
Smart Materials and Structures      

PAPER

Multi-material 4D printing to realize two-phase
morphing in self-actuating structures
To cite this article: Hoo Min Lee et al 2024 Smart Mater. Struct. 33 035007

 

View the article online for updates and enhancements.

You may also like
Hard magnetics and soft materials—a
synergy
P Narayanan, R Pramanik and A
Arockiarajan

-

Two-photon polymerization-based 4D
printing and its applications
Bingcong Jian, Honggeng Li, Xiangnan He
et al.

-

4D printing: a cutting-edge platform for
biomedical applications
Moqaddaseh Afzali Naniz, Mohsen Askari,
Ali Zolfagharian et al.

-

This content was downloaded from IP address 166.104.17.94 on 13/03/2024 at 02:52

https://doi.org/10.1088/1361-665X/ad21b5
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd8
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd8
https://iopscience.iop.org/article/10.1088/2631-7990/acfc03
https://iopscience.iop.org/article/10.1088/2631-7990/acfc03
https://iopscience.iop.org/article/10.1088/1748-605X/ac8e42
https://iopscience.iop.org/article/10.1088/1748-605X/ac8e42
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvuLxCVzBa6ISXP2QVd3D3e4N9z0DTFYbdONxWXdhi01ZQQLXJHhXv45pYXshrsRozHK-gmZlsOBO7CO9l4uGmjPN6Yu7WxEsi2xRlslG9fxNRy2vTino1hzq-5yofQYaVt5Q4FTK0GTsEF1eTQOgsztSuf3i_8dtjBmIK99FVCadbXsINEUTJFQG-Gn4Akv06U7XNSKQGbVFXCKA6xDNsXf4calulE1x16szDn_T4qmz2jDS77_Mp8kYmFq9-jHXfG5L5fmK05Hzwmf5vh7Y9TFAVawmkYN1uCHbNnVeDwxPUpbULcCTbbO2Jb99oKnoFk6QxBquzxKiyHKZoNIxQ&sig=Cg0ArKJSzH0wP6ZwqPCs&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/prime2024/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3Dprime_abstract_submission


Smart Materials and Structures

Smart Mater. Struct. 33 (2024) 035007 (11pp) https://doi.org/10.1088/1361-665X/ad21b5

Multi-material 4D printing to realize
two-phase morphing in self-actuating
structures

Hoo Min Lee, Sol Ji Han, Min-Je Kim and Gil Ho Yoon∗

Department of Mechanical Engineering, Hanyang University, Seoul 04763, Republic of Korea

E-mail: ghy@hanyang.ac.kr

Received 21 November 2023, revised 12 January 2024
Accepted for publication 23 January 2024
Published 2 February 2024

Abstract
4D printing has garnered significant attention within the field of engineering due to its capacity
to introduce novel functionalities in printed structures through shape-morphing. Nevertheless,
there persist challenges in the design and fabrication of intricate structures, primarily stemming
from the intricate task of controlling variables that impact morphing characteristics. In order to
surmount these hurdles, the approach of multi-material 4D printing is employed, underpinned
by parametric studies, to actualize complex structures through a two-phase morphing process.
This study specifically investigates the utilization of acrylonitrile butadiene styrene (ABS) and
polycarbonate/ABS. The distinction in glass transition temperatures within these materials
enables the realization of two distinct morphing phases. The research delves into the impact of
structural parameters on morphing properties. Finite element analyses are subsequently
conducted, leveraging the insights gained from parametric studies, to facilitate the accurate
prediction of a diverse array of shape alterations in response to temperature fluctuations. Several
structural models are both simulated and fabricated to experimentally validate the precise
forecasting of desired morphing phases. The culmination of this study manifests in the design
and fabrication of multiple multi-material structures, exemplifying both their functionality and
intricate geometric complexity.

