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This paper reports the failure and recovery mechanisms of 3D-printed lightweight honeycomb composites.
Through this experimental study, we demonstrate the enhanced mechanical performance of 3D-printed com-
posite structures and their ability for shape recovery under heat excitation. The remarkable mechanical perfor-
mance of the reinforced honeycombs draws from the combination of the structural geometry and the tailored
material composition. The results show that the addition of continuous fibers enables the honeycomb structure

to avoid catastrophic failure even at high levels of deformation, which allows the shape memory effect to be
activated and nearly 87% percent of the initial structural shape to be recovered. Moreover, the reinforced hon-
eycombs exhibit enhanced properties: the specific energy absorption and specific stiffness of the reinforced
honeycombs are up to 2 times greater than those of the conventional honeycombs. These enhanced mechanical
properties combined with the controllable shape recovery of the 3D-printed structures can be used in the
design of novel energy absorbing and protective material systems, biomedical devices, and actuators.

1. Introduction

Honeycomb structures are lightweight cellular structures that have
been widely adopted as sandwich panel cores, energy absorbers, vibra-
tion dampers and insulators in the aerospace, automotive and civil
engineering fields due to their light weight, novel thermomechanical
properties and energy absorption capability [1-5].

Three-dimensional printing technology has the ability to fabricate
very complex, even arbitrary structures, and has already been applied
to print cellular functional structures, including ultraelastic hierarchi-
cal foams [6], ultralight metallic microlattices [7], hierarchical porous
ceramics [8] and honeycombs, such as regular honeycombs [9-13],
density-graded honeycombs [14], hierarchical honeycombs [15] and
multimaterial honeycombs [16].

Fiber-reinforced polymer 3D printing can significantly enhance the
mechanical properties of printed polymer specimens; in particular,
when continuous fiber is used as the reinforcement phase, this
mechanical property enhancement will be even more obvious. Contin-
uous fiber-reinforced polymer 3D printing has begun to be investi-
gated in recent years and is getting more and more attention [17]. A
few studies have focused on the fabrication and mechanical property
testing, including tension, bending, and compression tests, of continu-
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ous fiber-reinforced 3D-printed standard specimens [18-20]. Continu-
ous fibers play a role in the reinforcement phase, including continuous
carbon fibers [21 23-31], Kevlar fibers [22-23], glass fibers [23-25]
and jute fibers [26]. Polymers that typically act as matrix phases
include Nylon [21-26], polylactide (PLA) [26-29 31] and acrylonitrile
butadiene styrene (ABS) [30].

Some more complex composite structures fabricated via continuous
carbon fiber-reinforced 3D printing technology have also been
reported, including corrugated structures [32] and sandwich struc-
tures with honeycomb, rhombus, rectangle, and circle core shapes
[33,34]. The continuous carbon fiber reinforcement notably improved
the mechanical properties of these structures. The failure mechanism
and modeling methods of composites including 3D printed bio-
inspired structures has also been to be discussed [35-37].

Here, we present a lightweight, recoverable, continuous carbon
fiber-reinforced PLA honeycomb composite structure (Fig. 1(a)) with
a novel energy absorption capability, which was fabricated using a
modified fused filament fabrication (FFF) 3D printing device. Through
experiments, we show that the 3D-printed honeycomb composite
structures integrate the advantages of the excellent mechanical proper-
ties of the continuous carbon fibers, the deformation mechanism of
honeycomb structures. As the honeycomb structural integrity was pre-
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Fig. 1. 3D-printed recoverable PLA honeycomb structure reinforced by continuous carbon fibers: (a) original shape of the printed honeycomb structure, (b)
compressed honeycomb structure with e = 0.45, and (c) recovered honeycomb structure acquired by applying 5 V for 5 min.

served well after compression testing under certain load direction, we
further investigated the recovery property of the compressed honey-
comb structure based on the thermally induced polymer shape mem-
ory effect of PLA matrix.

