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Introduction
Human–machine interactions will be ubiquitous in future 
technologies like soft robotics and healthcare. Materials that 
will be used for these technologies will need to be mechani-
cally compliant and elastic to accommodate human–machine 
interactions. In addition, efficient soft machines will rely 
on materials that exhibit functionality beyond serving as 
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Materials that can assist with perception and responsivity of an engineered machine are said to promote 
physical intelligence. Physical intelligence may be important for flexible and soft materials that will 
be used in applications like soft robotics, wearable computers, and healthcare. These applications 
require stimuli responsivity, sensing, and actuation that allow a machine to perceive and react to its 
environment. The development of materials that exhibit some form of physical intelligence has relied on 
functional polymers and composites that contain these polymers. This review will focus on composites 
of functional polymers that display physical intelligence by assisting with perception, responsivity, or by 
off-loading computation. Composites of liquid crystal elastomers, shape-memory polymers, hydrogels, 
self-healing materials, and transient materials and their functionalities are examined with a viewpoint 
that considers physical intelligence.


 A

nn
uA

l I
ss

ue

This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021 

Invited Feature Review

EARLY CAREER SCHOLARS IN MATERIALS SCIENCE 2022

Michael J. Ford is a postdoctoral researcher at Lawrence Livermore National Laboratory 
(LLNL). He earned his PhD in Materials from the University of California, Santa Barbara, where 
he studied polymer semiconductors. His position at LLNL follows a postdoctoral position in the 
Soft Machines Lab at Carnegie Mellon University. Under the direction of Prof. Carmel Majidi, 
Michael focused on the synthesis and characterization of new multifunctional materials for soft 
machines. At LLNL, Michael is a member of the High Performance Materials group and the 
Abilities Champions Employee Resource Group.

Michael J. Ford

structural elements and packaging for actuators and/or sen-
sors. Soft machines can be built using functional polymers 
(e.g., shape-morphing materials) and composites that incor-
porate functional polymers. The idea of physical intelligence—
where functionality is encoded into a physical entity rather 
than enabled by a traditional computer—has been invoked to 
describe this emerging standard for materials and machines. 
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A major motivator for the continued development of physi-
cal intelligence in compliant materials is that these materials 
will reduce or eliminate the computation that is handled by 
on-board electronics. By reducing computational complexity, 
machines that are fabricated using these intelligent materials 
can operate more readily in unstructured, real-world environ-
ments, which are inherently difficult for machines to navigate 
autonomously [1].

An entity can be described as intelligent if it complies with 
a set of rules and can use those rules in a diverse way. Research-
ers who study intelligence in engineered systems may divide 
their efforts into (i) embodied intelligence, where intelligence 
requires a body that assists with complying to the rules of its 
environment and exploits those rules to exhibit diverse behavior; 
(ii) computational intelligence, where a computer can learn a 
specific task from data; and (iii) artificial intelligence (AI), where 
a system algorithmically emulates the decision-making ability of 
a human expert [2]. Physical intelligence is related to these sub-
sets of intelligence. For example, a material that exhibits physi-
cal intelligence may or may not enable embodied intelligence, 
depending on the machine. Physical intelligence can manifest 
as embedded perception and responsivity [1] (i.e., “the material 
is the machine” [3, 4]) or can facilitate embodied intelligence 
by off-loading computation to the structure of the machine [1].

A typical example that illustrates off-loading of computa-
tional complexity involves the function of tendons in an organ-
ism’s leg. Rather than requiring control effort to return the leg to 
its original position, the elasticity of the collagen fibers that com-
prise the tendons performs the work. The elasticity of materials 
like collagen fibers is not traditionally viewed as “intelligent,” but 
the morphology of the body in combination with the physical 
properties of its materials create a replacement for active com-
putational control. Illustrative examples of machines that exhibit 
a similar form of intelligence include a robotic gripper based on 
jamming of granular material [5] and a pneumatic crawler that 
navigates and grows via eversion [6].

In the case of the robotic gripper, which is composed of a 
balloon filled with a granular material, the granular material 
conforms to objects that it is pressed against. Then, the balloon is 
evacuated, and the granular material jams to grip the object that 
requires lifting (Fig. 1a). The gripper does not rely on sensors 
to determine the shape/orientation of the object, thus reduc-
ing computational complexity. For the crawler that grows via 
eversion, its pneumatic nature permits it to distribute pressure 
throughout its body. Therefore, it can squeeze through small 
gaps and change shape without requiring sensors or actuators 
to measure the size of the gap. In the case of the gripper, physi-
cal intelligence permits interaction with objects in its environ-
ment; for the crawler, physical intelligence facilitates movement 
through the environment. These simple examples illustrate some 
of the goals that researchers should consider when designing 

new materials with physical and/or embodied intelligence in 
mind; however, the future of multifunctional materials research 
will require developments that are much more complex and 
more tightly integrated.

We can discuss the complex functionalities that new materi-
als will need so that machines can operate alongside humans in 
real-world environments by comparing modern machines to 
prokaryotes, fungi, algae, plants, and other simple organisms. 
For example, many plants are capable of regenerating tissue or 
organs. Damage to plant tissue can induce a hormonal response 
that triggers this regeneration (Fig. 1b) [7]. A superficial view 
of intelligence (i.e., without considering physical/embodied 
intelligence) may necessitate a brain or central processing unit 
to exhibit intelligence; however, plants that regenerate tissue/
organs do not rely on any centralized control unit. The sensing 
and responsivity of a plant that regenerates tissue/organs are 
enviable when considering the current state-of-the-art of mate-
rials and machines. For a robotic arm, if connection to the grip-
per of the arm is severed, the arm would not be fully functional 
until an engineer performed repairs. One improvement would 
be to include self-healing materials so that the engineer could 
simply reconnect the severed parts to complete the repairs. Ide-
ally, the machine would sense that the connection was dam-
aged, actuate the severed ends until they were rejoined, and then 
induce self-healing (Fig. 1c). An approach that considers physi-
cal intelligence to achieve this responsive self-healing would 
involve locally structuring the material to sense and respond to 
the damage without input from a central processing unit.

To fabricate compliant materials that can sense and/or 
respond to stimuli, we will focus on composites that use func-
tional polymers. This focus allows us to narrow our scope in 
describing efforts that exemplify physical intelligence [1]. 
Remarkable progress in polymer chemistry has enabled new 
functionalities like actuation, conductivity, stimuli-responsive-
ness, self-healing, and reprocessability. Materials with these 
functionalities are contrasted from the “off-the-shelf ” products 
(e.g., polysiloxanes) that are commercially available [8]. As 
these synthetic techniques are further refined in order to sim-
plify reaction schemes and incorporate environmentally friendly 
precursors [9, 10], researchers have adopted these techniques to 
design composites that incorporate a functional polymer along 
with a filler. Many precursors are commercially available at suf-
ficient purity, and polymers can be synthesized without special-
ized requirements like oxygen-free environments, which means 
non-chemists can more readily synthesize functional polymers 
and related composites [8]. Thus, the first portion of this review 
will cover composites that include a functional polymer matrix. 
Following, we will discuss our outlook on the future of materi-
als with physical intelligence. We review these multifunctional 
materials through a lens that considers physical intelligence. 
This perspective will be useful as technologies that focus on 
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Figure 1:  (a) A soft gripper can conform around an object without relying on sensors due to its composition, as shown in the illustration. This example 
highlights embodied intelligence, where low-level sensing is eliminated due to the compliance of the material. (b) A plant exhibits functions that can 
be viewed as intelligent even though it does not possess a brain, as shown in this illustration. A plant can experience tissue damage and heal due to 
hormonal responses that are embedded in the structural hierarchy of the plant. (c) Materials and machines strive to mimic some of the intelligent 
functionality, like self-healing, that is observed in simple organisms as shown in this illustration of a robotic arm that is damaged and healed. A 
responsive system that exhibits physical intelligence could heal without human intervention.
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human–machine interaction demand that compliant materials 
exhibit multifunctionality.

