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Four-dimensional (4D) printed structures are usually designed with reduced stiffness to enlarge the deformation response and weaken the loading capacity in actuated states. These actuators are suitable for non-persistent loads, such as is involved in grabbing action by a 4D printed claw. However, reduced stiffness cannot support continuous external loads during actuation. To tackle the trade-off between deformation and loading capacity, we propose herein a design using alternate actuation to attain competent loading capacity in different deformed states. In this alternate design, each unit consists of two actuated components featuring the same deformation but reciprocal stiffness, which provides the overall structural stiffness required to attain competent loading capacity during the entire deformation process. The two components are programmed to have the deformation behavior and are stimulated by thermal-expansion mismatch between polylactic acid (PLA) and carbon-fiber-reinforced PLA. An actuator featuring alternate components was designed and 4D printed to contrast its loading capacity with that of the traditional design. Experiments demonstrate a significantly improved loading capacity during actuation. This work thus provides a designing strategy for 4D printed actuators to retain competent loading capacity during the entire deformation process, which may open promising routes for applications with continuous external loads, such as 4D printed robotic arms, walking robots, and deformable wheels.
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INTRODUCTION
Four-dimensional (4D) printing is a creative manufacturing technology that combines three-dimensional (3D) printing technology with smart materials or structures, where the shape, property, or functionality for 4D structures can be programmed and controlled in space and time (Momeni et al., 2017; Kuang et al., 2018). The structures can be manufactured by using 3D printing technology such as fused filament fabrication (Cheng et al., 2020), direct ink writing (Yuan et al., 2017), stereolithography (Ge et al., 2016), or polyjet (Ding et al., 2018), all of which can change their morph or function by optical stimulation (Liu et al., 2017), electrical stimulation (Bar-Cohen et al., 2017; Zhao et al., 2019), variations in humidity (Gladman et al., 2016; Lee et al., 2020), magnetic stimulation (Kim et al., 2018), thermal variations (Ge et al., 2014; Ding et al., 2017), etc.
The internal properties of materials can change before, during, and after the environmental stimulation. The deformation process of the structure may be destroyed when the external load exceeds the stiffness of the component (Shi et al., 2020). Therefore, one of the most important issues in 4D printing is the loading capacity and deformation force in different actuated states. Most research focuses on characterizing the response of 4D printed structures made of the proposed materials and elucidating the associated principles. These 4D printing studies fall into three categories: The first is to use shape memory polymer materials with desirable mechanical properties. For example, Akbari et al. (2018) enhanced the recovery force by combining active hinges with flexible elastic hinges that store elastic strain energy during programming. A 50 g weight was placed on an actuator to demonstrate the recovered shapes of the deployable structure under load. Xin et al. (2020) showed that the recovery force of the active sandwich structures can exceed 300 mN. The structure in this study is appealing in terms of its high loading capacity during deformation, but only one-way deformation has been achieved under an external load. The second category of 4D printed structures can deform reversibly but cannot guarantee the deformation process under continuous loads. The arched strip presented by Mao et al. (2016) had a loading capacity of 250 mN in the cooling state, which endowed it with single-state stiffness through a multi-material design. Yuan et al. (2021) reported a 500 g loading capacity at various temperatures for a 3D structure constructed by a multi-material, direct 4D printing. In addition, the origami structure printed by Zhang et al. (2020) can withstand 200 g after deformation. The goal of both studies was to investigate the stiffness of 4D printed structures after drying. Yang et al. (2017) measured the thermal deformation of composite materials when the temperature is below the glass-transition temperature and found that the maximal deformation and deformation force for carbon fiber-PLA specimens are 7 mm and 100 mN, respectively, with the structure deformed in a single direction. Finally, the third category of 4D printed structures uses thin-film materials such as liquid crystal elastomer (LCE). Kotikian et al. (2018) and López-Valdeolivas et al. (2018) demonstrated the contraction of LCE with loads of 5 and 20 g, respectively, in the tensile direction. However, the LCE structure is not sufficiently stiff in the other directions.