In the considered 3D-printed honeycomb composite structure, the
continuous carbon fiber serves as two roles: one as the reinforcement
phase and the other as a heat generator for activation of the shape
memory effect. Through the electric resistance of the continuous car-
bon fiber, the applied voltage can be converted into heat to excite
the shape memory effect of the polymer matrix [38-46]. It was found
that the severely deformed composite structures can recover nearly to
their initial shape upon low voltage electrical excitation. Fig. 1 illus-
trates the effect on the original shape of 3D-printed fiber-reinforced
honeycomb (a), compressed honeycomb with large compressive strain
(55% of its initial shape) (b), and restored shape (87% of its initial
shape) of the honeycomb structure due to the electrical excitation of
5 V voltage (c).

2. Materials and methods
2.1. Honeycomb fabrication

To fabricate the composite honeycombs, a custom-made 3D printer
(based on a commercial FFF platform) was used. The modified mate-
rial fabrication platform allows us to print the continuous fiber-
reinforced honeycomb structures with a continuous carbon fiber bun-
dle (HTA 40, Toho Tenax Co., Ltd, Japan) as the reinforcement phase
and a PLA filament (FlashForge, Hangzhou, Zhejiang, China) as the
matrix phase. The properties of the adopted HTA 40 carbon fiber bun-
dle (containing 1000 single carbon fibers) and the PLA filament are
summarized in Table 1.

The schematics of the 3D printing process are shown in Fig. 2(a).
PLA is heated in the heat chamber and turns into a semifluid state,
after which in situ impregnation of the carbon fiber bundle with the
thermoplastic occurred. Under the internal pressure of the extrusion
head, the semifluid thermoplastic and continuous carbon fibers are
extruded from the nozzle tip and adhere to the heat bed or former lay-

ers (Fig. 2(b)). The average width of the carbon fiber bundle is approx-
imately 0.9 mm, and the tip diameter of the extrusion head is 1.5 mm.

Fig. 3(b) shows the geometries of the printed unit cells, wherein the
geometrical parameters defining the structures are the thicknesses of
the honeycomb links t; and t,, their lengths h and [, and the character-
istic angle 0. The loading directions for longitudinal and transverse
compression testing are defined in Fig. 3(c) and (d), respectively.
Based on the geometrical parameters the relative density is defined as

B ht, + 2It,
r= 2hising + *sin26

The carbon fiber content is calculated as follows

o, — W carbon _ 2(h + l)/)c (2)
¢ W nagrix (htl + 2lt2)H1ps

(1)

For the case t; = 2 t,, Eq. (2) reduces to

Pc
O = (3)
here Wegrpon and Winqrix represent the weight of the carbon fiber
and matrix material, respectively; and p;, p., and H; are the density
of the matrix, linear density of the carbon fiber and layer height of
the specimens, respectively. Additional details for the relative density
calculation are given in Appendix A.

The dimensions of the honeycomb structure for compression test-
ing are shown in Fig. 4(a). To facilitate 3D printing of continuous
fiber-reinforced honeycomb structures, additional auxiliary structures
were added to the honeycomb structures, as shown in Fig. 4(b). The
original 3D-printed honeycomb structure is shown in Fig. 4(c). The
final honeycomb structure for compression testing after cutting off
the additional auxiliary structure is shown in Fig. 4(d).

The contact resistance between the electric cable and the carbon
fiber-reinforced honeycombs has a significant influence on the self-
heating performance. To obtain a reasonable result, some processing
steps were adopted to fabricate honeycomb samples for the heat stim-
ulating recovery experiments, as shown in Fig. 5. The original 3D-
printed carbon fiber-reinforced structure is shown in Fig. 5(a). The
honeycomb structure after cutting off the extra 3D printing assisting

Table 1
Mechanical properties of carbon fiber and PLA.
Tensile strength Tensile modulus Elongation at break Density
HTA 40 4100 MPa 240 GPa 1.7% 1.77g/cm®
PLA filament 62.63 MPa 3.2 GPa 4.43% 1.24g/cm®
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Fig. 2. 3D printing of carbon fiber-reinforced honeycomb: (a) the setup of the modified 3D printer and (b) a schematic presentation of the printing process of
carbon fiber-reinforced honeycomb.

(@) (b) (©)

Fig. 3. Carbon fiber-reinforced honeycomb: (a) honeycomb sketch, (b) unit cell geometry, (c) longitudinal loading direction, and (d) transverse loading direction.

