Supplementary Information (SI) for Materials Horizons.
This journal is © The Royal Society of Chemistry 2026

Supplementary Information

Programming Magnetic Composites and Phase Change Materials for
Multimodal Haptic Interfaces with Integrated Self-Sensing toward Adaptive and

Proprioceptive Haptic Feedback

Si Chen, Su Li, Yizong Li, Penghao Dong, and Shanshan Yao*



Table S1. Comparisons of representative multimodal and multi-DOF haptic devices.

Number of
Degree of Size Weight Self-
Mechanism working Mode Flexibility Stretchability
freedom [mm] lgl sensing
modes
Servo motor' 1 Skin stretch 1 35x35x%5 - X X O
Servo motor? 1 Skin stretch 1 29 x 45 x 126 115 X X X
Servo motor® 1 Skin stretch 2 — — X X X
Servo motor* 1 Skin stretch 2 41 x41 x5 - X X X
Pneumatic’ 1 Rotational shear 2 49 x 49 x5 150 o o X
Normal
Servo motor® 2 3 57 x32x27 35 X X X
Skin stretch
Normal
Servo motor’ 2 3 24 x 24 x 20 19 X X X
Rotational shear
Normal
Servo motor® 2 3 93 x 110 x 43 306 X X X
Rotational shear
Normal
Servo motor’ 2 3 22 x 49 x 40 32 X X X
Rotational shear
Normal
Servo motor'” 2 3 36x25x26 13 X X X
Rotational shear
Normal 113 x30
Servo motor/Pneumatic'! 2 3 82 X X X
Rotational shear (Length x Width)
Normal 30 x 30
Pneumatic'? 2 3 — X X X
Rotational shear (Length x Width)
Normal
Pneumatic' 2 2 6 % 250 x 80 26 0] 0] X
Rotational shear
Normal
Hydraulic' 2 3 12x12x2 43 O [} X
Skin stretch
Normal
DEA" 2 3 6%x6x0.8 0.09 0] X X
Rotational shear
Normal 113 x35
Pneumatic/Electromagnetic'® 2 3 120 X X [¢]
Skin stretch (Diameter x Height)
Normal
Electromagnetic'” 2 2 8.5x11.7x10.8 — 0] X o
Rotational shear
Normal
Electromagnetic'® 2 2 — 15 X X X
Rotational shear
Normal
Electromagnetic'’ 2 2 7 x 29 x 20 43 (o) X X
Skin stretch
Normal
Electromagnetic® 3 Rotational shear 5 15x15%4 0.8 0] 0] X
Skin stretch
Normal
Electromagnetic 12x5
3 Rotational shear 5 1.8 o o O
(This work) (Diameter x Height)

Skin stretch
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Figure S1. Comparisons of representative multimodal and multi-DOF electromagnetic
actuators. For the "Modes" axis, the numeric labels represent the number of working
modes. For the "Size" axis, a lower score indicates a larger device size, while a higher
score corresponds to more compact form factors. For the "Stretchability" axis, a score
of I denotes a non-stretchable design, while 5 indicates a fully stretchable design. For
the "Self-sensing" axis, / means no self-sensing capability, and 5 indicates self-sensing
integration. For the "DOFs" axis, the numeric labels represent the number of degrees

of freedom.



Note S1. Mechanisms of three working modes.
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Figure S2. Force analysis diagrams of the actuator under (a) normal, (b) rotational shear,

and (c) skin stretch mode.

Since the hybrid coils’ magnetic field is symmetrical, the y-z plane is selected for
analysis in Figure S2. For simplicity, only planar coils are shown in the schematics.
Only the clockwise rotation around the x-axis (+A#6x) in the rotational shear mode and
the movement along the positive y-axis (+Ay) in the skin stretch mode are used as

examples to explain the actuation mechanisms.

