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Figure 1: A, MagTex is a bidirectional human-machine interface. It consists of a magnetoactive fiber and machine-knitted
electromagnet, enabling the co-located sensing and haptic capabilities. We demonstrate applications of MagTex: B, a wearable
soft controller for a video game, C, a Braille character display for visually impaired users, and D, a closed-loop interface for
running speed monitoring and real-time feedback.

Abstract
Bidirectional human–machine interfaces (HMIs) provide both sens-
ing and haptic feedback, enabling responsive and intuitive inter-
actions across a wide range of applications, including assistive
technologies, robotics, and augmented/virtual reality (AR/VR). In
this paper, we present MagTex, a bidirectional HMI platform re-
alized through digitally machine-knitted magnetoactive textiles.
MagTex integrates sensing and haptic feedback within a single,
wearable interface by embedding soft magnetoactive fibers into
machine-knitted electromagnets. MagTex delivers localized vibro-
tactile feedback through the galvanomagnetic effect and achieves
motion sensing via electromagnetic induction. We describe the
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digital fabrication workflow, material characterization, circuits im-
plementation, and system integration in detail. A user study con-
firms both the perceptibility of the haptic feedback and the thermal
property of the textile system. We demonstrate the capability of
MagTex through three application scenarios: a wireless smart sleeve
for game control, a tactile Braille display glove, and a closed-loop
smart knee brace for real-time running feedback. Overall, MagTex
offers a soft, scalable, and compact solution for bidirectional HMIs.
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1 Introduction
Human–machine interfaces (HMIs) are evolving toward systems
that enable both sensing and haptic feedback to support more intu-
itive, responsive, and immersive user experiences in domains such
as healthcare, robotics, and augmented/virtual reality (AR/VR) [23,
31, 44]. Recent advances in soft electronics have propelled this
transformation by moving interaction away from rigid, handheld
devices toward soft, wearable platforms [38, 43, 50]. These soft
interfaces conform to the human body and allow for more natural
movement and interaction.

Among diverse soft interfaces, textiles are inherently breathable,
flexible, and comfortable, making them ideal candidates for seam-
less and user-friendly wearable interfaces. Smart textiles, fabrics
integrated with electronic functionalities, are capable of supporting
a wide range of human–machine interactions while maintaining
the form factor of everyday clothing [6, 25]. Sensing is typically
achieved through resistive [2], capacitive [11], or electromagnetic
induction [35], while haptic feedback is delivered using actuators
such as dielectric elastomer actuators (DEAs) [52], magnetic actua-
tors [10], or pneumatic artificial muscles (PAMs) [34], which often
lack intrinsic sensing capabilities. However, the majority of current
smart textiles implement sensing and haptic functionalities as sep-
arate components, constrained by the trade-off between compact
form factor and the complexity of functional integration.

Recent work has explored the integration of magnetic actuation
and sensing within a single platform [26, 28]. While these systems
effectively combine permanent magnets and electromagnetic coils,
achieving this integration typically relies on rigid components,
resulting in bulky form factors that remain challenging to adapt
for wearable or scalable use. Thus, there is a clear need for soft,
fully textile-based HMIs that support bidirectional interaction, both
sensing and haptic feedback, within compact, conformable, and
large spatial coverage designs.

To this end, we introduce MagTex, a novel machine-knitted mag-
netoactive textile for bidirectional human-machine interactions.
MagTex integrates both sensing and haptic functions into a sin-
gle textile unit by embedding soft magnetoactive fibers within
machine-knitted electromagnets. MagTex enables seamless bidirec-
tional interaction by converting motion into electrical signals for
sensing and electrical signals into mechanical vibrations for haptic
feedback. This is achieved within a single unit, without relying on
external modules or rigid hardware. Our circuit supports switching
between the sensing and haptic functions at up to 100 Hz, with a
low latency of 10 ms.

Our system is fabricated using digital fiber extrusion and comput-
erized flatbed knitting, allowing scalable, customizable, and spatial
coverage interfaces that preserve textile softness and breathabil-
ity. A customized portable wireless circuit is developed to support
both sensing and haptic modes in real time, enabling seamless
communication with computers or other digital platforms. MagTex
can sense user-generated mechanical interactions, such as tapping

or scratching motions, while simultaneously delivering targeted
haptic feedback across different locations on the body.

We validate the multifunctionality of MagTex through compre-
hensive material, sensing, and haptics characterization. Further,
we demonstrate its three proof-of-concept applications: a wireless
smart sleeve that functions as a video game controller through
gesture recognition, a Braille display glove providing localized hap-
tic output for non-visual communication, and a closed-loop smart
knee brace that monitors running speed and delivers real-time feed-
back via a connected haptic glove. Together, these contributions
establish MagTex as a promising platform for scalable, fabric-based,
bidirectional HMIs suited for interactive, wearable technologies.

The main contributions of this paper are:

• We design and fabricate MagTex, a bidirectional HMI us-
ing customized magnetoactive fibers and machine-knitted
electromagnets.

• We develop a portable, wireless circuit that interfaces Mag-
Tex with external systems for real-time sensing and haptic
feedback.

• We characterize the magnetic, mechanical, sensing, thermal,
and haptic properties ofMagTex and optimize the parameters
for both sensing and haptic performance.

• We demonstrate MagTex in example applications, including
a wireless soft controller for video games, a tactile Braille
display glove, and a closed-loop running speedmonitor using
a smart knee brace and haptic glove.

2 related work
Our work is based on prior research in wearable sensors and actua-
tors. This section provides a brief review of existing literature on
textile-based sensors and actuators, as well as their integration in
interactive systems.

2.1 Textile-Based Interactive Interface
In recent years, textiles have received increasing attention as a
promising platform for building wearable electronic systems. By
directly embedding functional electronic components such as sen-
sors, actuators, and circuits into textile structures, wearable devices
with excellent interactivity have been vigorously developed. The in-
tegration of textiles and electronics not only preserves the original
softness, fitness, and breathability of fabrics, but also enhances the
comfort and practicality of devices in daily use scenarios, provid-
ing strong support for the practicality and portability of wearable
technology.

