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Figure 1: (a) MagBall is a compact input device that captures both precise displacement and force based on the change in
magnetic field of a rolling magnet-embedded ball. We demonstrate applications of MagBall in (b) a surface-independent stylus

pen, (c) a wearable trackball ring and (d) a smart massage tool.

Abstract

New tangible input techniques are transforming human-computer
interaction. Point-contact devices such as joysticks or buttons are
simple and scalable, but they capture limited spatial information. In
contrast, surface-based contact interfaces such as touchpads provide
richer spatial input but require larger instrumented surfaces. We
present MagBall, a magnetic-ball sensor that captures fine-grained
interactions, including displacement and force, through the rota-
tion of a magnet-embedded ball over a 3D Hall-effect sensor array.
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Our design localizes diverse physical interactions to a single point-
contact yet operates at multiple scales from millimeters to meters.
Our machine learning models can infer the displacement and force
with root-mean-squared errors of 0.15 mm and 0.67 N. Furthermore,
our device supports interactions across diverse surfaces such as
glass, metal and human skin, without additional instrumentation.
We demonstrate applications in stylus pens, wearable trackballs
and smart massage tools, which naturally aligns with the rolling
mechanism of MagBall.
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1 Introduction

Tangible input interfaces are essential for human-computer inter-
action, as they serve as the medium to digitize physical actions and
convey information [10, 51]. The size of existing input devices often
scales with the size of the interaction space, creating a fundamen-
tal trade-off between device compactness and interaction richness.
Point-contact devices, such as joysticks and buttons [14, 38, 52], are
compact and easy to integrate into diverse tools, but they typically
capture only limited spatial information such as click or pressure at
discrete positions. Surface-based devices, such as capacitive touch-
pads [26, 39, 47], support a richer set of gestures and multi-touch
inputs. However, the interaction is still confined to instrumented
surfaces, where sensing cost and complexity grow with resolution
and interaction area. Moreover, the additional instrumentation in-
creases size and complexity, making integration into diverse objects
more difficult. There is growing demand for compact tangible input
devices that can seamlessly transform ordinary objects into inter-
active devices, capturing interactions in their everyday settings.

In particular, rolling mechanisms can expand interaction space
while keeping devices compact. By mapping continuous motion
into localized rotation, a rolling element decouples device size from
interaction scale. For example, commercial trackball mice [3, 4] ex-
ploit the rolling principle, allowing users to navigate large computer
screen with small hand movements. On a larger scale, Disney’s
HoloTile floor [53] uses omnidirectional rotating tiles to let users
walk or run in expansive virtual worlds within a confined physical
space. Rolling thus provides a pathway to design input devices that
are both compact and expressive, enabling large-scale interaction
through localized physical interactions.

Inspired by the rolling mechanism, we present MagBall, a com-
pact point-contact input device that digitizes multi-scale surface-
independent interaction (Fig. 1). MagBall senses interactions through
the change of magnetic fields, generated by movement of a magnet-
embedded ball over an array of Hall-effect sensors. MagBall inte-
grates all components in a single compact unit with the sizes of
13 mm x 13 mm x 10 mm, supporting both fine-grained and large-
scale interactions, ranging millimeters to meters. Using machine-
learning models, we estimate both 2D displacement and applied
force with root-mean-squared errors (RMSE) of 0.15 mm and 0.67 N.
Our design takes inspiration from ballpoint pens: just as a pen tip
translates hand motions into continuous strokes, MagBall digitizes
interactions through a single rolling contact point. Different from
commercial stylus pens and touchpads, which require capacitive or
electromagnetic resonance sensing grids, MagBall functions over
any type of surfaces such as glass, metal, fabric and skin. More-
over, MagBall can be seamlessly embedded into everyday objects
featuring rolling mechanisms, such as trackballs, stylus pens, and
massage tools.

Our contributions are as follows:
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o We design and implement MagBall, an omni-directional
rolling device that enables multi-scale surface-independent
interactions.

e We explore the design space via static magnetic field simula-
tion.

e We develop a machine-learning pipeline to estimate 2D dis-
placements and force from MagBall measurements.

e We experimentally evaluate sensing performance and esti-
mation accuracy for both displacement and force.

e We quantitatively evaluate performance on various ordinary
surfaces through an experiment and a user study.

e We demonstrate applications of our system in a surface-
independent digital pen, a wearable trackball ring, and a
smart massage tool.

2 Related Work

This work presents a point-contact magnetic interface for multi-
scale contact-interactions on diverse surfaces based on rolling mech-
anism. To contextualize our research, we examine prior work in
these key areas: tangible input techniques, magnetoactive interac-
tive interfaces, trackballs and passive-surface interaction.

2.1 Tangible Input Techniques

Tangible input techniques have long been a focal topic in human-
computer interaction, converting diverse physical signals such as
pose and pressure into digital inputs. The size and expressivity
of the device are two aspects that are commonly evaluated and
traded off. Large devices leverage their volume or area to capture
rich information [11, 20, 34, 45, 54-56]. For example, researchers
instrumented tables, walls, and other large surfaces with sensor
arrays to enable rich bimanual and multiobject manipulation [17, 21,
43]. Although such systems support large interaction, they typically
require hardware that covers entire surfaces. Furthermore, it is
difficult to capture fine-grained interaction unless the sensing grid
gets much denser, leading to high deployment cost.

To improve portability, tangible input techniques have emerged
at the personal device scale [13, 23, 35, 63]. This line of work allows
more subtle interaction on or near smaller surfaces. Capacitive ap-
proaches [49, 50, 57, 61] allow devices to recognize props and their
poses, and magnetic approaches achieve robust tracking on and
just above surfaces [6, 28, 31, 60]. However, these devices generally
must be paired with instrumented surfaces at the size of portable
devices, which limits spatial expressivity.

Our work addresses aforementioned trade-off between device
size and spatial expressivity by introducing a compact tangible input
device that leverages rolling mechanism to transform localized
rotation into multi-scale spatial interaction on diverse surfaces.

