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Self-regulation, or a closed feedback-loop, is a recurring concept in biological control that supports
the intelligent behaviors we observe in nature. Hence, replicating self-regulating properties in materials
is a major goal in the pursuit of synthetic material intelligence. In this paper, we contribute to the
advancement of material intelligence by incorporating our ‘active aperture’ design within liquid crystal
oligomer network (LCON) soft actuators to achieve electrically-driven self-regulating behaviors; we
harness the reversible thermal actuation of LCONSs to establish a duty cycle around a chemically-
adjustable threshold temperature in an on-board heating circuit. Utilizing this principle, we developed
a self-regulating LCON proof-of-concept demonstrator that mimics the rhythmic compression of a
biological heart, designed to oscillate around the 20 °C to 40 °C body temperature range. Hereby, we
establish the precedent for the use of material intelligence towards advanced medical applications.

Self-regulation is a core principle contributing to the resilience and adapt-
ability we observe in nature and is essential to biological life'. Thus, self-
regulating behaviors provide excellent inspiration for the next function of
synthetic material intelligence to develop, which would contribute to the
advance towards robotic biomimicry, complex prosthetics and fully artificial
implants"”. Currently, for such devices, researchers typically use extraneous
digital control systems to coordinate multiple electronic sensing and
actuation components* . However, signal processing for disparate com-
ponents is hindered by their different material compositions, which in turn
raises challenges for the incorporation of multi-functional adaptability
within a single unit'*"'*. Moreover, combining sensor, control and actuation
functions to make a self-regulating device entails the added challenge of
producing a device that can operate within the conventional electrical
infrastructure of modern electronics and industry. In the face of this chal-
lenge, we recognize the potential to achieve this technological development
in the field of soft robotics through stimuli-responsive materials. Classic
examples are chemo-mechanical self-regulating hydrogels, in which
internally fueled reactions drive autonomous swelling-deswelling or
bending cycles without external on-off control”’. However, such self-
regulating gels typically rely on multi-component chemistries, continuous
chemical fuel and oscillation periods on the order of minutes, which limits
their direct integration with fast, electrically driven soft robotic devices.

In parallel, the programmable photonic, thermal and electrical
responsiveness of liquid crystal oligomer networks (LCONs) has elevated
their status in the world of soft robotics as ideal compliant stimuli-

responsive actuators with reversible actuation'*’. This behavior is driven at
the molecular level, namely through molecular alignment in liquid crystal
phases, offering a major advantage in programmability”**; the deformation
geometry of LCONs can be localized and adjusted through alignment
design, while the kinetics, magnitude and thermal threshold for the defor-
mation response of LCONSs can be tailored by inducing certain phases and
phase-transitions, such as smectic-nematic or nematic-isotropic, within the
expected operating parameters of the actuator™. In all cases, they
experience deformation when molecular alignment is disturbed, for
instance through optical or thermal energy, which is reversed when the
stimuli is removed. This conditional deformation behavior has been applied
to generate basic material-based logic, embodying the potential for material
intelligence when incorporated into devices™”. For example, self-regulated
actuators based on self-shadowing effects or thermal gradients have been
developed that exhibit continuous rolling, rocking or cantilever
oscillations™ ™. In self-shadowing schemes, robust oscillation requires a
precisely controlled angle of incidence of the light source, whereas in
thermal-gradient-driven self-regulation, feedback relies on tailored geo-
metry or alignment together with an external heat source to create spatial
temperature gradients. This sensitivity to illumination conditions and
structural design limits the compatibility of such systems with conventional
electronically driven devices.

Therefore, in our work, we present an electrically powered, single-
material LCON architecture that integrates sensing, actuation, and feedback
into a compact self-oscillating unit. To achieve this, we use our ‘active
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aperture’ design to control an electrically-driven, programmable self-
regulating LCON system as a single-material adaptive unit. Our control
system allows for on-board circuitry for our LCON, enabling our device to
be designed as a single-material unit through additive manufacturing pro-
cesses; sensing, control and actuation circuits are printed onto our LCON
system, after which the ‘active aperture’ is incorporated mechanically. Below
a predetermined threshold temperature (Ty,), the active aperture is closed
and allows for Joule heating to take place until the threshold temperature is
surpassed, which causes the active aperture to open and subsequently break
the circuit, enabling the system to begin cooling to below the threshold
temperature, resetting the cycle; thus, this device configuration enables a
negative closed-feedback loop to be established. Based on this concept, we
developed a self-regulating LCON proof-of-concept demonstrator that
oscillates around body temperature, mimicking the rhythmic compression
of a biological heart. We envision our work as a step toward future
advancements in material intelligence for adaptive and programmable
medical technologies.