Sensing. Researchers have developed various forms of sensing
systems, such as gloves [29, 40], finger caps [1, 55], and wearable
accessories [4, 28]. Commonly used sensing mechanisms include
resistive, capacitive, electromagnetic, and triboelectric. Resistive
sensors, such as those developed by Lee et al. [19, 46] using con-
ductive yarns to detect pressure or deformation, often suffer from
unstable electrical contact points. These loose contacts can lead to
inconsistent resistance measurements under repeated or identical
mechanical stimuli. Zhang et al. [48] proposed a graphene-coated
fabric that can change the contact resistance of its nano network
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Figure 2: System overview of MagTex. A, Illustration of the galvanomagnetic effect between a powered solenoid and a magnet.
B, Electromagnetic induction occurring in the coil due to the motion of a nearby magnet. C, A MagTex unit composed of
a magnetoactive fiber integrated with a machine-knitted electromagnetic coil. D–E, Working principle of MagTex haptic
function, where AC induces vibration via the galvanomagnetic effect. F–G, Working principle of MagTex sensing function,
where magnetoactive fiber motion induces an electromotive force in the machine-knitted electromagnet.

during deformation. However, this method exhibits significant sen-
sitivity variation across different pressure ranges and faces non-
linear challenges. Capacitive sensors have good sensitivity and
scalability in array configurations. Keum et al. [15] demonstrated
a dual electrode fabric integrated pressure sensor for multi-point
detection applications. Stretchable capacitive sensors [47] provide
continuous deformation sensing but often suffer from poor adhe-
sion between their microstructure dielectric layers and electrodes.
This results in unstable air gaps and dielectric constants that cause
performance fluctuations across batches or devices. Electromag-
netic sensors can achieve non-contact position and posture sensing
through the interaction between the coils embedded in fabrics and
external magnetic fields. For example, Hall effect textile sensors [33]
allow users to slide their fingers with small magnets into the sensing
area to control the device. Lugoda et al. [24] integrated giant mag-
netoresistance (GMR) sensors into fabric sleeves, achieving motion
control in virtual reality environments. Triboelectric nanogenera-
tors (TENGs), which convert mechanical motion into electrical sig-
nals via contact electrification and electrostatic induction, are also
widely used for motion sensing in wearable systems [7, 8, 13, 21].
They are self-powered and well-suited for detecting tactile inter-
actions, gesture dynamics, and deformation without the need for
external power supplies.

These sensing systems, characterized by one-way input acquisi-
tion, have achieved significant results inmotion capture and posture
recognition. Building upon these advances, our proposed system
integrates both sensing and haptic feedback functions on a single
textile platform. By knitting magnet wire into flexible textiles as
electromagnet and sewing highly stretchable magnetoactive fibers,
the system achieves bidirectional interaction in a unified structure,
greatly enriching the interactive experience.

Actuation. To enable wearable devices with output and feedback
functions, researchers have explored methods to integrate various
actuation mechanisms into fabrics to achieve deformation, vibra-
tion, or thermal responses. Shape memory alloy (SMA) actuators
can produce controllable deformation under heating. For example,
SMA-powered soft exosuits [42] can be used to assist individuals
with limited mobility. Terrile et al. [39] proposed a tactile glove
driven by SMA, which generates feedback by contracting and apply-
ing tension or resistance to the fingers when powered on. Electroac-
tive polymers (EAP) [3] and dielectric elastomers [30, 52] deform
under electric field control, simulating muscle-like movements or
providing flexible actuation. Pneumatic actuators operate based on
the compression and release of air to generatemotion [27, 32, 34, 37].
Electromagnetic actuators [10, 14, 20, 26], leverage the interaction
between magnetized materials and electromagnets to produce me-
chanical force and motions. They have been applied in a wide range
of systems, including soft exoskeleton gloves for hand rehabilita-
tion, soft robots capable of moving forward and backward, and
interactive haptic interfaces that deliver tactile feedback in virtual
reality.

Our system employs deformable magnetoactive materials in a
compact design that eliminates the need for bulky, rigid frames or
high-voltage drive modules. The actuation unit shares a unified
structure with the sensing component and is seamlessly embedded
within the fabric, preserving the system’s softness, flexibility, and
wearability.

2.2 Bidirectional Interactive Systems
Based on the research of sensing and feedback interfaces, researchers
have begun to explore multifunctional wearable interfaces, aim-
ing to achieve more complete and natural closed-loop interac-
tion [16, 27, 37, 54]. For example, textile sensing gloves [26] with



UIST ’25, September 28–October 01, 2025, Busan, Republic of Korea Sen Zhang, Yuxuan Miao, Jazlin Taylor, and Yiyue Luo

tactile feedback units allow users to receive real-time vibration or
pressure feedback directly while making gesture inputs. Others
have also developed a textile interface [5] that combines capacitive
touch sensing and display functions, achieving a combination of
two-dimensional input and visual guidance or feedback. The system
that integrates temperature sensing and controllable feedback [9]
also shows promising prospects in health monitoring applications.
However, currently most bidirectional interactive systems still rely
on independent electronic modules [22] and are difficult to fully
embed into textile structures. From the perspective of system inte-
gration, the sensing and actuation units are usually physically sep-
arated in these solutions, resulting in a large and complex structure
that is difficult to meet the requirements of wearable applications
for lightness, softness, and fit.

Our work has achieved an integrated design of sensing and ac-
tuation at the fabric level. The unified structure not only ensures
excellent wearability, but also significantly enhances the compact-
ness and consistency of the system, laying the foundation for a more
immersive, seamless, and practical wearable interactive experience.

3 System Overview
MagTex consists of magnetoactive fibers and machine-knitted elec-
tromagnets. It leverages two complementary physical principles:
the galvanomagnetic effect [51] and electromagnetic induction [41].
The galvanomagnetic effect enables the generation of alternating
magnetic fields by passing the alternating current (AC) through
the electromagnet, producing electromagnetic forces capable of
actuating nearby magnetoactive materials (Fig. 2A). In MagTex, the
AC-driven machine-knitted electromagnet produces an alternating
electromagnetic field that interacts with magnetoactive fiber to
induce vibrations at tunable frequencies and amplitudes (Fig.2D
and E). Conversely, electromagnetic induction generates the elec-
tromotive force (EMF) within the electromagnet in response to
motion-induced variations in the local magnetic field, allowing
the system to detect the relative movement of surrounding mag-
netoactive components (Fig. 2B). In MagTex, the motion of the
magnetoactive fiber over the machine-knitted electromagnet in-
duces a current via electromagnetic induction, enabling sensing
and energy generation (Fig. 2F and G).

Through digital fabrication techniques, including fiber extru-
sion and digital knitting, MagTex achieves a scalable, spatially dis-
tributed interface that conforms to the body and integrates seam-
lessly into everyday garments. It offers comfort, adaptability, and
the potential for human-centric interaction. The textile interface is
designed to be worn like conventional garments, such as sleeves.
We will detail the fabrication methodologies of MagTex and its
integration into everyday textiles, demonstrating its potential for
spatial, immersive, and adaptive interactive systems.

3.1 Magnetoactive Fiber
The magnetoactive fiber is fabricated by extruding the magnetoac-
tive ink composed of magnetic microparticles dispersed in the sil-
icone elastomer matrix. To prepare the magnetoactive ink, the
NdFeB microparticles (average diameter of 5 𝜇m, MQFP-B-20441-
089, Magnequench) are mixed with the silicone elastomer matrix
(Ecoflex 00-10, Smooth-On) at a weight concentration of 75 wt%

using a planetary mixer (DAC 330-100 PRO, FlackTek) operating at
3000 rpm for 1 minute. The resulting ink is immediately loaded into
a dispensing syringe equipped with a single-channel needle and
mounted onto a custom 3D printing system (System 30M, Hyrel
3D).

