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Abstract

:

Exploring the transformation of spatial mechanisms from their unfolded to controlled folding states to meet the requirements of various application scenarios has long been a hot topic in mechanical structure research. Although conventional spatial mechanisms can be designed to meet almost any application scenario, the design’s complex and excessive combinations of structural components, kinematic pairs, and drive units are unavoidable. It introduces many problems, such as poor reliability, drive complexity, and control difficulties. Based on 4D printing technology, the design of self-folding spatial mechanisms that use pre-stressed response properties under predetermined thermal excitation to achieve different shrinkage ratios integrates the control and drive system and the structural components and kinematic pairs. It brings novel features of self-folding while effectively avoiding many problems associated with conventional mechanical design. Further, the pre-stressed response model introduces the self-folding spatial mechanisms’ excitation, morphing, and driving investigation. Self-folding spatial mechanisms with different shrinkage ratios were prepared via fused deposition modeling, which verified the theoretical analysis and pre-stress response model and the design’s correctness and feasibility by experiments. The existing 4D printing technology lacks a paradigmatic design method in the application field. Contrarily, this work organically combined the conventional mechanical structure design with materials and fabrication via fused deposition modeling. A systematic study of self-folding spatial mechanisms from structural design to morphing control was carried out. This design is expected to introduce a novel paradigm of 4D printing technology in conventional mechanical design and has considerable application prospects in spherical radar calibration mechanisms.
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1. Introduction


Exploring the transformation of spatial mechanisms from their unfolded state to their controlled folded state to meet the needs of various application scenarios has long been a hot topic in mechanical structure research. Pinto’s spatial mechanism design with a scissor unit marked the beginning of subsequent research on constructing a scissor unit-based spatial mechanism [1,2,3,4]. Hoberman improved the conventional scissor units and proposed angulated scissor units, which were constructed into the most classic Hoberman sphere and used in architecture [5,6,7,8]. The angulated scissor units demonstrate excellent spatial extensibility and shrinkage ratios in the construction of Hoberman spheres, in addition to the modularity of the scissor units, simplicity of construction, and low cost. For these reasons, researchers will maintain a keen interest in such units and mechanisms over the next few decades, leading to a wide range of applications in aerospace [9,10], transportation [11], and medicine [12]. Although conventional spatial mechanisms can be designed to meet almost any application scenario [13,14], the complex and numerous combinations of structural components, kinematic pairs, and drive units in the design are unavoidable, introducing a slew of problems, such as poor reliability, drive complexity, and control difficulties [15]. As a result, spatial mechanisms must keep their original powerful spatial extensibility while remaining structurally simple with reduced control, drive complexity, and increased reliability. This pressing matter must be addressed.



Four-dimensional printing has rapidly changed machinery engineering as we know it, allowing for more creativity and freedom in structure design, with numerous advantages over conventional manufacturing [16,17,18]. The material distribution and geometric parameters are changed by fused deposition modeling to impart pre-stressed response properties under predetermined thermal excitation and construct self-folding spatial mechanisms (SFSMs) with different shrinkage ratios [19,20,21]. Applying this new design, an SFSM integrates the control and drive system as well as the structural components and kinematic pairs into one and obtains self-folding of spatial volume or shape under predetermined thermal excitation. It brings a novel feature not available in conventional spatial mechanisms while effectively avoiding many problems associated with conventional mechanical design [22,23]. This work’s main contributions are listed as follows:




	
An SFSM constructed of angulated scissor rod (ASR) and self-folding rod (SFR) was designed. The construction method and self-folding motion principle were analyzed, and the mathematical model of the SFSM in the self-folding motion was derived.



	
The pre-stressed response model of the SFSM was investigated, analyzing the thermodynamic properties of the material and identifying the response temperature. According to the design requirements combined with the material thermodynamic properties, the morphing patterns of the SFR were coupled. The influence of pre-stress on the folding morphing of the SFR under predetermined thermal excitation was explored to meet the requisite driving and folding.



	
Two SFSMs were printed and assembled, and the correctness and feasibility of the design, pre-stress response model, and theoretical analysis were verified by experiments.









2. Design of Self-Folding Spatial Mechanism


This section contains three subsections. First, the operational mode and composition of the SFSM are given. Second, the construction method and self-folding motion principle of the SFSM are analyzed. Finally, the mathematical model of the SFSM in the self-folding motion is derived.