As mentioned above, existing studies focus on the structural stiffness of a single actuated state or on the deformation force in a one-way process of 4D printing but ignores the loading capacity during the entire deformation process. The key problem in changing shape under continuous loads is the relationship between actuated internal forces and structural stiffness. The internal forces caused by environmental stimulation can change the shape of 4D printed structures by overcoming structural stiffness. However, this internal force is generally small, so that 4D printed structures are not expected to be stiff during deformation. This explains why current 4D printed structures with significant deformation usually have low stiffness during actuation: it is caused by a decrease in the modulus of the smart material due to an externally induced deformation (Shiblee et al., 2018; Chen et al., 2020) or by a reduced stiffness of the deformation area due to a hinge structure (Zhu et al., 2018). The end result is that the structure is unable to carry loads at certain points in the deformation process. To improve loading capacity during the entire deformation process and maintain deformation behavior, there are two ways to solve this issue. On the one hand, we can propose a method to improve internal forces and, on the other hand, we can propose a design that avoids the conflicts between deformation behavior and structural stiffness.
We propose a design strategy that involves connecting two actuated components in parallel so that the 4D printed structure offers sufficient loading capacity during the reversible deformation process. By alternately heating the parallel components, the endpoint of each component has the same deformation path but the opposite stiffness. The structure can thus carry continuous loads during two-way deformations but with high stiffness in each state. The actuator component is driven by a current joule heating for a 4D printed carbon fiber reinforced composite structure. We investigate this design by using a multilayer composite structure that changes shape in response to thermal stimuli (Momeni et al., 2017). We develop a design method and printing process for this thermal mismatch principle and extend the design method to arbitrary curved structures. Next, we compare the alternate-actuated structure with traditional designs to demonstrate the advantages of the proposed design in terms of deformation capacity under continuous loads. We also design a walking robot to further demonstrate the multi-directional loading capability of the alternate actuation design. This study thus proposes a method to retain the mechanical properties of 4D printed structures subjected to various deformed states and provides a useful strategy for 4D printed structures to function under continuous loads.
MATERIALS AND METHODS
Materials and Principle for Four-Dimensional Printing
We designed a 4D printed composite structure for two layers, one layer composed of thermoplastic resin and the other layer composed of continuous fiber composite material, as shown in Figure 1A. During heating, the 4D printed structure bends and then, upon cooling, recovers its initial state. We fabricated a composite structure by using a six-axis parallel manipulator (Zhang et al., 2019a) with coaxial nozzles (Qiao et al., 2019), based on the polylactic acid (PLA, JG Maker Corp. in China) as matrix material and continuous carbon fiber (TORAY Corp. in Japan) as reinforcement. Current-driven joule heating was provided by carbon fiber to actuate the 4D printed structure (Wang et al., 2018a). Thus, we could drive different actuated units in multiple areas of the same structure at different times to produce a variety of deformations.
[image: Figure 1]FIGURE 1 | 4D printed structure consisting of a composite layer and a resin layer. (A) Two-layer structure model and printing schematic. (B) Three different states of 4D printed structure showing their transformations.
During printing, the structure was observed in three different states: the printed state, cooling state, and heating state (see Figure 1B). The printed state is the state of the structure after being printed. Due to the rapid cooling, the printed structure is undeformed and has no inherent thermal stress. Any thermal stress is attributed to the difference in thermal expansion coefficients between the continuous fiber composite material and the thermoplastic resin. Later, an additional heat cycle is applied to release the residual stress inside the printed structure (Wang et al., 2018b). When heating, the residual stress is released to offset any deformation causing by thermal expansion mismatch. As the material cools, the structure enters the cooling state by bending toward the side of resin layer, which does not affect without the influence for the residual stress. Finally, a potential difference is applied across the carbon fiber in the composite layer to drive a current and transform the cooling state into the heating state. Once the potential difference is removed, the material cools and re-enters the cooling state. The heating state is like the printed state, and the change in bending angle between the cooling state and heating state depends on the design parameters of the structure and on the actuation.