As illustrated in Fig.3A, themagnetoactive ink is extruded through
a tube and subsequently cured at room temperature for 12 hours.
To fabricate fibers of different diameters, we utilize two sets of nee-
dle–tubing combinations with inner diameters of 2 mm and 1 mm,
fabricating corresponding magnetoactive fibers. Due to the absence
of magnetic alignment, the particles exhibit a random magnetic
orientation at the fiber scale, as shown in Fig.3B.

After curing and demolding, each fiber is folded at its midpoint
and exposes to a pulsed magnetic field along its axial direction
using an impulse magnetizer (IM-10-30, ASC Scientific), as depicted
in Fig.3B. After magnetization, the fiber is unfolded to restore its
original shape. The resulting magnetic field distribution, shown
on the right of Fig.3B, reveals that the two ends of the fiber show
the same polarity, while the center exhibits the opposite polarity,
enabling bidirectional magnetic interaction across the fiber length.
The magnetization pattern is programmable and can be tailored
based on specific design requirements [53]. To achieve uniform
control over the center region of the fiber for vibration under an
alternating electromagnetic field, this magnetization approach is
selected.

3.2 Machine-knitted Electromagnet
The wearable machine-knitted electromagnet is achieved through
the unique course-by-course, loop-over-loopmachine knitting struc-
ture. It is fabricated using a 7-gauge computerized flatbed knitting
machine (SWG091N2, Shima Seiki), as shown in Fig. 4. In this pro-
cess, the yarn carrier moves horizontally to feed yarn into vertically
actuated needles that are controlled by the carriage. As the carriage
raises a needle, its slider opens, allowing yarn to be inserted. When
the needle is lowered, the slider closes, pulling the new yarn through
the loop from the previous course, thereby forming a loop-over-
loop structure. After one cycle of carriage movement (from left to
right and then back to the left), two courses of loops are formed,
one in the left-to-right direction and another in the right-to-left
direction (Fig. 5). Through this sequential process, knitted loops
are formed course by course with the opposite direction. When
knitting with magnet wire (34 AWG silver-plated copper wire with
polyvinylidene fluoride insulation), the wires in adjacent courses
run in opposite directions, enabling current flow in alternating di-
rections. An electromagnet with a machine-knitted coil is formed at
each interlock region (orange arrows in Fig. 5). A machine-knitted
electromagnet patch consists of multiple coils distributed across a
surface area.

To enhance mechanical integrity and dimensional stability, we
also knit a base yarn (2/14 acrylic yarn, Tamm) to create supporting
regions within the textile structure. The base yarn assists in shaping
the magnet wire into uniform loops while knitting, contributing
to the consistency of the knitted electromagnet. Additionally, the
use of base yarn allows MagTex to be selectively integrated only
in regions where sensing or haptic feedback is required. In areas
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outside the interactive zones, the base yarn can be knitted as a nor-
mal garment, enabling seamless integration into everyday clothing
while maintaining comfort and flexibility.

3.3 Sensing and Haptic Feedback Circuits
We design circuits for sensing signal acquisition and haptics control
through a microcontroller board (ESP-WROOM-32 development
board).

As shown in Fig. 6C, a sensing circuit is designed to amplify
and condition the signal for downstream processing. Due to the
extremely small induced EMF generated by the relative motion
between the machine-knitted electromagnet and the magnetoac-
tive fiber, which is typically in the microvolt (µV) range, the circuit
employs a high-gain design (Gain = 99,381) to amplify the signal
to a level that could be sampled by the internal analog-to-digital
converter (ADC) of the microcontroller (MCU). The sensing circuit

includes two amplification stages, a voltage reference, and an offset
adder, with filters and buffers between stages to reduce noise and
maintain signal integrity. We use an AD8421 for differential first-
stage amplification to suppress common-mode noise, followed by
an OPA192 in a non-inverting second stage. Another OPA192 adds
a DC offset from a precise voltage reference (ISL21010), ensuring
the final signal fits the MCU’s 0–3V ADC range. The MCU trans-
mits 8-bit real-time data to a computer and receives corresponding
feedback signals over Wi-Fi.(Fig.6D and E).

Our circuit generates 1 A AC to drive the haptics. We design a
haptic feedback circuit (Fig. 6B) that outputs a square-wave ACwith
adjustable frequency and amplitude to drive the machine-knitted
electromagnet. The circuit includes a constant voltage/constant
current (CV/CC) module (XL4015 buck converter) and an H-bridge
(DRV8833 motor driver). It operates in CV mode (5 V) until the
output current reaches the preset limit, then switches to CC mode
to maintain 1 A. This ensures CC through each coil. The MCU
uses PWM to maintain a 100% output duty cycle in our design and
utilizes GPIOs to set the output direction. The frequency of the
generated square-wave AC is determined by the output switching
rate.

To enable mode switching between sensing and haptic feedback
functions in MagTex, a compact low-signal relay (G6A-274P-STUS)
is applied to selectively connect MagTex to either the sensing circuit
input or the haptic feedback circuit output (Fig. 6A). The relay is
controlled by an external N-channel MOSFET (IRLML6344TRPBF,
Infineon) in conjunction with the MCU’s GPIO. A Schottky diode
(BAT54) is connected in reverse parallel across the MagTex located
in the relay’s control section to suppress the high-voltage back
EMF generated when the power is cut off, thereby protecting the
MOSFET from breakdown.

The system is powered by two 3.7 V portable Li-ion batteries
connected in series (totaling 7.4 V, 2600 mAh). We use a low dropout
regulator (LT3045) to generate a stable 5 V voltage to drive the MCU
and the haptic feedback circuit. Due to the bipolar nature of the
induced EMF that the sensing amplification circuit needs to handle,
we use a charge pump voltage converter (LT1054) to generate a
negative voltage, forming a dual-rail power supply for the sensing
circuit.
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Figure 6: Circuit for sensing and haptic control. A, The
MCU-controlled low-signal relay, driven by an N-MOSFET,
switches the electromagnet between sensing and haptic feed-
back modes. B, The haptic feedback circuit uses a CV/CC
module and an H-bridge to generate AC. C, The sensing cir-
cuit amplifies the EMF and shifts it into the MCU’s readable
range. D, The computer receives real-time data via Wi-Fi and
computes feedback signals. E, The MCU sends the sampled
sensing data to the computer, and controls the haptic feed-
back circuit based on feedback.