2.1. Operational Mode and Composition


An SFSM with pre-stressed response properties under predetermined thermal excitation was designed, and its compositions and operating modes are shown in Figure 1. When no thermal excitation was applied, the SFSM showed an unfolded state. At this moment, the volume of space reached its maximum value. When the predetermined thermal excitation was applied, the SFSM gradually self-folded under pre-stress. Eventually, the volume of space reached its minimum value.



The pre-stressed response properties of the SFSM under predetermined thermal excitation were crucial to realizing the change in the volume of space. For this purpose, the SFR and ASR that constituted the SFSM were designed, as shown in Figure 2a. The ASR controlled the construction, shrinkage ratios, and morphing patterns of the SFSM based on a pre-designed structure and geometric arrangement. The SFR enabled the SFSM to obtain a self-folding feature based on the pre-stressed response properties under predetermined thermal excitation. When thermal excitation was applied, the SFR changed from an unfolded state to a folded state according to the pre-stressed response model and drove the ASR to fold the SFSM during this process.




2.2. Construction Method and Self-Folding Motion Principle


As shown in Figure 3, the self-folding ring module (SFRM) was extracted from the constructed SFSM, and the ASR and SFR were extracted from the SFRM to establish a rectangular coordinate system. Point e was the hinge point, and point o was the intersection of a and d with the b and c lines. Two vertical lines from point e to ob and od were made, and points h and g were the feet of perpendiculars. Combined with Figure 3, we can prove that:


∵ ∠aeb = ∠ced = α

∵ ∠cea is the common angle

∴ ∠ceb = ∠aeb − ∠aec = ∠ced − ∠cea = ∠aed

∵ ce = ed = ae = eb

∴ △ceb and △aed are congruent isosceles triangles

∵ The lines eh and eg are the perpendicular bisector of △ceb and △aed

∴ △ceh ≅ △beh ≅ △aeg ≅ △deg

∵ ∠ceh = ∠beh = ∠aeg = ∠deg

∴ 2∠ceh + ∠cea = 2∠aeg + ∠cea = α

∴ ∠ceh + ∠cea + ∠aeg = α

∵ ∠ohe + ∠oge + ∠heg + ∠hog = 2π

∵ ∠ohe = ∠oge = π/2

∴ ∠hog = ∠coa = π − α











Let m be the number of rod groups (containing 2m SFRs and 2m ASRs) required to construct the SFRM.


∵ γ = ∠hog = ∠coa = 2π/m











We know that:


  α = π −   2 π  m  ∧ ( m = 4 k + 4 ∧ k ∈ Z )  



(1)







Based on the above proof, it is known that the angle γ in a circular segment (such as angle dob) corresponding to each group of ASRs is always constant, and its value is only related to m. The value of m also determines the top angle α of the ASR. An SFRM can thus be constructed using m rod groups.



The construction method is as follows: the ASR is hinged, and the SFR adheres to the ASR. The serially connected SFRs and ASRs construct the SFRM in the two-dimensional plane, as shown in Figure 2b. As shown in Figure 2c, the paralleled adhered SFRMs construct the SFSM in three-dimensional space. Table 1 lists the SFRMs and SFSMs constructed at different values of m.



The previous paragraph detailed the SFSM’s construction method. On this basis, the principle of self-folding motion was explained. In order to explain this principle, it is necessary to identify the motion features of the SFSM.



The SFRM motion features are first discussed. The ASR’s relative rotation caused by the SFR’s self-folding realizes the SFRM’s self-folding. The SFR drives the ASR motion, and the hypothesis is that the motion is created by face contact between the ASRs extending at both ends. As a result, the SFR can be thought of as a planar revolving pair.



As shown in Figure 4, an SFRM was used with an m value of 12 to cut and expand into a plane kinetic chain along the line connecting points o and d.



Applying the loop connectivity matrix (LCM), we know that:


   F  L C M   =    1   1   0   0   0     0   1   1   0   0     0   0   1   1   0     0   0   0   ⋱   1     0   0   0   0   m     



(2)







Let F be the degree of freedom. According to Equation (2), we concluded that the SFRM has a single degree of freedom.



