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4D printing has been attracting widespread attention because its shape and performance can change under stimuli. The existing 4D printing technology is mostly limited to responsive to single stimulus, which means that the printing structure can only change under a pre-specified stimulus. Here we propose a 4D printing strategy with dual stimuli-responsive shape-shifting that responds to both temperature and water, by using a direct ink writing 3D printing method to deposit a polyurethane elastomer material with water-swelling characteristics on a heat-shrinkage shape memory polymer material to form a bilayer structure. Based on the systematic study of the adapted printing parameters of the polyurethane elastomer, the effect of programmable variables on the deformation shape was investigated. The diversified printing structure exhibits rich structural changes under one or both of the two stimuli of temperature and water. This research provides a universal multiple stimuli-responsive 4D printing method, which can effectively improve the intelligent responsiveness of 4D printing structures by combining multiple smart materials.
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INTRODUCTION

4D printing refers to that the shape, property or functionality of 3D printed objects can change over time in response to external stimuli (Kuang et al., 2019; Lui et al., 2019; Rastogi and Kandasubramanian, 2019; Shafranek et al., 2019), such as water, heat, light, electricity, etc. 4D printing has broad application prospects in many fields such as aerospace (Akbari et al., 2018), drug delivery (Ursan et al., 2013), biomedical equipment (Gao et al., 2016; Yang et al., 2019), and flexible electronic devices (Zarek et al., 2016), and has been attracting widespread attention. To date, most of the research on 4D printing involves the shape-shifting of 3D printed materials or structures. The shape-changing mechanism of 4D printing can be summarized as either using smart materials, such as hydrogels (Champeau et al., 2020; Hu et al., 2020), shape memory polymers (SMP) (González-Henríquez et al., 2019; Zhang et al., 2019c,d; Kong et al., 2020), liquid crystal elastomers (LCE) (Kotikian et al., 2018; Zhang et al., 2019a), etc., or creating mismatch strain within the printed object during the printing process by the combination of different responsive materials (Tibbits, 2014) or the variation of printing process parameters (van Manen et al., 2017), and then the deformation is generated in response to stimuli after printing.

In the research field of 4D printing, multiple stimuli-response is of great significance for broadening the practical application of the printed structure in different environments (Karis et al., 2017; Han et al., 2018). By adding functional fillers to a certain type of smart material, the material has more responsiveness than the original one, which is one of the common strategies for achieving multi-response 4D printing. This draws on the existing multi-response composite method (Hu et al., 2018; Li et al., 2018). In such strategies, thermal is generally used as a basic stimulation. Researchers added carbon nanotubes, ferroferric oxide or other fillers into the SMPs, LCEs or thermally responsive hydrogels to enable the material with the capability to convert electricity to heat (Han et al., 2018; Liu et al., 2019), magnetism to heat (Lin et al., 2019; Zhang et al., 2019b), or light to heat (Cui et al., 2019; del Barrio and Sánchez-Somolinos, 2019), thereby realizing multi-responsive 4D printing. The composites formed from a thermally responsive material and a material responsive to pH (Hu et al., 2020; Lee et al., 2020) or cations (Kirillova et al., 2017; Duigou et al., 2019) also have multiply stimuli responsiveness. In addition, the water-responsive material can also be used as the basis material, and then the response of another material can change the moisture (Duigou et al., 2019), thereby controlling the change of the structure. In essence, these stimuli-responses are ultimately attributed to one stimulation. When multiple stimuli are applied, the resulting responses are consistent. This is not conducive to the use of a single printing structure in multiple environments.

Another pathway to achieve multiple stimuli-response 4D printing is to construct a bilayer structure by combining two materials with different response properties. Compared with the above-mentioned methods, the two layer materials is independent of each other in response to environmental stimuli, and can produce more shapes during the deformation process, thus enriching the deformation mode of the single structure. Regrettably, there are extremely few studies on multiply stimulus-response 4D printing at this stage.

By referring to the bilayer materials each with different responsiveness constructed by other methods (Zhang et al., 2016; Boothby and Ware, 2017; Xiao et al., 2018; Wang et al., 2018), it can be found that the structure has more responsiveness, which greatly enriches the pattern of structural changes. Using the respectively intelligent properties of the two material to stimulate deformation, the structure can deform as pre-defined by programming the type of environmental stimuli. For example, Boothby et al. combined a thermally responsive LCE with a water-responsive polymer to form a dual stimuli-responsive shape- changing bilayer structure (Kirillova et al., 2017). Yang et al. (2019) present a facile method to prepare dual-responsive bilayer hydrogels, consisting of a thermo-responsive layer and a salt-responsive layer through in situ sequential radical polymerization (Duigou et al., 2019). However, the structural styles formed by these methods are still relatively simple. 4D printing method can significantly increase the complexity of the structural design, resulting in more shape-changing.

