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SOFT MAGNETIC TACTILE SENSOR
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ure 1. Sensor Overview: A) The elastomer composite loaded with magnetic microparticles is cured under a ﬁeld. B) The composite retains the
Hellebrekers, Kroemer, Majidi, Advanced Intelligent Systems, 1(4), p.1900025 (2019).
tchability and ﬂexibility of the host substrate, and is compatible with stretchable circuitry. C) The magnetic ﬁeld measured at the magnetometer
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Hellebrekers, Zhang, Veloso, Kroemer, Majidi, IEEE IROS, 1(4), p.1900025 (2020).

Figure 2. Grid Results Overview: A) The magnetic skin is sampled at 25 locations to a depth of 3 mm for a total of 25 classes. B) QDA classiﬁcation results
for location 13, and C) all QDA classiﬁcation results grouped by class. Mean absolute error from linear regression grouped by location for D) x-position,
E) y-position, and F) mean absolute error from k-NN regression for force.
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The output estimations near the edge of the sensor tend to
2 have a lower accuracy and higher standard deviation. Due to
3 the magnetic signal to distance relationship of 1=d3 , the quality
4 of signal is expected to decrease drastically with distance. At these
5 points along the edge, we believe that the random distribution of
6 particles begins to have a larger effect on output signal than the
7 applied deformation. This leads to unusual signal changes, and is
8 the main reason why we chose data-driven techniques instead of
9 function ﬁtting. A more detailed example of this type of noise can
10 be found in Section 1.3, Supporting Information.
11 2.2. Location and Depth Sensing

general, less applied pressure (depth ¼ 1) leads to a smaller signal change and lower accuracy. For this sample, location 3 and
depth 1 had noticeably lower classiﬁcation accuracy. We attribute
this to a combination of misalignment leading to smaller signals
on the right-hand side, which is also apparent in the larger error
in locations 2, 3, and 4 in Figure 3D,E.
The 24 classes were transformed into their true (x,y,z) coordinates for location estimation. For the 8-point circle and linear
regression, the x-position has a mean absolute error of 1.2 mm
and the y-position has a mean absolute error of 3.4 mm across all
the classes. The difference in error between the x and y coordinates imply a small misalignment in this test as well—also
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ELECTRICAL SELF-HEALING LM-POLYMER COMPOSITES
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Histograms of thermal conductivity along the direction of strain (at 60% strain) for a 50 vol % LM–LCE composite and an unfilled LCE; (I)
dissipation of a 50 vol % LM–LCE composite and an unfilled LCE after initial heating. The temperature scale ranges from 20 °C (blue) to
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alized change in electrical resistance, R, versus strain
of a(Scale
conductive
LM–LCE strip with the red line representing the average and the
punctured.
bar, 10 mm.) (B) Sequence of soft crawler composed of a 50 vol. % LM-LCE. A ruler is used for scale. (C) Damage detection and response o
stimulation (Fig. 1G). Critically, the LCE retains the ability
surface-mounted electronic components
(Fig. 1H). Joule-heated
composite.
In the
trace powers
an LED.Ohm’s
As the sample
is damage
(second panel),
the LED
remains
on. After severe damage,
actively SD
shape for
morph 3
evensamples
for cases when up
to 50 vol %3
(83times
linear actuation
LM–LCEs
canLM–LCE
be excited
faster
thanfirst panel,
gto the
tested
eachof (n
= 9)
with
aat rates
comparison
toa conductive
predictions
from
law
(dashed
curve).
(K)
Photographs
of J
Fig. 1. LM–LCE composites and related functional demonstrations. Illustrations of the molecular (A), microscale (B), and mesoscale (C) ordering of LM–LCE
composites. (D) Micrographs of unstrained (Top) and strained (Bottom) composites. (Scale bars, 1 mm.) (E) Photographs highlighting the compliance and
deformability of an unstretched (Top) and stretched (Middle) electrically conductive 50 vol % LM–LCE powering an LED. Circuit traces form through mechanical
damage (Bottom). (Scale bar, 1 cm.) (F) Photographs of a 50 vol % LM–LCE composite lifting a 100-g weight (∼45 kPa). (Scale bar, 3 cm.) (G) Photographs of zerostress shape change enabled by photoinitiated shape programming. (Scale bar, 1 cm.) (H) Photographs of a multifunctional architecture. LM–LCE composites
function as a conductive wire to run current through an LED, as a transducer to sense touch, and as a Joule-heated actuator to lift a weight. An LED turns on when
the sensing composite responds to touch, and internal Joule-heated actuation is activated. An example of the process is shown in Movie S1. (Scale bar, 1 cm.)
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SELF-HEALING & REPROGRAMMABLE
LM-POLYMER COMPOSITES

Ford et al., Advanced Materials 2020

INTELLIGENT SOFT MATERIALS
How can materials be intelligent?
•
•
•
•

Use sensory information to make decisions and perform tasks
Maintain robust functionality through adaptation
Reprogrammable such that the same material can achieve various
sensing or motor functions
Process information for MIMO functionality

Why does this matter?
•
•
•

Materials can exhibit intelligence but not be very useful
Should we develop intelligent materials first and find applications later?
Can biomimetics be useful in designing intelligent materials?

