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3D printing of soft fluidic actuators with graded porosity

Liquid rope coiling occurs when a viscous liquid drops from
a height. This phenomenon can be exploited to 3D print
structures with different porosities. We use this to 3D print
foams with a gradient of porosity and stiffness, which can
be exploited for soft robotic applications.
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New additive manufacturing methods are needed to realize more complex soft robots. One example is
soft fluidic robotics, which exploits fluidic power and stiffness gradients. Porous structures are an
interesting type for this approach, as they are flexible and allow for fluid transport. In this work, the infill
foam (InFoam) method is proposed to print structures with graded porosity by liquid rope coiling (LRC).
By exploiting LRC, the InFoam method could exploit the repeatable coiling patterns to print structures.
To this end, only the characterization of the relationship between nozzle height and coil radius and the
extruded length was necessary (at a fixed temperature). Then by adjusting the nozzle height and/or
extrusion speed the porosity of the printed structure could be set. The InFoam method was demonstrated
by printing porous structures using styrene—ethylene—butylene—styrene (SEBS) with porosities ranging
from 46% to 89%. In compression tests, the cubes showed large changes in compression modulus (more
than 200 times), density (—89% compared to bulk), and energy dissipation. The InFoam method combined
coiling and normal plotting to realize a large range of porosity gradients. This grading was exploited to
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realize rectangular structures with varying deformation patterns, which included twisting, contraction, and
bending. Furthermore, the InFoam method was shown to be capable of programming the behavior of
bending actuators by varying the porosity. Both the output force and stroke showed correlations similar to
those of the cubes. Thus, the InFoam method can fabricate and program the mechanical behavior of a
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1 Introduction

Soft robotics utilizes softness and smart design to realize robots
that are inherently safe for human-robot interaction and
compliant to unforeseen disturbances. Soft fluidic robotics is
among the most popular types due to its flexibility, wide range
of applications, and (relative) simplicity for actuation. It has
been used in a broad range of applications from grippers' to
autonomous systems.>

Soft fluidic robotics works by transferring fluidic power
(flow and pressure) from one place to another. This power
can be used for actuation," sensing,® and control.>* Soft fluidic
actuators (SFAs) consist of mechanically compliant chambers
that can be deformed using fluidic power. The deformation of
these chambers is defined by the stiffness gradient of the
structure. This gradient allows for motions such as translation,
bending, and twisting.” Researchers employ a broad number of
methods to realize this stiffness gradient, which include
exploiting material properties and/or geometry. An approach
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soft fluidic (porous) actuator by grading porosity.

is to add a second material such as fibers® textile,' and/or
paper® in a dedicated geometry. Other approaches use a single
material and exploit geometrical features, such as origami” and
kirigami.® A prominent example of exploiting internal geometry
is porous structures, such as foam.

An advantage of porous structures is that they can, inherently,
allow for fluidic transport and are flexible. In addition, porous
structures are compressible. This feature has been exploited
to realize vacuum-driven actuators. Examples thereof include
a continuum soft robot,” high-force sensorized foam actuators,'®
and bending actuators.'’ Lastly, positive pressure actuation is
also feasible with porous structures for both actuation'? and
control."*

Existing methods for fabricating porous structures span a
broad spectrum of approaches. A popular approach is to use
commercial foams combined with semi-automatic/manual proces-
sing, such as laser-cutting, gluing, and coating with silicone or
lamination (for airtightness).>"*'* Another method is to use casting
with a sacrificial scaffold/material such as salt,">"® sugar'® or
polyvinyl alcohol (PVA)'® that can be removed afterwards.

To realize the multifunctional nature of soft robotic systems
(including SFAs based on porous structures), additive manu-
facturing (AM) is considered a promising fabrication method.
The literature has already demonstrated that AM can realize
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(sensorized) SFAs."’' However, the fabrication of porous
structures for soft robots by AM methods is less developed.

Recently, a custom ink®* for realizing local porosity was
developed by adding a porogen. By regulating the ratio of
ammonium bicarbonate (the porogen) and silicone rubber
the porosity can be changed locally. This approach requires
modification of the material itself.

Besides using a chemical reaction, a porous structure can
also be realized by the fabrication of miniature patterns during
the AM process. Liquid rope coiling (LRC) is an interesting
candidate for the fabrication of these patterns. LRC is the
coiling of a viscous fluid, such as honey, due to buckling when
falling from an elevated height.”*

LRC has already been exploited to fabricate porous
structures.>*>® Results in the literature indicate that LRC can realize
stiffness changes of more than one order of magnitude. >
In addition, it has been shown to be feasible to print different
patterns by proper selection of process parameters.*****® Such an
approach has been applied to AM processes to extrude molten
materials that solidify in the process, such as glass® and
thermoplastics.””?® Although these initial results indicate that
porous structures can be realized with LRC and AM, its application
to soft robotics has, to the knowledge of the authors, not yet been
explored. In addition, we also explore how to use LRC to create
multiple levels of porosity in a single structure to realize mechanical
programming with porosity. In this work, a new printing approach
that exploits LRC for the fabrication of porous structures using
hyperelastic materials is proposed. This new approach is referred
to as the infill foam (InFoam) approach. We demonstrate how
the coiling behavior of LRC can be incorporated into the fused
deposition modeling (FDM) process to fabricate porous hyperelastic
structures. To use hyperelastic materials within the FDM process a
screw extruder (see Fig. 1(a)) was used.”®* Subsequently, the
InFoam method is used for mechanical programming of stiffness,
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density, and energy dissipation. Then the extension to graded
porosity is demonstrated as a tool for programming the deforma-
tion and to program the behavior of soft bending vacuum actuators.