In this article, we propose a 4D printing strategy based on the water-swellable polyurethane (PU) elastomer and the heat-shrinkage shape memory polymer polyvinyl chloride (SMPVC) bilayer structure that can produce programmable deformation in response to temperature and water. We investigated the rheological properties of PU, showing good printability. Then the effect of the process parameters of direct inks writing 3D printing on the printing filament width was studied. Further studies on the parameters that may affect the deformation behavior of the PU-SMPVC bilayer structure, including PU thickness, width and angle, were carried out. Based on the research results, we designed and manufactured a variety of shape-shifting structures with diversified morphology changes. Finally, three shapes deformed by the same printing structure under different stimuli were used as three soft gripper to verify the gripping capabilities.



RESULTS


PU-SMPVC Bilayer Structures

This article proposes a 4D printing strategy that can achieve programmable shape changes in response to both temperature and water. As depicted in Figure 1, by means of direct ink writing 3D printing method, the water-swellable PU elastomer is deposited on the thermal-shrinkable shape memory polymer to form a bilayer structure. After the PU is completely cured by absorbing moisture in the air, the PU/SMPVC bilayer structure was obtained by cutting along the outline of the printed sample for subsequent experiments. In response to different stimuli, the mismatch strain caused by wate-swelling or thermal-shrinkage drives the printed bilayer structure to produce various shape-shifting. By programming the stimuli, the shape-shifting of the PU-SMPVC bilayer structure can be effectively controlled.
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FIGURE 1. Schematic diagram of manufacturing and shape-shifting under different stimuli of 4D printed PU-SMPVC bilayer structures.




Investigation of Rheological Properties and Printability

In order to realize the printing of PU-SMPVC bilayer structures, the printability of water-swellable PU has been investigated. First, the rheological properties of PU were measured. As shown in Figure 2A, the apparent viscosity of PU gradually decreases with the increase of the shear rate at room temperature of 25°C, showing a shear thinning rheological behavior. Properly elevated temperature (40°C) can decrease the viscosity of PU, which is more conducive to smooth out material from extrusion head. Figure 2B shows the changing of the storage modulus (G′) and loss modulus (G′′) of the PU as function of shear strain at a constant frequency under different temperature conditions. With the gradual increase of the shear strain, G′ to G′′ gradually decrease. During the process, G′ changes from greater than G′′ to less than G′′, indicating the transition of the material from solid to viscoelastic under high shear strain conditions, which is suitable for the material extrusion process. In addition, a proper increase in temperature (40°C) will decrease the values of both G′ and G′′, but still keep them the similar change trends.
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FIGURE 2. Rheological properties of the PU elastomer under 25 and 40°C. (A) Apparent viscosity as functions of shear rates for inks with different temperature. (B) Storage and loss moduli as functions of shear strain with different temperature.


Since this experiment adopts pneumatic-based direct ink writing technology (DIW), the coordination of printing moving speed and air pressure determines the quality of the printed filaments. Figure 3A shows whether continuous lines can be extruded under different speeds and different air pressures at 25°C. The line width change of extrudable filaments with different speeds and air pressures is shown in Figure 3B, from which we can conclude that the greater the air pressure and the slower the speed, the greater the width of the extruded filament, Under the condition of air pressure of 0.6 MPa and speed of 5 mm/s, the maximum line width can reach about 0.75 mm, which is basically twice the diameter of the extrusion head (0.41 mm). According to the obtained data, the distribution colormap of filament width and air pressure/speed are drawn out (Figure 3C), and on this basis, a appropriate speed and air pressure can be selected to achieve quantitative filament width printing. Figures 3D–F depicts whether the filament can be extruded smoothly and the change of the filament width as different speeds and pressures at 40°C. Compared with the condition of 25°C, under the same speed and air pressure, the width of the extruded filament at 40°C is wider. The maximum line width exceeds 1 mm, indicating that the extruded material volume is more. This also reflects the improvement of the rheological properties of the ink, which is consistent with the conclusion obtained from the rheological test. In the case of the same air pressure, in order to achieve the same filament width, the required printing speed is a bit faster at 40°C than that at 25°C, which can improve the printing efficiency to a certain extent. Therefore, the printing temperature used in this experiment is set as 40°C.
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FIGURE 3. Investigation of the effect of air pressure and moving speed on the printed filaments at 25°C (A–C) and 40°C (D–F).


