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Abstract 

Biomimetic actuators have seemingly infinite potential for use in previously unexplored areas. 

However, large stresses and a rapid water response are difficult to realize in soft actuators, owing 

to which their practical applicability is currently limited. In this paper, a new method for designing 

and fabricating humidity-responsive sturdy hard actuator. By combining a rigid matrix and 

hydrophilic water domains consisting of dynamic interlocking cation-ʌ�EORFNV��KLJK-performance 

polymer actuator was synthesized that swell rapidly in response to a water gradient in their 

environment, resulting in unprecedentedly large stresses. More critically, the strong interlocking 

cation-ʌ�EORFNV� UHIRUP�DQG� WKH� LQWHUPROHFXODU�GLVWDQFH� LV� UHGXFHG�ZKHQ� WKH�ZDWHU� LV� removed, 

allowing the deformed actuator to revert its original shape. The proposed design principle can 

potentially be extended to produce different types of sturdy actuators with rapid water 

responsiveness. 

1. Introduction 

For animals, self-adaptive behaviours in response to external stimuli from exposure to 

humidity, light, temperature, and other natural conditions, are always essential for survival [1,2]. 

Most of such responsive behaviours are mainly due to nonuniform internal structures after 

stimulation including different density, expansion/contraction, and swelling volume. Inspired by 

these biological systems, a serious of soft actuators with inherent stimuli responsiveness have been 

developed, and are well suited for application including but not limited to sensors [3], artificial 

muscles [4,5], soft robots [6-8], and microfluidic switches [9,10] correspondingly. In a typical 

case, humidity-driven soft actuators process self-adaptive movements through different 

swelling/shrinkage in parallel and vertical directions [11,12]. Although humidity-driven soft 

actuators have made considerable progresses, their fact application still faces big challenges [13]. 
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Commonly focus is on response bending speed, yet the key problem of humidity-driven soft 

actuators is the amplified combination of bend speed and stress [14-16]. However, the current 

development of sturdy actuators are limited to the flexible polymer [17-19]. From this point of 

view, when it comes to the resistance, the actuators in progress may be interrupted or terminated 

owing to low modulus and weak stress generation of flexible polymer chains, causing blocked 

process of grasping heavy objects. Among many the uncertainties in practice, an integrated 

performance of high modulus, robustness, and rapid humidity responsiveness actuators is required 

to achieve basic functions (bending, rotation, and twist). It is known that the incorporation of a 

stiff polymer frame can improve the stress generation capability and modulus [20-22]. There is 

another issue arose that water molecules is difficult to enter the interior from the surface owing to 

its dense stiff polymer and weak segment mobility, which cause greatly reduce the humidity 

sensitivity. Accordingly, the construction of a new generation of high-performance rigid polymer 

actuators assembled with robustness and rapid humidity responsiveness, would be a promising and 

attractive challenge. 

In this work, we describe a new concept for designing sturdy, fast-swelling hard actuators 

based on the construction of a series of hydrophilic water domains (Fig. 1A), through which water 

molecules can enter the actuator quickly (Fig. 1B). These hydrophilic water domains consist of a 

large number of tryptophan salts in the form of interlocking cation-ʌ�EORFNV��ZKLFK�DUH�K\drated 

readily [23-29]. When water molecules enter these domains, the interlocking cation-ʌ�EORFNV�DUH�

destroyed. Further, with an increase in the number of water molecules within the domains, the 

tryptophan segments in the stiff polymer frame start facing away from each other, resulting in a 

high degree of swelling of the frame (Fig. 1C) [30-32]. Thus, water-gradient-based swelling is 

achieved during the transfer of the water molecules from one side of the hard actuator to the other, 
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resulting in the generation of a large stress in the direction of water transportation. This stress is 

essential for the bending of the actuator. While the recovery of stiff polymeric actuator is an 

essential characteristic, it is actually difficult to realize this characteristic in such polymer owing 

to its poor segment mobility. As the water molecules continually migrate from the inside of the 

actuator to its surface and evaporate at the surface, the tryptophan segments gradually approach 

each other again, driven by the reformation of the strong interlocking cation-ʌ�EORFNV��7KLV�FDXVHV�

the actuator to revert to its original shape (Fig. 1B). Thus, this approach based on hydrophilic 

interlocking cation-ʌ�EORFNV�FDQ�KHOS�RYHUFRPH�WKH� OLPLWDWLRQV�UHODWHG� WR� WKH� WUDGH-off between 

generating large stresses and exhibiting high water sensitivity that are encountered in the case of 

stiff polymer. We believe that this method will be suitable for designing and fabricating advanced 

actuators combining high modulus, robustness, and rapid humidity responsiveness. 

