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Introduction
With the additional dimension of shape evolution against 

time, 3D printing has been extended into 4D printing, and the 
originally proposed concept of 4D printing and the underlying 
technologies to achieve 4D printing have been continuously 
modified [1-3]. One of the techniques currently under 
development is based the shape memory effect [4-6]. The shape 
memory effect refers to an interesting phenomenon that a piece 
of severely pre-deformed material recovers its original shape, 
but only at the presence of a right stimulus. Materials with such 
a capability are known as shape memory material [7-10]. Typical 
stimuli to trigger the shape memory effect include temperature 
(including both heating and cooling), chemical (including water 
and change in pH value) and light, etc [8-12]. 

Since most of polymers, including many conventional and 
newly available engineering polymers, are intrinsically have 
the heat/chemo-responsive shape memory effect [13], 3D 
printed polymeric items are inherently with the function of 
reconfiguration (morphing). In Figure 1, a piece of 3D printed 
(by Maker both) snake can be deformed easily at above its glass 
transition temperature (around 70 °C) into a shape. After cooling 
back to the room temperature (about 22 °C) and releasing the 
applied constraint, the temporary shape is largely maintained. 
Only upon heating to above the glass transition temperature 
again, the free-standing snake recovers its original shape. 
There are two processes involved in this cycle, one is to fix the 
temporary shape and is called programming, and the other is the  

 
recovery process. The material used for this snake is standard 
1.75mm diameter poly (lactic acid) (PLA) filament. Since PLA is 
rather brittle at room temperature, the snake is relatively rigid 
and brittle and we cannot bend it too much at room temperature.

Figure 1: The shape memory effect in a 3D printed snake. 
(Left) As printed snake; (middle) after programming at high 
temperatures; (right) after heating for shape recovery.

Same PLA filament is used to 3D print (Makerbot) a spiral 
spring as presented in Figure 2. The spring is able to be flattened 
after heating in hot water. Full shape recovery is observed when 
it is placed inside the hot water again. As compared with above 
mentioned snake, the flexibility of this spring is very much 
improved due to a kind of “structural design”. Hence, utilizing 
the heat-responsive shape memory effect, the same 3D printed 
spring may be programmed to instantly become an extension 
spring or a compression spring whenever needed, provided it 
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is not over-heated to 95 °C or above. Over-heating of this PLA 
induces further crystallization. Consequently, the material 
becomes rigid at high temperatures as well and therefore it 
becomes difficult to effectively fix the temporary shape.

Figure 2: The shape memory effect in a 3D printed spiral spring.
(Reproduced from [2] with permission).

Above two examples clearly demonstrate the feasibility 
to have the morphing feature in 3D printed polymeric items. 
Despite of the achievement of morphing via the shape memory 
effect, programming is always required to fix the temporary 
shape before each cycle. This may not be convenient in some 
engineering applications. Sequentially controlled morphing 
(origami) is highly in demand in many applications, such as active 
assembly and disassembly, folding/unfolding of structures, 
and deployment and retraction of medical devices [14-19]. 3D 
printed sequential self-folding polymeric structures have been 
reported [5].

To avoid the un-convenience in programming and also high 
requirements in, e.g., design and 3D printing with multiple 
materials, for sequentially controlled morphing, we propose a 
simple way to achieve highly repeatable folding/unfolding using 
only one commercial filament. Essentially, this is an extension of 
the concept of bi-stable structures into multiple stable structures 
[2,20,21]. Since every individual shape is mechanically stable, 
upon loading/unloading, sequentially controlled morphing is 
guaranteed.

Flexible filament for 3D Printing

Figure 3: Result of differential scanning calorimetry in two 
cycles. Grey line: 1st cycle; black line: 2nd cycle. The result of 2nd 
cycle is used for characterization. 

Instead of using normal PLA filament in current 3D printing, 
which is brittle at room temperature, 1.75mm diameter Flexible 
filament from Shenzhen Esun Industrial Co. Ltd, China, was used 
for 3D printing via Makerbot. Differential scanning calorimetry 
test was conducted at a heating/cooling speed of 10 °C/min to 
identify its glass transition temperature as about 70 °C (Figure 
3). The material does not have the crystallization problem (as 
that in normal PLA) even upon heating to 120 °C. 

Figure 4: Stress vs. strain relationship in cyclicuni-axial tension 
at room temperature.

