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Supplementary Note
Supplementary Note 1

Model of MR varn bending actuation and stiffening

For MR thin rod consisting of polymer and soft-magnetic particles, an energy approach is
employed. Considering the mechanical energy of a bent thin rod, the magnetic energy due to
the particle magnetization within an applied uniform magnetic field and additional
demagnetizing effects caused by anisotropic magnetization of the rod, the total energy U of the
magnetic rod is their sum its elastic energy U, and magnetic energy U,,:

U=U,+U, (1

Assuming that the thin rod behaves as a classic linear elastic anisotropic beam, its axial
stretching and twisting can be ignored compared with bending, then the elastic energy stored
in the bent rod is therefore just that contributed by bending deformation, which can calculate
using the formula:
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where E is the Young’s modulus, I is the second moment of inertia, § is the deflection, s is the
position along the rod length /.

By applying a uniform magnetic field, the magnetizable rod is magnetized with a magnetization
of M, which in turn leading to the demagnetizing field H,,. The magnetostatic energy of the
rod body is defined by'
Al
U, = —‘%fOHm-Mds (3)
where A is the area of the rod cross-section, p, is the permeability of free space.

e Bending actuation

In this scenario, the magnetic field is applied in a direction deviating from the axis of a magnetic
rod with an angle y, its one end is fixed at point O on the horizontal shaded surface
(Supplementary Fig. 1). Since the rod containing soft-magnetic particles has negligible
remanence magnetization, any magnetic moment is the result of shape anisotropy due to the
demagnetizing field along its radial axes. This causes its tendency to align with the applied
field with an angle 6. The magnetic energy is minimized when the magnetization of the
cantilever lies along its long axis. The elastic energy of the bent rod therefore increases with a
higher curvature.

Considering the MR yarn is composed of six helical fibers wrapped around a center straight
fiber following the yarn axis, it presents a cross-sectional symmetry similar to that of a cylinder,
with a diameter three times that of an individual fiber. Additionally, the heat-setting process
alleviates residual stress within each twisted fiber, and eliminates the majority of internal stress
and friction inside the yarn. Hence, for analytical investigation, the long and thin yarn can be
effectively modeled as a cylindrical rod.

To relieves much of the complexity of in equation (3) stemming from the fact that shape
anisotropy affects both the direction and magnitude of the magnetization M. The simplification
can be made that the magnitude of M is dependent only on the applied field H and the initial
orientation of the rod??. In the case of thin rod with a high aspect ratio over 10, the
demagnetization factors parallel and perpendicular to the long axis is approximated to 0 and
0.5, respectively®. Thus, the magnetostatic energy can be approximately calculated by?,
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where y,, denotes the volume magnetic susceptibility of the composite materials. 6 is the angle
between the directions of the magnetic field and the rod axis.
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Assume the rod bends into a part of a circle with radius of R, we have Z—y’; = %

equation (1), (2), and (4), the total energy of the bent rod can be expressed as:
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Taking a derivative of ¢ in equation (5) and make it equal to zero
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The magnetic moment causes the rod to bend until the mechanical moment of the bending
elastic rod balance out. The bending angle of equilibrium state achieved with required
magnetization is given by
_ Ko g2 _Xm® A, _
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The expression indicates that the magnetic moment is maximized when 6 = 45°. Assume the

field is applied in this orientational angle. Given CIPs are typical soft-magnetic materials with
high y,, > 1, the above equation can be further simplified as:

®)

The second part, |H|? means the bending angle is proportional to the square of the magnetic
field strength, however it tends to be saturated after a certain threshold point. The third part,

X?m of this expression contains only material properties, reflecting that the materials with a high
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susceptibility and a low modulus are preferred for magnetic bending actuation. The fourth part,
Al? . . . . . .
- contains all of the geometrical parameters of the rod. More precisely, ? is considered with

respect to the geometrical design of yarn since the total length can be easily adjusted.

In our cases, we adopt the idealized helical yarn geometry for theoretical studies on the yarn-
structured rod. It has the same length and apparent diameter as the cylindrical rod. That is to

say, the radius of each fiber is g For the geometrical term, the cross-section area of the MR
yarn A,, can be expressed as,

Ay =Imr2 (9

The second moment of inertia I, of the MR yarn model as six helical fibers wrapped around a
center straight fiber ignoring the internal friction between fibers can be calculated as®,

L=2() (1+7225) a0

where a is the surface helical angle of the yarn, v is the Poisson ratio of fiber. Integrating
: : . A
equations (9) and (10) we obtain the geometrical indicator, I—y, for yarn as,
y
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It indicates a smaller fiber diameter and higher degree of twist leading to larger Ij—y.
y

o Stiffening

In this situation, we consider the simply supported rod in a uniform magnetic field. The rod is
subjected to a downward load F at the center, causing it to bend (Supplementary Fig. 2). The
elastic energy is stored in the bending rod. Simultaneously, the magnetic field induces
magnetization of the rod leading to the increase of magnetic energy of the rod after deflection.
Thus, the rod stiffens up as the magnetic field strength becomes larger. At equilibrium, the
work W done by the load is equal to the sum of the elastic and magnetic energy increase in the
rod, ref to (1), we have

W=U,+U, (12

Noted by the symmetry, we study the right half of the rod that can be regarded as a rod
cantilevered at point O. With the similar simplification in the magnetization of the rod in the
first case. For the right half rod, the energies are expressed as,
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where E, is the apparent modulus of the rod. With the same approximation on the shape of the
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right half rod with length of L bent into a part of arc with radius of R, here we get 22— 1 and
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Rearranging the equation to solve for the relative change of apparent bending rigidity (E,I —
EI)/EI gives:
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Given CIPs are typical soft-magnetic material with high y,, > 1, the above equation can be
simplified as:
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The right part of the equation is similar to the right part of (8), thus the same material and
geometrical design as the bending actuator can result in a broader range of apparent bending
rigidity controlled by magnetic fields.