Keywords: multi-material 4D printing, two-phase morphing, thermal stimulation,
glass transition temperature, self-actuating structure

1. Introduction

Initially, 4D printing was defined as the integration of 3D
printing with the element of time, allowing the shape, prop-
erty, or functionality of a 3D printed structure to change
over time [1–3]. This field demonstrates remarkable capab-
ilities including self-assembly, multi-functionality, and self-
repair [4]. These features made 4D printing popular in vari-
ous fields, and studies have been done to harness the poten-
tial of their applications. Research have been conducted on

∗
Author to whom any correspondence should be addressed.

intelligent active hinges aimed at facilitating origami fold-
ing patterns [5], developing sequential self-folding structures
[6], creating flexible electronic devices with shape memory
polymers (SMPs) [7], and utilizing polylactic acid (PLA)
to control electric currents [8]. Studies have also been
conducted to investigate mechanisms of 4D printed com-
posite spring [9], integrated sensor-actuator system with
bio-inspired gradient gap [10], responsive structure using
liquid-crystal polymeric materials [11], and photo switch-
able actuators with shape-switching behaviors [12]. The
realm of meta-materials has also been explored, with stud-
ies focusing on energy absorption techniques employing
smart sandwich structures [13, 14], the design of bio-mimetic
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dome structures [15, 16], the manipulation of frequency
bands using shape memory properties [17], the proposal
of smart origami meta-materials [18], and the realization
of multi-stable meta-materials with mechanically tunable
performance [19].

Apart from its wide range of engineering applications, 4D
printing has advantages in encompassing various 3D print-
ing techniques, such as fused deposition modeling (FDM),
stereolithography (SLA), selective laser sintering (SLS), and
material jetting (MJ). FDM is a process that involves depos-
iting thermo-plastic filaments layer by layer, while SLA is a
process that uses photo-polymerization with lasers to solidify
photo-curable resins, and SLS is a method of fusing powdered
materials using lasers [20]. MJ is another 3D printing method
where material is jetted onto a build platform using either a
continuous or drop-on-demand approach [21]. Studies have
been conducted using FDM to realize polyurethane-based
SMPs with carbon nano-tubes [22], programmable shape
memory 3D curved shell structures [23], and conductive SMP
composites [24]. SLA has been employed to manufacture
phase-switching structures [25], shape-recovering structures
in hot water baths [26], and programmable shape-recovering
structures under mechanical loading [27]. SLS was used
in [28, 29] to fabricate magnetism-responsive grippers and
self-healing structures. The MJ method was utilized in [30,
31] to demonstrate 4D printing of elastomer active hinges
and present a novel 4D printed tunable frequency-selective
surface utilizing a multi-layer mirror-stacked ‘Miura-ori’
structure.

For further enhancement of structural functionality in
4D printing, the concept of utilizing multi-materials has
been explored across various engineering fields. Studies have
sought to achieve diverse objectives, including the creation of
4D printed interlocking blocks through digital multi-material
distribution [32, 33], the development of morphing wing flaps
combining rigid components with flexible hinges [34], and
the fabrication of functional bi-layers that combine highly
hygroscopic active layers with hydrophobic restrictive and
blocking layers [35]. Research efforts have also been direc-
ted towards the production of magnetic hydrogel-based soft
actuators using multi-material direct ink printing [36], the
proposal of bi-layer composite actuators for voltage control
[37], and the realization of self-folding and self-opening struc-
ture through the utilization of multi-shape active composites
[38]. Beyond the incorporation of multi-materials, the effect
of programming concepts on shape memory functions have
also been compared in [39]. Moreover, studies have delved
into the integration of 4D printing with topology optimiza-
tion and machine learning techniques to enhance functionalit-
ies. Topology optimization has been applied to determine the
optimal distribution of material layouts in 4D printed active
composites [40] and to optimize the structural design of por-
ous poly-electrolyte soft actuators [41]. Machine learning has
found applications in the development of soft pneumatic actu-
ator robots [42], the design of active composite structures [43,
44], and the comprehensive understanding of the morphing
responses with a unified data-driven approach [45].

Recently, mathematical modeling has assumed a pivotal
role within the realm of 4D printing. Its importance has grown
significantly, driven by the need to predict shape-shifting pro-
cess, prevent collisions between components, and reduce the
number of trial-and-error procedures [4]. Numerous studies
have delved into the analysis of shape morphing by utiliz-
ing various mathematical models. For instance in [46], the
influence of printing speed and structural thickness on the
deformation behavior of shape memory PLA was investig-
ated using the finite element method (FEM). In [47], the
response surface method was harnessed to control torsional
and flexural deformations in PLA plastic. Furthermore, com-
prehensive inquiries have been undertaken to elucidate the
configuration of 4D printed composite laminates, employing
FEM-based mathematical models [48]. Mathematical models
accounting for thermodynamic visco-elastic properties have
been explored in [49] to characterize the behavior of SMPs
during the cooling and heating processes.

