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Curvature tuning through defect-based 4D printing
Vahid Moosabeiki 1, Ebrahim Yarali1,2, Ava Ghalayaniesfahani1, Sebastien J. P. Callens 1,

Teunis van Manen 1, Angelo Accardo2, Sepideh Ghodrat3, José Bico 4, Mehdi Habibi5,

Mohammad J. Mirzaali 1✉ & Amir A. Zadpoor 1

Emerging 4D printing techniques have enabled the realization of smart materials whose

shape or properties can change with time. Two important phenomena play important roles in

the 4D printing of shape memory polymeric materials. First, the anisotropic deformation of

the printed filaments due to residual stresses can be harnessed to create out-of-plane shape

transformations. Second, the unavoidable formation of micro-defects during the printing

processes often affects the programmability of the printed object. Here, we propose a design

approach that harnesses these two effects occurring during fused deposition modeling to

create tailor-made curved geometries from initially 2D flat disks. We first determined the size

and distribution of the imperfections formed within printed structures by varying two printing

parameters namely the printing speed and the number of printed materials. Spatially varying

the printing speed and combining polylactic acid filaments with a softer material without

shape memory properties allowed us to cover a variety of shapes from negative to positive

values of the mean and Gaussian curvature. We propose an analytical model to calculate the

magnitude of the maximum out-of-plane deformation from the anisotropic expansion factor

of the constituting microstructures. Furthermore, we develop computational models to pre-

dict the complex shape-changing of thermally actuated 4D printed structures given the

distribution of rationally introduced imperfections and we demonstrate the potential appli-

cations of such defect-based metamaterials in drug delivery systems.
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Shape-changing phenomena frequently occur in our every-
day life: a flat leaf curls after falling from a tree due to
drying, or a thin slice of fresh wood undergoes an irrever-

sible shape transformation from a flat state into a dome-like
shape due to a drying process1,2 (Fig. 1a). More often than not,
however, shape-shifting in nature is a reversible dynamic process
and follows differential growth morphogenesis patterns3,4.
Examples are cuttlefish5, squids6, and Bauhinia pods7 whose
complex biological microstructures enable them to adapt their

body shape, stiffness, and behavior to create elaborate shape
changes, once triggered by external stimuli. Mimicking natural
shape-shifting principles8 has led to the emergence of a new class
of engineered materials with tailor-made shape-morphing cap-
abilities that have numerous applications in soft matter (e.g., soft
actuators9 and soft robotics10), programmable materials (e.g.,
mechanical metamaterials11–16 and reconfigurable materials17,18),
and medical devices (e.g., drug delivery vehicles19 and micro-
fluidic systems20).
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Successful spatiotemporal planning of an arbitrary shape-
morphing behavior depends on two main factors. First, one needs
to select the proper type of actuation (e.g., thermal, light, elec-
tromagnetic, swelling, or pH) and stimuli-responsive material
(e.g., shape memory polymers21,22, magneto-rheological
elastomers23,24, liquid crystal polymers25, or hydrogels26,27).
Second, the microscale geometry of the involved materials should
be rationally designed to achieve local deformations that collec-
tively give rise to the desired global shape-shifting
behavior21,28,29. Several approaches based on origami30,31 and
kirigami32–34 as well as a number of theoretical models35,36) have
been proposed in the past for the rational and predictable design
of such shape-shifting behaviors.

The emergence of additive manufacturing in general and
multi-material 3D printing, in particular, has provided unpar-
alleled opportunities to fabricate 4D printed structures with
complex shape morphing capabilities. Among different 3D
printing technologies, fused deposition modeling (FDM) is one of
the most widely available technologies that has been used for the
fabrication of 4D printed structures37,38. Tuning the printing
parameters, such as the bed temperature, nozzle temperature,
printing speed, and printing patterns, is shown to be an easy yet
effective way to control the final shape of the 4D printed struc-
tures. From a microstructural viewpoint, these different para-
meters have two impacts: influencing the residual stresses stored
in the polymeric material and affecting the level of fusion and
bonding between individual filament strands or between the
consecutive layers making up the printed structure. Residual
stress, which is in general undesired, is related to the elongation of
polymeric molecules along the printing direction during their
extrusion through the printer nozzle and is a result of the quick
solidification of the filament in its elongated state. If the printed
material is brought to a temperature close to its glass transition
temperature (Tg), polymeric molecules tend to relax by creep,
leading to an in-plane contraction of the material in the direction
of the filament. Because of this anisotropic deformation, initially
flat structures can adopt a 3D doubly curved shape21,28,39,40. In
mathematical terms, metric distortions induce a change of the
Gaussian curvature. However, if this relaxation is not uniform
across the thickness, the structure also tends to bend due to the
classical Timoshenko bilayer effect41. In addition to residual
stresses, printing parameters dictate the quality of the bonding
between adjacent filament strands. Poor bonding between fila-
ments or layers may create undesired local imperfections that
modify the local mechanical properties and, thus, the direction of
(local) deformations. These imperfections can, consequently,
cause arbitrary shape transformations under external stimuli.
However, little is known about the exact formation mechanisms
of such local micro-scale imperfections and how their morpho-
logical features (e.g., size and distribution) can be linked to the
printing parameters. Moreover, such printing imperfections have
been primarily seen as undesired, leading to their potential as a
design tool for shape transformation remaining unexploited. It is,

therefore, unclear how such imperfections in addition to residual
stresses can be harvested as a design tool to create complex yet
fully predictable and controllable shape transformations. Here, we
turn the tables around by proposing to see imperfections and
residual stresses distribution not as a threat to the success of 4D
printing but rather as a design tool.