3.4 Integration of MagTex
We develop three separate printed circuit boards (PCBs) for the
power, sensing, and haptic feedback. Circuits are designed and
stacked to form a three-layer structure (Fig. 7A and B). The MCU,
H-bridge module, and batteries are assembled on the PCBs with a
replaceable design, facilitating system maintenance. As depicted
in Fig. 7C, to further protect the PCBs and make the system more
portable, we 3D print a case that can fully enclose the stacked PCBs.
The interior of the case has brackets that could hold the PCBs in
place. The machine-knitted electromagnet and customized circuit
are connected through standard JST XH connectors, which are easy
to plug and unplug and have a stable connection. The case features
openings on the front, back, and side to facilitate the insertion
and removal of electromagnet and PCBs, and to enable convenient
control of the power switches. In this way, the system inside the
case only exposes the necessary ports through designated openings
for connection with the external environment, enhancing simplicity,
mobility, and deployability.

Upon completion of the magnetoactive fiber, machine-knitted
electromagnet, and customized stacked PCBs, these components are
integrated to form the MagTex system for bidirectional HMI. The
magnetoactive fiber is manually sewn and fixed onto the machine-
knitted electromagnet, achieving tight physical and functional cou-
pling between the sensing and the haptic feedback components.
The integrated system enables bidirectional interaction by sensing
the motion of the magnetoactive fiber and driving current through
the electromagnet, whose magnetic field interacts with the fiber to
generate haptic output forces.

4 Result
This section presents characterization of the MagTex system, en-
compassing its material properties, sensing capabilities, and haptic
performance. We evaluate the magnetic and mechanical behavior

A

Power Circuit Sensing Circuit Haptic Feedback Circuit

B C

Figure 7:MagTexwith integrated circuit. A, Customized PCBs
for power, sensing, and haptic feedback circuit. B, MagTex
textile connected to stacked PCBs for system operation. C,
The system, enclosed in a protective case for stacked PCBs,
features wireless connectivity, a compact design, and porta-
bility.

of both the magnetoactive fibers and the machine-knitted electro-
magnets. The sensing and haptic feedback functions are analyzed
independently to identify optimal performance conditions for each
modality. Thermal properties are also assessed to ensure the sys-
tem’s safety for direct skin contact. Finally, user studies were con-
ducted to evaluate practical usability and the perceptibility of haptic
feedback. Collectively, these results provide a foundational under-
standing of MagTex’s performance and its potential for integration
into wearable, bidirectional HMIs.

4.1 Characterization of Magnetoactive Fiber
The extruded magnetoactive fibers can be fabricated in two di-
ameters: 2 mm and 1 mm, as shown in Fig.8A. To evaluate their
magnetic properties, fibers are magnetized under varying magnetic
field strengths of 1.065, 1.424, 2.141, 2.836, 3.506, 4.149, and 4.733
T. The magnetic field generated by each fiber is measured using
a Gaussmeter (GM2, AlphaLab), with the probe positioned at the
midpoint of the fiber. Three specimens per fiber type are tested.
Results indicate that increasing the magnetization field leads to a
higher magnetic field strength in the fibers. As shown in Fig.8B,
both fiber types reach magnetic saturation at 2.141 T, beyond which
additional increases in magnetization field strength produced neg-
ligible effects. The saturated magnetic flux density of the 2 mm
fiber (45.9 mT) is approximately three times greater than that of
the 1 mm fiber (14.9 mT), suggesting that the thicker fiber is more
suitable for sensing applications where higher magnetic intensity
is desired. However, the volume of the 2 mm fiber is approximately
four times greater than that of the 1 mm fiber, which introduces
potential magnetic losses due to the internal distribution of mag-
netic particles. Specifically, particles located nearer to the fiber core
contribute less to the surface magnetic field, as their distance from
the measurement point reduces their influence. Although the larger
diameter allows the 2 mm fiber to achieve higher overall magnetic
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Figure 9: Machine-knitted electromagnet structures. Knitting sequence, 3D schematic, optical images, and simulated magnetic
field distribution for: A, Single-layer plain knit. B, Double-layer plain knit. C, Single-layer interlock. D, Double-layer interlock.

strength, this volumetric effect can result in a reduced effective sur-
face magnetic field. Since the surface field is critical for both sensing
sensitivity and haptic feedback efficiency, such internal magnetic
loss may limit the functional performance of thicker fibers in the
haptic application.

Mechanical characterization is conducted on both fibers (2 mm
and 1 mm diameter), each cut to a length of 200 mm. Tensile testing
is performed using a universal testingmachine (Instron 5585H) with
a gauge length of 100mmand a crosshead speed of 100mm/min. The
resulting load–strain curves are shown in Fig. 8C. The 2 mm fiber
exhibits a breaking load of 1.495 ± 0.398 N and a breaking strain of
465.3%± 77.0%, while the 1mmfiber showed a breaking load of 0.420
± 0.049 N and a breaking strain of 401.7% ± 38.7%. These results
confirm the excellent stretchability of both fibers, making them
well-suited for soft, wearable devices. Young’s modulus, measured
at 10% strain, is 1.8 kPa for the 2 mm fiber and 1.0 kPa for the 1 mm
fiber. The lower stiffness of the thinner fiber makes it particularly

advantageous for haptic applications, where large deformations
can be achieved under small magnetic forces.

4.2 Characterization of Machine-knitted
Electromagnet

Four different knitting structures are designed for the fabrication of
the machine-knitted electromagnets, as shown in Fig. 9A–D: single-
layer plain knit, double-layer plain knit, single-layer interlock, and
double-layer interlock. The single-layer plain knit is a fundamental
weft knit structure produced on a single bed, consisting entirely
of full loops. The double-layer plain knit is constructed on two
beds, alternating plain-knit courses to form a two-layer fabric. The
single-layer interlock structure is also knitted on a single bed, with
loop patterns alternating along the needle bed. The double-layer
interlock structure, formed on two beds, features alternating loops
both along and across the needle bed.
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In the single-layer plain knit and single-layer interlock struc-
tures, the magnet wire forming the machine-knitted electromagnets
are exposed on the front side, while the base yarns fill the back side.
In contrast, the double-layer plain knit and double-layer interlock
structures exhibit symmetric configurations, with magnet wires and
base yarns present on both sides of the fabric. As shown in the sim-
ulation results in Fig. 9, the flat machine-knitted electromagnet is
strategically positioned at the interlocked region between adjacent
loops, where the electromagnetic field strength is maximized.

Four machine-knitted electromagnet configurations are fabri-
cated and systematically characterized to evaluate their perfor-
mance. The goal is to identify an optimal design that maximizes
both the galvanomagnetic effect for haptic feedback and electromag-
netic induction for sensing. The electromagnetic field generated
by the machine-knitted electromagnet is experimentally measured
using a Gaussmeter, with input current ranging from 0.2 A to 2
A in 0.2 A increments. Corresponding theoretical electromagnetic
field strengths are obtained through simulations based on machine-
knitted electromagnet geometry and current input. As shown in
Fig.10, experimental values are represented by discrete data points,
while the theoretical predictions are shown as continuous lines.
The results demonstrate a linear relationship between the input
current and the measured magnetic field strength, consistent with
Ampère’s right-hand grip rule, as expressed in Eq.1.