Figures 4A–C shows the examples of 4D printed PU elastomer under a combination of parameters with a printing temperature of 40°C, a speed of 12 mm/s, and an air pressure of 0.4 MPa (Figure 3F). These examples are raster structure, ring column and butterfly shape, respectively. All three printed samples can swell by absorbing water with a linear swelling rate of approximately 1.5. From the weight change of the three structures shown in Table 1 before and after water-swelling, the weight of the ring column and butterfly- shaped structure after water-swelling is 2.9 times the initial weight, while the raster structure is increased to 3.66 times. This may be due to the more water contact area in the structure, which can be capable to absorb water more fully.


TABLE 1. Weight change of the printed structures before and after absorbing water.
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FIGURE 4. Three printed PU samples with raster structure (A), ring column (B), and butterfly shape (C) and their shapes after water-swelling. (D) Changes in the weight of three printed samples during the deswelling process at room temperature.


The swollen samples can deswell at room temperature or under heating and return to their original shapes. Under the condition of 60°C, it can be seen from the weight changes of different samples (Figure 4D) that the sample with raster structure can recover to the original shape at the fastest speed (4 h), while the butterfly shaped sample can recover the initial shape in about 5 h. However, because there are more areas that are not in direct contact with the air, the rate of water loss of the sample with ring column shape is the slowest, requiring more than 8 h. If the swollen samples are placed at room temperature, it will take longer to fully recover the original shapes.



Relationship Between Printing Parameters and Deformation

The deformability of the printed bilayer structure in response to temperature or/and water was investigated. Figure 5A shows the relationship between the deformability of the bilayer structures printed in the radial direction and the thickness of the printed PU layer. With the gradual increase of the printing thickness, the degree of bending deformation caused by the shrinkage of the SMPVC layer gradually decreases (Figure 5B), which is caused by the increasing shape-morphing inhibition of the PU layer thickness. Similarly, the bending deformation caused by moisture is also affected by the thickness. The greater the thickness, the larger the bending radius (Figure 5C). In the case of integrating two stimuli (Figure 5D), both two work together to increase the bending effect. The final bending radius will increase with the increase in thickness. In addition, the relationship between the deformability of the bilayer structures printed in the radial direction and the width of the printed PU layer was also investigated (cf. Supplementary Figure S1). The results demonstrate that the width of PU elastomer has little effect on the temperature/water response of the bilayer structure.
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FIGURE 5. The effect of the PU layer thickness printed in the radial direction on bending deformation of the PU-SMPVC bilayer structures. (A) Bending radius as a function of PU layer thickness in 70°C, room temperature water and 70°C water. Images of bending deformation of the PU-SMPVC bilayer structures in 70°C (B), room temperature water (C) and 70°C water (D).


Then, the relationship between the deformation mode of the bilayer structure printed at an oblique angle of 45° to the radial direction and the thickness of the printed PU layer was investigated. Herein, the bending deformation responding to water is no longer considered because its deformation is consistent with the bending deformation caused by water along the radial direction. Figure 6A shows the shapes of the printed samples with different PU layer thickness after thermal stimulus and theirs shape transition after water-swelling. With the gradual increase of the printing thickness, the degree of spiral formed by thermal shrinkage gradually decreases, which is manifested as the gradual increase in pitch, and the spiral radius also shows a gradually increasing trend (Figures 6B,C). When the thermal-induced spiral shape samples are placed in a water environment, the spiral degree will change to a certain extent. The spiral pitch becomes smaller, but the radius becomes slightly larger. On the whole, the pitch and degree still keep increasing as the thickness increases. Moreover, the width has almost no effect on the spiral deformation of the bilayer structure printed at an oblique angle of 45°, which means that the pitch and radius before and after deformation are independent of the width (cf. Supplementary Figure S2).
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FIGURE 6. The effect of the PU layer thickness printed at an oblique angle of 45° on spiral deformation of the PU-SMPVC bilayer structures. (A) Images of spiral deformation of the PU-SMPVC bilayer structures generated in 85°C and the shifted shapes induced by water-swelling after thermally induced deformation. The values of pitch (B) and radius (C) of thermally induced spiral deformation and under the combined action of water and heat (85°C).