Composites with functional polymers
Liquid crystal elastomers

Liquid crystal elastomers (LCEs) are polymer networks that 
include a liquid crystal moiety that enables shape morphing. 
The liquid crystal units form ordered domains that are aniso-
tropic. These domains transition between a disordered state 
and an isotropic state, typically due to a thermal transition or 
a response of a photoswitchable chemical unit. This transition 
results in a macroscopic shape change [11]. The shape change 
can manifest as simple linear motion, acting as an artificial 
muscle, or can be programmed to undergo more complicated 
shape transformation (e.g., a flat sheet at higher temperatures 
that forms features with Gaussian curvature when cooled) [12, 
13]. One way that complex shape changes can be achieved is 
through additive manufacturing, which imposes a shear that 
aligns the liquid crystal domains [14–16]. Alternatively, complex 
shape changes that are not limited to flat sheets can be formed 
by aligning domains in the presence of a magnetic field dur-
ing processing [17–19]. The ability to change to/from complex 
shapes is a key benefit of using LCEs for actuation. In contrast, 
systems of micromotors and controllers would be prohibitively 
complex to achieve the complicated embodiments that have 
been realized with LCEs.

LCEs with photoresponsivity

LCEs can be engineered to reversibly change shape in response 
to light-based stimulation. For example, photothermal actua-
tion propelled a 14 mm strip of LCE that was programmed 
to undergo motion that resembled an inchworm. The crawler 
incorporated a dye with a peak absorption of 502 nm, which 
was touted as an improvement for human–machine interactions 
relative to chromophores that absorb UV light or that require 
high light intensities for actuation [20]. A similar photorespon-
sive embodiment incorporated a liquid crystal solvent along 
with the dye and LCE matrix. The liquid crystal solvent reduced 
the transition temperature to permit actuation in water [21]. As 
with similar light-driven swimmers that had been previously 
reported [22], motion could be controlled by light. In this case, 
the swimmer would move toward the light as it flashed on and 
off (Fig. 2a) [21].

A similar mechanism was used to create an “optical flytrap,” 
which resembled the action of a Venus flytrap. An optical fiber 
was attached to an LCE. When an object entered the field of 
view of the optical fiber, light was reflected and scattered. This 
light induced a shape change in the LCE, allowing it to grasp 

objects (Fig. 2b) [23]. In the view of physical intelligence, these 
embodiments do not require sensors that would trigger actua-
tion. Instead, the actuator and sensor are built into one material. 
As a particularly compelling example of physical intelligence, 
the flytrap displays reactivity to its local environment, closing 
around an object only when the object is proximate to the grip-
per without a central processor [23].

Joule heating of LCEs

There may be tradeoffs that favor other methods of actuation 
instead of photoresponsive actuation of LCEs. For example, 
since organic dyes absorb light so strongly, photoresponsive 
actuation is typically limited to thin films (ca. < 1 mm). One 
alternative method to actuate LCEs relies on Joule heating. To 
achieve Joule heating, common procedures either incorporate 
conductive particles during processing of the LCE or laminate a 
conductive film atop a LCE sheet [24]. However, the rigidity of 
conductive materials like carbon black restricts the actuation of 
LCEs at the loadings required to achieve conductivity. Serpen-
tine patterns of conductive wires have been used to mitigate this 
issue. In one example that used serpentine wires, He et al. fabri-
cated the LCE into a tubular actuator with three separate wires, 
enabling complex actuation in three dimensions. The geometry 
was leveraged to achieve complex actuation—in addition to a 
walker that moved through its environment without a tether 
(Fig. 2c)—without requiring difficult techniques to process 
the LCE actuator (e.g., those that require high magnetic fields) 
[25]. Future work that utilizes similar actuators/walkers as this 
work could show interesting locomotion by incorporating LCEs 
that actuate at different temperatures [26]. This strategy follows 
principles that are considered for embodied intelligence, where 
the morphology of the agent should be carefully considered to 
minimize computational effort.

Another method to eliminate the detrimental effect that 
rigid conductive fillers [27] can have on the LCE actuation is to 
use a deformable conductive filler instead. We developed a LCE 
composite that incorporated particles of a gallium-based liquid 
metal (LM); when large enough particles are used, the deform-
ability of the LM particles did not restrict actuation (Fig. 2d) [28, 
29]. These composites could conduct heat more efficiently than 
unfilled materials, allowing for efficient heating of thick speci-
mens (e.g., 3 mm or more). Interfacial effects are significant when 
smaller LM particles are used (on the order of 10 µm or less), and 
actuation strain and stress can be tuned. One limitation of Joule 
heating is that cooling to room temperature is slow, but these 
actuators can operate at high actuation frequencies with large 
actuation strains (e.g., 2 Hz, 15.5%) in a convective fluid, like 
water [29]. As with all Joule heating, input power for these actua-
tors is high due to heat wasted to the ambient environment.
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We attempted to demonstrate an example of physical intel-
ligence using these LM-LCE actuators. One attribute of com-
posites that incorporate LM particles is that the composite is 
typically not electrically conductive until droplets are forced to 
coalesce (e.g., by mechanical sintering) [30]. Thus, it is possible 
to pattern the composite so that only some regions are con-
ductive. Mechanical damage can also re-route conductivity, 
allowing for self-healing and localized damage detection [31, 
32]. For our demonstration, conductive traces in the LM-LCE 
composite were patterned into a circuit that powered an LED. 
Damage occurred in a specific region of the composite, which 
rerouted the flow of current and activated Joule heating. The 
LM-LCE could respond to the damage by actuating (Fig. 2e). 
No control mechanism was used, i.e., the input voltage was not 
modified after it was turned on to power the LED [28]. However, 

we note that this example of physical intelligence is highly pre-
determined and only worked in the precise scenario that was 
constructed. The damaged region that triggered a reaction was 
too localized, and a distributed response that can also identify 
where damage occurred would be more impactful. Progress in 
physical intelligence will require similar responsivity in less-
than-ideal situations.

Other examples of physical intelligence that utilized Joule 
heating of LCE actuators involved LM traces rather than LM 
particles. LM traces exhibit electromechanical coupling that is 
reliable and predictable [33]. Thus, the resistance can be used to 
measure the strain. For an LCE actuator that is patterned with 
and powered by LM traces, closed-loop control of actuation is 
possible. In this case, the LM acts as the heating element and 
sensor simultaneously [34]. More recently, others have leveraged 