While many studies have sought to apply 4D printing in
various engineering fields and enhance the functionality of
4D printed structures, relatively few have ventured into the
utilization of mathematical modeling for realizing sequen-
tial deformations. In [50], mathematical modeling and exper-
imental validation have been conducted for successfully pre-
dicting single phase permanent thermal deformations. Studies
have been done on achieving sequential deformations using
single materials with wide range of shape memory transition
temperature ranges [51, 52] and considering multi-material
approaches for self-folding [53]. The present study aims to
step further by considering permanent sequential deforma-
tion and precisely controlling deformed geometry at distinct
specific temperature ranges. Consequently, the objective of
this study is to achieve two-phase morphing of multi-material
structures and predict their morphing phases by utilizing FEM-
based numerical analyses. This concept enables the design and
fabrication of 4D printed structures that not only demonstrate
functionality but also embody intricate geometric complexity.

This study employs acrylonitrile butadiene styrene (ABS)
and polycarbonate/acrylonitrile butadiene styrene (PCABS),
each characterized by specific glass transition temperatures
of 105 ◦C and 125 ◦C, respectively. When subjected to their
respective glass transition temperatures after 3D printing,
reduction in structural length is observed due to the relaxa-
tion of internal tensile stresses. Structural bending is induced
through variations in shrinkage lengths. The top layers and
bottom layers are printed in longitudinal and lateral direc-
tions to achieve these differences. A series of experiments
are conducted to explore the influence of structural dimen-
sions, including length, width, and thickness, on the resulting
curvatures after themorphing process. In addition to the exper-
imental work, FEM-based simulations are carried out to assess
the thermal material properties of ABS and PCABS. These
simulations facilitate the prediction of the morphing processes
for structures with intricate geometric complexity. Through
transient thermal analysis, the distinct phases of structural
deformation in response to temperature changes are observed.
Leveraging the characterized material properties and insights
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from the simulation of morphing phases, this study enables
the modeling and fabrication of multi-material structures with
complex geometric features. Such structures include a self-
actuating chair, a stent with varying thickness, and an exo-
skeleton suit. Notably, these structures successfully achieve
the desired geometries following a two-phase thermal stim-
ulation, affirming the viability of the proposed multi-material
4D printing approach for the realization of designs with unpre-
cedented complexity.

2. Theory

Semi-crystalline polymers undergo reversible transitions from
relatively hard and brittle glassy states to viscous rubbery
states when heated or cooled within specific glass transition
temperature Tg. This mechanism allows the achievement of
shape memory effect (SME) and shape change. The SME is
realized when the recovery of the original shape is achieved
through heating above Tg, with either chemical or physical
cross-links storing elastic energy during the programming
stage and serving as the driving force for recovery in the later
stages [54]. The present research focuses on permanent shape
change of semi-crystalline polymers. During the 3D print-
ing process, which involves the extrusion of thick filaments
through narrow nozzles, significant tensile stress is induced
along the length direction. This results in highly oriented resid-
ual stress, which refers to stresses retained within the material
even after the original cause of the stresses has been removed
[55]. The relaxation of this internal stress causes the printed fil-
ament to return to its original geometry, as it was before being
compressed in the nozzle, leading to a reduction in the length
of the printed specimen. In the case of semi-crystalline poly-
mers, this stress relaxation is achieved by heating the material
to its specific glass transition temperature Tg. The deformation
process is illustrated in figure 1.

Using the concept of reducing the length of printed filament
by applying thermal stimulation, various structural deforma-
tion can be realized by adjusting the printing angles. For homo-
geneous rectangular bars illustrated in figures 2(a) and (b),
high volume shrinkage in longitudinal direction and relatively
lower volume shrinkage in lateral direction are realized when
printed in their respective orientations. Using these differences
in shrinkage volumes, structural bending can be realized. This
is demonstrated in figure 2(c), where a composite rectangular
bar bends upwards when the top half layers are printed in the
longitudinal direction while the remaining bottom layers are
printed in the lateral direction.