2.2 Magnetoactive Interactive Interfaces

Magnetic materials enable custom interactive experiences. By tai-
loring magnetization patterns and spatial arrangements of magnets,
these systems generate magnetic field measurements that are sen-
sitive to desired physical information such as displacement and
force (Table 1). Because a magnet produces a 3D spatial magnetic
field, magnets are frequently used to create fine-grained 3D spatial
interaction [15, 16, 18, 27, 59, 62]. MagPen [19] uses a pen with an
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Svstem Nam. Sensing Force Unconstrained Yaw Compatible Surface Diversity ~ Off-contact Sensor
yste ame Principle Sensing Interaction  Compensation Rigid Tracking  Size
Space P 1g1d,
Rigid, Flat Curved Soft
GaussSense [30] magnetic v X v v X X v small
MagPen [19] magnetic 4 X v 4 4 v v small
Berkelman et al. [2] magnetic X X 4 X X X 4 large
Flashpen [48] optical flow X v v - X X v small
DeltaPen [37] optical flow v v v - X X v small
+ piezoresistive
OptiBasePen [9] optical flow v v v - X X 4 large
+ infra-red
inertial
Handwriting-Assistant [5] measurement unit X 4 v v X X v small
Analogue trackball [3] rotary encoders X X v v v X large
Optical trackball [4] optical flow X v v v v X large
Magnetic trackball [41] ~ 28netic x v x v v v x small
encoders
Anoto pen [1] camera v X v X X X v small
MagBall (ours) magnetic v v v v 4 v X small

Table 1: Comparison of MagBall with other magnetic interfaces, passive-surface styluses, and commercial trackballs. - is used
for optical-based systems that could work on different surfaces but do not provide any evaluation on diverse surface such as
transparent one, where failure is expected. Sensor sizes indicate whether the sensing components fit within a pen form factor.

embedded magnet and a smartphone’s built-in 3D magnetometer
to recognize various gestures and contact strokes of the pen with
smartphone. However, magnetic field strength decays cubically
with distance, which limits the interaction space. One approach
to expand this space is to deploy an array of distributed magne-
tometers [17, 22, 28-30, 32, 33]. However, the cost and complexity
of deployment grows with the interaction volume. Yan et al. [58]
mitigated this limitation by designing careful magnetization pat-
terns and leveraging machine-learning-based super-resolution to
reduce the number of required sensors. Nevertheless, the spatial
expressivity of such systems remains fundamentally constrained
by the overall size of the magnetometer array.

Our work preserves the compactness while overcoming limited
interaction space. We minimize the number of Hall-effect sensors
to reduce overall size of the system. The sensors move along with
the device enabling unbounded interaction space. The user’s un-
bounded movements are translated into rotational motion of Mag-
Ball, which is effectively captured by a Hall-effect sensor array
inside the device. In summary, our approach provides an interac-
tion that satisfies both a small device footprint and a large effective
interaction area.

2.3 Trackballs and Passive-Surface Interaction

Trackballs are the closest relatives to our approach (Table 1). Tra-
ditional analogue trackballs [3] employ an omnidirectional ball

supported by two or four rollers whose rotation is measured using
rotary encoders. Optical trackballs [4] instead track the motion of a
patterned ball using an optical-flow sensor. While effective as mouse
replacements, commercial designs remain several centimeters in
size, which is too large for wearable or mobile applications.

Efforts toward miniaturized magnetic trackballs for mobile de-
vices [41] have reduced the form factor using compact magnetic
encoders. However, these roller-based mechanisms share a fun-
damental limitation: they cannot resolve yaw rotation. Although
yaw is insignificant in typical cursor-control tasks, it is intrinsic to
sliding-contact interactions in real-world scenarios. For example,
when drawing with a pen, small rotations around the pen’s long
axis occur naturally. Without resolving yaw rotation, it is not possi-
ble to infer relative displacement between sliding surface accurately
from a single-body sensing system (more details in Section 7.1).

Complementary work explores passive-surface interactive pens,
which use optical-flow sensors to track motion over uninstrumented
surfaces [9, 37, 48] (Table 1). These systems capture displacement by
estimating frame-to-frame image motion, which includes yaw infor-
mation, and achieve high accuracy on an ordinary table. However,
optical-flow approaches fail on transparent or reflective materials
such as glass and mirrors, and their accuracy degrades on soft,
deformable or irregularly curved surfaces such as skin, fabric and
cushions due to changing surface geometry.
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Figure 2: System overview. (a) The sensor consists of a multi-magnet core within an elastomer shell, which rotates freely
in a ball holder over a 3D Hall-effect sensor array. (b) User-applied rotation and normal force changes the magnetic field
patterns detected by the sensors. (c) Signals from 9-channel Hall-effect sensors are processed by machine learning models,
Long Short-Term Memory (LSTM), Fully-Connected layer (FC), Extra Trees Regressor (ETR), to estimate corresponding 2D

displacement and applied force.

MagBall bridges and expands these two concepts, reinventing
compact trackball for general sliding-contact sensing compatible
with diverse surfaces. Unlike trackballs, it is explicitly designed to re-
solve yaw rotation through an asymmetric magnetic field formation,
validated in both simulation and experiment. Unlike optical-flow
pens, MagBall does not assume any particular surface geometry,
material or rigidity. Therefore, MagBall robustly operates across
diverse real-world surfaces and remains stable even in the presence
of weak incidental magnets. Only strong magnetic interference,
which is rare in everyday environments, degrades performance.
Consequently, MagBall extends beyond cursor control and stylus
input to support a broader class of sliding-contact interactions such
as monitoring massage procedures.

3 System Overview

Our sensing principle relies on variations in the near-field magnetic
field generated by embedded permanent magnets. As shown in
Fig. 2(a), MagBall is inspired by ballpoint pens, consisting of a free-
rolling magnetic ball tip mounted in a ball holder. The magnetic ball
is a rigid sphere encapsulated by an elastomer layer and embedded
with two permanent magnets of different sizes (K&J Magnetics).
The ball holder keeps the magnetic ball in place and allows smooth
omnidirectional rolling via small bearing balls (1.5 mm diameter).
Three 3D Hall-effect sensors (TMAG5273, Texas Instruments) are
mounted on the ball holder. When the magnetic ball rolls or com-
presses against external surfaces, such as a user’s skin or a tabletop,
the embedded magnets move or rotate, and generate time-varying
3D magnetic fields. These signals are captured by the Hall-effect
sensors (Fig. 2(b)). The signal varies uniquely with different ball
orientations and applied forces. When the magnetic ball rotates
along a fixed axis, the Hall-effect sensor outputs periodic signals,
with each channel exhibiting distinct patterns. These characteristic
patterns change when the ball is rotated around another axis, which
includes yaw rotation as well. When force is applied, the magnetic

ball moves closer to the Hall-effect sensors, and the magnitudes of
signals from every channel increase due to the stronger magnetic
field. Because the sensors are positioned only millimeters away
from magnets, these variations on orientations and positions of
the magnetic ball produce measurable variations in the Hall-effect
sensor readings. The raw sensor data is processed by a machine
learning pipeline to estimate both displacement and force in real
time (Fig. 2(c)). Here, the displacement refers to 2D motion of the
contact point on the surface as MagBall rolls.

4 Design and Implementation

We perform static magnetic field simulation to efficiently explore
the design space of MagBall. Simulations enable precise and high-
spatial-resolution measurements at sub-millimeter scale, which are
difficult to achieve experimentally. They also enable rapid itera-
tions, allowing comprehensive exploration of the design space. We
identify optimized design parameters in magnet configuration, elas-
tomer thickness, number of Hall-effect sensors and sensor spacing.

4.1 Design Exploration via Simulation

We utilized Magpylib [40], an open-source Python library for static
magnetic field simulation. It computes 3D magnetic fields at spec-
ified spatial coordinates given a magnet configuration, including
size, shape, polarization strength, orientation, and position.

