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ABSTRACT Traditional origami structures fold along pre-defined hinges, and the neighboring facets of the hinges are folded to transform planar surfaces into three-dimensional (3D) shapes. In this study, we present a new self-folding design and fabrication approach that has no folding hinges and can build 3D structures with smooth curved surfaces. This four-dimensional (4D) printing method uses a thermal-response control mechanism, where a thermo shrink film is used as the active material and a photocurable material is used as the constraint material on the film. When the structure is heated, the two sides of the film will shrink differently due to the distribution of the constraint material on the film. Consequently, the structure will deform over time to a 3D surface that has no folding hinges. By properly designing the coated constraint patterns, the film can be self-folded into different shapes. The relationship between the constraint patterns and their correspondingly self-folded surfaces has been studied in the paper. Our 4D printing method presents a simple approach to quickly fabricate a 3D shell structure with smooth curved surfaces by fabricating a structure with accordingly designed material distribution. KEYWORDS: Self-folding; 4D printing; curved surface; smooth folding. 1 Introduction Self-folding structures have received increased attention in recent years, especially with the demonstration of the four-dimensional (4D) printing concept [1-5]. 4D printing refers to using threedimensional (3D) printing technology to fabricate structures with heterogeneous materials; upon triggering by external stimuli, the structures can evolve over time (the fourth dimension) to form desired 3D shapes. Self-folding structures have great potential in applications such as micro biomedical devices [6-8], drug delivery systems [9-11], micro reconfigurable robotic systems [12-15], and folded circuit
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designs [16-18]. To achieve automatic folding behaviors, different folding mechanisms have been developed, including shape memory polymers (SMPs) [19-21], bilayer structures [22-24], and active hinge-based structures [25-26]. These mechanisms use different materials and designs. Hence the complexity in fabricating them varies significantly; some of them may take a lot of time and effort in preparing and assembling the materials, e.g. the structures with embedded shape memory wires. Pre-strained polystyrene film has been investigated in self-folding applications due to the easiness of material preparation and low cost. One of the earliest work used black ink and infrared light to achieve self-folding by localizing the absorption of heat on the hinges [27-29]. The film has also been used as an active material in a sandwiched structure by coating or gluing another type of material on it. By carefully designing the parameters on the hinges, well-controlled self-folding could be achieved [30-32]. These self-folding structures are based on origami design, where the shape is composed of flat facets, and the structure folding happens at the hinge portions. However, a lot of product designs, as well as the objects in nature, have shapes with smooth curved surfaces. There is a great need for fabricating curved surfaces, especially for wearable devices whose shapes are required to conform to the surface of a human body. This paper presents a method to self-fold thin shell structures with smooth curved surfaces using constrained thermal deformation. Since no hinges are used, we name such a self-folding method as "curved folding". The principle of the method is illustrated in Fig. 1. A bilayer structure design is used in the thermal-response control mechanism, where a photocurable resin material (thickness ~0.1mm) is coated on the pre-strained polystyrene film (thickness ~0.3mm) using the mask-image-projection-based stereolithgraphy (MIP-SL) process, where a mask image is projected onto a thin layer of liquid resin to selectively solidify it. With no constraints, the polystyrene film shrinks almost uniformly in the XY plane under homogeneous heating environment. However, when the resin material is coated on one side of the film, it provides extra physical constraint to the film. Consequently, when the bilayer structure is heated, the resin material has a small shrinking ratio, while the polystyrene film has a large shrinking ratio. Different shrinking ratios in the two sides of the film generate a curved deformation; consequently, the film would be curved up towards the side that has no constraint material. A bi-directional folding can also be achieved by selectively coating the constraint material on both sides of the film. And, most importantly, different constraint patterns will lead to varying folding behaviors, and accordingly, resulting in different 3D shapes.
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Figu ure 1. An illusstration of thee principle off self-folding sstructures witth smooth currved surfaces. An A example of o a flower model m using th he aforementtioned curvedd folding prinnciple is show wn in Fig.2. Th he major challlenge is how w to design two-dimensioonal (2D) coonstraint patteerns such thaat the printed fillm can have the desired self-folding s behavior b in orrder to fabriccate a given ccurved surfacce. To address th he problem, we w have deveeloped a design method bby mapping a given 3D suurface into a set of surface patches, and then t generatiing 2D consttraint pattern s based on tthree basic fo folding featurres. A p to identify i propeer constraint ppatterns that ccan enable the film number of experimentss have been performed b thaat can be defin ned by param meters such as the folding aaxis, curvaturee, and to achievee the folding behaviors orientation. A simulattion tool hass been develloped to pre dict the defoormed 3D shhape based oon an establisheed analytic model. m The siimulation ressults have beeen validatedd by compariing them witth the physical testing t resultss that are cap ptured by a 3D D scanner. Thhe rest of thee paper is orgganized as folllows. Section 2 introduces a mapping metthod based on n three basic ffolding types and related ffolding param meters. he effect of different d consstraint patternns and how tto use them tto achieve sm mooth Section 3 discusses th urfaces. A dev veloped simu ulation method d is also introoduced in thee section. Aftterwards, Secttion 4 curved su describes the self-foldiing design an nd fabrication n method withh the experim mental resultss of two test cases. onclusions arre drawn with h future work in Section 5. Finally, co
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Figure 2.. A test case of a self-fold ding flower. (a) A flower m model coatedd with resin inn double-sidees and the self-fo olded object after a heating; (b) the simulaation results bbased on a deesigned constrraint pattern. 2 Mapp ping 3D Thin n Shell Stru uctures 2.1 Proc cess Overvie ew