2 Materials and methods
2.1 From coiling to printing

Liquid rope coiling is a phenomenon that can be observed
when extruding a viscous liquid above the printing surface
(see Fig. 1(b)). This situation is also observed in extrusion-based
AM methods such as FDM. When there is a gap between the
nozzle and printing surface, the deposited material acts as a
flexible (liquid) rope that buckles, which leads to a pattern of
coils on the surface (see Fig. 1(b)). A wide variety of shapes can
be achieved through LRC, such as a meander and figure of
eight.*>*! In this work, the focus is purely on the circular coil
pattern. The repetitive nature of the circular coiling pattern
makes it an interesting tool for 3D printing.

The literature has shown that the shape of the deposited coils
(called the coiling pattern) depends on three parameters, namely
(I) the viscosity of the extruded material, (II) the height (H) of the
nozzle above the platform, and (III) the ratio of extrusion (V.) and
printhead speed (V;).>*> All three parameters can be set by the
user in the FDM process. The viscosity can (primarily) be set
using the printing temperature and height by moving the nozzle,
whereas the ratio of extrusion and printhead speed is set by the
extrusion multiplier («). The variable o is the screw rotation (in
radians) per millimeter moved of the nozzle. In essence, « scales
the distance traveled by the printhead to compute the required
screw rotation, which defines the ratio of speeds.

These parameters can be set to control the coiling pattern
and to plan the desired shape. However, modeling the coiling
pattern is not straightforward due to the changes in material
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(a) Screw extruder, (b) liquid rope coiling setup with important parameters, (c) coil geometry, (d) grading approach, (e) cubes with different

porosities under the same load, and (f) porosity gradients for soft vacuum actuators.
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properties (such as viscosity) due to the solidification of the
thermoplastic during deposition. In this work, an experimental
method, similar to that in ref. 25, is used to characterize the
coiling pattern.

Similar to conventional printing, the InFoam method needs
the dimensions (width and height) of the coiling pattern for
path planning. The coiling pattern consists of coils that stack
on top of each other in line with the movement of the printhead
(see Fig. 1(b)). The geometry of this coiling pattern can be used
to compute the width and height. As can be observed from
Fig. 1(c), the width W of the coiling pattern is equal to the
diameter of the coil, which is equal to

W=2R.+d 1)

In this equation, R. is the coil radius and d is the nozzle diameter.
To compute the coil height 4., a second parameter of the coiling
pattern needs to be quantified, namely the N-value. The N-value
represents the coil density within a row of coils, which is defined
by the number of coils within one (outer) coil diameter (W). This
value can be computed after deposition by measuring the distance
between two coils Ax and using the relation:

WZ
N = A2 (2)
The N-value can also be computed from the coiling behavior by
examining the ratio of the extruded length over the linear distance
of one outer coil diameter (W). This modelling approach allows for
a relationship between the (user set) parameters « and H (controls
the value of R.) and the N-value. After rewriting the coil density
(N-value) can be expressed as (see the derivation in the ESIt)

GoaW
N = 3
21 R, (3)

The variable G (mm rad ") represents the length of the material
extruded per radian turned by the screw. The exact value of G is
defined by the material and geometry of the screw and barrel.** In
this work, this value is acquired by fitting the experimental data.
Thus, in eqn (3) moving the linear distance W the screw rotates oW
radians leading to an extruded length of GaW. This length is used
to compute the coil density by dividing it by the circumference of
the coil (2nR.). Thus, the coil density can be adjusted by changing
the extrusion multiplier («) under the assumption of constant R..
Adjustment of the extrusion multiplier for the desired density at a
different R, requires scaling by the factor W/(2nR.). The scaled
extrusion multiplier «W/(2nR,.) is referred to as the coil density
multiplier.

