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Abstract: Four dimensional printing enables the advanced manufacturing of smart objects that
can morph and adapt shape over time in response to stimuli such as heat. This study presents
a single-material 4D printing workflow which explores the residual stress and anisotropy arising
from the fused deposition modelling (FDM) printing process to create heat-triggered self-morphing
objects. In particular, the study first investigates the effect of printing patterns on the residual stress
of FDM-printed acrylonitrile butadiene styrene (ABS) products. Through finite element analysis, the
raster angle of printing patterns was identified as the key parameter influencing the distribution of
residual stresses. Experimental investigations further reveal that the non-uniform distribution of
residual stress results in the anisotropic thermal deformation of printed materials. Thus, through
the design of printing patterns, FDM-printed materials can be programmed with desired built-in
residual stresses and anisotropic behaviours for initiating and controlling the transformation of
4D-printed objects. Using the proposed approach, any desktop FDM printers can be turned into 4D
printers to create smart objects that can self-morph into target geometries. A series of 4D printing
prototypes manufactured from conventional ABS 3D printing feedstock are tested to illustrate the use
and reliability of this new workflow. Additionally, the custom-made wood–plastic composite (WPC)
feedstocks are explored in this study to demonstrate the transposability of the 4D printing approach.

Keywords: additive manufacturing; 4D printing; FDM; residual stress; anisotropy; finite element analysis

1. Introduction

Additive manufacturing, commonly known as 3D printing, has triggered industrial
innovations by offering unprecedented design opportunities to turn complex digital models
into physical products by adding materials layer upon layer. Four-dimensional printing
further presents a new paradigm in additive manufacturing. It is a concept first introduced
to address the extensive post-processing required by complex 3D-printed geometries [1].
The fourth dimension refers to the capability of a 3D-printed object to transform over time
when subjected to external stimuli. Through the design of material systems and control of
the manufacturing process, 4D-printed products are programmed with the self-morphing
functionality that can be activated by various environmental changes such as heat [2–9],
moisture [10–15], pH [16–20], electricity [21–24], and magnetic field [25–30]. It offers the
possibilities to fabricate objects that can self-transform from simple into complex geome-
tries, reducing the need for support structures, minimizing the production time, and saving
manufacturing costs. This opens up the potential of conventional additive manufactur-
ing technologies in new areas of applications, such as deployable architectures [31–34],
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smart textile [35–37], self-folding packaging [38–44], wearable devices [45–47], and soft
robotics [48–51].

While various additive manufacturing technologies have been reported to successfully
achieve 4D printing [25,48,50,52–54], fused deposition modelling (FDM) has become a par-
ticular research interest due to the low printing costs, easy access to desktop FDM printers,
and broad range of printing materials [55,56]. FDM is a material extrusion-based additive
manufacturing process, whereby the filament materials are first melted through a heated
nozzle and then deposited on a build platform following specific printing paths to produce
3D objects [55]. Most FDM-based 4D printing studies focus on shape-memory polymers
(SMPs), which are smart materials capable of retaining a temporary shape and recover-
ing their original shape when heated above the glass transition temperature (Tg) [57–62].
However, the temporary shape of the printed SMP products has to be manually pro-
grammed, which significantly limits the potential of FDM-based 4D printing. Although a
new approach that employs multi-material systems to create bilayer actuating structures
composed of an active layer and a passive layer has been reported [24,40,63–68], these
multi-material systems require either FDM printers equipped with dual nozzles to print the
different materials or additional printing steps to switch the filaments, which complicates
the manufacturing process.

As such, there has been a growing interest in developing single-material 4D printing
methods which utilise the residual stress in FDM-printed materials as the activation energy
to initiate the self-morphing mechanism [69–76]. Residual stresses are self-equilibrating
stresses that remain in materials in the absence of any external loads. During FDM printing,
the deposited materials are subjected to rapid heating and cooling cycles while being
constrained to the printer bed or previously printed layers, resulting in the build-up of
residual stresses [77,78]. The presence of residual stress can lead to a distinct thermal
shrinking behaviour of FDM-printed materials [69,79]. A study that explored the pattern
transformations of 2D lattice structures under heating first reports that FDM-printed
polylactic acids (PLAs) shrink when heated above the glass transition temperature [69].
It suggests that this phenomenon is attributed to the release of residual stress under the
thermal stimulus.

