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ABSTRACT 

Extrusion 3D printing has advanced the manufacturing of complex liquid crystal elastomer (LCE) 

architectures. In parallel, Donor-Acceptor Stenhouse Adducts (DASAs), a class of white-light-

responsive photoswitches, have enabled both photochemical and photothermal LCE actuation. 

However, DASA-LCEs have yet to be extrusion 3D printed. Two key challenges exist: DASA’s 

inherent sensitivity to heat and radicals can lead to degradation during ink preparation and printing; 

and small changes in the concentration of the added DASA component impacts the properties of 

the extrudable ink, requiring re-optimization of well-established 3D printing protocols. To 

overcome these challenges, we present a post-printing functionalization strategy that circumvents 

these limitations. Residual secondary amines, inherent to inks synthesized via standard aza-

Michael addition, serve as active sites for covalent attachment of DASA photoresponsive groups 

following printing and crosslinking. Our method means that DASAs can be directly grafted onto 

3D printed aza-Michael LCEs without modifying the ink formulation or processing. The resulting 

DASA-LCEs exhibit wavelength tunability within the visible range and a variety of photothermal 

and photochemical responses. The post-functionalization can occur within two minutes and 

enables spatial control of DASA concentration, producing films with tunable color gradients and 

locally varied photothermal and photochemical responses under visible light. This approach 

enables the rapid fabrication of DASA-based light-responsive LCEs using established ink 

formulations, with the potential for the design of complex 3D architectures.  

1. INTRODUCTION
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Liquid crystal elastomers (LCEs) are appealing materials for applications in soft robotics,1 

biomedical devices,2  and wearable technologies,3 due to their unique ability to undergo rapid, 

reversible shape transformations in response to external stimuli.4–6 These responses are caused by 

a reversible nematic to isotropic phase transition, conventionally triggered by heating.7,8 A long-

standing barrier to the widespread adoption of LCEs in soft robotics has been the reliance on 

complex synthetic protocols and limited scalability, particularly for 3D printed architectures.8–10 

The development of more accessible formulations, such as those obtained from aza-Michael11  and 

thiol-Michael addition,12 has provided more straightforward ways to produce LCEs. Since the 

application of these chemical strategies to LCEs, Direct-Ink-Write (DIW) printing has been widely 

used to fabricate centimeter scale soft robots,13  reducing reliance on more traditional methods of 

surface or mechanical alignment.7 Extrusion-based 3D printing enables the fabrication of large-

scale three-dimensional structures with nonuniform alignment patterns.13–18 The degree of 

alignment and the actuation profile can be precisely controlled by modifying extrusion parameters, 

such as speed, temperature, and layer height—all of which have been extensively investigated in 

aza-Michael LCEs.14,15,17,18 Despite enabling greater tunability and complex shape 

transformations, conventional LCE systems remain thermally actuated, restricting their 

operational environments and limiting responsiveness to diverse stimuli. 

To address these limitations, light-responsive LCEs have emerged as a powerful 

alternative, offering remote and spatial-temporal control over the actuation. Two primary strategies 

have been developed depending on the nature of the light-responsive agent and its compatibility 

with the LCE matrix. The first approach involves physically incorporating the light-responsive 

agent into the LCE, which is the least synthetically challenging and relatively straightforward. 

Carbon nanotubes,19,20 Ag or Au nanorods21 and organic dyes22–26 are common photo-absorbers 
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incorporated into LCEs, enabling photothermal actuation through localized heating. 

Photoswitches can also be incorporated this way,27 but are limited to photothermal actuation. 

However, with this simplicity of synthesis comes challenges with loading limits and control over 

dispersion because the light-responsive elements are mixed in and not covalently bound to the 

LCE monomers20. The second approach overcomes these challenges by covalently integrating the 

element into the polymer network via tailored LCE-based monomer designs. This can be done 

with organic dyes,26 but is more common with photoswitches. They can be incorporated along the 

backbone, as a pendant group, or as crosslinkers, providing a range of actuation behaviors.28,29 Of 

these, the most common and robust examples rely on azobenzene,28–30 but other photoswitches 

include molecular motors,31,32 diarylethenes,33,34 hydrazones,35 and spiropyrans.36–38 This approach 

enables light-induced isomerization of the photoswitches, which in turn drives photochemical and 

photothermal actuation.28 These molecules primarily respond to narrowband UV wavelengths, 

limiting the operational range of photochemically actuated LCEs. Recently, donor-acceptor 