In view of the difference between the radial shrinkage and axial shrinkage of the SMPVC layer, the angle of the printed PU layer will also affect the deformation mode of the PU-SMPVC bilayer structure. As shown in Figure 7, when responding to temperature (85°C), as the angle gradually increases, the printed structure produces regular deformation, which is manifested from pure bending deformation to spiral deformation. The pitch increases with the angle, but the radius remains unchanged.
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FIGURE 7. Changes in the pitch and radius of the deformed PU-SMPVC bilayer structure in response to temperature (85°C). The insets represent corresponding deformed shapes.




Multi-Morphic Deformation

After learning the influence of printing parameters on structural deformation, a variety of samples with multi-morphic structural deformation were designed and manufactured. Based on the effect of the printing thickness of the PU layer on the shape changing of the bilayer structure, a structure with a gradient in thickness was printed, as shown in Figure 8. When the structure respond to water alone or temperature alone, it can evolve into an involute spiral shape.
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FIGURE 8. PU-SMPVC bilayer structure with a gradient PU layer thickness, which can produce an involute shape undergoing water-swelling or heating.


Considering that the angle can affect the deformation of the bilayer structure under temperature, we printed a bilayer structure with a quadrant shape, which can realize the transformation of the inclination angle from 0° to 90°, as shown in Figure 9. This structure can produce different morphological transformation under different stimuli. Utilizing the characteristics of anisotropic shrinkage of SMPVC can achieve the gradient change of pitch from 0 to infinity, showing a gradient spiral shape. Moreover, the level of stimulated temperature can affect the shrinkage degree of the SMPVC, thereby resulting in different deformation modes of the bilayer structure. As shown in the Figure, the gradient spiral shapes produced at 70 and 90°C are significantly different. The non-uniform spiral at high temperature (90°C) is more obvious, and the spiral shape formed after water-swelling is also more prominent. In addition, by first undergoing water-swelling to deform into a circle, and then receiving thermal stimulus at different temperatures, different non-uniform spiral shapes can also be obtained.
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FIGURE 9. Deformation of a PU-SMPVC bilayer structure with a quadrant shape in response to different stimuli.


Figure 10 shows the shape morphing of a bilayer structure with a printed semicircular shape under different stimuli, which is symmetrical along the axial direction. Both sides can produce gradient spiral deformation with opposite spiral directions in response to temperature. After water-swelling, the bending deformation effect enables the two sides to further spirally deform toward respective direction, forming a greater non-uniform spiral shape. Another way to get the final shape is to first achieve uniform bending deformation by water-swelling, and then receive thermal stimulation to obtain a bilaterally symmetrical non-uniform spiral structure.
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FIGURE 10. Deformation of a PU-SMPVC bilayer structure with a semicircular shape in response to different stimuli.


Another example shown in Figure 11 is a bilayer structure composed of four branches with a quarter circle shape. When excited by water, the four branches will bend evenly, which finally makes the structure present a sequential overlapping pattern. In response to temperature, the four branches will produce non-uniform spiral deformation. The two opposite branches have the same deformation pattern. Based on this, the four branches can be divided into two groups, one of which is spirally deformed from the inside to the outside, and the other is the opposite. When responding to two stimuli, the synergy of the water-induced bending effect and the thermally induced non-uniform spiral effect creates a new form. More structures with multiple deformations are shown in the Supplementary Material (cf. Supplementary Figures S3, S4).
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FIGURE 11. Deformation of a PU-SMPVC bilayer structure composed of four branches with a quarter circle shape in response to different stimuli. Each branch is obtained by rotating the adjacent branch clockwise.