3. Materials and methods

3.1. Materials

The present study adopts the concept of achieving structural
bending through thermal stimulation. ABS and PCABS (60%
PC and 40% ABS) are employed as the semi-crystalline poly-
mers to facilitate a two-phase shape morphing process at

Figure 1. Using thermal stimulation to deform printed filament by
relieving residual stress at glass transition temperature.

respective Tg values. Based on the experimental investigations
using DNA analysis in [56], ABS and PCABS have Tg val-
ues of 105 ◦C and 125 ◦C, respectively. ABS is chosen over
other 3D printingmaterials due to its high shrinkage rate, mak-
ing it suitable to realize structural morphing involving large
deformations. PCABS is a material manufactured based on
ABS, with similar thermal deformation characteristics but rel-
atively higher thermal resistance. Thus, two-phase morphing
can be achieved, and the deformed geometry can be controlled
by utilizing the two materials. The components required for
structural bending are printed in longitudinal and lateral ori-
entations. For the remaining components, method of utiliz-
ing raster angles is employed to change the direction of shape
change [57–59]. These parts are printed at a 45◦ angle in the
transverse direction to suppress both volume shrinkage and
structural bending.

The degree of structural bending depends on the shrink-
age volume when thermally stimulated, and it is influenced
by the thermal expansion coefficient. Since coefficient values
exhibit a significant decrease at glass transition temperatures
[60], accurately assessing these changes is crucial for predict-
ing changes in structural geometry during morphing phases.
Therefore, both experimental studies and numerical analyses
are conducted to evaluate the thermal expansion coefficients
of ABS and PCABS at various temperature values. Initially,
experiments are carried out on structures with different para-
meters to achieve morphed geometry with varying curvatures.
Subsequently, numerical analyses are performed to correlate
the experimental and simulated curvature values and evaluate
the thermal expansion coefficients of ABS and PCABS.

3.2. Experimental method

A series of experiments is carried out to examine the effects
of structural length l, width w, and thickness t on the resulting
curvatures after the morphing process. A H-beam structure is
employed for experimental characterization of the parameters,
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Figure 2. Realization of varying structural deformation at different printing angles: (a) shrinkage in longitudinal direction, (b) shrinkage in
lateral direction, and (c) structural bending due to shrinkage volume difference.

Figure 3. Schematic of H-beam structure to conduct experimental
characterization of structural parameters.

and its schematic is provided in figure 3. This structure consists
of two rectangular bi-layer composites, with the top half layers
printed longitudinally and the remaining bottom layers prin-
ted laterally. One of these composites is printed using ABS,
while the other is printed using PCABS. Both composites are
interconnected by a bridge section, a homogeneous rectan-
gular PCABS structure uniformly printed in a 45◦ transverse
orientation. Each bi-layer composite within the reference H-
beam structure is fabricated with l = 80 mm, w = 5 mm, and
t = 2.0 mm. To assess the effects of parameters on curvatures,
structures with different parameters are compared to the refer-
ence structure. Structures with l = 40 mm, 60 mm, 100 mm,
and 120 mm are fabricated to evaluate length effects. For
assessing width effects, structures with w = 5.0 mm, 7.5 mm,
12.5 mm, and 15.0 mm are used. The evaluation of thick-
ness effects includes structures with t = 1.0 mm, 1.5 mm,
2.5 mm, and 3.0 mm. Parameters not under comparison are
kept identical to those of the reference structure.

The structure is fabricated using a Flashforge creator 3 Pro
printer equipped with dual nozzles. The printing speed is set
as 30 mm s−1 to ensure a sufficient time period between extru-
sion and deposition of each layer during the process. This is
done to prevent the printing speed from becoming a factor
affecting thermal expansion rate, as observed in the variation
of residual strain due to the time taken for layer deposition
in [61]. Extruder temperatures are set as 230 ◦C and 248 ◦C
for ABS and PCABS, respectively. The platform temperat-
ure is set as 90 ◦C. These temperatures values are chosen
to ensure platform adhesion and prevent unwanted excessive
shrinkage during the extrusion process, thus improving the
printing quality. The Flashforge ABS and PCA11705-BLK

PCABS filaments of 1.75 mm diameter are extruded through
nozzles of 0.40 mm to print layers with thickness of 0.25 mm.
Application of thermal stimulation is done by placing the fab-
ricated structure in an oven and setting the temperature to 160
◦C. The CSIR-10 thermal imaging camera measures the struc-
tural temperature to precisely observe the points at which the
morphing phases begin. A total of 10 experiments are conduc-
ted for each case, and the average results are used to evaluate
the curvatures after morphing. The variance values are also
calculated for each case to assess the reliability of the average
curvature values.