The coil density and radius can be used to compute the coil
height A.. The coil can be modelled as a rectangle with rounded

Nd
corners (see Fig. 1(c)) under an angle of § = arctan (W) The
height is then equal to

he = Wsin(0) + (1 — sin(0))d (4)

The preceding equations can be used for path planning and
characterization of the coiling pattern. Specifically, eqn (1) and

This journal is © The Royal Society of Chemistry 2022
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(4) can be used to compute the width and height of the coiling
pattern, whereas eqn (2) and (3) can be used to measure and set
the desired coil density (N-value), respectively. To use these
equations the value of R. needs to be characterized to relate it
to H. The geometry of the deposited coiling patterns will
introduce porosity. This porosity can be used for mechanical
programming of a structure.** The possibility of grading the
porosity allows for localized mechanical programming. Com-
bining LRC and the normal plotting of the 3D printer enables
such functionality by using the deposited coils as a scaffold for
the normal plotting. A solution for printing non-porous zones
is to move the nozzle down after extruding a layer of coils
(i.e. the scaffold) and then locally plot the additional material
(see Fig. 1(d)). This simple approach enables porosity grading
and ensures proper force transfer by welding layers of coils
together.

2.2 Mechanical programming with porosity

The InFoam method can produce (graded) coiling patterns with
different coiling radii and N-values by adjusting the extrusion
multiplier («) and/or the height (H). The realized coiling patterns
can be used to print porous structures. The porosity will have a
major influence on the resulting mechanical properties.>* The
repetitive nature of the coiling pattern was exploited to estimate
the porosity ¢ (in percent), which is equal to (see the ESIt for the
derivation)

Gomdz)

=100(1— ———
¢ OO( AWh,

(5)
This equation estimates the porosity by dividing the extruded
volume (numerator) by the spanned volume (denominator). The
spanned volume is based on a rectangular bar of coil height 4.
and outer coil diameter W, whereas the length is canceled out
(see the ESIt). This equation shows that the user can decrease
the porosity nonlinearly by both o and H. The latter is implicit as
changing the H will change the coil radius R, which is related to
W and A..

The porosity can be used to program a wide variety of
mechanical properties, which include elastic modulus and
density. The elastic modulus decreases quadratically with the
porosity.>* The large change in stiffness is visualized by the
samples shown in Fig. 1(e) wherein the same load leads to
deformations ranging from minor (¢ = 46%) to large (89%).

In general, the effect of porosity on the mechanical properties
can be captured in a power-law relationship through the phe-
nomenological model:**

B—c(—g/100y ©)
S
where p, and p, represent the mechanical property of interest of
the porous structure and solid, respectively; and C and n are two
fitting values. The relationship between density and porosity for
air (and other low-density fluids) is an example of such a

relationship (with n =1 and C = 1)
Po _1 /100 @)
Py
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The variables p, and py, represent the densities of the porous
structure and bulk material, respectively. This equation approx-
imates the porosity well as low-density fluids (such as air) have
densities that are multiple orders of magnitude below that of the
solid material. Besides the density, the power-law relationship in
eqn (6) has been used to relate the porosity to the changes in
elastic and shear moduli but also the elastic buckling and plastic
stresses.*

Based on the capability of porosity for mechanical program-
ming it is interesting to estimate the range of porosities that the
InFoam method can provide through LRC. Eqn (5) can be
rewritten using eqn (3) to express the porosity purely as coil
geometry to get

8

¢ = 100(1 S

anCNdz)
The maximum porosity can be estimated by minimizing the
coil density (N). The lower bound for the coil density is equal to
1, as lower values can lead to different coiling patterns,*® which
are outside the scope of this work. This approach gives an
upper limit of

d)max
100
0.5 Red?

d d
2 i -1 4L g -1 4
W (Wsm(tan (W)) + (1 sm(tan (W)))d)
©)
Assuming that R, > d (and then also W > d) the solution can

be put in a more intuitive form, which provides design insight
but underestimates the maximum porosity

d)maXN 7TC2d
100~ 2R,

—1-

(10)

It can be observed that the maximum porosity can be increased
by decreasing the nozzle diameter or increasing the coiling
radius. However, this behavior does assume that the nozzle
diameter does not affect the resulting coiling radius, which
might not hold true.

Lastly, the theoretical porosity gradient can be determined
based on the coil geometry. Changing either the coil density
and/or radius requires changing the extrusion rate and/or
height, respectively. However, either change will always be
limited by the geometry of the coiling pattern, which means
the distance between successive coils in plane (Ax) and the coil
height (h.) out-of-plane. A higher resolution can be achieved by
using the plotting method (Fig. 1(d)), as it is not limited by the
geometry of the coiling pattern.

2.3 Experimental setup and methodology

2.3.1 3D printing setup. For printing with the InFoam
method, a modified Creality Ender 5 Plus (Shenzhen Creality 3D
Technology Co., Ltd, China) was used (see Fig. S1 in the ESIt). The
printer was modified to use a screw extruder (see the schematic
in Fig. 1(a)) to allow for the use of thermoplastic elastomers.