Alternate Actuation Design
The structural stiffness decreases as the temperature increases because of the temperature dependence on the mechanical properties of the matrix materials (Zhang et al., 2019b). At excessively high actuating temperature, 4D printed structures cannot provide a high loading capacity during the actuated state. With low actuating temperature, the structural deformation becomes too small to provide any function as an actuator. Therefore, traditional designs have trouble simultaneously producing the desired mechanical properties and deformation properties of 4D printed structures.
Figure 2A introduces an alternate design for actuation. The structure for deformation is split into at least two groups of parallel beam structures, namely, beams A and B. The two beam groups have the same endpoints in the opposite actuated status. In other words, the endpoints of beam A at low temperature are the same as those of beam B at high temperature, and vice versa. We alternately heated the fiber drive circuit in beams A and B to ensure that the low-temperature beam always provides sufficient stiffness to support the load.
[image: Figure 2]FIGURE 2 | Design of alternate-actuated structure for (A) two groups of beam structures and (B) printing process.
Fabrication Process
We designed the printing paths for beams A and B in the heating state. Next, we predicted the cooling state of beam A and designed the printing paths for the structure that connects the cool state of beam A to the hot state of beam B. Herein, we equate the printed state with the heating state of beam B to simplify the complexity of design and printing.
We used a multi-axis fused filament fabrication printing device to create the designed structure and connected the deformable components by using the fabrication process shown in Figure 2B. The main steps are as follows:
1) Appropriate support is designed and printed with pure resin, following which we print the heating state of beam A and then remove the support after beam A cools.
2) We interrupt the printing process and energize the internal fibers. When heating, any residual stress in beam A is released.
3) We disconnect the heating power and wait for beam A to cool to room temperature. As it cools, the deformed beam A enters the cool state.
4) We print the heating state of beam B and connect beam B to the cool state of beam A to finish the fabrication of the alternate-actuated structure.
Currently, the two parallel components deform in the same way under opposite actuation conditions. Beams A and B both provide benefits for bending in the same direction to retain the deformation performance while improving the structural loading capacity.
RESULTS AND DISCUSSION
Bending Behavior of Four-Dimensional Printed Composite Structures
The design goal of the alternate-actuated structures is to ensure that the endpoint of beam A in the cool state is the same as that of beam B in the heating state and vice versa. And the end trajectories of the beam A and beam B should be similar when shape changing, to reduce interference as the structure deforms. Therefore, the different states of the 4D printed structure need to be defined in advance.
We control the bending direction by adjusting the fiber orientation and present a mathematical model to predict the deformation amplitude. The bending angle [image: image] during beam deformation is given as (Goo et al., 2020; Tian et al., 2020)
[image: image]
where [image: image] and [image: image] are the thermal expansion coefficient of resin and fiber, respectively; [image: image] is the deformation temperature; [image: image] is the resin storage modulus and is a function of temperature; [image: image] is tensile modulus of the carbon fiber; and L is the beam length. The detailed derivation process is shown in Section 1 in Supplementary Presentation S1.
The three parameters a, b, c depend on the sectional structure, yielding
[image: image]
[image: image]
[image: image]
where [image: image] is the volume fraction of fibers in the composite material and h is the thickness of the printing layer. Here, the cross-sectional model is composed of two layers of resin and one layer of composite material Supplementary Figure S1.
It can be obtained from the formula that the material properties, actuation parameters and structural design parameters affect the deformation behavior of a single actuator. The bending performance correlates positively to the actuation temperature and the length of the strip, whereas the bending angle is independent of strip width. The influence from the sectional structure is more complicated. It can be found that the thickness distribution of the fiber layer and the resin layer, the volume fraction of the fiber bundle, and the arrangement density of the fibers all affect the cross-sectional morphology. This part is greatly affected by the printing process, which is not discussed in this article.
To predict the deformation, we apply a dynamic thermomechanical analysis (DMA) to the polymer matrix material to determine the glass-transition temperature and the storage modulus as a function of temperature. For this, we use the DMA tester model NETZSCH DMA 242 from TA Instruments (New Castle, DE, United States). The temperature of the samples cut to 20 mm × 5 mm × 1 mm was increased from 20 to 95°C at a rate of 5°C per min. Figure 3A shows the temperature dependence of the storage modulus and [image: image]. The glass-transition temperature of the matrix material is about 70°C.
