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Supplementary Fig. 1. Procedure for preparing the FMHE.
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Supplementary Fig. 2. Scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) images of the cross-section of FMHEo. The pits in the red circles are formed by the removal
of FM particles.

Supplementary Fig. 2 shows the scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) images of the cross-section of FMHE( samples. The diameter of the FM
particles in the FMHE( is 15~30 pm. Due to their high (50%) volume fraction, these FM particles are
in close contact with one another with nanometre-wide gaps in between. The EDS image shows the
elemental distribution of gallium, indium and silicon in FMHEo. The distribution area of gallium
basically overlaps with that of indium, indicating that gallium has been mixed into Field’s alloy.

We note that FM particles also exist in the red dotted circles, but they are attached to the other
cross-section of the sample after fracture, as evidenced by the pits in the red circles in the SEM
image. In addition, the residual Ga in the red circles in the EDS image corresponds to the pits in the

SEM image, which further proves the existence of FM particles in the red circles.
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Supplementary Fig. 3. Gauge factor—strain curves of (a) FMHE, and (b) FMHE; at 25 °C and
80 °C.

We calculate the gauge factor (GF = Ap/p&, where p and ¢ are the electrical resistivity and strain,
respectively) of FMHE( and FMHE3 at 25 °C and 80 °C, as shown in Supplementary Fig. 3. The GF
quantifies the strain sensitivity and piezoresistive effect of the FMHE, with a higher value indicating
higher sensitivity. A positive GF indicates a positive piezoresistive effect. At 25 °C, FMHE( shows a
maximum GF of 34.1 at 5% compressive strain. In contrast, FMHE; exhibits a higher strain
sensitivity with a maximum GF of 70.5. In addition, the negative GF' of FMHE3 during stretching
also shows its special negative piezoresistive effect. At 80 °C, the melting of FM significantly
reduces the strain sensitivity of FMHESs, as indicated by their low GF. The GFs of FMHE( during
compression and stretching are only 3.6 and —1.6, respectively. Unlike FMHE,, the strain sensitivity
of FMHE; also drops sharply after FM melts but remains high. Its GF under 5% compressive and
tensile strain is 18.4 and —13.4, respectively, which is much higher than that of FMHE,.
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Supplementary Fig. 4. 2D model of the FMHE used for the numerical simulation.

We use COMSOL finite element software to simulate the resistivity of the FMHE,and FMHE;
2D models (150150 pum) during a compression process at 25 °C and 80 °C. The thickness of the
model is set at 1 pm. The models are established based on the SEM images. The sizes of the Ni (2~5
um) and FM (15~30 pum) particles are equal to those in the actual composites. We use an
electrical-mechanical-thermal coupled multifield to simulate the mechanical deformation and
resistivity of the model. The material parameters of the fillers and PDMS matrix (mainly including
the elastic modulus, Poisson's ratio, conductivity, dielectric constant, and coefficient of thermal
expansion) are consistent with the COMSOL material library. The FM uses material parameters
corresponding to the solid or liquid state at 25 °C or 80 °C, respectively. The mechanical deformation
and microstructure change of the model are simulated by applying a fixed displacement load to the
upper side of the model. Supplementary Fig. 4 shows the boundary conditions in the simulation. The
left and right sides of the 2D model are electrically insulated, the lower side is grounded, and the
current density through the upper side is fixed at 100 A-m™. The resistivity of the FMHE model can

be calculated based on the drop in electrical potential.
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Supplementary Fig. 5. Numerical simulation of the resistivity of FMHEy. (a) Simulation results of
the electrical potential distribution of FMHE( at different strains and temperatures. (b) Numerical

simulated resistivity—strain curves of FMHE at 25 °C and 80 °C.