Figure 5: 3D printed bi-stable compliant structure. (a) and (b) 
are two stable positions and these two shapes are switchable 
upon mechanical loading. (a) is the as-printed shape

The stress vs. strain relationship at room temperature (about 
22 °C) of the as-received filament was characterized by cyclic uni-
axial tensile test to 5%, 10% and 15% strains in ascend order at 
a strain rate of10-3/s using an Instron 5569 with a load cell of 
500N. The result is plotted in Figure 4. Herein, the stress and 
strain mentioned in this study are meant for engineering stress 
and engineering strain. The material is not fractured even being 
stretched to 15%, although significant residual strain is observed 
if it is over stretched. Based on the slope in the early unloading 
stage, the Young’s modulus (E) of the material can be determined 
as about 480MPa. A bi-stable structure was designed and 3D 
printed using this filament (Figure 5a). Upon compressing in 
the vertical direction, the as-printed shape switches to the other 
stable shape (Figure 5b). Subsequently, upon stretching in the 
vertical direction, the bi-stable structure switches back to the as-
printed shape (Figure 5a). This reversible switching process can 
be repeated again and again as long as the involved maximum 
strain is well controlled in the design stage. 
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Figure 6: Shape memory effect and long-term stability. Left 
piece is as-printed for reference. The bottom part of the right 
piece was bent at high temperatures (left). It was able to maintain 
the temporary shape for about two months (middle) until it was 
heated for shape recovery (right).

Fundamentally, this type of structure is also known as a 
compliant structure, in which there is no conventional hinge at 
all, so that such a structure is just right for 3D printing. The shape 
memory effect and long-term stability of this material after 3D 
printing were investigated in this study. In Figure 6 (left), two 
identical Chinese words (meaning monkey) are 3D printed using 
this filament. The right piece is heated in boiling water and then 
its bottom part was bent to fix a temporary shape. Subsequently, 
there are left in air at room temperature for about two months. 
Unlike many currently used 3D printing materials, in particular 
those using UV light for curing, relaxation/creeping is virtually 
un-detectable in this material Figure 6 (middle). However, upon 
heating in hot water again, the programmed word returns back 
to its original shape Figure 6 (right). Thus, its excellent shape 
memory effect and long-term stability are confirmed.

Design for Sequentially Reversible Multiple Stable 
Structures

Figure 7: FEM model (a) and dimensions (in mm) of the top half 
of the model (b).

A commercial software, namely ABAQUS, is used for 
simulation via the finite element method (FEM) of the model 
with the potential for multiple stable shapes as shown in Figure 
7a. The structure with a thickness of 10mmis supposed to be 
stretched (extension) and then compressed (compression) in 
the horizontal direction as indicated by two arrows. Essentially, 
there are three individual units from left to right in this structure. 
Each of them consists of an easy to buckle arch structure formed 
by two straight elements. The weakened end areas in each 
element serve as hinges. Due to symmetry, only half of the model 
as presented in Figure 7b (with major dimensions indicated) is 
used in current analysis. 

Figure 8(a)

Figure 8: Boundary conditions (a) and mesh(b) for FEM.

It is obvious that with different geometrical dimensions, 
each unit may have a different buckling load, and thus to 
achieve sequentially controlled morphing in this multiple stable 
structure upon folding/unfolding. Figure 8a reveals the applied 
boundary conditions (in 3D) in the conducted simulation. The 
displacement at Ux=50 (as indicated) is controlled to simulate 
the process of extension/compression. Figure 8b shows the 2D 
mesh for FEM analysis. 8-noded hexahedral (brick) elements 
with reduced integration (C3D8R) are used to avoid the shear 
locking effect [22].

Figure 9: Snapshot of morphing upon extension at three instants 
right before buckling (from top to bottom).
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Figure 10: Distributions of von Mises stress (in MPa) (1) and 
maximum principal strain (2) at three instants right before 
buckling (from top to bottom) at around the hinge areas.

Since the actual filling ratio in later on 3D printing of the 
prototype is selected to be 70%, the Young’s modulus E used in 
current simulation is selected to be 350MPa and 0.35 is used for 
the Poisson ratio of this polymer for simplicity. The evolution 
in morphing of the model in cyclic extension/compression is 
captured by the FEM simulation. Figure 9 presents the shapes 
right before three sequential buckling events upon extension. 
Sequential buckling from the left unit toward the right unit 
is observed. The distributions of von Mises stress and the 
maximum principal strain around the hinges corresponding to 
the instants revealed in Figure 9 are plotted in Figure 10. The 
propagation of high stress and high strain from the pair of hinges 
in the left unit toward the pair of hinges in the right unit confirms 
the underlying mechanism behind sequential buckling from the 
left unit toward the right unit.

Figure11: Force vs. displacement curve in one full loading/
unloading cycle.

Figure 11 reveals the force vs. displacement relationship 
in one full loading/unloading cycle. It is confirmed that upon 
extension, buckling starts from the left unit and propagates 
toward the right unit, while upon compression, buckling 
(opposite direction) follows exactly the same sequence as that 
in extension due to the difference in buckling load in each unit. 
A close-look reveals that the unit with a higher buckling load in 
extension requires a higher compression load for buckling as 
well, although the magnitude of buckling load in compression is 
less than that in extension for the same unit. 