Stenhouse adducts (DASAs) have been covalently attached to mechanically aligned, siloxane 

LCEs. They exhibit photochemical and photothermal actuation in response to broadband white 

light.36,39 This optical control broadens the range of environments where LCE actuators can operate 

effectively, overcoming the limitations of thermally and UV-activated systems. Further, DASAs 

are negative photochromes, making them attractive for use in millimeters-thick LCEs.39,40 

However, DASA-LCEs have yet to be made with DIW 3D printing. To summarize, combining the 

advantageous properties of DASA-based photochromes with advances in DIW 3D LCE printing 

provides a path to better soft robots with new actuation capabilities.  

Herein, we functionalized 3D printed aza-Michael LCEs with DASAs after printing by 

leveraging residual secondary amines present in the ink. Our post-functionalization method does 



 5 

not alter the well-established ink chemistry and does not require the DASA to survive printing. 

While the first aza-Michael addition is fast and all primary amines are converted to secondary 

amines in minutes, the subsequent addition is considerably slower and typically incomplete.41 

Despite the known presence of residual secondary amines after oligomerization of LCE 

formulations, these groups have not yet been utilized to covalently post-functionalize with 

photochromic molecules. Conveniently, DASA photoswitches require secondary amines to serve 

as donor group building blocks, presenting a straightforward opportunity for incorporating 

photochromic functionality via this additive-free post-functionalization strategy, Figure 1. With 

our method, we fabricated a range of DASA-based LCE films with excellent wavelength tunability 

by varying the acceptor group. Finally, we leveraged the rapid ( 2 min) post-functionalization 

reaction to construct LCE films with spatial control over DASA concentration, leading to 

multicolored films exhibiting non-uniform light response.  
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2. RESULTS AND DISCUSSION 

2.1 Characterization of aza-Michael LC ink 

The extensive literature of aza-Michael additions for the polymerization of LCEs suggests a fast 

and quantitative addition of primary amines to acrylate groups.41–44 66-68 However, the subsequent 

reaction of the newly formed secondary amine to a second acrylate group is slower and non-

quantitative. Terentjev et. al exploited residual secondary amines to introduce hydrogen-bonding 

interactions, thereby reinforcing the LCE network.41 Here, we extend this strategy to covalently 

post-functionalize aza-Michael 3D-printed LCEs with DASA photoswitches using a well-studied 

and validated protocol for aza-Michael ink formulation. Specifically, we adopted the ink 

formulation reported by Lewis, et. al, which yields optically transparent films using a 1.1:1.0 molar 

ratio of RM257 and C6BAPE mesogens and n-butylamine as a chain extender.18 Butylated 

hydroxytoluene (BHT) was added to suppress radical formation during the oligomerization, and 

2,2-dimethoxy-2-phenhylacetophenone (DMPA) was introduced as the photoinitiator, shown in 

Figure 2a. Detailed formulation can be found in the experimental section.  

The key design feature of this post-functionalization method lies in the deliberate use of 

the incomplete aza-Michael addition, which preserves reactive amines in the as-printed LCE. 

These amines serve as handles for subsequent reaction with activated furan to generate DASA 

photoswitches directly within the polymer network. To quantify the concentration of secondary 

amines present under these conditions, the stepwise aza-Michael reaction between butylamine and 

Figure 1. Schematic representation of this study. a) Schematic of DASA photoswitching b) 

Formation of donor-acceptor Stenhouse adducts by the addition reaction of a secondary amine 

with an activated furan, termed herein as DASAfication. c) Prescence of a secondary amine in the 