 
Fig. 1 Scheme and synthesis of hard actuator that exhibit water-gradient-based swelling. (A) Synthesis of stiff 
epoxy polymer (PIN(1/2)) with interlocking cation-ʌ�EORFNV�E\�VROXWLRQ�FDVWLQJ�DQG�KHDW�FXULQJ�RI�7US-Na+, CTM, 
and DGEBA in DMF for use in fabrication of hard actuator; (B) and (C) in PIN(1/2) actuator, aggregated S-S 
bonds of CTM act as dynamic crosslinkers driven by hydrophobic interactions and improve static structural 
support. Interlocking cation-ʌ�GRPDLns consisting of interlocking cation-ʌ�EORFNV�TXLFNO\�DGVRUE�DQG�WUDQVSRUW�
water molecules from side in contact with water. With water desorption, strong interlocking cation-ʌ�EORFNV�
reform and intermolecular distance is reduced, causing actuator to revert to original shape. 
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2. Results and discussion 

2.1 Synthesis and characterization of stiff polymer films (PIN(x)) 

To demonstrate the proposed concept, we fabricated free-standing actuator of an epoxy 

polymer by the solution casting of cystamine (CTM), a tryptophan salt (Trp-Na+), and 2,2-bis(4-

glycidyloxyphenyl) propane (DGEBA) in N,N-dimethylformamide (DMF), which were then used 

to construct hard actuator (Fig. 1A and Table S1). It was confirmed that the carboxyl group of 

tryptophan was deprotonated by 1H NMR (Fig. S2). The copolymers are denoted as PIN(x), where 

x is the molar ratio of Trp-Na+ to CTM in the feed. The methods used for characterizing these 

polymers are described in Supporting Information. That the rate of epoxy conversion was high was 

confirmed through Fourier transform infrared spectroscopy (Fig. S3). With an increase in the Trp-

Na+-to-CTM molar ratio in the feed, the sample exhibited changes in their macroscopic properties 

(Fig. S4±S7). The structural information of the prepared PIN(1/2) was also obtained by 13C CP/MAS 

NMR (Fig. S5). There are three broad signals at 105-120 ppm ascribed to the indole and benzene 

group carbons. The signal at about 58 ppm corresponds to carbons on aliphatic chain. In addition, 

the mechanical behaviors of the sample also varied with the Trp-Na+-to-CTM ratio. As can be seen 

from Fig. S8, the PIN(1/2) sample showed the highest tensile strength and toughness and was thus 

the most suitable for fabricating hard actuator. Thus, we used the PIN(1/2) sample for the rest of the 

study. In this work, the different functional groups present in the PIN(1/2) actuator endowed the 

fabricated hard actuator with different functionalities. On the one hand, the aggregation of the 

disulfide bonds (S-S bonds) of CTM owing to hydrophobic interactions allowed for becoming 

crosslink points to fix the shape of hard actuator and the configuration of the two-dimensional (2D) 

actuator into different 3D shapes through a thermoreversible bond exchange [33±36]. On the other 

hand, the reversible interlocking cation-ʌ� EORFNV� DOORZHG� WKH�PHFKDQLFDO� behavior of the stiff 
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PIN(1/2) polymer actuator to change with the sorption and desorption of water (Fig. 1B and 1C). 

Given these functionalities of the PIN(1/2) actuator, we investigated its mechanical behavior in 

detail by varying its local water environment and analyzing the effect on its dependent properties, 

including its hygroscopicity and the magnitude of the contractile force and stress generated. 