To put this in the context of the available literature, several
studies have established that different types of curvatures can be
achieved by modifying the geometrical design of the 4D printed
object (e.g., layer thickness), through the use of multi-layer
materials, as well as by introducing specific rationally designed
printing patterns42–44. Local curvature tuning can also be
accomplished by using multiple types of materials and by
incorporating multiple stimuli43,45. However, the currently
existing techniques impose serious limitations regarding the
specimen design, specimen dimensions, and printing patterns. As
main contributions of the current study, we propose an approach
based on the synergistic effect of micro-scale imperfections and
stress relaxation for introducing programmed shape transfor-
mations into the fabrication of 4D printed materials. The rational
introduction of micro-scale imperfections has the advantage that
it does not impose too many constraints regarding the geometry,
material/layer composition, and printing patterns of 4D printed
objects. This further expands the space of achievable shape
transformations and makes the approach applicable to a wider
range of materials, microarchitectural designs, and overall geo-
metries. We will demonstrate the utility of the proposed approach
both in its own right and in combination with some of the already
existing approaches. Toward that ambition, we elucidate the role
of undesired microstructural imperfections occurring during the
FDM printing process and propose a design strategy to exploit
them, in combination with multi-material printing, to fully
control and tailor the shape transformation of 4D printed parts.
We will specifically focus on curved surfaces and will apply the
developed methodology to transform flat plates into curved 3D
surfaces with a wide range of positive and negative values of the
mean and Gaussian curvatures.

Results and discussion
The role of residual stresses and micro-defects positioning.
Polymeric filaments (in our case, polylactic acid (PLA)) generally
exhibit residual stresses after the printing process. When the
material is heated up to a temperature close to its glass transition
temperature (typically 74 °C for PLA), residual stresses tend to
relax, leading to longitudinal contraction and transverse expan-
sion. The rest length and thickness of a filament with an initial
length of l and an initial thickness of t are then given by: l0 ¼ β1l
and t0 ¼ β2t, where β1 and β2 are the longitudinal and transverse
expansion factors, respectively (Fig. 1b). Both factors are expected
to depend on the specific polymer properties and on the printing
process, namely the printing speed (the higher the velocity, the
higher the residual stress). Nevertheless, the proposed relaxation
mechanism imposes β1 < 1 and β2 > 1 at the scale of an individual

Fig. 1 Shape-shifting phenomena in nature and 4D printed disks. Shape-shifting frequently occurs in nature because of drying processes and material
shrinkage. A freshly cut slice of wood, with its orthotropic mechanical properties62, transforms from a flat state into a dome-like shape upon drying1,2 (a).
Similar out-of-plane shape transformations take place when a 4D printed disk made of shape memory polymers is exposed to high temperatures (b). Based
on the empirical Eq. (2), the out-of-plane deformation of the disk and the resulting cone angle depend on the equivalent lateral and longitudinal expansion
factors (β1 and β2) (c). By changing the printing speed, one can adjust the equivalent longitudinal and transverse expansion factors and, thus, the
deformation angle (θ) (d). The angles calculated from the empirical Eq. (2) for different printing speeds were compared to experimental and numerical
results (d). We 4D printed disks with various printing speeds, including a constant printing speed (e), a step-wise printing speed in which the inner part of
the disk was printed at a speed of 20mm s−1 while the outer part was printed at 80mm s−1 (f), a gradually increasing the printing speed from 20mm s−1

at the center to 80 at the peripheral edge of the disk (g), and a step-wise printing speed in which the inner part of the disk was printed with a speed of
80mm s−1 while the outer was printed at 20mm s−1 (h). The surfaces shown in (e–h) are the first deposited layers (F.D.L).
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filament. Note that this effect differs from thermal expansion as
the structures are eventually cooled down to their initial room
temperature. Nevertheless, these transformations may be
numerically treated as standard thermal expansion with aniso-
tropic heat expansion coefficients.

Let us consider a flat disk 3D printed as a succession of
concentric rings (in practice the printing path follows a single
concentric ring). When heated up (4T ¼ cte), the disk will
undergo anisotropic strains leading to out-of-plane deformations.
In such an axisymmetric configuration, the expansion factors β1
and β2 may depend on the radial coordinate r in the reference flat
disk. In the absence of any geometrical incompatibility and if the
bending stiffness can be neglected, an initially flat annulus of
inner radius r and width dr in the flat transforms into a tilted
annulus of inner radius ρ ¼ β1ðrÞr, an outer radius of ρþ dρ ¼
β1ðr þ drÞ:ðr þ drÞ ¼ β1ðrÞr þ ðβ1ðrÞ þ r ∂β1

∂r Þdr and a width of
β2ðrÞdr (Fig. 1b).