In our simulation setup, we define the magnet configuration
and fix its center at the origin, representing a stationary magnetic
ball. We are able to simulate the 3D magnetic field vector at any
sampled point in the surrounding 3D space. To emulate the sensing
process, the Hall-effect sensors are arranged on a virtual PCB plane
that moves along different positions around the fixed magnet (Fig.
3). Each real-world sensor measurement corresponds to the 3D
magnetic field vector at the corresponding sensor coordinates in
the simulation. Although the simulation rotates the sensors around
a fixed magnet, this is equivalent to the real deployment scenario in
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Figure 3: Evaluation metrics for design exploration. (a) For ambiguity ratio, sensor measurements X were collected at 180,320
orientations across 11 compression levels. The plot shows a distribution of the minimum measurement differences for all poses,
used to quantify the ambiguity ratio. (b) Rotational sensitivity was evaluated with measurements at 1,000 random circular
paths. The plot shows sensor readings along one circular path. (c) Force sensitivity was evaluated at 10,000 compression points.
The plot shows sensor readings at one compression point. Note that only 10% of orientations, circular paths, and compression

points are drawn in orange dots or lines for clear visualization.

which the sensors remain stationary and the magnetic ball rotates.
To simulate yaw, the virtual PCB is spun around at each point along
radial axis. To simulate compression by applied forces, the virtual
PCB plane progressively moves closer to the fixed magnets. In other
words, by varying the position and orientation of the virtual PCB,
we simulated the embedded magnetic ball in various poses, defined
by both its orientation and position.

We evaluate the performance of our system with different de-
sign parameters based on three metrics: ambiguity ratio, rotational
sensitivity and force sensitivity. All of them can be extracted from
simulation.

4.1.1 Ambiguity Ratio. A key criterion for robust sensing is mini-
mizing signal ambiguity, meaning each pose of the magnetic ball
should correspond to a unique sensor reading [42]. To quantify
performance of our sensor, we define the ambiguity ratio as the pro-
portion of magnetic ball poses that yield indistinguishable sensor
readings. A high ambiguity ratio indicates that the sensor reading
cannot uniquely resolve certain poses, leading to errors in displace-
ment and force estimation. An ideal design should minimize the
ambiguity ratio, ensuring the robustness and accuracy of MagBall.
We obtained simulated sensor readings at a dense and uniformly
distributed set of approximately 2,000,000 poses, with 180,320 mag-
netic ball orientations including 10 yaw rotations at each point and
11 compression levels (Fig. 3(a)). Compression levels are spaced at
0.05 mm intervals, resulting in a maximum compression of 0.5 mm.
Ambiguity ratio is calculated by Eq. 1.

- -

X; — X-”2 < threshold}

count{i, min
J#i

Ambiguity Ratio = (1)

N

.
where X; is the sensor array measurements at pose i and N is total
number of poses. Two sensor readings are considered ambiguous

if their difference is within the noise threshold of the Hall-effect
sensors, defined by Eq. 2:

threshold = noiseqpgnme; V30 2)

where n denotes the number of sensors on the PCB, with each
sensor providing three-axis measurements, and noise.pqnner is the
2-0 noise of Hall-effect sensor measurements from each axis in
a static magnetic field. Eq. 2 applies a fair noise threshold that
scales with the number of Hall-effect sensors. This ensures that
ambiguity ratios are evaluated consistently across designs with
different number of sensors.

4.1.2  Sensitivity to rotation. Sensitivity to rotation is defined as the
change in sensor signal with respect to changes in the orientation
of the magnetic ball. An ideal design maximizes this sensitivity.
The sensitivity to rotation depends on the current pose, because
the near-field magnetic field of multiple magnets create a complex
magnetic field around it. Therefore, we picked a random and dense
set of poses to reconstruct the distribution of rotational sensitivity.

As shown in Fig. 3(b), we randomly selected 1,000 circular paths.
With 200 poses sampled along each path, we obtained sensor read-
ings at 200,000 poses. Rotational sensitivity was then calculated as
the derivative of the sensor array measurements with respect to
the rotation angle (Eq. 3).

dX

Sensitivit ion = ||—
Yrotation a0

©)

2
where X is the sensor readings along a circular path and 6 is the
rotation angle. Fig. 3(b) bottom shows example sensor readings
along a random circular path.

4.1.3 Sensitivity to force. Sensitivity to force is defined as the
change in sensor signal with respect to compression from applied
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Figure 4: Ambiguity ratio, sensitivity to rotation, and sensitivity to forces for different designs in (a) magnet configuration, (b)
elastomer thickness, (c) number of Hall-effect sensors and (d) spacing between the sensors.

force. We desire to maximize this sensitivity for accurate force sens-
ing. Similar to rotational sensitivity, force sensitivity also depends
on current pose. We sampled a 10,000 evenly distributed orienta-
tions, and applied compression up to 1 N. The sensitivity to force
is calculated by Eq. 4.

AXiN

AF 4)

Sensitivityforce =

where AX;y is the change in sensors signal between zero compres-
sion and 1 N compression and AF is the corresponding change in
force. As shown in the bottom plot of Fig. 3 (c), the sensor signal
changes nonlinearly with respect to force, which is a common be-
havior in soft force sensors [7, 12, 36]. Therefore, the linear slope
from zero compression to 1 N is used as a representative sensitivity.

4.2 Sensor Designs

Through simulation, we optimize four key design parameters: mag-
net configuration, elastomer thickness, number of Hall-effect sen-
sors, and sensor spacing (Fig. 4).

4.2.1 Magnet configuration. Magnet configuration refers to the
geometrical arrangement of the embedded magnets, which was
varied across three types of designs (Fig. 4 (a)). Config.#1 is a single

cylindrical magnet; Config.#2 is two same-sized magnets oriented at
right angles; Config.#3 is similar to Config.#2 but with two different-
sized magnets. The choice of magnet configuration has a critical
impact on the ambiguity ratio. As demonstrated in Fig. 4 (a), a single
magnet (Config.#1) produces the most ambiguous measurements
with over 80% of poses. Using two same-sized magnets (Config.#2)
reduces ambiguity, but 0.2% of poses remains ambiguous. Config.#3,
which employs two magnets of different sizes, eliminates all am-
biguous poses, though at the cost of reduced sensitivity to rotation
and force due to the smaller secondary magnet.