3.3. Numerical analysis

Numerical analysis is conducted to assess the varying thermal
expansion coefficients of ABS and PCABS over temper-
ature variation. Transient thermal analysis is performed
using ANSYS 2021/R2 Workbench to account for the time-
dependent distribution of structural temperatures before reach-
ing a steady state. The structures subjected to the simu-
lation are discretized using 3D 20-node solid elements to
exhibit quadratic displacement behaviors. Additionally, the
large deflection option is considered to account for nonlinear
large deformations observed during the morphing phases. The
material properties data compiled by ANSYS GRANTA are
utilized, and the corresponding values are detailed in table 1.
The convection film coefficient, ambient temperature, and
analysis time period were set as 15 Wm−2 K−1, 160 ◦C, and
150 s, respectively. The curvatures of end results for each case
are compared with the experimental curvatures to acquire the
thermal expansion coefficient values.

4. Results and discussion

The experiment successfully demonstrated two-phase sequen-
tial morphing within the H-beam structure. The first and
second morphing phases are illustrated in figures 4(a) and
(b), where the ABS and PCABS components deformed in a
sequential manner at structural temperatures of 105 ◦C and
125 ◦C, respectively. It is noteworthy that the ABS compon-
ent did not deform additionally during the second morphing
phase as the residual stress was completely relieved in the ini-
tial morphing phase.
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Table 1. Material properties for transient thermal analysis.

Acrylonitrile butadiene styrene (ABS)

Young’s modulus Bulk modulus Shear modulus Poisson’s ratio Density Thermal conductivity Specific heat capacity
2408 MPa 4352.9 MPa 855.24 MPa 0.4078 1050 kgm−3 0.2301 Wm−1 K−1 1400 Jkg−1 K−1

Polycarbonate/acrylonitrile butadiene styrene (PCABS)

Young’s modulus Bulk modulus Shear modulus Poisson’s ratio Density Thermal conductivity Specific heat capacity
2513 MPa 4086.2 MPa 899.11 MPa 0.3975 1109 kgm−3 0.2670 Wm−1 K−1 1449 Jkg−1 K−1

Figure 4. Structural bending of the reference H-beam structure: (a)
at 105 ◦C and (b) at 125 ◦C.

It could also be observed that structures with different para-
meters morphed to have different curvatures. The deformed
structures are shown in figure 5. The curvature κ was calcu-
lated using the measured values of arc width b and arc height
h of the morphed structure, using the following formulation:

κ=
8h

b2 + 4h2
(1)

The reference structure exhibited average curvatures of
0.0189 mm−1 and 0.0258 mm−1 for ABS and PCABS
components, respectively. The variance values for the aver-
age curvatures were evaluated as 2.33×10−6 mm−2 and
9.46×10−6 mm−2, respectively. Structures with different
parameters produced different curvature values, as presented
in table 2. The results show that structural length l does not
affect the degree of structural bending as the curvature values
show consistency despite variations in the l values. However,
different results are derived for width w and thickness t,
where their increased values led to decrease in curvatures
of both composites. Specifically, the curvatures of ABS and
PCABS composites decreased by average 0.0071 mm−1

and 0.0118 mm−1 respectively, as w increased from 5 mm
to 15 mm. The curvatures of ABS and PCABS compos-
ites decreased by average 0.0640 mm−1 and 0.1079 mm−1,
respectively, when t was increased from 1 mm to 3 mm.
Notably, PCABS composites exhibited greater changes in
curvature values compared to ABS composites under identical
parameter variations.

The numerical analysis allowed the realization of struc-
tural bending during morphing phases, as a result of shrink-
age volume difference between layers printed longitudin-
ally and laterally. The analysis aimed to coordinate the
experimental and simulated curvature values for structures
with varying t values, as the curvatures exhibited the most
pronounced nonlinear changes with variations in this para-
meter. This process facilitated the evaluation of the thermal

Figure 5. Deformed structures with various curvatures. PCABS
components are presented for clear visualization.

expansion coefficients of ABS and PCABS, and the res-
ults are presented in figure 6. Both materials demonstrate
a tendency of decreasing coefficient values in response to
increasing temperature. Furthermore, it is worth noting that
these values exhibit a sharp decrease in the respective glass
transition temperature regions that are highlighted in the
graph.