The SFSM motion features are discussed next. The SFSM can be regarded as a three-dimensional structural combination of SFRMs perpendicular to each other, overlapping in the center of a circle. Li [24] analyzed similar mechanisms using screw theory and demonstrated that when the sub-kinetic chain has a single degree of freedom, the spatial mechanisms composed of the sub-kinetic chain have zero degrees of freedom in the fully expanded and contracted state and have a single degree of freedom during the motion. Thus, the SFSM also has similar degrees of freedom. As shown in Figure 5a, the SFR folds under predetermined thermal excitation, and the folding angle change process is τ1→τ2→τ3. SFR midpoints b and c move along the line ob, which drives the hinge point e between the ASR along the line eo movement. As shown in Figure 5b, the above process is presented as a contraction of serially connected SFRs and ASRs around the center of the SFRM’s circle under predetermined thermal excitation. As shown in Figure 5c, the above process is presented as a contraction of mutually perpendicular SFRMs around the center of the SFSM’s sphere under predetermined thermal excitation.




2.3. Mathematical Model


As shown in Figure 3 and Figure 5, let the length of lines ae, ce, be and de be B. The angle fbe is defined as folding angle τ.



The mathematical model of the SFSM in the self-folding motion was derived:



The length of line bd is:


  b d = 2 B sin (  β 2  ) = 2 B sin (   γ + τ  2  ) = 2 B sin (  π m  +  τ 2  )  



(3)







For the triangle bod, according to the law of cosines, we know that:


  b  d 2  = o  b 2  + o  d 2  − 2 o b ⋅ o d cos γ  



(4)







In the triangle bod, it is easy to know that ob is equal to od; bringing Equation (4), we know that:


  b  d 2  = 2 o  b 2  ( 1 − cos   2 π  m  ) = 4 o  b 2    sin  2  (  π m  )  



(5)







Letting Equation (3) equal Equation (5), we can solve the following:


  o b ( τ ) =   B sin (  π m  +  τ 2  )   sin (  π m  )    



(6)






  τ = 2 arcsin (   o b  B  sin  π m  ) −   2 π  m   



(7)







When the folding angle reaches a minimum value, the SFSM is folded. Let Rmin be the minimum circumscribed circle radius. Let τmin be the minimum folding angle. In the triangle bod, it is easy to know that Rmin is equal to ob and od; bringing Equation (7), we know that:


   τ  min   = 2 arcsin (    R  min    B  sin  π m  ) −   2 π  m   



(8)







In the triangle obe, it is easy to know that:


  cos ∠ b o e =    R  min    2   B  − 1   =  π m   



(9)







Bringing Equation (9) into Equation (8), we know that:


   τ  min   = 2 arcsin ( sin   2 π  m  ) −   2 π  m  =   2 π  m   











The length of the line oe is:


  o e = o i − e i =   b d  2  cot (  γ 2  ) − B cos (  γ 2  +  τ 2  )  



(10)







Bringing Equation (4) into Equation (10), we can deduce:


  o e ( τ ) = B cot (  π m  ) sin (  π m  +  τ 2  ) − B cos (  π m  +  τ 2  )  



(11)






  τ = arcsin ( o e sin  π m   B  − 1   )  



(12)







When the folding angle reaches a maximum value, the SFSM is unfolded. Let Rmax be the maximum circumscribed circle radius. Let τmax be the maximum folding angle. In the triangle obe, it is easy to know that Rmax is equal to oe; bringing Equation (12), we know that:


  τ = arcsin (  R  max   sin  π m   B  − 1   )  



(13)







In the triangle obe, it is easy to know that:


  sin ∠ b o e =  B   R  max     =  π m   



(14)







Bringing Equation (14) into Equation (13), we know that:


   τ  max   = 2 arcsin ( 1 ) = 2 π  











Its structural shrinkage ratio is:


  χ =    R  min      R  max     =   o b (  τ  min   )   o e (  τ  max   )   = sin  (    2 π  m   )   



(15)







From the above proof and calculations, we concluded that the m value not only controls the construction and shrinkage ratio of the SFSM but also controls the morphing patterns of the SFSM based on the folding angle τ. As a result, the ASR controls the construction, morphing, and shrinkage ratio of the SFSM by geometric arrangement based on a pre-designed number of m rod groups.



Conventional mechanical design methods considering only a single geometric feature and topology are not feasible for SFSM because of the pre-stressed response properties of controlling structural transformations under predetermined thermal excitation. This type of structure’s design is not to be considered only in terms of construction methods and the principle of self-folding motion. Further research on the pre-stress response model based on 4D-printed materials and fabrication is needed to enable SFSM to obtain self-folding features based on the pre-stress response properties under predetermined thermal excitation.