Influencing factors in MR vyarn bending actuation and stiffening

The discussion was based on the analytic models of MR yarn bending and stiffening. The
bending actuation angle and bending rigidity were calculated with equation (7) and (16),

respectively. Ij—y was calculated with equation (11).
y

The differences between parallel and perpendicular magnetization of the MR yarn were within
40% across the spectrum (Fig. 2i). The magnetic fields were applied nearly perpendicular to
the cantilevered MR yarn for bending actuation, and parallel to the simple supported MR yarn
for stiffening. We employed the fitted perpendicular and parallel magnetization curves to
describe the magnetization of MR yarn (|M| = x, |H|) in any position during bending and



stiffening, respectively (Supplementary Fig. 9). The magnetic field strength in the air was
calculated with |B| = u,|H|. Related parameters were all acquired experimentally.

Magnetization properties of MR varn in axial and radial directions

As seen in Supplementary Fig. 9, at the same magnetic field strength, the magnetization is
higher when the applied field is parallel than perpendicular to the yarn axis, similar to the
behavior of an MR cylinder with a high aspect ratio. This creates easy and hard axes within the
yarn.

The MR yarn consists of CIPs is a typical ferromagnetic material, whose magnetization spectra
can be described by the Langevin model’
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where m is the absolute value of magnetic moment, k is the Boltzmann constant, T is the
temperature, and |M*| is the saturation magnetization. The experimental results of the
magnetization of the yarn in two directions are well described with the fitted curves, which are
used for the prediction of actuation performance.

Supplementary Note 2

The spinnability of a polymer is related to the ability of molten polymer strands to be drawn
without breaking. In particular, the viscous behavior dominates the shear and elongational flow
at a comparatively low velocity near the spinneret, while the elastic part becomes more
important with increasing velocity away from the spinneret.

With an increase in CIP content to 70 wt%, all composites exhibite a slight increase in viscosity
(Extended Data Fig. 1a), which is attributed to interactions between polymer chains and CIPs.
Upon further increasing the CIP content from 70 to 80 wt%, an order of enhancement in
viscosity is observed, along with a more pronounced shear-thinning behavior at low
frequencies. Additionally, tan & decreases below 1 (Fig. 2b), indicating a significant solid-like
behavior in the 80 wt% composite. Both observations suggest the development of an
interconnected network of CIPs. Such high-viscosity and solid-like composite is difficult to
extrude from the spinneret.

The elastic behavior of molten composites with filler contents of 30, 50, and 70 wt% show a
similar increase in G’ as compared with LDPE (Extended Data Fig. 1b). This increase is
attributed to the restriction of large-scale relaxation of polymer chains due to interactions with
particle surfaces. The formation of a CIP network within the 80 wt% composite lead to a
significant improvement in G’. The plateau modulus (Go), a rough indicator of spinnability,
exhibits an inverse relationship with the maximum draw ratio of the spun fiber®. In other words,
the drawing of composite fibers shows a variation in equilibrium elastic modulus that is
strongly influenced by filler content. This phenomenon is associated with plastic instability,
which could lead to draw instability, resulting in diameter variations and rupture of spun fibers.
Go is extracted from G’ curves when tan & reaches its minimum?®. With increasing filler content,
Go of LDPE increases from 39 Pa to around 300 Pa for 30, 50, and 70 wt% composites. A



further 10% increase to 80 wt% escalates Goto 3892 Pa, which could result in substantial draw
instability.

Supplementary Note 3

We examined the evolution of the fiber structure after spinning out of the spinneret, as depicted
in Extended Data Fig. 3a. The filament diameter decreases consistently from the spinneret to
the guide wheel during the drawing process (Extended Data Fig. 3b). An initial rapid thinning
of the filament diameter, from 750 to 155 um, occurs over the approximately 30 mm range just
below the spinneret, corresponding to a 23-time increase in the filament length. The stretching
flow field within the molten filament sufficiently orients the chains, resulting in an axial strain
elongation of 41% for random chains (Fig. 2d) and radial movement of CIPs out of the unbound
surface (i and ii in Extended Data Fig. 3c). Subsequently, filament thinning gradually slows
down and stops at approximately 200 mm below the spinneret due to cooling and solidification
of the molten filament. During this stage, stretching-induced tension further elongates the
amorphous regions in the deformation direction along with intense cavitation around CIPs (iii
in Extended Data Fig. 3c). Further drawing by 7.5 times, the diameter of the fiber reduces to
57 um. The total draw ratio of 173 enables a high degree of chain orientation, which contracts
by 66% after full relaxation (Fig. 2d).