The goal of our study is to develop p a self-foldin ng method thaat can fabricaate 3D thin shhell structuress with smooth cu urved surfacees. We focus on 3D surfacces that are ssmooth (i.e., C1-continuityy over the suurface) without sharp featuress or high currvatures; otheerwise, a hinnge-based self-folding method (e.g. thhe one described in our prev vious work [3 3, 32]) can be b incorporatted. Figure 3 shows the main steps oof the d design and fabrication f method. m For a given g 3D thinn shell structuure, the first step is to unfoold the developed CAD mod del into a 2D D structure wiith designed constraint c pat atterns throughh feature mappping. The seecond step is to fabricate the 2D foldable structure s baseed on the desiigned constraaint patterns. T The third stepp is to f 2D D structure intto a 3D struccture by raisiing its tempeerature over tthe glass trannsition fold the fabricated temperatu ure of the film m. Afterward ds, an optionaal step of posst-processing can be used, such as coloring, polishing,, or assemblin ng multiple 3D D structures to t form more complex struuctures.
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Figure F 3. Maain steps of thhe process 2.2 Fold ding Types an nd Paramete ers



A given 3D curved su urface can be divided intto a set of ssurface patches based on the idea of shape parameterrization and shape s matchin ng [33, 34] (rrefer to Fig. 44a); each of thhe surface pattches is referrred as a folding unit in our sttudy. When the t surface paatch is small,, it can be claassified into tthree basic foolding olding, (2) on ne-axis, and (3) dual-axis (refer to Figg. 4b). A maapping types inclluding: (1) fllat, i.e., no fo method iss developed for f a given curved c surface based on tthis classificaation. In addiition, three foolding parameterrs to define th he behavior of o a folding un nit are foldinng orientation (flat, upwardds, or downw wards), folding ax xis (i.e. the ax xis along whiich the surfacce patch foldss), and foldinng curvature ((i.e. how mucch the flat surfacce patch curvees up). They are a shown in Fig.4(c)-4(e) , respectivelyy.



Figure 4. Folding unit and the four ffolding param meters. In n our study, folding fo curvatture (denoted as φ) is definned as the ratiio between thhe depth d (i.ee., the height of the flat surfaace patch curv ves up) over the width w of the foldinng unit. The ccurvature for a flat folding un nit is defined as zero. For the type of one-axis o foldiing, the curvaature is the deepth-to-widthh ratio of the folded surface patch p along the t direction that is perpenndicular to thhe folding axxis. For the tyype of dual axis folding, two curvatures (φ1 and φ2) can n be defined aalong the two folding direcctions respecttively. Co orresponding Author: A Yong C Chen
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In this study, we assume the dual-axis folding along the two folding axes is symmetrical. Hence the folding curvature of the surface patch is simplified as the average of φ1 and φ2. Accordingly, a set of codes can be defined to label each surface patch based on the aforementioned folding properties. Table 1 shows the codes that are used in the paper to label a surface patch. A square represents the folding unit, and a solid line in the square represents the folding axis. The curvature φ is recorded inside the square, and an arrow is used to indicate whether the folding unit folds upwards or downwards. A horizontal double-sided arrow indicates the flat ones. Table 1. Illustration of folding codes for labeling folding units. Flat