7272 | Soft Matter, 2022, 18, 7269-7279
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To magnify the torque a 22:63 gear ratio between the stepper
motor and screw was added. However, the extrusion multiplier (o)
will always refer to the rotation of the screw. As the printing
material G1657 styrene-ethylene-butylene-styrene (SEBS) pellets
(Kraton Corporation, USA) with a Shore hardness of 47A and a
bulk density of 900 kg m > were used. In addition, all experiments
were conducted with a printing temperature of 230 °C and a
nozzle diameter of d = 0.4 mm. Lastly, the G-code for printing
with the InFoam method was generated using a custom script in
MATLAB (MathWorks, Inc., USA). Printing with the InFoam
method is shown in Movies 1 in the ESL{

2.3.2 Characterization of coiling pattern. Using the InFoam
method for printing complex structures requires characterization
of the coiling pattern (ie. the coil radius (R.) and density
(N-value)). The LRC effect indicates that the coil radius and the
N-value are controlled by the viscosity, extrusion multiplier (),
and height (H). In this experiment, the H and o were varied at a
fixed temperature, but due to the shear-thinning behavior of the
thermoplastic, the extrusion speed will also affect the viscosity
(and therefore the coil radius).

For this characterization, several lines were printed. Afterwards,
the printed lines were scanned with a USB camera, and the
acquired images were analyzed using Image].>® To relate the pixel
distance to real-world distances dots on the printbed were used as a
reference distance. Specifically, the width (W) and linear distance
(Ax) were measured. These measurements were used to determine
R. and the N-value using eqn (1) and (2), respectively.

2.3.3 Mechanical programming of soft cubes. To investi-
gate the effect of the coil radius (R.) and density (N-value) on
the porosity, stiffness, and damping, a set of 25 x 25 x 25 mm?®
cubes were printed. The cubes were printed (in triplicate) for
different heights (H) and N-values. The corresponding extru-
sion multiplier («) and R. were based on the results of the
coiling characterization to use for process planning (i.e. eqn (1),
(3) and (4)). The cubes were divided into two groups of six (with
one being the same in both [H, N] = [6, 3]) with a change in
either N-value = [2.2, 3, 6.3, 8.5, 10.75, 12.75] or H = [2, 4, 6, 8,
10, 15]. All cubes were printed with the coils in the same
direction for each layer.

After printing the cubes, the mass and height were mea-
sured using a scale and caliper, respectively. The resulting
porosity was then computed using the measured density by
dividing the mass by the volume of the cube. The resulting
porosity (in percent) is then computed using eqn (7).

Subsequently, the stiffness and damping were investigated
using a universal tensile tester (Instron 3343, Instron, USA).
The testing was done in four phases. Firstly, the cubes were
pre-loaded by compressing to 5 mm (engineering strain of
0.2 mm mm™ ') at a speed of 5 mm min~" (engineering strain
rate of 1/300 s ). Secondly, it returned to its original position at
60 mm min " (1/25 s~ ). These two load steps were performed to
have a similar pre-load for all cubes. After pre-loading both slow
compression (10 mm min ' or an engineering strain rate of
1/150 s~') and fast decompression (60 mm min~" or 1/25 s~ )
were performed. The slow compression load step compressed
the cube for 21 mm (a strain of 0.84 mm mm ‘). This loading

This journal is © The Royal Society of Chemistry 2022
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step was slow to have a primarily elastic response. Lastly, the
tensile tester returned to its original position with a speed of
60 mm min~*. The speed was higher in this step to increase the
viscous damping component. These loading steps were per-
formed for all three axes (each in triplicate).

The stiffness was approximated by computing the segment
modulus of compression at different levels of strain. A quad-
ratic curve was fitted at specific levels of strain using the twelve
preceding data points. These data points were acquired at a
sampling time of 0.1 s and a strain rate of 1/150 s *. This
condition meant that the segment modulus of compression was
computed by fitting a curve over a strain of 0.008 mm mm ™ and
taking its slope. In addition, the dissipated energy by hysteresis
was investigated to evaluate the damping. The dissipated energy
was computed by taking the ratio of the stress-strain curve’s
inner shape (i.e. between the forward and backward motions)
and the overall curve. This approach computes the energy
dissipation relative to the total energy.

2.3.4 Graded porosity for soft fluidic actuators. By moving
from a single level of porosity to a graded porosity, the
deformation can be programmed. To demonstrate this grading
capability, a set of soft vacuum actuators with different porosity
gradients were printed using the coiling pattern and plotting of
the additional material (see Fig. 1(d)). These included the
contraction pattern in Fig. 1(f), which used high (80+%) and
low porosity discs stacked on top of each other to realize
contraction. The low porosity discs had a low porosity ring
(<20%) on the outside and high porosity (80+%) inside to
improve contraction but preserve airflow. The exceptions were
the top and bottom parts, which are completely low porosity
(<20%). When a vacuum is applied the rings make a linear
contraction (perpendicular to the rings) the preferred deforma-
tion. In addition, bending actuators were printed (see Fig. 1(f))
with and without a spacer with a high porosity section and low
porosity spacers of 83.8 and 15%, respectively. A zero porosity
layer was added as a stiff substrate, such that when a vacuum is
applied the structure would collapse in a bending motion.
Similarly, a twisting actuator was printed with the spacers at
a 45 degree angle to make twisting instead of bending the
preferred deformation. Lastly, a screw pattern (see Fig. 1(f)) was
printed. This pattern had a high porosity section of 81% and
spacers of 15% but with two zero-porosity layers perpendicular
to each other. By spacing these two sections in succession,
actuation would lead to a screw-like motion when collapsed.
The outer dimensions were set the same as the bending
actuators. After printing, all printed actuators were put in a
0.4 mm thick SEBS (heat-sealed) sleeve and actuated using a
vacuum.

