetic field, we are mainly concerned 
with the movement speed that the particle(s) can sustain. In the 
context of the evaluation, this means that the single particle is able 
to reach the target, and that the group is able to reach the target 

Figure 13: Stop Motion Messages showing the Shape, Record, 
Replay process. 

Figure 14: Number of Particles “Split” By Increasing the Mag-
netic Intensity Difference 

without any particles being left behind. Thus, we report the maxi-
mum sustainable movement speed utilizing the different actuation 
platforms and movement methods. 

From our evaluation on sustainable movement speed, we found 
that with LAPM, a group of 10 particles sustained faster movement 
speed than a single particle. On the LAPM array, with the default-
move method (Figure 3.3.1a), the group sustained 23 mm/s versus 
the single particle’s 30 mm/s. Using the fast-lapm-move method 
(Figure 3.3.1b), the group sustained a movement speed of 46 mm/s 
whereas a single particle sustained 39 mm/s. Furthermore, we found 
that EM performance was comparatively better, likely due to the fast 
response speed of the electromagnets. When using the default-move 
method with 15 particles, EM sustained 64 mm/s. This improvement 
by the EM platform compared to the LAPM platform aligns with 
our characterization of the EM platform from Table 1. 

5.2 Split Control 
To characterize the granularity of control when performing the 
split, we conducted the lapm-split (previously introduced in Sec-
tion 3.3.1) with 10 particles as a preliminary evaluation and recorded 
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the number of particles that transferred to the target pixel (split). As 
illustrated in Figure 7c, the splitting control is varied by the inten-
sity differences between the start and target pixels. We performed 
tests at intervals of ∼50mT as shown in Figure 14, repeating 5 times 
for each interval. As can be seen in Figure 14, the number of parti-
cles that successfully split maintains a positive correlation with the 
difference in magnetic intensity. As a difference of 521mT closely 
corresponds to the intensity difference in basic particle movement, 
our findings align with our expectations. While we have demon-
strated a capability of controlling the number of particles in a group 
that split with the LAPM array, future work could be done to have 
a more fine-grain control of group splitting. 

5.3 Shape Transition 
As the particles can be reconfigured to transition between shapes, it 
is beneficial to have an understanding of these capabilities and how 
they can be affected. As shown in Figure 15, we present the results 
of transitions from the start frame to the target frame, where the 
target frame is distinguished by black-outlined circles represent-
ing active magnets. This table provides demonstrations of basic 
geometric transformations (i.e. translation, rotation, compression, 
and expansion) and actuation methods (i.e. shaking and tweening) 
introduced in Section 3.3.2. 

In Figure 15, we demonstrate the breadth of capabilities of Gran-
ular I/O, as well as the benefits of tweening and shaking towards 
an even distribution of particles over a large range. Because the 
LAPM array consists of a larger number of pixels which is suitable 
for shape representation compared to EM array, here, we focus the 
shape transition demonstration on LAPM. Across the five results 
overlaid in the leftmost result columns, we observe that the parti-
cles tend to fall within the same general area, evenly spread across 
the intended target area, utilizing the particles’ high granularity to 
create a clear shape. Conversely, the absence of tweening not only 
decreases the range of distances that a shape is able to transition 
but also makes the distribution of the particles uneven. As can be 
seen in the no tweening columns of Figure 15, shapes that are not 
adjacent to each other can fail to transition entirely or will favor 
one side of the target shape (potentially due to slight differences in 
magnetic strength across different magnets, slightly uneven surface, 
etc.). Similarly, the absence of shaking is demonstrated to decrease 
the even spread of the particles, as there is no opportunity for the 
particles to adjust. 

While we have demonstrated the capabilities of Granular I/O in 
shape transition, we observed that the system is limited in transi-
tioning between shapes of different surface areas (as shown in the 
bottom two rows of Figure 15. 

This could be attributed to the fixed volume of the particles 
which cannot be as easily compressed or expanded compared to 
other discussed materials such as fluids. While we have observed 
instances of the particles“hopping” up into the air, it is not consis-
tent enough to be utilized in effectively changing the volume of 
the shape. Thus, future work could explore improving “hopping” 
or various methods to improve the compression and expansion of 
the particles. 

Figure 15: Shape Transition Results (from left-to-right): using 
tweening and shaking, no tweening but shaking, tweening 
but no shaking, and no tweening nor shaking. 

6 Limitations and Future work 
With Granular I/O, we have introduced an approach that enriches 
the possibilities of physical interaction using actuated magnetic 
particles. In this section, we discuss the limitations and future work 
of the system and its general approach. 

6.1 Improving the Actuation for Scaling Down 
and 3D Shapes 

We study a limited range of particle sizes and control hard-
ware, and in the future, we would like to further study the re-
lationship between magnet array resolution, magnetic particle 
size/geometry/material, and magnetic strength to develop com-
prehensive design guidelines. We believe a computational physics 
simulation tool could help with the design of particles and support 
finer control over them. 