Results and Discussion

Self-regulation principles

To construct a self-regulating device, our material design combines sensor,
control and actuation functions within an electrically-driven framework.
For this purpose, we apply our active aperture LCON control to establish
self-regulation that is powered electrically and switched thermally, as
described in Fig. 1a; this results in a four-stage closed-feedback loop that
involves Joule heating, subsequent active aperture activation to break the
heating circuit, successive material cooling, and LCON relaxation to deac-
tivate the active aperture, reconnecting the heating circuit and resetting the
feedback loop. The core of our self-regulating function is based on the
thermal responsiveness of our LCONs, which we tune to an operational
range between 20 °C to 40 °C for improved suitability for human-inter-
actions, considering the average human body temperature range of 33 °C to
37 °C*, by balancing our shorter-core and longer-core liquid crystal com-
position, labeled Molecule 1 and Molecule 2 in Fig. 1b. Our liquid crystal
mixture is initially cured into an oligomeric form through thiol-Micheal
addition reactions with a chain-extending molecule, labeled Molecule 3 in
Fig. 1b, catalyzed by a basic amine; additional undesired polymerization of
liquid crystal oligomers during processing is prevented by the inclusion of
inhibitor molecules, labeled Molecule 4 in Fig. 1b. After the initial curing
stage, liquid crystal alignment can be induced mechanically through strain
or shear, which can then be arrested into the material for permanent
reversible actuation by second-stage in-situ photopolymerization-based
curing, enabled by the inclusion of photo-initiating molecules in the initial
synthesis, labeled Molecule 5 in Fig. 1b.

The actuation response of the resulting LCON material is strongly
dependent on the liquid crystal phases and phase transitions temperature
present in the operating parameters. Therefore, we performed wide-angle
X-ray scattering (WAXS), described in Fig. 1¢,d and Supplementary Fig. S1,
to confirm that our LCONS, consisting only of short-core reactive mesogens
(M1), retain a smectic phase until 60 °C. In our work, we describe the
alignment of our material with an scalar order parameter (S), a standard
metric based on the average adherence of molecular orientation to a general
director. Our materials presents a typical S of 0.4, which indicates relatively
well-aligned mesogens within the LCON, confirmed also by polarized
optical microscopy images (Fig. 1¢). From the WAXS results, we observe the
S of our M1-based LCONSs gradually decreases with temperature to execute
an actuation, as shown in Fig. 1f.

LCON composition design offers us the possibility to engineer the
phases and phase transitions of our material to suit our operating para-
meters. Introducing M2 into our LCONS disturbs the smectic phase. In the
oligomeric state, this smectic phase was fully suppressed at 20 mol. %,
introducing the nematic phase (Supplementary Fig. S2). Yet, the photo-
polymerization process reinforces the smectic phase due to polymerization
shrinkage; as a result, 100 mol. % is required to fully transform the smectic
phase to the nematic phase at room temperature. This phenomena is