The bending actuators with spacers were further investigated
to characterize the effect of porosity on the output force and
stroke. To this end, four soft bending actuators were printed
with different levels of high porosity (¢ =[77.6, 79.1, 83.8, 85.2]).
In contrast, the low porosity spacer was kept the same for all
(15%). The nominal dimensions of these actuators were 15 mm
width, 75 mm length and 8 mm height. These actuators used a
zero porosity strip as a (relatively) stiff substrate (1 mm thick).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Actuator characterization setup.

Subsequently, the actuators were put in a heat-sealed SEBS sleeve
(0.4 mm thick). Both the sleeves and actuators were fabricated in
triplicate. The setup used for characterization of the output force
and stroke evaluation is shown in Fig. 2. The swing acts as a
grasping object with a bearing to reduce friction. An LSB200 load
cell (Futek, USA) was integrated into the swing to measure
the output force, which was connected to an Arduino Uno
(Arduino AG, Italy) through an HX711 load cell amplifier (Avia
Semiconductor, China). The load cell was tared right before starting
a measurement to offset the mass of the actuator. For actuation, a
vacuum source was operated using a manually triggered valve, and
the vacuum pressure was set using a flow valve. The pressure was
read by the Arduino Uno using an MXP5011DP pressure sensor
(NXP Semiconductors, The Netherlands). The Arduino and a USB
webcam (to record the deformation of the actuator) were connected
through a USB to MATLAB. This experiment was performed in
triplicate for each actuator for 30 seconds.

For analysis of the data, a Maxwell viscoelastic mode
one term was fitted to the force data, which is defined as

1°° with

F(t) = (Ko + Ky exp(—t/71))Fmax (11)
where ¢ is the time in seconds after the maximum force F,ax
with K, and K; being the fitting parameters and 7, the relaxa-
tion time. This equation was used to predict the steady-state
force (Fss = KoFmax) and settling time. The settling time was
set to the time needed to be within 5% of the final value
(i.e. 0.05K, = K; exp(—ts/t4)).

In addition, the bending actuators were characterized in
terms of stroke using the same setup. For these experiments
(repeated thrice), the swing was removed and the actuator
was pressurized. Afterwards, the captured images were used
to compute the stroke. Specifically, MATLAB was used to fit a
circle along the deformed structure using three points to
compute the maximum curvature.

Lastly, one printed bending actuator per level of porosity was
subjected to a fatigue test. In this fatigue test, the actuators
were pressurized (50 kPa, 1.5 seconds) and depressurized
(atmosphere, 1.5 seconds) for 1500 cycles in the setup shown
in Fig. 2. The pressure cycling was regulated using an Arduino
Uno that controlled a solenoid valve using on/off control with
the pressure measured using the aforementioned MXP5011DP
pressure sensor. After the first and then every 500 cycles
the actuator was characterized for its stroke without the swing
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(at 50 kPa). In contrast, the output force was computed by
taking the minimum and maximum peaks per cycle. The
aforementioned HX711 load cell amplifier was used to measure
the output force.

3 Results and discussion

3.1 Characterization of coiling pattern

The effect of the height (H) on the coil radius (R.) is shown in
Fig. 3(a). The plotted values of R, are plotted for multiple values
of screw rotational speed («V; with V; being the printhead
speed) at the same height. It can be observed that R. is linearly
related to the height (H) in the range of 2.5 mm to 15 mm, with
almost one order of magnitude of increase. In contrast, the
increase of R. seems to stall between 15 and 20 mm. This
stalling implies that increasing H will no longer increase R.
(and could even decrease).’” This behavior makes further
increasing the height not interesting for the InFoam method
as it does not allow for larger coils. In addition, it further cools
down the thermoplastic, which can lead to bonding issues
making it even less appealing.