Figure 2:  (a) A photoresponsive LCE can swim toward light, as shown in these sequential photographs. The LCE bends upon photothermal heating and 
can swim upward as the light flashes on and off. For scale, the dimensions of the swimmer are 16 mm × 3 mm × 0.1 mm. Reproduced with permission 
from Ref. 21. Copyright 2020, National Academy of Sciences. (b) A photoresponsive LCE coupled with an optical fiber forms a gripper that grips without 
traditional sensors, as shown in this illustration, which is sketched based on Ref. 23. Without an object obstructing the light from the optical fiber, the 
LCE remains open (left). When an object is close enough to the end of the optical fiber, light is reflected toward the LCE, resulting in actuation (right). 
(c) LCE tubular actuators can power an untethered machine that walks using Joule heating, as shown in these sequential photographs of a single 
gait of the machine. The LCE actuators use serpentine wires to avoid restricting motion of the LCEs. For scale, the tubular actuators are approximately 
0.7 cm in diameter. Reproduced with permission from Ref. 25. Without an object obstructing the light from the optical fiber, the LCE remains open 
(left). When an object is close enough to the end of the optical fiber, light is reflected toward the LCE, resulting in actuation (right). (c) LCE tubular 
actuators can power an untethered machine that walks using Joule heating, as shown in these sequential photographs of a single gait of the machine. 
The LCE actuators use serpentine wires to avoid restricting motion of the LCEs. For scale, the tubular actuators are approximately 0.7 cm in diameter. 
Reproduced with permission from Ref. 25. Copyright 2019, American Association for the Advancement of Science. (d) Rigid fillers like carbon black 
restrict LCE motion (left) to a greater extent than deformable fillers like liquid metal (right), as shown in these plots of the normalized change in 
length (L length at a given temperature; L0 length in the isotropic state) vs. temperature. For large actuation strokes, L/L0 should be maximized. For 
the LCE filled with a rigid filler, about 4 vol% carbon black was used. For the LCE filled with a deformable filler, 50 vol% eutectic gallium indium was 
used. Data were taken from Refs. 28 and 29. (e) An LCE actuator can sense and respond to damage by rerouting conductivity, as shown in these 
sequential photographs. The LCE composite is filled with liquid metal, which can be selectively patterned to be conductive in certain regions. In the 
first photograph, the LCE composite powers an LED with the conductive pathway highlighted in pink. The LED remains on after initial damage (second 
photograph) but significant damage reroutes conductivity, which turns off the LED (third photograph). The conductivity that was rerouted powers 
actuation through Joule heating (fourth photograph). The new route of conductivity is highlighted in pink. For scale, the LCE composite is about 3 cm 
wide. Reproduced with permission from Ref. 29. Copyright 2019, National Academy of Sciences.
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co-extrusion to integrate a liquid metal core into LCE strands. 
This method of processing provides a straightforward route to 
seal the LM from the ambient environment, which also reduces 
waste heat, while mitigating the electronic breakdown that was 
problematic in the previous LCE actuator that used LM traces. 
These so-called innervated LCEs could be printed to morph 
into complex shapes, and closed-loop control that relied on the 
change in resistance during heating was also demonstrated [35].

Similarly, other groups have printed LM traces atop LCEs 
and supplied a constant current. As the resistance of the LM 
increased due to the shape morphing of the LCE, a blue LED 
that was connected to the circuit became dimmer until it turned 
off. As a more useful demonstration of physical intelligence, the 
researchers designed circuits of LM traces that would respond 
to pressure or strain. For example, when constant current was 
applied by a power source, the resistance would increase when 
a pressure was applied, resulting in an increase in applied power 
that led to actuation. To leverage this sensing, a gripper was 
fabricated that responded to stretch. When the gripper was 
stretched, resistance increased, and the gripper opened. Upon 
relaxation of the applied strain, the gripper cooled and closed 
[36]. Such responsivity to the actuator’s environment without 
the use of sensors or a central control unit is an impressive dis-
play of physical intelligence.

LCEs with magnetic responsivity

LCEs can also be paired with magnetic particles to impart an 
additional responsivity beyond what has been previously dis-
cussed. In early reports of these LCE composites, magnetic par-
ticles converted energy from an AC magnetic field into heat, 
which induced a phase transition in the LCE [37]. Another 
report introduced a novel functionality for LCE composites: 
magnetic memory that was rewritable. Anisotropic magnetic 
nanoparticles were oriented upon mechanical deformation of 
the LCE composite, which represents a stored state. When heat-
ing above the transition temperature of the LCE, the orientation 
of the magnetic nanoparticles becomes isotropic, which repre-
sents erasure of the stored state [38]. While memory is impor-
tant for physical intelligence, it remains a challenge to figure 
out how this embodiment could be implemented and how the 
stored memory could be accessed and utilized by an intelligent 
machine.

LCE composites that contain magnetic particles can also 
exhibit responsivity that depends on the local environment. 
LCE composites that contain magnetic particles can exhibit 
responsivity in a magnetic field, which can allow for an addi-
tional mode of control and actuation. LCE composites with fer-
romagnetic microparticles were synthesized and exhibited com-
plex shape deformations that are typical for unfilled LCEs. For 
example, a rectangular sheet could morph into a helical shape. 

With magnetic particles added, the sheet would morph differ-
ently depending on magnetic programming and the applied 
field. At room temperature in air, the LCE composite walked 
when using a sinusoidal magnetization profile in the presence of 
an oscillating magnetic field. The composite walked to the edge 
of a substrate and then fell into a heated bath of glycerol. The 
thermal energy from the bath induced a shape change, and the 
composite form a helical shape. The composite could then swim 
upward or downward after the magnetic field was modified [39]. 
This example of physical intelligence represents an important 
step towards adaptability to local environments.

Summary and future directions

LCE composites are exemplary of the progress toward mate-
rials with physical intelligence. The examples outlined in this 
review are superficial in scope compared to the potential for 
LCEs. LCEs exhibit functionalities beyond what is covered in 
this review (e.g., dynamic/structural color change [40, 41] and 
mechanical dissipation [42]). Additionally, LCE chemistry has 
benefited from the progress of polymer chemistry [9, 43], which 
has enabled exchangeable covalent linkages [44], printable inks 
with tunable transition temperatures [26], and actuation block-
ing stress above 1 MPa (with work densities that range from 
about 30 kJ  m−3 up to about 1200 kJ  m−3) [24, 45], among other 
features [46, 47]. It is exciting to imagine the progress that will 
emerge as a result of these continued developments.

Shape‑memory polymers

Like LCEs, shape-memory polymers (SMPs) provide the capa-
bility to change shape with large recoverable strains using a com-
pliant material [48]. For SMPs, the mechanism for shape chang-
ing relies on a phase transition (e.g., the formation of crystalline 
domains or a glass transition). Synthesis of SMPs determines 
the permanent shape. The shape from which the material cycles 
back and forth to the permanent shape is called the programmed 
shape. In many cases, the programmed shape is produced by 
deforming the material above the melting point, followed by 
cooling to form crystalline domains. The crystalline domains 
lock in the programmed shape, and entropy drives the return 
to the permanent shape upon melting under stress-free condi-
tions. The most ubiquitous class of SMPs is heat-shrink tubing 
and film, which exhibit a one-way shape-memory effect, trans-
forming from the programmed shape to the permanent shape.

There is no intrinsic mechanism for SMPs with one-way 
shape memory to return to their programmed shape [49]. To 
actuate back and forth between two shapes, SMPs are composed 
of either two crystallites with distinct melting temperatures or 
a melting temperature that is broad [49, 50]. Alternatively, two-
way shape memory is possible for a SMP that has a single melt-
ing transition if the SMP is under a constant stress [51]. For 
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materials with physical intelligence, two-way shape memory 
broadens the responsivity and allows for repeatability of an 
intelligent response (i.e., actuation encoded in the material). 
An important feature of SMPs with two-way shape memory is 
the ability to reprogram the reversible shape morphing. Once 
synthesized, a SMP specimen could exhibit innumerable move-
ments following reprogramming [49]. Additionally, SMPs with 
multiple melting temperatures or a melting temperature that 
is broad can be programmed to transform between multiple 
shapes (i.e., greater than two depending on the number of melt-
ing temperatures that can be accessed, which is also influenced 
by the cooling rate and applied deformation) [50, 52].

Joule heating of SMPs

The strategies that have been used to activate SMP actuation are 
similar to those that have been used to activate LCE actuation. A 
recent review covers many of the embodiments of active actua-
tion of SMPs [53]. For example, conductive fillers have been 
used for Joule heating of SMPs in various reports [54–57]. In one 
report, a combination of carbon black (CB) and carbon nano-
tubes (CNTs) operated in tandem to produce electrical conduc-
tivity in a SMP. The CNTs bridged aggregates of CB to form a 
conductive network [56]. As discussed with LCE composites, the 
conductive fillers permit Joule heating and sensing simultane-
ously. In one case using SMPs, the change of the resistance as 
temperature changed was characterized although a demonstra-
tion of physical intelligence was not developed [58].