One axis



Dual axis



Folding type and axis Folding curvature



φ



0



or



or



Folding orientation



Examples



φ



φ



φ



The steps of mapping a 3D structure and generating codes based on the aforementioned classification are shown in Fig. 5. To map a 3D curved surface, the first step is to divide the given surface into a mesh grid based on the idea of mesh parameterization. The patch size can be set by users. Generally, the smaller the size is, the more accurate the mapping would be; however, the required fabrication resolution of the designed constraint pattern will also be higher. The mesh grid defines a set of small surface patches that will be deformed into the 3D curved surface. Based on the defined codes, each surface patch is labeled by its folding type, folding orientation, folding axis, and folding curvature. Fig. 5c and Fig. 5d show the labels of the mesh grids using the codes in Table 1. The constructed surface patches and the accordingly defined folding codes on the patches are the key elements of our self-folding structure design method. We will discuss how to design 2D constraint patterns for each surface patch in Sections 3.
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Figure 5. An illustratio on of mapping a curved suurface into a sset of folding units. 3 Folding Control Using Cons straint Patte erns After a seet of coded surface s patch hes have been n generated, tthe design annd fabricationn of the consstraint patterns for fo them are discussed d in th his section. The T main challlenge to be cconsidered is hhow to conveert the folding co ode of a surfaace patch to a constraint pattern p such tthat the accorrdingly fabriccated 2D struucture, when heaated, will be self-folded ass designed. As mentioneed in Section 1, our methood is based oon the thermal-reesponsive con ntrol mechaniism using a bilayer structuure design. Thhat is, a pre-sttrained polysttyrene film serves as the acctive materiall, and cured resin is useed as the paassive material that selecctively ge of the poly ystyrene film. Both the acctive and passsive materialls contribute to the constrainss the shrinkag structural deformation. As shown in n our previou us work [3], hheating will cause the film m to shrink, w which t the deform mation of the 2D 2 structure in certain wayys. In this section, our studdy on the shrinnkage will lead to of a poly ystyrene film m is first preesented, follo owed by a ddiscussion onn a corresponndingly deveeloped simulation n method. Fin nally, the main factors thatt contribute too the self-foldding behaviorss are discusseed. 3.1 Shrinkage Study y of Polystyre ene Film



A polysty yrene film is produced by y stretching a thick film uunder heat intto a certain tthickness andd then cooling down d rapidly to maintain its stretched d shape. Connsequently, thhe film storess a large pottential energy (in n the form off residual streess) due to th he use of streetching to achhieve its finaal shape. Wheen the temperatu ure is raised above a its glass transition temperature, the film will release the stored energgy and shrink to the most stab ble configurattion. If the prre-stressed poolystyrene film m is uniformlly stretched, iit will shrink uniformly on th he film plane under heat. However, H thee stored potenntial energy oof polystyrenee film Co orresponding Author: A Yong C Chen
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may not be uniform due to non-uniform processing conditions. Hence the two sides of the film may shrink differently.



