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ARTICLE INFO ABSTRACT

Cellular materials are playing a critical role in a vast number of smart applications. Latest advances in additive
manufacturing have catalyzed the structural metaproperties of the cellular materials. However, a major chal-
lenge remains for straightforward and rapid fabrication of smart cellular foams with embedded sensors while
minimizing negative impacts on their mechanical performances. In this work, a selective coaxial ink 3D printing
method is disclosed for manufacturing a smart elastomer cellular foam at a single pass, with its capability of
precisely assigning a core-shell fiber segment as a strain sensor inside the cellular structure. Mechanical test
results on these core—shell fiber segments point out that higher sensitivity can be obtained upon tension rather
than compression. Therefore, in consideration of the effects of cellular structure i.e. face centered tetragonal
(FCT) and simple cubic (SC), it is revealed that the FCT structure outperforms with a much higher strain sen-
sitivity. By assigning different number of cellular layers and tuning the line spacing inside the cellular structure,
the mechanical effects with embedding the sensor in the smart foam are assessed and increasing the line spacing
might increase the sensitivity but will degrade the repeatability. In final, the stretching performance of the smart
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foam is studied, and its application is demonstrated.

1. Introduction

Dating back to around 1660s, Robert Hook ameliorated microscopes
and carefully inspected the structure of corks, revealing the cellular
structure resembling honeycomb. Such findings provided insights on
how the cellular structure may influence overall properties and gra-
dually inspire structure design of synthetic cellular foams that mimic
their natural counterparts. Lately, the man-made natural cellular foams
are endowed with extraordinary features, such as light weight [1-3],
high compressibility [4-6], augmented specific surface area [7], en-
hanced buoyancy [8] and reduced thermal conductivity [9,10], which
are desirable for various applications in machine damping [11], auto-
mobile and aircraft design [8], soft robots [12,13], and wearable
electronics [14]. For preparation of these elastomeric cellular foams,
the traditional methods via both physical [15-17] and chemical
foaming [18-20], create stochastic pore distribution and result in un-
predicted mechanical performance of the foam [21].

Recently, additive manufacturing (AM) has been developed as a
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powerful method for yields of orderly aligned and programmable cel-
lular microstructures [22-26] across a variety of deployed materials,
such as thermoplastics processed by FDM (Fused Deposition Modelling)
[27,28], photocurable resin shaped up by SLA (Stereolithography Ap-
paratus) [29] or DLP (Digital Light Processing) [30], metal powder
stacked up by SLM (Selective Laser Melting) [31,32], and liquid-like
material jetted by IJP (Ink Jetting Printing) [33,34]. As to the elasto-
meric materials (e.g., PDMS, PU), direct ink writing (DIW) AM tech-
nique is more compatible [35-38], e.g. fabrication of meta-foams with
tunable density and stiffness [39,40], extraordinary durability [26] and
high surface area [7]. Also, inside the elastomeric entities, selective
deposition of sensing materials are being readily studied [41], through
the principal innovations with developing interface-controlled DIW
methodologies for rapid fabrication of gesture-sensible gloves [42,43],
core-shell capacitive sensors [44] and somatosensitive finger [45]. With
multi-material 3D digital jetting of functional inks [45-50], smart
elastomeric cellular can be prepared which are sensitive to the re-
sistance [41], piezoelectrics [4], magnetics [51], or temperature [52].
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Fig. 1. (a) The whole procedure of preparation of elastic cellular materials, in which the embedded strain sensors were marked by dash circle; (b) Switching mode for

producing PDMS matrix and senor.

And most of these efforts are requiring high credentials on ink designs,
in regard to viscosities, moduli, interfacial wettability, and solidifica-
tion e.g. via in-situ solvent evaporation [53,54] or post UV curing
[55,56].

The above-mentioned development is difficult to be directly applied
to embed sensor inside the cellular structure, in which a cell wall unit
should be selectively decorated with sensing capability. The major
challenges exist with decoupling the impacts from the functional fillers
on ink rheological properties [36,52,57] and the structural integrity of
the cellular material [11,58,59]. Despite several practices of implanting
commercial strain sensors inside material matrix [60-62], the challenge
lies in the sensor performance under large stretching and compressing
inside the elastomeric cellular foam, as well as the relatively high cost
and fabrication time [63-65]. Therefore, we are scoping the first at-
tempt to develop selectively coaxial ink 3D printing for preparation of a
smart elastomeric structure as shown in Fig. 1. According to our design,
facile switching of core and shell inks extruded from a coaxial nozzle
was controlled to produce the cellular matrix and then precisely allo-
cate a core-shell fiber segment as the stretchable strain sensor. There-
fore, both cellular structure and strain sensor are implemented by a
single-pass fabrication. More details on this strategy will be discussed in
following sections.