Supplementary Note 4

To illustrate the attraction between wrapping fibers, we conducted an MR fiber interaction test.
Considering the angle between the magnetic field and any small portion of the wrapping fibers
almost equal to the surface helical angle. We placed two MR fibers, each 30 mm in length,
parallel to each other at a distance of 120 um, with both ends fixed on a horizontal plane for
characterization. Magnetic fields were applied horizontally at various angles relative to the
length of the MR fibers. The minimum magnetic field strength needed to bring the two parallel
fibers together at specific angles was recorded. From Extended Data Fig. 5a and b, as the angle
increases, the required magnetic field strength decreases rapidly, reaching its minimum at 90°.
This phenomenon indicates that the mutual attraction of the magnetized fibers stems from the
induced demagnetization fields of the two fibers. When a MR yarn is subjected to a magnetic
field along its length direction, all wrapping MR fibers attract together through their
demagnetization fields, leading to the contraction of MR yarn (Extended Data Fig. 5c and d).
This process, coupled with a high frictional coefficient (0.36) between fiber surfaces, leads to
higher energy dissipation when bending the magnetized MR yarn (Supplementary Fig. 10),
thus significantly contributing to its increased bending rigidity.

Supplementary Note 5

Safety assessment is essential, especially given the intended use of stimuli-responsive fibrous
materials in wearable applications, such as gloves and ventilated fabrics, that come into
frequent, close skin contact. Safety evaluation on stimuli including voltage, temperature, and
static magnetic fields included in Supplementary Table 1 that might potentially have direct
biological effects on ordinary users. To ensure broad applicability, this evaluation excludes
indirect hazards like secondary effects and interference with implanted medical devices as well



as clinical applications such as specific treatment and examination, as these factors are outside
our purview. The evaluation draws on widely accepted standards and guidelines, considering
specific parameters to create a robust yet accessible safety profile suitable for daily, non-
specialist wearable use.

Electrical Safety Evaluation of Dielectric Fibers

Dielectric elastomer actuators, that operate at high voltages (=500 V), pose risks if accidentally
discharged to a human. Our evaluation is based on a useful framework for evaluating DEA
safety provided by C. Menon et al.!”, which is based on standards from Underwriters
Laboratories and International Electrotechnical Commission that limit the safe amplitude and
duration of electrical currents passing through the body. They defined a critical capacitance
threshold (Ce;) for safe DEA operation based on theoretical and experimental validation, which
the DEA capacitance must stay below at the applied voltage to avoid potential hazards in a
worst-case scenario where a fully charged actuator discharges into a human body with a
minimum resistance of 500 Q.

For the fiber-based dielectric bending actuators, each produces small bending angles (0.12,
0.29, and 0.11 ® mm™) at its maximum voltage, resulting in minor deformation from their rest
states. To assess electrical safety, capacitances were calculated in their unactuated state, using
structural parameters and dielectric constants, and evaluated against C.r at their respective
voltages. The actuator of Ref. 36 bends with two fibers activated, yielding a total capacitance
of 12.4 nF at 0.8 kV. This is safely below the Ce; of 1.6 uF. The actuator of Ref. 37 bends with
three fibers selectively activated, with a total capacitance of 127.2 pF at 7 kV. This is safely
below the C. of 150 nF. The tubular dielectric fiber of Ref. 38 bends at 10 kV with a
capacitance of 22.4 pF, which is safely below the Ce: of 80 nF.

Temperature Safety Evaluation for Thermal-Responsive Fibers/Yarns

Thermal-responsive fibers and yarns can reach elevated temperatures during activation, raising
safety concerns for close-to-body applications, where accidental contact with hot surfaces
poses a risk of burns. Our temperature safety evaluation follows CENELEC GUIDE 29 from
the European Committee for Electrotechnical Standardization, which identifies surface
temperature, contact duration, and material type as key factors in burn risk. Given that these
fibers are primarily polymer-based, we use burn threshold criteria specific to plastics to ensure
accuracy.

Operating temperatures above 90.5 °C exceed the safe threshold and are considered unsafe for
any contact. For temperatures below this threshold, we determine the maximum safe contact
time, named time limit, using the burn threshold curve, where longer time limit indicate a
higher safety margin. Overall, the most thermal-responsive fibers and yarns provide only a few
seconds of safe contact time. For example, SMP yarn reaches a maximum temperature of 83 °C,
allowing safe contact for up to 1.5 seconds. For the fiber operating at 60 °C, it permits up to 60
seconds of safe contact, which may still not satisfy wearable applications requiring continuous
use over several minutes.

Magnetic Safety Evaluation of Magnetic Fibers

Flexible magnetic fibers containing magnetic fillers are actuated through the application of a
static or low-frequency magnetic field with controllable direction and strength. For close-to-



body applications, human body is also exposed to magnetic fields, warranting evaluation of
potential biological effects. Our safety assessment aligns with the International Commission
on Non-lonizing Radiation Protection (ICNIRP) guidelines, which set a public exposure limit
of 400 mT for magnetic flux density on any body part.