3. Pre-Stressed Response Model


In this section, we began researching the pre-stressed response model of the SFSM. The SFR was a component with an integrated motion actuator and driver, which enabled the SFSM to obtain a self-folding feature based on the pre-stressed response properties under predetermined thermal excitation.



This section contains three subsections on the pre-stressed response model. First, the thermodynamic properties of the 4D-printed materials used to make the SFR were characterized. Second, the morphing patterns of the SFR were coupled by the combination and design of multi-material prefabricated components according to the self-folding design requirements of the SFSM and the characterization of material thermodynamic properties. Finally, in order to achieve the required driving and folding of the spatial mechanisms as much as possible, research on the folding morphing influences based on the pre-stress was carried out.



3.1. Characterization of Material Properties


The thermodynamic properties of different materials might be utilized to print and control the SFR. In addition, this work used predetermined thermal excitation as a means of self-folding activation. As a result, material property tests were conducted to characterize the material’s thermodynamic properties and provide a relevant basis for subsequent research.



We selected four commercial elastomer materials based on thermoplastic polyurethane (TPU) (Dake, China) and one polymer material, polylactic acid (PLA) (Raise Premium, China). The dynamic thermodynamic properties of these five materials were analyzed using a dynamic thermo-mechanical analyzer (DMA-Q800, United States) in selected tensile mode. The practical test length of the PLA and TPU printed filaments was 10 mm, and the diameter was 1.75 mm. The test loading temperature range was 25 °C to 90 °C. The accuracy of the temperature loading was ±0.2 °C. The temperature rise rate was controlled at 2 °C/min during the test. The dynamic axial stretching rate was 1 Hz. The dynamic thermo-mechanical analyzer (DMA) test results included the changes in the storage modulus G and dielectric loss angle Tanδ with temperature T, as shown in Figure 6. The Ti, Tg, and Th of PLA were 61.96, 68.02, and 73.57 °C, respectively. The G values for PLA corresponding to the three temperatures were 2458.76, 1375.28, and 637.75 MPa. The subscripts i, g, and h represented the beginning, transition, and end of PLA’s glass transition phase. Similarly, the DMA test results for TPU showed that the Tg of TPU was below room temperature, and G values of TPU decreased slowly with the increasing temperature.




3.2. Coupling of Morphing Patterns


The SFR drove the SFSM to self-fold by bending patterns based on the pre-stressed response properties under predetermined thermal excitation. Therefore, this section discusses how to couple the SFR to produce bending by combining and designing multi-material prefabricated components according to the design requirements of the SFSM and the characterization of material thermodynamic properties.



As shown in Figure 7, the SFR was designed and printed utilizing TPU and PLA material by fused deposition modeling. This structure consisted of six layers, four of which were continuous and two that were split. The separation layers were designed to control the deformed part’s width and compensate for the edge bending generated by the PLA layer.



First, how the SFR obtained the pre-stress response properties under predetermined thermal excitation was explained. Heating and squeezing the PLA filament during the printing process caused the polymer chains to stretch and align in the direction of that path and subsequently generate stress. They were stored in the printed material due to the constraining effect of the printing platform or previous layer. They were fixed layer by layer as the printing process cooled. When each PLA layer was removed from the printer and reheated above its glass transition temperature Tg, the pre-stress stored in the PLA layer was released and shortened along the printing direction while expanding slightly along the other two directions.



Second, it was explained how to couple the SFR to produce bending by combining and designing multi-material prefabricated components in accordance with the SFSM design requirements and the characterization of material thermodynamic properties. PLA layers with unidirectional filling patterns exhibit anisotropic morphing behavior, resulting in more significant anisotropic morphing behavior than multidirectional filling patterns [25,26]. For this reason, all PLA layers in this work were always printed in the same orientation. However, only single-layer PLA structures were used, which could produce unpredictable flex-torsion. The DMA test found that the glass transition temperature of TPU was generally lower than room temperature. The TPU elastic modulus was relatively stable over the Th temperature range from room temperature to PLA, and it was assumed that it could not contract; it could only bend and slightly elongate. These properties were used, combining PLA and TPU in layers to print the SFR, which coupled the unpredictable morphing of PLA into bending. Although the TPU only played a restricted role in the SFR, its filling patterns still influenced bending. In order to investigate the influence of TPU filling patterns on morphing, the separation layer of SFR was removed. TPU filling patterns had a more noticeable influence on morphing when the separation layer was removed. As shown in Figure 8, another of our experimental results revealed that when the filling patterns of the TPU layers were perpendicular to the PLA layers and there was no separation layer, the structure exhibited the best bending.