Combining this distinct thermal shrinking behaviour with the anisotropy exhibited
by FDM-printed products, researchers have been able to create various heat-triggered
morphing structures, including deploy mesh surfaces [70], rising tiles [71], and linear
structures capable of bending in eight directions [72]. Material and structural anisotropies
have been shown previously to be a good way to control morphing properties [80–83], and
FDM offers a new way to control the anisotropy of a printed component by varying the
printing parameters [84]. Experimental and numerical studies have been carried out to
investigate the effect of various FDM printing parameters, including the printing layer
thickness, printing speed, and nozzle diameter, on the shrinkage rate, and torsional and
flexural deformation behaviour of 4D-printed PLA structures [61,73,74]. Lately, researchers
have also focused on computational simulations to model the morphing process of FDM-
based 4D-printed objects. A constitutive model was developed to describe the thermos–
mechanical behaviour of PLA during the FDM printing process to predict the temperature-
driven deformation of 4D-printed PLA monolayers [75]. A finite element model that
characterises the effective thermal expansion coefficient of acrylonitrile butadiene styrene
(ABS) printed with different directions was established to predict the thermal deformation
of 4D-printed ABS products [76].

However, despite these case studies successfully demonstrating the feasibility of
FDM-based single-material 4D printing, few studies have looked into the residual stress
developed within the FDM-printed components. The only research that has explored
residual stresses investigates the stress gradient between the top and bottom layers without
considering the printing pattern effect [73]. In most of the reported numerical simulations,
the residual stress of FDM-.printed components was estimated based on trial and error
until the predicted morphing shapes match the experimental observations. In addition,
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despite the diverse printing materials available, the current research on single-material 4D
printing has mainly focused on commercial thermoplastic filaments, such as PLA and ABS,
without exploring the potential of custom-made composite filaments.

This research aims to provide deeper insights into the residual stress arising from
the FDM printing process, and to design a temperature-based 4D printing workflow that
enables the printed objects to self-morph into desired forms when triggered by heat. More
specifically, a finite element method (FEM) modelling framework was developed in this
project to simulate the residual stress of FDM-printed components and predict the morphing
process of the 4D-printed products. The effect of printing patterns on the residual stress of
FDM-printed products was first explored through FEM analysis. Based on the numerical
findings, a temperature-based 4D printing approach was then proposed, which utilises the
residual stress and anisotropy as the morphing principles to initiate and control the shape
transformation. A variety of physical prototypes, printed from commercial ABS filaments
and custom-made wood–plastic composite (WPC) filaments, are presented in this project.
The outcomes of this research offer opportunities to deliver an accessible and sustainable
solution to achieving complex forms using a simple production process.

2. Materials and Methods
2.1. Finite Element Method (FEM) Modelling

The FDM printing process and the heat-triggered morphing process of 4D-printed
objects were modelled using the FEM in Abaqus 2020 (Simulia, Dassault Systèmes). The
modelling framework is shown in Figure 1. Two sets of sequential thermal–mechanical FEM
models were developed to simulate the residual stress of FDM-printed objects and predict
the final transformed shapes of the 4D-printed objects. In both FEM models, meshing
elements with dimensions of 0.4 mm × 0.4 mm × 0.2 mm and a time step of 0.5 s were
used based on sensitivity analysis. For the thermal analysis, 8-node linear diffusive heat
transfer DC3D8 elements were used. For the mechanical analysis, full-integration solid
C3D8 elements were used.
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residual stress during FDM and predict the heat-triggered morphing process of 4D-printed objects.

In the first FEM model, both the FDM-printed object and the printer bed were included.
The printed object and the printer bed were assumed to be homogeneous with isotropic
material properties. To simulate the material deposition process of FDM printing, the
progressive element activation technique with an in-house Grasshopper script was used.
The elements of the printed object were activated sequentially according to the user-defined



J. Manuf. Mater. Process. 2024, 8, 77 4 of 17

printing paths. For simplicity, the cross-section of the deposited filaments was assumed to
be rectangular and the voids present in 3D-printed objects were neglected.

A transient heat transfer analysis, consisting of a printing step and a cooling step,
was first performed to obtain the temperature evolution during the FDM manufacturing
process. Initial conditions of temperature Tp corresponding to the printing temperature
and temperature Tb corresponding to the bed temperature were assigned to the 3D-printed
object and the printer bed, respectively. The constant temperature Tb was also assigned to
the printer bed as a boundary condition in the printing step. A tie constraint was applied
to connect the 3D-printed object and the printer bed to model the heat conduction. The
convection and radiation cooling of the deposited materials during printing was modelled
by defining the film coefficient and emissivity on the free surfaces of the printed parts. In
the cooling step, the convection and radiation cooling were applied to both the 3D-printed
object and the printer bed. The history of the nodal temperature of the 3D-printed objects
and the printer bed was recorded.