As demonstrated above, the FEM does provide a convenient 
approach to design a multiple stable structure with sequentially 
well controlled morphing function. Therefore, we can design 
different structures, which may be difficult to be fabricated using 
conventional manufacturing techniques, but can be 3D printed 
using a right material, with a prescribed folding/unfolding 
sequence required in a particular application.

3D Printed Structures, Experimental Results and 
Comparison

Using the 1.75mm diameter Flexible filament mentioned 
above, two prototypes with different configurations are 3D 
printed with 70% filling ratio using Makerbot. Subsequently, 
the prototypes were tested under cyclic loading/unloading 
(extension/compression) as they are initially designed for 
controlled sequential morphing using an Instron 5569 with a 
load cell of 500N at a speed of 1mm/s. In the experiments, the 
prototypes are placed vertically and fixed by top and bottom two 
clamps for extension/contraction along the vertical direction. 
In addition to record the applied force and corresponding 
displacement, a video camera is used to monitor the shape 
change in real time.

The obtained force vs. displacement curves for Design I, which 
is the model for FEM simulation in Section 3, in four continuous 
cycles are plotted in Figure 12, together with photos (extracted 
from the video clip) right after each buckling event (the exact 
occasion is marked in the force vs. displacement curve, and since 
the corresponding force is zero, the free-standing structure 
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is indeed mechanically stable). As we can see, in general, the 
resulted curves in all four cycles are well overlapped, which 
confirms high repeatability of the prototype upon mechanical 

cycling. Within a couple of limited areas, the curve of the 1st 
cycle is slightly away from the rest, which should be the result 
of additional initial boundary condition caused by the clampers.

Figure 12: Force vs. displacement relationship of Design I in four cycles.

Figure 13: Comparison of the force vs. displacement 
relationships of Design I between experiment and simulation. 
Solid lines: experimental; dashed lines: simulation.

The experimental result of the 4th cycle, which can be 
considered as a typical cycle, is compared with the simulation 
from (Figure 11) in Figure 13. Since buckling is a phenomenon 
of instability, the influence of imperfection (including those 
caused by 3D printing) could be significant. As such, it is very 
hard to precisely repeat the experimental result without a full 
consideration of these imperfections in simulation. Hence, 
according to Figure 13, we may say that our prediction (via FEM 
simulation) is able to catch not only the general trend, but also 
most of the major features observed in the experiments.

Figure14 presents the result of Design II, in which the 
sequence of buckling is initially designed as following: 

I. Upon extension, the middle unit buckles first, then the 
left (bottom) unit buckles and finally buckling occurs in the 
right (top) unit. 

II. Upon compression, the left (bottom) unit buckles first, 
then the right (top) unit buckles and finally buckling occurs 
in the middle unit. 

So that this is different from the sequence of Design I, from 
the left (bottom) unit to the middle unit to the right (top) unit 
in both extension and compression. However, same as in Design 
I, good repeatability is observed, in particular in the last three 
cycles. Since the polymer used in current 3D printing has good 
heating-responsive shape memory effect, we heat the original 
shape of Design I to above its glass transition temperature and 
then extended the middle unit for buckling. After cooling back to 
room temperature, a modified Design I is resulted. Subsequently, 
we compress the middle unit for buckling again, so that the 
current shape of modified Design I looks to be identical to the 
original Design I, i.e., all units are in compacted state. Snapshot 
of one typical cyclic extension/compression test presented in 
Figure 15(a-f) reveals that the buckling sequence of the modified 
Design I is different from that of the original Design I, i.e.,
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Figure 14: Force vs. displacement relationship of Design II in four cycles.

Figure 15: Snapshot of modified Design I in one typical cycle. (a-c): extension; (d-f): compression.

A. Upon extension: the middle unit buckles first, then the 
left (bottom) unit and finally the right (top) unit.

B. Upon compression: the left (bottom) unit buckles first, 
then the middle unit and finally the right (top) unit.

In Figure 16, we compare typical force vs. displacement 
curves of the original Design I and modified Design I. Re-set the 
shape via the shape memory effect indeed changes the buckling 
force of the middle unit, and thus correspondingly, the buckling 
sequence is changed. The original buckling force for the middle 
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unit is about 6N for extension, and 4N for compression. After 
modification, the buckling force for the middle unit is about 4N 
for extension, and 5N for compression.

Conclusion
In this paper, we demonstrate the feasibility to achieve 

sequentially controlled morphing in 3D printed multiple stable 
structures via two approaches, namely structural design and 
modification of the printed structure via the shape memory 
effect. Thus, different morphing or folding/unfolding sequence 
can be realized in the early design stage and/or later on after 
the structure is printed. Although the model investigated 
here is essentially 2D, which can be easily fabricated by many 
conventional manufacturing methods, such as injection molding, 
we believe that the basic concept proposed here can be extended 
to 3D structures, including those structures that are difficult to 
be fabricated by conventional manufacturing techniques. 
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