Ambiguity arises from two factors: symmetrical magnetic field
and low signal-to-noise ratio. The magnetic field of a single magnet
exhibits rotational symmetry due to its geometry and unidirectional
polarization (Fig. 5(a)), meaning many poses along the symmetry
axis yield identical sensor readings. The relatively low field strength
further exacerbates the ambiguity, explaining the highest ambiguity
ratio of Config.#1. A simple approach to break the symmetry is
to introduce an additional magnet. However, the placement and
properties of the second magnet must be carefully chosen to avoid
introducing new symmetries. Two same-sized magnets in Config.#2
still exhibit point symmetry. As shown in Fig. 5(b), the magnetic
field cross-sections for xy and zx planes are exactly the same, rotated
by 90 degrees. This symmetry leads to identical sensor readings at



MagBall: Magnetic Rollerball for Multi-Scale Contact Interactions on Diverse Surfaces

different poses, accounting for the remaining ambiguity despite the
strongest field strength among the three. The remaining symmetries
can be further eliminated by using a second magnet of different
size (Fig. 5(c)). As a result, Config.#3 produces an asymmetric 3D
magnetic field, yielding the lowest ambiguity ratio.

Overall, an asymmetric magnetic field with sufficient signal-to-
noise ratio is necessary to minimize ambiguity, which is successfully
achieved in Config.#3.

Config. #3

(a) Config. #1 (b)  Config. #2 ()

20

Y (mm)
Y (mm)
Y (mm)

16

<

S
Magnetic Field Strength (mT)

Z (mm)
Z (mm)
Z (mm)

o {72
\ \) / /’A ¢

X (mm)

X (mm)

X (mm)
o

try Asymmetry

Figure 5: Simulated magnetic field cross-sections (xy, yz, zx
planes) illustrating (a) rotational symmetry, (b) point sym-
metry, and (c) asymmetry.

4.2.2  Elastomer thickness. The elastomer thickness was adjusted
between 0.5 mm and 1.5 mm (Fig. 4(b)). As the thickness of elas-
tomer increases, ambiguity ratio and rotational sensitivity deterio-
rate, while force sensitivity exhibits the opposite trend (Fig. 4(b)). A
thicker elastomer positions the sensors farther away from the mag-
net source, reducing the magnetic field strength and signal-to-noise
ratio, which explains the higher ambiguity ratio and lower rota-
tional sensitivity. In contrast, force sensitivity improves because
the same force creates larger compression with thicker elastomer.
Considering this trade-off, an elastomer thickness of 1.0 mm was
chosen as a balanced design.

4.2.3  Number of sensors. We varied the number of Hall-effect sen-
sors from one to three. For a single sensor, it was placed at the center
of the virtual PCB. For multiple sensors, they were placed evenly
along a circular arrangement on the PCB (Fig. 4(c)). Increase in
number of sensors enhances all three evaluation metrics. However,
fewer sensors are desired for compact sensor design. Estimating the
pose of the MagBall involves six degrees of freedom (DoF): three

CHI *26, April 13-17, 2026, Barcelona, Spain

rotational DoFs describing the ball’s orientation (pitch, yaw, and
roll) and three translational DoFs corresponding to compression
along the x, y, and z axes. While two sensors theoretically suffice to
resolve the six DoF (6 measurements and 6 unknowns), noise and
limited sensor resolution necessitate additional redundancy. Am-
biguity ratios indicate that three sensors are necessary to achieve
robust pose estimation.

4.24 Spacing between sensors. Sensor spacing is defined as the
radius of the circular arrangement, and it was varied from 1.0 mm
to 5.0 mm (Fig. 4(d)). Sensor spacing has a non-monotonic effect on
the ambiguity ratio while mean sensitivities to rotation and force
decrease with increasing sensor spacing. Since the magnetic field
around the ball varies spatially in strength and direction, distributed
sensors are beneficial. For distributed sensors, if one sensor lies in a
weak-field region, others are likely in stronger regions, stabilizing
overall sensitivity. However, when sensors are tightly clustered, it is
possible for all of them to fall in a weak-field region at certain poses,
reducing robustness. This explains not only the initial decrease
in ambiguity ratio but also the initial increase in the minima of
rotational sensitivity. Beyond certain point, wider spacing increases
ambiguity ratio reduces the minima of rotational sensitivity because
the sensors are, on average, farther from the magnet source, leading
to low signal strength and signal-to-noise ratio. The minima of force
sensitivity did not exhibit the same trend, as it also depends on
alignment with the radial compression direction, an effect that
favors tightly spaced sensors. Based on this trade-off, spacing of
2.0 mm provided the most robust design with only little loss in
rotational and force sensitivities.

In summary, our simulation results indicate that the following
design parameters yield robust and sensitive sensor readings: two
magnets of different sizes arranged at a right angle (Config. #3),
an elastomer thickness of 1.0 mm, and three Hall-effect sensors
arranged in a circle with a radius of 2.0 mm.

4.3 Implementation

Based on the insights from simulation, we implemented the MagBall
prototype. The dimension of MagBall is 13 x 13 x 10 mm, small
enough to be easily integrated into everyday objects. Moreover, the
total price of one MagBall is less than 4.0 USD, which includes all
components shown in Fig.6(a).

4.3.1 Fabrication. We fabricated the magnetic ball by 3D-printing
(Formlabs Form 3) a rigid sphere with holes for two different-sized
cylindrical N52 neodymium magnets (diameters and heights of
1.5875 mm, 3.175 mm). Then, magnets were inserted as Config.#3 in
Fig.4(a). To cast a 1.0 mm elastomer layer (Vytaflex-30, Smooth-On),
we used two molds: one with 1 mm supports to center the core and
one without supports to produce a seamless surface. As a result,
we fabricated a magnetic ball with diameter of 8 mm (Fig.6(b)).

The ball holder was also 3D-printed, and 1.5 mm stainless steel
bearing balls (304, G100) were assembled into three bearing races.
A bearing race is a ring-shaped track that allows the bearing balls
to roll smoothly. Races were designed for free ball motion while
retaining tightness with the magnetic ball. The ball holder was
printed in two parts: the bottom to hold the magnetic ball and the
top to secure it, preventing detachment (Fig.6(a)).
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Figure 6: Fabrication of MagBall. (a) Assembly of MagBall. (b) Fabrication of the magnetic ball. (c) Circuit for I’C communication
between 3 Hall-effect sensors and MCU, connected to a computer for further estimation of displacement and force. (d) MagBall

integrated into a stylus pen.

4.3.2  Circuit. We measure the 3D magnetic field using linear 3D
Hall-effect sensors (TMAG5273, Texas Instruments). A custom PCB
was designed with three sensor IC chips arranged in an equilateral
triangle, such that their Hall-sensing elements lie on a circle with
a 2.0 mm radius. Each sensor communicated with an MCU (Seeed
Studio XIAO ESP32C3) via I*C, and 9 measurements (3 axes mag-
netic field from 3 sensors) were sampled at 180 Hz (Fig.6(c)). Data
were streamed to a computer in realtime.

4.3.3 Assembly. The complete assembly of MagBall is shown in
Fig.6(a). At the base, the PCB with the Hall-effect sensor array is
mounted beneath the bottom bearing. The magnetic ball rests on
this bearing and is enclosed by a top bearing, forming the ball
holder. Fig.6(d) illustrates our prototype integrated into a pen.

5 Results

We evaluate the performance of our MagBall prototypes and demon-
strate its applications as a surface-independent stylus pen, wearable
trackball ring and smart massage tool.