(a) (b)

(d)

Fig. 4. 3D-printed continuous carbon fiber-reinforced honeycomb specimen for compression testing: (a) the dimensions of the honeycomb structure for
compression testing, (b) the designed honeycomb structure with extra 3D printing assisting structure, (c) the original 3D-printed honeycomb structure, and (d) the
final honeycomb structure for compression testing.
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Fig. 5. Preparation process of the 3D-printed continuous carbon fiber-reinforced honeycomb specimen: (a) original 3D-printed continuous carbon fiber-reinforced
honeycomb structure, (b) cutting off the printing assisting portions on both sides of the original honeycomb, (c) removal of the PLA matrix material from both sides
of the honeycomb structure, (d) coating the exposed carbon fiber bundle with conductive epoxy resin, (e) connecting cable wires to the silver paste-coated carbon
fibers and winding copper foil on the outside of the fibers to prevent the wires from falling off during compression testing, and (f) winding high-temperature
insulating tape on the outside of the copper foil to prevent possible short-circuits during compression testing.

portion is shown in Fig. 5(b). As the matrix is electrically insulating
and completely surrounds the carbon fiber, the honeycomb edges were
partially burned to expose the carbon fiber, which was coated with the
polymer matrix, and the exposed carbon fiber was sanded with 200
grit sandpaper to remove the remaining matrix, as shown in Fig. 5
(c). To reduce the contact resistance and prevent heat from accumulat-
ing at the electrical contact, the carbon fiber was coated with conduc-
tive silver epoxy and covered with copper foil to protect the carbon
fiber, as shown in Fig. 5(d) and (e). Then, each row of honeycombs
was cascaded with copper wire to form a series of circuits; hence,
the current can run through the whole honeycomb structure, as shown
in Fig. 5(f).

2.2. Mechanical testing

The compression tests were performed using a universal testing
machine (INSTRON 3382) with a 100 kN load cell. The tests were con-
ducted at a quasistatic strain rate of 0.001s1. For all specimens, mul-
tiple experiments were performed, and the average response along
with the standard deviation were reported. Since the structures exhibit
different responses when loaded in longitudinal and transverse direc-
tions, the corresponding testing was performed, as schematically
shown in Fig. 3(c) and (d), respectively. The deformation process
was captured by a high-resolution camera (Basler acA1600-20gc, Bas-
ler AG, Ahrensburg, DE) at a 1 Hz frequency.

3. Results and discussion
3.1. Mechanical properties under compressive loading

3.1.1. Comparison with conventional honeycombs

We start by reporting the mechanical response of the reinforced
structure to compressive loading. Fig. 6(a) shows typical mechanical
responses of conventional honeycombs and reinforced honeycombs
under longitudinal or traverse loads. The reinforced honeycombs
and regular honeycombs are characterized by identical relative density
values of 0.31, the fiber content of the reinforced honeycombs is about
14% by volume.

Fig. 6(a) shows that the stress-strain curves of the conventional
honey combs exhibit a significant decrease in stress after reaching

the peak stress; this phenomenon is mainly due to the buckling and
brittle fracture of the cell walls. Reinforced honeycombs have higher
mechanical properties than conventional honeycombs; however, the
performance of reinforced honeycombs varies under different loading
directions. When reinforced honeycombs are subjected to a transverse
load, the mechanical response is similar to that of conventional honey-
combs. When reinforced honeycombs are subjected to a longitudinal
load, the stress—strain curve is remarkably smooth and stable. Its
stress—strain curve can be divided into three stages: linear elasticity
stage, plateau stage and densification stage.

We summarized the specific stiffness and specific energy absorp-
tion (SEA) in Fig. 6(b,c). Three samples of each kind of printed honey-
comb were tested. The specific stiffness is calculated as Es = f = fﬂs,

5)d " o(e)d
and SEA is calculated as SEA = @ = w

Apps
Clearly, the compressive strength and energy absorption of the

reinforced honeycombs are significantly higher than those of the con-
ventional honeycombs. In particular, the reinforced honeycombs
under traverse loading exhibit the highest specific stiffness of 425
kN-m/kg, which is 2.6 times that of the corresponding conventional
honeycomb under transverse loading.

Although the fiber-reinforced structures show enhanced mechani-
cal properties in both directions, the longitudinal direction benefits
the most because the stiffness of carbon fiber can be utilized more
effectively in this configuration.