Therefore, the tilt angle of the annulus is given by:

sin θð Þ ¼ β1ðrÞ þ r ∂β1
∂r

β2ðrÞ
ð1Þ

If the expansion factors are uniform, the expected shape is a
cone with a characteristic angle:

sin θð Þ ¼ β1
β2

ð2Þ

To probe this relation, several disks of thicknesses h= 2 mm
were printed from PLA with different speeds ranging between
20 mm s−1 and 80 mm s−1 (the printing speed was uniform for
each specimen). Once the heat stimulus is applied, the disks
deform into cones with the most acute one corresponding to the
highest printing speed, in qualitative agreement with Eq. (2)
(Fig. 1 c-d). We measured the longitudinal expansion coefficients
of the specimens printed at different printing speeds (Fig. 1c).
Our experimental results confirmed that increasing the printing
speed decreased the magnitude of the longitudinal expansion
factor of the specimens (Fig. 1c). This can be explained by the fact
that increasing the printing speed results in elongated filaments
with smaller diameters. Interestingly, the effective values
measured for β2 are not larger than 1 as expected at the scale
of a filament. We interpret this observation by the presence of
void defects between the deposited filaments as described later.
We also found an excellent agreement between the experimen-
tally determined cone angles and the cone angles predicted
analytically using Eq. (2) (Fig. 1d, e).

These results show that the printing speed can be considered as
a design parameter to control the overall deformation of the
printed disks. To obtain more complex shapes, we decomposed
the disks into two regions (i.e., inner disk and outer annulus)
(Fig. 1f), which were printed with the constant printing speeds of
20 and 80 mm s−1, respectively (Fig. 1f). We fixed the radius of
the inner (Rin) and outer (R) disks at four levels: Rin=R ¼ 90%,
80%, 70%, and 60%. In theory, abruptly changing the printing
speed should induce a geometrical discontinuity in the local
radius of the structure. Such discontinuities are, however,
smoothed out by the material and the observed slope is close to
the one predicted by Eq. (2).

To achieve a smoother deformation curve, we gradually
increased the printing speed from the center to the periphery of
the specimens using stepwise and linear functions (Fig. 1g). The
stepwise functions were defined such that either three equal
regions were printed at 20, 50, and 80 mm s−1 or four equal
regions were printed at 20, 40, 60, and 80 mm s−1. When the

printing speed was linearly increased, we obtained the smoothest
shape-transformed curvature (Fig. 1g).

Furthermore, we 3D printed and tested square plates that were
respectively printed at two distinct printing speeds: the minimum
(i.e., 20 mm s−1) and the maximum (i.e., 80 mm s−1). The plate
printed at the lower printing speed exhibited longitudinal
shrinkage along the printing direction and transverse expansion
(Supplementary Fig. S1a). Importantly, in this case, no out-of-
plane deformation was observed in the overall deformation.
Indeed, since the direction of contraction remains parallel and the
contraction rate is uniform, Gaussian curvature is not expected to
occur25. In contrast, the plate printed at the higher printing speed
exhibited an unexpected out-of-plane deformation, appearing as a
bending feature (Supplementary Fig. S1a). This observation
highlighted that plates printed at a higher speed experience not
only an in-plane stress but also a stress gradient through the plate
thickness. The interplay between these two stress components
contributes to different behavior when subjected to elevated
temperatures. As a matter of fact, the layers printed at the vicinity
of printer build-plate apparently accumulates less residual stress
than the upper layers. As a consequence, standard bilayer effect
tends to induce a concavity on the opposite side of the build-plate
to the different structures that were printed with a uniform speed
across the thickness41. Although this bending effect is not
significant in the thicker specimens (beyond selecting the side
where the concavity appears), bending is observed for thinner
specimens (Supplementary Fig. S2).

To further confirm the role of the printing speed on the final
shape of the disks, we inverted the printing speed of the inner and
outer disks (i.e., the inner disk was printed at a speed of
80 mm s−1 while the outer section was printed at 20 mm s−1)
(Fig. 1h). The deformation angles were nearly constant for the
disks with the equal inner to outer ratios (i.e., Rin=R ¼ 60% and
70%) and were close to those calculated using Eq. 2 (Fig. 1h).
However, for Rin=R ¼ 90%, the inner disk dominated the final
deformation, resulting in a more complex shape. For this ratio,
the proposed analytical equation is not anymore valid.

To put this relationship into a broader perspective, we printed
PLA disks with various thicknesses. For very thin disks (i.e.,
h < 2 mm), the contribution of cross-sectional stresses caused the
specimens to fold or roll when triggered by external thermal
energy (Fig. 2a, and Supplementary Fig. S2). The overall bending
deformation of the plates was optimum for a thickness of
h= 2 mm, which is considered as the reference plate thickness
throughout this study. For the specimens with larger thicknesses
(i.e., h= 4 mm), the increase in the bending stiffness of the plates
prevented them from fully bending (Fig. 2a, and Supplementary
Fig. S2). The expansion factors (β1; β2) of the disks were not
constant among disks with different thicknesses, although these
variations decreased with the out-of-plane thickness of the
specimens (Fig. 2b). These results were surprising, because we
had not changed the printing parameters of the disks with
different thicknesses. This can be attributed to changes in various
factors, such as the change in the bending stiffness and the
distribution of defects during the 3D printing process when
changing the thickness of the disk. Furthermore, we 3D printed
square-shaped specimens at speeds of 20 and 80 mm s−1. The
results showed that β2 � 1 in the transverse direction, indepen-
dent of the printing speed (Supplementary Fig. S1a). To explain
this behavior, we further analyzed the mechanical properties of
the constituent PLA as well as the morphological features of the
4D printed disks.

We calculated the dynamic mechanical properties of the PLA
cuboid bar-like specimens printed at two extreme printing speeds
(i.e., 20 and 80 mm s−1) in the longitudinal direction (Fig. 2c).