5.1 Experimental Validation

We evaluate the sensing performance of our prototype under ro-
tation and force to validate the simulation results. We performed
two separate experiments where the effects of rotation and applied
force are decoupled. Both tests were performed with the magnetic
ball without the elastomer layer, the core ball.

During the rotation test, the Hall-effect sensor array was fixed
7.5 mm from the core ball center, and the ball was rotated from five
random initial orientations with our customized set-up (Fig.7 (a)).
Rotation angles were measured with an encoder (AS5600). Using
Magpylib, we simulated sensor array readings along the same five
circular paths. The mean-squared-error between simulations and
experiments was 0.972 mT. Fig.7(b) compares the sensor readings
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Figure 7: Experimental validation of sensor signal under rota-
tion. (a) Experimental setup for sensor readings for rotation
(b) Comparison between simulation and experimental mag-
netic field measurements with respect to rotated angle.

along one of the circular paths in the experiment and simulation.
The discrepancies are attributed to experimental factors, including
sensor misalignment during soldering, mismatch of initial ball orien-
tation, and slight spin-axis precession. Because near-field magnetic
fields are highly sensitive to small displacement, such errors likely
accumulated to produce the observed gap between experimental
and simulation results.

To validate sensing performance for forces, the Hall-effect sensor
array was placed 7.5 mm below the ball center, separated by a 1 mm
elastomer layer and 3D-printed part (Fig.8(a)). An Instron Universal
Testing Machine compressed the ball from above at 1 mm/min up
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to 0.5 mm (approximately 50% strain on elastomer), while displace-
ment, compression force and Hall-effect sensor measurements were
recorded. The tests were repeated at five random ball orientations.
Simulations under same conditions yielded a mean squared error
of 1.03 mT. Fig.8(b) shows a representative comparison. As with
rotation, discrepancies are attributed to experimental factors.
Overall, the experimental results match the simulation predic-
tions for both rotational and force sensing. Despite minor discrep-
ancies caused by sensor misalignments, mismatch in initial ball
orientations and very sensitive near-field magnetic field, the trends
in magnetic field changes are consistent between simulation and
experiment. These results validate that our simulation can reliably
guide the design of MagBall for displacement and force estimation.
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Figure 8: Experimental validation of sensor signal under
force. (a) Experimental setup for Hall-effect sensor readings
under applied force (b) Comparison between simulation and
experimental magnetic field measurements with respect to
applied compression force.

5.2 Estimation for Displacement and Force

Displacement and force information is inherently embedded in the
change of magnetic field captured by the Hall-effect sensor array.
Here, displacement refers to the two-dimensional movement of
the contact point on the surface, resulting from the rotation of the
magnetic ball. The near-field 3D magnetic field changes dynamically
with spatial configuration. While this provides high sensitivity, it
also makes the system vulnerable to fabrication mismatches, which
can shift absolute sensor readings and sensitivities dramatically
(Fig. 4, 7 and 8). To compensate for such variation in our manually
fabricated prototype and ensure robust and accurate estimation, we
adopted a data-driven approach. We estimate displacements and
forces from the Hall-effect sensor signals via machine learning.

5.2.1 Data Acquisition. As our design is inspired by the tip of a ball-
point pen, we adopt a similar setup for scalable and accessible data
acquisition. We integrated MagBall into the tip of a 3D-printed pen
body (Fig. 6(d)), allowing users to perform writing tasks naturally
while holding the pen.

In general, the data acquisition set-up consists of a transparent
acrylic plate with a top-facing camera (Arducam B0385) at the
bottom. The camera records the real-time contact position of the
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MagBall at the pen tip (Fig. 9(a)). The orientation of the pen was
also tracked using markers (green circle, yellow square), enabling
alignment of camera-based position data with the reference frame
of PCB at the start of each sequence. Eight different shapes such as
circles, rectangles and triangles were drawn in different sizes and
speed for 30 seconds each. During drawing, the Hall-effect sensor
array measurements were recorded at 180 Hz, and camera recorded
the position at 100 Hz.

We implement a custom computer vision pipeline in OpenCV
to obtain ground-truth trajectories of the pen tip and orientation
markers. Three colored markers were detected in each frame based
on color, size, shape, and displacement constraints relative to the
previous frame. The resulting trajectories were resampled to 180
Hz to match the sampling rate of the sensors, and frames with oc-
clusions were excluded. Fig. 9(b) shows some raw Hall-effect sensor
array data corresponding to two camera-recorded trajectories used
as ground-truth. In total, we captured 146,415 synchronized data
points for displacement estimation.

To capture the force dataset, four load cells were mounted under
an acrylic plate (Fig. 9(a)). The pen was pressed without rolling
for five cycles at 550 random ball orientations. Similarly, the force
data and Hall-effect sensor measurements were recorded at 180 Hz.
We captured 223,850 data points for force estimation. Datasets for
displacement and force estimation were collected separately. This
setup helps minimize interference, as rolling induces vibrations
that can perturb ground-truth force signal.

Sensor Array Data

(@) — oy, — (b) Ground Truth
ﬁ Acrylic Piate ™= 1omm X1

Figure 9: Data acquisition for machine learning models. (a)
Experimental setup to obtain ground truth. A bottom camera
captures the movement of MagBall on top of transparent
acrylic plate supported by load cells. (b) Sample ground truth
trajectories along with corresponding sensor array data.

5.2.2 Model. We test two machine learning models, Long Short-
Term Memory (LSTM) [46] and ExtraTreesRegressor (ETR) [24],
for displacement and force estimation. The LSTM network is light-
weight with a single LSTM layer with hidden dimension of 64,
followed by two fully connected layers with hidden dimensions of
64, which enable real-time inference. The ETR model, trained with
100 estimators and a minimum of 5 samples per leaf, also achieves
fast, real-time predictions due to its tree structure.

To estimate displacement, we use 9-channel Hall-effect sensor
readings and the inter-sample time as input. The model outputs
per-sample displacement. Rather than predicting absolute position,
the per-sample displacement prediction enables the generalization
to canvases larger than the our data acquisition setup. For the force
model, we extract 18 features from the 9-channel Hall-effect sensor
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readings. The first 9 features are the channel-wise standard devia-
tions. For each of the three magnetic field vector measurements, we
computed the magnitudes, which were used to extract the remain-
ing 9 features: mean over last 50 points (3 features), the deviation
from this mean (3 features) and the first-order derivative (3 fea-
tures). All inputs to both models were normalized. We randomly
split the dataset into 80 % training and 20 % testing, ensuring that
all data from a single source was assigned entirely to one set to
prevent data leakage.
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Figure 10: Effect of window size and model type on perfor-
mance: (a) displacement estimation error, (b) long-term drift
in position, and (c) force estimation error.