Overall, this analysis suggests that all the magnetic fibrous materials, including our MR yarn,
with known field strengths operate safely within the ICNIRP limit, confirming their safety for
wearable applications. An exception is the certain fiber of Ref. 38 with unreported magnetic
field strength, where safety cannot be verified.

Supplementary Note 6

We conducted significance tests using Spearman’s correlation coefficient and calculated p-
values, with a significance level (a) set at 0.05. The null hypothesis states that the correlation
between float length and moment density is not significant. For a given magnetic field strength,
nine samples were tested: three float lengths (1, 2, and 4) with practical measured lengths of
yarn float of 3.8, 5.3, and 7.3 mm, respectively, each with three replicates. These replicates
were used to calculate Spearman’s correlation coefficient and corresponding p-values. The
results are illustrated in the five heatmaps (Supplementary Fig. 12). Using a one-tailed test and
setting the critical value for Spearman’s coefficient at 0.6 (based on an alpha of 0.05), we found
that all calculated coefficients exceeded 0.6, and all p-values were below 0.05, except in the
case of the 70 mT magnetic field. This indicates that for magnetic field strengths between 140
and 300 mT, we can reject the null hypothesis, suggesting a statistically significant correlation
between float length and moment density. The exception at 70 mT might due to the lower
magnetic field strength, which induces a smaller moment density, potentially leading to higher
relative measurement errors.

Supplementary Note 7

Under square wave magnetic fields at frequencies of 0.1-10 Hz with a peak strength of 135 mT,
the yarns and fabrics retained at least 30% of their initial bending degree at 10 Hz (Extended
Data Fig. 6a). The actuation response and settling times, extracted from the bending angle over
time in response to magnetic actuation (Extended Data Fig. 6¢), revealed response times of
0.125,0.07s,0.22 s, and 0.17 s to reach 63.2% of the steady-state bending angles, and settling
times within £2.5% of steady-state bending angles at 0.62 s, 0.58 s, 0.53 s, and 0.52 s for the
yarn, plain-weave fabric, twill-weave fabric, and satin-weave fabric, respectively.

For the cut-pile MR fabric with MR yarns (4 mm in length) packed vertically to the fabric plane,
square wave magnetic fields at frequencies of 0.1-10 Hz with a peak strength of 247 mT were
applied at 45° to the fabric plane. The in-plane displacement remained above 2 mm from 0.1
to 2 Hz, and then decreases to nearly 0 mm at 8 Hz (Extended Data Fig. 6b). The cut-pile fabric
displayed a response time of 0.23 s and a settling time of 1.87 s (Extended Data Fig. 6¢). Its
dynamic performance is lower than that of the yarn and woven fabrics, primarily due to friction
that resists relative movement among the densely packed MR yarns during actuation and
recovery.



Supplementary Note 8

Upon the addition of CIPs, a decrease occurs in both the melting temperature (Tm) and
crystallinity degree () of the composite, reducing from 104 °C and 27.83% of LDPE to 102.83 °C
and 27.14% of the composites, respectively (Supplementary Fig. 25a). This reduction indicates
hindered polymer chain reorganization into a crystalline lattice and suppressed formation of
intact spherulites'!. Furthermore, a notable increase in the glass transition temperature (Tg)
from -133.8 to -130.5 °C implies higher activation energy of the chain segments and restricted
segmental mobility of polymer chains in the composite!!. The lower tan & of the composite
compared to LDPE suggests strong interfacial interactions between the matrix and particles
(Supplementary Fig. 25b), leading to reduced macromolecular mobility near the filler surface.
The results above indicate a significant interaction between CIPs and LDPE.

The DSC reveals the presence of oriented chains in the fully drawn melt spinning fibers. As
the composite is melt spun and drawn into a fiber, the onset temperature (Tmo) increases from
92.04 t0 96.93 °C and Twm increases from 102.83 to 104.17 °C. This increase corresponds to the
formation of highly oriented extended-chain crystals with a more complete structure and
enhanced thermal stability compared to folded-chain crystals'?. In addition, y decreases from
27.14% to 22.92%. This is mainly due to the rapid cooling during the fiber spinning process,
which gives insufficient time for the polymer chains to arrange themselves into crystalline
structures. Thus, most of the molecular chains exist in an amorphous orientation.

As seen in the XRD scans (Supplementary Fig. 25¢), LDPE shows two prominent peaks at 260
= 21.4° and 23.8°, corresponding to the (110) and (200) planes of the orthorhombic crystal
structure, and a broad peak at 20 = 20.6° appearing as a halo, indicating the amorphous phase
of LDPE!*!4 For the composite and fiber with 70 wt% CIPs, peaks at 20 = 45° and 65°
correspond to o-Fe from the CIPs!'>. However, the LDPE peaks are significantly attenuated in
the composite and fiber due to the low polymer crystal content, which produces a much weaker
signal relative to the strong filler peaks. This effect has been similarly reported in polymer
composites with filler loadings above 10 wt%?!6-20.