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-024-00448-w

4 COMMUNICATIONS MATERIALS |            (2024) 5:10 | https://doi.org/10.1038/s43246-024-00448-w |www.nature.com/commsmat

www.nature.com/commsmat


The storage and loss moduli of the PLA printed using two
different speeds showed a similar trend (Fig. 2c), with the
materials printed at the highest printing speed (i.e., 80 mm s−1)
exhibiting slightly higher storage moduli beyond the glass
transition temperature (Fig. 2c–top). This observation suggests
that changing the printing speed has only limited impact on the
mechanical properties of the material along the longitudinal

direction. The glass transition temperatures of the specimens
printed at the highest printing speed were also slightly higher
(Fig. 2c–bottom).

The microstructural properties of the specimens printed at the
highest printing speed were, however, significantly different
(Fig. 2d–f, Supplementary Movie 1). We used micro-computed
tomography to nondestructively measure the level of porosity (φ)

Fig. 2 Thermo-mechanical behavior and microstructural analysis of PLA and TPU disks. PLA disks of varying thicknesses behave differently when
exposed to an external thermal stimulus (a). Disks with h ¼ 2mm thickness are considered as the reference specimens in this study because in-plane
stresses dominate the shape-shifting behavior in thinner disks (i.e., h < 2mm), causing the disk to fold or roll. When the sheet thicknesses are large enough
(i.e., h ≥ 4mm), the increased bending stiffness prevents the disks from fully bending (a). The experimentally measured expansion factors (β1; β2) were
used in our computational models (b). The results of dynamic mechanical tests (i.e., storage moduli in a logarithmic scale (c–top), and tan δ (c–bottom))
performed on the PLA specimens printed with the maximum (i.e., 80mm s−1) and minimum (i.e., 20 mm s−1) printing speeds and for the TPU specimens
printed with a speed of 25 mm s−1. Constructed μCT images of a PLA disk were used to analyze the formation of micro-voids during the 4D printing
process (d). A μCT image of a disk whose inner and outer parts were printed at 80mm s−1 and 20mm s−1, respectively. A morphological analysis of these
specimens showed virtually no porosity for the PLA disks printed with the lowest speed (i.e., 20mm s−1) and TPU while the level of porosity was
significantly higher for the disks printed at 80mm s−1 (e). The level of porosity also increased in the radial direction for the PLA disks printed at 80mm s−1

(f). See Supplementary Movie 1 for the visualization of the defect distribution in the specimens printed at different speeds. The lines in subfigures e and f
are to guide the eyes of readers.
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in the disks printed at different printing speeds. The PLA disks
printed at the lowest printing speed (i.e., 20 mm s−1) were almost
free of defects (Fig. 2e), showing near-perfect bonding between
their filaments and layers during the printing process. Printing at
the highest printing speed (i.e., 80 mm s−1), on the other hand,
resulted in the formation of micro-defects not only across the
thickness of the disk but also radially (Fig. 2d–f). The initial
printing layers, which were closer to the printing bed, were almost
free of defects, while the amount of porosity linearly increased
until it reached an asymptote φ � 30% for the top printing layers
(Fig. 2e, Supplementary Movie 1). Micro-voids had also formed
in the material in the form of concentric rings. The void fraction
was smallest at the center of the disks and increased along the
disk radius (Fig. 2f, Supplementary Movie 1).

The behavior of the 4D printed specimens is influenced by the
distribution of micro-defects within the specimens. As illustrated
in Fig. 2a, the impact of non-uniform distribution of micro-
defects across the thickness is more pronounced for thinner
specimens (i.e., h < 2 mm) with a lower bending stiffness. These
specimens are more likely to exhibit folding or rolling behaviors.
Additionally, fewer defects and non-uniformities occur in the
initial layers during the printing process (Fig. 2e–f). These
characteristics collectively result in greater radial expansion,
yielding an expansion factor (β2) greater than 1 (Fig. 2b).
However, when the specimen thickness reaches 2 mm, other
factors such as in-plane stresses, bending stiffness, and printing-
induced non-uniformities become more significant. This leads to
reduced transverse expansion and a decrease in the β2 value
(Fig. 2b). The specimens then become less susceptible to bending
while shrinkage in the radial printing direction (β1) becomes
more dominant.

We developed non-linear finite element models to simulate the
shape-shifting behavior of the PLA disks. We defined the thermo-
mechanical properties of its constituting elements based on the
expansion factors measured in the experiments (Figs. 1c and 2b)
and the dynamic mechanical tests (Fig. 2c) performed on pure
PLA. We also implemented the experimentally observed
geometrical imperfections (i.e., the level of porosity and its
distribution) in our computational models (Fig. 2d–f). The
distribution of the imperfections and their sizes (Supplementary
Figure S3) were compatible with what was observed using micro-
computed tomography (Fig. 2d–f). The deformation angles
predicted by our computational models for the disks printed
using different printing speeds were close to the experimentally
measured values (Fig. 1d), confirming the validity of the proposed
numerical approach. This also shows that the final shape of the
4D printed PLA disks depends not only on the proper
distribution of anisotropic thermo-mechanical properties but
also on the specific distribution of geometrical imperfections
within the numerical model (Supplementary Fig. S3). We used
the developed computational model to predict the shape-shifting
behavior of other designs.