Supplementary Fig. 5a shows the microstructure and electrical potential distribution of FMHEq
compressed at 25 °C and 80 °C. The potential drops when FMHE is compressed by 8% at 80 °C is
similar to that in the relaxed state, reflecting the relatively stable resistivity when FM melts. In
contrast, the voltage drops at 25 °C are very small, corresponding to low resistivity and high strain
sensitivity. The resistivity change reflected in the simulated resistivity—strain curves given in

Supplementary Fig. 5b is also consistent with the experimental results.
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Supplementary Fig. 6. Resistivity of the FMHE with different Ni contents at (a) 25 °C and (b)
80 °C. The values of the error bars are the standard deviation of the sample resistivity under 5

measurements.

To investigate the influence of Ni content on the electrical properties of FMHE, we compare the
resistivity of FMHEo0.5/123 samples at 25 °C and 80 °C. From Supplementary Fig. 6a, the initial
resistivity and strain sensitivity of the FMHE increase significantly with increasing Ni content. In
addition, the resistivity of FMHE( s decreases by 80% when stretched by 10%, proving that FMHE
can exhibit a negative piezoresistivity during stretching even with only a small amount of Ni
particles. However, Ni particles will also slightly reduce the stability of the FMHE resistivity, as
indicated by the relatively large error bars in Supplementary Fig. 6a. Supplementary Fig. 6b
compares the resistivity of FMHE0.5/123 samples at strains of —10%, 0% and 10% when the FM
particles melt. We can see that the melting of FM particles shows little influence on the initial
resistivity of the FMHE samples but greatly increases their resistivity under mechanical deformation
(i.e., reduces their strain sensitivity). When compressed by 10% at 80 °C, the conductivity of

FMHEo/0.5/12/3 increases by 0.6, 1.1, 2.7, 4.2, and 7 times, respectively.

S7



a 10* b 104
| 25°C
m 80°C

E £

€ 10?7 S 102

Q Q

100 4 100 A
10 ym 20 ym 40 pm 09:1 10:1 11:1
Average FM particle size FM/PDMS volume ratio

Supplementary Fig. 7. Resistivity of FMHE; samples with different FM (a) particle sizes and (b)
contents at 25 °C and 80 °C. The values of the error bars are the standard deviation of the sample

resistivity under 5 measurements.

To study the influence of the particle size and volume fraction of FM on the resistivity of
FMHE, we prepare a set of FMHE; samples with different average FM particle sizes and FM
contents and compare their initial resistivities at 25 °C and 80 °C. According to Supplementary Fig.
7a, the resistivity of FMHE; will decrease by >10 times when the average FM particle size is
doubled. However, the large particle size also leads to lower resistivity stability. The FM content also
has a significant influence on the electrical conductivity of FMHE. From Supplementary Fig. 7b,
when the volume of FM increases by 10%, the resistivity of FMHE3 can be reduced by
approximately 30 times. For all FMHE3 samples, the melting of FM particles increases their
resistivity by 20~40%.
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Supplementary Fig. 8. Resistance—time curves of FMHE; over 10 cycles during cyclic loading tests

at 25 °C and 80 °C.

We conducte 10 cycles of cyclic compression tests on FMHE3 samples at 25 °C and 80 °C with
a maximum compressive strain of 20%. Supplementary Fig. 8 gives the resistance—time curves for
the first three and last cycles. In each compression cycle, the resistance of FMHE; decreases steadily
and basically returns to the initial value. After 10 cycles, the initial resistance increases by

approximately 10%, showing good stability.
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Supplementary Fig. 9. Differential scanning calorimeter (DSC) curve of the Ga-doped FM alloy.
According to the DSC curve, the melting point and freezing point of FM are 59.4 and 51.1 °C,

respectively, showing an obvious supercooling effect.
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Supplementary Fig. 10. Resistance—temperature curves of the FMHE( sample under different
strains during heating. Under different compressive strains, the resistance of FMHE, increases
sharply during the melting of FM particles from 60 °C to 70 °C and increases slightly with

temperature when the FM is solid or liquid.
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Supplementary Fig. 11. Cyclic stress—strain curves of FMHE3; under different conditions of (a)

compression at 25 °C; (b) compression at 80 °C; (¢) stretching at 25 °C; and (d) stretching at 80 °C.