Exploring novel magnetic actuators could improve the dynamics 
of the system. Our EM and LAPM arrays presented distinct advan-
tages and weaknesses. The relatively slower speed and inability to 
change polarity in the LAPM array are bottlenecks to rapid control, 
and the low magnetic field strength of the EM array reduced its 
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ability to manipulate large numbers of particles. Therefore, it would 
be ideal if there were actuators that combined the high strength 
and density of LAPMs with the controllability of EMs. 

Another direction worth exploring is developing actuation that 
extends interaction beyond the 2.5D regime of a horizontal plane, 
first to vertical and curved surfaces, and ultimately to full 3D space. 
The current particle and actuator design may support vertical and 
curved surfaces with an updated control strategy that accounts for 
gravity. On the other hand, realizing 3D shape configurations would 
likely require both a new particle design and control hardware that 
can independently modulate the magnetic field at different locations 
within a 3D volume. 

6.2 Studying and Utilizing Granular Particles 
Future work could further investigate how particle design, including 
particle geometry, material and magnetization source, influences 
the behavior of granular materials. 

Prior work has shown that particle geometry can substantially 
affect particle packing and the macroscopic behavior of granular 
materials [27]. While we observed preliminary differences between 
particle geometries in our testing (Appendix C; Sec. 3.1), these 
observations were not the focus of this paper. A more systematic 
study of how particle geometry affects particle interactions and the 
resulting interface behaviors could provide guidance for designing 
particle shapes for future granular interfaces. 

We also believe further exploring different particle materials 
could extend Granular I/O’s interactivity. For example, we employed 
conductive PLA as the shell material to achieve a conductive cluster, 
which could be used in a programmable circuit design, as shown in 
Figure 16. 

Figure 16: Programmable Circuit Application Utilizing Con-
ductive Particles. (a) Red LED on, (b) Particles moved to turn 
on the green LED; the LED flickers as the user touches the 
particles. 

Additionally, while our paper focused on an accessible particle 
fabrication method employing off-the-shelf magnets enclosed in 
3D-printed shells, we believe other fabrication methods could be 
explored to miniaturize the particles below 2 mm in diameter. We 
could refer to prior research [25, 34] in custom fabricating magnetic 
material with compound materials. 

6.3 Improving and Extending Malleable I/O 
We would like to continue to improve the malleability of the sys-
tem’s sensing, actuation, and further explore additional affordances 
the granular materials could provide. 

The current pipeline captures user input with an overhead cam-
era and then converts it to a coarse 7 x 7 bitmap, leaving room for 

improvement on two fronts. On the hardware front, the external 
camera adds bulk and is prone to hand occlusion; embedding sens-
ing directly into the actuation surface, similar to GaussSense [20], 
would make the system self-contained and occlusion-free. On the 
software front, the coarse bitmap captures only a fraction of the 
information users expressed; more advanced computer vision tech-
niques could recover the count, positions, and 3D configurations of 
individual particles. Such fine-grained sensing would enable appli-
cations like 3D modeling, where users sculpt a physical cluster and 
the system mirrors the detected shape in a digital model. 

While the current system has adequate control over the split 
actuation primitive, the actuation result from shape transition is 
still coarse compared to how a user could shape the clusters by hand. 
For example, the resulting shape may exhibit a hollow infill when 
the target shape is solid. In the future, we could explore different 
pixel arrangements, like hexagonal packing instead of the current 
square grid to improve the output shape’s granularity. Moreover, 
alternative particle designs with more than one magnetic dipole 
may also improve the shape’s presentation. Prior work [10] has 
demonstrated that modules with quadrupole magnetization can 
assemble into arbitrary, space-filling shapes, which could enable 
gapless coverage of the interaction surface and thus finer the overall 
presentation. 

We would also like to extend the affordances of granular materi-
als, such as drizzling, pouring, and scooping. Future systems could 
detect and incorporate such richer affordances for applications like 
fluid and dynamic system simulation. 

7 Conclusion 
This work proposed Granular I/O, an approach that uses an actuated 
magnetic field to manipulate millimeter-scale granular particles as a 
shape-changing display and TUI that advances programmable mat-
ter through a wide range of actuation primitives. We demonstrated 
the approach with two types of magnetic field control actuation 
hardware, magnetic particles, and software to control the system 
to perform actuation primitives. We evaluated their relationship 
with the performance of actuation primitives. A set of applications 
shows that Granular I/O offers the potential to provide display and 
interactivity for dynamic affordances. We hope that this paper will 
contribute to the realm of HCI and robotics to enrich programmable 
matter research by enabling granular, shape-changing materials. 
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A Tweening Frame Generation Algorithm 
The Tweening Frame Algorithm is described in the following pseu-
docode in Algorithm 1. Sample output frames are shown in Figure 
17. 

Figure 17: Tweening frames generated by the software as 
they appear in the GUI. (The frame count difference comes 
from the result by following the algorithm.) 