To highlight the interplay between the mechanical properties
and microstructural features of the PLA disks, we analyzed the
local curvatures of heat-actuated specimens. The specimens were
divided into two regions with the inner part printed at the lowest
printing speed (i.e., 20 mm s−1) and the outer at the highest speed
(i.e., 80 mm s−1). For such specimens, the overall transformed
shape (i.e., dome-like geometries) remained constant
(Fig. 3a–left), exhibiting an overall negative mean curvature
(i.e., H) and a positive Gaussian curvature (i.e., K) (Fig. 3a–right)
at any point of the deformed disk. The discontinuity of the
printing speed at the interface of two regions created a
discontinuous deformation field at those regions, resulting in a
local increase of the Gaussian curvature (Fig. 3a–left). Moreover,

decreasing the size of the inner region decreased the deformation
of the inner part, meaning that the maximum absolute values of
the mean and Gaussian curvatures increased with the size of the
outer disk (Fig. 3a–right). This can be explained by the presence
of the additional voids distributed at the boundaries of the
specimens as they were printed using the highest speed. The
additional voids are created because the deposited filaments have
less time to coalesce as the printing speed increases. The
deformation is, therefore, more localized due to the existence of
a higher density of initial voids in such structures.

We also inverted the printing speeds of the inner and outer
disks (i.e., the inner disk was printed at 80 mm s−1 and the outer
at 20 mm s−1) (Fig. 3b). We observed that the final shape of the
disk was highly dependent on the size of the inner and outer disks
(Fig. 3b–left). For example, when 90% of the inner disk was
printed with the highest speed, more defects were present in the
inner part of the disk. Given that the outer disk was printed with
the lowest speed and was, thus, defect-free, the structure was
over-constrained and ended up developing a negative Gaussian
curvature (i.e., K < 0 otherwise known as hyperbolic or saddle-
like curvature) (Fig. 3b–right). In addition, we performed an
experiment in which the size of the outer layer was kept constant
while varying the printing speed. Such adjustments modified the
overall shape of the disk (Supplementary Fig. S4). In conclusion,
combining a rational distribution of defects with a proper spatial
distribution of the printing speed enables us to endow the 4D
printed specimens with a non-Euclidean metric, which, upon
activation, causes the sheet to adopt a non-Euclidean shape (i.e., a
sphere-like or a saddle-like shape)46.

The role of bi-material positioning. To further study the effects
of the boundary conditions on the overall shape-shifting behavior
of the specimens, we used multi-material 4D printing with a soft
polymer (i.e., thermoplastic polyurethane or TPU) as the second
material. The elastic modulus of TPU is an order of magnitude
lower than that of PLA. It also does not exhibit the capability of
storing residual stresses and relaxing them in the temperature
range used in this study (i.e., 40 °C <T< 100 °C) (Fig. 2c). We
segmented the disk into two regions (i.e., inner and outer). The
inner region was printed with the highest speed (i.e., 80 mm s−1),
while the outer region was made of TPU (printing speed =
25 mm s−1). TPU does not show any shape transformation when
the specimens are heated. The shape transformation of the PLA
part can, therefore, be tuned by the amount of the soft material
printed around it (Fig. 4a–left). These boundary effects also
contributed to the formation of local curvatures in the 4D-printed
multimaterial disks. When 40% of the disk was printed from
TPU, the local curvatures were close to zero within the TPU part
(i.e., no deformation), while a positive curvature (i.e., dome-like
or spherical) appeared at the disk center (Fig. 4a–right).
Decreasing the size of the TPU to 10% extended the range of
achievable Gaussian and mean curvatures towards more negative
and positive values (Fig. 4a–right). A comparable behavior was
observed across various printing and TPU deposition patterns
(Supplementary Figs. S1 and S5). We further demonstrated that
the specific positioning of TPU did not affect the overall curva-
ture profile (Supplementary Fig. S5c). For example, when the
TPU ring was placed internally (i.e., in the inner ring), the global
saddle-like curvature was achieved (Supplementary Fig. S5c-left).
Placing PLA atop the TPU in the middle ring (Supplementary
Fig. S5c-middle) affected the bending stiffness of the disk,
resulting in diminished overall curvature. Hence, the synergy
between multi-material printing and the strategic placement of
imperfections effectively allows for the modulation of residual
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stresses and bending stiffnesses, thereby facilitating a wide range
of curvature types (Supplementary Fig. S5c).”

We also further delved into the effects of printing patterns
(Supplementary Fig. S1) and initial shape of the 2D plates
(Supplementary Figs. S5a and S5b) on the overall shape of the 4D
printed structures. Toward that end, we printed plates, as
concentrically printed filaments, at a speed of 80 mm s−1. When
exposed to high temperatures, independent from the printing
patterns and the initial shape of the plates, they showed a dome-
like out-of-plane deformation (Supplementary Figs. S1b, S5a, and
S5b). When the multi-material approach was used (i.e., printing
TPU at the boundaries of the plate regardless of the printing
direction), the parts printed from TPU remained unaffected and
created discontinuity at the boundaries of the plate. This led to
similar negative Gaussian curvatures as observed in disks
(Supplementary Figs. S1a-bottom and S1b-bottom).

We also switched the order of the hard and soft polymers,
printing the inner part of the specimens from TPU while their
outer ring was made of PLA. Since the TPU part of the disks

could not spontaneously deform, a completely new type of shape
transformation was observed (Fig. 4b–left). Changing the material
order resulted in more positive values of κ1 and κ2 leading to
more positive mean and Gaussian curvatures (Fig. 4b–right). In
the other words, the magnitudes and signs of the mean and
Gaussian curvatures were entirely shifted (K > 0, H > 0) and the
outer section of the disk deformed opposite to the build direction
(Fig. 4b). These results clearly show the importance of rationally
positioning the hard and soft polymers to tailor the local mean
and Gaussian curvatures developed in the 4D printed objects.

