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Four-dimensional (4D) printing endows three-dimensional (3D) objects with structural customizability and
functional tunability, which offers the potential to manufacture advanced equipment and devices for specific
structural or functional requirements. Here, we investigated the temperature-dependent mechanical and shape
memory properties of 4D printed continuous fiber reinforced composite horseshoe lattice structures (CFRCHLSS).
Rectangular modified CFRCHLSs with diverse cell configurations were designed and prepared by fiber/matrix co-
extrusion process utilizing continuous fibers and shape memory polymer (SMP). Isothermal compression ex-
periments and thermo-mechanical cycle experiments were conducted to investigate the temperature-dependent
mechanical properties and thermally-induced active deformation capabilities of 4D printed CFRCHLSs. The re-
sults indicate that 4D printed CFRCHLSs possess temperature-dependent equivalent stiffness and peak load, and
exhibit shape recovery capabilities affected by geometric configuration. Furthermore, multi-step relaxation ex-
periments were carried out, which revealed the relaxation phenomenon of 4D printed CFRCHLSs at continuous
multiple displacements. This work provides guidance for structural design, integrated preparation and charac-
terization of thermodynamic properties of fiber reinforced composite lightweight structures with intelligent

deformation behavior.

1. Introduction

Advanced structural materials with characteristics such as light
weight, intelligence, high stiffness/strength and energy absorption ca-
pabilities are becoming critical for multi-functional applications in
aerospace, marine engineering, biomedicine and automotive engineer-
ing [1]. Continuous fiber-reinforced composite lightweight structures
(CFRCLSs) perfectly integrate these characteristics and present new
advances in the tailorability of mechanical properties, so that they are
becoming excellent candidates for advanced structural and functional
materials. Some CFRCLSs with optimized microstructure design have
been proposed, and their corresponding advantages have also been
extensively investigated [2-7]. For example, Schneider et al. [4] pre-
pared novel carbon fiber and poly-ethylene terephthalate fiber com-
posite lattice structures with competitive mechanical properties through
thermoforming and hot-plate bonding methods. Du et al. [5] fabricated
fiber-reinforced foldcores based on curved-crease origami through the
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prepreg hot press molding process, and investigated the compression
performance of the foldcores analytically and experimentally. Pehlivan
et al. [6] used the corrugation method to manufacture carbon fiber
reinforced composite honeycomb structures with diverse unit configu-
rations, and comprehensively investigated the compression response
and energy absorption capabilities of these honeycomb structures. Chen
et al. [7] designed a glass fiber reinforced multi-layer composite
corrugated sandwich structure and investigated the compression failure
mode of the structure numerically and experimentally.

Different from traditional processing methods, additive
manufacturing (also known as 3D printing) based on continuous fibers
and thermoplastic polymers is a convenient way to develop advanced
CFRCLSs due to its integrated customization, short manufacturing cycle,
low cost and strong adaptability [8-11]. Recently, intensive efforts have
been devoted to investigating the process improvement, structural
optimization, performance characterization and multifunctional appli-
cations of 3D printed CFRCLSs [12-15]. Hou et al. [16] proposed two
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Fig 1. (a) Two-dimensional illustrations for horseshoe lattice structures with various sinusoidal wave amplitudes, (b) representative unit cells of each structure and

(c) the corresponding samples manufactured by 4D printing.

design strategies including cross lap and panel-core lap to fabricate
CFRCLSs, which preliminarily demonstrated the feasibility of
manufacturing CFRCLSs through a 3D printing process. Sugiyama et al.
[17] prepared composite sandwich structures with different core con-
figurations utilizing fiber tension and quantified the functional proper-
ties of these sandwich structures through three-point bending
experiments. Eichenhofer et al. [18] introduced a continuous lattice
fabrication method based on additive manufacturing technology for
fiber-reinforced ultra-lightweight composite structures. Quan et al. [19]
manufactured thermoplastic composite auxetic honeycomb structures
with negative Poisson’s ratio through 3D printing according to a specific
printing path design and investigated the effective stiffness and Pois-
son’s ratio of the structure through analytical and numerical methods.
Dong et al. [20] proposed a new 3D printing strategy to fabricate
continuous fiber reinforced diamond cellular structures, which can
make continuous fiber have good orientation in the cellular structure.
Despite these advances, the design and manufacture of programmable,
reconfigurable and mechanically tunable intelligent composite light-
weight structures remain a challenge.