Besides H, the literature indicates that R. decreases when the
viscosity decreases.’” Due to the shear-thinning behavior of the
thermoplastic, a decrease in viscosity (for constant temperature)
should therefore coincide with an increased extrusion speed.
The extrusion speed is equivalent (under the assumption of
linearity) to an increased rotational speed of the screw aVg,
which is plotted against R. in Fig. 3(b). It can be observed that
there is a nonlinear and downwards trend with increasing
extrusion speed. This behavior is in line with a power-law
shear-thinning relationship. To compare the shear-thinning
behavior, the viscosity of the SEBS material was first measured
using a Rheocompass MC501 (Anton Paar GmbH, Germany)
with the data shown in Fig. S2 of the ESIL.{ The data were then
fitted to a power-law normalized by R. (using the exponent of the
viscosity (n — 1 = —0.09), average coil radius R. per H, and the

rotational speed of the screw oVy):
Re = a(oVy)" 'R, (12)

Fitting the value of a for all heights and averaging leads to the
curve shown in Fig. 3(b). The fits had errors of less than 10%,
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thereby implying that there is a correlation between the change
in coiling radius R. and the extrusion speed. This extrusion
speed-induced change provides an additional opportunity to
fine-tune R. at a fixed H. However, increasing the extrusion
speed will also affect other properties such as the diameter
(by increasing die swell). The correlation with the power-law
exponent of the shear thinning viscosity implies that the cause
of the decreasing coiling radii is the reduction in viscosity. This
correlation implies that a higher printing temperature/lower
viscosity will decrease the coiling radii at the same height.

The N-value is plotted against the coil density multiplier oW/
(2mR,) (see eqn (3)) in Fig. 3(c) (using the mean value of R, per H).
It can be observed that there is indeed a linear relationship for
the N-value. The linearity is also observed by fitting a line with
G =0.17 mm mrad " (eqn (3)). The accuracy thereof implies that
the proposed relationship is valid. In addition, when extruding
in the air the value of G was found to be in the range of 0.154-
0.165 mm mrad ', which is in the same range as the fitted value
(see the ESIt). Lastly, it can be observed that lower H values do
not achieve high N-values. This discrepancy is due to the coils
stacking up too much. When this occurs the coiling pattern is
replaced with an accumulation of material.>' This accumulation
phase is more chaotic and not used in the InFoam method.

In addition, the coil height (k) estimation (eqn (4)) was
validated using the coiling patterns to be on average within 4%
(see the ESIY).

Lastly, the complexities of the solidification and viscoelastic
behavior during deposition make it challenging to generalize
the coiling patterns to other temperatures and/or materials.
The modelling thereof is beyond the scope of this work.
However, the experimental approach used in this work allows
for the collection of the required coiling data (for a single
temperature) in a straightforward manner, thereby providing a
starting point if other materials, temperatures, extruders, and/
or nozzles are used.

3.2 Mechanical programming of soft cubes

The measured and computed porosity values of the soft cubes
versus the height (H) and the coil density (N-value) are shown in
Fig. 4(a). It can be observed that the porosity ranged from 45 to
89% with similar levels of porosities attained by changing
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Fig. 3 (a and b) Coil radius versus height H (a) and (b) rotational speed of screw (aV¢), and (c) the coil density (N-value) versus coil density multiplier

(W(2nR.)) used to estimate G (see egn (3)).
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H and the N-value. Increases in the N-value/H lead to a linear
decrease and a nonlinear increase of the porosity, respectively.
The predicted porosity in eqn (5) (with the estimate of G from
the previous section) correlated quite well. Even though the
accuracy of the N-value is lower than the coil radius (R.)
estimate, the mean absolute error was less than 4% for both
(H of 2.6% and the N-value of 3.9%). This graph demonstrates
that the N-value can be used to tune the level of porosity
independent of H. This change in porosity is advantageous as
it means the InFoam method can adjust the N-value by setting
the extrusion multiplier («) accordingly (see eqn (3)). By doing
so the InFoam method can use both large and small coiling
radii to increase accuracy (smaller) or printing speed (larger)
while still achieving the desired porosity.

The results of the compression tests on the cubes were
analyzed with the axes defined as follows: in line with the coils
x, perpendicular to the coils but in-plane y, and layer-wise z.
The stress-strain behavior of the soft cubes is shown in
Fig. 4(b) and (c) for the x- and z-axis (the y-axis is similar but
not shown for clarity) for both low (46% (b)) and high (89% (c))
porosity, respectively. Their general shape is similar with a clear
hysteretic behavior but with much lower magnitudes for the
higher porosity cube. Interestingly, the relative magnitudes of
the hysteresis show the inverse as the (relative) amount of
dissipated energy is larger for the higher porosity cube. It can
also be noted that both have a linear region and a nonlinear
region. The nonlinearity occurs due to the densification of
the porous structure (i.e. when all air has been pushed out).
This densification limits the effective deformation one can
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practically achieve,’” which is reached at an earlier stage in
the higher porosity than in the lower porosity cube. The stress
in x, z seems linear up to 0.2 and 0.5 strains, for the high and
low porosity cubes, respectively. The compression of three foam
cubes with different porosities is shown in Movies 2 in the ESL.¥