LCE ink capable of reacting with an activated furan to undergo DASAfication. 
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the mesogenic acrylates RM257 and C6BAPE was monitored using 1H NMR spectroscopy. As 

shown in Figure 2b and Figure 2c, the transformation proceeds through two distinct stages: rapid 

conversion of the primary amine to the secondary intermediate, followed by a slower second 

addition forming the tertiary amine. Full kinetic analysis, including quantification of the acrylate 

conversion, is provided in Supplementary Information Figure S1-S4. Within ten minutes, the 

primary amine is fully consumed, and the concentration of secondary amine reaches a peak before 

gradually decreasing over five hours. Concurrently, the rate of tertiary amine formation is highest 

within the first 2.5 hours and slows down through the 5-hour mark.  Under these conditions, 

approximately 10 mol% of secondary amines remain in the ink formulation, serving as the 

functional handle for DASA formation after oligomerization, printing, and crosslinking (Figure 

2d). Extending the ink curing time has little effect on this concentration. 
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For photoresponsive extrusion-based LCEs, the properties that govern actuation (order 

parameter, TNI, optical transparency, etc.) depend heavily on the shear profile during extrusion, 

which is influenced by viscosity.45 The viscosity is controlled primarily by oligomerization time, 

as is the evolution of functional groups discussed previously. To understand this connection, the 

oligomer viscosity was measured as a function of reaction time. The optimal viscosity occurred 

around four hours into the oligomerization. This oligomerization time was used for all LCEs 

prepared. At this time, the secondary amine content and the viscosity remain relatively stable in 

response to small differences in time, which is key for reproducibility and consistent 

Figure 2. a) Ink formulation previously reported in the literature. b) First and second addition 

reaction between primary and secondary amine and acrylate functional groups. c) 1H NMR 

traces showing the region where primary amine converts to secondary and tertiary amine. d) 

Fraction of primary, secondary and tertiary amine present as a function of time. 
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DASAfication of the subsequent films. After this time, the ink became too viscous to be extruded 

using our experimental setup, affecting the alignment and the optical properties of the films, Figure 

S5. Such increase in viscosity can be coupled to the increase in the degree of polymerization in 

these timeframes. To determine the degree of oligomerization of the ink, the molecular weight of 

the ink was followed by gel permeation chromatography as a function of reaction time. Figure S6-

S7 shows that after five hours, the molecular weight of the ink reaches only 5.0 kg/mol. In 

summary, while the viscosity of the ink evolves over time and can affect printability, a significant 

fraction of reactive secondary amines persists within these timeframes. The amount of residual 

amine directly dictates the extent of subsequent DASA post-functionalization, underscoring its 

importance for ensuring reproducibility across aza-Michael LCE methodologies (Figure S8).  

2.2 Functionalization of aza-Michael LCE films using DASA  

2.2.1 Rapid DASAfication of aza-Michael LCEs.  

Figure 3. Fast functionalization of aza-Michael LCEs (film dimensions 10 mm × 20 mm × 0.3 

mm) with Meldrum’s acid activated furan. 
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The overall degree of functionalization is governed by several variables, including the initial 

concentration of secondary amines in the printed network, diffusion of the DASA acceptor, and 

the intrinsic efficiency of the DASA-forming reaction. Precise quantification of these factors in a 

cross-linked elastomer matrix is challenging; however, time-dependent absorption UV-vis 

absorption spectroscopy was used to monitor DASA formation with Meldrum’s acid, barbituric 

acid, CF₃-oxazolone, and CF₃-pyrazolone acceptors using the oligomer ink employed for 3D 

printing. As expected, the reaction rate depends strongly on the acceptor identity: CF₃-pyrazolone 

and CF₃-oxazolone reached maximum absorbance within  20 min (indicative of full conversion), 

while barbituric acid showed only partial conversion after 40 min (Figure S9). In these studies, the 

acceptor concentration was held constant at 10 mg mL⁻¹; nonetheless, faster and more quantitative 

conversion can be achieved by increasing acceptor concentration or extending reaction times 

(Figures S10). Diffusion of the acceptor into the network also plays a critical role, particularly for 

thicker films. For example, functionalization of 1.2 mm-thick 3D-printed LCE films in acetone 

solution of Meldrum’s acid (1.07 g / 10 mL) revealed a distinct shell structure upon bisection, with 

a functionalized layer extending 500 μm after 20 min (Figure S11and S12). 