5.2.3 Results. Fig.10 presents the effect of window size on estima-
tion accuracy and long-term drift. Displacement inference achieves
the lowest error with the LSTM model at a window size of 15, while
long-term drift is lowest at a window size of 50. The long-term
drifts are computed as the slope of a linear fit to the positional error
over time in the test dataset, with estimated positions obtained by
cumulatively summing the predicted displacements. For force infer-
ence, ETR with extracted features performs best at a window size
of 50. In terms of both short-term and long-term errors for displace-
ment, the temporal pattern of the signal improves displacement
estimation, but large window sizes begin to introduce less relevant
data, leading to increased error. The difference in optimal window
sizes arises because larger windows could apply smoothing, which
would slightly increase short-term error by blurring rapid changes.
For force estimation, models perform poorly when using raw Hall-
effect sensor data. With the extracted features, the accuracy of the
ETR model improves as the window size increases and plateaus
once it reaches 15. Therefore, we adopt the LSTM (window size 15)
for displacement and the ETR with extracted features (window size
15) for force. On the test dataset, our models have RMSE of 0.15
mm and long-term drift of 2.31 mm/s for displacement, and RMSE
of 0.67 N for force. Fig.11 illustrates sample trajectories obtained by
cumulatively summing predicted displacements. Predicted paths
closely match the overlaid ground truth across different scales of
drawings. The inference from the models take 4.9 ms in total, which
is sufficient for real-time rendering of the contact interaction.

Overall, MagBall reliably estimates displacement and force. In
particular, displacement inference achieves sub-millimeter preci-
sion, enabling high-precision applications such as stylus pens, wear-
able trackball, and massage monitoring.
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Figure 11: Example path tracking results by cumulative sum-
mation of estimated displacements, overlaid with ground
truth from camera.
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5.3 Compatibility with Diverse Surfaces

The rolling mechanism of MagBall enables operation across a wide
range of real-world surfaces. In the previous section, the machine-
learning models were trained and tested using interaction data
collected on an acrylic surface that is chosen solely because of its
transparency that allows accurate ground-truth capture through
camera recording. The same models generalize to a wide variety
of other surfaces. Although surfaces vary widely in geometry and
material properties, we broadly categorize them along three dimen-
sions: flat vs. non-flat, rigid vs. soft, and magnetic vs. non-magnetic.
We evaluate MagBall on six surfaces that collectively cover these
dimensions.

To obtain ground-truth for contact position, we attached a marker
parallel to the MagBall pen (Fig. 12(a)). During drawing, the marker
produced a visible trace on the surface, which was used as the
ground-truth contact path in our analysis (Fig. 12(b)). We note that
this approach introduces small but unavoidable errors due to slight
yaw rotation and differences in how the two tips contact the sur-
face. Then, four shapes (circle, star, square and scribble) are drawn,
ranging from 30 mm to 70 mm in size, on six different surfaces
(cardboard, glass, water bottle, cushion, magnetic sheet and metal
locker) with the MagBall pen and marker in parallel (Fig. 13(a)). The
drawings on the water bottle were smaller with sizes ranging from
15 to 50 mm, for it was difficult to maintain the two point contacts
on the curved surface with radius of curvature of approximately 4.5
cm. A moving average filter with a window size of 25 was applied
to smooth the MagBall-computed path.

@) w=u n ®) Original image Color-Masked  Skeletonized

Binary Image Image

Overlaid

Figure 12: Ground-truth path acquisition using marker trac-
ing. (a) A marker and a MagBall pen connected in parallel
to obtain ground-truth data. (b) Marker path extracted via
color masking and skeletonization.
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Figure 13: Compatibility with diverse surfaces. (a) The six surfaces evaluated: cardboard, glass table, water bottle, cushion,
magnetic sheet and metal locker. (b) Sample drawings from marker and MagBall for each surface. (c) Chamfer distance of

drawings from the marker and MagBall for different surfaces.

We evaluate the accuracy of MagBall by Chamfer distance, be-
cause there is no one-to-one correspondence between the points
on marker-path and MagBall-computed path. Chamfer distance is
defined by Eq. 5:
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©)
where P is the set of MagBall-computed 2D points with cardinality
|P|, Q is the marker-based ground-truth 2D point set with cardinal-
ity |Q|, and p and q are the 2D position vectors of a point in the set P
and Q. The Chamfer distance measures the mean deviation between
two paths. It penalizes both when the MagBall-computed points are
far away from ground-truth path and when the MagBall-computed
points fail to cover some parts of the ground-truth path. Lower
Chamfer distance, therefore, indicates higher similarity between
drawings. As shown in Fig. 12(b), the 2D path coordinates of marker
drawing was obtained by extracting the centerline of the marker
drawing through color masking followed by skeletonization.
MagBall operates consistently across six different surfaces. Fig.
13(b) shows some examples of the ground-truth marker drawings
overlaid with MagBall-computed paths. The Chamfer distance be-
tween marker and MagBall drawings agree with each other within
the error margins across surfaces (Fig. 13(c)). Notably, the metal
locker and magnetic sheet were magnetic. The magnetic ball from
our sensor could even stick to the metal surface, if disassembled
from the holder. Despite the magnetic interference, position track-
ing performance was unaffected. The Hall-effect sensor array, posi-
tioned roughly 10 mm away from the contacting surface, experi-
ences negligible distortion in the magnetic field from the metal or
magnetic sheet, allowing reliable measurements.

5.4 User Study

We conducted a user study to investigate user experience and usabil-
ity of Magball across different surfaces under which conventional
input devices cannot operate. This study was approved by our
institution’s Institutional Review Board (IRB).

5.4.1 Procedure. Eight participants (3 female, 5 male; age = 24 + 3)
performed a same task with a MagBall pen or commercial devices:
a stylus pen (Intuos Small, Wacom), mouse (M340, Logitech), and
trackpad (Macbook Pro, Apple). These commercial devices, which
are highly optimized for their specific operating environment, pro-
vide a useful upper-bound reference for MagBall’s performance.
After a brief introduction to MagBall’s operation, participants
were asked to follow a bird-shaped line template on a computer
screen using the MagBall pen or commercial input devices (Fig.
14(a,c)). The system rendered user’s input in real time on top of
the template. Although the template itself consisted of a single
continuous line, participants completed it through multiple strokes,
with each new stroke starting at the endpoint of the previous one.
Before the actual trials, participants were allowed to practice on
four different surfaces: an acrylic plate, a magnetic sheet, a pillow,
and the thigh area of their own pants. The pants surfaces varied
widely, including jeans, cotton pants, corduroy pants, sweatpants
and athletic pants. In total, each participant completed seven draw-
ings of the same bird template: four using the MagBall pen on four
different surfaces and three using the three commercial input de-
vices. The order of seven drawing conditions was randomized across
participants, and all drawing paths were recorded for analysis.