2. Materials and method
2.1. Materials systems

The elastomeric shell material was polydimethylsiloxane (PDMS,
SE1700, Dow Corning Inc.) and prepared by mixing the base and cat-
alyst at the weight ratio of 10:1. the PDMS was centrifuged for re-
moving the trapped air bubbles. for constructing the elastomeric cel-
lular structure and the shell of the embedded strain sensor. The core ink
was carbon grease (Carbon Conductive Grease 846, MG Chemicals.)
with electrical resistivity of 117€2 cm Prior to printing, both PDMS and
carbon grease were loaded to 30 cc syringes (Nordson), and then cen-
trifuged at 4000 rpm (for shell ink) and 2000 rpm (for core ink) for
2 min to remove bubbles. A glass slide was cleaned by 98 % alcohol and
used as the substrate.

2.2. D printing of smart cellular foam

The whole schematic of our proposed manufacturing process is
implemented on a home-built direct ink 3D writing system, which
consists of a customized three — axis stage with a multi — axis motion
controller. The stage’s linear positioning accuracy was * 5um. A

coaxial ink extrusion module is equipped with a coaxial extruder, shell
material reservoir, core material reservoir, and two separate ink supply
modules. The coaxial extruder was made of stainless steel. Pneumatic
dispenser was modified with electronic pressure regulating valve (SMC
Corporation, Japan) for handling high viscosity inks with high pressure
resolution 1 kPa. The standoff distance between the coaxial nozzle and
the substrate was adjusted and maintained at about 1.3 mm. All moving
trajectories for constructing the smart cellular foam were programmed
in LabVIEW. In this paper, two typical cellular structures simple cubic
(SC) and face centered tetragonal (FCT) are readily considered with
significantly different mechanical performances [6,25].

Shown in Fig. 1, we started with extruding the PDMS shell ink by
first turning off the purging pressure loaded on the core material
(carbon grease ink) reservoir, and only printed the PDMS cell walls of
the foam. When approaching the pre-set position for embedding the soft
strain sensor, the purging pressure on the carbon grease ink was im-
mediately switched on and the carbon ink was then extruded out in
parallel with the PDMS ink to form the core-shell segment, which is
also a part of the cell wall but play as a soft sensor. The whole process
was recorded and can be viewed in the Video S2 (Supplement material).
The accomplished sample was then sent for curing at the temperature of
120 °C for 0.5h.

2.3. Simulations

The mechanical performances of SC and FCT structured foams with
fiver layer design were simulated by FEA (finite element analysis) using
ABAQUS software. In simulation, the PDMS shell diameter of the cel-
lular foams was set as 1.30 mm with the line spacing of 3 mm and the
height layer of 1.1 mm, respectively. Two thin plates assumed with high
stiffness were assigned to sandwich the cellular structure, and the lower
plate remained fixed. Then, a linear displacement was applied to move
the upper plate downwards and therefore compress the cellular struc-
tures to a maximum strain of 0.5. Total 100 time intervals were cal-
culated for getting the final results.

2.4. Characterizations

The rheological properties of PDMS and carbon grease were tested
on a rheometer (DHR-2, TA instrument). The test fixture adopted is a
cone plate with a cone angle of 2° and a diameter of 40 mm. The gap
distance between cone and substrate is set as 59 um. The relationship
between viscosity and shear rate was obtained by the “Flow Sweep”
where the range of shear rate is set as 0.01s™* to 1000 s™. The re-
lationship between modulus and shear stress was attained by scanning
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stress from O to 100 Pa with the oscillation frequency set at 1 Hz. All
tests were conducted at 25 °C and 60 % relative humidity.

The dimensional data of the soft sensor and cellular foam were
collected on an optical microscope (DVM6 A, Leica Microsystems
GmbH). The cross sections of the coaxial wires are analyzed on a
scanning electron microscope (SEM, HITACHI TM3030) at an accel-
eration voltage of 15kV. A universal testing machine (QingJi QJ211,
Shanghai) was used for compressive and tensile tests. The compressive
speed and stretching speed were set as 5 and 50 mm/min, respectively.
The resistance measurement was conducted using a digital multimeter
(34465A, Keysight Inc.) while mechanical tests were performed with a
sampling frequency of 2 Hz. After obtaining the complete cellular foam,
we trimmed the foam and connected coaxial sensor using cooper wire
and then dropped a little UV curable glue (SI 5091, Loctite) on cutting
edge with UV curing for 5 min.

A Zeiss 3D X-ray microscope (Xradia 410 Versa, USA) was used to
examine the structural details of 3D-printed cellular foams at a re-
solution of 1 um. To image the 3D-printed samples, the X-ray source
was operated at 60 kV and 133 pA (i.e., 8 W), with a low energy filter
(LE5). Using a 0.4 X objective, the source-sample and detector-sample
distances are 42 and 150 mm, separately. With 4 camera binning, 1s
exposure time and 1601 projections, the scanning time for a sample was
around an hour and the pixel size was 6.8 pm. In order to observe re-
sponses of the 3D-printed structure to pressures, a Deben microtest in-
situ testing module (CT500, UK) was used to apply 20N to compress
samples whose sizes were 1.5cm X 1.5 cm.

