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of monodomain (permanently aligned 
“single-crystal”) LCE is usually required 
as the key protocol to obtain muscle-like 
actua tion with artificial soft materials.[1–3] 
The need for such physically biased mole-
cular configuration, however, imposes 
technical challenges for a classical 
synthesis of polymeric elastomers due to 
their isotropic nature. In 1991, Finkelmann 
et  al.[8] introduced a two-stage hydrosi-
lylation approach and reported the first 
successful “nematic liquid single crystal 
elastomers” with free-standing actuation. 
In this approach, the essence of which 
has been the preferred protocol for fabri-
cation of monodomain LCE for the next 
two decades, a uniaxial mechanical exten-
sion was applied to a lightly crosslinked 
gel, to establish the internal uniaxial 
alignment field, which was followed by 
further (second-stage) curing to perma-
nently fix that alignment. Yet this protocol 
is very difficult in practice, because of 
the intrinsic mechanical fragility of half-
cured gels that need to be stretched suffi-
ciently to impose the alignment. This has 
diminished the accessibility of LCEs to be 

readily utilized in ever-expanding applications involving shape-
morphing and actuation.

Aimed at more complex patterns of LC alignment and  
circumventing the staged curing problems, other techniques 
based on external fields have been developed, notably the  
surface alignment[9–12] and dynamic bond exchange.[13–20] The 
diverse pixel-defined surface of the substrate enabled a great 
expansion of actuation modes other than simple contraction-
extension. Despite the functionalization, the scale of the mate-
rials was nevertheless confined by specified substrates, and the 
limited depth of surface penetration into the bulk of the LCE 
rendered the method technological insufficient for fabricating 
at large scales. Therefore, for a general and flexible LCE fabri-
cation, mechanical stretching remains the simplest strategy to 
produce monodomain LCE in versatile functional forms. For 
instance, this is prominent in woven fibers given the well-estab-
lished methods of polymer fiber processing. New chemistry, 
other than hydrosilylation, was desired that allowed for robust 
reactions and convenient ways of mechanical alignment. The 
commercial availability of diacrylate reactive mesogens, such as 
RM257 and RM82, has been a strong driver in the LCE field 
in recent years, offering a satisfying alternative considering a 
library of benign reactions involving diacrylates. Particularly, a 

Liquid crystalline elastomers (LCEs) have been considered one of the most 
promising material concepts for artificial muscles. However, accomplishing 
actuation of LCEs requires macroscopic alignment of the liquid-crystalline 
orientation in the rubbery network, which imposes challenges in the mate-
rials chemistry and processing. A two-stage curing strategy has been the 
dominating approach during last three decades. Despite its many successes, 
the method is difficult in practice and requires delicate experiential skills, 
dealing with intrinsic fragility of intermediate gels after the first crosslinking 
stage. Here, a robust fabrication method for monodomain LCE based on the 
amine-acrylate aza-Michael addition is developed, involving two readily com-
mercially available components with no catalyst. The method is based on the 
large kinetic difference of hydrogen addition in primary amines to acrylates, 
which offers a sufficient gap separating two stages of curing and enabling 
versatile mechanical alignment techniques for manufacturing monodomain 
LCE in both liquid and gel states. Importantly, the mechanically robust 
network, helping processability at a partial-crosslinking stage, is facilitated 
by the chemically generated hydrogen bonding all through the process, as a 
by-product of hydrogen addition. Such a facile two-component kit-like fabrica-
tion should aid researchers from various fields in the search for a practical 
and reliable process of making soft actuators.

1. Introduction

Liquid crystalline elastomers (LCEs) are intelligent soft 
materials, achieving remarkable shape-morphing,[1] exploiting 
interplay between the LC phase change and the polymeric 
entropic elasticity.[2–7] In a technological sense, preparation 
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thiol-acrylate addition approach, first developed by Yakacki et al. 
in 2015,[21] quickly gained its popularity due to its overwhelming 
ease over the classical Finkelmann method. The orthogonal 
reactions of thiol-acrylate and acrylate self-polymerization, ena-
bled by thermal and UV radiation, respectively, constituted the 
two stages for curing LCE, with much more stable mechanical 
stretching conditions. The mandatory introduction of irradia-
tion brought additional challenges, such as penetration depth 
and homogeneity, both imposing limits on the dimensions 
available and limiting the fabrication. Recently Zhang et al, 
aiming for flexible welding, have deployed thermal second-
stage thermal crosslinking as an alternative.[22] Yet the neces-
sary preloading of initiators, both UV and thermal, required 
specific care for deterring undesired initiator decomposition 
during fabrication or storage.