2.2 Confirmation of presence of reversible interlocking cation-ʌ�EORFNV 

We performed simulations and experiments to study the effects of the presence of external 

water on the formation of interlocking cation-ʌ� EORFNV� EHWZHHQ� WKH� LQGROH-based units. 

Specifically, we performed a series of quantum dynamics (QD) and all-atoms molecular dynamics 

(MD) simulations to study the equilibrium conformation of PIN(1/2) in the presence and absence of 

water molecules [37-41]. The radial distribution function as calculated through the MD simulations 

indicated a strong correlation between the indole units and Na+ ions at a distance of 3.67 Å, 

resulting in the formation of an interlocking cation-ʌ�VWUXFWXUH�FRQVLVWLQJ�RI�WZR�7U\-Na+ segments 

(Fig. 2A). After the water treatment, the Na+ ions were surrounded by water molecules, resulting 

in a significant increase in the distance between the Na+ ions and the indole units. This was because 

the hydration energy of Na+ ions (-24.73 kcal mol-1) is significantly higher than the energy of the 

bonds between the Na+ ions and the indole units (-20.45 kcal mol-1) (Fig. 2BE) [30]. To verify the 

reversibility of the interlocking cation-ʌ�VWUXFWXUH�� WKH� HTXLOLEULXP�FRQIRUPDWLRQ�RI� WKH�3,1(1/2) 

polymer was studied after the removal of the water molecules. The results showed that the distance 

between the Na+ ions and the indole units decreased to 3.79 Å (Fig. 2C) within the cation-ʌ�

distance DURXQG����í����c��)LJ. 2D) according to cation-aromatic database (CAD), resulting in 

the reformation of the interlocking cation-ʌ� VWUXFWXUH��7KHUHIRUH��ZH�ZHUH� DEOH� WR� WKHRUHWLFDOO\�

demonstrate the controllability of the interlocking cation-ʌ� EORFNV� XVLQJ� DQ� H[WHUQDO� ZDWHU�

treatment. Ultraviolet-visible (UV-vis) absorption spectroscopy is a useful method for structural 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

investigations of both solid and liquid packing and was used to elucidate the cation-ʌ�LQWHUDFWLRQV 

[41,42]. Fig. 2F shows the absorption spectra of the PIN(1/2) and PIN(1/2)+H2O samples, along with 

their difference spectrum. The UV difference spectrum exhibits a distinct negative/positive band 

pair at approximately 231/244 nm, thus confirming the formation of interlocking cation-ʌ�EORFNV�

between the Na+ ions and the indole rings. After the removal of the water molecules from the 

PIN(1/2) samples, the interlocking cation-ʌ�EORFNV�UHIRUPHG�ZLWKLQ�WKH�SRO\PHU�QHWZRUN��7KLV�ZDV�

further confirmed by the difference spectrum of the PIN(1/2)+H2O and dried PIN(1/2)* samples (Fig. 

2G). Thus, the changes in the macroscopic properties of the PIN(1/2) actuators can be ascribed to 

the presence of the reversible interlocking cation-ʌ�EORFNV��)LJ. 2H). 

 
Fig. 2 Radial distribution of Na+ ions as function of distance from indole groups in (A) PIN(1/2), (B) PIN(1/2) after 
water uptake (PIN(1/2)+H2O), and (C) PIN(1/2) after desorption of water (PIN(1/2)*); insets show snapshots of two 
highlighted adjacent polymer chains in MD simulation box in equilibrium state; (D) summary of the distance of 
Na+ and indole unite and the distance range of cation-ʌ�LQWHUDFWLRQV; (E) interaction energies of indole units and 
cations under hydration and without it (black line); interaction energy of water molecule with Na+ ion (red line); 
(F) and (G) UV-vis absorption spectra of PIN(1/2), PIN(1/2)+H2O, and PIN(1/2)* actuator, difference spectra of (F) 
PIN(1/2) and PIN(1/2)+H2O actuator and (G) PIN(1/2)+H2O and PIN(1/2)* actuators; (H) summary of fluctuations of 
UV-vis absorption peak shift related to cation-ʌ�LQWHUDFWLRQ�IURP�)LJ. 2F and G. 