Carbon-based fillers may result in SMP composites with 
resistivity that is too high for many practical uses. Therefore, 
conductivity was improved in a SMP composite by using CB 
and Ni powder. The Ni powder can be directed to assemble into 
chains in the presence of a magnetic field. For a SMP composite 
that contains 10 vol% Ni powder that is aligned, shape recovery 
by Joule heating is possible when 6 V is applied. For a SMP 
composite that contains 10 vol% Ni powder that is not aligned, 
that same input electrical power was not high enough to result 
in shape recovery [59]. Similarly, Wei et al. took advantage of the 
high aspect ratio of CNTs and coated them with Ag to increase 
conductivity. A SMP composite that included these Ag-coated 
CNTs could be printed (e.g., into a compliant gripper) [60]. 
These composite highlights how advancements in processing 
can bring about new functionalities (e.g., responsivity to elec-
trical stimulation) that are important for physical intelligence.

SMPs with photoresponsivity

Photothermal responsivity is one common route to active actua-
tion of SMPs [61, 62]. With photothermal responsivity, a SMP 
composite that is connected to a wire that is connected to a 
battery terminal can locally change shape to close an electrical 
loop [63]. This example of physical intelligence combines the 

actuator and trigger for actuation in one material while also 
demonstrating additional responsivity as the electrical loop is 
closed. In another example that was responsive to infrared (IR) 
light, Liu et al. printed black ink atop a SMP specimen. These 
materials were then used as hinges to transform flat sheets into 
3D objects [64]. The 2D to 3D transformation is exemplary of 
a change in form factor that would be favorable for applica-
tions like remote exploration or healthcare. Considering the idea 
of physical intelligence, this use of IR-responsive hinges could 
be extended by incorporating additional responsivity into the 
walls of the 3D objects. Then the 2D and/or 3D shapes could 
transform in a predetermined manner, depending on the order 
that the material interacts with each stimulus. A step toward 
this integrated responsivity was achieved when the ability to 
create intricate, 3D objects was demonstrated. The fabrication 
of these 3D objects relied on a transfer printing process that 
involved pre-straining the substrate onto which a SMP was cast. 
These objects were varied and complex, and useful demonstra-
tions that included a coil antenna and remote actuation of the 
3D structures were demonstrated [65]. Alternatively, magnetic 
SMP composites were coupled with sensors that detected the 
magnetization state and could be used for control that triggered 
actuation. The location of the hinge could be programmed at 
will, and then shape recovery was triggered photothermally, 
allowing for complex folding and unfolding [66].

Photothermal responsivity can be combined with responsiv-
ity to a magnetic field to create one-way SMPs that are useful 
for applications like soft robotics. As mentioned, a drawback 
of one-way SMPs is that they no longer can change shape once 
recovery is completed. Liu et al. used microparticles that were 
magnetically and photothermally responsive. The photothermal 
response triggered the shape recovery in the SMP. Then, a mag-
netic response permitted reprogramming remotely, which was 
possible since the photothermal heating softened the compos-
ite. This combined use of SMPs and magnetic microparticles 
expands the functionality of these one-way SMPs.

The local heating that triggers shape deformation due to 
absorption of light can also trigger other functions. Zhang 
et al. used gold nanoparticles, which convert IR light to heat, 
as a functional filler in a SMP. This photothermal effect enables 
shape recovery that can be localized in the material, as observed 
in examples that were previously referenced. In addition, the 
photothermal effect can also heal the SMP composite. This 
healing occurred when crystallites melted, chains diffused, and 
recrystallization occurred near the fractured surfaces. Again, 
this healing can be localized to only heal regions where cracks 
are present. Interestingly, healing did not occur when heating 
using a 120 °C heat source. The use of an IR laser was necessary 
for healing; the authors attributed this requirement to the fact 
that localized thermal expansion was crucial to proper healing. 
As a demonstration of responsivity, healing or shape recovery 
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was executed in a sequential manner. A SMP composite was 
folded into a temporary shape, and two cracks were cut into the 
composite. One cut was healed first without any shape recov-
ery, followed by partial recovery of the original shape. Then the 
second cut was healed, followed by permanent recovery [67]. 
This multifunctionality while using a single filler material is a 
keystone of the future of physical intelligence. For advancement 
in physical intelligence, we imagine materials that do not rely on 
remote control of the IR laser for self-healing and shape recov-
ery. Instead, materials will detect that damage has occurred, heal 
the damage locally, and then deform into the desired shape.

SMPs with radiofrequency responsivity

As mentioned, SMPs are advantageous due to their ability to 
be programmed to transform between multiple shapes. Selec-
tive triggering of multiple shapes is also possible using radiof-
requency [68] (RF) and molding discrete regions of dissimilar 
SMP composites. CNTs and  Fe3O4 nanoparticles were incorpo-
rated into a SMP matrix. CNTs induce heat at RF = 13.56 MHz 

while  Fe3O4 nanoparticles induce heat at RF = 296 kHz. By mold-
ing three discrete regions (CNT-SMP, unfilled SMP, and  Fe3O4) 
into a monolithic specimen, the authors demonstrated that the 
material could transform into multiple shapes dependent on the 
input RF (Fig. 3a) [69]. As discussed, multiresponsivity (e.g., 
specific frequency of a stimulus source) may be necessary for 
some applications of materials with physical intelligence.

Temperature memory effect

Another intriguing functionality of SMPs is a so-called tem-
perature memory effect [70, 71]. The temperature memory effect 
occurs for materials with a broad shape-memory transition. If 
the strain in the material is fixed while heating, a maximum in 
the measured stress during shape recovery would occur at the 
temperature at which the material was deformed (Fig. 3b). For 
a composite that contains CNTs, interactions between the CNTs 
and the matrix influence the local glass transition temperature. 
The temperature memory effect in this composite relies on the 
broadened glass transition temperature [72]. The temperature 

Figure 3:  (a) Multiple fillers can be used to enable multiresponsivity (e.g., responsivity to different radiofrequencies (RFs)), as shown in this illustration, 
which is sketched based on Ref. 69. CNTs induce heat at RF = 13.56 MHz while  Fe3O4 nanoparticles induce heat at RF = 296 kHz. Transformation can 
occur between four shapes, depending on the input stimulus. Reproduced with permission from Ref. 69. Copyright 2011, John Wiley & Sons. (b) A 
temperature memory effect manifests as a peak in the stress recovery as a function of temperature, as shown in these plots. Each trace represents 
different temperatures at which the SMP was programmed, which shifts the peak. Data were taken from Ref. 72. (c) The temperature memory effect 
can also be observed under isostress conditions by monitoring the strain recovery rate. Again, each trace represents different temperatures at 
which the SMP was programmed, which shifts the peak. Data were taken from Ref. 70. (d) Shape memory can be useful for signaling with changes in 
microstructure, as shown in these photographs and micrograph of a polymer that has a photonic structure (bottom image) that changes depending 
on solvent exposure. The scale bar in the micrograph represents 2 cm. The width of the polymer specimen is approximately 1.3 cm. Ref. 76. Copyright 
2015, John Wiley & Sons.
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memory effect can also be observed when examining the rate of 
strain recovery, which also peaks at the deformation tempera-
ture (Fig. 3c) [70]. Even though the mechanism to gather infor-
mation from such materials remains underexplored, materials 
capable of information storage is one need for materials that 
facilitate physical intelligence.

An interesting concern for SMPs that could be leveraged 
for physical intelligence involves overexposure to a stimulus. 
If a SMP that is programmed to actuate between two shapes is 
inadvertently heated above its programming temperature, then 
the memory of the programmed shapes will be erased. The SMP 
would remain in its permanent shape after it has cooled. This 
characteristic could be leveraged as a benefit rather than a det-
riment. The material could deactivate as a safety precaution to 
protect the machine. In addition, magnetic particles could be 
incorporated into the material so that the material can be repro-
grammed remotely after the memory is erased [73].