In the normal mode (Figure S2a), the soft magnet is magnetized along the z-axis (M =
[0, 0, -M,]). If the coil is energized by a counterclockwise current, the force that the soft

magnet experiences can be analyzed as:

f(F. F_,F

mag> Lspro Skininormal’Nc-m’G):m'g (S1)
where m is the mass of the soft magnet, s is the displacement of the soft magnet from
the initial position (s € R?), Fikin normal is the resistant force induced by the skin, Ne.m is
the support force induced by the coil and applied to the soft magnet, G' is the
gravitational force (Ne-m, G € R> are hidden in the schematic illustrations for clarity),
Fsp: indicates the resistance from the RES spring (Fsyr € R?) and its direction is opposite
of the magnet’s movement. Since the soft magnet is initially located at the center of the

energized coil, Fmae acts repulsively along the z-axis, resulting in out-of-plane

displacement (+Az) of the soft magnet. Based on Newton’s Third Law of Motion, in



the normal mode, the force (Fuormal € R?) that the actuator could provide to the skin can

be calculated as:

(82)

normal _F;kininormal

In the rotational shear mode (Figure S2b), the soft magnet is magnetized at a preset
angle B0 (6o = 45° in this work) relative to the z-axis (M = [0, -My, M.]). This
configuration results in a torque (Tmag € R>)?':

7. =V.MxB

ol (83)
which causes the magnet to rotate about the x-axis (+A8) until it reached the steady
angular position (Af8x = 89). This resulting torque about the x-axis produces localized
skin deformation through rotational shear. The force (or torque) that the soft magnet

experienced can be expressed as:
f(rmag 2 F;pr > I;kinishear > Nc—m ’ G) =m: S (84)
where Tikin shear (Tskin shear € R?) indicates the torque induced by the skin.

Similarly, the torque (Tshear) that the actuator could provide to the skin can be calculated

as:

T

shear

=T

skin_shear (SS)
In the skin stretch mode (Figure S2c¢), the magnet is magnetized in-plane (M = [0, -My,
0]). When the coil is energized, the resulting Fmag induces a 90° rotation of the soft
magnet, causing its edge to slide laterally across the skin surface and produce a
directional skin-stretch tactile stimulus. The force experienced by the magnet can be

analyzed as:

f(Fmag 4 F;pr 4 F;kinfstretch H Nc—m > G) =m: S (86)

where Fskin stweteh 1S the frictional force induced by the interface between human skin

and soft magnet (Fsin swetch € R?), and its direction opposes the motion of the soft

magnet. The magnitude of Fikin stetch can be calculated as:

F,

skin_stretch

= e V. (S7)

s-m



Ny = T T (S8)
where ps—m is the coefficient of friction at the human skin/soft magnet interface, Ns-m is
the normal force generated by the soft magnet on the skin, and its direction is
perpendicular to the skin, and 7torque 1S the radius of the rotation. In this study, Fskin stretch
is obtained from direct experimental measurements. Therefore, in the skin stretch mode,
the force (Fsuetch € R?) that the actuator could provide to human skin can be obtained

as:

F,

stretch

_F;kinfstretch (S 9)
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Figure S3. Schematics of the fabrication process of the gallium-based coil. (a) A single-
layer Ecoflex mold with spiral microchannels is fabricated by drop-casting liquid
Ecoflex into a 3D-printed template, followed by curing and peeling off the Ecoflex. (b)
The patterned microchannels are sealed with Ecoflex thin film to enclose the spiral
channels. (c) Liquid gallium is injected into the sealed microchannels to form a
conductive, deformable planar coil. The illustrated process applies to a single-layer
planar spiral coil. (d) Illustration of a gallium-based solenoid coil. For the solenoid
configuration, the mold contains several single-turn channels that are stacked and
connected layer by layer. For clarity, Ecoflex microchannels have been hidden. Each
single-turn layer is fabricated separately using steps a-c, then aligned and bonded
together to form a multilayer microchannel structure. Microchannels in each layer are
connected end-to-end through vertical vias that align the start and end points, ensuring
continuous flow throughout the coil. After integration, liquid gallium is injected into

the connected microchannels to form a conductive, deformable solenoid coil.
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Figure S4. Photographs of the fabricated Ecoflex mold with the sealed microchannel
before (a) and after (b) liquid gallium injection and lead wire connection. Scale bar: 3

mm.
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Figure S5. Resistance of the gallium-based coil as a function of temperature.