Guided by these control experiments, aza-Michael LCE films were 3D printed with 

dimensions of 10 mm × 20 mm × 0.3 mm and directly subjected to post-functionalization. As 

shown in Figure 3 and Video S1, an as-printed LCE was immersed in a 10 wt.% solution of 

Meldrum’s acid derived acceptor in acetone for 20 seconds. A distinct pink coloration rapidly 

developed within the LCE, contrasting sharply with the yellow solution, indicating the successful 

formation of the DASA photoswitch via reaction with residual secondary amines. Because 

functionalization proceeds through chemical reaction between the secondary amines and activated 

furan, issues such as clumping, poor dispersion and leaching are largely irrelevant. Moreover, this 
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post-functionalization strategy is compatible with a range of DASA-based acceptors and the rate 

of covalent reactions is correlated to the electrophilicity of the activated furan. For example, when 

an oxazolone-derived acceptor, featuring enhanced electrophilicity, was employed, the reaction 

proceeded to completion in just one second, as shown in Figure S13 and Video S2. This high speed 

further underscores the efficiency of the covalent functionalization pathway. 

2.2.2 Spectral tunability of Aza-Michael DASA LCEs. Aza-Michael DASA LCEs were prepared 

with six different acceptors to demonstrate color tunability and to illustrate the generality of the 

process, Figure 4a. Meldrum acid derivative (Mel), Barbituric acid derivative (Bar), CF3-

Oxazolone (Oxa), CF3-Pyrazolone (PyrCF3), CH3-Pyrazolone (PyrCH3) and OMe-Pyrazolone 

(PyrOMe) were selected as the acceptor groups due to their different properties, Figure 4b. The as-

printed LCEs were soaked in 100 mg in 10 mL acetone acceptor solution. The Meldrum acid, 

Barbituric acid, CH3-Pyrazolone, OMe-Pyrazolone were soaked for one minute and CF3-

Pyrazolone and CF3-Oxazolone were soaked for 10 sec. Solid-state-UV-Visible spectroscopy was 

used to determine the absorbance bands of the 3D-printed LCE films, shown in Figure 4c. By 

changing only the acceptor solution, 3D-printed LCEs with tunable colors and absorbance 
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wavelengths can be fabricated in minutes. This tunability is essential for deployment as orthogonal 

and selective light-responsive soft actuators.   

2.2.3 Electronic properties of DASAs inside the LCE polymer matrix.  DASA’s photoswitching 

behavior is influenced by the electronic properties of the acceptor groups, which can be measured 

using solvachromatic slopes. Solvatochromic slope is defined as the change of the absorbance 

Figure 4. a) Picture of 3D Printed DASA-LCEs. b) Chemical structures of the DASAs present in 

the functionalized LCEs. c) Absorbance profile of the absorption bands of the DASA LCEs in the 

solid-state. 
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maxima as a function of solvent polarity. A more neutral form of DASA will have a low 

solvatochromic slope and a more zwitterionic/charged DASA will have a higher slope. Low 

solvatochromic slopes have been correlated with better photoswitching in a range of solvents and 

polymer matrices.46–48 Conversely, DASAs exhibiting high solvatochromic slopes show minimal 

or no photoswitching under the same conditions. As such, DASAs can function as either a 

photoswitch or photothermal agent depending on the ground state structure and environment. 

To estimate the electronic and solvatochromic properties of the DASAs synthesized in the 

crosslinked LCE polymer matrix, which can be hard to characterize by conventional techniques 

such as 1H NMR and UV-Vis spectroscopy, a small-molecule DASA model system was 

synthesized. In this model system, hexyl 3-(butylamino)propanoate served as the donor/secondary 

amine. This donor was chosen because of its similar electronic properties to the amine in the ink 

formulation. Analyzing their absorbance profiles of the small molecule DASA adduct in different 

solvents, Figure S14-S21, yields a wide range of solvatochromic slopes as seen in Figure 5a. From 

these slopes, one can predict if DASA will behave predominantly as a photothermal agent or 

negative photoswitch. To illustrate how these small molecule solvatochromic studies correlate 

with the differences in the DASA light-response observed within the 3D printed LCEs, we analyze 

the photoresponse of two orthogonal DASA LCEs. Films with OMe-Pyrazolone (slope = -24 nm) 

and CF3-Pyrazolone (slope = -90 nm) were exposed to 300 mW/cm2 of broadband white light. As 

expected, the OMe-Pyrazolone film switched to the colorless closed form, whereas the CF3-