confirmed by WAXS, as shown in Supplementary Fig. S3. Further focusing
on the morphology, an increase in the smectic layer distances (dgy) is
observed with initial M2 addition (Fig.1g). We hypothesize that this is
caused by the initial mismatch between M1 and M2, causing poorer
molecular packing in the smectic phase. Yet, further increasing M2 con-
centration leads to dg;, decreasing, as M2 is a shorter molecule. Conversely,
we also investigated the intermolecular spacing (dy) in the nematic phase,
which reflects the opposite trend in regards to d,,, for the same reason; this is
supported by the transitions observed in the differential scanning calori-
metry data in Supplementary Fig. S2. The phase influences the actuation
behavior; therefore, we can compare the thermal strain of pure M1 with
various compositions including M2, shown in Supplementary Fig. $4. Our
typical samples consist of M1 with 60 mol. % M2 additions, which have
lowered temperature requirements for actuation, resulting in thermal strain
of about 5% in the range from 20 °C to 40 °C, as shown in Fig. 1h. For M2
concentrations below 60 mol. %, thermal strain increase with M2 since it
disturbs the higher-ordered smectic alignment. Yet, over 60 mol. %, M2
addition reduces the thermal strain since M2 increases the nematic-
isotropic transition temperature. Overall, for all systems, the order para-
meter decreases with temperature, which leads to actuation. We describe the
origin of this macroscopic deformation through the collective action of
microscopic molecular events, for which we define the relationship between
thermal strain and order parameter in Fig. li. The influence of order
parameter on the thermal strain was observed to be smaller in the smectic
state because of additional positional order affording lower mobility.
Therefore, we believe that the addition of M2 increases thermal response by
reducing the presence of the smectic phase at the lower temperatures.
Hence, LCONs containing 60 mol% M2 were selected as the optimal
material for our self-regulating LCON proof-of-concept demonstrator, due
to their ability to achieve the maximum possible thermal strain within the
20-40 °C human-interactive temperature range.

LCON device and active aperture design

The thorough quantification of the material properties of our LCONS sets
the basis for our active aperture and overall self-regulating device design,
illustrated in detail in Fig. 2a and Supplementary Fig. S5. Here, we showcase
our heating element, a composite of silver and carbon that exhibits high
resistivity. We design this electrode in a zig-zag pattern with a pre-
determined vertex angle (), selected to minimize local mechanical stress on
the electrode during actuation and avoid breakage while homogenizing heat
transfer during Joule heating. The optimal vertex angle of 55 ® was deter-
mined through Finite Element Modeling (FEM) depicted in the illustrations
in Fig. 2b and described in the results in Fig. 2c, where the o with the
minimum Von Mises stress, a scalar parameter for stress, generated along a
chosen strip of the electrode is selected; additional simulation details are
shown in Supplementary Note S1. The FEM simulation was conducted to
confirm and understand the stress variation at the interface in our active
aperture design as well (Fig. 2d), where the stress distribution is analyzed in
the open and closed states, corresponding to the thermal actuation of the
LCON material below and above the Ty,, respectively; the actuation of the
LCON material is shown to apply tension, marked in blue, on the sensing
electrode to pry it apart (Fig. 2d(iv)), while LCON relaxation compresses,
marked in red, the sensing electrode to reconnect it (Fig. 2d(iii)). When the
sensing electrode length exceeds 1.5mm, closure is reliable (Fig. 2e).
Meanwhile, because the aperture is a bilayer film, deformation mismatch
during cooling causes bending that becomes more pronounced for longer
electrodes, leading to misalignment of the aperture. Therefore, a balanced
electrode length of 2.5 mm was selected as the optimized design; more
details about the simulation are shown in Supplementary Note S2. Initially,
at room temperature, the aperture is closed; this is achieved by creating the
aperture at an elevated temperature during curing, closing the aperture as
the LCON contracts when cooled. We then confirm the opening and closing
of our aperture through the resistance measurements across the sensing
electrode, visualized in Fig. 2f and Supplementary Movie 1; the simulations
agree with our experimental results, as presented in Fig. 2g. The abrupt
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Fig. 1 | Self-regulation principles and liquid crystal oligomer (LCON) material
characterization and phase design. a Operating principle of the active-aperture
LCON in a ring configuration; the feedback loop flows clockwise. b Structural for-
mulae of materials used in the composition of our LCON material. ¢ WAXS analysis
data showing the presences of liquid crystal phases with temperature for an pure M1
LCON; the position of the smectic layer scattering signal is highlighted. d WAXS
analysis results of LCON with pure M 1 - annotations highlight the data showing the
smectic phase in the material. e The polarized optical microscope images of the
printed LCON films. The red arrow annotation indicates the direction in which the

Temperature (°C)

Temperature (°C)

printing nozzle extrudes our oligomer material. Scale bar: 300 um. f Graphical
representation of the order parameter change of LCONs with temperature.

g Expanded WAXS analysis, showing distances between smectic layers (ds,,) and
molecular spacing (dy) in the nematic phase with varying concentration of M 2.
h Graphical representation of the thermal strain data of a pure M 1 LCON and an
LCON with a 60 mol. % M 2 composition from 20 °C to 40 °C. i Graphical repre-
sentation of the ratio of the change of thermal strain and the change of order
parameter with temperature.