Transformable Soft Gripper

Harnessing the multiple shape-shifting of the PU-SMPVC bilayer structure, a transformable soft gripper is designed, as shown in Figure 12A. The PU layer is distributed on the SMPVC layer in a crisscross shape with an angle of 45° in the radial direction of the SMPVC layer. In response to water, the four branches bend evenly in the SMPVC direction to form a curved soft gripper. When responding to temperature, the four branches are uniformly spiral in the SMPVC direction. According to the spiral direction, the structure can be divided into two groups with opposite spiral directions. The two adjacent gripping arms intersect at one point, forming a spiral soft gripper. In response to the dual stimuli of temperature and water, the water-induced bending effect and the thermally induced spiral effect cause the structure to produce a greater degree of spiral deformation toward the SMPVC side, resulting in the third deformation pattern. All the three 3D shapes transformed from the PU-SMPVC bilayer flat structure can be used as a soft gripper. The gripping capabilities of the three soft grippers are compared through the relationship between the output force and displacement during the process of gripping the fixed bolt, as shown in Figure 12B. It can be seen that the deformation caused by the dual stimuli produces the largest force during the desorption process, while the desorption force generated only in response to water is the smallest, and the desorption force generated in response to temperature (90°C) is in the middle. The result proves that the soft gripper under the dual stimuli has better gripping ability.
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FIGURE 12. Transformable soft gripper. (A) Deformation of a PU-SMPVC bilayer structure in a crisscross shape with an angle of 45° in the radial direction of the SMPVC layer in response to different stimuli. (B) The relationship between the desorption force and displacement generated by three soft grippers with different shapes in the process of gripping a fixed bolt.





CONCLUSION

In this article, we demonstrated a facile and feasible 4D printing method that can achieve dual stimuli-responsive shape-shifting in response to temperature or/and water. Harnessing DIW 3D printing method to deposit the water-swelling PU material on the heat-shrinkage SMPVC material, a bilayer structure was construed. Moreover, the printability of PU enables the manufacture of complex deformation structures. In addition, the effects of printing thickness and printing angle on deformation ensures the shape-shifting diversity of the printing structure. Based on previous research, multiple multi-morphic deformation structures have been designed. Finally, the usefulness of dual stimuli-response is verified by a transformable soft gripper. This article presents a facile, universal multi-response 4D printing method, which can facilitate the intelligent responsiveness of 4D printed structures by combining multiple smart materials.



MATERIALS AND METHODS


Materials

The water-swellable PU elastomer material with a linear swelling ratio of 150% (Hengchuang Construction Engineering Material Co., Ltd., China) are used in this article. The material is in the form of a black gel and can be directly loaded into the syringe for subsequent printing. The glass transition temperature of PU is −58.79°C (cf. Supplementary Figure S5A). The thermal decomposition temperature of PU exceeds 200°C (cf. Supplementary Figure S5B).

A commercial available heat-shrinkable PVC (Polyvinyl chloride, Volsun Co., Ltd., nominal thickness: 0.6 mm) with a 2:1 nominal shrinking ratio in the radial direction and a negligible axial shrinkage ratio was used. In addition, according to the previous research literature, the degree of this SMPVC shrinkage is related with the temperature (Janbaz et al., 2016). The higher the temperature, the greater the shrinkage.



Characterization

A rotational viscometer (Discovery HR-30, America) equipped with 20 mm diameter parallel was employed for investigating the rheological properties of the PU paste. The apparent viscosity was determined in a flow sweep mode at shear rates of 0.01–10 s–1.

Gripping tests were carried out using a universal testing machine (ZQ-990A, China). A bolt with a diameter of 6 mm is fixed by a vise clamp. The soft grippers with different shapes formed under different stimuli are attached on the bolt in the form of grasping. The force generated during the upward motion (5 mm/min) was recorded to evaluate gripping ability of different soft grippers.

The values of the filament width, bending radius, helical pitch and helical radius in this article were all measured from the captured image using image analysis software (Digimizer, MedCalc Software, Belgium).



3D Printing and Shape-Shifting

All printed objects were manufactured by using our self-developed pneumatic assisted direct inks writing (DIW) 3D printer. In the printing process, we used stainless steel needles (22G) with a inner diameter of 0.41 mm to print all objects. All prints in this study were conducted at a fixed layer height of 0.3 mm.

During printing of the PU/SMPVC bilayer structure, a flat sheet of SMPVC polished with sandpaper (600-mesh) is fixed on the substrate. The PU elastomer filaments are deposited on the SMPVC layer through the extrusion head. After PU elastomer is thoroughly solidified by absorbing moisture in air (exceed 3 days), the PU/SMPVC bilayer structure was acquired by cutting along the outline of the printed PU filaments.

The morphed shapes in response to temperature, water, and both two stimuli shown in Figures 4–12 were obtained by submerging the specimens in the hot water bath with different temperature for 25–30 s, in the room temperature water bath for 3 h, and first in the hot water bath with different temperature for 25–30 s, then in room temperature water bath for 3 h, respectively.
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