The segment modulus of compression at maximum strain
(0.84) is plotted in Fig. 4(d) for all three axes. The raw data are
shown for the x- and z-axis (see Fig. S3 of the ESIt for the y-axis).
Error bars were not added for clarity but the standard errors
were on average within 13%. The fits were computed for CEj,
(i.e. eqn (6) multiplied by py, (= Ej, in this case) and 7. It can be
observed that the trends in both the N-value and H are similar.
This observation implies that the magnitude of the porosity is
important and not the geometry of the underlying coiling
pattern (i.e. the specific R. and N-value combination). This
effect of porosity is interesting, as it could enable an adaptive
resolution by increasing R. or N to reduce the printing time or
increase resolution (i.e. smaller coils), respectively. In addition, it
can be observed that all three axes have a power-law relationship
with porosity, as expected. The fitted line shows that a (nearly)
quadratic function describes all three directions reasonably well,
which is in line with the decay of the elastic modulus seen in
normal foams.** In addition, different compression moduli can
be observed for the three axes, which indicates that the layout of
the coiling pattern will induce some anisotropy. A possible
method to reduce the anisotropy between x and y is to change
the coil trajectory by 90 degrees between layers. This approach
leads to similar stress in the x- and y-direction (see Fig. S4 in the
ESIY).
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(a) Porosity versus height (H) and coil density (N-value) with the base sample at [H, NI = [6, 3], (b and c) stress—strain curve at 46% and 89%

porosity, (d and e) segment modulus of compression versus porosity for different axes at maximum strain (d) and different levels of strain (e), and (f) the

energy dissipation versus porosity.
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The segment modulus of compression was also evaluated at
multiple levels of strain for the x-axis (see Fig. 4(e)). It can be
observed that before densification (low strain) the compression
moduli are more similar. After densification the slope at which
the compression modulus changes increases significantly
(from 11.25 to 19.09). Interestingly, the compression modulus
decreases faster but still in a very similar magnitude to normal
foams (ie. around quadratically).®® This change allows for
mechanical programming to have parts that behave very differ-
ently under the same load. To compare the magnitudes to the
bulk material, the compression modulus was approximated
using the Shore hardness (47A) and the equation®® E =
0.486 exp(0.0345-47) = 2.46 MPa. It can be observed that even at
a strain of 0.4 the 45.8% and 89% cubes were 3.26 and 246 times
as small, thereby indicating that the InFoam method can reduce
the compression modulus by over two orders of magnitude. This
value exceeds the 66 times already demonstrated in the literature
when printing with LRC.>*

In addition, the relative dissipated energy (in percentage)
versus porosity is plotted in Fig. 4(f) with the standard deviation.
It is important to note that this value differs from the magnitude,
as we only consider the relative energy dissipated (i.e. dissipated/
total energy). It can be observed that the x-direction (with 31—
40%) dissipates the most energy. Fitting was performed similar
to the compression modulus. A power-law relationship with
porosity can be observed for the x and y directions but is nearly
constant in z. We expect that this is due to the buckling of coils
in both x and y, whereas the coils are compressed/bent in the
z-direction. In addition, the effects of H and the N-value are
similar (just as for the stiffness), providing more evidence that
not the coil geometry but porosity is the important value. The
large amount of dissipated energy (29-38%) indicates that the
viscous component is large during the higher speed decompres-
sion (1/25 s~ ). This large viscous component could affect our
observed compression moduli. However, this discrepancy is not
expected to affect the fits significantly. Because the dissipation
has comparable magnitudes over the entire range of porosities,
all compression moduli are expected to be affected similarly over
the entire range but the magnitudes should be considered an
overestimate.

Lastly, with a single material the predictive powers of eqn (6)
are limited in terms of physical interpretation. Specifically, the
fits use the multiplication of C and the properties of the bulk
material. This multiplication makes interpretation from a
physical perspective difficult. Printing a second material could
provide insight into whether the fitted values for C and n would
scale with the bulk material properties. Such a result could
generalize the fitted results to other materials but is outside the
scope of this work.

3.3 Graded porosity for soft fluidic actuators

The printed structures with porosity gradients are shown in
Fig. 5 and Movies 3 (see the ESIt). By combining the InFoam
method and plotting, actuators with different porosity gradients
were realized. The porosity details are discussed in Section 2.3.4.
These actuators include the contractor (Fig. 5(a)) and twister
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Vacuum on
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Z axis
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Fig. 5 Deformation pattern for the different porosity patterns at a vacuum
pressure of 95 kPa shown in Fig. 1(f): (a) contractor, (b) twisting, (c) screw
pattern and (d and e) bending with (d) and without (e) a low porosity
spacer.

(Fig. 5(b)), which are shown in both actuated and unactuated
forms. The screw motion in Fig. 1(f) uses two zones with its own
porosity gradient but rotated 90 degrees relative to the axis of
rotation. The resulting actuator is shown in Fig. 5(c)). Lastly,
Fig. 5(d) and (e) show that a porosity gradient and the presence
of spacers (Fig. 5(d)) or absence thereof (Fig. 5(e)) significantly
change the achievable bending. In general, the screw, twisting,
and two bending actuators all have similar external geometry but
using different porosity gradients allows for a wide variety of
deformation patterns. These examples show that the InFoam
method can change the deformation behavior significantly. This
grading capability during AM enables designers to design the
deformation behavior purely by the porosity gradient. In this
work, the combination with plotting was used. But other
approaches could create more complex coiling patterns, for
instance, by increasing the height after printing one coil radius
to print a bigger/smaller one and/or a linear increase in height
to create a transition zone from low to high coiling radii (or
the other way around)). Such approaches could allow for more
complex gradients.