Summary and future directions

Another feature of SMPs that may make them advantageous rel-
ative to other actuator materials like LCEs, for example, involves 
their chemical composition. SMPs are not limited to specific 
moieties and can be readily tuned to manifest new functionali-
ties. The chemical composition of the SMP only needs units that 
can undergo a phase transition to bring about meaningful shape 
morphing. Thus, polyurethanes, polyisopropylene, copolymers 
of styrene and butadiene, polynorbornene, and other polymers 
have been explored as SMPs [74].

The chemical structure of the polymer can determine physi-
cal and chemical properties like mechanical strength, stimuli 
responsivity, and self-healing. For example, hydrogen bonding 
in polyurethane SMPs can be influenced by absorbed water, 
which influences recovery of the original shape. When three 
segments of a SMP were immersed in water for three differ-
ent durations, their transition temperature varied and, thus, the 
temperature at which the shape recovered varied [75]. SMPs can 
also respond to solvent vapors. A photonic SMP structure that 
has dried following water exposure does not show any structural 
color. When solvent vapors like acetone or ethanol are absorbed, 
structural color that was programmed into the permanent shape 
recovers, and the SMP appears green. In this case, the respon-
sivity is due to a structural feature of the SMP in conjunction 
with sensitivity to solvent vapors (Fig. 3d) [76]. The state of 
the SMP can also be indicated optically when the separation 
between plasmonic nanoparticles changes during deformation 
[77]. As mentioned, responsivity and sensitivity to a wide range 
of stimuli may be important for physical intelligence.

As researchers make advancements in polymer chemistry, 
new functionalities that are important for future applications 
like self-healing, responsivity, recyclability, and biodegradabil-
ity [78–82] could be integrated into SMPs. One early example 

that highlighted the versatility of the chemical composition of 
SMPs incorporated light-responsive moieties into the network 
[61]. Additional fillers that introduce multiresponsivity could be 
used with a material that is intrinsically light responsive. Fillers 
also may improve actuation properties of SMPs. For example, as 
SMPs undergo a thermal transition, the mechanical properties 
may degrade. Additives that increase stiffness with temperature 
could counteract this effect. New materials could be amenable 
to additive manufacturing, which has been leveraged to produce 
intricate shapes along with photonic structures [83–85]. These 
advancements toward multifunctionality are important to bring 
about physical intelligence in SMPs. While original reports of 
SMPs focused on the versatility of the chemical structure, recent 
efforts are moving toward materials with physical intelligence, 
focusing on soft robotic, stretchable electronics, and similar 
applications [53, 73, 86–88]. Further advancements in physical 
intelligence in SMPs and related composites will rely on leverag-
ing the versatility of the chemical composition of SMPs.

Hydrogels

Hydrogels have been useful as matrix materials for functional 
composites. These materials can intrinsically exhibit func-
tionality besides actuation [89] that has been described so far 
including ionic conductivity [90], adhesion [91], reprocessabil-
ity [92], and responsivity to temperature, pH, ions, light, and 
chemicals [93]. Although monomers of common hydrogels can 
be toxic (e.g., acrylamide [94]), many hydrogels are considered 
biocompatible in terms of toxicity and mechanical properties 
[95]. Like SMPs, the topic of hydrogels covers a wide range of 
chemical structures, which bring about numerous functionali-
ties [96]. Hydrogels can also be processed or synthesized to form 
double networks that improve properties like stretchability and 
toughness [97]. Hydrogels can be useful for applications like soft 
robotics and healthcare, which can require sensing, responsivity, 
and/or actuation [93, 98–100]. When processed as composites, 
hydrogels provide prime examples of materials with physical 
intelligence.

Stimuli‑responsive gelation of hydrogels

One responsivity of hydrogels that has been explored is the 
change in gelation with temperature. Depending on the chemi-
cal structure of the hydrogel, gelation can occur as the tempera-
ture increases or decreases [96]. Zhang and Bellan capitalized 
on hydrogels that exhibit this temperature dependent gelation 
to create transient electronics. The hydrogels that were used 
differed in their lower critical solution temperature (LCST). A 
polymer and solvent form two phases above the LCST and are 
miscible below that temperature. Ag nanowires were used to 
form electrical circuits atop the gel structure when the material 
was above the LCST. A heat source was required to maintain 
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the gel structure, which then was lost upon cooling. Upon cool-
ing, the Ag nanowires were dispersed, destroying the electrical 
circuit (Fig. 4a). The authors demonstrated a transient circuit 

that turns an LED off when the temperature is lowered [101]. A 
challenge for transient materials for some applications involves 
reassembly of the materials at will. This transience in conductiv-
ity could also be coupled with non-transient materials to intro-
duce functionality (e.g., coupled with an actuator that is physi-
cally restrained until the transient material is disassembled) and 
exhibit physical intelligence.

The LCST could also be used for sensing in conjunction 
with electrical conductivity. A two-dimensional transition metal 
carbide/nitride (MXene) was used to improve the conductiv-
ity of a hydrogel. Changes in current were monitored while the 
conductive hydrogel was heated. Heat from the palm of a hand 
could transition the composite through its LCST, resulting in 
a change in the current of the electrically conductive hydrogel 
composite. An intriguing attribute of the composite that relates 
to physical intelligence was the ability to distinguish between 
two different objects. When a warm object (a human finger) 
compressed the composite, the current increased to a higher 
value than when a cooler object (a glass sheet at room tempera-
ture) compressed the composite. The increase in current upon 
compression was due to two factors. The current increased due 
to volume changes as the temperature increased, and the cur-
rent increased due to compression that increased interparticle 
contact of the fillers (Fig. 4b) [102]. This ability to distinguish 
different objects based on multiple attributes of the object is an 
advancement in physical intelligence. However, it is not clear 
whether the authors controlled for variations in compressive 
force that may have influenced the measurement. In addition 
to controlling for compression vs. temperature, future studies 
may attempt to create a material that can deconvolute increases 
in current due to compression and temperature. Either way, 
the volume change due to the LCST is an important feature of 
hydrogels. Similar changes in volume due to gelation can also 
occur due to changes in pH, light, and chemical environment. 
This responsivity to multiple stimuli allows for several methods 
of actuation and sensing, which are important for physical intel-
ligence [100].

Ionic conductivity of hydrogels

The ionic conductivity of hydrogels has also been leveraged for 
physical intelligence [90]. Due to this ionic conductivity, hydro-
gels are promising as transparent electrodes. In one example, 
a multi-layer structure that consisted of an ionically conduc-
tive hydrogel and an electroluminescent dielectric layer was 
produced. Pneumatic chambers were incorporated into the 
structure. Hydrogel layers served as the electrodes for electro-
luminescence and were transparent to allow light to transmit. 
The intensity of electroluminescence changed as the pneumatic 
chambers were filled due to a change in capacitance (Fig. 4c). 
Using a constant voltage, the state of the actuator could be 

Figure 4:  (a) A hydrogel composite maintains its shape above a certain 
temperature, while below that temperature the hydrogel breaks apart, as 
shown in the illustration, which is sketched based on Ref. 101. Using Ag 
nanowires, a transient electrical circuit can be created. (b) A warm object 
(finger) pressed against a hydrogel composite may exhibit a different 
response relative to when a cooler object (a glass sheet) is pressed, as 
shown in this plot of the current response vs. time. Data were taken from 
Ref. 102. (c) A soft robot can signal its current state due to changes in 
brightness upon inflation, as shown in these sequential photographs. 
For scale, the soft robot is 20 cm long. Reproduced with permission from 
Ref. 103. Copyright 2016, American Association for the Advancement 
of Science. (d) A hydrogel composite filled with Ag flakes relies on 
percolation induced during a drying process to achieve conductivity 
high enough to provide power to a soft swimmer (left) or to provide 
neuromuscular stimulation (right), as shown in these photographs. For 
scale, the body of the swimmer is about 24 cm long. Reproduced with 
permission from Ref. 105. Copyright 2021, Springer Nature.
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recognized by observing the change in light intensity due to 
applied pneumatic pressure. This example demonstrates two 
principles of intelligence: proprioception and exteroception. 
The material could arguably be exhibiting proprioception as its 
capacitance and brightness changes when it moves to a new posi-
tion. A central processing unit would likely be necessary, but if 
either of those properties can be known/measured by the mate-
rial while it moves, then proprioception is exhibited. Regarding 
exteroception, the capacitance changes when an external pres-
sure is applied (e.g., a finger touching the material). Thus, it has 
some way of understanding its environment [103]. However, it is 
unclear if it is possible to distinguish between these two events. 
That challenge is a common theme in many examples of multi-
functional materials: can a material that can detect changes in 
its position and environment distinguish between the two when 
the stimuli occur simultaneously/randomly?