2.3 Hydrophilic domains for adsorption of water molecules 

We assumed that it would be possible to form hydrophilic domains for the adsorption of water 

molecules by the nanophase separation of the hydrophilic Try-Na+ segments and the hydrophobic 
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blocks and that these domains would allow for the rapid absorption of water molecules within the 

stiff polymer frame. The morphology of the PIN(1/2) sample by spin coating (Fig. 3C) was 

investigated using transmission electron microscope (TEM). Fig. 3A shows that the phase 

separation of the hydrophilic (dark regions) and hydrophobic (brighter regions) domains did occur 

during pellicle formation, owing to the repulsion between the hydrophobic blocks and the 

hydrophilic Try-Na+ segments [24-29]. Circular ionic domains with an approximate size of 30±50 

nm were uniformly distributed within the PIN(1/2); these played an important role in the absorption 

of water molecules. For comparison, the morphology of a PIN(0) without the hydrophilic Try-Na+ 

segments in its polymer chains was also studied using TEM (Fig. S9B). We found that the PIN(0) 

exhibited a homogeneous morphology. In other words, no water hydrophilic domains were present 

in the PIN(0). The bent PIN(1/2) actuator was rapidly immersed in liquid nitrogen to limit the changes 

in the conformation of its polymer chains. After the actuator had been freeze-dried, it was subjected 

to TEM imaging again. It was found that the hydrophilic domains were ³elongated´ (Fig. 3B). 

Molecular dynamics simulations were performed in Materials Studio 2019 for morphology 

analysis of PIN(1/2) [43]. The affinity between tryptophan, water and Na+ leaves exposed the 

functional groups to the hydrophilic domains, while hiding the hydrophobic regions of the 

polymer, leading to the formation of hydrophilic domains (Fig. 3D). Aggregation of Na+ mapping 

was shown in Fig. 3E, which is main components of hydrophilic domains. 
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Fig. 3 (A) and (B) TEM images showing phase separation of PIN(1/2) hard actuator and its morphology before 
and after water treatment; (C) the thickness of PIN(1/2) hard actuator by spin coating used to TEM characteration; 
Equilibrated boxs of (D) PIN(1/2) and (E) aggregation of Na+ mapping. The polymer chain is hiding, and 
hydrophilic domains are shown in dark color. 
 

2.4 Robustness and rapid actuation of polymer actuators 

To investigate the hygroscopicity of the PIN(1/2) actuators, we prepared rectangle PIN(1/2) 

strips (25 mm u 5 mm u 0.5 mm) and analyzed their humidity sorption ratios, bending kinetics, 

and reversibility characteristics (see Materials and methods). When the PIN(1/2) strip reached the 

point of saturation, which occurred within 65 s at an external relative humidity (RH) of 99%, the 

maximum humidity sorption ratio reached 13.7±0.6 wt% (Fig. 4A). For comparison, the humidity 

sorption ratios of PIN(0) strips that did not contain the hydrophilic tryptophan segments within the 

polymer network were also measured; these were very low at 1±0.2 wt%. Thus, it can be concluded 

that the hydrophilic domains consisting of interlocking cation-ʌ�EORFNV�SOD\HG�DQ�LPSRUWDQW�UROH�

in the absorption of water molecules. 

 

Fig. 4 (A) Humidity sorption ratio of completely dry PIN(0) actuator (red line) and PIN(1/2) actuator (orange line) 
placed in humid environment (RH = 99%); (B) maximum curvatures of PIN(1/2) actuators with different 
thicknesses and times required to reach them as determined using method shown in Fig. 4C; (C) quantitative 
analysis of hygroscopicity; (D) quantitative analysis of controllable and reversible deformation of PIN(1/2) 

actuators. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



10 

 

Increasing the thickness significantly increased the amount of elastic potential energy 

generated during swelling (see Materials and methods). However, it also reduced the water 

responsiveness [45]. We performed a series of bending tests on PIN(1/2) actuator of different 

thicknesses (100±600 µm) using the method shown in Fig. 4B and measured their maximum 

curvature and the corresponding time. The results showed that the maximum curvature, k, is 

proportional to 1/n (where n is the thickness) (Fig. 4B). This proportionality relationship indicated 

that neither the formation of the water gradient within the PIN(1/2) actuator when bent to their 

maximum curvature (Equation 1 in Materials and methods) nor the time required for bending (10±