Fortunately, 4D printing technology, which combines the 3D print-
ing process with stimulus-responsive materials, provides an unprece-
dented way to develop intelligent composite lightweight structures in
one step [21-23]. 4D printed objects can adaptively transform their

morphology/structure/behavior under external stimuli such as heat,
light, electricity or magnetism [24-28]. Thermally-induced shape
memory polymers (SMPs) are a kind of typical stimulus-responsive
materials, which are characterized by remarkable programmability,
shape memory effect and thermo-viscoelasticity [29-33]. Some studies
have preliminarily verified the feasibility of applying SMPs to 4D
printing of CFRCLSs [34-36]. However, these studies only considered
the printing path planning, characterization of basic mechanical prop-
erties and preliminary verification of the shape memory effect of 4D
printed CFRCLSs. More complex structural designs and more systematic
characterization of thermodynamic properties are required to facilitate
versatile applications of 4D printed CFRCLSs.

Herein, we presented 4D printed continuous fiber reinforced com-
posite horseshoe lattice structures (CFRCHLSs) and experimentally
investigated their temperature-dependent thermodynamic behavior.
The CFRCHLSs were fabricated by fused filament fabrication (FFF)
process with continuous carbon fibers and polylactic acid (PLA)-based
SMP. The isothermal compression experiments at several temperatures
were performed to capture the temperature-dependent mechanical
behavior of the CFRCHLSs, and the thermo-mechanical cycle experi-
ments were conducted to evaluate their shape memory properties. The
proposed 4D printed CFRCHLSs show significant temperature-
dependent compression properties and remarkable shape memory
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Fig 2. 3D printing device in a co-extrusion manner for the fabrication of CFRCHLSs.

Cross lap

Matrix

Continuous fiber

Fig 3. Printing path scheme and cross lap printing strategy.

capabilities. Besides, the multi-step relaxation experiments were con-
ducted to reveal the relaxation behavior of 4D printed CFRCHLSs at
multiple displacements.

2. Materials and methods
2.1. Model design

Rectangular modified lattice structures shown in Fig. la are
designed, which are constructed by replacing the straight connecting
beams in the rectangular lattice with horseshoe microstructures [37]. In
this study, horseshoe microstructures can be described by periodic si-
nusoidal waves as [38]

y=A-sin (2—;x> (€8]

where A is the sinusoidal wave amplitude and T is the sinusoidal wave
period. Three kinds of modified horseshoe lattice structures with diverse
configurations are designed by adjusting the sinusoidal wave amplitude.
It should be emphasized that the horseshoe lattice structures involved in
this study are periodic, and the representative unit cells of various
structures are presented in Fig. 1b. The representative unit cells can be
described by three structural parameters: sinusoidal wave amplitude A,
wavelength 1 and wall thickness t. The three types of horseshoe lattice
structures have the same wavelength 1 and wall thickness t, which are
24 mm and 1.2 mm, respectively. Three different sinusoidal wave am-
plitudes (i.e., A = 2 mm, 4 mm and 6 mm) are considered.

2.2. Sample fabrication

Based on the geometric models designed in Section 2.1, the FFF-
based co-extrusion process was applied to manufacture CFRCHLSs.
Fig. 2 shows the continuous fiber reinforced composite 3D printer
(Combot-200) from Shaanxi Fibertech Technology Development Co.,
Ltd., China, which was used for the fabrication of CFRCHLSs in this
study. The printer is designed based on the principle of fiber/matrix co-
extrusion. Continuous fiber bundle and thermoplastic polymer are fed
into the extruder through separated channels and then extruded from
the same nozzle. During the preparation of the sample, the in-plane
motion path of the printer nozzle is aligned with the tangential direc-
tion of the lattice wall. Fig. 3 illustrates the in-plane printing path
scheme. The printer nozzle moves in the sequence of the serial number,
and the blue curved arrows indicate the in-plane movement direction of
the nozzle. It is worth noting that the cross lap strategy is used to
enhance the bonding properties between the crossed curved beams of
the lattice structure. As shown in Fig. 3, when the nozzle passes through
the intersection marked by the red dashed circle, the matrix is melted
again and the deposition line is bonded at the intersection, thereby
achieving a strong interface bonding.