The assessed coefficients were also utilized to conduct ana-
lyses on structures with varying length and width. The sim-
ulated results of curvature values are presented in table 3,
and illustrations of the simulated structural deformations are
shown in figure 7. The assessed coefficients resulted in great
coordination between experimental and simulated curvature
values for all cases, with most cases exhibiting error percent-
ages near or below 10%. The only exception is the ABS struc-
ture with a length of 40.0 mm, showing an error percent-
age of 14.67%. The disparity between the experimental and
numerical results stems from the inconsistency in curvature
values throughout the structure, which ismost noticeable when
comparing the bottom-left structures in figures 5 and 7. The
inconsistent curvature values of the experimental morphed
structures resulted from slight deformations at the ends of
the structure. This phenomenon occurred due to the effect of
gravity and the decrease in elastic modulus with increased
structural temperature, as discussed in [57]. This explains
the exceptional case, which had a relatively higher error per-
centage compared to other cases, as its involvement with the
structure of the smallest length led to a relatively greater
error in curvature calculation using equation (1). Despite

5



Smart Mater. Struct. 33 (2024) 035007 H M Lee et al

Table 2. Experimental results of different curvatures with variation of structural parameters.

Parameter Structure with varying length Structure with varying width Structure with varying thickness

Length (mm) 40.0 60.0 100.0 120.0 80.0 80.0
Width (mm) 5.0 7.5 10.0 12.5 15.0 5.0
Thickness (mm) 2.0 2.0 1.0 1.5 2.5 3.0

ABS curvature

Average
(mm−1)

0.0184 0.0190 0.0188 0.0183 0.0167 0.0147 0.0132 0.0118 0.0708 0.0330 0.0129 0.0068

Variance
(×10−6 mm−2)

13.51 9.19 4.43 10.00 12.76 6.46 7.75 4.70 16.23 10.74 1.29 1.78

PCABS
curvature

Average
(mm−1)

0.0256 0.0263 0.0249 0.0254 0.0209 0.0162 0.0134 0.0109 0.1129 0.0500 0.0121 0.0050

Variance
(×10−6 mm−2)

3.39 3.25 6.10 11.10 6.99 14.14 11.52 8.62 12.15 4.13 6.45 1.82

Figure 6. Changes in thermal expansion coefficient values over
temperature variation. These values were evaluated by coordinating
the average curvature values of deformed specimens with curvatures
of simulated structures.

some disparity between the experimental and simulated res-
ults, error percentages within 10% indicate that the nonlinear
large deformation behavior is well realized in the simulated
structure, enabling accurate prediction of the morphing phases
at different temperatures.

5. Case studies

We apply our approach to manufacture several self-actuating
multi-material structures through three case studies, each
involving structure modeling, numerical analysis, and exper-
imental validation. The numerical analysis utilized the
simulation process outlined in section 4, incorporating
the thermal expansion coefficients evaluated in figure 6.
Experimental validation involved heating the structures in
the oven set to reach 160◦C, while the CSIR-10 thermal

imaging camera monitored the structure temperature. Each
case study was explicitly conducted to verify the func-
tionality and practicality of the proposed multi-material
methodology.

In the first case study, we aim to demonstrate that sequen-
tial morphing can be achieved in structures presenting greater
geometric challenges than H-beam structures. We consider a
self-actuating chair that transforms from a 2D state to a 3D
configuration, where the leg and headrest components morph
sequentially. The structure is modeled as shown in figure 8(a).
To induce downward bending of the chair legs in the first
phase, the bottom five layers and the next five layers are prin-
ted using ABS in longitudinal and lateral directions, respect-
ively. Five additional PCABS layers are stacked to reinforce
the chair legs, ensuring their ability to support the chair body
during the initial morphing phase. The headrest component
comprises ten PCABS layers, with the bottom five and top
five layers printed laterally and longitudinally, respectively, to
induce upward bending in the following morphing phase. The
remaining components are designed as homogeneous PCABS
structures with layers printed at a 45◦ orientation. All lay-
ers in the structure have a thickness of 0.25 mm. Numerical
analysis and experimental validation were conducted based
on the modeled structure. The simulated and actual morph-
ing phases are illustrated in figure 8(b). For the simulated
model, the curvature values of leg and headrest were eval-
uated as 0.0519 mm−1 and 0.0315 mm−1, respectively. A
great coordination between the simulated model and the actual
structure was observed, with the experimental curvature values
having differences of 7.21% and 9.43% for the leg and head-
rest, respectively. Moreover, both the model and the structure
successfully demonstrated sequential morphing with a smooth
transition around 125 seconds after applying thermal stim-
ulation. This case study confirms that sequential two-phase
morphing can be achieved in structures beyond simpleH-beam
structures.