Nevertheless, important insights could be deduced from 
this history. In the Finkelmann approach, the genuine break-
through was the introduction of an asymmetrical crosslinker, 
ending respectively with vinyl and methacrylate groups, which 
exhibited remarkably different reactivity towards hydrogen 
addition.[8] Thus during the crosslinking, the large kinetic dif-

ference, in fact, provided the natural cut-off in the curing pro-
cess between two stages featuring distinct reactions: the first 
fast stage, generating oligomers or a lightly cured gel, and then 
the slow stage, providing a sufficient processing window for 
mechanical treatment. Therefore, to match the physical mani-
festation of induced macroscopic anisotropy, a similar chemical 
orthogonality is required, either via distinct triggers, or via suf-
ficient kinetic difference if only heat is available. We found that 
amine-acrylate Michael addition happens to perfectly fit for 
this very scenario. While sharing the efficient nature of “click” 
Michael addition with thiol-acrylate, the self-catalyzing amine-
acrylate allows for a more concise ingredient recipe. Yet the 
most distinguishing feature is that the amine-acrylate addition 
with primary amines is intrinsically a two-stage reaction with 
a large kinetic difference between the primary hydrogen (fast, 
k1) and the generated secondary hydrogen (slow, k2) reacting 
with acrylates (Figure 1a).[22–24] As Retailleau et  al. reported 
in the kinetic study of diacrylates with diamines,[22] the first 
hydrogen was almost completely consumed before the second 
hydrogen slowly began to participate in the addition, indi-
cating a k1 about two orders magnitude greater than k2.[25] This 
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Figure 1. Mechanism of amine-acrylate aza-Michael addition for curing polymer networks. a) Different addition kinetics of 1st and 2nd hydrogen of 
aliphatic primary amines towards acrylates. b) Differentiated kinetics resulted in sequential stages for diacrylates reacting with diamines. While the 
1st hydrogen basically participated in chain extension, the remaining 2nd hydrogen would initiate random branching with excessive acrylates to cure 
the network.
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unique chemical transition thus allowed facile preparation of 
oligomers which could be autonomously crosslinked as time 
evolved (Figure  1b). These chemical advantages inspired us to 
fabricate mono domain LCEs with remarkable ease, by simply 
mixing primary diamines and diacrylate mesogens, under mild 
heating, instead of employing a thiol-acrylate recipe involving 
additional catalysts, crosslinkers, initiators, and a UV appa-
ratus.[26] It should be noted that Ware et  al. have utilized the 
amine-acrylate reaction in a series of recent publications,[27–29] 
however, the monofunctional primary amine was used as chain 
extender alone. The second-stage crosslinking was still accom-
plished via self-polymerization of excessive acrylates under 
UV irradiation. Here we emphasize that using diamines with 
four hierarchically functional hydrogens could play both roles: 
as chain-extenders and crosslinkers, in succession. The differ-
ences will be self-explanatory following the illustration below.

2. Result and Discussions

To demonstrate this chemical concept in the simplest possible 
way, we employed a combination of RM82 and 1,5-diaminopen-
tane (Figure 2a), although other readily available diacrylate 
mesogens like RM257, and various aliphatic diamines with 
different length, should work equally well for more refined 
property tailoring. Upon mixing, the addition between 
diamines and diacrylates is dominated by chain extension at 

the beginning, basically taking diamines as dithiol-like chain 
extenders (Figure 2b). Ideally, once the 1° amines are consumed 
in completion of this first reaction stage, and acrylates are still 
in excess, crosslinking by branching of generated 2° amine with 
acrylate-ended oligomers would then proceed. Importantly, the 
excess of acrylate functional groups theoretically demanded a 
molar ratio of diamine/diacrylate, referred as r, to be less than 
1 for gelation, although in practice we found that r ≥ 1 would 
also lead to gel as the crosslinking was always proceeding in a 
competitive way with chain extension concerning the specific 
environment (temperature, solvent). To ensure a moderate 
crosslinking density compatible with LCE actuation, r = 0.9 was 
kept constant in the following experiments, although one could 
achieve a much higher density of network crosslinking, and 
therefore mechanical strength of the material, by reducing this 
ratio further.