Interestingly, however, the maximum SEA and normalized strength
are achieved by the specimens under longitudinal loading, and these
values are 5.32 J/g and 10.74 kN-m/kg, respectively. The stress—strain
curve of the reinforced honeycomb under longitudinal loading is
smoother than that in the transverse direction. This phenomenon
can be explained by the different failure modes between each honey-
comb and the desirable properties of carbon fibers, which will be dis-
cussed in detail in section 3.2.

3.1.2. Influence of relative density on the mechanical performance

Next, we examined the influence of the relative density on the
mechanical performance of the reinforced honeycomb structure. To
this end, several specimens with identical carbon fiber content
(14%) and relative densities varying from 0.22 to 0.40 were fabricated
and tested. Fig. 7 shows the responses of reinforced honeycombs under
compression.
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Fig. 6. Mechanical response of carbon fiber-reinforced honeycombs and conventional honeycombs in longitudinal and transverse loading directions: (a)
normalized stress—strain curves of conventional honeycombs and reinforced honeycombs and a (b)-(c) comparison of the specific energy absorption and specific

stiffness between reinforced honeycombs and conventional honeycombs.

Fig. 7(a) shows that the stress—strain curves become more stable
with increasing relative density, and the strain required for the hon-
eycombs to enter the densification stage decreases gradually as the
relative density increases, leading to a significant increase in the
strength of the honeycombs. We summarize the effect of relative
density on SEA, specific stiffness and specific strength of honey-
combs in Fig. 7(b). When the relative density increases from 0.22
to 0.40, the SEA of honeycombs increases from 2.69 J/g to
8.32 J/g, the specific stiffness of the honeycombs increases from
68.15kN - m/kg to 245.73kN-m/kg, and the specific strength of

the honeycombs increases most notably from 5.80 kN m/kg to
39.95 kN - m/kg.

It is obvious that the reinforced honeycombs behave similar to
metallic materials rather than brittle plastics, and this finding is consis-
tent with the aforementioned mechanical behavior. The significant
increase in strength can be attributed to the fact that the opposing cell
walls will contact each other earlier under greater relative density,
after which the buckling of the cell walls stops, and further deforma-
tion mainly occurs in the material itself rather than in the honeycomb
structure.
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Fig. 7. Mechanical response of reinforced honeycombs with different relative densities: (a) normalized stress—strain curves of reinforced honeycombs with
different relative densities and (b) influence of relative density on the mechanical properties of reinforced honeycombs.

3.1.3. Influence of carbon fiber content on the mechanical performance
Carbon fiber content has a significant effect on the mechanical per-
formance of reinforced honeycombs. According to Eq. (2), specimens
were prepared with different layer heights (0.2 mm, 0.3 mm, and
0.4 mm) and constant relative densities of 0.31. The smaller the layer
height was, the longer the total printing path needed, and the greater
number of carbon fibers used; therefore, when the layer height
increased from 0.2 mm to 0.4 mm, the carbon fiber content decreased
from about 20% to 10%. Fig. 8(a) shows an evident densification of
honeycomb with 20% fiber content. In comparison, the stress increase
is much smaller in honeycombs with lower fiber content, even though
the initial strain of the densification stage is approximately equal. This
phenomenon occurs because of the enhancement effect of carbon
fibers on the composite material, which is another way to significantly
improve the ultimate strength of honeycomb. Fig. 8(b) shows that
when the carbon fiber content increased from 10% to 20%, the specific
strength of the reinforced honeycombs varied from 11.52 kN - m/kg to
30.39 kN - m/kg, the specific stiffness increased from 160.12 kN - m/kg
to 254.50 kN - m/kg, and the SEA increased from 4.82 J/g to 6.86 J/g.

As expected, the maximum value (254.50 kN - m/kg, 30.39 kN - m/kg
and 6.86 J/g) is obtained by the specimens with 20% fiber content,
which means that the carbon fiber plays a main role in the mechanical
performance of reinforced honeycombs.