14 s) was affected by the thickness (Fig. 4B). Further, as expected, owing to the presence of the 

highly sensitive hydrophilic domains, the PIN(1/2) actuator with the different thicknesses all 

exhibited fast bending, with the bending speed being comparable to those of other similar thin, 

soft actuator (<50 µm) [44-49]. However, for the same humidity level, increasing the thickness 

decreased the maximum bending curvature. In other words, it made the actuators less agile. 

Therefore, these hydrophilic domains helped overcome the limitation of the low water 

permeability of stiff polymer materials and increased the water-induced bending rate. A 500 µm 

thick PIN(1/2) actuators is used as a typical example to shown its bending rate (2.5 cm-1 within 13 

s, Fig. 4C, Movie S1). Moreover, the bent PIN(1/2) actuator gradually reverted to its original shape 

owing to the reformation of the interlocking cation-ʌ�EORFNV�RQFH�WKH�PRLVWXUH�KDG�EHHQ�removed 

(Fig. 4D). This reversible process was repeated 50 times and recorded maximum curvature of each 

cycle in various RH. The PIN(1/2) actuators could be bent repeatedly without any apparent fatigue 

(Fig. S10A and S11) and the stress-strain behavior of the actuator remained essentially the same 

as that of the original sample (Fig. S10B). To further characterize the stability of the 

microstructure, phase separation of PIN(1/2) actuator after 50 curling cycles also be studies using 
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TEM, and the result showed the size of circular ionic domains still maintain approximate 30±50 

nm uniformly distributing within the PIN(1/2) (Fig. S12). Thus, the water gradient within the PIN(1/2) 

actuator and the rapid removal of this water from the actuator surface allowed the actuator to 

exhibit reversible swelling, which, in turn, caused the actuators to bend and straighten on a moist 

nonwoven paper substrate (Fig. S13, I to V, Movie S2). 

The contractile force and bending stress generated by the PIN(1/2) actuator were measured 

using a mechanical analyzer. A 500-µm-thick PIN(1/2) actuators was covered with a moist paper 

and clamped to a universal testing machine (Fig. 5A). A preloading force of 0.05 N was applied 

to keep the actuator flat and straight. When the moist paper was removed from the PIN(1/2) actuator 

(Fig. 5B), a contractile force as high as 89 N was recorded. This force can be ascribed to the 

shrinking and stiffening of the actuators during the water desorption process (Fig. 5C). The 

corresponding maximum stress was 35.6 MPa, which is approximately 102 times than that of 

mammalian skeletal muscles (~0.35 MPa). After the PIN(1/2) actuator had been covered again with 

a moist paper (Fig. 3A), the contractile force reduced to zero as a result of the water-induced 

swelling and softening of the polymer. A single expansion/contraction cycle took ~8 min. 

Contractile force of different thick PIN(1/2) actuator (100±600 µm) is a range of 18±102 N and 

obviously related stress keep ~ 36 MPa (Fig. 5D). Next, to quantify the mechanical force generated 

by the bending of the polymer actuator, a flat 2 cm long PIN(1/2)  actuator (500 µm thick) was 

placed 2 mm above an electronic balance (Fig. 5E). The top surface of the PIN(1/2) actuator was 

made moist using steam. This resulted in the actuator bending downward and applying a force on 

the balance (Fig. 5F). By cutting off the steam flow, the actuator was restored to its original state 

(Fig. 5E). This was accompanied by a decrease in the force applied on the balance. The force value 

was read directly from the balance in terms of the weight, which increased and decreased rapidly 
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within ~4 s (the duration of a single bending/unbending cycle) (Fig. 5G). The maximum weight 

measured (43 g, which corresponds to a force of 0.43 N) was 107 times higher than the weight of 

the actuators (400 mg), thus confirming that the stiff PIN(1/2) actuators exhibited excellent 

mechanical properties in response to the humidity stimuli, ZKLFK¶V�JUHDWO\�KLJKHU�EHQGLQJ�IRUFH�

generated and comparable humidity responsive rate than that of the actuators compose of flexible 

polymer [50-53]. The sturdy, fast-swelling hard actuators could highlight their potential 

applicability in sensors, switches, and delivery devices that must exhibit high forces. Under the 

condition that the PIN(1/2) films with different thickness (100±600 µm) has the same curvature in 

the same atmosphere, bending force of PIN(1/2) actuator is range of 1.2±75 g (Table S2, Fig. 5H), 

which is 75-128.5 times higher than the weight of the actuators. 