To study the mechanical stability of FMHE3; under cyclic loads, we perform cyclic

compression/stretching experiments on FMHE3 samples at 25 °C and 80 °C for 6 cycles. According

to Supplementary Fig. 11, for each condition, the sample shows more obvious elastic hysteresis in

the first cycle (larger elastic hysteresis loop). Their stress curves basically overlap in the subsequent

cycles, exhibiting good mechanical stability. In addition, when FM melts at 80 °C, the elastic

hysteresis of FMHE:; is significantly weakened.
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Supplementary Fig. 12. Stress—strain curves of FMHE, at different temperatures during (a)

compression and (b) stretching.

Supplementary Fig. 12 shows an obvious variable stiffness effect of FMHE, under both
compression and stretching. As the temperature increases from 25 °C to 80 °C, its stress at 30%
compressive and tensile strain drops by 89.8% and 86.8%, respectively. When heated during
compression/stretching, the stress curves before and after FM melting also overlap with its stress

curves at 25 °C and 80 °C, respectively.
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Supplementary Fig. 13. Stress—strain curves of NiE3 at 25 °C and 80 °C during (a) compression and

(b) stretching.

To verify that the variable stiffness effect of the FMHE results from the phase transition of FM

when the temperature changes, we prepare Ni particle-filled elastomers without FM fillers, denoted

as NiEs. The mass ratio of Ni particles to the PDMS matrix of these samples is 3:1, which is

consistent with that of FMHE3. From Supplementary Fig. 13, their stress—strain curves at 25 °C and

80 °C differ only slightly, indicating that the variable stiffness effect of FMHE is independent of the

Ni particles and the PDMS

matrix.
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Supplementary Fig. 14. The (a) compressive modulus, (b) tensile modulus, and (c¢) tensile limit of
the FMHE with different Ni contents at 25 °C and 80 °C. The values of the error bars are the
standard deviation of the sample resistivity under 5 measurements.

To investigate the influence of Ni particles on the variable mechanical properties of the FMHE,
we compare the elastic modulus and tensile limits of the FMHE with different Ni contents. The
elastic modulus of the FMHE can be calculated from the slope of its stress—strain curve.
Supplementary Fig. 14a shows the compressive modulus of FMHEo0.5/123 and NiE3 at 25 °C and
80 °C. At room temperature, the compressive modulus of the FMHE increases with Ni content from
3.95 MPa (FMHE)) to 6.14 MPa (FMHE3) because of the increase in the solid filler volume fraction.
When FM melts, the FMHE with a lower Ni content shows a more significant softening effect upon
heating. For instance, the compressive modulus of FMHE( decreases by 9.5 times to only 418 kPa at
80 °C, which is even lower than that of the PDMS matrix we use (~1.0 MPa). In contrast, the
compressive modulus of FMHE3 decreases by only 61% when FM melts because Ni particles
increase the stiffness of the FMHE at both low and high temperatures. For NiEs, its compressive
modulus at 25 °C and 80 °C differs by only 2.8%, which again proves that the variable stiffness
effect of the FMHE is independent of the PDMS matrix and Ni particles. For the tensile modulus
shown in Supplementary Fig. 14b, with increasing Ni content, the FMHE shows an increased
modulus and weakened variable stiffness effect. The tensile modulus of FMHE( and FMHE; at 25 °C
is 4.7 and 2.3 times that at 80 °C, respectively. Furthermore, the melting of FM can also improve the
stretchability of the FMHE. From Supplementary Fig. 14c, the FMHE, bar will break at an average
tensile strain of 76% at room temperature. After FM melts, it can be stretched by up to 110%. With
the increase in Ni content, the stretchability of the FMHE decreases but can still be improved at a
high temperature. The average tensile limit of FMHE; is 60.8% at 25 °C and can increase to 85.4%
at 80 °C.
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Supplementary Fig. 15. Elastic modulus of FMHE3 samples with different FM (a) particle sizes and
(b) contents at 25 °C and 80 °C. The values of the error bars are the standard deviation of the sample

resistivity under 5 measurements.