The long fiber bundle used in this study was Toray T300B-1000-50B
carbon fiber, which was composed of 1000 carbon fiber filaments with a
diameter of about 7 pm. The thermoplastic polymer consumable was
PLA-based SMP filament with a diameter of 1.75 mm [39]. The ther-
modynamic properties of the filament were investigated through dif-
ferential scanning calorimetry (DSC) [39]. Some process parameters
probably can affect the thermodynamic properties of 4D printed
CFRCHLSs. In the present work, the process parameters for all samples
were set as: nozzle temperature of 220 °C, printing speed of 100 mm/
min, layer thickness of 0.3 mm, nozzle diameter of 1 mm and substrate
temperature of 60 °C. In addition, all samples were manufactured by
stacking 80 layers, resulting in an out-of-plane thickness of 24 mm.
Fig. 1c presents three types of samples with different sinusoidal wave
amplitudes.

2.3. Experimental characterization

2.3.1. Isothermal compression experiments

Three kinds of 4D printed CFRCHLSs were subjected to in-plane
compression experiments at two isothermal conditions (i.e., 28 °C and
90 °C). The isothermal compression experiments were conducted on a
Zwick/Roell testing machine with an environmental chamber, where
the ambient temperature was held for 20 min before loading to allow for
uniformity of temperature in the sample. The loading rate of all exper-
iments was controlled to 4 mm/min following ASTM standard D1621,
and the loading continued until densification started. At least three tests
were conducted for each type of sample to ensure repeatability. In order
to obtain the compression failure mode of the sample, a camera was used
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Fig 4. The isothermal compression properties of 4D printed CFRCHLSs with various sinusoidal wave amplitudes. (a) Displacement-load curves at 28 °C. (b)
Equivalent stiffness and peak load at 28 °C. (c) Displacement-load curves at 90 °C. (d) Equivalent stiffness and peak load at 90 °C.

(a)

U=30mm

U=50 mm

Fig 5. Compression deformation process of 4D printed CFRCHLSs with various sinusoidal wave amplitudes at an isothermal environment of 28 °C. (a) A = 2 mm. (b)

A =4mm. (c)A =6 mm.

to track the deformation process of the sample during the experiment.

2.3.2. Thermo-mechanical cycle experiments
The shape memory effect of 4D printed CFRCHLSs was investigated

by thermo-mechanical cycle experiments, which were performed in
compression loading mode on a Zwick/Roell testing machine. The entire
thermo-mechanical cycle experiment is divided into the following four
steps. Step 1: The sample is first heated to 90 °C at a heating rate of 5 °C/
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Fig 6. Temperature histories in the thermo-mechanical cycle experiments.

min, and then a maximum displacement Uy,qy is applied at a loading rate
of 1 mm/min. The influence of different maximum displacement Upqy 0N
the shape recovery capability of 4D printed CFRCHLSs needs to be
investigated, so four maximum loading displacements (i.e., Upgx = 2, 5,
10 and 20 mm) are set. Step 2: The maximum displacement is main-
tained, and the temperature is reduced from 90 °C to 28 °C. It should be
pointed out that the cooling rate is not constant due to the limitation of
the temperature-controlled chamber. Step 3: The temperature is main-
tained at 28 °C and the load is removed. Step 4: While keeping no load,
the temperature is again raised to 90 °C. The experimental data such as
compression load, compression displacement and temperature were
recorded throughout the test.