Figure 6. Shrinking behavior of the polystyrene film. The polystyrene film used in our study is the inkjet shrink film (clear) purchased from Grafix (Maple Hts, OH). Tests were first performed to calibrate its shrinkage ratio by measuring the length of both sides of the film when it is heated to different temperatures. Fig. 6 shows the measured lengths of both sides of the polystyrene film, which has an original length of 20mm. When the temperature is raised up above 98oC, the film starts to shrink, and one side of the film (denoted as Side A, red curve) shrinks slightly more than the other side (denoted as Side B, blue curve). The difference leads to slight bending of the film at the temperature of 106oC (refer to Fig. 6b). When the temperature keeps increasing, the shrinkage of Side B catches up with that of Side A; hence the difference becomes smaller. Eventually, the potential energy is totally released when the temperature reaches around 120oC, and both sides shrink similarly to get a flat film in a smaller size (~9mm). For the temperature setting between 98oC and 120oC, each temperature has the corresponding shrinking ratio. The reason is that the polymer chains of the material is not uniform; hence the phase transition is gradually introduced with the increased temperature until the film is totally changed at 120oC. If the temperature keeps on increasing to over 120oC, the film Corresponding Author: Yong Chen
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would become soft or even be melted. Six samples were tested and the same phenomenon is found for all the tested samples with small variation (


Constraint patterns are designed to cause the polystyrene film to shrink differently on both sides. The shape of the coated constraint material will determine how the fabricated 2D structure will self-fold when heated. The moment of inertia is one of the main parameters to evaluate how a 2D surface patch will bend. As shown in Fig. 7, for a surface patch with thickness h , width b and length a , the moment of inertia



bh3 ah3 I around the X and Y axes is I x = and I y = , respectively. 12 12



Figure 7. Folding axis analysis.



As the thickness of the constraint layer ( h ) is fixed, the 2D structure tends to bend around the axis that has a smaller I value. For example, if b << a , the surface patch will bend around the X axis. In other words, assuming the film portions that are coated with constraint material are protected from heating and constrained by the coated material, the two sides of the film will shrink differently. Hence the distribution of the coated material will lead to the bending of the film around the axis that is orthogonal to the distribution of the constraint material. A simulation method based on the analyzed deformation principle is developed to predict the deformed 3D shape for a 2D structure with designed constraint patterns. Similar to the finite element method (FEM), we subdivide a design domain into a set of small elements, e.g., small cells as shown in Corresponding Author: Yong Chen
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Fig.8(c). When W the eleements are suffficiently smaall, the contraaction and deeformation caan be approxim mated linearly. In I the simulattion, we assum me the side off a shrinking film without coated materrial will shrinnk to a new lengtth R ⋅ L that is i linearly com mputed from the original llength L as illlustrated in F Fig. 8(a) withh a 2D view.



n principle useed in simulationn and the deveeloped simulatiion. Figure 8. Deformation



Given G the shriinkage ratio R, which can n be obtainedd through thee calibration tests as show wn in Fig.6(a), the t target shaape of each element e can be b computed bbased on the configuratioon of the consstraint patterns. For F example,, when both sides s of the element e are cconstrained, tthis element will stay the same shape with h no deformaation througho out the self-fo olding processs. However, w ment is when one sidde of the elem empty and d another sid de is constrain ned, it is defo ormed like thhe one shownn in Fig. 8(a). The target sshapes can be com mputed indiv vidually for eaach element; however, h wheen the target sshapes of the neighbor elem ments are puttin ng together, conflicts will arise that neeed to be resollved by connnecting the elements togethher to approach a target shap pe with the sm mallest conflicct. Therefore,, the simulation is developped by projeccting a set of verttices onto thee target shapee by minimiziing the sum oof the squaredd distances off the vertices to the correspon nding constraiint set. This minimum m is co omputed throough shape m matching, i.e. bby finding thee least squares fiit of the consttraint shape onto o the set off vertices. Leet V be a vecttor that stackss all the verticces of the elements (V1,…, Vn) and Vi ⊆V be the verticees of the i-th eelement. A neew function iss developed ffor the simulation n:
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(1) with  being a matrix with all element equal to 1, and Vi’ is the projected



where



vertices computed by the target shape. Equation (1) can be rewritten to a linear equation system that can be solved by a least square solution: (2) where A is a 8m×n matrix combines all the mean-centered vertices and p integrates all projections, and the solution of Equation (2) will be the vertex positions of the simulation mesh such as the ones shown in Fig.8(c). In other word, it is trying to maintain the rigidity of the transformation between the target and the current shape of the elements as shown in Fig. 8(b). The computation scheme used in our simulation method is adopted from the ones that have been used in other engineering applications (e.g. [35, 36]). Based on the developed simulation tool, an input 2D structure in Fig.8(c) will lead to a 3D shape with the minimum E as shown in Fig. 8(d). Hence, we can predict the behavior of a designed constraint pattern. We will discuss the constraint pattern design that can be used to achieve the four folding parameters of a folding unit in the following two sections. 3.3 Folding Type and Axis Control Using Constraint Patterns