Static structural analysis was performed subsequently to evaluate the residual stress.
Initial temperatures of Tp and Tb were assigned to the printed object and the printer
bed, respectively. The bottom of the printer bed was fixed in all degrees of freedom as a
boundary condition. A tie constraint was also applied to connect the printed object with
the printer bed. The temperature evolution determined from the previous thermal analysis
was introduced in the printing and cooling steps as thermal loads to calculate the resultant
stress distribution. An additional bed removal step was included to model the detaching
procedure, in which the elements of the printer bed were removed to allow for the printed
object to deform freely. The nodal displacement, stress, and strain experienced by the
printed object were calculated.

In the second FEM model, only the FDM-printed object was included. Although
the object was printed from a single material, the deposited materials exhibit anisotropic
thermal behaviours because of the residual stress effect. Thus, two sets of anisotropic
thermal expansion coefficients were defined for materials printed along the transverse and
longitudinal directions. A transient heat transfer analysis was first performed to obtain
the temperature evolution of the printed object during the heat treatment. The initial
temperature of the printed object was set at room temperature, which was assumed to
be 25 ◦C. The heat treatment was modelled as convection and radiation heating. The
film coefficient and emissivity were assigned to the free surfaces of the printed object
with an ambient temperature of 125 ◦C corresponding to the oven temperature. In the
subsequent static structural analysis, the obtained temperature evolution of the printed
object during the heat treatment was included as the thermal load. The residual stresses
determined from the first FEM model was assigned to the printed object as the initial stress
state. The resultant nodal displacement, stress, and strain experienced by the printed object
were determined.

2.2. Materials and FDM Printing Parameters

Two types of thermoplastic materials, ABS and WPC, were employed in this research.
ABS is an amorphous thermoplastic polymer that has been widely used in FDM for proto-
typing. It is a low-cost printing material that shows high impact and abrasion resistance,
toughness, and strong resistance to weathering [85–88]. WPC is a commonly used green
alternative to natural timber products which offers a low environmental footprint with the
opportunity for sustainable manufacturing through the recycling of forestry by-products
and thermoplastics [89,90]. In this paper, this second material was used to prove that the
morphing phenomena are repeatable in different materials and that material properties
affect the level of morphing capability.

The FEM analysis was performed for ABS to demonstrate that the framework can be
used for prediction and design in future applications. An elasto-plastic constitutive model
was used to model the thermo-plastic behaviour of ABS [91]. The common properties
of ABS are summarised in Table 1 [91–93]. The temperature-dependent thermal and
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mechanical properties of ABS used in the FEM analysis are summarised in Figure 2 [94–97].
The material of the printer bed included in the first FEM model was Borosilicate glass.
The properties of Borosilicate glass, from the standard ISO 3585:1998 Borosilicate glass
3.3—Properties, are summarised in Table 2 [98].

Table 1. Common material properties of ABS used in FEM analysis.

Density
(×10−12 t/mm3)

Thermal Expansion
Coefficient

(×10−6 ◦C−1)

Poisson’s
Ratio Emissivity Film Coefficient

(mW/mm2 ◦C)

1050 90 0.32 0.92 8 × 10−3
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Table 2. Material properties of Borosilicate glass used in FEM analysis.

Density
(×10−12

t/mm3)

Thermal
Conductivity
(mW/mm·◦C)

Specific Heat
(×106 mJ/t·◦C)

Thermal
Expansion
Coefficient

(×10−6 ◦C−1)

Elastic
Modulus

(MPa)

Poisson’s
Ratio

2230 1.2 900 3.30 64,000 0.20

The physical prototypes of the proposed temperature-based 4D printing system were
manufactured using commercial ABS filaments and custom-made WPC filaments. The
FDM printing parameters for the ABS and WPC filaments are summarised in Table 3. The
off-the-shelf ABS filament with a diameter of 2.85 mm (Martogg Group of Companies) was
first used to print the prototypes. The proposed temperature-based 4D printing approach
was then applied to WPCs to create timber-like morphing objects and demonstrate the
transposability of the approach. The custom-made WPC filament with a diameter of
2.75 ± 0.10 mm, consisting of 19 wt% Red Gum wood particles with sizes less than 90 µm,
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80 wt% ABS, and 1 wt% maleic anhydride that served as a binding agent, was produced
at an extrusion temperature of 157 ◦C using a Noztek Pro filament extruder. The detailed
information about the filament manufacturing method can be found in the previous study
by the authors [99].