2.3.3. Multi-step relaxation experiments

Stress relaxation is a typical mechanical characteristic of thermo-
viscoelastic polymers and their composites. When a device made of
thermo-viscoelastic material is subjected to constant or multi-step
strain, it will undergo stress relaxation. Therefore, multi-step relaxa-
tion experiments at 28 °C and 65 °C were carried out to evaluate the
relaxation behavior of 4D printed CFRCHLSs. The displacements of 1
mm, 2 mm, 5 mm, 10 mm and 20 mm were applied step by step, and
each displacement was kept for 20 min. A minimum of three tests were
performed for each sample type to ensure reproducibility.

3. Results and discussion
3.1. Isothermal compression properties

Fig. 4a and 4c respectively show the compression displacement-load
curves of 4D printed CFRCHLSs at 28 °C and 90 °C. It can be observed
that the sample undergoes elastic deformation approximately before the
load reaches its initial peak. To evaluate the impact of the sinusoidal
wave amplitude on the initial elastic deformation of 4D printed
CFRCHLSs, here the equivalent stiffness is defined: Equivalent stiffness =
(Fy - F1) / (U - Uy), where Uy, Fy, U, and F5 are the components of the
two data points (Ui, F1) and (Us, F5) taken from the initial elastic section
of the displacement-load curve. Fig. 4b and 4d summarize the equivalent
stiffness and the initial peak load of 4D printed CFRCHLSs under
isothermal conditions of 28 °C and 90 °C, respectively. It can be found
that the initial peak load and equivalent stiffness decrease significantly
with the increase of sinusoidal wave amplitude at both high and low
temperature conditions. Moreover, the ambient temperature also has a
considerable impact on the initial elastic properties. For example, the
initial peak load and equivalent stiffness at 90 °C are 77.5% and 79.3%
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Fig 7. Temperature-displacement plots for the cases (a) A =2 mm, (b) A =4
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C. Zeng et al.

1(@) U=0mm U= 10 mm

BT N

Composite Structures 280 (2022) 114952

e T N BB M W . I
Original shape Programming Temporary shape

U=20mm

Recovery — Recovered shape !
U=10 mm U=32mm

Fig 8. The shape memory behavior of 4D printed CFRCHLSs with sinusoidal wave amplitude (a) A = 2 mm, (b) A = 4 mm and (c) A = 6 mm during thermo-

mechanical cycle experiments.

less than those at 28 °C when the wave amplitude is 2 mm, respectively.
After the initial elastic phase, the displacement-load curves turn into an
elastic—plastic phase accompanied by fluctuations in the load. It can be
noticed from Fig. 4a and 4c that the evolution of this phase tends to
become gentler as the sinusoidal wave amplitude increases. In fact, the
smaller the sinusoidal wave amplitude of the curved beams of the
modified horseshoe lattice is, the more likely it is to buckle under the
action of the axial force, which leads to greater load fluctuations.

Fig. 5 presents the snapshots of the compression deformation process
of 4D printed CFRCHLSs at an isothermal environment of 28 °C. It can be
observed in Fig. 5a that lattices at the bottom of the sample with a si-
nusoidal wave amplitude of 2 mm have been compacted when the
compression displacement is 15 mm. With the further increase of
displacement, the load will gradually increase until lattices at the top of
the sample yield. Therefore, the displacement-load curves evolve a
second load peak within the displacement interval of 15 mm to 25 mm
for the sample with a sinusoidal wave amplitude of 2 mm as seen in
Fig. 4a and 4c. When the wave amplitude is 4 mm, Fig. 5b indicates that
the horseshoe cells of the sample rotate during the deformation process,

which can slow down the load fluctuation. When the wave amplitude is
6 mm, more uniform deformations are observed in Fig. 5c, which are
attributed to the more likely cell rotation caused by the large sinusoidal
wave amplitude. It can be seen from Fig. 4a that the displacement-load
curve of the sample with a wave amplitude of 6 mm has entered the
densification phase earlier than those of the samples corresponding to
the wave amplitudes of 2 mm and 4 mm. This is because the large si-
nusoidal wave amplitude causes adjacent cells to come into contact
earlier during the compression process, which will significantly increase
the magnitude of the load.