To study the influence of the particle size and volume fraction of the FM on the elastic modulus
of FMHE, we prepare a set of FMHE; samples with different average FM particle sizes and FM
contents and compare their compressive moduli at 25 °C and 80 °C, as shown in Supplementary Fig.
15. The elastic modulus of FMHE; increases with the FM particle size and content at 25 °C but
shows the opposite trend at 80 °C. This means that FMHE3 with a larger FM particle size and higher

FM content has a more obvious variable stiffness effect.
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Supplementary Fig. 16. Experimental setup for applying a fixed voltage on an FMHE3 sample

during compression.
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Supplementary Fig. 17. Robotic manipulator equipped with the FMHE variable stiffness
compensation unit. (a) Top view of the FMHE variable stiffness unit, showing the positions of the
three FMHE columns. (b) Optical image of an FMHE column. (¢) FM leakage of the FMHE,
variable stiffness unit after being compressed by 60% at 80 °C. (d) The FMHE variable stiffness unit

encapsulated with a thermochromic Ecoflex layer.

Supplementary Figs. 17a,b show the distribution and size of the FMHE; columns. Three
FMHE; columns (@10.6x11 mm) are arranged in an equilateral triangle and sandwiched between
two electrode plates which are used to apply voltages. Each FMHE column consists of three pieces
of FMHE; samples with two alternately stacked gaskets. The structure of the robotic manipulator
equipped with the FMHE variable stiffness compensation unit is shown in Fig. 4b. From top to
bottom are the manipulator, the FMHE variable stiffness unit and a digital servo motor with a

blocked-rotor torque of 3 N-m.

According to Fig. 3e, FMHE, has a more significant variable stiffness effect than FMHEs.
Theoretically, the variable stiffness unit based on FMHE( can obtain a higher blocked-rotor angle.
However, we still choose to use FMHE3 because of the FM leakage of FMHE( during compression at
a high temperature. As we analysed in Fig. 1b, the PDMS layer between adjacent FM particles in
FMHE, is very thin. At a high temperature, these thin PDMS layers can rupture at a compressive
strain of > 55%, causing leakage of melted FM (see Supplementary Fig. 17¢). In contrast, the PDMS
layer in FMHE3 1s much thicker, so there is almost no FM leakage during deformation. Therefore, we
encapsulate a thermochromic Ecoflex layer on the FMHE; columns in the variable stiffness unit, as
shown in Supplementary Fig. 17d. This encapsulation layer can not only avoid FM leakage but also

indicate the working state of the FMHE compensation unit.
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Supplementary Fig. 18. A smaller FMHEj; resettable current-limiting fuse. (a) Current-time curve of
the small FMHE fuse at blowing. The blue, red and grey areas correspond to the normal, short circuit,
and blown fuse states, respectively. (b) Response time and dimension of the small FMHE fuse
compared to other reported (Ref. !, 2, and *) and commercial (JDTFUSE™ ASMD1206-050,
Littelfuse™ 1206L050, Littelfuse™ RHEF050) resettable fuses. The dimension on the y-axis refers
to the area of these chip fuses. The short-circuit current during the test is twice the fusing current of

each fuse.