Table 3. FDM printing parameters for ABS and WPC filaments.

Filament
Printing

Temperature, Tp
(◦C)

Printer Bed
Temperature, Tb

(◦C)

Printing
Speed

(mm/min)

Layer
Thickness

(mm)

Fill
Density

ABS 245 100 1200 0.2 100%
WPC 235 110 1200 0.2 100%

2.3. Simulated Geometries and Printing Patterns

To investigate the effect of printing patterns on residual stresses, the FEM analysis was
first carried out on a rectangular bar with the dimensions of 80 mm × 8.0 mm × 1.6 mm, as
shown in Figure 3. A printer bed of 1.0 mm thickness was also included in the simulations.
Four infill patterns shown in Figure 3 were simulated to print the bar. The printing
patterns were named according to their raster angles, which were measured between the
longitudinal direction of the bar and the printing paths. For all FEM simulations, the
diameter of the printing nozzle was set as 0.8 mm.
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The printing patterns to achieve various shape transformations of the 4D-printed
objects were designed as shown in Figure 4. Figure 4a shows the four basic printing patterns
with different raster angles. Pattern A and Pattern B are printed along the transverse and
longitudinal directions of the objects, respectively. Patterns C and D are printed with
−45◦ and +45◦ raster angles, respectively. Figure 4b–d shows the different combinations
of printing patterns for FDM 4D-printed objects to achieve various geometries, including
concave, wavy, and spiral designs.
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heat treatment.

2.4. Experimental Methods
2.4.1. Characterisation of Thermal Shrinkage Behaviour

To characterise the thermal shrinkage behaviour of FDM-printed materials resulting
from the residual stress relaxation, the effective thermal expansion coefficient, αi, was
calculated using the following equation [76]:

αi =
1

∆T
(Li − L′

i)

Li
(1)

where the subscript i represents the Cartesian direction (x, y, or z), ∆T is the temperature
change during the heat treatment, and Li and L′

i are the directional dimensions before and
after the heat treatment, respectively.

The ABS specimens printed with the 0◦ and 90◦ patterns, as shown in Figure 3b,e,
were produced using a desktop FDM 3D printer (LulzBot) equipped with a 0.8 mm diameter
printing nozzle. The FDM printing parameters for ABS can be found in Table 3. For each
printing pattern, four specimens were printed. The printed ABS specimens were then
placed in an electrical furnace pre-heated at 125 ± 5 ◦C to perform the heat treatment. After
heating for 120 s, the ABS specimens were removed from the furnace and cooled to room
temperature. The dimensions of the ABS specimens before and after the heat treatment
were measured using a digital calliper (MeasumaX). Based on the measured dimensions,
the average values of the effective thermal expansion coefficients of the ABS specimens
were determined and used for the FEM analysis.

2.4.2. Manufacturing of 4D-Printed Objects and Heat Treatment

The physical prototypes of the designed 4D-printed objects were manufactured using
a desktop FDM 3D printer (LulzBot) equipped with a 0.8 mm diameter printing nozzle. The
printing parameters used for the ABS and WPC filaments can be found in Table 3. To trigger
the morphing process, the printed prototypes were placed in an electric furnace preheated
to 125 ± 5 ◦C to perform the heat treatment. The chamber temperature was monitored
by a digital thermometer (RS-41, RS PRO) attached to the inside of the furnace. The
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printed prototypes were heated for 120 s while the chamber temperature was maintained at
125 ± 5 ◦C. The morphing process during the heat treatment was observed and recorded
using a camera. After 120 s, the transformed 4D-printed objects were removed from the
furnace and cooled to room temperatures.

3. Results and Discussion
3.1. Effect of Printing Patterns on Residual Stress

To study the effect of printing patterns on residual stress, the results of the FEM analy-
sis simulating the rectangular bars printed with different infill patterns were compared.
The final residual stress developed at the bottom (1st), middle (4th), and top (8th) layers
of the rectangular bars after being removed from the printer bed are shown in Figure 5 in
terms of von Mises stress.
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Non-uniform distribution of residual stress is observed for all layers with higher
residual stresses located along the edges of the bars. The residual stress of the bar printed
with the 90◦ infill pattern is distributed relatively uniformly compared to the stress for
the bars printed with the other infill patterns. This can be explained by the temperature
difference between the adjacent deposited filaments. Since the filament length of the 90◦

infill pattern is shorter than the other patterns, the deposited filament has less time to cool
down before the next filament is printed. As such, the temperature difference between the
adjacent filaments of the 90◦ infill pattern is the smallest of all patterns, resulting in the most
uniform distribution of residual stress. For the other printing patterns, the distribution of
residual stress is found to match the raster angle of the infill patterns.