3.2. Shape memory properties

Since the matrix material is a PLA-based SMP, 4D printed CFRCHLSs
possess shape memory properties. The thermo-mechanical cycle exper-
iments can evaluate the shape fixability and shape recovery character-
istics of 4D printed CFRCHLSs. The thermo-mechanical cycle
experiments were executed in four steps according to temperature
conditions. The curves of temperature variation with time in the
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experiments were recorded and displayed in Fig. 6. Limited by the
temperature-controlled chamber, the cooling rate in the cooling phase
(Step2) exhibited an exponential decrease, and the heating rate in the
heating phase (Step4) did not remain constant. The difference in the
maximum displacement in the first step led to the difference in the
temperature profiles.

Fig. 7 presents the temperature-displacement plots measured in the
thermo-mechanical cycle experiments of 4D printed CFRCHLSs with
various sinusoidal wave amplitudes, from which the variation of
displacement with temperature for different loading steps can be clearly
obtained. By observing Fig. 7a, it can be found that the variation of
displacement with temperature exhibits a closed loop when the sinu-
soidal wave amplitude is 2 mm. With the increase of the maximum

displacement Upqy, the temperature-displacement curves show an
increased displacement increment in the first step as well as an increased
displacement rebound in the third step. The fourth step is the free re-
covery phase, where the variation of displacement with temperature
presents a more complicated trend. At the initial stage of heating, the
displacement remains essentially constant. When the temperature rea-
ches 45 °C, the free recovery begins, which is reflected by the reduction
of displacement. As the temperature increases to 60 °C, the recovery rate
increases significantly. When the ambient temperature reaches 80 °C,
the recovery rate decreases slowly. It should be pointed out that the
sample has not recovered to its original shape after the temperature is
raised to 90 °C. If the temperature is kept at 90 °C, the free recovery
process will continue. When the sinusoidal wave amplitude is 4 mm or 6
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experiments.

mm, a conclusion similar to Fig. 7a can be obtained by observing Fig. 7b
or 7c.

To visually illustrate the shape memory characteristics of 4D printed
CFRCHLSs, Fig. 8 exhibits the programming and free recovery process of

the samples with different sinusoidal wave amplitudes in the thermo-
mechanical cycle experiments when the maximum displacement Upgy
= 20 mm. During the programming phase, the sample was subjected to a
maximum displacement of 20 mm at an isothermal environment of
90 °C. Fig. 8 shows the snapshots of the samples for loading displace-
ments of 0 mm, 10 mm and 20 mm. During the free recovery phase, the
ambient temperature was raised to 90 °C while maintaining zero load.
To compare with the configurations of the sample in the programming
phase, the snapshots of the sample at different displacements in the free
recovery phase were also given in Fig. 8. It is worth noting that the
recovered shape of the sample is different from the original shape,
because the shape recovery ratio does not reach 100%. When the sinu-
soidal wave amplitude is 2 mm, it can be seen in Fig. 8a that the sample
exhibits significant uneven deformation during the programming phase,
and the cells at the bottom of the sample yield at the nodes. Neverthe-
less, the sample still shows excellent shape recovery capability in the
free recovery phase. As the sinusoidal wave amplitude increases, the
deformation of the sample becomes more and more uniform in the
programming phase. For instance, when the sinusoidal wave amplitude
is 6 mm, the sample experienced completely uniform deformation, no
yielding failure of the sample is observed from the images, and the
sample also exhibits excellent shape recovery capability in the free re-
covery phase.

Furthermore, the shape fixity ratio Rrand the shape recovery ratio R,
are defined to quantify the shape memory properties of 4D printed
CFRCHLS:
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where Uy is the initial displacement before the experiment, Uy = 0 in this
paper; Ungy is the maximum displacement in the first step of the thermo-
mechanical cycle experiment; Uyis the displacement of the sample at the
beginning of the fourth step; U, is the displacement of the sample at the
end of the fourth step.