increase in sensing electrode resistance around the threshold temperature
indicates that the threshold temperature is exceeded. In the open state, the
simulated resistance is about four orders of magnitude higher than the

experimental result, which is limited by the instrument’s maximum
detection range of ~210 M(Q). Hereby, the combined sensing and actuation
function of our active aperture design is demonstrated.
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Fig. 2 | Design analysis of self-regulating system consisting of ideal 60 mol.% M 2
material. a Schematic of a self-regulating LCON ring and its unwrapped view. The
unwrapped top- and side-view schematics show the placement, embedding, and
geometry of the electrical traces. Red annotations mark the active aperture and the
zig-zag actuating electrode with vertex angle a. The a represents the angle between
the actuating electrode and the liquid crystal director (7). b FEM simulation dia-
gram of the actuation electrode trace, where the local von Mises stress distribution is
measured across a selected line marked as L1. ¢ The simulated local Von Mises stress
distribution along marked path L1 for a range of a. d The schematic and FEM
simulation of the active aperture function in the (i, iii) close and (ii, iv) open states,
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showing the stress in the system when below and above the temperature threshold,
and the corresponding closed and open states. e The FEM results showing the
contact pressure at the electrode interface as a function of sensing electrode length
L (inset), which was used to optimize the active aperture design. f Optical micro-
scopy image of the sensing gap at above and below the pre-programmed threshold
temperature; scale bar represents 100 um length. g Graphical representation of the
electrical resistance of the active aperture against the ratio of actual temperature
(T,.) to the set threshold temperature (Ty,) of 28 °C; the recorded trend obtained
from finite element modeling and experiment is compared.

Electrical operation of the LCON active aperture system

Utilizing the optimized design for our LCON active aperture, we validated
the electrical operation of our device experimentally. The printed
unwrapped device is shown in Fig. 3a(i), exhibiting a uniform heating profile
when 8V is applied to the actuation electrode as shown in Fig. 3a(ii). The
macroscopic output was quantified as contractile force (Fig. 3b), with a
force density of ~0.1 mN mm™. The LCON film was assembled into a ring
configuration for further characterization. As shown in Fig. 3¢ and Sup-
plementary Movie 2, the ring diameter decreased progressively with
increasing input voltage. The corresponding average surface temperature
remained below ~43 °C for voltages up to 10 V (Supplementary Fig. S6).

Next, Fig. 3d shows, through a circuit diagram, how our active aperture
structure is integrated as the sensing electrode, denoted by R;, connected in
series with the actuating electrode, denoted by R,. Initially, when the active
aperture is closed, the voltage is divided mainly over R, due to its higher
resistance, which induces Joule heating in the system and activates LCON
actuation. This generated heat is then transferred to the LCON active
aperture, producing a temperature gradient; when this heat transfer induces
the aperture temperature to reach Ty, the active aperture actuates and
opens, interrupting the flow of current and preventing further Joule heating.
Thus, the LCON cools down by natural convection within the ambient
environment until the aperture temperature falls below Ty, causing the
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Fig. 3 | Experimental analysis of active aperture sensing and electrothermal
LCON actuation. a The top view of the printed sample (i) and thermal profile (ii)
during actuating of the LCON device. b Graphical analysis of the contractile force
and kinetics of the LCON self-regulating device between an operating potential
difference range of 5-9 V. ¢ Graphical analysis of the contractile displacement of the
LCON device with applied potential difference; a 3D schematic of the exact con-
tractile motion of the LCON device is embedded. d Circuit diagram of the on-board
LCON circuitry, where R; and R, denote the presence of the resistances in sensing

and actuating electrodes respectively. e Real images of the LCON device before and
during oscillating; a small red square marker is affixed at the bottom of the ring to
monitor actuation amplitude. f Graphical thermal (i), actuation (ii) and voltage (iii)
analysis of the LCON device in the oscillation state. g Statistical analysis of oscillation
frequency within a 120 s interval under different applied voltages, where error bars
represent the variation in frequency during the measurement period. h Graphical
analysis of the effect of the distance between actuating and sensing electrode on the
required threshold power for triggering oscillation.

aperture to close again and initiate a new heating-cooling cycle. Within
this type of self-regulation, oscillation occurs due to the thermal delay
introduced by temperature differences between the aperture and actuation
electrode and the thermal hysteresis effect of LCONs (Fig. 1h). After
the active aperture is opened, this temperature difference and thermal
hysteresis effect postpones the system from immediately closing the active
aperture.