By reducing the size of the FMHE resettable fuse, its heating rate during short circuit can be
significantly improved due to its higher heating power per unit volume, resulting in a faster response.
To demonstrate this, we create a smaller FMHE fuse with FMHE block size of 1x1x1 mm. The
FMHE block is pre-compressed by 30% to obtain an initial resistance of ~0.4 Q and a high fusing
resistance of >800 Q. Supplementary Fig. 18a shows its current-time curve at blowing. The FMHE
fuse is connected in series in a circuit with a working voltage of 6 V and a working current of 0.18 A.
At 60 ms, the circuit is manually short-circuited with a fault current of 2 A. With a volumetric heat
capacity of 2.06 J-cm-3-K-1 and a heating power of 1.6 W, the FMHE fuse will be heated rapidly at a
theoretical rate of 0.75 °C-ms!. At 145 ms, the resistance of FMHE fuse increases by 2000 times and
the current is limited to <10 mA, showing a response time of only 85 ms. Such a fast response speed
outperforms state-of-the-art commercial and laboratory prototype PPTC resettable fuses. According
to Supplementary Fig. 18b, the response time of commercial chip resettable fuses with the same
working voltage (6 V) and fusing current (1 A) as FMHE fuses is above 1 s. Some reported
thermoresponsive fuses can achieve fast response <1 s!2, but their size is much larger than that of
FMHE fuses. In conclusion, the FMHE resettable fuse in this work exhibits >10 times faster

response and >10 times smaller dimension than state-of-the-art products.
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Supplementary Discussion 1. Factors affecting the timing and speed of stiffness reduction of the

FMHE.

According to Fig. 3f-h, when compressing FMHE samples under an external voltage, the
voltage and compression speed will affect the critical strain of stiffness change and the decline speed
of the stress curve of FMHE samples. A higher voltage can reduce the required strain for melting FM,
as reflected by the earlier softening indicated by the red curve given in Fig. 3f and the lower critical
strain shown in Fig. 3h. A fast compression speed will accelerate the stiffness change process. Due to
the lag of the temperature rise of the sample relative to its resistance increase, a faster compression
speed can lead to a higher current and heating power before FM starts melting to achieve a higher
temperature. The maximum temperature of the sample compressed at 6% min™! is 69.3 °C, while that
of the sample compressed at 12% min™! is 80.7 °C. Higher temperatures can melt FM particles faster,
resulting in a rapid reduction in stiffness, as indicated by the rapidly decreasing red stress curve

given in Fig. 3f.
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Supplementary Discussion 2. Variable stiffness function of the FMHE wvariable stiffness

compensation unit.

The FMHE self-triggered variable stiffness compensation unit can realise compression, bending
and torsion with variable and adjustable stiffness. Its variable stiffness mechanical load curves during
compression (speed of 0.4 mm-min') and bending (speed of 2° min') are given in Figs. 4c,d. At room
temperature, its compression force basically increases linearly with compression distance to 286 N at
1.5 mm, with a stiffness coefficient of 191 kN-m!. At 80 °C, the force at 1.5 mm drops to 130 N,
showing a lower stiffness coefficient of 86.7 kN'm'. To demonstrate its self-triggered variable
stiffness function, we apply a fixed voltage of 5 V to it during compression. The initial resistance of
the compensation unit is ~100 Q. As the force increases to 83 N at 0.6 mm, its resistance drops to 2.5
Q, and its temperature reaches 60 °C. Its stiffness then decreases with the melting of FM, as shown
in the yellow force—distance curve in Fig. 4c. As the compression distance increases from 0.7 mm to
1.5 mm, the compensation unit maintains a temperature of ~75 °C and a low stiffness coefficient of
44 kN-m'. For the case of bending, the compensation unit also shows a similar variable stiffness
phenomenon. It has bending stiffness coefticients of 0.413 N-m/° and 0.193 N-m/° at 25 °C and
80 °C, respectively. When powered by a 5 V supply during bending, its temperature rises to 75 °C at
a bending degree of 3.7°. After that, its bending moment increases slightly, showing a bending
stiffness close to 0. After the bending angle reached 7.3°, its bending moment curve intersects and

overlaps with the curve at 80 °C.
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Supplementary Discussion 3. Demonstration of the FMHE self-triggered compensation unit in the

manipulator.