3.3. Morphing Influence Based on Pre-Stress


Following the SFR-coupled bending, the influence of pre-stress on the SFR’s folding under predetermined thermal excitation was investigated in this section to fulfill the requisite driving and self-folding. The previous discussion showed that storing and restricting pre-stress in the SFR influences bending. Therefore, if the morphing influence of the SFR was to be obtained, it was necessary to research the influence of the pre-stressed restricting capability of the TPU and the pre-stress storage capability of the PLA on the change in its folding angle τ.



First, the pre-stressed restricting capability of the TPU is discussed. Four SFRs were printed and experimented with using four TPU materials. These SFRs were printed using a fused deposition modeling printer (Raise E2, Shanghai, China). Hot water was chosen as the activation medium for the experiments to ensure a uniform, accurate and fast heat application on the SFRs [27]. The glass transition temperature Tg of the PLA was selected from Figure 5, and the printing speed for all materials was set to 30 mm/s. The temperature setting of the water bath device (LICHEN-HH4, Shanghai, China) was kept constant. All SFRs used for the experiments were kept in water, and heating was stopped when they no longer exhibited visual signs of deformation. The printing parameters, structure size, and experimental parameters are shown in Table 2.



Through experiments, it was found that TPU materials with higher storage modulus have highly pre-stressed restricting capability, causing weaker SFR drive and minor variation in folding angle τ, as shown in Figure 9. According to another experimental result in the literature [28,29], the lower the percentage of hard polymer segments supporting TPU materials, the more difficult it was to print them. After considering the printing quality and material properties, this work chose a single TPU-90A material to print the SFR.



Second, the pre-stress storage capability of the PLA is discussed. On the one hand, adjusting the printing speed caused different stretching of the PLA material during the extrusion process, resulting in different levels of pre-stress stored in the material. On the other hand, adjusting the printing platform temperature caused different mobility of the polymer chains in the PLA, resulting in different fixation times of their macroscopic shapes and stress relaxation effects. It also caused a difference in the levels of pre-stress stored.



Three experimental groups were established. The first group of 45 SFRs was printed with the printing platform temperature set to 30 °C and the PLA layer printing speed set to 150 mm/s. The second group of 45 SFRs was printed with the printing platform temperature set to 30 °C and the PLA layer printing speed set to 30 mm/s. The third group of 45 SFRs was printed with the printing platform temperature set to 70 °C and the PLA layer printing speed set to 150 mm/s. Only the above parameters were changed in the three experimental groups, and the other parameters were the same as in Table 1.



In each experimental group, five SFRs for each group were heated simultaneously in a water bath, and another group was heated for increasing intervals of 30 s. At the end of the time, the SFR was removed from the constant temperature water bath, cooled to room temperature, and placed on a scanning test bench to capture the surface shape. An optical 3D scanner (MetraSCAN 3D, Lévis, QC, Canada) was used to measure the folding angle τ after morphing. The collected data were combined to create corresponding 3D models for each experimental group to assess the experimental results more accurately and quantitatively. Figure 10 depicts the entire experimental process.



The averages of the measured results of the folding angle τ are shown in Figure 11. The experimental results indicated the following:




	
Printing PLA materials at faster print speeds allowed for more significant stretching of the polymer chains during extrusion. Therefore, under the condition that the printing platform temperatures were constant, this approach allowed the SFR to maintain higher pre-stress, resulting in a broader range of folding angle variations and stronger drive capability.



	
Printing PLA materials on a lower temperature printing platform could quickly lock the polymer chains in a stretched state. Therefore, under the condition that the printing speed parameters were constant, this approach allowed the SFR to maintain higher pre-stress, resulting in a broader range of folding angle variations and stronger drive capability.



	
The folding angle of the SFR gradually decreased as the water bath time increased. Throughout the process, the self-folding was most evident within 2 min. After 3 min, the SFR samples no longer produced significant self-folding, and their folding angles remained stable. Therefore, the drive capability of the SFR continuously decreased with the increased water bath time.










4. Manufacture and Experiments


This section consists of two subsections. First, two SFSMs with m values of 4 and 8 were printed and assembled and named S4 and S8, respectively. In this class of mechanisms, S4 was chosen for its unique characteristics, while S8 was chosen for its universal characteristics. Second, the feasibility of self-folding of the SFSM was experimentally verified.