To better understand the tensile and compressive stresses experienced by the 3D-
printed objects, the residual stress components acting along the longitudinal direction of
the bar (x-direction) are examined. Figure 6 shows the residual stress components of the
bars printed with the 0◦ and 90◦ infill patterns. The positive value represents the tensile
stress, whilst the negative value represents the compressive stress.
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It can be seen that most of the bottom layers are in tension, except the edges where
compressive stress is experienced. Such a residual stress distribution is also observed at
the middle layers, yet the stress magnitude at the middle layers is much smaller than the
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stress at the bottom layers. This can be explained by the printing sequence of layers. Since
the bottom layers were printed first, they underwent more heating and cooling cycles than
higher layers, resulting in greater residual stress. The distribution of residual stress at the
top layer, on the other hand, exhibits the opposite pattern. Tensile stress is observed along
the edges of the bar. An alternation in tensile and compressive stress is observed at the
centre of the bars. This opposite pattern of the stress distribution could be due to the fact
that the top layer has a different cooling rate compared to the other layers. Since the top
layer was printed last, it had a more exposed surface area than the other layers, which
resulted in a higher cooling rate. Moreover, as no additional layers were printed on top,
the only heating and cooling cycle experienced by the top layer was during printing. After
printing, this layer only experienced cooling, whereas the lower layers underwent several
heating and cooling cycles during the subsequent printing process.

The distortion of the 3D-printed rectangular bars after being removed from the printer
bed is compared in Figure 7. The deflection of the bars printed with the different patterns
was determined by calculating the differences in the vertical displacement of the nodes.
A reduction in deflection with an increased raster angle of the infill printing pattern is
observed. The bar printed with the 90◦ infill pattern exhibits the least deflection, which
is 30.8% less than the deflection of the bar printed with the 0◦ infill pattern, 14.3% less
than that of the bar printed with the 30◦ infill pattern, and 10.0% less than that of the bar
printed with the 45◦ and the default infill patterns. The upward deflection is caused by
the compressive residual stress at the top of the bar and the tensile residual stress at the
bottom of the bar in the x-direction. Since the bar printed with the 90◦ infill pattern has the
smallest difference of residual stress between the bottom and top layers, it also displays the
minimum deflection after being removed from the bed.
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3.2. Characterisation of Thermal Shrinkage Behaviour

The thermal shrinkage behaviour of FDM-printed materials is characterised in terms
of the effective thermal expansion coefficient. The average values of the effective thermal
expansion coefficient of the ABS specimens printed with the 0◦ pattern and 90◦ pattern are
summarised in Table 4. The shape changes of the ABS specimens before and after the heat
treatment are shown in Figure 8.
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Table 4. Summary of the effective thermal expansion coefficients of the ABS specimens printed with
the 0◦ and 90◦ patterns.

Effective Thermal Expansion
Coefficient (×10−3/◦C)

0◦ Printing Pattern
Specimens

90◦ Printing Pattern
Specimens

αx −1.80 ± 0.51 −0.21 ± 0.05

αy 0.47 ± 0.28 −0.98 ± 0.09

αz 2.52 ± 0.78 2.72 ± 1.12
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Figure 8. Comparison of the ABS specimens before and after the heat treatment: (a) 0◦ printing
pattern; (b) 90◦ printing pattern.

Both printing patterns result in anisotropic thermal deformations of the ABS specimens.
Shrinkage along the printing direction and expansion along the vertical direction of the
specimens are noticed. This observation agrees with the FEM analysis results discussed in
Section 3.1. Since the FDM-printed materials experience tensile strains along the printing
directions, the residual stress relaxation releases the pre-strain, which causes the shrinking
of the materials along the printing directions.

3.3. Four-Dimensional Printing of ABS and WPC

The heat-triggered morphing process and the final transformed shapes of the 4D-
printed ABS objects are shown in Figure 9, along with the FEM simulated results. For the
concave design, the morphing process is also included. For all design cases, the FDM-
printed ABS objects successfully transformed from flat plats into desired geometries as
predicted by the FEM simulations when triggered by heat.