Fig. 9 presents the time-displacement curves of 4D printed
CFRCHLS:s in the thermo-mechanical cycle experiments, as well as the
shape fixity ratios and shape recovery ratios obtained from these curves.
As can be seen in Fig. 9a, 9c and 9e, the time-displacement curves for all
samples exhibit an obvious S-shaped trend in the fourth step of the
thermo-mechanical cycle experiment although there are different sinu-
soidal wave amplitudes and maximum displacements. In addition, both
the initial displacement of the sample at the beginning of the fourth step
and the residual displacement at the end of the fourth step increase with
the increase of the maximum displacement when the sinusoidal wave
amplitudes are the same. Fig. 9b, 9d and 9f give the shape fixity ratios
and shape recovery ratios of the samples with various maximum dis-
placements for sinusoidal wave amplitudes of 2 mm, 4 mm and 6 mm,
respectively.

It can be observed from Fig. 9b that when the wave amplitude is 2
mm, the shape fixity ratios of the samples with maximum displacement
Upnax = 2 mm, 5 mm, 10 mm and 20 mm are 83.7%, 88.5%, 92.1% and

92.6%, respectively, while the corresponding shape recovery ratios are
93.6%, 91.2%, 90.9% and 84.1%. Obviously, the shape fixity ratio is
positively correlated with the maximum displacement, and conversely,
the shape recovery ratio is negatively correlated with the maximum
displacement. The reason why the shape fixity ratios of the samples are
less than 100% is that the elastic deformation of the fibers is released in
the third step, which is not stored as shape memory strain during the
cooling process. Besides, as the maximum compression displacement
increases, failures may occur in the composite structures, which will
lead to greater residual strains that are difficult to recover. By comparing
Fig. 9b, 9d and 9f, it can be found that the sinusoidal wave amplitude
also affects the shape fixity ratio and shape recovery ratio of 4D printed
CFRCHLSs. For example, when the maximum displacement is 5 mm, the
shape fixity ratios for samples with wave amplitudes of 2 mm, 4 mm and
6 mm are 88.5%, 85.5% and 83.1%, respectively, and the corresponding
shape recovery ratios are 91.2%, 95.9% and 96.1%, respectively. This
indicates that the sample with a wave amplitude of 6 mm possesses the
lowest shape fixity ratio, but the highest shape recovery ratio.

Figs. 10 and 11 respectively present the time-load response and
displacement-load response of 4D printed CFRCHLSs with different si-
nusoidal wave amplitudes measured in the thermo-mechanical cycle
experiments. When the maximum displacement is 2 mm, it can be found
in Fig. 10a and 11a that the maximum load and equivalent stiffness of
the sample decrease significantly with increasing sinusoidal wave
amplitude in the first step of the experiment, which is consistent with the
analysis results in Section 3.1. In the second step of the thermo-
mechanical cycle experiment, the load generally decreases as the tem-
perature decreases, which is attributed to the thermal contraction of the
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Fig 14. Multi-step relaxation behavior of 4D printed CFRCHLSs at 28 °C. (a) Time vs load plots. (b) Displacement vs load plots. (¢) Maximum load in different

displacement intervals. (d) Equilibrium load in different displacement intervals.

material caused by the temperature drop. Moreover, as the sinusoidal
wave amplitude decreases, the decreasing trend of the load becomes
more pronounced. It should be noted that the cooling time of the sample
at this phase is different due to the limitation of the temperature-
controlled chamber. When the maximum displacement is 5 mm,
similar analysis results can be obtained from Fig. 10b and 11b. The
difference is that the sample with a wave amplitude of 2 mm yields in the
first step of the thermo-mechanical cycle experiment when the
maximum displacement is 5 mm.