Since high temperature would diminish the kinetic difference 
between the 1° and 2° hydrogen addition, the first-stage reaction 
should ideally be conducted at as low a temperature as possible, 
to enhance the cut-off. In order to maintain a homogeneous 
mixture, the reaction was carried out at 60 °C with a neces-
sary amount of solvent (DMF 25 wt%) depressing the LC phase 
(Figure 2c). The two-stage addition feature could be confirmed 
by analyzing acrylate conversion together with amine con-
sumption obtained from the Fourier transform infrared (FTIR) 
spectroscopy study as shown in Figures S1 and S2, Supporting 
Information. A clear reduction in acrylate conversion rate could 
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Figure 2. Composition and reactions in amine-acrylate LCEs. a) Monomers used in the synthesis. b) Preparation sequence of monodomain LCEs. 
Mechanical alignment was applied to the partially cured gel for further complete curing. c) Conversion of diacrylates with time. The process could be 
divided into two stages representing chain extension and crosslinking respectively, yielding LC oligomers ink and cured LC gel.
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be observed within 0.5 h, indicating a paradigm transition. As 
1° hydrogen conversion was driven to completion yielding oli-
gomers, the 2° hydrogen conversion leading to chain branching 
became equally significant, although much more slow. Usually a 
partially cured elastomer could be obtained in 1.5 h, after which 
the material could be efficiently handled and stored in the dark 
for future treatment. Such well-defined liquid–gel transition 
cut-off allowed us to exploit the processing windows to fabricate 
versatile forms of LCE at different scales, utilizing alignment 
techniques that are usually mutually exclusive (Figure 2c). That 
is, prior to gelation, the LC oligomers could be treated as “liquid 
ink” for extrusion 3D printing, which generated patterned align-
ment from shear strain. On the other hand, after gelation, a 
classical mechanical-stretching approach was yielding monodo-
main LCE, as will be introduced first.

Upon gelation, the partially cured gel exhibited quite robust 
mechanical properties, and could be easily stretched to over 
900% at room temperature (Figure S3, Supporting Informa-
tion). Given the very low initial crosslinking density, such high 
stretchability was supported by the pervasive hydrogen bonding 
generated between N—H and carbonyl groups on the oligomer 
chains as indicated by a large fraction of bonded NH versus free 
NH in FTIR spectroscopy (Figure S4, Supporting Information), 
which enabled the robust and flexible process for mechanical 
alignment. The stretched sample was thereafter heated to 90 °C 
for 12 h to facilitate the crosslinking completion. The resulting 
monodomain LC alignment could be easily confirmed by its 
clear transparent appearance, X-ray characterization, and the 

fully reversible actuation upon temperature variation (Figure 3a).  
The analysis of X-ray scattering images (Figure  3b) indicated 
the nematic liquid crystalline order with an order parameter 
of ca. 0.55 for the sample with 200% strain during the second-
stage curing in the isotropic phase, while the control sample 
without mechanical loading remained isotropic in the diffrac-
tion pattern, and white in appearance as expected for a poly-
domain LCE (Figure S5, Supporting Information). Multiple 
actuation cycles show that the aligned LCE sample changes its 
natural length between 20 and 110 °C with a consistent ampli-
tude of over 60% (Figure  3c). While the temperature–strain 
curve indicated a nematic-isotropic transition of about 40 °C 
(Figure 3d), only a glass transition of 10 °C was detected in dif-
ferential calorimetry (DSC) scanning in the fully cured LCE. 
Intriguingly, for the LC oligomer ink and for the partially cured 
sample, a nematic transition around 40 °C was clearly revealed 
(Figure 3e). We attribute the disappearance of Tni to the effect 
of hydrogen bonding, which was fully activated between chains 
as DMF was evaporated. In contrast, in oligomers and par-
tially cured networks, the hydrogen bonding could be screened 
by the polar DMF solvent, thus allowing sufficient mobility 
of mesogenic groups to register the entropy change on the 
nematic transition. The enhancement of mechanical strength 
by hydrogen bonding could also be observed from tensile tests 
on monodomain and polydomain samples (Figure  3f,g): the  
elastomer in the isotropic phase still exhibited an elastic 
modulus of 1.8  MPa, surpassing most reported values and 
thus providing a considerable capacity for mechanical work. 
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Figure 3. Characterization of LCE. a) Visual illustration of actuation in monodomain LCE. b) X-ray diffraction pattern of monodomain and polydomain 
LCE. c) Repeated actuation cycles of monodomain LCE at a rate 10° min−1. d) The repeated strain–temperature curves on cooling, from (c). e) DSC 
scanning of oligomer, partially cured and fully cured LCE samples on heating. f,g) Stress–strain curves of monodomain and polydomain LCE above 
and below the nematic transition, obtained at a high stretching rate of 50% min−1.
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While in the nematic phase, the alignment was mechanically 
manifested in a steep stress–strain curve (no soft elasticity as in 
polydomain sample) reaching a breaking strength of ≈40 MPa, 
which is comparable to commercial hydrogen-rich neat thermo-
plastic polyurethane.[30]