5.4.2 Results. Fig. 14(c,d) shows example drawings from each of
the seven conditions by one participant. In general, all users were
able to follow the template. Chamfer distance (Eq. 5) between the
drawn path and ideal template were calculated (Fig. 14(e)). Draw-
ings produced with MagBall showed a comparable mean Chamfer
distance to those obtained with the three commercial input devices.
However, the variance was noticeably higher in all four MagBall
surface conditions. Additionally, we calculated the completion time
of each drawing, and users reported difficulty of drawing on the
seven conditions on a 1-7 scale. Both completion time and difficulty
were higher for MagBall compared to commercial devices, as shown
in Fig. 14(f,g), because participants were less familiar with MagBall
and required more time to control it effectively. Several participants
reported that MagBall felt smoother on soft surfaces: pillow and
pants. This may have caused slightly larger mean completion time
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Figure 14: User study to compare MagBall pen with commercial input devices. (a) Four drawing surfaces for the MagBall pen:
acrylic, magnetic sheet, pillow and pants. (c) Three commercial input devices used for the same task: stylus pen, trackpad and
computer mouse. (b,d) Sample drawings from each condition by one participant. (¢) Chamfer distance between user’s drawing
and template. (f) Task completion time. (g) Difficulty reported by participants. For box plots, left four blue plots are for MagBall
on different surfaces, and right three green plots are from three commercial input devices. The circles in box plots indicate

outliers beyond 1.5x the interquartile range (IQR).

and difficulty rating for the two rigid surfaces compared to the soft
ones. We attribute this to the unevenness in the fabricated magnetic
ball. Due to abrasion and limited precision in 3D-printing and cast-
ing, the diameter of magnetic ball varied between 7.2 mm and 7.9
mm after data collection, various experiments and user study. This
uneven geometry was less noticeable on soft surfaces, which de-
form to accommodate the shape, but was more prominent on rigid
ones, making it feel bumpy. Refinement on fabrication will improve
the smoothness of the rolling, enhancing overall performance and
reducing variance in performance among different surfaces.

From the post-session interview, six participants reported that
they did not perceive any delay between their hand movement and
the displayed stroke, while two participant reported perceiving a
slight delay comparable to that of commercial tablets. In addition,
the rolling of the ball could provide a pleasant tactile experience,
as a participant commented that "[he/she] really liked feeling the
rotation process of the pen as it offers really good tactile feedback.

Although performance metrics of MagBall are slightly worse
than those of commercial devices, MagBall is not intended as a
direct replacement. Instead, it extends the precise contact-based
interaction into far less constrained environments. Participants en-
visioned several usage scenarios that are either infeasible or poorly

supported with conventional input devices: 1) drawing diagrams on
one’s pants when an idea struck, 2) tracing the contours of objects
to capture shapes or dimensions, 3) sketching in a confined space
such as trains or airplanes with AR/VR devices as portable screens.

With its capability to sense sliding-contact interactions and its
broad compatibility with real-world surfaces, MagBall holds signif-
icant potential for a range of applications.

6 Applications

We demonstrate applications of our sensor to measure precise dis-
placement and force in a surface-independent stylus pen, wearable
trackball ring and smart massage tool.

6.1 Surface-Independent Stylus Pen

The integration of our system as an interactive pen is a natural and
compelling use case. By replacing the pen’s ball tip with MagBall,
we could digitize contact interactions between the pen and arbi-
trary surfaces. These rich multimodal signals can then be used as
surface-independent input for digital systems. Unlike commercial
stylus pens, our design does not require active surfaces such as
touchscreens, reducing the need for bulky surface-devices to help
digitize writing and drawing.
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Figure 15: Surface-independent stylus pen. (a) The MagBall pen works on a variety of surfaces, including magnetic metal,
transparent glass, soft sofa material and human skin. (b) It enables drawings of multiple scales from centimeters to meters. (c)
A drawing of a butterfly by MagBall pen with four different stroke widths adjusted by its force measurements.

Fig.15(a) illustrates the surface independence of our pen. “CHI”
was written on various surfaces, including a fabric sofa, leather
sofa, cutting mat, table, metal locker, cardboard, glass and human
skin. Because all sensing occurs within the pen, no additional in-
strumentation was needed on any of those surfaces. MagBall relies
on no-slip rotation to translate user interaction into measurable
signals. With the high friction of elastomers with most materials
[44], MagBall is compatible with diverse passive surfaces.

Although the interaction is based on point-contact, the rolling
mechanism enables multi-scale spatial interaction (Fig.15(b)). While
the entire drawing is in meter-scale, centimeter-scale features exist
within the drawing, which requires millimeter-scale precision. In
order to achieve such high spatial resolution over large surface area,
conventional sensing-grid approaches require compact electrode
placement over the entire sensing surface. Furthermore, MagBall’s
force-sensing can be leveraged to modulate drawing parameters for
nuanced drawing. A butterfly was drawn with four distinct stroke
widths by modulating contact force with real-time on-screen ren-
dering (Fig.15(c)). Our pen is a compact, portable and self-contained
solution that allows multi-scale drawing on diverse surfaces.

6.2 Wearable Trackball Ring

Our fingertip offers high tactile spatial sensitivity, discriminating
contact points just 1-2 mm apart [25]. To fully take advantage
of this natural acuity, an input device must detect movement at a
comparable scale. MagBall can function as a highly precise wearable
trackball that captures micro-movements at the fingertip as input.

Fig.16(a) shows our wearable trackball mounted on an index
finger. A thumb can manipulate the trackball with minute gestures
to control a user interface. In our demonstration, estimated dis-
placements from MagBall directly controlled the mouse cursor on
a computer screen. As shown in Fig.16(b), the user adjusted the
view angle of a 3D model into three angles using the wearable
trackball in a Computer-Aided Design (CAD) program (Fusion 360,
Autodesk). The displacement lengths between the three poses were
only 6.1 mm and 9.0 mm, highlighting the fine-grained interactions
between the user and our wearable trackball ring.
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Figure 16: Wearable trackball ring. (a) The MagBall ring worn
on the index finger can be easily manipulated by the thumb.
(b) MagBall-computed displacements control cursor move-
ments, enabling precise 3D view adjustments in a CAD pro-
gram. The red circles indicate the mouse cursor positions.

6.3 Smart Massage Tool

With its compatibility with diverse surfaces and smooth rolling
motion, MagBall is well-suited for integration into massage tools
(Fig.17(a)). Our smart massage tool can evaluate massage motion
in real time, helping to prevent ligament injury and support effec-
tive recovery [8]. During the warm-up phase, it measures massage
speed (Fig.17(b)), enabling users to adjust their pace for safer prepa-
ration. In the subsequent phase, it tracks displacement to monitor
massage position and guide users toward documented trigger-point
locations (e.g., six in the anterior forearm, Fig.17(c)). Our massage
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tool also monitors applied pressure and duration, ensuring users to
effectively relieve tension at trigger-points.
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Figure 17: Smart massage monitoring tool. (a) MagBall inte-
grated into a massaging tool. (b) The tool monitors massage
speed to ensure a safe warm-up phase. (c) It guides users to
target trigger points with appropriate force and duration for
effective massage.