We have so far shown that, in addition to programming the
distribution of residual stress and imperfections density in-plane,
these properties can also be adjusted across the section by
changing the printing speed along the thickness of the disk. In
Fig. 5a, position 1, the bottom layers of the disk were printed at a
low speed (i.e., 20 mm s−1) while the upper layers were printed
with a higher speed (i.e., 80 mm s−1). As the contraction is
stronger in the upper layer, the concavity of the resulting cone is
on the opposite side of the printing build-plate. Inverting the

Fig. 3 The effects of distribution of residual stresses on the out-of-plane deformation of 4D printed disks. The PLA disks were divided into two regions
of which the inner part was printed at the minimum printing speed (i.e., 20mm s−1) while the outer was printed with the maximum speed (i.e., 80mm s−1).
Four different ratios were used (i.e., Rin=R= 60%, 70%, 80%, and 90%). Such a segmentation of the disks resulted in a discontinuous out-of-plane
deformation of the specimens (a–left) and the development of a positive Gaussian curvature (i.e., K >0) and a negative mean curvature (i.e., H<0)
(a–right). We then switched the printing speed of the inner (80mm s−1) and outer (20mm s−1) parts of the disk. This change resulted in a completely
different shape transformations (b–left) and local curvatures (b–right). The first deposited layers (F.D.L) are illustrated in (a) and (b).
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printing recipe results into a symmetric shape (the thickness of
the specimens is large enough to hinder significant curling effect).
In this case, the initial printing layers closer to the printing build-
plate were made with the maximum printing speed (i.e.,
80 mm s−1) while the top layers of the disk were printed with
the lowest printing speed (i.e., 20 mm s−1) (Fig. 5a, position 2). In
this way, we could also change the gradient of the expansion
coefficients across the thickness. Transferring the imperfections
to the top part of the specimens, adjusted the flexural rigidity of
the disks and led to positive mean and Gaussian curvatures in the
deformed state (i.e., inverse bending) (Fig. 5a–right).

More complex shape transformations can be realized by
combining both proposed approaches. For example, we attached
two disks with different expansion factors and different
imperfection distributions at their center point (Fig. 5b). The
imperfections of the bottom disk were at the bottom, while those
of the top disk were at the top, changing the gradient of the
expansion factors across the thickness (Fig. 5b–left). The
interaction between these two disks resulted in the bending of

both disks in the opposite directions (Fig. 5b–left, Supplementary
Movie 2). We also combined this design with multi-material
printing to realize a 3D structure that formed a combination of a
dome-like (i.e., spherical) and saddle-like (i.e., hyperbolic)
geometries (Fig. 5b–right). Such complex types of shape
transformations from a flat state are impossible to achieve with
single material 4D printing.

We demonstrated that by introducing a second softer material
into the design of 4D printed disks, one can change the local
distribution of deformation within 4D printed objects. This can
be done by constraining the deformation of the peripheral edges
of the disk. The way in which the soft phase is distributed around
the periphery of the disk could also influence its shape-shifting
behavior (Fig. 5c). To demonstrate those effects, we segmented
the disk into two, three, or four sections to which the soft
polymeric material was assigned (Fig. 5c). The significant shape
differences resulting from these designs confirm the utility of this
strategy as an additional route for the adjustment of the shape
transformation behavior of 4D printed disks.

Fig. 4 The effects of distribution of bi-material on the out-of-plane deformation of 4D printed disks. The peripheral edge of the PLA disks was printed
from a softer material (i.e., TPU) and its size was varied. Such designs resulted in diverse types of shape transformations depending on the size of the
region printed from the soft phase (a–left). This multi-material design approach also altered the local mean and Gaussian curvatures of the shape-
transformed specimens (a–right). Swapping the printing order of the soft and hard polymers such that the soft TPU was printed at the center of the disk
completely changed the overall shape transformation of the disks (b–left) as well as the local curvature values (b–right) as compared to the case where the
core of the disk was printed from the hard material. The first and last deposited layers are denoted as F.D.L and L.D.L, respectively.
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Conclusion
We presented an approach in which we can control the differ-
ential deformation mechanisms in 4D printed structures. We
were also able to control the spatial distributions of the printing
imperfections and a second softer phase to achieve 4D printed
structures with complex shape transformations and predictable

final shapes. Our study also reveals the important underlying
mechanisms responsible for the shape-shifting behavior of objects
printed from SMPs using FDM-based 4D printing processes. One
of these mechanisms is the formation of defects (voids) and
residual strains during such printing processes. While such arti-
facts are often considered undesirable and their distributions are

Fig. 5 The combinatorial effects of distribution of residual stresses and bi-material on the out-of-plane deformation of 4D printed disks. The
distribution of residual stresses across the thickness determines the bending orientation of the PLA disks. We introduced higher residual stress at the
bottom layer of the PLA-disk (i.e., the surface which is in contact with the printing build-plate) by using a faster printing strategy for the initial layers. Such
manipulation of the imperfection resulted in an inverse bending of the PLA disks (a–left, position 2) with an opposite localized curvature as compared to the
case where the higher gradient was located at the top layer of the PLA disks (a–left, position 1). By precisely positioning the imperfections in the PLA disks
and integrating the concept of inverse bending with that of out-of-plane deformation, one can achieve more complex shape transformations (b–left) (see
Supplementary Movie 2 for the dynamic visualization of the shape-shifting process). Even more complex shapes can be achieved by including the soft
polymeric phase in the design of the 4D printed disks with alternating the position of the residual stress (b–right). The distribution of the soft phase around
the periphery of the PLA disks can also contribute to its overall shape-shifting behavior (c).
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somewhat random at the level of individual filaments, their
overall distributions at large enough length scales follow pre-
dictable patterns and are correlated with the parameters of the 4D
printing process. We could, therefore, utilize the distribution of
printing artifacts as one of the pillars of our proposed design
strategy. This change in perspective in terms of how printing
imperfections are seen can open up new opportunities for the
design of defect-based metamaterials. The proposed designs have
numerous potential applications of which one regarding the
engineering of complex drug delivery systems or filters is high-
lighted here (Supplementary Movie 2). Our focus on the gen-
eration of complex curvature fields is partially motivated by the
prominent role of curvature in biology47 and, thus, regenerative
medicine as well as the importance of complex curvature in many
technological areas, such as (soft) robotics48–50, medical
instruments51,52, and structural engineering39,53,54.