The outlined benefits of amine-acrylate LCE naturally 
brought added convenience for their mechanical treatment. 
Apart from the simple stretching alignment, a bilayer LCE 
with crossed alignment was produced, utilizing the welding 
potential during the second-stage crosslinking. Specifically, two 
lightly crosslinked LCE gels were stretched to 200% and aligned 
in crossed fashion on a flat substrate, with clamps fixing the 
bilayers in close contact. During the second-stage curing, mole-
cular networks of each layer were interconnected via chemical 
bonding across the interface, while preserving the respective 
alignment in the bulk of each film. The assembly of differ-
ently aligned LCE bilayers thus provided coiled actuators with 
pitch programmability via the oriented cut-through, following 
the analysis of bilayer shape instabilities,[31] expanding the gen-
eral scope of traditional actuation modes with a range of elastic 
instability regimes (Figure 4a).

Given that the alignment techniques conducted at smaller 
scales were nonetheless demanded for action versatility, an 
increasingly popular 3D printing approach[32–37] based on shear 
alignment of LC was also investigated. As previously men-
tioned, the processing window for oligomers as “liquid ink” 
could endure for as long as 1 h. When the viscous LC oligomer 
was extruded out of the syringe equipped with a mechanical 
piston, molecular rearrangement by the shear flow would 
yield a reasonably well-aligned LC filament as indicated by its 

transparency. While previous reports on 3D printing LCE relied 
on in situ UV crosslinking to fix the alignment, our extruded 
LC filament supported on the glass slide could retain the shear-
induced alignment, as DMF evaporation activated the hydrogen 
bonding as a temporary fixing measure, until further thermal 
curing is completed as in the gel approach. As indicated 
by polarized optical microscope (Figure  4c), these uniform 
filaments fully preserved the alignment achieved on extrusion, 
and could be used as monodomain LCE fibers when peeled off. 
Intriguingly, it was also found that decreasing the gap distance 
between the syringe and substrate (keeping other parameters 
constant) would impose an additional effect on the alignment 
of LC filaments. The enhanced transparency clearly illustrated 
an increase in alignment as the gap distance decreased, so that 
additional laminar shear was produced by the nozzle tip on the 
extruded polymer. Below a certain distance, the linear filaments 
would merge into a continuous thin 2D plane layer, with the 
embedded 3D shape programmability. For instance, a layout 
of concentric filaments would eventually transform into a cone 
with positive Gaussian curvature as shown in Figure  4c. An 
independent study on adjusting printing parameters to manage 
the alignment degree is under way.