Supplementary Note 9

Mobile magnetic actuation system

A mobile magnetic field generation system that allows spatial control of its magnetic activation
component relative to the target object is essential for practical applications. To meet this need,
we developed a mobile magnetic actuation system comprising a pair of co-axially aligned
electromagnets with opposing poles, mounted on a 6-degree-of-freedom (6-DOF) desktop
robotic arm (Supplementary Fig. 17a). The magnetic field strength and size can be adjusted by
controlling the electric current, pole distance, or a combination of both (Supplementary Fig.
17b-e). The robotic arm, with an extended length of 450 mm, enables precise positioning and
orientation of the magnetic field. The mobile electromagnetic actuation system offers a larger
workspace and greater flexibility in operation compared to the stationary desktop
electromagnet.

Integrated conformable gripping device




Two cut-pile MR fabrics measuring 20x20 mm with a MR yarn height of 5 mm and density of
500 yarns cm, were integrated onto the pole surfaces of coaxial electromagnets mounted on a
parallel gripper controlled by a robotic arm. These cut-pile MR fabrics functioned as smart
cushions with adjustable stiffness.

This integrated conformal gripping device provides precise control over pole distance and
magnetic field strength applied to the MR fabrics. The symmetry magnetic fields in the spaces
near the two poles enable equal control of the hardness of the cut-pile MR fabrics on both sides
(Supplementary Fig. 18a-d). By applying a constant current of 3 A, the magnetic field strength
reaches 160 and 130 mT at pole distance of 20 and 30 mm, respectively (Supplementary Fig.
18e).

The programmed handling process involved steps to ensure consistent handling of objects with
varying modulus and shapes, including a worm, blueberry, tofu, potato chip, fusilli, and mung
bean cake. Manipulation steps were set as follows: first, the robotic arm guided the open gripper
towards the object. Then, by switching on the current at a specific intensity, we apply a
magnetic field that adjusts the cushion's stiffness to match the modulus of the object. After that,
the gripper closed to an extent relative to the size of object, ensuring a secure grip as the
cushions conform to the object shape. Subsequently, the gripper securely held and transported
the object to the target location. Upon arrival, it gently opened to release the object, followed
by deactivating the magnetic field, and then returned to its starting position.

Supplementary Note 10

Remote-controllable haptic finger glove demonstration

A haptic finger glove, measuring 6 cm in length, 1.5 cm in diameter and 1.36 g in weight, was
fabricated by stitching together a piece of cut-pile MR fabric with a height of 3 mm at the
fingertip pad area and a plain-weave MR fabric covering the rest parts. To fit fingers of various
sizes without any hindrance, highly elastic Spandex was utilized as the warp for the plain-
weave MR fabrics.

A soft silicone hand mannequin with a modulus and shape similar to a human hand was utilized.
The index finger is 8 cm in length (Lfipnger)- A flexible pressure sensor (A201, Flexiforce) with
a sensing area diameter of 9.53 mm and a thickness of 0.2 mm was integrated onto the fingertip
region of the index finger. The finger glove was worn on the integrated silicone finger to
facilitate tactile feedback presentation.

Kinesthetic feedback was induced by applying magnetic fields at angles A away from the axis
of the silicone finger (Supplementary Fig. 19). The finger glove generated a moment on the
finger to align it with the magnetic field direction. The force (Fy.) in the direction along the
magnetic field at the fingertip was recorded while changing the A or current intensity. The relative
force reduction (AFy) before and after magnetic field application related to the moment (M, ;)
around the metacarpophalangeal joint of the finger was calculated as My,; = AFs¢Lginger Sin A
Diverse kinesthetic effects can be generated by controlling rotation range and speed of end-

effector and varying the amplitude, frequency, and waveform of current (Supplementary Fig.
20).



Tactile feedback was achieved by activating the cut-pile MR fabric covering the entire fingertip
region (Supplementary Fig. 21). A preload was applied to the index finger, causing the fingertip
region to press against a flat acrylic sheet positioned perpendicularly between two poles of the
electromagnet. Electric currents at frequencies of 0.2, 0.5, and 1 Hz were applied in triangular
and square waveforms, with a peak strength of 2 and 3 A. Real-time actuating force on the
fingertip area was measured by the flexible pressure sensor, wirelessly transmitted to a
computer, and recorded. Different tactile feedback can be achieved by modulating the
amplitude, frequency, and waveform of current (Supplementary Fig. 22).

Artificial emulation of fabric handle can be achieved by this finger device since the hardness
and surface roughness of the finger fabric is now regulated by the applied magnetic field. When
this finger device touches the skin of human hand, the physical interface signals arising from
the touch between the human skin and the fabric will be received by bioreceptors in the skin
and yield sensory reactions via neural system of human, such as sensation of softness/hardness
and smooth/rough. These sensations form parts of subjective fabric handle assessment by
people.