[image: Figure 3]FIGURE 3 | (A) Results of DMA test of matrix material. Characterization of bending angle as a function of (B) actuation temperature, (C) design length, (D) design width. (E) Temperature as a function of time for various actuation currents.
We demonstrate the accuracy with which the theoretical model predicts the experimental results. The test samples are designed as long strip structures with the same cross section as in the theoretical model. The fibers in the composite layer were arranged lengthwise in the structure. The thickness and the distance between adjacent fibers were fixed at 1.5 mm, and the volume fraction of fibers in the composite material is calculated to be 5%. We move the nozzle at speed of 0.005 m/s to complete the printing of PLA matrix and fiber-reinforced composite material at 210°C. The single printing path has a line width of 1.5 mm and a layer height of 0.5 mm. The fiber material printed into the resin matrix is 1 K Toray carbon fiber. During printing, we embedded thermal elements to better control the temperature and the accuracy of the 4D printing through a temperature-control feedback circuit. Figure 3B shows the bending angle as a function of temperature. The theoretical prediction is obtained from Eqs 1–4 combined with the DMA test parameters and the actual structure parameters. The experimental results were obtained by using Image J to measure the bending angle of the sample. We used a structure size of 60 mm × 6 mm × 1.5 mm. It is apparent from this result that the bending angle has a significant positive correlation with the actuation temperature. When the temperature is less than 70°C, the margin of error between the experimental and theoretical results remains within 10%. At higher temperatures, the experimental results depart significantly from theory, which is attributed to the fact that gravity affects the experiment when the sample softens above the glass-transition temperature. Figures 3C,D show the relationship between bending angle and structural design parameters. The experimental results obtained at 60°C confirm the positive correlation between the bending angle and the length of the strip. Then shown in Figure 3D, the bending angle does not change with the width of the strip. All experimental data fall within 10% of the theoretical results.
Figure 3E shows the temperature during actuation by different currents. The sample size is 60 mm × 9 mm × 1.5 mm, and the ambient temperature is 20°C. During heating, the heating rate gradually decreases with increasing temperature so that the sample may reach thermal equilibrium with the help of external heat dissipation. During natural cooling, the cooling rate of the sample gradually reduces as the temperature decreases until the temperature reaches the ambient temperature. The variations in temperature during heating and cooling both go from fast to slow, which is advantageous to maintain consistent deformation for the parallel components of composite structure. A driving current of 80 mA proved best to ensure synchronous deformation. Both the heating and cooling phases were designed as 1 min with temperature variation between 35 and 60°C.
Design of Deformation for Arbitrary Curved Components
To confirm that the design strategy is suitable for complex structural design, arbitrary curved components now replace simple strips or beams in the alternate-actuated structure. The key is to ensure that the deformation endpoints follow consistent paths for both components.
This study used geometric analysis to summarize the general design. The beam structure with a single fiber orientation is divided into n segments of unequal arcs. As presented in Figure 4, [image: image] is the central angle of arc [image: image], and [image: image] is the angle from the tangent at the end of arc [image: image] to the tangent at the start of arc [image: image] in the clockwise direction. Therefore, the chord of the two arcs clockwise from section [image: image] to section [image: image] is [image: image]:
[image: image]
Let [image: image] be the known starting point of the entire beam structure, then the coordinates of the endpoint of the structure can be deduced by a geometric calculation as follows:
[image: image]
[image: image]
In the same way, the coordinates of the end of the structure after deformation can be expressed using Eqs 5–7. The new [image: image] is calculated as [image: image], where [image: image] is the bending angle for the arc [image: image] and can be calculated by using Eqs 1–4. The central angle [image: image] has a positive and negative difference with respect to the formula above. When the arc is convex (concave), [image: image] is positive (negative).
[image: Figure 4]FIGURE 4 | Geometric decomposition of 4D deformed beam into n arc segments.