In the next case study, we aim to conduct precise modeling
to successfully induce sequential morphing phases and prevent
interruptions between them.We consider a self-actuating stent
designed to transform from a 2D state to a 3D configuration
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Table 3. Simulated results of different curvatures with variation of structural parameters.

Parameter Structure with varying length Structure with varying width Structure with varying thickness

Length
(mm)

40.0 60.0 100.0 120.0 80.0 80.0

Width (mm) 5.0 7.5 10.0 12.5 15.0 5.0
Thickness
(mm)

2.0 2.0 1.0 1.5 2.5 3.0

ABS
curvature
(mm−1)

0.0211 0.0202 0.0200 0.0200 0.0174 0.0150 0.0134 0.0123 0.0625 0.0342 0.0121 0.0068

PCABS
curvature
(mm−1)

0.0284 0.0280 0.0277 0.0276 0.0205 0.0160 0.0133 0.0115 0.1093 0.0548 0.0129 0.0049

Figure 7. Simulated structures with various curvatures. PCABS
components are presented for comparison with figure 5(b).

with varying cross-sectional areas. The structure is modeled
as illustrated in figure 9(a). To morph the structure into a
pipe-like geometry during the initial phase, the components
along the lateral direction are modeled using ABS, with the
bottom four and top four layers printed in the lateral and lon-
gitudinal directions, respectively. The remaining components
along the longitudinal direction are modeled using PCABS to
induce varying cross-sectional areas in the following phase.
These components consist of four layers, with half prin-
ted in the longitudinal direction and the other half in the
lateral direction. All layers have a thickness of 0.25 mm.
Numerical analysis and experimental validation were conduc-
ted for the proposed model. The simulated morphing phases
are shown in figure 9(b). The curvature values of ABS and
PCABS components were evaluated as 0.0719 mm−1 and
0.0217 mm−1, respectively. Experimental validation was per-
formed on the model, and the manufactured structure at differ-
ent phases is presented in figure 9(b). The manufactured struc-
ture exhibited great coordination with the simulated model,
with the experimental curvature values having maximum dif-
ferences of 2.35% and 5.60% for the ABS and PCABS com-
ponents, respectively. Additionally, we have observed cases
where the two morphing phases interrupted each other, res-
ulting in undesired structures, as shown in figure 9(c). This
anomaly occurred when the thickness values of PCABS

components were set smaller than those of the modeled struc-
ture, reducing the time required for these components to
reach their glass transition temperatures. Consequently, the
second morphing phase was triggered around 50 seconds after
applying thermal stimulation, before the expected end time
of the initial morphing phase at 83 seconds. This case study
demonstrates that the key to successful sequential morphing
lies in precise modeling and necessitates careful considera-
tion of material thickness and convection conditions to pre-
vent materials from reaching glass transition temperatures
simultaneously.

For the final case study, our objective is to control the
curvatures of different components to achieve the desired
geometry after the morphing phases. We consider a wear-
able lower limb exoskeleton, which includes a shoe sole, toe
cap, shoe straps, curved heel bar, calf supporter, and calf
straps. An example of the wearable exoskeleton is presen-
ted in figure 10(a). Precise modeling is done to determine the
appropriate structural thicknesses for controlling the bending
degrees of the toe cap, heel bar, shoe straps and calf straps.
Similar to the case of fabricating a shoe supporter done previ-
ously in [62], where separately printed components were com-
bined, our case study aims to go further by realizing the exo-
skeleton in a single printing process. The structure is modeled
as shown in figure 10(b). ABS is employed for the toe cap
and heel bar to induce bending in the first morphing phase.
The toe cap consists of a total of five layers, with the top two
layers printed longitudinally, the next two layers printed lat-
erally, and the bottom layer printed using PCABS in the lat-
eral orientation to prevent excessive bending. The heel bar
consists of two parts that bend in opposite directions, form-
ing an S-shape to fit securely around the heel and ankle area.
The part that bends upwards is composed of the top four
ABS layers printed longitudinally, the middle two ABS lay-
ers printed laterally, and the bottom two PCABS layers prin-
ted laterally. The remaining part comprises the bottom four
ABS layers printed longitudinally, the middle three ABS lay-
ers printed laterally, and the top PCABS layer printed lat-
erally. The shoe and calf straps are entirely modeled using
PCABS to induce bending in the second morphing phase. The
exoskeleton includes four pairs of shoe straps, each varying in
bending behavior. The first pair, nearest to the toe cap, consists