𝐵 =
𝜇0𝑁𝐼

2𝜋𝑟
(1)

where B is the magnetic field strength, 𝜇0 is the permeability of
free space, N is the number of turns, I is the current, r is the radius
of the coil.

Among the tested structures, the interlock designs exhibited com-
parable magnetic field strength, due to their similar loop structures
and current direction within a single conductive layer. Notably, the
addition of a second layer in the double-layer structures does not
result in enhanced magnetic field strength. This can be induced by
the increased vertical separation between layers, which reduces the
effective field contribution at the measurement point. The inter-
lock structures generate magnetic fields approximately four times
stronger than the single-layer plain knit. The plain knit structure
demonstrated relatively weak field strength, likely due to opposing
current directions in adjacent loops within the same wale, which
leads to partial field cancellation. Based on these findings, the single-
layer interlock structure is selected for subsequent applications as
it produced the strongest electromagnetic field, an essential factor
for effective haptic feedback.

The thermal behavior of the machine-knitted electromagnet with
single-layer interlock is evaluated under cyclic power conditions at
room temperature. A constant current of 1 A is applied in a pulsed
manner—power on for 10 s followed by 10 s off. As shown in Fig. 11,
the machine-knitted electromagnet temperature rises to 52.5 ◦C
during the initial 10-second activation period and subsequently
cools to 34.2 ◦C during the following 10-second rest phase. While
the peak temperature exceeds human skin temperature (33-37 ◦C),
the rapid cooling indicates efficient thermal dissipation. Further-
more, in practical applications, the machine-knitted electromagnet
is not intended to be in direct contact with the skin, which mitigates

Figure 10: Electromagnetic field strength of knitted electro-
magnet under different currents.

A B

Figure 11: Thermal characterization of single-layer interlock
structure. A, Cyclic thermal test was conducted from 0 to 180
s. B, Thermal image captured at 180 s.

Figure 12: Bending test of knitted electromagnet.

thermal safety concerns and supports its suitability for wearable
use.

In addition to thermal performance, the machine-knitted electro-
magnet demonstrates excellent mechanical flexibility, as shown in
Fig. 12. The machine-knitted electromagnet is bent along both the
course and wale directions and returns to its original shape with-
out any plastic deformation. This mechanical compliance shows
the wearability of the machine-knitted electromagnet, making it
well-suited for integration into soft, body-conforming wearable
devices.

4.3 Sensing Characterization
To evaluate the sensing performance of the MagTex, two types of
fiber motion—tapping and rolling—are tested. The tapping motion
vertically presses the magnetoactive fiber by 5 mm toward the



MagTex: Machine-Knitted Magnetoactive Textiles for Bidirectional Human-Machine Interface UIST ’25, September 28–October 01, 2025, Busan, Republic of Korea

A

B

Figure 13: Sensing function characterization of MagTex. A,
Rolling motion test. B, Tapping motion test.

knitted electromagnet, whereas the rollingmotion horizontally rolls
the magnetoactive fiber across the machine-knitted electromagnet
surface with 20 mm displacement. We build a custom platform
to evaluate sensors’ response to the tapping and rolling motion,
simulating realistic interactions. Tests were conducted at 0.2–2 Hz,
matching the typical knee bending frequencies. The sensing signals
are processed using a 4th-order Butterworth low-pass filter (50
Hz cutoff) in MATLAB. The amplified peak-to-peak voltages are
calculated to show the sensing performance. Each test was repeated
five times.

We test fibers of 1 mm and 2 mm in diameter with different mag-
netization strengths. According to Faraday’s law of induction [12]
(Eq. 2), the EMF induced in the machine-knitted electromagnet is
directly proportional to the rate of magnetic flux change. Therefore,
the frequency of tapping and rolling motions is varied to assess
their effect on magnetic flux changes and resulting EMF.

As shown in Fig. 13, higher frequencies result in greater induced
EMF in the knitted electromagnet, which aligns well with Fara-
day’s law, as higher frequency magnetoactive movement indicates
quicker magnetic flux change. Additionally, increasing the mag-
netization field strength of the fiber results in a higher induced
EMF, as fibers with higher magnetic strengths generate greater
magnetic flux changes prior to saturation. However, once the mag-
netization reaches saturation (around 2.141 T), further increases
in magnetization strength do not significantly affect the induced
EMF. In conclusion, the peak voltage increased with frequency and
magnetic field strength, consistent with Equation 2.

𝜀 = −𝑁 ΔΦ

Δ𝑡
(2)

where 𝜀 is the induced voltage, 𝑁 is the number of loops (turns),
ΔΦ is the change in magnetic flux, and Δ𝑡 is the change in time.

To evaluate the sensing performance under mechanical deforma-
tion, we conducted tapping tests on a 20 × 30 mm knitted electro-
magnet subjected to bending at 0°, 30°, 60°, 90°, and 120° along both
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Figure 14: Haptic function characterization. Deformation
response of magnetoactive fibers with varying magnetic
strengths (9.08, 13.01, 14.91, 15.22, and 15.72 mT) under actu-
ation frequencies ranging from 5 to 60 Hz.

the course and wale directions. The magnetoactive fiber was ori-
ented along the wale direction. The amplitude of the signal remains
consistent at 330 ± 40 mV and 350 ± 30 mV with bending along
the course and wale directions, respectively. These demonstrate
the stable and robust sensing capabilities of MagTex under various
bending conditions.

4.4 Haptics Characterization
The haptic function of the multifunctional MagTex is enabled by
the actuation of magnetoactive fibers through the machine-knitted
electromagnet. The deformation amplitude of the magnetoactive
fiber during actuation serves as a key parameter for evaluating
haptic performance, since the greater the actuation force induces
the larger deformation of the magnetoactive fiber. In this study, 1
mm diameter magnetoactive fibers are integrated with the machine-
knitted electromagnet consisting of 15 courses to investigate the
effects of magnetic strength and actuation frequency on deforma-
tion behavior.

To examine the influence of magnetic strength, fibers are mag-
netized to flux densities of 9.08, 13.01, 14.91, 15.22, and 15.72 mT.
Three specimens are tested for each magnetic strength. In addition
to magnetic properties, haptic control frequency plays a critical role
in performance, as the working principle of the system relies on
vibrational motion induced by alternating electromagnetic fields.
The samples are actuated using a 1 A AC power supply across a
frequency range of 5 to 60 Hz in 5 Hz increments. The deformation
amplitudes are captured using a digital camera (a7III, Sony), and the
resulting displacements of the magnetoactive fiber were quantified
through image analysis in ImageJ.

As shown in Fig. 14, the actuation deformation peaks in the range
of 25–30 Hz. Prior to reaching this peak, deformation amplitude
remains relatively stable across low frequencies, indicating that the
magnetoactive fiber responds minimally at low frequencies. Within
the 5–20 Hz range, fibers with higher magnetic strengths exhibit
larger deformations due to increased magnetic forces. However,
deformation gains plateau for fibers magnetized above 15 mT, due
to magnetic saturation.