In the servo motor-driven manipulator equipped with a variable stiffness compensation unit, the
axis of the servo motor is perpendicular to the compensation unit axis. Therefore, the manipulator
swung back and forth like a pendulum when the servo motor is activated. A manipulator without the
FMHE unit will get stuck when encountering obstacles during its swing, causing the immediate
blocked rotor and damage to the servo motor. This will lead to high internal mechanical stress and
overheating of the servo motor, which will cause damage. After being equipped with the flexible
FMHE compensation unit, this problem can be solved. When no voltage is applied to the
compensation unit, the torque—time and current—time curves of the servo motor after the manipulator
is stuck are shown in Fig. 4e. The servo motor rotates at a constant speed of 0.54°-s! with an initial
working current of 0.17 A at 0 s. Since the temperature of the FMHE unit remains unchanged, its
bending stiffness is constant at 0.413 N-m/°. With the rotation of the servo motor, the bending angle
and moment of the FMHE unit increase, resulting in an increase in the torque and current of the
servo motor. At 13.5 s, its torque reaches the blocked-rotor torque of 3 N-'m, and the current
increases to 2 A, showing a bending compensation angle of 7.3°. When powered by a 5 V supply, the
compensation unit softens at a bending angle of 4.9°, delaying the time for the servo motor to reach
the blocked-rotor torque. This thereby further increases the bending compensation angle of the
compensation unit to 16.5° (see Fig. 4f). The thermochromic elastomer encapsulation layer on the
FMHE3 columns can indicate the working state of the compensation unit. The colours of the
encapsulation layer at <49 °C, 49~60 °C and > 60 °C are purple, blue, and white, respectively. From
Figs. 4f,g, the initial temperature of the FMHE unit is 26 °C with a purple encapsulation layer. At 6 s,
the encapsulation layer turns blue, indicating that the FMHE columns have been heated and FM is
about to melt. From 7 s to 16 s, the torque of the servo motor is basically unchanged, corresponding
to the O-stiffness section of the yellow bending moment curve given in Fig. 4d. After that, the torque

increases slowly with the angle of the servo motor, and the encapsulation layer remains white,
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indicating that the FMHE unit is in the low stiffness state. At 30.5 s, the servo motor stops rotating at

a blocked-rotor angle of 16.5°.
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Supplementary Discussion 4. Calculation of the volumetric heat capacity of FMHE3 and heating

rate of the FMHE fuse.

The volumetric heat capacity describes the ability of a unit volume of a material to store internal
energy when undergoing a given temperature change (without undergoing a phase transition). It is
the product of the material density and the specific heat capacity. The volumetric heat capacity of the
FMHE is equal to the volume-weighted average of the volumetric heat capacities of the individual
components. The volume ratio of PDMS, Ni particles and FM in FMHE3 is 1:0.337:1. According to
the density and specific heat capacity of each material in the following table, we calculate the

volumetric heat capacity of FMHE3, which is 2.06 J-cm™-K!.

Then we can calculate the heating rate of the FMHE fuse when the servo motor is blocked. In
Fig. Sc, the current passing through the FMHE fuse is 2.0 A after blocking. Since the resistance of
the FMHE fuse is 0.51 Q, its initial heating power will be 2.04 W (P = R-I?). According the size of
the FMHE block in FMHE fuse (2x2x3 mm), it will be heated at a theoretical rate of ~82.5 °C:s!
(2.04 W/[(0.012 cm?)-(2.06 J-cm™-K'!)]). Due to the heat dissipation through the copper electrodes

and current reduction, the actual heating rate between 1.5 s and 2 s is about 50 °C-s! (Fig. 5c¢).

PDMS Ni In Bi Sn Ga Field’s metal
density (g-cm) 1 8.9 7.3 9.8 7.28 5.9 7.90
specific heat
. 1 -l 1.46 0.447 0.23 0.3 0.228 0.37 0.255
capacity (J-g+-K™)
volumetric heat
. ol 1.46 3.98 1.679 2.94 1.66 2.18 2.01
capacity (J-cm=3-K™)
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