B Magnetic Field Measurement 
In this section, we will share the magnetic filed strength measure-
ment from the the permanent magnet used in the LAPM device. 
Figure 18 shows the measurement setup. The origin 𝑂 is at the 
center of top surface of the cylinder magnet. Axial measurement 
point 𝑃1 is on the center axis at height ℎ. Radio measurement point 
𝑃2 is on the same horizontal surface of the magnet’s top surface, 
with distance 𝑟 to the center. 
𝐵1 measures the vertical component of the magnetic field at 

𝑃1, 𝐵2 and 𝐵3 measures the vertical and radio component of the 
magnetic field at 𝑃2. 

The 𝐵1, 𝐵2 and 𝐵3 measurement results are shown in the Fig-
ure19, 20, 21. All the 𝑦 axis are log-scaled and the 𝑥 axis are linear 
scaled. 
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Algorithm 1 Tweening Frame Generation 

Require: Start pattern 𝑆 , Target pattern 𝑇 , Max steps 𝐾 
Ensure: Sequence of tweening frames 𝐹 
1: CurrentFrame ← 𝑆 
2: Add CurrentFrame to 𝐹 
3: for 𝑠𝑡 𝑒𝑝 = 1 to 𝐾 do 
4: Find all pixel Candidates where: 
5: 1. Pixel is adjacent to CurrentFrame 
6: 2. Pixel is currently OFF 
7: 3. Pixel’s closest target is also OFF 
8: if no Candidates found then 
9: break 
10: end if 
11: 𝑑 _𝑚𝑖𝑛 ← minimum distance from any Candidate to 𝑇 
12: Grow: Add all pixels in Candidates with distance 𝑑 _𝑚𝑖𝑛 to 

CurrentFrame 
13: 𝑑 _𝑚𝑎𝑥 ← maximum distance from any Pixel in Current-

Frame to 𝑇 
14: if 𝑑 _𝑚𝑎𝑥 > 0 then 
15: Trim-off Tails: Remove all pixels with distance 𝑑 _𝑚𝑎𝑥 

from CurrentFrame 
16: end if 
17: Add CurrentFrame to 𝐹 
18: if CurrentFrame matches 𝑇 then 
19: break 
20: end if 
21: end for 
22: return 𝐹 

Figure 18: Measurement Setup Diagram 

Discussion From the measurements, we can see that the mag-
netic field strength generally forms into a straight line, indicating 
that at the measuring range, the magnetic field strength decays at 
an approximately exponential rate. 

We can also see that, when 𝑟 = 15𝑚𝑚, 𝐵3 roughly drop to 7 
mT. This indicates that the magnetic field strength drops to around 
background level after reaching the center of the next pixel. This 
means that the magnet’s effective range is limited to its neighboring 
pixels. 

Figure 19: Axial magnetic field 𝐵1 vs. vertical displacement ℎ 

Figure 20: Vertical components 𝐵2 vs. radial displacement 𝑟 

Figure 21: Radial components 𝐵3 vs. radial displacement 𝑟 

C Particle Designs and Actuation 
In this section, we show how the different particle designs, including 
particle size, shape, as well as cluster size, affects the performance of 
the proposed move and split actuation primitives for both EM and 
LAPM arrays. Specifically, we evaluated the relationship between 
Particle Size (= 4, 5, 7 mm), Geometry(= Sphere, Cube), Number of 
Particles in Cluster and the success rate of two Actuation Primitives: 
the default Move and Split. 

To decide on different numbers of particles in each cluster, we 
built a ratio between the scale of the control magnet pixel spacing 
and the scale per cluster, ensuring consistency. Let 𝑙pixel be the 
spacing of the control magnet pixels, 𝑙particle be the particle size, 
and 𝑛 be the number of particles, then we can define the cluster 
size index as 𝑘 = 

𝑛·𝑙particle 

𝑙pixel 
. We carried out the evaluation based on 
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two commonly used values: 𝑘 = 2 for small clusters and 𝑘 = 5 for 
large clusters. 
Study Procedure: 

(1) Prepare the cluster of particles with the specific Particle Size, 
Geometry and Particle Number. 

(2) Run the move, split Actuation Primitives 
(3) For each cluster, repeat step 2 10 times on each control hard-

ware. 

Figure 22: Actuation Primitive evaluation across varying par-
ticle designs and cluster scales 

Results: The results are as shown in Figure 22. From the results, we 
can see that in general, the 5 mm sphere particle with 3 mm sphere 
magnet insert works the best across cluster size, AP and control 
hardware. Thus, we mainly use this particle design for developing 
applications. Most particle designs performs well for split, and 
move with EM are the most demanding AP that works well with 
only large cluster size of 5 mm sphere particles with 3 mm magnet 
insert. We recommend users should not worry too much about fine 
tuning the particle design when using LAPM systems, but should 
be mindful about choosing the particle design when working with 
EM system. 

D System Setup 
Figure 23 shows the arrangement of the actuator prototype, with an 
overhead camera mounted ∼20 cm above the interaction surface. 

Figure 23: System Setup 
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