7
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Figure 8. Case study 1. (a) 3D sliced view of the self-actuating chair and (b) the morphing phases when applied with thermal stimulation.

Figure 9. Case study 2. (a) 3D sliced view of the self-actuating stent, (b) fabricated and realized stent: 1.Initial printed state 2. Geometry
after first morphing phase 3. Geometry after second morphing phase, (c) simulated case with successful sequential morphing, and (d)
simulated case with interrupted morphing.

of three layers, with the top layer printed longitudinally and
the bottom two layers laterally. Subsequent pairs, progressing
sequentially from the front, comprise a total of four, six, and
eight layers, respectively, to achieve varying degrees of bend-
ing. For the calf strap, five pairs are included in the exoskel-
eton, designed to make the pair closest to the heel bar bend
the most, with the straps above bending to a lesser degree. All
these straps have an equal number of longitudinal and lateral
layers. The first pair, closest to the heel bar, comprises six lay-
ers, while the following two pairs each comprise eight lay-
ers, and the remaining two pairs consist of ten layers, enabling
different degrees of bending. All layers have a thickness of
0.25 mm.

Numerical analysis and experimental validation were con-
ducted for the proposed exoskeleton design. Illustrations of
the simulated and experimental morphing phases are shown
in figures 10(c) and (d). For the simulated model, the toe cap,

heel bar sections with upward and downward bending were
evaluated to have curvatures of 0.0809 mm−1, 0.0489 mm−1,
and 0.0514 mm−1, respectively. For the shoe straps, start-
ing from the first pair nearest to the toe cap in sequential
order, they were evaluated to have curvatures of 0.1103mm−1,
0.1017 mm−1, 0.0791 mm−1, and 0.0590 mm−1, respect-
ively. For the calf straps, starting from the first pair closest
to the heel bar in sequential order, they had curvatures of
0.0859 mm−1, 0.0517 mm−1, 0.0517 mm−1, 0.0338 mm−1,
and 0.0338 mm−1, respectively. A great coordination between
the simulated model and the manufactured structure was
observed, with the experimental curvatures having differences
within 8% range overall. Moreover, both the model and the
structure presented smooth transition in morphing phases at
approximate time period of 96 seconds after applying thermal
stimulation. The three case studies successfully demonstrate
the feasibility of the proposed multi-material 4D printing
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Figure 10. Case study 3. (a) Example of a wearable lower limb exoskeleton, (b) 3D sliced view of the exoskeleton, (c) fabricated and
realized exoskeleton: 1. Initial printed state 2. Geometry after first morphing phase 3. Geometry after second morphing phase, and (d)
morphing phases of the self-actuating wearable exoskeleton.

method for fabricating and realizing self-actuating structures
with intricate geometric complexity.

6. Conclusions

This study proposed a multi-material 4D printing approach
to achieve a two-phase morphing in structures with complex
designs. ABS and PCABS plastics were considered to initi-
ate morphing at their glass transition temperatures, specifically
105 ◦C and 125 ◦C. For the morphing process, structures were
printed with longitudinal orientations for the top half layers
and lateral orientations for the bottom layers, enabling struc-
tural bending during the morphing phases. Parameter charac-
terization was conducted to explore the influence of structural
length, width, and thickness on the degree of curvature after
morphing. Experiments using specimens with various para-
meter values were conducted, and the results were employed
in FEM analyses involving transient heat convection simula-
tions, to evaluate the thermal expansion coefficients of ABS
and PCABS at different temperatures. This meticulous process
enabled the precise assessment of morphing phases at different
temperatures. Multi-material structures such as self-actuating
chair, stent, and exoskeleton suit were modeled and manu-
factured for validation. The study concludes with the design
and production of these multi-material structures, which
showcase not only functionality but also intricate geometric
complexity.
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