3. Results and discussion
3.1. Effects of printing parameters on core-shell sensor

In this proposed method, PDMS was selected as the shell ink for
constituting the elastomeric cellular matrix. Conductive carbon grease
served as piezo-resistive sensing material [28] of the soft embedded
sensor, a sensing segment (also a minute portion of core-shell feature
with precisely controlled segment length) being selectively deposited
inside the cellular foam. In the experiments, such as deposition velocity,
pressure, nozzle effect and wettability would influence the width of the
printed PDMS shell [37,66,67]. However, the velocity and pressure
were readily controlled in this study. To investigate their effects, we
fixed the standoff distance between the end tip of extruder and sub-
strate at about 1.3 mm. As shown in Fig. 2a, the higher deposition ve-
locity and the lower air pressure could lead to smaller shell width, yet
confronting with a higher risk of damaging the quality of the core-shell
structure [68]. Therefore, the low limit on the shell width should be set
at ~900 um for the coaxial DIW.
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By fixing the air purging pressure for PDMS shell ink at ~550 kPa,
the decrease from 0 to 500 kPa on the air purging pressure for the core
ink could change the core width from 0 to ~900 um, shown in Fig. 2b.
It was also noted that purging the core ink would require a lower limit
of the air pressure at ~200 kPa, due to a slight height difference Ah (in
Fig. 1b) between the two orifice ends of the coaxial nozzle. For in-
vestigating the electromechanical properties, we first fabricated core-
shell samples with different core diameter, including ~270pum,
~450 um, ~560 um, and ~1000 pm, maintaining same shell width of
1.3mm and length of 110 mm. As shown in Fig. 3a and c, under the
compressive load, the sensing segment presented degraded compressive
strength and sensitivity with the increased core width, which also be-
came less sensitive to the low strain range. For the stretching load along
the core-shell segment, shown in Fig. 3b and d, greater resistance
changes were observed in contrast rather than the compressive loading
and therefore higher sensitivity. In summary, to achieve a higher sen-
sitivity, the core-shell sensing segment if embedded in the cellular foam
should be subjected to a tensile load rather than a compressive load,
and this will help us to optimize structuring of the smart foam in next
step. We also note that, when the soft segment underwent a large de-
formation, the nonlinear changing trends could be attributed to the net
effects of constriction resistance, tunneling resistance and intrinsic filler
resistance that are caused by the change of fillers’ volume fracture in a
nonlinear form [46].

3.2. Compressive performances of smart foams

For two typical cellular structures SC and FCT [25], the effects of the
different layer numbers i.e. five and nine on the compressive perfor-
mances were studied. For simplifying the investigation, the sensing
segments were selectively deposited at the middle layer i.e. 3rd and 5th
layer, respectively. All sample had the same cubic size of 25 mm, and
the embedded sensors has the core width of ~300pum. Under com-
pression, the cellular foam experiences linear elastic, plateau and
densification stages [6]. For the traditional cellular foam (t-cf) with
only 5 layers, it reached the densification stage at a given engineering
strain of 0.15, shown in Fig. 4b. Under the same load, the smart cellular
foam (s-cf) with an embedded strain sensor showed degraded me-
chanical strength because the flowability of carbon ink impacts the
effective stiffness of the smart foam. Nevertheless, for the 9-layer t-cf
and s-cf, their mechanical curves did not show much difference, and the
smart cellular foam with more layer number can exhibit robustness.

In consideration of the impacts of different cellular structures i.e. SC
and FCT, the same geometric properties were obtained with PDMS shell
width of ~1.3 mm, core width of ~500 pm, spacing of 3 mm, and cubic
size of ~20mm X 20 mm X 5.5 mm. The sensor was embedded in the
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Fig. 2. (a) The PDMS shell width as the function of air purging pressure and deposition velocity; (b) The relationship between the core width and the air purging

pressure.
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Fig. 3. Mechanical testing results of printed core-shell sensing segments: (a) force — displacement curves from the compressive experiments; (b) force — displacement
curves from the tensile experiments, (c) resistance change with the compressive displacement; and (d) the resistance change with the tensile strain.
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Fig. 5. (a) Cross-section views of the FCT and SC structured foams with embedded strain sensors; (b) and (c) the resistance variation rate as function of strain.

middle of 3rd layer. The same printing parameters include deposition
velocity of 8 mm/s, layer height of 1.1 mm, air pressure of 600 kPa
(shell) and 450 kPa (core). The results shown in Fig. 5b show that the
embedded sensors for both SC and FCT structures exhibited high re-
peatability and the FCT owns higher response amplitude. Furthermore,
the resistance of the senor for FCT s-cf changed almost linearly with the
strain and approached a high sensitivity of ~20.66, while the sensor in
SC s-cf only exhibited a sensitivity of ~4.24 with a narrow linear range.