In Fig. 3e, we present the images of the electrothermal actuation of our
LCON device based on this principle, focusing on the oscillation amplitude
of diameter (Ad) (Fig. 3¢) and the corresponding thermal profiles are shown
in Supplementary Fig. S7. As shown in Fig. 3f, the oscillatory behavior of the
system is related to the temperature difference between actuating electrode
and aperture; the resulting deformations correspond to the output voltage
across Ry, since a low output voltage indicates the aperture is closed and vice
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Fig. 4 | LCON self-regulating demonstrator and characterization of its function.
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inspired demonstrator: (i) assembled device with the heart-shaped casing; (ii)
functional device without the casing, showing the LCON ring, reservoir and elec-
tronics. ¢ Graphical analysis of the liquid displacement of the LCON myocardium

(ii)

¢ @
O Open
g/e O Sealed
8
5 A
7 S o) &
2 = e %]
= © :
. \-—I = e E% g-8-4
=+ 157 0 o
L — : .
4 6 8 10 12
e Voltage (V)
‘€ 0.9 Power on 0.66
3 sl =m==]
5 0.6 0.64 .
= 2 33 34
9 0.3
3
g 0.0 . . . .
S 0 20 40 60 80
o Time(s)

with applied potential difference; a 3D schematic of the experimental setup is
embedded. d Graphical analysis of the oscillatory behavior of the LCON soft robotic
heart electronically, namely measurement of the voltage across the active aperture
over operation. e Graphical analysis of oscillatory mechanical deformation of heart-
inspired soft robotic demonstrator over time.

versa. The entire oscillating process is recorded in Supplementary Movie 3.
This data provides insight into the self-regulating behavior of our LCON
device, which we utilize to demonstrate feedback-loop adjustments through
tuning of the applied voltage as shown in Fig. 3g. We observe that the
frequency of oscillation is amplified by increasing the applied potential
difference. This occurs because higher voltages entail more power and faster
generation of heat through Joule heating, subsequently transferring energy
quicker to open the aperture. Meanwhile, the threshold power required to
initiate oscillation was found to increase with the distance between the
actuating and sensing electrodes (Fig. 3h); greater separations demand
greater heat generation from the actuating electrode, thereby requiring
higher input power. To evaluate long-term robustness, we monitored
oscillations over extended operation. The system maintained autonomous
cycling for >48 h, completing >150,000 aperture open—close cycles (Sup-
plementary Fig. S8). Peel tests measured interfacial strength of ~2-3 MPa
(Supplementary Fig. S9), and Scanning Electron Microscope (SEM) image
revealed an interdigitated interface, indicating mechanical interlocking
(Supplementary Fig. S10). This strong adhesion supports reliable cyclic
operation. However, because aperture actuation involves repeated
mechanical contact, prolonged cycling led to gradual wear of the conductive
electrodes. The resulting rise in local contact resistance caused extra Joule

heating and slower cooling, which in turn reduced the oscillation frequency
over time.