Materials and methods
4D printing. We additively manufactured the disks (diameter =
55 mm) using PLA filaments (UltiMaker PLA-blue, 750 gr Nat-
ural with a filament diameter of 2.85 mm) for the hard and TPU
for the soft phase using a fused deposition modeling (FDM) 3D
printer (Ultimaker 3, Ultimaker B.V., The Netherlands). We
customized the G-code for the 3D printing of the structures to
adjust the printing parameters (i.e., printing speed, printing
temperature, multi-material printing, etc.). We used nozzles with
a diameter of 0.4 mm, a fixed bed printing temperature of 60 °C, a
constant layer thickness of 0.15 mm, and a steady extrusion
temperature of 200 °C for PLA and 225 °C for TPU. As the
default option, we used 100% of the cooling capacity of the
printer to maximize the amount of residual stress and the number
of the introduced defects. In specific areas, such as the initial
layers and at the PLA/TPU interface, we reduced the cooling rate
and print speed to build a good foundation, smoothly connecting
individual layers and creating proper attachment between the
disk and the build-plate. The first four layers of the specimens
(�25% of their thickness) were printed at a printing speed equal
to 50% of their overall printing speed and were cooled using 50%
of the cooling capacity of the printer (specimens in Figs. 1e–h, 3,
4, and 5c). For example, for the disks printed at the highest
printing speed (i.e., 80 mm s−1), the first four layers were printed
at 40 mm s−1 and a cooling capacity of 50% was used. At the
interface of TPU and PLA (i.e., specimens in Fig. 4 and Fig. 5b–c),
no cooling was used to improve the bonding of both materials
and to achieve a higher printing quality.

For the specimens shown in Fig. 5a, we applied different
configurations of printing speeds and cooling rates along their
thicknesses to alternate the gradient of residual stress and
program the side of concavity. Towards this aim, 25% of the
specimens were printed with the lowest printing speed (i.e.,
20 mm s−1) while the rest were printed with the highest (i.e.,
80 mm s−1) (position 1 in Fig. 5a). To reverse the concavity, the
bottom parts (75% of the overall thickness) of the specimens were
printed with the highest printing speed (i.e., 80 mm s−1) while the
top part was printed with the lowest (i.e., 20 mm s−1) (position 2
in Fig. 5a). In position 2, the initial layer was also printed at a
speed of 40 mm s−1 with no print cooling.

In the specimens shown in Fig. 5b, we employed the printing
strategy described in sub-Fig. 5a to print specimens 1 and 2 on
top of each other. To print the specimens in one step, we placed
an adhesive sheet (Tesa 4438 Blue Tape) between both disks in
the middle of the printing process. Only a small section of the
center (Rin=R � 5%) was not covered by the adhesive sheet to
connect the specimens. For the multi-material printed specimens,

a composition ratio of VPLA=Vtotal ¼ 90% was used. This ratio
was maintained constant unless otherwise stated.

Activation. We used a temperature-controlled bath with a heat-
ing immersion circulator (CORIO CD, Julabo, Germany) to
activate the shape transformation process of the 4D printed
specimens. The specimens were submerged in boiling water for a
minimum of 60 s to ensure the shape-shifting process was fully
completed. They were then cooled down to their initial room
temperature.

Micro-computed tomography (μCT). We used Phoenix X-ray
Nanotom® (GE Sensing and Inspection Technologies GmbH,
Wunstorf, Germany) for μCT imaging of the PLA specimens
printed at two printing speeds (i.e., 20 and 80 mm s−1) and the
TPU disks. The specimens were scanned over 360˚ using a voxel
size of 25 µm and an angular rotation step of 1˚. The images were
acquired at 110 kV and 160 µA for a total scan time of 24 min.
We used Fiji (v 1.53) to analyze the acquired images and to
calculate the porosity along the radius and depth of the specimens

3D optical scanning. The outer contour of the deformed struc-
tures was captured by a 3D scanner (Scan-In-A-Box, FX, DELL
mini beamer, resolution of both cameras (IDS UI-3250LE-M-
GL): 1600 × 1200 pixels). The specimens were photographed
from at least eight different angles. The images were then rigidly
registered using the software accompanying the 3D scanner
(IDEA). After noise removal, the point clouds were imported into
CloudCompare software (V.2.9.1) for further analysis.