To understand these different behaviors, both finite elements (FE)
simulation and micro-CT imaging on the SC and FCT s-cf were per-
formed. As shown in Fig. 6a, under the same compressive strain, the
struts in the FCT foam experienced a dominant stretching provided by
compressing the staggered strands adjacent to the strain sensor, rather
than a compressing seen in SC at positions where the upper and lower
struts are aligned vertically. This simulation is verified by compressing
the SC and FCT samples and imaging their 3D structures using a micro-
computed tomography (micro-CT) technique [64], which reveals the
3D structure of an object. Shown in Fig. 6b are 3D images rendered
from the micro-CT data with virtual sectioning across and along sensor
segement. The two samples were compressed under the same applied
force of 20N, or compressive stress of 89 kPa, resulting in a strain of
0.38 and 0.51 for the SC foam (left) and FCT foam (right), respectively.
For the SC foam under compression, the struts sandwiching the sensor
clamped. By contrast, the staggered strands from the top and bottom of
the sensor stretched themselves significantly via a wave-like deforma-
tion.

Based on the conclusion above, FCT structure with higher sensitivity
was chosen for studying the effect from the line spacing d, shown in
Fig. 7a. We fabricated three 5-layer samples for each different line
spacing of 2.0mm, 2.5mm and 3.0mm, by maintaining the same
sample size of 20 mm X 20 mm X 5.5 mm, the shell width of 1.3 mm,
and the sensor embedded at the 3rd layer. All samples were compressed
in a linear range by loading from ON to 10N. From the results in
Fig. 7a, it was first noted that the samples with the same design de-
monstrated force sensing variance, due to the coupled impacts from the

uniformities of shell width, core width, spacing and distribution of the
core ink (SEM image in Fig. 7c). However, this variance is acceptable in
contrast with that from the impacts of the line spacing. Therefore, for
controlling the sensing repeatability, line spacing should be readily
fine-tuned.

3.3. Stretching performances of elastic foams

In the fields of flexible electronics, stretching applications are at-
tracting the community. Therefore, stretching performance of the de-
veloped smart foams was also studied in this work. As shown in Fig. 8a,
a new 5-layered FCT sample with the size of
20mm X 60mm X 5.5mm was fabricated with the shell width of
1.3 mm and the core width of 0.65 mm. The reason of using a length of
60 mm rather than 20 mm in previous studies was to provide an enough
area for migrating the possible impacts from the clipping during the
stretching. The FCT structure with higher sensitivity was selected with
the spacing set as 3 mm. From the results in Fig. 8b, the smart foam
with the embedded sensor displayed very high repeatability with strain
up to 100 %. And the Fig. 8c clearly show the substantial resistance
change with the sensitivity up to ~25 when the sensor was stretched
within the strain up to 0.4. This sensitivity value is at the same order of
and slightly higher than the sensitivity of the FCT structure. We could
conclude that during stretching the FCT structured smart foam under-
took both of compressive and tensile deformation. As a final, we fab-
ricated a cellular finger ring, with three embedded sensors located at
top, right and left sides of the finger. The motion of fisting generated
three signals from these sensors, and a major change happened with the
top sensor as expected. And the two side sensors show slightly different
signals. We will expect that the developed smart cellular foam could be
used as high-performance wearable sensor with preferred breathability,
light weight and stretchability at multiple scales.
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Fig. 6. (a) Simulations of smart foams with different structure designs under a strain range from 0 to 0.5; (b) 3D images rendered from micro-CT data with virtual
cross sections showing the deformation of the embedded sensor at a compressive stress of 89 kPa, resulting in a strain of 0.38 for the SC foam (left) and 0.51 for the
FCT foam (right).
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4. Conclusion

In summary, we report a facile method for fabricating smart elas-
tomeric cellular foams with embedded strain sensors. To our best
knowledge, it is the first attempt dedicated to the development of ad-
vanced cellular materials with controlled embedment of sensors re-
garding their positions, sensitivities, repeatability and size effects. With
a preferable embodiment of the sensor in FCT cellular design, high
sensitivity has been attained by enhancing its stretching response rather
than the compressing response, which can be further optimized in fu-
ture works. The method and its derivatives would be attractive for
manufacturing and advancing novel functional components via 3D
printing. By incorporating the sensing function, the smart elastomeric
foam can implement many practical applications requiring a sensitive
stress feedback, such as robotic gripper for picking up fragile objects,
wearable electronics for human health monitoring, and smart meta-
cushion for precision packaging.
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