We consider the sample shown in Figure 5A to demonstrate the proposed design method. The sample consists of two different parallel components, with diverse shape in opposite actuated state. We split each component into the length of the two curves where [image: image] mm, [image: image] mm and set the initial positions of the two components at [image: image] and [image: image], then add design constraints to maintain the end point at [image: image] mm. The deformation along the y axis is set to 5.5 mm. Eqs 5–7 and the geometric analysis give the final structural design parameters of the sample, which are listed in Table 1.
[image: Figure 5]FIGURE 5 | Results of complex sample consisting of two parallel components. (A) Geometric analysis of parallel components. (B) Actual deformation of sample.
TABLE 1 | Design parameters of each parallel components.
[image: Table 1]The deformed sample is shown in Figure 5B. And the print process, cross-sectional images and deformation video are shown in Supplementary Figures S2, S3; Supplementary Video S1. The deformation along the y axis was measured by using ImageJ and is about 5.1 mm, which is 92% compared to the design value. The main reason for the reduced deformation is the uneven thickness caused by insufficient printing accuracy. In addition, the rigid connection at the end of the structure also has negligible effect on the deformation.
Analysis of Deformation Capacity under Continuous Force
To compare the loading capacity of the alternate actuation design with that of traditional designs, we tested reversible variations in shape under a hanging load. When actuating with a 90 mA current, the structural deformation and recovery both last 60 s. Figure 6A shows how the traditional sample swings up under a 10 g load. The sample was designed with parallel beams which the fiber arrangements for two parallel components are on the same side. Figure 6C shows the results for the bending angle first heating and then cooling under different loads, both of the heating phase and cooling phase are 60 s. The black, red and blue curves correspond to bending performance under 0, 10, and 100 g loads. The results show that the bending curve early recover at 40 s instead of 60 s. It means that the load capacity of the structure at 40 s is no longer able to carry 10 g load because the stiffness decreases due to rising temperature. The curve under a load of 100 g also shows the destruction of deformation behavior when the structure is heated in 0∼60 s. Additionally, the structure has additional reverse deformation when they recover under the 10 and 100 g load. In the heating phase, the structure is irreversibly deformed under the influence of load, so the deformation at the end of heating is much smaller than the no-load deformation. But in the cooling phase, the structure in high temperature state is subjected to a small force in the direction of recover because of the irreversibly deformed. Therefore, recovery of the structure is less affected by the load, the recovery angle is similar as the no-load bending angle. The difference in deformation between heating and cooling caused this additional reverse deformation. In summary, the traditional deformation structure cannot be used under more than 10 g load because of the influence of early recovery during heating and additional reverse deformation during cooling.
[image: Figure 6]FIGURE 6 | Comparison of deformation under load of traditional design and alternate-actuation design. (A) Traditional structure deformed under 10 g load. (B) Alternate-actuated structure deformed under 100 g load. (C) Bending angle as a function of time for traditional structure under different continuous loads. (D) Bending angle as a function of time for alternate-actuated structure under continuous loads.
Figure 6B shows the alternate-actuated structure swing under a 100 g load. The overall configuration of the alternate-actuated structure is the same as that of the traditional structure, but the fibers are on the opposite surfaces of the two parallel components. Figure 6D shows the deformation of the alternate-actuated structure under different loads, where the black, red, and blue curves are deformation under no load, a 10 g load, and a 100 g load, respectively. The alternate-actuated structure still swings up and down under the 100 g load without early recovery during heating and additional reverse deformation during cooling, which demonstrates that the load capacity in reversible deformation process of this structure is an order of magnitude greater than that of the traditional actuated structure. Because the dual parallel beam design allows one beam to be hot while the other is cold during the entire deformation, one beam remains in the cooling state to provide sufficient structural stiffness. The alternate-actuated structure reveals no significant mechanical defects during the two-way deformation process. The bending angle of the alternate-actuated structure is the same under no load and the 10 g load as the traditional actuated structure, and the deformation is reduced by about 50% at 100 g comparing with no-load deformation. To summarize, the alternate-actuated structure presents no significant mechanical performance defects in the two-way deformation process. It deforms reversibly under a load more than tenfold greater than what is possible with the traditional design.