 

Fig. 5. (A) 500-µm-thick PIN(1/2) actuator was covered by moist paper and clamped to universal testing machine. 
Preloaded force of 0.05 N was applied to keep sample flat and straight; (B) moist paper was removed and value 
of contractile force generated was monitored; (C) contractile force generated during humidity sorption and 
desorption by actuator; (D) contractile force and related stress generated of different thick actuator (100±600 
µm); (E) diagrammatic sketch of setup used for measuring force generated in PIN(1/2) actuator, which was fixed 
at its far end; free end was located above cylinder (green) on electronic balance; (F) force generated by water 
sorption at actuators surface and after desorption; (G) bending of actuator owing to sorption of water on top 
surface. Magnitude of force generated was determined in terms of weight reading of balance; (H) bending force 
of different thick actuator (100±600 µm) with the same degree of bending (2 cm-1) in the method of Fig. 5 EF. 

2.5 Transport of cargo system 

In addition to exhibiting actuation, actuators often exhibit delicate 3D shapes, which 

determine their functionality [45,46]. Based on the reversible bending characteristics of the 
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synthesized epoxy polymer, a PIN(1/2) strip consisting of two actuators attached end to end (weight 

of each strip: 100 mg) was evaluated for use as a robotic arm for the transport of cargo in factories 

(Movie S3). For this, we performed the following experiment: first, the PIN(1/2) strip was bent and 

made to pull an empty toy dump truck (weight of truck: 11 g) to the target loading point by applying 

water on the top of the surface of film-1 (Fig. 6A, I and II). Next, a weight of 10 g was placed in 

the truck, and the water on the surface of film-1 was evaporated using flowing air (Fig. 6A, III). 

Finally, the loaded truck was made to return to the initial point by applying water on the surface 

of film-2 (Fig. 6A, IV). This process could be repeated several times with ease. The cargo delivery 

system was found to be efficient, reliable, and reusable using a simple water treatment. Further, 

the plasticity of the PIN(1/2) actuators used to move the truck is attributable to the phenomenon of 

a thermoreversible bond exchange (i.e., the aggregation of S-S bonds) [33-36]. This reversible S-

S bond exchange within the PIN(1/2) actuator can be spatioselectively programmed to allow for 

reversible shape changes. For instance, a 2D PIN(1/2) (weight of 100 mg) was shaped into a claw 

at 120 qC , which is the temperature at which the S-S bond exchange occurs, and an equilibrium 

conformation is established (Fig. 6B). When the temperature of the PIN(1/2) actuator was reduced 

to room temperature, the actuator became rigid in the form of a claw (Fig. 6B) and could lift a 

weight of 10 g successfully when water was applied on its upper surface (Fig. 6C, Movie S4). 

Thus, the fabricated stiff PIN(1/2) actuator could move a weight of 21 g (210 times greater than the 

weight of the actuator used) and lift a weight of 10 g (100 times greater than the weight of the 

actuator used). These values are orders of magnitude higher than those reported previously for 

similar soft actuator [44-49]. It should be noted that the PIN(1/2) hard actuator exhibited a high 

thermal decomposition temperature (Fig. S14A, Td of 330 qC) as well as a high glass transition 
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temperature (Fig. S14B, Tg of 120 qC). Thus, these PIN(1/2) hard actuators will be highly suitable 

for use in high-performance hard actuator that must meet stringent performance requirements. 

 
Fig. 6 (A) Robotic arm for delivery of cargo; arm exhibits actuation in response to water; (B) PIN(1/2) actuator 
shaped into water-responsive claw that can be used for picking/dropping goods; (C) images showing grabbing 
of weight of 10 g by water-responsive claw. 