3.2. Failure mode of honeycombs under compressive loading

For conventional honeycombs, the decrease in stress after reaching
the peak stress corresponds to the buckling of the inclined cell wall, as
shown in Fig. 9(a,b). At a certain deformation level, a local, brittle
fracture will occur at the junction between the inclined and vertical
cell wall. The onset of fracture results in an abrupt drop in the stress
level; this fracture follows the increasing stress as the inclined cell
walls contact the vertical walls. In contrast, the carbon fiber reinforce-
ment can prevent the cell wall fracture until contact is made with the
other walls. This mechanism may explain the unique mechanical
behavior of reinforced honeycombs under longitudinal compression
(a plateau in stress—strain curve) and enables honeycombs to maintain
their structural integrity. We note that the failure modes of reinforced
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Fig. 8. Mechanical response of reinforced honeycombs with different fiber contents: (a) normalized stress—strain curves of reinforced honeycombs with different
fiber contents and (b) influence of fiber content on the mechanical properties of reinforced honeycombs.
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Fig. 9. Behaviors of honeycombs under large compression: (a)-(b) conventional honeycombs under longitudinal and transverse loads and (c)-(d) carbon fiber-

reinforced honeycombs under longitudinal and transverse loads.

honeycombs are different under different loading directions. Fig. 9(c,
d) shows that unlike the desirable global deformation observed in rein-
forced honeycomb under longitudinal loading, the reinforced honey-
combs under transverse loading exhibit local, shear failure under
large deformation, which is the same behavior exhibited by the con-
ventional honeycombs.

This phenomenon can be explained by the different load-carrying
conditions of carbon fibers. In the longitudinal loading case, the
inclined cell walls serve as a plastic hinge, which bends outward after
the yield point; this behavior means that the inclined cell walls and
vertical cell walls are flattened, and the opposing inclined cell walls
gradually touch the adjacent walls. Hence, carbon fibers experience
tensile loading along their longitudinal direction, for which their
excellent strength is fully utilized. In the transverse loading case, how-
ever, the inclined cell walls bend inward, and opposing cell walls move
away from each other. Fig. 9(d) shows that the brittle fracture of the
matrix can easily propagate at the junction between adjacent inclined
cell walls, and the carbon fiber cannot effectively inhibit the formation
of fracture, which causes the reinforced honeycomb to behave similar
to a brittle plastic under transverse loading. The primary reason for a
totally different compression response under the transverse loading is
that the direction of carbon fiber is longitudinal rather than transverse
direction.

Fig. 10 shows a comparison of reinforced honeycombs under differ-
ent loading directions. Fig. 10(a,b) shows the reinforced honeycombs
under the compression load in different directions. CT scans were per-
formed to detect the fractures in these two kinds of specimen under
longitudinal and transverse compression load. Fig. 10(c) shows a CT
scan slice of the honeycomb structure after transverse compression
test, and Fig. 10(d) shows a CT scan slice of the honeycomb structure

after longitudinal compression test. The CT slices show that, when the
reinforced honeycomb is subjected to transverse compression, the hon-
eycomb is prone to brittle fracture at the junction of the vertical edges
and inclined edges; whereas, when the honeycomb is under longitudi-
nal loading, the structure could maintain much better integrity, there
was almost no obvious fracture occurred. Fig. 10(e,f) show the SEM
pictures of the tension failure of a 3D printed continuous carbon fiber
reinforced composite specimen for tensile testing. Here, the exposed
carbon fibers can be seen clearly, indicating that the carbon fiber
and the matrix were not completely impregnated during the printing
process, and the strengthening effect of carbon fibers would be
reduced.

3.3. Self-heating and self-healing effects of carbon fiber-reinforced
honeycombs

Shape memory polymers (SMPs) are a class of smart materials
that can regain its original shape under external stimuli such as tem-
perature, light, electric current, magnetic field. While the current
work does not investigate the fundamental phenomenon, but rather
employs for additional structure functionalities; interested readers
are referred to the numerous works on various SMP including
photo-cured poly (D,L-lactide) dimethacrylate networks, carbon fiber
reinforced shape memory beam and SMP applications in medical
field [47-55].

In this section, we illustrate the functional ability of the reinforced
structure to recover the original shape after compression. The shape
recovery is triggered by a low voltage excitation, which heats the car-
bon fibers, subsequently triggering the shape memory effect in the
polymeric matrix.
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Fig. 10. Carbon fiber-reinforced honeycombs after longitudinal and transverse compression (¢ = 0.35): (a) carbon fiber-reinforced honeycombs after transverse
compression and (b) carbon fiber-reinforced honeycombs after longitudinal compression; (c¢) CT scan slice of the honeycomb structure after transverse
compression;(d) CT scan slice of the honeycomb structure after longitudinal compression; (e) SEM picture of the tension failure of a 3D printed continuous carbon
fiber reinforced composite specimen for tensile testing; (f) Local area SEM picture of the tension failure.