Figure S6. Self-healing behavior of the gallium-based coil (GBC). (a) Photograph of a
coil showing a visible crack. GBC is in a solid state. (b) Photograph of the recovered

coil after reheating at 40 °C for 30 seconds. GBC is in a liquid state. Scale bar: 2 mm.
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Figure S7. Electrical stability of the stretchable gallium-based coil under mechanical
deformation. (a) Coil resistances as a function of the uniaxial strain up to 120%. (b)
Relative resistance changes (AR) under 0—15 % strain, where Ry is the initial resistance

of the unstretched coil.
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Figure S8. Stretchability of the planar gallium-based coil (GBC). (a) Optical image of
the unstretched coil in its relaxed state. (b) Under uniaxial tension, the spiral coil
undergoes substantial deformation while maintaining structural integrity and electrical
continuity. The device returns to its original shape upon release. GBC is in a liquid state

when the actuator is activated. Scale bar: 3 mm.
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Figure S9. Magnetic flux density of the actuation coil under various humidity levels.

By is the magnetic flux density obtained at 20% humidity.
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Figure S10. Magnetic flux densities of magnetic composites using different matrix

materials. The weight ratio of NdFeB particles to polymer matrix is 1 : 1.
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Figure S11. Magnetic flux densities of NdFeB/paraffin composites as a function of the

paraffin: NdFeB weight ratio.
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Figure S12. Schematic illustrations of the soft magnet fabrication process.
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Figure S13. Magnetic flux densities measured across 16 NdFeB/paraffin composite
samples (paraffin: NdFeB weight ratio = 1 : 14). The dotted line shows the mean value,

and the shaded band indicates + SD.
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Figure S14. Normalized spring constant as a function of the RES spring outer diameter.
The spring constant is normalized to the reference geometry (diameter 10 mm, cut angle

180°, 4 arms).



Note S2. Calculation of cut length

Figure S15. Schematic of the planar spiral geometry.

The cut length L of a spiral segment is calculated by approximating the arc by a cut
angle 0. and an effective radius R. (Figure S15). The effective radius is determined as

the mean of the inner radius R;, and the outer radius Ro:

R, = R+R, (S10)
2
The corresponding cut length is then calculated as:
L=0_R, (S11)

This geometric approximation simplifies the design and analysis of the Kirigami pattern
for both modeling and fabrication. The calculated values of L for different 6. are

summarized in Table S2.

Table S2. Calculated cut length (L) at various cut angles (6.).

0. (°) 60 80 100 130 150 180

L (mm) 3.44 4.48 5.78 7.21 8.70 10.21
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Figure S16. Magnetic flux density of the RES spring with different polymer-to-NdFeB

weight ratios.
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Figure S17. Cyclic testing of (a) normal, (b) rotational shear, and (c) skin stretch modes.
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Figure S18. Response of (a) normal, (b) rotational shear, and (c) skin stretch modes.

The input current is 2.4 A.
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Figure S19. Performance of the actuator under (a) bending up to the fingertip curvature

and (b) stretching up to the elastic strain range of the skin.
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Figure S20. Channel coupling characterization for two adjacent actuation channels. (a)

Schematic and (b) measured coupling when both Channel 1 and Channel 2 are ON.

“Distance” represents the edge-to-edge spacing between the two channels. Coupling is

quantified by the magnetic flux density and force change ratio. By and Fo are the

magnetic flux density and actuation force measured at the center of Channe 1 when

Channel 1 is energized. AB and AF are the deviation of magnetic flux density and

actuation force of Channel 1 when both channels are energized.
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Figure S21. Displacement as a function of force in (a) normal, (b) rotational shear, and

(c) skin stretch modes.
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Figure S22. Inductance variations measured by the self-sensing coil during actuation
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Figure S23. Schematic illustration of the control system. The actuation coil is powered
by a DC power supply, with a DPDT relay board regulating the on/off state of current
flow. The relay is controlled by an Arduino, which is programmed to modulate the
actuation timing. At the same time, the sensing coil is connected to an LDC1614
inductance-to-digital converter to measure inductance changes in real time. The
inductance changes are processed to dynamically regulate the actuation current,

enabling closed-loop control.
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