LCON self-regulating devices for bio-inspired actuation

To demonstrate the potential application of our oscillation ring, we con-
structed a heart-inspired soft robotic model in which our LCON material
provides oscillatory compression of an elastic reservoir in a proof-of-
concept demonstrator. The design of our demonstrator is illustrated in
Fig. 4a(i), which is split into three sections. The outermost section is a heart-
shaped casing used only for demonstration purposes, constructed by epoxy
resin through 3D printing. The functional inner section is most crucial,
focused on in Fig. 4a(ii), since it consists of our active LCON self-regulating
material assembled in a ring configuration with printed electrodes; our
system is powered by a battery with a flexible printed circuit board (F-PCB)
interface (Supplementary Fig. S11). The final section is the reservoir, con-
sisting of a tube and an elastic tank that is rhythmically compressed by our
LCON material; to prevent unnecessary heating of the fluid in the tank,
three thermal insulation blocks are placed between the LCON ring and the
elastic tank; the final assembled device as a whole is shown in Fig. 4b. The
actuation performance of our demonstrator was first evaluated in a direct,
non-oscillatory mode. As shown in Fig. 4c, a single full contraction at 10 V
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extruded ~2 pL of liquid in the open-tube configuration, with smaller
volumes recorded under sealed conditions because the generated back
pressure not only resisted fluid ejection but also deformed the compliant
reservoir, storing part of the stroke internally. Furthermore, the oscillatory
function of our heart-inspired soft robotic model is gauged both electro-
nically and mechanically, presented in Fig. 4d, Fig. 4e and Supplementary
Movie 4, respectively. In the self-regulating regime, the LCON ring is biased
into a quasi-steady contracted state and oscillates around this mean dia-
meter with a maximum frequency of ~180 oscillations per minute. In this
configuration, the reservoir experiences a net volume change of about 0.6 pL
between the relaxed and mean deflected state (Fig. 4e), which is much <2 pL
obtained under a single full stroke (Fig. 4c). Because the oscillation ampli-
tude around the mean actuated state is limited, the fluid displacement per
oscillation is only microscopic, not discernible to the naked eye and there-
fore contributes little to the measured net volume change, even though the
oscillatory behavior is clearly visible in the electrical signal (Fig. 4d).
Addressing this limitation by increasing the volume displaced per oscillation
will be an important objective in future work. Since our material is elec-
trothermally-responsive, its adaptability originates from the thermal
responsiveness of the actuator material itself rather than an external con-
troller, unlike a biological heart. Yet, the construction of this heart-inspired
demonstrator with our LCON material is a proof-of-concept for its potential
for self-regulating material intelligence. Moreover, the additive manu-
facturing processes used to prepare our demonstrator is a positive indicator
of its scalability, and sets a powerful precedent for the construction of full-
functional, human-interactive LCON device.

Conclusion

By the quantification of the multi-stimuli, self-regulating behaviors of our
LCON within an electronic framework, we demonstrate its potential for
intelligent functions. We are able to design and operate our LCON actuators
as a result of our material optimization processes; aided by WAXS, we
formed a thorough understanding of the LC phase-transition-based
actuation of our material in terms of the molecular structure and mor-
phology of its constituents. Enabled by additive manufacturing processes,
we used our data to create and analyze our active aperture design for LCON
self-regulation, which we then optimized with guidance from analysis of
finite element modeling. We exhibited the finely-tunable oscillation of our
LCON devices with electrothermal stimuli, revealing the potential for
hybrid circuit designs and applications within the conventional electrical
infrastructure of modern devices. Ultimately, we utilized our LCON device
design to integrate actuation, sensing, and control within a single material,
demonstrated within a proof-of-concept soft robotic heart model. While not
intended directly as a biomedical implant, this study establishes a founda-
tion for exploring LCON intelligent materials in adaptive bio-interfacing
and future medical technologies. We aspire to advance the material-to-
device transition of LCONs through this research and inspire further
innovations for our materials in the soft robotics field.

Experimental

Materials. An overview of the typical materials for the self-regulating
unit is provided in Fig.1c. Molecule 1 4-(6-(Acryloyloxy)hexyloxy)phe-
nyl 4-(6-(acryloyloxy)hexyloxy) benzoate was acquired from Daken
Chemical Limited. Molecule 2 2-Methyl-1,4-phenylene bis (4-(3-(acry-
loyloxy)propoxy)benzoate) was purchased from Merck. Molecule 3 2,2’
(Ethylenedioxy) diethanethiol, Molecule 4 Butylated hydroxytoluene
and basic catalyst (1,8-diazabicyclo[5.4.0Jundec-7-ene, DBU) were
obtained from Sigma-Aldrich. Molecule 5 (Irgacure 819) was purchased
from Ciba. Polyvinyl alcohol (PVA) with an average molecule weight of
25000 g/mol was obtained from Sigma-Aldrich. Dichloromethane
(DCM) was obtained from Biosolve. Two conductive inks, PE671 (car-
bon-based) and PE874 (silver-based) were purchased from Dupont.
Another silver-based conductive ink (Elepaste NP1) was acquired
from Taiyo.