Supplementary Figure

Y

Supplementary Fig. 1. Bending model of MR yarn. A cantilevered elastic magnetic rod
undergoes deflection by an angle of ¢ in response to the influence of a magnetic field B. The
gray straight line denotes the initial position, while the black curved line denotes the equilibrium
position of the rod during bending actuation. y and 6 are the angles between the magnetic field
and yarn in equilibrium and initial positions, respectively.
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Supplementary Fig. 2. Stiffening model of MR yarn. A simply supported elastic magnetic rod
experiences deflection by an angle of ¢ under a central vertical loading F and within a magnetic
field B in the x direction.
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Supplementary Fig. 3. Magnetization properties of CIP, LDPE, and composites. a,
Magnetization curves and b, Magnetic susceptibilities of CIP, LDPE, and composites.

a

Stress (MPa)

200

—~

160

120

80

Elongation at break (%

L 40

12 b 200
10+ T 160-
8- =3 ‘
% 120+
6- — 70 W% 3 $
50 wt% 2 g0
4 — 30 wt% L
— LDPE 5
24 S 40
0 . . . . ; 04—
0 30 60 90 120 150 180 0

Strain (%)

T T T T T T T 0
10 20 30 40 50 60 70 80

CIP content (wt%)

Supplementary Fig. 4. Mechanical properties of LDPE and composite bulk materials. a,
Stress-strain curves and b, The extracted Young’s modulus and elongation at break of LDPE and
composite bulk materials. Error bars correspond to s.d. (n=5).
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Supplementary Fig. 5. Stress-strain curves of MR fibers with different diameters.
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Supplementary Fig. 6. Plots of normal force against friction force for as-spun filaments and
fully-drawn fibers. The static coefficients of friction between the as-spun filaments and between
the fully-drawn fibers are 0.13 and 0.36, respectively.
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Supplementary Fig. 7. Bending durability of MR yarn. Bending fatigue test of an MR yarn
subjected to around 10,000 consecutive bending cycles. Insets show the details of the first and

last 10 cycles, respectively.
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Supplementary Fig. 8. Tensile and knot strength of MR yarn. Tensile strength comparison
between straight and knotted yarns. Inset photo shows the knot structure. Error bars correspond
to s.d. (n=5). The knot strength is comparable to the tensile strength of the MR yarn, revealing
that the yarn maintains sufficient flexibility and durability, even under the stress concentrations



introduced by knotting. Therefore, the yarn mechanical resilience suggests it can withstand
typical fabric manufacturing and end-use conditions.
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Supplementary Fig. 9. Magnetization properties of MR yarn. Measured magnetization curves
of the MR yarn in the direction parallel and perpendicular to the axis, respectively. Dash lines
represent the calculated curves according to the Langevin model.
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Supplementary Fig. 10. Energy dissipation of MR yarn during 3-point bending test. Energy
are extracted from the hysteresis loop areas in Fig. 3e. Error bars correspond to s.d. (n=3).
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Supplementary Fig. 11. Magnetic moment density of MR yarn at various angles between
the yarn axis and the magnetic field direction, with a magnetic field strength of 300 mT.

Error bars correspond to s.d. (n=3).
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Supplementary Fig. 12. Statistical significance test. Heatmap of Spearman correlation
coefficients for the relationship between float length and moment density in woven MR fabrics
at magnetic field strengths of a, 70 mT; b, 140 mT; ¢, 210 mT; d, 280 mT; and e, 300 mT.
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Supplementary Fig. 13. Stiffening actuation of woven MR fabrics. a, b, and ¢, Force-
displacement curves normalized per yarn of plain-, twill-, and satin-weave MR fabrics at different
magnetic field strengths, respectively. d, The energy dissipation extracted from the hysteresis
loop areas in a, b, and ¢ as compared with single MR yarn. The shaded areas and error bars
correspond to s.d. (n=3).
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Supplementary Fig. 14. Stiffening actuation of cut-pile MR fabrics. Compression
stress—strain curves with a variation of magnetic field strength of cut-pile MR fabrics with MR

yarn densities of a, 250 and b, 500 yarns cm™, respectively. The shaded areas correspond to s.d.
(n=3).



O
o
©
=}

o-omr ——omT
o 178mT —— 178mT

e B

£ 085

£

o

£

@

o

k|

5 0.804

a

0.75 4 . ; ; . . . - . .
107 10°  _ 10 102 10° 107 10° 10! 102 10°
Time (s)

Time (s)

Supplementary Fig. 15. Creep property of MR fabrics. a, Creep displacement-time curves of
plain weave MR fabric with horizontal magnetic field strength of 0 and 178 mT. Without
applying load, the displacement is 0. b, Creep thickness-time curves of cut-pile MR fabric with
vertical magnetic field strength of 0 and 178 mT. Thickness is 4 mm without applying pressure.
The vertical red lines represent the measured displacement or thickness. Scale bars, 10 mm.
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Supplementary Fig. 16. Dynamic actuation properties of the ventilation fabric. a,
Displacement with time of the ventilation fabric under square wave actuation with a peak
magnetic field strength of 250 mT. The ventilation fabric can quickly response to the activation
magnetic field in 0.17 s, and settles at 1.2 s during this period the elastic fabric is stretched to
deform. b, Displacement of the active ventilation fabric under square wave actuation at specific
frequencies with a peak magnetic field strength of 250 mT. The actuation displacement decreases
slightly from 3.5 to 2.8 mm as the frequency increases from 0.1 to 2 Hz. As the frequency