3.3.1. Recoverability of the 3D-printed carbon fiber-reinforced composite
element

One segment of the 3D-printed carbon fiber-reinforced composite
element was used to investigate the recoverability of the overall 3D-
printed carbon fiber-reinforced composite. Fig. 11(a) shows that the
PLA matrix material on both ends of the printed segment was
removed. With the help of a cylinder, the printed segment was bent
into a “C” shape, as shown in Fig. 11(b). Then, a 5 V voltage was
applied to the “C” shape segment, as shown in Fig. 11(c). Fig. 11(d)
shows that the “C” shape segment recovered its original straight shape
in approximately 5 s, which means that under thermal stimulation, the
3D-printed carbon fiber-reinforced PLA composite exhibits good and
fast recoverability.

3.3.2. Self-heating of carbon fiber-reinforced honeycombs
During the experiment, the carbon fiber served as both a reinforce-
ment and an electrical heater, and the resistance of reinforced honey-

comb was measured to be approximately 4 Q. An obvious temperature
increase can be observed under an applied voltage of 5 V. To record
the heat distribution in the honeycombs, an infrared thermal imager
(FLUKE Ti400®) was used during the experiment. Fig. 12(b) depicts
the heating process of the reinforced honeycombs. The infrared image
shows that the temperature reached approximately 40 °C after 30 s,
and the temperature distribution was not even at the beginning due
to the contact resistance. Then, a more uniform temperature distribu-
tion was observed as the heating time and average honeycomb temper-
ature increased. After being subjected to the applied voltage for 5 min,
the honeycomb temperature reached a maximum value of 120 °C and
remained approximately constant.

3.3.3. Self-healing of carbon fiber-reinforced honeycombs

In the honeycomb structure, PLA is characterized by the coexis-
tence of two different phases: the crystalline phase and amorphous
phase. The crystalline region allows the PLA to recover its original
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Fig. 11. Recoverability of the 3D-printed continuous carbon fiber-reinforced PLA composite element: (a) a single 3D-printed composite segment with PLA
removed at both ends, (b) bending the segment into a “C” shape,(c) the recovery of the original straight shape in approximately 5 s under the 5 V excitation to the

“C” shape segment.
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Fig. 12. Fabrication of self-heating carbon fiber-reinforced honeycomb: (a) the setup for self-heating carbon fiber-reinforced honeycombs and (b) the heating

process of the reinforced honeycombs under an applied voltage of 5 V.

shape to some extent at certain temperatures, so PLA may function
similar to shape memory polymers (SMPs). The main obstacle of using
the shape memory effect of PLA in a functional structure is that the
structure may fail due to fracture prior to recovery. Fortunately, car-
bon fibers can inhibit the formation of fractures in such structures even
under large deformations. Hence, self-healing carbon fiber-reinforced
honeycombs are realizable because of their shape integrity and self-
heating effects. In this section, the relative density and fiber content
of reinforced honeycombs are about 0.40 and 14% (0.3 mm layer
height), respectively, and experiments are executed under two com-
pressive strains: 0.2 and 0.45.

To measure the recovery effects of reinforced honeycombs, the
shape recovery ratio was introduced in this study as follows:

R, = % x 100%, where, e, is the certain compression strain (0.2
and 0.45 in this paper),e;, is the strain after recovery.