Electrical conductivity of hydrogels

Ionic conductivity may not be high enough for some applica-
tions; thus, additional conductive fillers could be introduced 
[104]. For example, we demonstrated that Ag flakes increase the 
conductivity of a hydrogel composite to allow for Joule heating. 
A partial drying and rehydration that reassembled the Ag flakes 
increased the conductivity from 0.1 S  cm−1 to 370 S  cm−1. Joule 
heating was then used to power a soft swimmer that resembled a 
sting ray. The composite was also used as an electrode for neuro-
muscular stimulation [105]. In another paper, hydrogel precur-
sors were mixed with liquid metal droplets, which sedimented 
during curing to form a layer with high volume content of liquid 
metal. As we discussed, these liquid metal droplets are not con-
ductive until a mechanical pressure coalesces the droplets. The 
nature of the hydrogel presents an interesting functionality: a 
conductive trace that is written into the hydrogel can be erased. 
The mechanism of erasure was that the surrounding hydrogel 
was locally swelled. It is possible that liquid metal that leaked 
during sintering also participated in the conductivity and that 
this liquid metal trace was disrupted during erasure. To erase 
conductivity, the composite was sprayed with water near the 
conductive traces, disrupting percolation of liquid metal [106]. 
The conductive traces could be rewritten, which could be useful 
for information storage or communication.

Self‑healing of hydrogels

In addition to functionalities like stimuli responsivity and con-
ductivity, hydrogels can also exhibit self-healing. A hydrogel 
that was capable of self-healing was combined with magnetic 
particles to impart responsivity to a magnetic field. A specimen 
was broken into three pieces and separated. A magnetic field 
was used to reassemble the three pieces into one piece, and after 
10 min, the specimen was healed. While this demonstration of 

utility required human intervention to reassemble the three 
pieces, it highlights the potential of remotely—and possibly 
autonomously—repairing a system that has experienced sig-
nificant damage. This material also could also squeeze through 
a small gap in the presence of a magnetic field. It rearranged its 
shape without requiring sensors that would detect the gap that it 
was passing through, which demonstrates embodied intelligence 
[107]. This behavior may be a hinderance in applications like 
soft robotics where a gravitational field or continuous pressure 
may result in flow of the material over time. However, it may be 
useful for biomedical applications where injection and flow of 
a material are necessary.

Summary and future directions

Like SMPs, hydrogels offer a wide range of functionality due to 
the tunability of the chemical structure. When fillers are used 
to form composites, particle–matrix interactions can be studied 
and modified to bring about new functionalities. Hydrogels are 
also useful when considering biological interfaces; these mate-
rials have properties like adhesion, low toxicity, and softness 
that are desirable for biological interfaces [108]. As an example, 
adhesion could be tuned based on the chemical environment, 
permitting selective gripping of materials [109]. In addition, 
they can be used to sense and respond to biomolecules like glu-
cose [110]. Hydrogels have been designed for both sensing and 
actuation. They have also been used to communicate signals 
[111] (e.g., optical or tactile) and as soft power sources [100]. 
Methods of communication and to provide power will be cru-
cial for autonomous systems. Thus, the further development of 
hydrogels and related composites that exhibit physical intelli-
gence will be important.

Other functional polymers

Polymer composites with mechanical self‑healing

Soft materials that are susceptible to damage benefit from self-
healing, especially in unstructured environments. Common 
methods to synthesize self-healing materials include incorpo-
rating monomers that are released and react at the site of frac-
ture and synthesizing networks that contain reversible covalent 
bonds. Many self-healing polymers that incorporate reversible 
covalent bonds into the polymer network require heating for 
full and/or fast healing [112]. Active heating and healing (e.g., at 
higher temperatures) can be achieved by a single material when 
self-healing polymers are processed as composites. For exam-
ple, a composite incorporated magnetic fillers to induce self-
healing in an alternating magnetic field. In this case, the mag-
netic filler that was selected had a Curie temperature of 113 °C. 
Above that temperature, the magnetic fillers no longer exhibit 
magnetic susceptibility. In this case, the filler serves as a control 
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mechanism to avoid overheating the composite, which could 
degrade the polymer [113]. In a soft machine, this composite 
would not require temperature sensors to avoid overheating. 
This idea was extended by changing the composition of the 
filler, which changed the Curie temperature [114]. Thus, using 
multiple fillers and directed assembly, localized regions of these 
composites could be heated to different temperatures under the 
same magnetic field.

Polymer composites with electrical self‑healing

The development of materials for self-healing initially focused 
on restoring mechanical properties after healing. More recently, 
efforts have also highlighted the ability to restore other 

properties enabled by a composite filler, like electrical con-
ductivity. For example, a self-healing polymer that encased a 
channel of liquid metal formed a conductive, stretchable wire. 
After the wire was damaged, the liquid metal formed an oxide 
layer upon exposure to air that prevented it from flowing out of 
the wire. When the two broken ends of the wire were placed in 
contact, the polymer healed. Electrical conductivity was restored 
due to the deformability of the liquid metal [115]. When pro-
cessed as droplets in a self-healing matrix, liquid metal circuits 
can be healed, reconfigured, and recycled (Fig. 5a,b) [116, 117]. 
A liquid metal is not necessary to restore electrical conductiv-
ity, as demonstrated for a self-healing composite that incorpo-
rated Ag nanowires and CNTs. The composite healed at room 

Figure 5:  (a) A liquid metal composite using a self-healing matrix can be stretched and recycled, as shown in these photographs of circuits formed 
using the composites. The scale bars represent 10 mm. Reproduced with permission from Ref. 115. Copyright 2021, Springer Nature. (b) The composite 
can form conductive or insulating regions based on post-processing (i.e., mechanical sintering). The composite is also capable of electrical self-healing, 
reconfiguration, and recycling, as shown in these illustrations. Reproduced with permission from Ref. 115. Copyright 2021, Springer Nature. (c) A self-
healing foam that uses multiple electrodes is capable of proximity sensing along with pressure sensing, as shown in these sequential photographs of 
the composite sensing. Ref. 118. Copyright 2020, Springer Nature (d) Polymer semiconductors can be used for organic field-effect transistors, which 
can assist with sensing. When reading a single output voltage, the temperature and strain signals can be convoluted, as shown in the plot of voltage 
vs. temperature on the left. For example, an output voltage of around 7 V could mean that the composite is unstrained at 28 °C or is stretched at 30% 
strain at 42 °C. When using the differential output voltage of two transistors, strain-independent temperature sensing is possible, as shown in the plot 
of voltage vs. temperature on the right. Data taken from Ref. 130.
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temperature; however, complete healing required > 3 h, which 
may be useful still depending on the application. The compos-
ite was integrated in an electronic device that interfaced with 
human skin and could indicate vital signs through electrolu-
minescence [118]. Continued development of self-healing of 
multiple properties will be useful for soft materials, especially 
for healing that does not require intervention or sensing.