continues to rise, the displacement rapidly drops to approximately 0.5 mm at 6 Hz. Error bars
correspond to s.d. (n=3).
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Supplementary Fig. 17. Characteristics of a mobile magnetic actuation system. a,
Photograph of the mobile magnetic actuation system, consisting of two identical cylindrical
electromagnets with a height of 22 mm and diameter of 29 mm. Each electromagnet has an iron
core with a height of 22 mm and a diameter of 14 mm winding by 750 turns of wire with a
resistance of 6.1 Q. The electromagnets are mounted coaxially on the parallel gripper of the 6-
DOF robotic arm, allowing adjustable gaps between 0 and 40 mm. The enlarged view shows the
coaxially aligned electromagnets on the parallel gripper. The wires of the two electromagnets are
connected in series, with indicated positive and negative poles to produce a unidirectional
magnetic field when current flows through the wires. Scale bars, 2 cm. b, Magnetic field strength
at the center between the poles for gap distances of 20, 30, and 40 mm as a function of varying

electric current. c-e, Magnetic field strength distribution between the poles at separations of ¢,
20 mm; d, 30 mm; and e, 40 mm at a current of 0.5 A.
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Supplementary Fig. 18. Magnetic fields for controlling cut-pile MR fabrics. a and b,
Magnetic field strength distribution within 5 mm distance from the a, left and b, right pole
surfaces at pole distance of 20 mm. The position of left and right pole is at length of 0 and 20
mm, respectively. ¢ and d, Magnetic field strength distribution within 5 mm distance from the ¢,
left and d, right pole surfaces at pole distance of 30 mm. The position of left and right pole is at
length of 0 and 30 mm, respectively. e, Magnetic field strength at 2.5 mm above the center of the

left and right pole surfaces for gap distances of 20 and 30 mm as a function of varying electric
current.
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Supplementary Fig. 19. Kinesthetic feedback test. a, Schematic showing moment
measurement setup and the force analysis of the finger wearing MR finger glove within magnetic
field. An L-shaped PMMA fixture at the fingertip blocks the finger, allowing measurement of
the relative force reduction (4F%) before and after magnetic field application; the resulting
moment from this reduction represents the magnetic moment (M,;). Misalignment between the
magnetic field direction and the finger axis, representing by the angle A, generates a moment on
the MR woven fabric of the finger glove. Ljng.r and m are the length and weight of the finger,
respectively. b, Photograph of the test setup, with a close-up view showing the magnetic
actuation and force measurement section.
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Supplementary Fig. 20. Kinesthetic effects. a, Input variation of angle A between 60° and 90°
at frequencies of 0.2, 0.5, and 1 Hz with a 3 A current applied to the coaxial electromagnet pair,
and the resulting output moment of the MR finger glove. b, At A = 60°, input current with a
triangular waveform at peak currents of 1 A, and frequencies of 0.2, 0.5, and 1 Hz for the coaxial
electromagnet pair, and the resulting output moment of the MR finger glove. ¢, At A =60°, input
current with a square waveform at peak currents of 1 and 3 A, and frequencies of 0.2, 0.5, and 1
Hz for the coaxial electromagnet pair, and the resulting output moment of the MR finger glove.



Instron machine
a lAppIying pre-load b
Force gauge

L-shaped Transmitter Flexible sensor Sensing area

PMMA fixture €——

45
Finger wearing

haptic glove = — Electromagnets
Pressure sensor

Support surface J sz T

Waveform generator PMMA fixture

Force gauge

L-shaped
PMMA fixture

Mobile magnetic
actuation system

Flexible sensor Silicone finger
wearing glove

Supporter

Transmitter

Silicone hand
wearing finger glove

Robotic arm Control & pressure force record Support surface

Supplementary Fig. 21. Tactile feedback test. a, Schematic showing pressure measurement
setup. An L-shaped PMMA fixture pushes the silicone fingertip wearing MR finger glove on a
flat surface to mimic the touching process. A flexible sensor is integrated between the fingertip
pad and the cut-pile MR fabric to record the normal force change caused by magnetic activation.
b, Photographs of the flexible pressure sensor with a wireless transmitter and the integration of
the pressure sensor into the silicone finger wearing MR finger glove. Scale bars, 2 cm. c,
Photograph of the test setup, with a close-up view showing the magnetic actuation and force
measurement section.
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Supplementary Fig. 22. Tactile effects. a, At A = 90°, with the axis of the electromagnet pair
aligned across the fingertip pad, input current with a triangular waveform at peak current of 2 A,
and frequencies of 0.2, 0.5, and 1 Hz for the coaxial electromagnet pair, and the resulting output
force of the MR finger glove. b, At 4 = 90°, with the axis of the electromagnet pair aligned across
the fingertip pad, input current with a square waveform at peak currents of 2 and 3 A, and
frequencies of 0.2, 0.5, and 1 Hz for the coaxial electromagnet pair, and the resulting output force
of the MR finger glove.
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Supplementary Fig. 23. Molecular weight distribution of LDPE. The polydispersity index of
LDPE is 6.4, indicating a broad molecular weight distribution.