Pyrazolone film remained highly colored, generating a stronger photothermal effect and molecular 

contraction (Figure 5b and Video S3-S4). Both contraction and color change are reversible upon 

removal of the light source with no photofatigue observed after 15 cycles or after extended 

irradiation exposure (Figure S22 and S23). Photothermal contraction of the CF3-Pyrazolone LCE 
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film was confirmed using infrared imaging. Upon exposure to white light (300 mW/cm2), the CF3-

Pyrazolone film rapidly heated above TNI, in contrast to the unfunctionalized control, which 

remained below the transition temperature. This difference supports the photothermal origin of 

actuation (Video S5). 

2.3 DASA Patterning Capabilities 

The rapid kinetics of the DASAfication reaction enable precise spatial control over 

photoswitch distribution within LCE films. Depending on the acceptor used, functionalization is 

complete within seconds to minutes. This fast reaction window allows for partial submersion of 

films in organic solvents without concerns of solvent evaporation, uncontrolled diffusion, or 

swelling-induced strain—factors that typically hinder patterning fidelity in systems requiring 

Figure 5. a) Solvatochromic slopes of the DASAs present in the LCEs showing a wide variety of 

solvatochromic slopes. B) Distinct actuation behavior of the DASA LCEs with low and high 

solvatochromic values. 
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prolonged exposure. As shown in Figure 6a, the intensity of color can be varied over the course 

of a few seconds. In the same manner, a color gradient can be formed in a single film by slowly 

pulling the film out of the acceptor solution as shown in Figure 6b.  

To further demonstrate the patterning capabilities enabled by DASA functionalization in 

the 3D-printed elastomers, a shell-like functionalization was carried out on the surface of the films 

Figure S24-S25. A 6 mm x 15 mm x 5 mm LCE was submerged in an aqueous solution of 10 mg 

of Meldrum’s acid acceptor in 10 mL of water. Water was chosen as the solvent for the reaction 

because it does not swell into the polymer matrix, constraining the reaction to a surface level. 

Successful functionalization of the LCE was observed after four hours of reaction. To demonstrate 

the interfacial reaction, the film was cut through its cross-sectional area, Figure S26, showing 

functionalization of the outer 20 μm of the LCE surface while the rest of the film remained 

uncolored. This approach provides a convenient route to selectively functionalize the surface of 

the LCEs, which is not possible with physical blending. 

Figure 6. a) aza-Michael LCEs functionalized with CF3-Pyrazolone showing the increasing 

loading as a function of soaking times. b) Formation of gradients of color in a single film using 

CF3-Pyrazolone acceptor. Scale bar = 10mm.  
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Traditionally, producing non-uniform responses in an LCE requires spatial modification of 

the alignment, TNI, crosslink density or composition, before polymerization.30,49,50 Alternatively, 

we can rapidly program regions of varying DASA concentration within the same LCE film just by 

dipping. This results in nonuniform actuation profiles that depend on the DASA functionalization 

patterns and can be programmed after polymerization, contrasting from conventional techniques. 

In the same manner, multicolored DASA LCEs can be fabricated by exposing different regions to 

different acceptor solutions, which exhibit distinct actuation behaviors, as discussed previously. 

To demonstrate this, two identical and uniformly aligned rectangles (same formulation, same batch 

of ink, same printing conditions) were fabricated with the long axis parallel to the nematic director. 

Then, we patterned the rectangles to get two actuation behaviors that stem from the same starting 

LCE. The first one is constituted by a concentration gradient using CH3-Pyrazolone as the acceptor 

solution. The resulting gradient DASA-LCE contracts asymmetrically under a symmetric white 

light stimulus, Figure 7a and Video S6. To visualize the asymmetric contraction, a white box 

showcases the higher magnitude of contraction only in the region where the LCE contains more 

DASA molecules.  

Similarly, a horizontal stripe pattern using two distinct DASAs was fabricated by dipping the 

film halfway into one acceptor solution (CH3-Pyrazolone), then dipping the other half in a different 
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solution (PyrOMe). When the entire LCE is exposed to white light, the asymmetric contraction 

always occurs towards the side containing the better photothermal DASA regardless of the 

direction of light irradiation, shown in Figure 7b and Video S7. This user-friendly approach to the 

functionalization of 3D printed LCEs might enable novel ways to selectively actuate more complex 

structures in future studies.  