For the 9.08 mT fiber, the maximum deformation occurs at 30
Hz, while for fibers with higher magnetization, the peak shifts to 25
Hz. This shift might result from lower-magnetized fibers requiring
higher frequency input to accumulate sufficient vibrational energy.
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Once the magnetization exceeds approximately 13.01 mT, fibers
consistently achieve peak deformation at 25 Hz. Beyond this fre-
quency, deformation amplitude gradually decreases to a stable but
lower level due to reduced deformation time per cycle at higher
frequencies.

These findings provide insights for optimizing haptic perfor-
mance in wearable systems. Magnetoactive fibers with magnetic
strengths exceeding 15 mT, when actuated at 25 Hz, produced
greater deformation amplitudes. However, higher actuation fre-
quencies may also contribute to more significant haptic feedback,
as they deliver higher energy per unit time to the skin. Further
investigation is required to determine whether increased deforma-
tion or higher frequency vibrations result in more effective haptic
perception. To this end, a user study is planned to explore this
parameter space and identify the optimal actuation strategy for
delivering perceivable haptic feedback.

4.5 User Study on Haptic Feedback
As haptic feedback for users is highly subjective, we conducted a
user study to evaluate the effectiveness of MagTex’s haptic feedback
performance across varying frequencies (20-60 Hz) and current am-
plitudes (0.2-1.2 A). The objective was to analyze how participants
perceived tactile sensations, including intensity, contact area, vi-
bration type, and temperature changes, while identifying trends in
user responses across different parameter combinations.

Participants. Five participants (N = 5; 3 males, 2 females), aged
between 20 and 27 years (M = 22.17, SD = 2.79), were recruited for
the study. All participants are right-handed and reported no prior
hand injuries or conditions that could affect their tactile perception.

Procedure. The study began with a calibration session to famil-
iarize participants with the actuator’s feedback capabilities. During
this session, participants were exposed to two extreme parameter
combinations: the hypothesized strongest feedback (25 Hz at 1.2A)
and the hypothesized weakest feedback (60 Hz at 0.2A). These cali-
bration points were selected based on observed actuator behavior.

The main trials were conducted using a benchtop setup, where
participants placed their right index finger lightly on the actuator
fabric without deforming its surface or the underlying machine-
knitted electromagnet structure (Fig. 15A). Visual indicators were
provided to ensure consistent finger placement across trials, as
shown in Fig. 15B. Each participant experienced 36 ten-second
haptic feedback trials after the two pilot tests to establish scoring
references. The participants experienced randomized combinations
of six frequencies (20, 25, 30, 40, 50, and 60 Hz) and six currents
(1.2, 1, 0.8, 0.6, 0.4, and 0.2 A). The blind testing protocol concealed
parameter settings from participants to minimize bias in their re-
sponses. After each trial, participants provided feedback on per-
ceived intensity using a scale from 0 to 10 and answered open-ended
questions about their tactile experience. These questions prompted
participants to describe the contact area (e.g., localized or spread),
sensation type (e.g., weak, sharp, smooth), vibration characteristics
(e.g., continuous, pulsing, buzzing), and any perceived temperature
changes.

Quantitative Results. User response data collected from five par-
ticipants were processed using Min-Max scaling, mapping intensity

A B

Figure 15: Experimental setup for magnetoactive fiber user
study. A, Test configuration of the MagTex for the user study.
B, Visual indicators used to guide finger placement during
user interactions.

ratings onto a scale ranging from no sensation (0) to maximum
sensation (10). Heatmaps, shown in Fig. 16, were generated for
each participant to visually represent their perceived responses
across all tested frequency-current combinations. Additionally, an
aggregated heatmap, created by averaging individual responses,
was generated to highlight general perceptual trends across partici-
pants. The use of a heatmap for this visualization is largely for the
ease of parsing the graded user polarity in attitude for an otherwise
two-dimensional dataset, as established in various fields of study
[17, 18, 45].

The heatmaps revealed distinct patterns in how participants
perceived the haptic feedback:

• Higher Ratings for Lower Frequencies and Higher Cur-
rents: Stronger sensations were observed at lower frequen-
cies (20–40 Hz) combined with higher currents (0.8–1.2A).
For example, the combination of 25 Hz at 1.2A consistently
received high ratings across participants.

• Lower Ratings for Higher Frequencies and Lower Cur-
rents:Weaker sensations were reported at higher frequen-
cies (50–60 Hz) paired with lower currents (0.2–0.6A). These
combinations frequently received ratings of 0/10 or near-zero
values.

• Gradual Decrease in Ratings Across Parameters: A gen-
eral trend of decreasing ratings was observed as frequency
increased or current decreased.

A B

Figure 16: User perception of MagTex haptic feedback in-
tensity. A, Average perceived intensity ratings aggregated
across all participants. B, Variability in perceived intensity
highlighting individual differences among participants.
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Figure 17: A, Cyclic tensile test for magnetoactive fiber. B, MagTex structure before wash (left) and after wash (right). C, Signal
from tapping on MagTex before and after wash.

The aggregated heatmap in Fig. 16 further highlighted these
trends, showing a concentration of higher ratings in the lower
frequency-higher current quadrant and lower ratings elsewhere.

Qualitative Results. Participants provided detailed descriptions
of their experiences with the haptic sensation from theMagTex. Par-
ticipants frequently commented on vibration intensity and stability
depending on the frequency-current combinations tested. Lower
frequencies (20–30 Hz) elicited descriptions like “scratchy tapping”
or “discontinuous pulses,” while higher frequencies (40–60 Hz) were
described as “phone-like buzzing” or “stable vibrations.” Tempera-
ture changes were inconsistently reported; only two participants
noted perceiving heat during higher-current trials as “gradual” or
“slight.” Contact area descriptions varied widely with terms like
“line,” “point,” or “square” recurring across responses. Feedback
ranged from discomfort to enjoyment, depending on parameter
combinations tested. Lower frequencies sometimes caused discom-
fort (“scratchy” or “itchy”), while mid-range parameters like 30
Hz at 1A were described as “gentle” or “soothing.” Ambiguity was
common at lower currents, where some participants expressed un-
certainty (“unsure if I felt anything”). Participants often used analo-
gies to describe sensations: one participant likened low-frequency
vibrations to "a fly flapping its wings," while another described
high-frequency vibrations as "a phone buzzing."

The combined quantitative and qualitative findings revealed
several important trends:

• Parameter Impact: Higher currents produced stronger sen-
sations across all users; higher frequencies reduced percep-
tual clarity.

• Individual Variability: Callused skin reduced sensitivity;
physiological differences influenced perception.

• Design Implications: Lower frequencies paired with higher
currents are optimal for delivering distinct haptic feedback.

Overall, the study confirms that the magnetoactive fiber actua-
tor can deliver diverse haptic feedback patterns effectively across
varying parameters.