Fig. 13(a,b) shows that the honeycombs have a fairly good
recovery ratio after the first loading, which is 87%. Fig. 13(e) shows
the recovery process of reinforced honeycombs after applying a 5 V
voltage, and the honeycombs can obviously recover close to their
original shape. However, the recovery ratio decreases with increas-
ing loading cycles and ultimately tends to maintain a constant value
of 60%. The incomplete and diminishing recovery is mainly attribu-
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Fig. 13. Mechanical response of carbon fiber-reinforced honeycombs during several loading-recovery processes: (a-b) Mechanical responses of reinforced
honeycomb with a compression strain up to 0.2, (c-d) mechanical response of reinforced honeycomb with a compression strain up to 0.45, and (e) recovery process

of the reinforced honeycombs after large deformation.

ted to the irreversible effect of PLA, i.e., not all energy stored dur-
ing plastic deformation can be released. Similar to the tendency of
the recovery ratio, the compressive stiffness and compressive
strength decrease from 114.92 MPa to 82 MPa and 7.64 MPa to
6.39 MPa, respectively. For larger deformation levels (strain of
50%), the irreversible effect is more obvious, as shown in Fig. 12
(c,d), wherein the recovery ratio decreases to 40% hence, there
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are fewer total loading cycles under larger deformation than under
smaller deformation. After the first recovery, the stiffness of the
honeycomb dropped steeply by approximately 50%, and then as
the number of loading-recovery cycles increased, the stiffness
slightly decreased. After the 4th loading, the stiffness of the honey-
comb was just 40 MPa. Moreover, the compressive strength slightly
decreased from 7.82 MPa to 6.54 MPa.
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4. Conclusion

In this paper, we have presented a lightweight, strong, recoverable
3D-printed honeycomb composite with remarkable energy absorption
properties. The continuous carbon fiber-reinforced honeycomb exhi-
bits extraordinary mechanical properties under large compression.
The SEA and specific stiffness of the reinforced honeycombs are 1-2
times higher than those of conventional honeycombs, and interest-
ingly, due to the anisotropy of carbon fibers, the mechanical properties
are entirely distinct along different loading directions. When under
longitudinal compression, the continuous carbon fiber-reinforced hon-
eycomb composite structure exhibits a stable 3-stage (linear elasticity-
plateau-densification) stress-strain curve that is similar to that of
metallic honeycomb structures. Our experiments show that the specific
strength, specific stiffness and SEA are closely related to the relative
density and carbon content. This realization provides a way to tailor
the mechanical properties of 3D-printed honeycombs by adjusting
these parameters.

To further demonstrate the properties of carbon fiber-reinforced
honeycombs, we also studied their self-heating and self-healing effects.
The results show that the reinforced honeycomb can be heated from
ambient temperature to 120 °C in 5 min under an applied voltage of
5 V. Furthermore, the reinforced honeycomb shows good recoverabil-
ity due to the thermally induced polymer shape memory effect, even
when the deformation from longitudinal compression is large (strain
of approximately 20%-50%). In this study, carbon fiber-reinforced
honeycombs are made from the most common commercial PLA fila-
ment, which is brittle and insufficient in shape memory. Many alterna-
tive materials can be chosen as a matrix. Therefore, the findings of this
paper not only provide a new way to enhance the mechanical proper-
ties of honeycomb but also provide insight into controllable shape
memory applications. Moreover, 3D printed continuous carbon fibers
reinforced structures with complex continuous fiber arrangements
can provide additional ways for achieving tailored mechanical proper-
ties. Furthermore, adoption of alternative matrix blends such as PLA/
TPU can potentially increase the recoverability of the 3D printed hon-
eycomb structure. Finally, we note that important issue of the wettabil-
ity that can be improved through, for example, carbon fiber
modification [27], selecting better processing parameters [56], opti-
mizing the printing nozzle structure [57], and, thus, can contribute
to further enhancement of the mechanical properties of the 3D printed
composite structures.
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Appendix A

Relative density is defined as the ratio of the density of the honey-
comb to the density of the matrix material, formula (1) is deduced as
below:
My

0 (A1)

p =

11
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My, = pVs (A2)

Ap = (A3)

4
pX
where, Ap, p and p;, are relative density, density of the honeycomb
and the density of the matrix respectively. M, and V}, represent the
weight and volume of the honeycomb, V; is the volume of solid
material.
Then, Eqg. (A.3) can be transformed as follows,

Vs
b= (A4)
V, = H(2ht, + 4lt,) (A.5)
Vi, = H(2Isinf x (2h + 2lcosh)) (A.6)
pph+2 A7)
2hlsing + [°sin20

Therefore, the relative density is the ratio of the volume of the solid
part to the total volume of the whole honeycomb, because of the same
thickness, the result can be obtained by calculating the area ratio
instead of volume according to the basic parameters in Fig. 3(b).
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