4.1. Printing and Assembly of the SFSM


The ASR and SFR were printed using a dual-nozzle fused deposition modeling printer (Raise E2, Chengdu, China) and assembled into SFSM. The S4 was constructed with 24 ASRs and 24 SFRs. The S8 was constructed with 48 ASRs and 48 SFRs.



The printing process for the ASR is described first because it controlled the constructions, shrinkage ratios, and morphing patterns of the SFSM based on a pre-designed structure and geometric arrangement. The ASR was printed using a common high-temperature resistant polycarbonate material (Raise, Premium PC). The ASR’s length B was first determined. Equation (1) was then used to calculate the top angle α of the ASR based on the selected value of m. Equations (6) and (11) were used to calculate the theoretical maximum and minimum radius of the circumscribed circles based on the above two parameters. Because of the thickness S limitation, these mechanisms did not reach the theoretical shrinkage ratio. The specific printing parameters for the ASR in this work are shown in Table 3.



The printing process for the SFR is described second because it enabled the SFSM to obtain a self-folding feature based on the pre-stressed response model. According to the experimental results, printing PLA materials on a lower temperature printing platform at faster print speeds allowed the polymer chains to stretch more significantly during extrusion and lock in the stretched state quickly, which helped to maintain high pre-stress to ensure that the SFR obtained significant driving and folding. The specific printing parameters of the SFR in this work are shown in Table 4.




4.2. Experiments with the SFSM


The S4 and S8 were assembled. The experimental verification conditions and parameter settings were consistent with previous experiments. The experimental results are shown in Figure 12.



As shown in Figure 12a, the volume of S4 reached its maximum before thermal excitation (T < Tg), and the circumscribed circle radius Rmax was about 100.39 mm. After thermal excitation (T > Tg), the SFR was self-folding, and the SFRM contracted. At this moment, the S4′s volume reached its minimum value, and the circumscribed circle radius Rmin was about 96.47 mm. It should be noted that the actual and theoretical shrinkage ratio χ of this mechanism was 1 and about 0.96, respectively. The radius of the S4′s circumscribed circle changed negligibly during the self-folding process. However, after self-folding, its structure was significantly transformed. The square hexahedron made up of squares was transformed into an orthoctahedron made up of equilateral triangles.



As shown in Figure 12b, the volume of S8 reached its maximum before thermal excitation (T < Tg), and the circumscribed circle radius Rmax was about 146.38 mm. After thermal excitation (T > Tg), the SFR was self-folding, and the SFRM contracted. At this moment, the S8′s volume reached its minimum value, and the circumscribed circle radius Rmin was about 129.13 mm. The actual and theoretical shrinkage ratio χ of this structure was about 0.71 and 0.88, respectively.



The experimental results demonstrated that the SFSM could realize the self-folding adjustment of the volume ratio under the predetermined thermal excitation, verifying the correctness and feasibility of the design and pre-stressed response model and theoretical analysis.





5. Conclusions


Based on 4D printing technology, SMSFs with different shrinkage ratios were prepared via fused deposition modeling, and the correctness and feasibility of the design, pre-stress response model, and theoretical analysis were verified by experiments.



Compared with the existing 4D printing technology, which lacks a paradigmatic design method in the application field, this work organically combined the conventional mechanical structure design with materials and fabrication via fused deposition modeling. A design was proposed based on the mutual integration of structural design and morphing control. It is expected that this design will introduce a novel paradigm of 4D printing technology into conventional mechanical design and have considerable application prospects in the design of spherical radar calibration mechanisms.



The material’s distribution and geometric parameters were changed by fused deposition modeling to impart its pre-stressed response properties under predetermined thermal excitation and construct SFSMs with different shrinkage ratios. On the one hand, the structural components and kinematic pairs are combined into one, which effectively solves the problems of complex structure and excessive kinematic pairs in conventional spatial mechanical design. On the other hand, the drive and control system are combined into one, and the pre-stress response property under thermal excitation brought by 4D printing is used to replace the complex drive control system in the conventional spatial mechanical design while also bringing the novel feature of self-folding. This is not found in the conventional spatial mechanism.



In future work, more external thermal excitation sources (such as electric heating, optical heating, and magnetic field heating) will be introduced into the SFSM for regulation and experiment. Additionally, the hinges in the existing structures will be gradually replaced by smart materials to eventually realize SFSMs without mechanical connections.
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Figure 1. Schematic of the design and operating mode of the SFSM. 
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Figure 2. Schematic of the construction process of the SFSM: (a) the SFR and the ASR, (b) construct of the SFRM, (c) construct of the SFSM (left to right by order of appearance). 