Self-healing materials have often been touted as suitable for 
electronic skin. Biological skin not only is self-healing but also 
can sense the direction of an applied force (e.g., shear vs. com-
pression) and can detect precontact events. In many embodi-
ments of electronic skin, a two-dimensional electrode contacts 
the electronic skin for sensing purposes. A recent report out-
lined the use of a self-healing foam filled with nickel micropar-
ticles that used three-dimensional electrodes instead of planar 
electrodes. These electrodes were wires that were embedded 
into the foam. The composite could measure either capacitive 
or resistive changes. Shear force and direction could be identi-
fied by monitoring the resistance between electrodes. A refer-
ence electrode was chosen, and the change in resistance between 
all other electrodes was monitored upon application of a shear 
force. The increase in resistance was greater for the electrode 
in the direction of shear. Detection of proximity using capaci-
tive sensing was also possible while compression increased the 
resistance. Thus, a finger that approached to the material could 
be distinguished from a material that was pressing the material 
(Fig. 5c) [119]. This sensing was done simultaneously in a single 
material and is another example of how material properties can 
facilitate sensing and categorization.

Transient polymer composites

Transient materials work counter to self-healing materials. 
Transient polymers degrade in response to a stimulus in a man-
ner that can be controlled. Transient materials can be used in 
intelligent machines that can eliminate components that are 
no longer needed, depending on changes in the environment. 
These materials rely on metastable polymers or polymers that 
depolymerize in the presence of specific stimuli [120, 121]. 
Intelligence in transient materials could be borne out through 
a loss of function or by unrestricting a functionality. For exam-
ple, an actuator that functions as a fin for swimming could be 
restricted by a transient material. Exposure to water could trig-
ger depolymerization, and the fin could then move so that the 
soft machine can swim. Alternatively, a transient material could 
allow responsivity that allows the machine to deliver a payload 
when exposed to an appropriate stimulus without intervention 
by a processor or controller.

Poly(phthalaldehyde) (PPHA) is a common transient poly-
mer. Above − 43 °C, depolymerization is thermodynamically 
favorable, and stability at room temperature was improved 

from a few days at room temperature to at least several months 
through cyclization [122]. Using cyclic PPHA, transient fibers 
that could be used for wearable electronics were fabricated. Pyr-
ene was included in the matrix as a photoabsorber, and a photo-
acid generator was included to facilitate depolymerization. In 
sunlight, these fibers disintegrated within 50 s [123]. When 
considering transient electronics, all components may need to 
be completely disintegrable. By using a disintegrable polymer 
semiconductor with iron electrodes, flexible circuits that were 
completely transient have been fabricated [124]. A challenge for 
transient polymers and related composites is to control when 
degradation occurs, which can be managed in carefully designed 
systems (e.g., by using materials that are triggered by different 
stimuli) [125].

Polymer semiconductors

Polymer conductors and semiconductors will likely be impor-
tant components of multimaterial, multifunctional machines. 
These materials are more compliant than traditional electronic 
materials like metals and silicon, and performance metrics con-
tinue to improve as researchers develop an understanding of 
structure–property relationships [126]. Composites that incor-
porate a polymer semiconductor and a stretchable polymer 
have been used to improve stretchability [127, 128]. To achieve 
stretchability, polymer semiconductors organize into nanostruc-
tures that are dispersed in a solution-processable elastomer. Xu 
et al. used these semiconductor composites to create organic 
field-effect transistors (OFETs). These OFETs maintained a 
carrier mobility of 1.1  cm2  V−1  s−1 when stretched up to 100% 
strain. An OFET was integrated into a circuit with an LED and 
adhered to a human hand to show that electrical power could 
be maintained during normal motion [129]. A model was devel-
oped to describe current–voltage characteristics of OFETs as a 
function of strain. This model highlights the potential to lev-
erage physical intelligence in these OFETs: the output current 
either decreases or increases depending on the direction of the 
applied strain (parallel vs. perpendicular to the direction of the 
electric field between the source and drain electrodes) [130]. By 
monitoring the change in current, a single OFET could assist 
with proprioception by indicating the direction that a machine 
is being stretched.

More recently, stretchable OFETs were incorporated into 
an integrated circuit that could measure temperature. The 
effects of strain and temperature on the output voltage were 
deconvoluted by using a pair of transistors and monitoring the 
changes in threshold voltage due to strain. Whether the circuit 
was strained at 0% or 30% strain, the temperature readout was 
accurate within 1 °C (Fig. 5d) [131]. A prototype of a wear-
able temperature sensor was fabricated [132]. This use of soft 
materials for integrated circuits solves a challenge that other soft 
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sensors may face. This challenge involves the ability to categorize 
and deconvolute signals, which is necessary for soft machines. 
While physical intelligence will assist in computation, it may 
not eliminate its use in soft machines. Thus, traditional logic 
circuits using compliant materials like OFETs will be important 
to couple with soft materials that exhibit physical intelligence.

Summary and future directions

The development of soft and flexible materials that exhibit mul-
tifunctionality has relied heavily on advancements in polymer 
chemistry and processing. We have covered a small subset of 
novel functionalities that have emerged as polymer chemists 
continue to develop structure–property relationships. Physical 
intelligence is not limited to the materials that have been dis-
cussed here. Emerging synthetic routes will advance composites 
that contain biomedical polymers, optoelectronic polymers, pol-
ymer membranes for separation, covalent organic frameworks, 
and other stimuli-responsive polymers not discussed here [133, 
134]. The future of physical intelligence—and of soft machines—
will depend on the advancements in polymer chemistry.

Outlook
The interaction between a soft machine and its environment 
starts with the materials that comprise the machine. Therefore, 
materials in these machines should be capable of sensing, actua-
tion, computation, and communication if researchers want to 
maximize performance and versatility [135].

This review focused on advances in developing functional 
polymers and polymer composites that enabled physical intel-
ligence. A boundless number of polymers and copolymers with 
different properties can be synthesized when considering the 
number of compositional and configurational substitutions in 
the chemical structure. The choice of filler (or multiple fillers) 
and processing conditions multiplies the number of compos-
ites that can be fabricated. An Edisonian or phenomenological 
approach to new material development can be useful as physical 
intelligence is initially explored; however, research in physical 
intelligence should also continue to answer fundamental ques-
tions that are important to materials science.

Interfaces of disparate materials

The interface between two dissimilar materials that form a 
composite remains important for future work. Mismatches in 
properties like surface energy and modulus can be studied and 
overcome to maximize performance by chemically modifying 
interfaces or by tuning processing [136–138]. Alternatively, 
a soft matrix can incorporate a liquid filler that imparts the 
desired properties without mechanical mismatch as long as the 
interface of the liquid filler is controlled [139, 140]. By studying 

composites with liquid fillers, new understandings of the effects 
of surface tension on mechanical properties led to the develop-
ment of new inclusion theories [140, 141]. The interphase, which 
refers to the structure that connects the matrix and filler beyond 
the absorption layer and is important for fiber-reinforced com-
posites, is also important to understand for functional compos-
ites with both liquid and solid inclusions. It is important to note 
that for high filler content and small particle size, an interphase 
that is 1 nm thick can constitute a meaningful proportion of the 
composite [142].

Material interfaces are important when considering multiple 
polymers and fillers (i.e., > 2 components) in a single composite. 
The use of multiple components can introduce new function-
alities like simultaneous heating and actuation of a magnetic 
composite that changes shape [143] or dynamic color change 
that is activated by pressure or changes in current [144]. Rather 
than introducing new functionalities, multiple components 
can improve functionalities relative to a single component. 
When combined with liquid metal, composites with Ag fillers 
had higher conductance at large strain than composites with-
out liquid metal [145]. If properties like electrical conductivity 
are limited by interparticle interactions, then the interactions 
between multiple fillers will be important to understand. Mul-
tiple components could also refer to more than one polymeric 
material. Semisolids (e.g., gels) and other functional soft matter 
are underexplored as composite fillers relative to rigid composite 
materials. An understanding of how inclusion theory extends 
to semisolids is a logical step forward. Further work may con-
sider how interfaces and interphases are influenced by covalent 
and/or non-covalent interactions, how the gradient of an inter-
phase can be controlled, and how these interactions influence 
functionality.