Since the folding type and the axis direction are highly related, we will discuss them together. As shown in Fig.7, a simple 2D bar ( b << a ) can be used as the constraint pattern if a folding axis is defined. The direction of the constraint bar (i.e. the direction of the longest edge) should be perpendicular to the folding axis. Similarly, a 2D cross shape can be used as the constraint pattern for a dual-axis folding. Fig.9 shows the designed constraint patterns with related experimental results for both one-axis and dualaxis folding. Five constraint patterns were tested, and the feasibility of using them to achieve the three basic folding types has been demonstrated. In the designs as shown in Fig.9, the grey portion is the polystyrene film, and the yellow portion is the designed constraint patterns, which are printed using the MIP-SL process [32]. The black lines on the film were drawn in order to position the film during the fabrication process. As shown in the test results, the folded shapes of both one-axis and dual-axis cases are close to the desired shapes. Simulation results were also computed for the tests. The steps of the comparison analysis are shown in Fig. 10. The folded samples are scanned using a SLS-2 3D Scanner (David Vision Systems GmbH, Germany) with a resolution of 0.06mm. The scan data is then compared with the simulated data. Since a simulated model is based on a 3D object with certain thickness while the related 3D scanned data is a mesh surface, only the exterior surface of the simulated model is used in the Corresponding Author: Yong Chen
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comparison analysis. Hausdorff distance is used to evaluate the difference of the two meshes in different data points. The publicly available software system - Metro [37] is used to compute the Hausdorff distance between the two meshes. For the test samples with the size of 10mm×10mm, the maximum error is around 0.8mm. It can be noticed that the majority of the comparison color map is in blue color, while the boundaries of the patches have large error, which may be due to the different heating conditions along the boundary.



Figure 9. An illustration of the constraint patterns.
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Figure 10. The comparison analysis of a folded model versus a related simulation model.



Some additional experiments were performed to study the folding performance of the one-axis folding type. In the tests, the single constraint bar is subdivided into two and three parallel bars by keeping the total areas of the constraint patterns the same. Fig.11 shows the designed patterns and the folded results. The blue dashed line in the figure indicates the folding axis. After the folding, we evaluated the performance of folding by evaluating the straightness of the curve along the folding axis, which is defined as the axial curve. Theoretically, if the sample is perfectly folded along the axis, the axial curve is a straight line. However, due to the constraint material, the coated portion will curve up and form a "bump". When the constraint pattern is divided into smaller parts, smaller "bumps" will form and the overall smoothness of the structure will be improved. The results show that the more constraint bars used in a 2D structure, the better overall smoothness the structure can obtain. However, the constraint pattern cannot be unlimitedly divided into smaller ones since the fabrication process has a limited feature resolution. In our study, we used three bars as the 2D constraint pattern for the one-axis folding type.



Figure 11. Folding performance of one axis folding using different distributions of materials. Corresponding Author: Yong Chen



13/24



3.4 Folding Curvature and Orientation Control Using Constraint Patterns



Another important parameter to control the folding of a surface patch is the folding curvature. The factors that may affect the curvature of a surface patch include the shape of the constraint pattern, the property of constraint material, the thickness of the constraint layer, and the temperature used in self-folding. In our study we fix all the factors except the shape of the constraint pattern in order to study the relation between the folding curvature and the pattern shape. The effects of other factors will be explored in our future work. In a folding unit, a constraint pattern for a surface patch can have a wide variety of designs, including its shape, position, and scale. We limited the pattern designs in our study and chose two patterns for the one-axis and dual-axis folding, respectively. As shown in Fig.12, a parallel bar pattern is used for the one-axis folding, and a cross shape pattern is used for the dual-axis folding. Fig.12 also shows the pattern size and position that are considered in our study. The edge length of a unit surface patch is denoted as L . The control parameter in these designs is the width of the constraint bar, that is, l1 in Fig. 12(a) and l2 in Fig. 12(b). We experimentally studied how to set the design parameters to achieve the desired folding curvatures.