3. Conclusion

We have investigated a new chemical approach towards mono-
domain “single crystal” LCE fabrication, which is compatible 
with both classical mechanical stretching and 3D printing tech-
niques. The fabrication required simple mixing of only two 
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Figure 4. a) Bilayer strategy for fabricating actuators with a versatile twist via welded cross-aligned LCEs. b) Scheme of printing LC oligomer ink to 
deposit aligned LCE fibers. c) Manipulation of alignment degree and pattern to achieve complex LCE actuators, the alignment in each filament illus-
trated by polarized microscopy.
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commercially available components, followed by mild heating, 
which should be accessible to a general materials community. 
The essence of our work lies in the rediscovery of the two-stage 
kinetic nature of the amine-acrylate aza-Michael addition. Less 
known compared to its thiol counterpart, this reaction could 
find its unique application spectrum in monodomain LCE 
fabrication, a process that has widely been considered delicate 
and lacking robustness ever since the Finkelmann method 
was established. From the material perspective, the generated 
poly(amino-ester), the condensed product from diamines and 
diacrylates, exhibits a distinct feature as hydrogen bonding 
medium, setting amines apart from thiols. Hydrogen bonding 
has been a well-recognized toughening strategy in polymeric 
materials providing an alternative approach for energy dissi-
pation through chain interaction enhancement. As a trade-off, 
the incorporation of these entities along the polymer chains 
would inevitably cost the rubber flexibility, as in the cases of 
polyurea, polyamide, or polyurethane where a well-defined 
phase separation is required for preserving high extensibility 
of soft domains. Intriguingly, the β-amino esters obtained from 
aza-Michael addition provide a much milder hydrogen bonding 
intensity, as the receptors and donors are separated by two car-
bons instead of being rigidly well-packaged. Such a toughening 
strategy would nonetheless be beneficial for the mechanical 
performance of LCE, allowing for a high output of work on 
actuation as well as tensile strength as observed. Therefore it is 
reasonable to believe that the potential of amines as alternatives 
for thiols could bring new opportunities for the smart-materials 
community.

4. Experimental Section
Materials and Preparation of LCE: 1,4-Bis-[4-(6-acryloyloxyhexyloxy)

benzoyloxy]-2-methylbenzene (RM82) was purchased from Daken 
Chemical Ltd. 1,5-diaminopentane was purchased from TCI. DMF was 
purchased from Sigma-Aldrich. Typically, 1.68 g of RM82 was dissolved 
in 0.5  g of DMF and was melted at 80 °C to be completely dissolved. 
Then 0.23  g of 1,5-diaminopentane was added and mixed to obtain a 
homogeneous precursor solution. The solution was then poured into a 
glass dish for curing at 60 °C with a lid. For liquid printing, DMF solution 
could be reduced to 0.25 g for better alignment and taken as printable 
ink after 0.5 h. For gel alignment, the LC gel was formed after 1.5 h and 
could be taken out of the dish and stretched to 200% for further curing 
at 90 °C for another 12 h.

We found that the ester groups in the middle of RM82 mesogen had 
a tendency to degrade at high temperature in the presence of un-reacted 
amines, and break the rod-like mesogen into fragments of terminal 
OH and amide, which they could see by increasing the yellow color 
(and of course by deterioration of nematic LC phase). On the other 
hand, while in the nematic phase (below 90 °C), the ester groups were 
protected by the packing of rods. This was why we could not carry out 
the second-stage crosslinking at a temperature higher than 90 °C or 
keep the sample for a long time even at that temperature. As a result, 
their monodomain LCE was nematic-genesis.

Characterization: DSC4000 from PerkinElmer was used to obtain 
the transition temperatures all with a heating rate of 10 °C min−1. 
DMA Discovery 850 from TA instruments was used to characterize the 
mechanical properties with rectangular samples mounted on the clamp. 
A Philips Xray generator PW1830 with the wavelength of 0.154  nm, 
equipped by a wide-area CCD detector from Photonic Sciences Ltd was 
used for characterizing alignment of LCE. The distance between the 
sample and the imaging area was 100 mm. FTIR spectroscopy was used 

to monitor the acrylate conversion during times and the peaks during 
acrylate (around 810 cm–1) were integrated to obtain the conversion 
data.

Printing LCE filaments was conducted on a customized DIW 
3D printer (Hyrel KR-15 engine) with computer controlled syringe 
extrusion. The initial mixture of RM82 and diamine dissolved in DMF 
was transferred to into the syringe (KR2, Hyrel3D) and allowed to react 
for 1 h before extrusion. The oligomer was then extruded through the 
nozzle (400 µm diameter) at a constant flow rate of about 2 (rectangular 
filament) and 4  µl min−1 (circular filament) onto the substrate. As the 
flow rate was effectively a product of the path width, path height, and 
the printing speed, adjusting the height of printing would change the 
width of the final filament. For the circle as in Figure  4c, the flow rate 
was kept constant while the path height was decreased, as the distance 
between the substrate and the nozzle was shortened from 0.25 to 0.2, 
to 0.15  mm from left to right as in Figure  4c. As a result, the circular 
filament became wider and finally fused with its parallel neighbors to 
make a continuous flat film.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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