3.3. Relaxation behavior

In order to quantify the relaxation behavior of 4D printed CFRCHLSs
at multiple displacements, multi-step relaxation experiments were
conducted, in which incremental displacements were applied. Fig. 12
presents the displacement loading history in the relaxation experiments.
The step displacements were applied at intervals of 1 mm, 2 mm, 5 mm,
10 mm and 20 mm. In the multi-step relaxation experiments, the sam-
ples were compressed in several consecutive steps and allowed to relax
for 1200 s in each step. Fig. 13a and 13b exhibit the time-load and
displacement-load curves measured in an isothermal environment at
65 °C, respectively, from which the statistics of the maximum and
equilibrium loads for several displacement intervals can be smoothly
obtained, which are presented in Fig. 13c and 13d, respectively. When
the sinusoidal wave amplitude is 2 mm, the equilibrium loads of the
sample in the displacement intervals of 1 mm, 2 mm, 5 mm, 10 mm and
20 mm are 57.3 N, 86.4 N, 128.0 N, 152.7 N and 220.8 N respectively,
which is 42.1%, 42.3%, 39.9%, 41.7% and 59.8% less than the peak
loads in the corresponding displacement intervals. Obviously, the
relaxation behavior of the sample in each displacement interval is

10

similar when the displacement is within 10 mm. When the loading
displacement is 20 mm, the relaxation is more pronounced due to the
failure of the structure under large deformation. In addition, the sinu-
soidal wave amplitude also affects the relaxation behavior of 4D printed
CFRCHLSs. As seen in Fig. 13d, the samples with sinusoidal wave am-
plitudes of 4 mm and 6 mm possess similar equilibrium loads in each
displacement interval, but these equilibrium loads are significantly
lower than those of the sample with a wave amplitude of 2 mm.

Fig. 14 shows the multi-step relaxation response measured in an
isothermal environment of 28 °C, which is different from the relaxation
response at 65 °C. It can be observed from Fig. 14a and 14d that when
the displacement is 5 mm, the equilibrium load of the sample with a
sinusoidal wave amplitude of 2 mm is significantly lower than that when
the displacement is 2 mm, which is attributed to the plastic deformation
and yielding failure of the structure. A similar phenomenon can be
observed in the sample with a sinusoidal wave amplitude of 4 mm. When
the sinusoidal wave amplitude is 6 mm, the equilibrium load of the
sample increases monotonously with the displacement, which means
that the sample does not suffer significant plastic deformation and
yielding failure during the entire relaxation process.

4. Conclusions

In this contribution, rectangular modified CFRCHLSs with different
sinusoidal wave amplitudes were proposed and fabricated by 4D print-
ing. Afterward, several characterization techniques including isothermal
compression experiments, thermo-mechanical cycle experiments and
multi-step relaxation experiments were applied to investigate the
temperature-dependent thermodynamic properties and relaxation
behavior of 4D printed CFRCHLSs. The results of isothermal
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compression experiments demonstrate that increasing the ambient
temperature can significantly reduce the equivalent compression stiff-
ness and the initial peak load of CFRCHLSs, and the equivalent stiffness
and initial peak load decrease with increasing sinusoidal wave ampli-
tude at isothermal conditions. The measurements obtained from the
thermo-mechanical cycle experiments indicate that 4D printed
CFRCHLSs possess the ability to fix their temporary shape and freely
recover their original shape, and the shape fixity ratio and shape re-
covery ratio are positively and negatively related to the maximum
displacement, respectively. For instance, when the sinusoidal wave
amplitude is 2 mm, the shape fixity ratios of the samples with the
maximum displacement Upge = 2 mm, 5 mm, 10 mm and 20 mm are
83.7%, 88.5%, 92.1% and 92.6%, respectively, while the corresponding
shape recovery ratios are 93.6%, 91.2%, 90.9% and 84.1%. In the multi-
step relaxation experiments, step displacement was applied at intervals
of 1 mm, 2 mm, 5 mm, 10 mm and 20 mm. When the ambient tem-
perature is 65 °C, the sample exhibits similar relaxation behavior at each
displacement interval up to 10 mm.

In summary, the proposed 4D printed CFRCHLSs serve as potential
candidates for mechanical metamaterials with variable stiffness due to
their temperature-dependent mechanical properties. And the remark-
able shape memory effect is a feature that can be used to design novel
deployable structures and smart morphing devices. Therefore, the
findings in this article provide a reliable guideline to novelly develop
advanced structural materials for aerospace, marine engineering,
biomedicine and automotive engineering.
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