When comparing the heat-triggered morphing process shown in Figure 9a, it can be
seen that the actual 4D-printed object exhibits a slight delay in the initiation of the trans-
formation in comparison with the FEM results. This discrepancy can be explained by the
temperature difference at the beginning of the heat treatment. In the FEM simulations, the
furnace temperature was assumed to be perfectly constant at 125 ◦C. In reality, however, the
furnace door was opened to place the ABS objects, causing the cooling of the temperature
inside the furnace. Since the furnace temperature was lower than 125 ◦C at the beginning
of the heat treatment, a longer time was required for the ABS objects to reach the same
temperature as the simulated results, which consequently delayed the initiation of the
morphing process.

Comparing the final transformed geometries, it is notable that the 4D-printed ABS
objects exhibit a slightly larger curvature than the simulated results. One possible reason
for this is that the FEM analysis used a simplified elasto-plastic constitutive model to
simulate the material behaviours of ABS. The thermal softening effect of ABS at higher
temperatures was modelled by defining the elastic modulus as a function of temperature
without considering the actual viscoelastic behaviour of ABS. Moreover, most properties of
ABS defined in the current FEM analysis were averaged values taken from the literature
for a similar type of ABS, which may not accurately represent the material behaviours
of the ABS used in this study. However, it can be seen that the average values used in
this study were able to predict the overall thermal morphing effect very well. Hence, by
performing advanced thermos–viscoelastic material characterisation on the ABS used in
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this study, it should be possible to improve the accuracy of the current FDM. In addition,
the temperature fluctuation inside the furnace during the heat treatment process could also
contribute to the variations between the simulated and experimental results, as the FEM
analysis assumed a constant heating temperature.
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The final part of this study was to prove that the morphing effect can also be observed
in more complex materials such as WPCs. The choice of this material reposes on current
studies to use 3D printing to create different structural and architectural components [100].
The final transformed shapes of the 4D-printed WPC objects are shown in Figure 10,
which successfully demonstrates the applicability of the proposed temperature-based 4D
printing approach.
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It was noticed that 4D-printed WPC objects exhibit much less curvature than 4D-printed
ABS objects for all design cases. One possible cause of this is the different residual stresses
developed in the FDM-printed objects. It has been reported that the expansion coefficient
of thermoplastics is reduced with the addition of wood particles [101]. Since WPC has a
smaller thermal expansion coefficient than ABS, it experiences less thermal strain during
the FDM manufacturing process under the same printing conditions. As the WPC objects
were printed at a lower temperature compared to the ABS objects, less residual stress was
developed in the WPC objects than in the ABS objects. As the residual stress is embedded
in 4D-printed objects as activation energy, this leads to the smaller deformation of the WPC
objects. Moreover, it has been shown that the stiffness of FDM-printed thermoplastics is
improved by adding wood particles [99]. As such, the WPC objects would require greater
residual stress to achieve the same amount of deformation as the ABS objects. Hence, future
work on the characterisation of the material properties and numerical modelling of the
residual stress in FDM-printed WPCs is recommended to better understand the morphing
behaviour of 4D-printed WPC objects.

4. Conclusions

In this study, the FDM printing process was modelled using FEM to predict the
residual stress developed in 3D-printed ABS products. The FEM analysis reveals that the
distribution of residual stress is strongly related to the printing pattern. The 90◦ infill
pattern that prints along the transverse direction of the rectangular bar results in the most
uniform distribution of residual stress and the least distortion of the bar. On the other
hand, the 0◦ infill pattern, which prints along the longitudinal direction of the bar, leads to
the most non-uniform distribution of residual stress and the largest distortion. As such,
it is recommended to print rectangular geometries with the 90◦ infill pattern in order to
eliminate the undesirable deformation for achieving optimum printing quality.

Based on the FEM results, a single-material temperature-based 4D printing system was
then developed to manufacture heat-triggered self-morphing objects. The system utilises
the residual stress developed in the FDM printing process as the activation energy to initiate
the morphing process and the anisotropy introduced by the printing patterns to control
the shape transformation of the printed objects. Using the proposed temperature-based 4D
printing approach, thermoplastic printing materials, including ABS and WPC, can be tuned
into transformable smart materials with the capability to morph from flat plates into various
forms when triggered by heat. An FEM model was developed to predict the morphing
process of 4D-printed ABS products. By implementing the temperature-based 4D printing
workflow, any conventional desktop FDM 3D printer can be used to create objects that can
self-assemble into desired forms. The findings of this project offer promising opportunities
for sustainable manufacturing solutions with a simplified and faster fabrication process.
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