Synthesis of liquid crystal oligomers. Liquid crystal oligomers were
synthesized using a base-catalyzed thiol-acrylate Michael addition.
Typically, the molar ratio of acrylate to thiol is ~1:0.91 and the molar ratio
of Molecule 1 to Molecule 2 is 2:3. To optimize the thermal properties of
the LCON, the ratio of Molecule 2 varied. The typical synthesis procedure
involved combining Molecule 1 (861.7 mg), Molecule 2 (1412.6 mg),
Molecule 3 (663.57 mg), Molecule 4 (2.5 mg), and Molecule 5 (20 mg) in
a vial. Subsequently, 10 mL of DCM was added to dissolve the mixture,
followed by the addition of the base catalyst DBU (10 uL). After stirring
for 3 h at room temperature and an additional 3 h at 50 °C hot plate to
evaporate part of the DCM, the solution was transferred to a poly(-
tetrafluoroethylene) evaporation dish. It was then placed in a vacuum
oven at 45 °C overnight to remove the remaining DCM solvent. Finally,
the oligomer was loaded into an ink syringe for 4-D extrusion printing.

Preparation of the conductive inks. For printing the sensing and
auxiliary electrodes, a pure commercial conductive ink (Elepaste NP1)
was used. For printing actuating electrodes, a conductive ink mixture was
prepared by blending the PE671 and PE874. The two conductive inks
were directly added to the vial and mechanically stirred for 10 min. The
conductivity of the blended mixture increased with higher PE874 con-
centrations. Typically, a mixture containing 50 wt% PE874 and 50 wt%
PE671 was used for preparing the actuating electrode. Its conductivity is
about ten times lower than the pure Elepaste NP1. Finally, the two tai-
lored conductive inks were loaded into separate syringes.

The fabrication of the self-regulating unit. Using commercial 3D
printers (EHR, Hyrel 3D), a multi-step direct ink writing procedure was
used to manufacture the self-regulating unit™. Firstly, a PVA sacrificial
layer was spin-coated onto the glass substrate before printing. Following
this, the blended conductive ink and the pure Elepaste NP1 ink were used
to print the actuating, sensing and auxiliary electrodes. After printing, the
conductive inks were heat-cured at 120 °C for 30 min. Above the con-
ductive ink layers, the liquid crystal oligomer was extruded onto the
substrate at the area of the active aperture and photopolymerized above
room temperature. Next, additional oligomer material was then extruded
onto the substrate in the rest area. Unlike the curing process for the
primary printed oligomer area, the secondary printed area was typically
photopolymerized at ambient temperature. Next, the printed samples
were carefully peeled off their substrate after immersion in water to
dissolve the PVA layer. The freed samples were then dried in air to
remove any water remaining at their surfaces. Finally, the sensing elec-
trodes and the LCON film were cut through with a handmade die, thus
creating the initial micro-gap as the aperture. This process was performed
above room temperature, enabling the initial micro-gap to close upon
cooling back to room temperature.

The fabrication of the heart-inspired demonstrator. A commercial
SLA 3D printer (Formlabs 3) was used to print the heart-shaped casing,
the insulation blocker, and the cap of the reservoir. The elastic resin
Elastic 50 A V1 was used to print the heart-shaped casing and the cap of
the reservoir, while the rigid resin Grey V4 was used to insulation blocker.
After 3D printing, the cap of the reservoir was glued to the elastic tank
made from the Nitrile glove. Then three insulation blockers was glued
into the surface of the elastic reservoir. And the printed self-regulating
LCONSs connected with flexible PCB was carefully assembled with the
elastic reservoir. After that, a micro medical tubing (LDPE 0.045 inch
I.D. x 0.062 inch O.D., from Scientific Commodities, Inc.) was connected
to the cap of the reservoir. A UV glue was used to fill the gaps to ensure a
high degree of airtightness. In some experiments (Fig. 4e), a smaller
Flexible Fused Silica capillary (ID 536 um +/—6 pm, OD 665 pm
+/—15 pm, from CM Scientific Ryefield (EU) Ltd.) was connected to the
end of the LDPE tube to visualize the process of liquid flow in minute
quantities. Meanwhile, a gel food color dye (Bright red, Dr. Oetker) was
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dissolved in the water, which was injected into the reservoir via a syringe
to fill the entire reservoir and part of the tube. This dye was also used to
color the heart-shaped casing into red to mimic the real heart. Finally, the
flexible PCB was connected to the battery to power the heart-inspired
demonstrator.