Figure 2. Schematic of the construction process of the SFSM: (a) the SFR and the ASR, (b) construct of the SFRM, (c) construct of the SFSM (left to right by order of appearance).



[image: Machines 11 00121 g002]







[image: Machines 11 00121 g003 550] 





Figure 3. Schematic of the rectangular coordinate system of the ASRs and SFRs. 
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Figure 4. Plane kinetic chain with m value of 12. 
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Figure 5. Schematic of self-folding: (a) SFR and ASR self-folding, (b) SFRM self-folding, (c) SFSM self-folding. 
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Figure 6. DMA test results: Storage modulus and dielectric loss angle of PLA (left) and storage modulus of TPU (right). 
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Figure 7. Schematic of the manufacturing process of the SFR. 
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Figure 8. Experiments on the effect of different filling patterns of TPU layer on bending: (a) TPU material 90° cross alignment, (b) TPU 90° side-by-side alignment, (c) TPU material 45° cross alignment, (d) TPU 180° side-by-side alignment. 
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Figure 9. Experiment on the influence of TPU layer pre-stressed restricting capability on the change in folding angle τ. 
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Figure 10. The 3D optical scanning processes. 
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Figure 11. Experiment on the influence of PLA pre-stress storage capability on the change in folding angle τ. 
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Figure 12. The self-folding experiment with the SFSM. 
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Table 1. Construction of SFRMs and SFSMs at different values of m.
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	m
	Theoretical Shrinkage Ratio
	Folded

SFRM
	Unfolded

SFRM
	Unfolded

SFSM





	4
	1
	 [image: Machines 11 00121 i001]
	 [image: Machines 11 00121 i002]
	 [image: Machines 11 00121 i003]



	8
	0.71
	 [image: Machines 11 00121 i004]
	 [image: Machines 11 00121 i005]
	 [image: Machines 11 00121 i006]



	12
	0.5
	 [image: Machines 11 00121 i007]
	 [image: Machines 11 00121 i008]
	 [image: Machines 11 00121 i009]



	16
	0.38
	 [image: Machines 11 00121 i010]
	 [image: Machines 11 00121 i011]
	 [image: Machines 11 00121 i012]
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Table 2. Sample structure size and printing and experimental parameters of the SFR.
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Structure Size/[mm]

	
H

	
C

	
L2

	
L1

	
L




	
1.2

	
10

	
10

	
45

	
100




	
Printing parameters

	
Layer height (mm)

	
0.2




	
Infill amount

	
100%




	
Extrusion width (mm)

	
0.4




	
Nozzle diameter (mm)

	
0.4




	
Printing platform temperature (°C)

	
30




	
PLA printing temperature (°C)

	
235




	
TPU printing temperature (°C)

	
200




	
Experimental parameters

	
Activation medium

	
Water




	
Water bath temperature (°C)

	
68




	
Water bath time (s)

	
≥180
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Table 3. Manufacturing parameters for the ASR.
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Structure Parameters






	
Number of groups m

	
Top angle α (o)

	
Side length B (mm)

	
Thickness K (mm)

	
Width S (mm)




	
4

8

	
90

135

	
60

	
3

	
5




	
Printing Parameters




	
Printing platform temperature (°C)

	
Printing speed (mm/s)

	
Layer height (mm)

	
Infill amount

	
Extrusion width (mm)

	
Printing temperature (°C)




	
110

	
60

	
0.2

	
15%

	
0.4

	
235
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Table 4. Manufacturing parameters for the SFR.
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Structure Parameters






	
Height H (mm)

	
Width C (mm)

	
Separation layer width L1 (mm)

	
Separation layer spacing distance L2 (mm)

	
Length L (mm)




	
1.2

	
10

	
45

	
10

	
100




	
Printing parameters




	
Layer height

(mm)

	
Infill amount

	
Extrusion width (mm)

	
Nozzle diameter (mm)

	
PLA

	
TPU

	
Platform temperature (°C)




	
Speed

(mm/s)

	
Temperature (°C)

	
Speed

(mm/s)

	
Temperature (°C)




	
0.2

	
100%

	
0.4

	
0.4

	
150

	
235

	
30

	
200

	
30
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