Supplementary Fig. 24. SEM and corresponding EDS
surface. Scale bars, 1 pm.

elemental mapping of the CIP

Endo

b 010 ¢
Composite Fiber 0.084
¥=22.92%
]
0.06 1 5
Composite w 2
c 2
x=27.14% ] @ ! l
0.04 $ | Composite X ;
. c
LDPE Composite = 450 65°
=27.83% 0.024 Composite fiber * M
- - - 0.00+— . . . , - - -
60 70 8 90 100 110 120 130 -140 120 100 -80  -60 2 oy 80

Temperature (°C)

Temperature (°C)

Supplementary Fig. 25. DSC, DMA and XRD of LDPE and composite. a, DSC curves of
LDPE, composite with 70 wt% CIPs, and composite fiber. b, tan 6 curves of LDPE and composite
with 70 wt% CIPs. ¢, XRD patterns of LDPE, composite with 70 wt% CIPs, and composite fiber.
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Supplementary Fig. 26. Characteristics of a stationary electromagnet. a, Photograph of the
desktop electromagnet. Scale bar, 5 cm. b, Magnetic field strength at the center between the poles
with gap distances of 30, 45, and 60 mm, shown as a function of varying electric current. c-e,

Magnetic field strength distribution between the two poles at separations of ¢, 30 mm; d, 45 mm,;
and e, 60 mm at a current intensity of 3 A.
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Supplementary Fig. 27. Diagrams of bending actuation test. a, Schematic of the setup for
measuring the bending angle of MR yarn under magnetic bending actuation. b, Schematic of the



setup for measuring the magnetic moment density of MR yarn, including a force analysis during
testing. Lya and my. are the length and weight of the yarn, respectively. Fipcr is measured by

the force gauge, m,s is the weight of paperboard strip, and Mpewaing is the magnetic bending
moment.
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Supplementary Fig. 28. Schematic of the 3-point bending setup used to measure the
magnetic stiffening effect of MR yarns.
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Supplementary Fig. 29. Schematic of the setup used to measure the bending durability of
MR yarn.



Instron machine ‘—F | l Moving direction

Force gauge ¢+——

L-shaped
PMMA fixture

. —» Electromagnets
Linear

fabric actuator

PMMA plate

Supplementary Fig. 30. Schematic of the setup used to measure the force-stroke
relationship of the fabric linear actuator under magnetic actuation.



Supplementary Table 1. Performance comparison of our SM yarn with yarns and
fibers with bending or stiffening properties.

(water)

Performance Safety Bending Moment Maximum  Stiffening  Ref.
(Time angle™ density* flexibility Window
Materials limit?) Cmm') (Nmkgh (m N7 (Times)
(Stimulus intensity)
MR yarn Yes 8.29 6.5 103 29.4 This
(300 mT) work
SMP yarns No 3.52 0.0015 21
(83 °C) (1.55)
PCM fiber No 40 22
(80 °C) (25s)
SMP fiber No 45 23
(80 °C) (25s)
Hydrogel fiber No 0.001% 30 24
(80 °C) (2s)
SMA-SMP fiber No 023 25
(120 °C)
LCE-SMP fiber No 595 > 100 26
(90 °C) (0.5's)
SMP-HM fiber No 115 0.02 66 27
(80 °C - 80 mT) 2s)
SMP-HM fiber No 0.77 0.0008 71 28
(80 °C - 31 mT) (60 s)
HM fiber 5.5 29
(80 mT) Yes
HM fiber 25 0.69 30
(unknown)
HM fiber Yes 2.7 31
(45 mT)
HM fiber Yes 1.8 32
(120 mT)
HM fiber Yes 1.5 33
(30 mT)
HM fiber Yes 330 22% 34
(140 mT)
MR fibers Yes 0.03 1.21 35
(20 mT)
DE fibers Yes 0.12 0.0049 0.0275* 36
(0.8 kV)
DE fibers Yes 0.29 0.18 37
(7 kV)
DE fibers Yes 0.11 38
(10 kV)
Tendon-driven fiber Yes 117 0.39 »
Hydrogel fiber Yes 14 40




~ Time limit for temperature-responsive fibers and yarns to ensure safe contact with human skin,
preventing burn injury.
“Bending angle is normalized by the ratio of the deflection angle of the activated bending
structure to its length.
* Moment density of other work is estimated by balancing the actuation moment against

gravitational moment, assuming uniform weight distribution along the length.

#Maximum flexibility is calculated by treating the material as uniform with a consistent cross-
section over a 15 mm length.
Blank entries indicate properties that are either unreported or cannot be estimated from available

data.

Supplementary Table 2. Several typical soft magnetic materials and their static

magnetic properties at room temperature.

- Magnetic property .
Type Materia By(T) H. (A/m) fimar (107) Ref.
Fe (99.95%) 2.15 4 230 41
High-purity Fe 41
Carbonyl Fe 2.15 6 20
Fe-Co-V alloy Fe49C049Va 2.35 50 2 42
Oriented Feo7Sis 2.02 4-15 15-20 43
Fe-Si alloy 4
Non-oriented Feos 90Sii 4  1.96-2.12 30 - 80 3-10 3
Fes2Nias 1.6 4 100 43
Fe-Ni alloy 4
Fe1sNigoMos 0.8 0.3-2 500 3
Amorphous/ Fe7sB13Sio 1.56 2-5 100 43
Nanocrystalline 4
alloy Fer3 5Siis sB7CuiNbs 1.24 0.5 500 3
Sintered Mn-Zn ferrites 0.4 - 0.55 5-20 1-10 44
Ferrite 4
Sintered Ni-Zn ferrites 0.2-0.35 20 -200 0.1-1 5

B; is saturation polarization, H. is coercivity, and ttnax s maximum permeability.
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