Differential scanning calorimetry (DSC). DSC measurements were
employed to determine the transition temperature of oligomers in TA
Instruments DSC Q1000. The sample was heated and cooled at a rate of
10 °C min~" from —50 °C to 100 °C. This cycle was performed twice, with
the first cycle being used to eliminate the thermal history accumulated
during the preparation the sample.

Wide-angle X-ray scattering analysis. X-ray scattering measurements
were performed on a Ganesha lab instrument equipped with a Genix-Cu
ultralow divergence source that generates X-ray photons with a wave-
length and flux of 0.154 nm and 1 x 108 photons s, respectively. Dif-
fraction patterns were obtained using a Pilatus 300K silicon pixel
detector with 487 x 619 pixels of 172 x 172 pm?®. Silver behenate was used
as a calibration standard. The sample-to-detector distance was 89 mm for
wide-angle (WAXS) configurations. The WAXS results were used to
analyze liquid crystal phase and order parameters of the LCONS.

Dynamic mechanical thermal analysis (DMTA). Using a TA Instru-
ments Q800 device in vertical tension mode, dynamic mechanical ther-
mal analysis was performed on thin films. The force-controlled mode was
chosen to measure the thermal strain in the LCON film with uniaxial
alignment. The sample was cooled to 20 °C and equilibrium was held for
5 minutes with a pre-load force of 0.005 N. The 0.005 N static force was
retained while the sample was heated to 40 °C and cooled at a rate of 5 °C/
min. This cycle was performed twice to remove the thermal history of the
material. Young’s modulus in the aligned LCON and the cured con-
ductive ink was measured by cutting the film into rectangular pieces
about 5mm by 15 mm in size. The film had a thickness of ~100 yum.
Thermographs were obtained with a single 1 Hz oscillating frequency,
0.05N preload force, 50 um amplitude, and between —20-100 °C at a
heating rate of 5 °C min™. For the adhesion strength measurement, Thin-
film sample consisting of LCON layers bonded with printed electrodes
were prepared with lengths of about 12 mm, widths of about 4.8 mm, and
total thicknesses of about 220 pm (LCON = 200 pm, electrode = 20 yum).
The initial bonded region was about 6 mm in length. Samples were
mounted with the bonded region fixed in the clamps and subjected to
force-controlled  loading to  assess interfacial  adhesion.
Force-displacement and stress—displacement curves were obtained by
pulling until interfacial separation occurred. Tests were performed at
room temperature with a preload of 0.005 N, and stresses were calculated
based on the nominal bonded area.

Scanning Electron Microscopy (SEM) imaging. A JEOL JSM-IT100
scanning electron microscope operating at a 5kV acceleration voltage
was used to capture the SEM images to study the interface between the
electrode and LCONS.

Electrical characterization. To measure resistance and current changes
during sensing and actuating, the free-standing LCON device was
mounted on a 3D-printed custom-built clamp where four copper wires
with a diameter of 100 um were fixed on the surface. Two copper wires
were connected to the sensing electrodes, while the other two were
connected to the actuating electrodes. To provide a constant input voltage
for the LCON device, a DC power source (TENMA 72-2720) was used.
The resistance and the current of the LCON device were measured using a
source meter (Keithley 2400), and a digital oscilloscope (RTB 2004) was
used to track the voltage. MATLAB (R2019a) was used as a control
platform during the measurement. In the characterization of the artificial

heart, the active LCON ring was connected to a flexible PCB, and the
flexible PCB was connected to the DC power source or battery.

Optical characterization. The alignment of the printed LCON film was
checked using a polarization optical microscope (Leica DM 2700 M). A
digital camera (OLYMPUS E-M10 Mark IV, 60 mm lens) was used to
capture photographs and videos. A USB camera (60 fps, 2 MP) was used
to investigate the closed feedback loop in the single adaptive electronic
unit. An infrared camera (Xenics, Gobi + 640 GigE) was used to capture
thermal images/videos. Video analysis software (Tracker, version 6.1.0)
was used to track the bending deformation in the free standing film, the
diameter of the ring change, the extruded liquid volume change in the
artificial heart.

Simulation of the self-regulating system. All FEM analysis was con-
ducted using the COMSOL Multiphysics (v.6.1a). The detailed setup and
parameters can be found in Supplementary Note 1 and Supplemen-
tary Note 2.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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