Figure 12. Two constraint pattern examples for two base types.



A set of designed tests were performed to calibrate the relationship between l1 , l2 and their corresponding curvatures. The fabricated samples and the folded results are shown in Fig.13 and Fig.14. Similar to Fig. 10, the comparison analysis of the experimented and simulated results were performed. In addition, the values of the depth and width ( d , w) as discussed in Section 2.2 were measured using a caliper. Table 2 shows the measurement results. In the tests, the size of each surface patch is 10mm×10mm. Fig.15 shows the plotted curve based on the data in Table 2. The experimental results illustrate that the constraint patterns for both one-axis and dual-axis folding types can be used to control the folding curvatures of the polystyrene film. Increasing the parameter l1 and l2 will increase the Corresponding Author: Yong Chen
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curvatures of the corresponding surface patch. In addition, for a polystyrene film without any constraint material (i.e. the cases when l1 and l2 equals zero), the curvature is very small compared to the ones with constraint layers. Hence it can be regarded as the flat folding type.



(i)



(ii)



(iii)



(iv)



(v)



Figure 13. Curvature control with the parallel bar pattern.
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(vi)



(i)



(ii)



(iii)



(iv)



(v)



(vi)



Figure 14. Curvature control with the cross shape pattern.



The relationship between the folding curvature and the parameters of the constraint pattern can be used in designing the required constraint patterns for a given 3D shell structure. For example, for a folded 3D structure with a specific curvature value, we can determine the parameters l1 (or l2 ) by the curves in Fig.15. When there is no exact point for a given value, the parameter is approximated by the linear interpolation between two neighboring data points. From the measured data, the curvature varies from 0.044 to 0.313. Using our method, it would be difficult to fabricate sharp features that have large curvatures unless the folding units of the related features are further subdivided into smaller surface patches. However, using small surface patches will require a fabrication process that has an even higher resolution. The MIP-SL process used in our study enables the constraint pattern to have feature size as small as 0.5mm. Finally, the last folding parameter of a folding unit is the folding orientation. The constraint material can be coated on either side of the film. When the constraint pattern is coated on one side of the film, the film will bend towards the other side when heated. Hence, the folding orientation can be easily controlled by coating the resin on the appropriate side of the film.
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Table 2. Results of the folding curvature and bar width from Fig.13 and Fig.14. One Axis Sample



i



ii



iii



iv



v



vi



l1 (bar width)(mm)



0



0.5



1



1.5



2



2.5



depth d (mm)



0.60



1.99



2.07



2.13



2.35



2.60



width w (mm)



9.63



8.81



8.68



8.69



8.84



8.30



curvature φ



0.062



0.226



0.238



0.245



0.266



0.313



Two Axis Sample



i



ii



iii



iv



v



vi



l2 (bar



0



1



2



3



4



5



depth d (mm)



0.61



1.44



1.53



1.76



2.21



2.46



width w (mm)



13.82



13.23



13.31



13.09



13.03



12.84



curvature φ



0.044



0.109



0.115



0.134



0.170



0.192



width)(mm)



Figure 15. Curvature control curves.



4 Constraint Pattern Design and Fabrication As discussed in Section 3, a 2D film with varying constraint pattern designs can have different folding performances, which are defined by the four folding parameters on small surface patches. Our 4D printing approach approximates a smooth surface by a set of surface patches with their curvatures. Accordingly, the design process to generate the constraint patterns based on the coded surface patches is shown in
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Fig.16. The first step is to calculate the curvatures of each surface patch. A number of points are sampled along the boundary and the center of each surface patch to measure its width and depth in different directions. The direction that has the minimum curvature variation along the sampling direction is selected as the folding axis. If the curvature variation in the orthogonal direction is large (i.e., >0.044 in the test), the additional direction will be selected as the second folding axis, and the dual-axis pattern will be used for the surface patch. To achieve the measured curvature of each surface patch, the curves shown in Fig.15 are used to determine the parameters l1 and l2 . Accordingly, the constraint patterns can be designed based on the two patterns developed for the one-axis and dual-axis folding types (refer to Fig.12). Finally, a mask image is generated for coating the constraint material on the polystyrene film, which will be cut into flat 2D shape.