3. CONCLUSIONS 

DASAs were covalently incorporated into an unmodified aza-Michael LCE formulation by 

leveraging residual secondary amines as both an active handle and precursor photoswitch 

formation. The LCE, as printed, was swelled in a solution which reacted with these secondary 

amines to produce DASA after polymerization. The functionalized LCEs exhibit tunable 

wavelength absorption, colors, DASA concentration, and actuation behavior. Furthermore, the 

functionalization reaction occurs within two minutes, enabling the formation of single-color 

Figure 7. a) Gradient of DASA functionalization enabling asymmetric contraction of a 3D 

printed film with white light. The film is pinned at its center, represented by the vertical white 

line to illustrate the contraction gradient between the areas of high and low DASA loading. B) 

Contraction of a bilayer pattern of two DASAs with different solvatochromic behavior. 
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gradients and multi-color patterns, producing asymmetric actuation. The tunable properties of the 

DASA-LCEs demonstrated in this work can be used in the design, fabrication, and implementation 

of light-responsive soft robotics in future research. 

4. EXPERIMENTAL SECTIONS 

4.1 Synthesis of LC ink. The LC ink was synthesized using a previously reported aza-Michael 

chain extension.18 A 1:1 molar ratio of the mesogens, 2.29 g of 4-(6-(acryloyloxy)hexyloxy)-

phenyl 4-(6-(acryloyloxy)hexyloxy)benzoate and 2.5 g of 1,4-bis[4-(3-

acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene, along with  0.2 wt.% butylated 

hydroxytoluene and 2 wt%  Irgacure 651 was combined and heating to 100 °C. Then, this mixture 

was mixed in a centrifugal mixer (FlackTek) and allowed to cool for 2 minutes until the solution 

was below 70 °C. Then, 0.56 g n-butylamine was added to the mixture such that the molar ratio of 

mesogen acrylates to amine is 1.1:1. Note, cooling the solution is important because the boiling 

point of n-butylamine is 85 °C. This solution was mixed in the centrifugal mixer again for 1 min 

before reacting for 4 hours in an oven at 85 °C under ambient atmosphere. The ink was cooled to 

room temperature and stored in the dark overnight prior to use. The ink was then transferred to a 

syringe for 3D printing. 

4.2 3D Printing LCEs. The LCEs were 3D printed using a HYREL3D Engine SR with KR2-15 

extruders. Samples of various sizes were 3D printed using 0.3 mm nozzles at 30 °C, with a print 

speed of 5 mm/s and a layer height of 150 µm. During the printing process, the LCEs were cross 

linked with 200 mW/cm2 365 nm UV flashlights and post-cured in a curing chamber for 2 hours. 

To prevent inconsistencies, the short edges of the rectangles were cut off, where the extruder 

changes direction.  
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4.3 Synthesis of DASA small molecules. The following general experimental procedure was used 

for the synthesis of the DASA-small molecules used to determine the solvatochromic slopes of the 

DASAs present in the LCEs. Hexyl 3-(butylamino)propanoate (300 mg, 1.3 mmol, 1 equivalent) 

was added to a one-dram vial and dissolved in 1 mL of dichloromethane. To this solution, 2 mmol 

(1.5 equivalents) of the activated furan acceptor was added. The reactions were stirred overnight, 

except for the oxazolone solution which was stirred for only 10 minutes. After this, the reactions 

were purified by flushing them with dichloromethane through a small plug of silica gel to elute the 

starting materials. Then, the silica plug was flushed with a mixture of 10 % methanol in 

dichloromethane to elute the DASA target compound. The solution was concentrated under 

reduced pressure to yield the DASA products. Detailed reaction yields and spectral information 

can be found in the supplementary information. 

4.4 General method for LCE DASAfication.  

As printed LCEs were soaked in 10 mg/mL acetone acceptor solution for a given specified time. 

Then the film was removed from the acceptor solution and rinsed with acetone. Upon which the 

film was soaked in acetone for 10 minutes to remove excess acceptor. This was repeated until no 

color was observed in the acetone solution.  
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