4.6 Durability
As a textile-based HMI, long-term durability and washability are
critical requirements for MagTex. We assess the long-term durabil-
ity of magnetoactive fiber through evaluation on their magnetic

and mechanical properties. Magnetic strength is particularly criti-
cal, as it directly influences the magnitude of the magnetic force
generated during haptic feedback. After four months of storage, the
magnetoactive fibers retained their magnetic strength (14.92 ± 0.83
mT), showing no significant degradation compared to the initial
value (15.22 ± 0.54 mT).

To evaluate the mechanical fatigue behavior of the magnetoac-
tive fiber under haptic operation conditions, a 200-cycle tensile
fatigue test was conducted at a loading speed of 50 mm/min and
a maximum strain of 17%. As shown in Fig. 17A, the test resulted
in only a 3.5% decrease in Young’s modulus, indicating minimal
mechanical degradation.

To assess its washability, we wash MagTex for a 30-minute wash
cycle using a commercially available washing machine (Magtag
Washer). As shown in Fig. 17B, the structure of MagTex remains
unchanged after washing. The magnetic strength of the magnetoac-
tive fiber shows a slight decrease, from 17.04 mT to 15.84 mT. The
sensing performance is preserved; in response to tapping stimuli,
the after-wash signal amplitude (1.17± 0.17 V) remains comparable
to the before-wash value (1.26 ± 0.12 V), with consistent signal
waveforms (Fig. 17C).

5 Application
MagTex supports both independent sensing and haptic feedback
functionalities, as well as fully integrated closed-loop operation,
bidirectional interaction from sensing to haptic feedback. Three
example applications are presented below to demonstrate their ca-
pabilities. A smart sleeve functions as a wireless soft controller for
a video game, where the MagTex acts as a motion-responsive input
device capable of real-time gesture recognition. A tactile Braille
display glove illustrates the use of localized haptic feedback to en-
code and transmit Braille characters for visually impaired users.
Additionally, a closed-loop system integrates a smart knee brace
and glove, in which the textile simultaneously senses running speed
and delivers real-time haptic feedback to guide user performance.
Together, these applications demonstrate the potential of the Mag-
Tex to seamlessly combine sensing and haptic feedback in a soft,
scalable, and large spatial coverage format.
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Figure 18: Wearable controller utilizing MagTex for video game interaction. A, MagTex integrated into a smart sleeve as a game
controller. Confusion matrix of the prediction results for training the Random Forest model on B, the original dataset and C,
the extracted features. D, Real-time signals and predictions during the video game.

5.1 Wireless Game Controller Sleeve
The relative movement between the magnetoactive fiber and the
machine-knitted electromagnet induces an electromotive force via
electromagnetic induction, which can be detected and used as a
sensing signal. To demonstrate this capability, we develop a wireless
soft controller for video games. As shown in Fig. 18A, a smart sleeve
is fabricated with a MagTex unit embedded at the forearm. A 2 mm-
diameter magnetoactive fiber, magnetized at 4.733 T, is manually
sewn onto the machine-knitted electromagnet, which is knitted
using magnet wire in a single-layer plain knit pattern consisting of
10 courses and 6 wales.

The smart sleeve is connected to a customized circuit equipped
with Wi-Fi functionality, enabling wireless communication with
a computer. This configuration allows the sleeve to operate as a
standalone wireless controller. The magnetoactive fiber responds
to mechanical interactions—such as tapping or rolling—which gen-
erate distinct signal patterns.

To demonstrate the interaction ability as an input controller of
the smart sleeve, four fiber motion states are defined and tested:
static (0), tapping (1), rolling up (2), and rolling down (3). We employ
a random forest classifier for real-time motion recognition. Feature
extraction uses eight signal features: mean, standard deviation,
minimum value, maximum value, energy, voltage peak-to-peak,
dominant frequency, entropy, and harmonic ratio. We compute
these features using a sliding-window approach with a window
size of 80 samples and a step size of 10, based on the observation
that a single waveform contains approximately 70 data points with
a 200 Hz sampling rate. In total, 7,824 data points are collected to
train and evaluate the random forest (RF) model. Of these, 5,007
(64%) data points are used for training, 1,252 (16%) for validation,
and the remaining 1,565 (20%) for testing the model’s performance.

We evaluate the classifier trained on both the raw signal data and
the extracted feature set. The model trained on raw data achieves

an accuracy of 93.10%, while the model trained on the extracted
features reaches 92.91%. This indicates that the selected features
capture most of the critical information within the dataset.

The classification results are shown in Fig. 18B. The rolling mo-
tions (classes 2 and 3) and static state (class 0) are predicted with
high accuracy. However, the tapping motion (class 1), characterized
by a relatively low signal amplitude, is occasionally misclassified
as the static state approximately 30% of the time. This may be due
to the weak signal amplitude generated by the tapping motion,
resulting in signal features that closely resemble background noise
and are more easily misclassified as the static state.

As shown in Fig. 18A, the fabricated smart sleeve can be di-
rectly worn on the forearm, functioning as a wireless controller.
Two specific gestures are implemented for gameplay interaction,
as shown in Fig. 18D with real-time signal classification. Rolling
the magnetoactive fiber downward triggers the "down" key event,
releasing the hook to capture gold. Tapping the fiber triggers the
"up" key event, which releases a bomb when an undesired object
(e.g., a stone) is captured. Compared to the default keyboard input
for the game, the smart sleeve provides a more intuitive interac-
tion—rolling down to release the hook and tapping to detonate the
bomb—enhancing user immersion and usability. The system exhib-
ited fast response time without noticeable delay during gameplay,
as demonstrated in the Supplementary movie.

5.2 Braille Display Glove
In addition to its sensing capability, the haptic function of the
multifunctional MagTex is particularly well-suited for developing
haptic feedback devices. We demonstrate this functionality through
a tactile communication system designed for visually impaired indi-
viduals. Braille is a tactile reading and writing system that encodes
characters using combinations of raised dots. The MagTex unit is
ideal for representing these dots due to its localized vibrational
feedback and soft, flexible form factor.
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Figure 19: MagTex for Braille display. A, Smart glove with six
integrated MagTex units. B, Glove worn by user, delivering
Braille-based haptic feedback via palm-mounted units. C,
Braille character layoutwith an example sequence displaying
"UIST".

We develop a smart glove integrated with six MagTex units
corresponding to the six-dot Braille cell, as shown in Fig. 19A. Each
unit is composed of a 50 mm magnetoactive fiber, manually sewn
onto the glove surface. The machine-knitted electromagnet for each
unit is knitted directly into the glove using a single-layer interlock
structure (7 courses × 4 wales) with magnet wire.

During operation, the MagTex units are actuated at 25 Hz using
1 A AC power to simulate the sensation of a raised Braille dot. This
behavior is illustrated in the movie (Supplementary Materials). A
custom user interface is developed to facilitate real-time Braille
character display, as shown in Fig. 19B. Users can input characters
via a text field labeled "Command". Upon clicking the submit button,
the corresponding magnetoactive units activate and vibrate to form
the Braille representation of the selected character. For example,
inputting "U" and clicking submit activates units 1, 3, and 4, which
correspond to the Braille encoding of that character.