3. Conclusion 

In this study, we combined supramolecular interlocking cation-ʌ�EORFNV��ZKLFK�DUH�G\QDPLF�

and spatially reconfigurable, with the covalent bonds of a cross-linked epoxy network to synthesize 

actuators with a stiff polymer network. The synthesized actuators are orders of magnitude stronger 

that the soft actuator used currently for actuation in soft actuators and exhibit comparable water 

responsiveness. On the other hand, the stiff epoxy network improves the mechanical properties of 

the actuator. The use of the synthesized hard actuators in water-driven hard actuators was 
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demonstrated, thus highlighting their potential applicability in sensors, switches, and delivery 

devices that must exhibit high forces. 

4. Material and methods 

4.1 Materials  

The monomer tryptophan (98%, cas: 153-94-6), tryptamine (98%, cas: 61-54-1), cystamine 

dihydrochloride (>97.0% cas: 56-17-7), 2,2-Bis(4-glycidyloxyphenyl) propane (DGEBA) 

��85.0%(GC) on the label, 99.189% in actual), cas: 1675-54-3) were all purchased from J&K 

chemical and aladdin. All of materials were used without further purification. 

4.2 Preparation of cystamine (CTM) 

Stir 1 mmol cystamine dihydrochloride and 2.1 mmol sodium hydroxide in water for 10 

minutes until hydrochloric acid is completely removed and extracted with dichloromethane 

(DCM). The combined organic layer was washed with water, dried with anhyd Na2SO4, and 

concentrated under vacuum (Scheme S1). 

4.3 Preparation of free-standing epoxy polymer film, PIN(x) 

Polymer networks were synthesized by mixing the monomers per the compositions in Table 

S1. A typical synthetic procedure for PIN(1/2) film with mole ratio 1.00 : 2.00 : 5.00 of Trp-Na+, 

CTM and DGEBA is illustrated as an example (Fig. 1A). Before the reaction of Trp-Na+ with the 

copolymer, Trp-Na+ was neutralized with equimolar NaOH in N,N-Dimethylformamide (DMF) to 

avoid carboxylic acid reacting with epoxy (Scheme S2). The monomer Trp-Na+, CTM and 

DGEBA of 1.00 : 2.00 : 5.00 (one film quality 0.5 g) was dissolved in 1.5 ml DMF and stirred to 

make it mixed evenly. Add small amount of DMF solvent into the mixed solution to make volume 

about 2 ml. Then the solution was filtered and cast on a clean glass sheet (75mm*25mm), and 

dried in a convection oven at 80 °C for 6 h and continually in a vacuum at 80 °C, and -0.08 MPa 
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for 6 h in order to remove a small amount of solvent left. After cooled to room temperature slowly, 

the samples were cut into the desired dimensions for various testing. 

4.4 Curvature calculation 

The curling curvature (k) of all actuator strips was monitored and calculated based on the 

snapshots from movies recorded during humidity-driven curling motions. The radius (r) was 

measured by software ImageJ. The curvature was calculated as the equation of k = 1 / r. 

4.5 Response to Humidity 

PIN actuators (25 mm ൈ 5 mm ൈ 0.5 mm) on a moist substrate (moist nonwoven paper 

containing ~ 30% water by weight) at ambient environment (room temperature 24 °C, relative 

humidity 50%, no detectable air flow) was recorded by a video camera. With the increase of 

adsorption time, the curvature of the actuator becomes larger. Record the time when the curvature 

no longer increases. For a gradient swelling actuator, the relationship between curvature ܽ and 

thickness ݊ is as follows. This method also be used to screen the length of different thickness 

actuator in order to ensure the same degree of bending in the same atmosphere compared with 500-

µm-thick PIN(1/2) actuators. The detail was shown in Supporting Information: 

݇ ൌ
݀
݊
���������������������������������������������������������������������������������������ሺͳሻ 

4.6 Humidity sorption and desorption  

A mini-humidifier was used to provide humid environment. A dry PIN actuator being 

recorded as m0 was placed in the humid environment (RH: 99%). Its weight increased by sorption 

of humidity and was recorded as m at regular intervals. After the actuator was saturated with 

humidity sorption, it was transferred to a low-humidity environment (RH: 50%). The actuator 

released water molecules and decreased in its weight. The weight was recorded at regular intervals 

with the water release. After the actuator returned to the original weight, it was moved to the high-
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humid environment again. This operation was repeated three times. The humidity sorption and 

desorption were analyzed by calculating the variation of the water-sorption ratio with time 

according to the equation of (mm0) / m0 mm ൈ 100%. These kinematic processes were analyzed 

by measuring coiling angles and curling curvatures. 