7 Discussion

We introduce MagBall, a magnetic-ball sensing system that captures
linear displacement, motion direction, and applied force through
the rotation of a magnet-embedded ball over an array of Hall-effect
sensors. The design is compact, compatible with diverse objects,
and capable of capturing a wide range of interactions. Although the
system demonstrates promising results, some technical limitations
remain to fully realize its scalability and performance.

7.1 Limitations

Failure under strong magnetic interference. While MagBall is com-
patible with most everyday surfaces, the system can fail under
strong magnetic interference. As shown in earlier sections, it oper-
ates robustly on ordinary magnetic surfaces such as metal plates
or weak magnetic sheets. This robustness arises because the 3D
Hall-effect sensors are positioned more than 10 mm above the con-
tact surface. For instance, the magnetic field of the magnetic sheet
was approximately 6 mT at 1 mm above the surface, but it was less
than 0.1 mT at a height of 10 mm. The rapid decay of magnetic
field with distance ensures that the sensor measurements are mini-
mally affected by weak or moderate magnetic sources commonly
encountered in daily environments.

However, strong permanent magnets such as Neodymium mag-
nets are able to distort the sensor readings to affect the estimation
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accuracy. To illustrate this limitation, we conducted a simple exper-
iment in which we drew multiple straight lines with the MagBall
pen near a cubic N52 magnet (Fig. 18). The magnet remained sta-
tionary, and each line corresponded to a different separation from
the magnetic source, producing different levels of magnetic inter-
ference. It may be noted that the interference magnitude is not
constant along each line. The value shown next to each line in Fig.
18 represents the maximum interference magnitude encountered
along that stroke. MagBall remained functional under mild inter-
ference but failed once the magnetic field exceeded approximately
0.4 mT. Although this demonstration does not provide an exact fail-
ure threshold, it clearly shows that MagBall withstands moderate
magnetic disturbances yet fails under strong magnetic interference.

-+ True Path

- MagBall
Computed Path

N52 Magnet

Figure 18: MagBall under different levels of magnetic inter-
ference.

Long-term drift of computed contact position. MagBall exhibits
inherent drift in its position estimates due to the cumulative inte-
gration of predicted displacements. This behavior is unavoidable, as
MagBall operates without any instrumented surface capable of pro-
viding absolute position references, unlike commercial tablets. In
our user study, participants were able to compensate for long-term
drift using visual feedback. As shown in Fig. 19, the deviation from
the ideal template increases temporarily but returns toward zero
rather than growing unbounded during 150-second drawing. This
pattern indicates that participants corrected their drawing motion
as they monitored the real-time rendering.
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Figure 19: Deviation of the MagBall-drawn line from tem-
plate over time. This data corresponds to the drawing on the
pillow in Fig. 14(b).
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Critical role of yaw in displacement estimation. It is imperative
to compensate for yaw rotation in a single-body sensing system
such as MagBall and prior optical-flow approaches [9, 37, 48], to
accurately compute displacement or position in the world reference
frame. Fig. 20 illustrates two simple scenarios demonstrating how
yaw rotation affects the reconstructed path when compensation is
absent. In Fig. 20(a), the device rotates by 90 degrees in yaw between
two straight strokes. Because the pen undergoes the same down-
ward motion in both strokes, failing to account for yaw results in a
single straight segment instead of two perpendicular line segments.
Such yaw changes can occur continuously within a single stroke. In
Fig. 20(b), the device traces a quarter-circle path with simultaneous
yaw rotation. From the pen’s local reference frame, it experiences
only tangential motion, which always points to the right. Conse-
quently, the trajectory reconstructed without yaw compensation
becomes a straight rightward line, instead of the quarter-circle. In
MagBall, the raw magnetic field signal is designed to contain yaw
information. The machine-learning model therefore learns to com-
pensate for yaw rotation from data, so it outputs displacement in
the correct world reference frame. However, it cannot resolve yaw
rotation during off contact. During the user study, we observed
that some participants were confused with orientation when they
unintentionally rotated the MagBall pen in yaw direction during
off-contact. Additional sensors such as inertial measurement units
are required to compensate for off-contact yaw rotation.

Estimated Movement
without Yaw Compensation

Estimated Movement
with Yaw Compensation

o | |

—

Movement with Yaw

(b)

Figure 20: Incorrect estimation of movement without yaw
compensation. (a) Example scenario with isolated yaw mo-
tion from a top view. "A" shows the yaw orientation of the
device at different moments during the movement. (b) Exam-
ple scenario with simultaneous yaw and displacement.

7.2 Future Works

Inertial measurement units implementation. MagBall is currently
not able to track off-contact motions, because sensing mechanism
requires rotation of the ball with contacting surface, which then
changes the magnetic field measurements. When there is no con-
tact, the ball would not spin, leading to no change in signal. This
could hamper natural writing and drawing experiences where users
usually hover the pen slightly between different strokes. Integrating
inertial measurement units into MagBall could provide additional
information about off-contact displacements, ensuring continuous
tracking during brief off-contact.
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MagBall array for robotic skin. While MagBall is currently a sin-
gle point-contact device, extending it to an array could enable
multi-point interaction measurements. In robotics, such arrays
could provide tactile information for sliding contact events, which
are ubiquitous in both daily life and manipulation tasks. Moreover,
applying customized magnetic fields, we could use MagBall arrays
as variable frictional interfaces. This enables integration of both
sensing and actuation at robotic fingertips in a compact design.

Computational design of MagBall. The development of a compu-
tational design pipeline would further allow systematic optimiza-
tion of MagBall’s geometry, elastomer and magnet configuration,
thereby facilitating rapid customization for diverse application re-
quirements. Depending on applications, users may require higher
displacement resolution or wider force range. Especially, adjusting
the ball size, magnet sizes or varying the elastomer composition
would permit tuning across a wide spectrum of force ranges, from
subtle brushing to whole-body pressure input.

Wireless communication. To improve MagBall’s portability and
broaden its deployment scenarios, the sensing module can be equipped
with an onboard battery and a compact wireless module. Integrating
low-power technologies such as Bluetooth Low Energy would en-
able connectivity to nearby computing platforms, including smart-
watches, smartphones, and AR glasses. This will support more
convenient and natural interaction workflows.

8 Conclusion

In summary, MagBall provides a compact, robust, and versatile sens-
ing platform that bridges the gap between point-contact devices
(e.g., joysticks, buttons) and surface-based systems (e.g., touchpads).
Our work identifies key design considerations and presents ap-
proaches to improve robustness and sensitivities. We implemented
a prototype of MagBall that reliably estimates the displacement and
applied force with data-driven approach. We also present practical
applications including a surface-independent stylus pen, wearable
trackball ring and smart massage tool. By combining the familiar
rollerball with magnetic sensing, this work introduces a new type
of interaction device and points toward future studies that exploit
rolling mechanism for unbounded spatial interaction.
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