Dynamic mechanical analysis (DMA). A dynamic mechanical
thermal analyzer (TA Instruments, Q800 DMA) was used to
measure the time-, temperature-, and frequency-dependent
mechanical properties of the 3D printed cuboid bar-like struc-
tures made from PLA (at two printing speeds, 20 and 80 mm s−1)
and TPU. We designed and 3D printed bars (30 × 10 × 1.5 mm3)
for force-controlled tensile DMA testing with a temperature ramp
of 5 °C and at a constant frequency of force oscillation (1 Hz).
From the tanðδÞ and the storage modulus measured by the DMA,
we derived the glass transition temperature and the temperature-
dependent elastic moduli of the PLA and TPU. Under dynamic
mechanical loading, the complex elastic modulus in terms of the
storage, E0, and loss modulus, E00, is formulated as E� ¼ E0 þ iE00,
where E00 ¼ E0 tanðδÞ. Given the magnitude of the vector E�, the
magnitude of the temperature-dependent elastic modulus is cal-
culated as E Tð Þ ¼ E0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ tanðδÞ2
p

55: We also measured the glass
transition temperature of the specimens, which was defined as the
temperature corresponding to the peak value of tanðδÞ.

Measurement of expansion factors. We measured the expansion
factors along the printing direction (β1= longitudinal expansion
factor) and perpendicular to the printing direction (β2= trans-
verse expansion factor) using Eq. (2) (Fig. 1b) for PLA specimens
printed at different printing speeds (Fig. 1c) and thicknesses
(Fig. 2b). Although the actual shape transformation is not, from a
physics viewpoint, a thermal expansion effect, it is numerically
expedient to model it through a standard heat expansion routine
with orthotropic expansion coefficients. We extracted the α1 and
α2 values from the longitudinal and transverse expansion coeffi-
cients (β1 and β2):

αi ¼
βi � 1
ΔT

; i ¼ 1; 2ΔT ¼ 80 �C ð3Þ

The parameter α3 was measured by comparing the thickness of
the samples before and after thermal actuation. We also assumed
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that TPU is an incompressible material and employed orthotropic
thermal expansion coefficients to ensure that its volume did not
change after being exposed to high temperatures (see Supple-
mentary Table S1).

Computational modeling. Finite element modeling was con-
ducted using the commercial software suite Abaqus (Dassault
Simulia, V6.14, USA). We used linear thermally-coupled brick
elements with full integration points in three directions (C3D8T,
Abaqus). We uniformly applied the temperature with a magni-
tude of 100 °C ð¼ Tambient þ4TÞ to perform a coupled
temperature–displacement steady-state analysis. In order to
mimic the anisotropic relaxation we observed above the glass
transition temperature, we considered temperature-dependent
elastic moduli ðE Tð ÞÞ and orthotropic thermal expansion coeffi-
cients as the material model in our computational models. These
values were obtained from experimental data and are presented in
Supplementary Tables S1 and S2.

We applied a symmetric boundary condition which enabled us
to model half of the disk. The center of the disk was fixed. The
model was discretized using five elements in thickness and radial
elements with a size of 700 µm. The imperfections were
introduced into the computational models by assigning extremely
low mechanical properties (i.e., E ¼ 1Pa) to certain elements of
the disk to trigger the instabilities in the system after applying the
load56–58. The imperfections were distributed systematically to
imitate the same distribution patterns as seen in the μCT images.
The porosity of the PLA specimens printed at 80 mm s−1 was
increased in both radial and build directions (Fig. 2e–f), assuming
that the initial layer (20% of thickness) was effectively defect-free.
The imperfections were, therefore, implemented every �2.1 mm
between Rin=R �30% (this number can be �15% for the top
layers) and Rin=R �100% (i.e., the peripheral edge of the
specimens) (Supplementary Figure S3a).

The sensitivity of the FE models to the distribution of the
imperfections was analyzed computationally. We observed that
the defects were not distributed uniformly at each layer (Fig. 2d).
We, therefore, implemented a non-symmetric distribution of the
imperfections in the angular direction and examined the effects of
varying the angle of the imperfection distribution (γ) (i.e., from
30° to 150°) on the shape-shifting behavior of the constructs. Our
results showed that the imperfection distribution in the angular
direction (γ) does not significantly affect the cone angle (θ)
(Supplementary Figure S3b). We considered the distribution of
imperfections with γ ¼ 120� in our model. A good agreement was
achieved between the proposed computational model and our
experimental observations (Supplementary Figure S3c).

Curvature measurements. The principal surface curvatures were
estimated from the triangulated meshes obtained through 3D
scanning, using a surface fitting-based algorithm that was
implemented in a recent mesh processing workflow59. Briefly, the
robust curvature estimation algorithm in the Python-based libigl
toolbox was used, which estimates the curvature at every vertex
by fitting a second-order polynomial to a local neighborhood and
quantifying the curvature using the fitted surface patch60,61. The
local neighborhood is defined as a spherical region with the
radius r. We initially screened a range of values for r and found
that r ¼ 15 eh i, where eh i is the average edge length in the mesh,
results in an appropriate balance between detecting the curvature
of very small mesh features and only capturing the macroscale
curvature of the structure. The principal curvatures κ1 and κ2
were then used to compute the mean ðH ¼ 1

2 ðκ1 þ κ2ÞÞ and
Gaussian (K ¼ κ1κ2) curvatures that are reported in the main
text. To obtain non-dimensional curvature quantities, the

curvature values were normalized using a characteristic length
Sv ¼ V

S , where V is the volume of the smallest rectangular box
containing the specimen and S is the mesh surface area59. The 3D
mesh reconstructions, color-coded by curvature, were visualized
using Paraview.

Data availability
The data that support the findings of this study are available within this manuscript and
its Supplementary Materials.
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