4.7 Locomotion analysis  

Locomotion of PIN actuators (15 mm ൈ 15 mm ൈ 0.5 mm) on a moist substrate (moist 

nonwoven paper containing ~ 30% water by weight) at ambient environment (room temperature 

24 °C, relative humidity 50%, no detectable air flow) was recorded by a video camera. The friction 

between the actuator and substrate affected the locomotion. Hydrophilic substrates with a 

UHODWLYHO\�FRDUVH�VXUIDFH�VXFK�DV�SDSHU��FRWWRQ�FORWKHV�DQG�KXPDQ�VNLQ��ZHUH�JRRG�IRU�WKH�DFWXDWRU¶V�

flipping motion. Water evaporation rate dictated the water gradient above the substrate and directly 

affected actuation of the PIN actuator. At a constant environmental temperature and humidity, and 

with negligible air-flow, the water evaporation rate was determined by the surface morphology 

and temperature of the substrate. At low temperatures, the locomotion of a PIN actuator on a moist 

nonwoven paper was mainly curling and crawling (movie S1). 

4.8 Residual elastic potential energy calculation  

To characterize the amount of elastic potential energy generated during swelling, the 

relationship of thickness n and RE is following: 

ܴா ൌ
ܧ ൈ ݓ ൈ ݀ଶ ൈ ݊

ʹ݈
���������������������������������������������������������ሺʹሻ 

where, E, l, w and n refers to the elastic modulus, length, width and depth of PIN. The details was 

shown in Supporting Information. 

4.9 Molecular dynamics (MD) simulation 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



18 

 

MD simulation was performed using the amorphous cell module of Materials Studio 

(Accelrys Software Inc.) with a dreiding force field whose intermolecular parameters were 

optimized using quantum mechanics. A parent PIN(1/2) chain (as described in Fig. 1B in the main 

text) with 20 repeating units was built, with 10% repeating units including tryptophan salt (Trp-

Na+) group. Although size of the parent PIN(1/2) chain is not sufficiently long to represent 

conformations of a real polymer chain, a previous study has reported a good agreement between 

experiments and simulations when simulated polycarbonate chains are short (merely 10-15 repeat 

units on average). [54] Moreover, a periodic boundary condition were imposed and an initial 

density of 0.9 g/cm3 was used to simulate the polymer conformation in bulk under an equilibrium 

state. The initial structure was optimized by a molecular mechanics technique using the conjugate 

gradient method. Because this optimized structure might, however, still be in a local energy 

minimum state, the polymer in simulation box was relaxed through NVT for 1 ns at 800 K with 

time steps of 0.2 fs. The simulation of high-temperature relaxation was closely followed a protocol 

suggested previously. [55] After 1 ns of simulated relaxation at 800 K, the system temperature is 

decreased to 273 K. In order to obtain a suitable structure for further analysis, ten different initial 

structures for each system were built and relaxed according to the procedure mentioned previously. 

The one with the lowest system energy was selected as the MD result for further analysis. MD 

simulation results in detail was shown in Supporting Information. 

4.10 Density functional theory (DFT) calculation 

All conformations of both hydrated and nonhydrated indole-complexes have been optimized 

at the B3LYP/6-31G(d,p) level, and the nature of the resultant stationary points has been 

ascertained with frequency calculations. Single-point energy calculations have then been 

performed at the B3LYP/6-311++G(d,p) levels of theory. The simulation procedure was closely 
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followed a previously suggested one. [40,56] DFT simulation results in detail was shown in 

Supporting Information. 
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