As shown in Fig. 19C, the smart glove can be worn like a normal
glove, with the Braille display positioned on the palm. This configu-
ration enables users to perceive character feedback through tactile
vibrations at their palms, offering a wearable and intuitive solution
for non-visual communication.

5.3 Closed-loop Running Speed Monitor
The multifunctional MagTex integrates both sensing and haptic
functionalities, enabling closed-loop interaction without the need
for external sensors or feedback interference. To demonstrate this
capability, we develop a smart knee brace in combination with a
smart glove, forming a fully integrated closed-loop system.

As illustrated in Fig. 20, a MagTex unit is embedded at the middle
of the knee brace to monitor leg bending speed. For this application,
a 2 mm-diameter magnetoactive fiber, magnetized at 4.733 T, is used
to ensure sufficient magnetic responsiveness. The machine-knitted
electromagnet is fabricated using magnet wire knitted into a single-
jersey jacquard structure consisting of 10 courses and 6 wales. The
magnetoactive fiber is then manually sewn onto the surface of the
coil to complete the textile-based sensing unit.

The smart knee brace integrates MagTex at the knee joint to
monitor motion and provides haptic feedback via an actuator posi-
tioned on the dorsal side of the right hand (Fig. 20A). This location
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Figure 20: Closed-loop system for running speed monitoring
and real-time haptic feedback. A, MagTex integrated into a
smart knee brace and glove for sensing and haptic feedback.
B, Real-time monitoring signal indicating running speed
(bottom) and corresponding haptic feedback control output
current delivered to the glove (top).

was selected for its stability during movement and high tactile
sensitivity, ensuring consistent and effective feedback delivery.

This system detects different motion speeds based on the signal
amplitude generated by the magnetoactive fiber: slower movements
produce lower amplitude signals, while faster motions result in
higher signal amplitudes, as shown in the lower part of Fig. 20B.
For haptic feedback, one of the MagTex units is integrated onto the
back of the hand within the smart glove. This placement minimizes
interference from finger movement, especially since the hand is
typically in a fist posture during running.

The knee brace continuously monitors running activity. As il-
lustrated in Fig. 20B, when the user is stationary (speed = 0), no
haptic feedback is triggered, as running has not yet begun. Dur-
ing low-speed running, the glove’s haptic unit is activated using a
square-wave AC signal (1 A, 25 Hz), delivering a tactile warning
to encourage increased speed. Once the desired speed threshold is
reached, the haptic feedback is deactivated, indicating successful
performance (see Supplementary movie).

This application highlights the potential of multifunctional Mag-
Tex for closed-loop systems in sports and motion capture scenarios,
offering a compact, soft, and self-contained platform for real-time
sensing and feedback.

6 Discussion
The multifunctional MagTex presented in this work offers an in-
tegrated platform for both sensing and haptic feedback, enabling
bidirectional interaction in a soft and wearable form. This design
addresses the long-standing challenge in smart textiles of achiev-
ing co-located and seamless integration of multiple functionalities
while maintaining comfort, flexibility, and scalability. Although the
system demonstrates promising results, certain technical limita-
tions must be addressed to fully realize its scalability and perfor-
mance in real-world applications.

Magnetoactive fiber extrusion. The current fiber fabrication pro-
cess relies on thermal-curing materials, which require long cur-
ing times and do not allow instant solidification after extrusion.
This thermal requirement, combined with a tubing-based extru-
sion method, imposes constraints on production scalability and
limits flexibility in customizing fiber dimensions. Furthermore, the
extrusion-molding approach inherently limits the fiber length due
to the high extrusion pressure required within the tubing during
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fabrication. To address these limitations, future directions include
developing UV-curable magnetoactive inks to enable continuous
fiber production. Unlike thermal-curing materials, UV-curable ma-
terials offer rapid, on-demand curing and eliminate constraints on
fiber length [36, 49].

Mechanical structure design of MagTex. Another challenge is the
mechanical instability of the system during dynamic use, whichmay
affect haptic feedback consistency. Misalignment of the magnetoac-
tive fiber can lead to inconsistent actuation, reducing the reliability
of haptic feedback. This occurs when the fiber shifts away from the
desired position within the electromagnetic field during activation,
resulting in reduced or uneven vibrational output. This highlights
the need for improved mechanical integration strategies to ensure
consistent fiber positioning and performance. Further work will
focus on optimizing the design and alignment of machine-knitted
electromagnets and magnetoactive fibers to ensure consistent and
reliable actuation. Additionally, exploring advanced integration
strategies such as improved textile architectures and encapsulation
techniques will be essential to enhance the robustness and stability
of haptic feedback under dynamic, real-world conditions.

Circuitry. In terms of circuits, the current system uses low-signal
relays to switch between sensing and haptic feedback modes for
machine-knitted electromagnets. Although relays are suitable for
driving haptics with AC, their mechanical structure presents chal-
lenges such as bulky size, limited lifespan, and additional power
consumption when energized, limiting further circuit integration.
There are circuit-level improvements, such as adopting bidirectional
conducting MOSFET arrays or analog switches to enable compact,
fast, and energy-efficient mode switching.

Application. Importantly, the demonstrated applications high-
light the platform’s versatility across interaction examples. The
wireless game controller illustrates the potential for intuitive gesture-
based input, the Braille glove exhibits localized haptic feedback for
accessibility, and the combination of the smart knee brace and
glove shows real-time sensing-haptic feedback in a closed-loop
system. These examples underline the potential of this technology
to impact assistive devices, wearable controllers, and immersive
environments.

7 Conclusion
In this work, we present MagTex, a machine-knitted magnetoactive
textile that integrates both sensing and haptic feedback capabilities
into a unified wearable platform. By combining custom-extruded
magnetoactive fibers with digitally knitted electromagnets, Mag-
Tex enables bidirectional HMI through two fundamental physical
mechanisms: the galvanomagnetic effect for haptic feedback and
electromagnetic induction for sensing. Our design addresses key
challenges in smart textile systems, including spatial coverage, wear-
ability, and seamless integration of multimodal functionality. We
demonstrate the feasibility and versatility of MagTex through sys-
tematic material characterization, device performance evaluation,
user studies, and application prototypes, including a wireless soft
game controller, a wearable Braille display glove, and a closed-loop
knee brace system that provides real-time running speed feedback.
The system shows promising performance in terms of magnetic

responsiveness, mechanical durability, and user-perceived haptic
feedback. This work demonstrates a fabric-level bidirectional HMI
that is soft and compatible with the scalable textile manufacturing
approaches. Future research will focus on improving fabrication
efficiency, enhancing haptic feedback stability, and expanding mul-
timodal feedback for broader deployment in assistive technology,
immersive interfaces, and next-generation wearables.
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