Additive manufacturing

Material interfaces are also important as multimaterial printing 
becomes more widespread. The printing of actuators can be aug-
mented by simultaneously printing sensors, for example [146]. 
In the case of a sensor, any electrodes, wires, stimuli-responsive 
materials, and dielectric materials required for sensing will need 
to be printed. The rheological properties, curing, and adhesion 
of these disparate materials need to be controlled for maximum 
performance, which can be a challenging engineering problem.

Other advances in additive manufacturing will also improve 
researchers’ abilities to produce materials with physical intel-
ligence. Printing that enables shape, property, or functionality 
that evolves over time (termed 4D printing) will allow for the 
creation of materials with new functionalities [147]. Within this 
subset of additive manufacturing, there are important aspects 
of polymer chemistry and fluid dynamics that require further 
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understanding. In addition, there are interesting problems 
related to predicting the time evolution of the targeted shape/
property/functionality, especially in unstructured environments. 
These principles will dictate the functionality and physical intel-
ligence that new materials possess.

Self‑ and directed assembly

By controlling the morphology of fillers in a composite, it 
may be possible to control properties that bring about physi-
cal intelligence. As discussed, the assembly of composite fillers 
can be controlled during processing (e.g., by alignment) [59]. 
Other processing techniques like additive manufacturing have 
been tuned to direct assembly. For example, fibrous fillers in an 
epoxy ink were printed by direct ink writing. Extrusion imposed 
a shear field on the fibers, aligning them during printing. The 
alignment introduced anisotropic mechanical properties for 
individual strands, and a printed structure could intentionally 
localize stress concentrations [148]. Directed assembly can be 
straightforward; sedimentation of fillers can create encapsulation 
layers for printed conductors [149], can introduce anisotropy 
in actuation [150], or can facilitate processing while retaining 
functionality [151]. Self-assembly requires an understanding of 
interface interactions and kinetics of processing/synthesis. Inter-
actions that dictate the morphology between the filler and matrix 
are important as is the composite’s architecture, which influences 
how the composite interacts with its environment. Structures that 
can fold and unfold, as examples of architectures that modify 
interactions with the environment, are important to consider.

Fishing wire provides a simple example of how the morphol-
ogy of a material dictates its properties. When twisted into a 
tight coil and processed with carbon nanotubes, fishing wire can 
function as an artificial muscle that relies on thermal expansion 
and is electrothermally driven [152]. Thus, assembly across mul-
tiple length scales should be considered. In nature and in man-
made objects, this so-called structural hierarchy is important for 
functionality, and the interplay between chemistry, processing, 
and morphology will be important for the progress of multi-
functional materials for soft machines.

Multi‑input, multi‑output response

A common theme in this review involves the ability of materi-
als to detect and differentiate between multiple signals. Many 
materials can respond to multiple environmental stimuli. For 
example, a conductive composite that is used for wearable elec-
tronics can be used to track motion. The conductivity of the 
composite changes when the wearer runs or walks. However, 
changes in conductivity that occur during running vs. walk-
ing can overlap, and the composite is unable to differentiate. 
One way that has been discussed to distinguish between signals 

involves the device architecture, where the electrical signal 
between multiple electrodes can be used to sense directional-
ity [119]. Another way to decouple multiple stimuli that was 
discussed integrates logic devices (i.e., organic field-effect tran-
sistors) into a soft material, which was effective. Alternatively, 
multiplicity in sensing could be incorporated into devices. For 
a device that measures physiological changes, measurements of 
resistance over time are as important as the absolute change 
in resistance. For example, a device that could sense coughing, 
swallowing, and deep breathing [153] could distinguish these 
events by monitoring and filtering events deemed “healthy” 
or “recurring and ordinary.” This filtering would also require 
improvements in data processing.

Future work should also consider leveraging non-linear or 
non-ideal responses of stretchable materials. For composites 
with rigid fillers, the electromechanical coupling often follows 
a response that deviates from the expected dependence as dic-
tated by Pouillet’s Law. This deviation can occur due to changes 
in particle–particle and particle–matrix interactions. In many 
cases, these materials are touted as having high gage factors 
since the change in resistance at large strain is much greater 
than expected. However, a gage factor is not particularly useful 
if it attempts to encapsulate the entire range of resistance vs. 
strain for a composite that displays highly non-linear electro-
mechanical coupling. It will be more useful to consider more 
localized changes in resistance with strain and to capitalize on 
non-linearities for sensing.

Another option for multi-input, multi-output response is to 
couple the response with multiple-phase transitions. In shape-
memory polymers (SMPs), multiple shapes can be programmed 
when a phase transition occurs across a broad temperature range 
[50]. For a SMP with a broad melting transition, there are innu-
merable crystallites each with a slightly different local environ-
ment that changes the melting temperature. In theory, each crys-
tallite could be accessed to sense, respond, or store information. 
The question that would need to be answered is, how is this 
information accessed by a soft machine so that it is useful? The 
filler can also introduce new phase transitions that can allow the 
composite to respond to stimuli. A potentially useful example of 
how the phase transitions of fillers can be used involves liquid 
metals. Liquid metals that contain gallium, bismuth, indium, 
and tin are most often used at their eutectic point. However, 
the entire phase space could be leveraged for multiresponsivity. 
Additionally, liquid metals of various compositions are known 
to exhibit undercooling, where the liquid does not solidify until 
well below its freezing temperature [154–156]. Polydispersity in 
liquid metal droplets could result in multiple-phase transitions, 
which would be useful for multiresponsivity [29]. Overall, mate-
rials that can exhibit multi-input, multi-output responsivity will 
be useful but will require new modes to read and understand 
the response.
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Soft materials can be difficult to model as they are continu-
ously deformable, have infinite degrees of freedom, and can 
behave in manners that are subject to stochasticity or statistical 
variations. Machine learning is well suited to assist with these 
kinds of problems [157]. For example, a foam that contains mag-
netic particles was used for sensing of force and position. The 
sensor relied on the change in local concentration and position 
of the magnetic particles as detected by a single magnetometer. 
A neural network allowed for location and force estimation for 
sensors as large as 40  mm2 [158, 159]. A priori models of sen-
sor or actuator dynamics based on first principles are not well 
suited to predicting these responses. Therefore, empirical mod-
eling and machine learning will be useful tools for developing 
materials with physical intelligence.

Conclusion
Soft machines will require multifunctional materials for versa-
tility and robustness. In many of these materials and machines, 
physical and/or embodied intelligence will enable new func-
tionalities and reduce computational load. As outlined in this 
review, materials are already capable of multifunctionality that 
epitomizes physical intelligence. However, many reported exam-
ples of physical intelligence may not readily transfer outside of 
laboratory environment to a real-world environment that is 
unstructured, and so future work should consider this challenge.

There are some principles of embodied intelligence [2] that can 
also be useful to consider when targeting milestones for new mate-
rials with physical intelligence. (i) Intelligent systems are capable of 
categorization of stimuli. How can materials categorize and respond 
to/communicate categorization? (ii) Intelligent systems can learn 
and predict. Future work may focus on new materials that antici-
pate their environment and modify their properties to accommo-
date stimuli. (iii) Intelligent systems have built-in attractor states, 
scaffolding, and redundancy. Materials with physical intelligence 
should respond to their environment reliably, cheaply (e.g., ener-
getically or computationally), and without failure in an unpredict-
able environment. These materials can reduce computational load 
by changing states without changing input signals and by relying on 
the properties of the materials rather than sensors. Developments in 
the areas discussed in this review will allow for new materials that 
drive soft machines—machines that can explore, protect, transform, 
transport, and partner with humankind [160].
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