Four-Dimensional Printed Walking Robot
Given the ability to change shape under continuous loads, the alternate-actuated structures have significant potential for use in robotic arms, load-moving devices, and posture adjustments. Figure 7A shows a walking robot that we designed to further demonstrate the potential of this technology. Each robot has six deformable legs divided into walking legs and supporting legs. The two legs in the middle are the walking legs, while the others are supporting legs. The walking legs carry the weight of the robot body and provide forward and backward propulsion during the swing phase. Therefore, the walking legs must offer sufficient structural stiffness in two-way deformations. Therefore, we designed the walking legs using the alternate-actuated parallel structure to ensure successful swinging under continuous loads in different directions.
[image: Figure 7]FIGURE 7 | Demonstration of walking robot. (A) Design model. (B) Photograph of walking robot. (C) Four steps in a gait cycle of walking robot. (D) Forward and backward motion of walking robot.
Figure 7B shows the fabricated walking robot. Each leg is controlled by a separate circuit to allow independent actuation. Figure 7C shows the gait of the robot, where one gait cycle requires four steps: Firstly, the support legs are heated and gradually lose their capacity to support weight. The center of gravity of the walking robot thus shifts down. The two walking legs contact the ground to maintain the structural stability together with the support legs. Secondly, the walking legs swing back. The friction force exerted on the walking legs is greater than that on the support legs, so the walking robot is pushed in the opposite direction. Thirdly, the support legs cool and gradually recover their deformation and structural stiffness, so the center of gravity of the walking robot rises and the walking legs lose contact with the ground. Finally, the walking legs recover their shape when hanging in the air and are prepared for the next stride. The total time for a gait cycle is approximately 180 s, which includes 30 s for step A, 60 s for step B, and 90 s for steps C and D. Step D, when the walking legs lose contact with the ground, starts 30 s after step C and ends at the same time as step C.
Figure 7D shows the forward and backward motion of the walking robot. The robot moves forward by 12 mm over 9 min in three gait cycles and then moves backward by 16 mm over 13 min in four gait cycles. The results show that a single gait cycle translates the robot by about 4 mm, whether the robot moves forward or backward. These results demonstrate that the alternate-actuated structures can undergo two-way deformation under continuous load and that two-way deformation produces a similar driving force. Video of the robot walking is shown in Supplementary Video S2.
The main reason of the slow walking speed is that the walking robot takes 1 min for each deformation of the walking legs. The deformation of the walking legs with the alternate-actuated structure includes the heating phase and cooling phase of the two groups of parallel components at the same time, the heating and cooling speed should be matched to ensure the consistency of their end position. It takes 1 min for the components from the actuated temperature to environment temperature, so the deformation time of the walking legs are 1 min. In order to improve the walking speed of the robot, an air-cooling system or a fluidic cooling microchannel can be integrated to reduce cooling phase in the future.
In addition, the usable range of the alternate-actuated structures are not limited to the deformation principle described herein. It can be expanded to other deformations that involve variations in structural stiffness, such as thermally driven deformations of LCE composite structures (Roach et al., 2018), photothermally driven deformation (Hua et al., 2018), and wetting- or drying-driven deformation (Baker et al., 2019).
CONCLUSION
This study proposes an alternate-actuation design to provide reversible, two-way deformation without stiffness attenuation under continuous loads. We use the design to print an actuator based on thermal mismatch to demonstrate that the deformation of two parallel components is the same for opposite actuation conditions. We develop a mathematical model to predict with 90% accuracy the bending angle for the 4D printed structure. We also propose a design strategy for the complex parallel components consisted with arbitrary curve components. The actual deformation of the parallel components is within 8% of the design value. The alternate-actuated structure can carry loads during the entire reversible deformation, and it offers a tenfold increased loading capacity compared with the traditional design. Finally, we design a walking robot to demonstrate the use of the alternate-actuation design for forward and backward translation. We use the alternate-actuation design on the swing legs and demonstrate that the legs swing normally under the multi-directional continuous loads. Thus, the robot legs deform reversibly under continuous loads, which is promising for applications involving soft robots, smart actuators, and artificial muscles.
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