Figure 16. The constraint pattern design process. Corresponding Author: Yong Chen
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Fig.17 shows the fabrication system that was used in our study to print the photocurable resin on the polystyrene film. The fabrication process is based on the MIP-SL process [38-40]. During the fabrication process, a mask image is projected onto the printing chamber. The polystyrene film is positioned on the bottom of the chamber, and a layer of liquid resin is spread on top of the polystyrene film. After that, a transparent cover coated with PDMS film is used to form a thin layer, and the layer thickness is controlled by spacers. When the resin is exposed to the projected image, the photocurable resin gets solidified to form the constraint pattern on the polystyrene film. The resin used in our study is SI500 resin from EnvisionTEC Inc. (Dearborn, MI). The photocuring process will lead to a small temperature increase [41]; however, it will be far lower than the glass transition temperature of the polystyrene film.



Figure 17. A fabrication system based on the MIP-SL process.



Fig.18 shows the fabricated film with the designed pattern using the MIP-SL process. After positioning the fabricated film inside an oven that is pre-heated to 108oC, the structure is self-folded into the 3D shape as shown in Fig. 18. The self-folded curved surface was captured using the SLS-2 3D scanner and compared with the designed CAD model. The color map of the Hausdorff Distance shows that the shapes of the designed and folded models are close to each other. In addition, the folded 3D structure has the desired curve surface that is smooth. The self-folded curved surface has no folding hinges, or stair-stepping effect that is typical in the layer-based AM processes. The fabricated 3D structure can be used as a tool to transfer the shape of the curved surface into other materials such as silicone rubber. In addition, the folding process takes less than 10 seconds, which is much shorter than the fabrication time that is required for building the 3D structure using a 3D printer such as a MIP-SL or fused deposition modeling (FDM) machine. An additional test case based on “USC” letters is shown in Fig.19. The one-axis folding pattern design is used in the test. Compared with the layer-based 3D printing of these 3D structures, our method Corresponding Author: Yong Chen
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does not require the use of additional support structures. The fabrication time is also largely reduced. Based on the experimental results, the feasibility of using the developed design and fabrication method to build 3D thin-shell structures with smooth curved surfaces has been demonstrated.



Figure 18. A test case of a bowl.



Figure 19. A test case of “USC” letters.
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5 Conclusion and Discussion In the paper a new 4D printing approach to fabricate 3D thin shell structures with smooth curved surfaces has been presented. To control the self-folding process based on a thermal-responsive control mechanism, a curved surface is divided into a set of small surface patches as individual folding units. Each folding unit is classified into three basic folding types: the flat patches, the one-axis folding patches, and the dualaxis folding patches. Three additional parameters are then presented, including folding axis, curvature, and orientation. The effects of these four parameters and the accordingly developed control methods have been presented. In addition, a simulation tool has been developed to predict the deformation of a given constraint pattern. The comparison between the simulated and fabricated shapes shows good agreement. Several test cases have been presented to demonstrate the effectiveness of the developed 4D printing method. There are several limitations in the presented design and fabrication method. Firstly, the degree of bending is determined by the shrinkage of the polystyrene film. Due to the limit of the shrinkage ratio, our method cannot be used to fabricate shapes with high curvature. Secondly, the thickness of the constraint layer needs to be well controlled. A proper thickness of the constraint layer based on the selected polystyrene film is between 0.1-0.2mm. A concept of digital material by using pixelized constraint materials on the polystyrene film [38, 39] may enable the method to achieve a larger folding curvature range and a wider layer thickness. That is, by using different composition of rigid and soft materials, the printed constraint patterns may have certain flexibility to enable the polystyrene film to have a larger folding curvature range. Finally, the approach that is used to map the 3D shape into 2D surface is based on an approximation of the divided surface patches. Our future work includes: (1) studying more general constraint 2D patterns and their related control parameters; (2) investigating the use of digital material as the constraint material for self-folding structures; (3) integrating the developed design method with other 4D printing approaches to fabricate more complex structures; and (4) investigating applications that may benefit from the developed process.
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