The maximum and steady-state forces of the bending actuators
(in Fig. 5(d)) are plotted in Fig. 6(a) (and in Movies 4 of the ESI¥).
For clarity of the image, the error bars are omitted but these were
lower than 10% for most (the data are provided with error bars in
Fig. S5 of the ESIY). It can be observed that an increase in pressure
leads to an increase in both steady-state and maximum forces.
The maximum forces were in the range of 67.2 to 21.1 grams
for actuators, which is 10.2 are 3.8 times their weight (6.6 and
5.5 grams, respectively). In addition, a decrease in force for higher
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porosity actuators is observed. This behavior is expected to be due
to the lower stiffness. The lower stiffness would allow the actuator
to deform such that the output force is reduced. The steady-state
value of the force increases less with increasing pressure for lower
porosity samples. This trend is expected to be linked to densifica-
tion, which decreases the achievable deformation of lower poros-
ity samples. Fitting a curve for the maximum and steady-state
force curves gives exponents that are similar to each other.
However, there is a discrepancy between the maximum and
steady-state values in terms of their exponents. This discrepancy
is expected to be due to the viscous component of the thermo-
plastic, which impacts the maximum force only. Interestingly, the
power-law fits for both maximum and steady-state forces correlate
well with data, which indicates that porosity could be an inter-
esting metric to predict the mechanical performance of an SFA.
However, although the power-law fit shows a good correlation
further research is required to validate it for other geometries
and investigate the limitations in its applicability.

The settling time, i.e. when the force is within 5% of the
steady-state value, is plotted in Fig. 6(b). Although there is a
significant spread, the trend does indicate that the settling time
decreases with increasing porosity. This decrease is expected to
be due to the combination of decreased density and increased
energy dissipation associated with higher porosity, as seen in
the soft cubes. Fits based on the average settling time for
20 and 75 kPa follow a power-law behavior with the porosity,
thereby supporting that the porosity could be an interesting
metric to predict the mechanical performance.

The maximum curvature versus porosity for different pres-
sures is shown in Fig. 6(c). A nonlinear relationship can be
observed between the curvature and porosity. This behavior is
expected as the higher porosity actuators will deform more
under the same load. Similar to the force metrics discussed
previously, these curves can be described with a power-law
relationship. Fitting the data shows that the curvature increases
with the porosity with an exponent around the cubic root of the
porosity, thereby indicating again that porosity could be a
useful tool for programming deformation behavior. In addition,
a nonlinear relationship between the curvature and pressure can
be observed. Independent of the porosity the actuators seem to
plateau at 60 and 75 kPa. This plateau is expected to be due
to the densification of the porous structure. The densification

This journal is © The Royal Society of Chemistry 2022
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(a) Maximum and steady state force, (b) settling time, and (c) curvature versus the porosity of the high porosity section.

means that exponentially more pressure would be required to
increase the curvature. The higher densification strain of the
higher porosity structures allows them to deform more before
reaching this point.

The output force versus porosity is shown in Fig. 7. For
comparison, the 250th cycle is used as a baseline. This cycle
ensures that start-up effects do not affect the result. It can be
observed that all actuators have some changes in their output
force but similar to the variance shown in Fig. 6(a). However,
three do not show any trend that indicates a decline in output
force. The only exception is the 83.8% porosity actuator, which
shows a trend that indicates a loss of output force. However,
there does not seem to be an overall trend that can be explained
by porosity.

Similarly, the stroke after pressurization cycles is shown in
Fig. 8. It can be observed that the stroke of the actuators is still
similar after 1500 cycles of pressurization for three actuators.
The same actuator where a downward trend was observed for
the output force shows a similar trend for its stroke, implying
that some fatigue-induced behavior occurred. As this value of
porosity is in between the other four it is expected that this
behavior is due to a manufacturing imperfection as there is no
indication that it is a porosity-induced behavior.
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Fig. 7 Change in output force compared to cycle 250 versus the number
of pressurization cycles.
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Although only boundary cases were used in this experiment,
it seems unlikely that the curve will change with intermediate
points. A smooth curve is expected both in the literature®® and
in our cube experiments. For instance, in Fig. 4(c)-(f) there is a
smooth curve that fits the mechanical properties (compression
modulus and energy dissipation) in the range of 45-89%.
Therefore, as the actuator’s performance is directly related to
the mechanical properties, it seems reasonable to see similar
smoothness in these experiments. However, the exact values
will likely change if additional intermediate levels of porosity
were added.

4 Conclusion

Soft fluidic actuators are a popular choice in soft robotics due
to their versatility, accessibility, and (relative) simplicity. To
further expand their capabilities, fabrication methods for
structures that simultaneously allow for the transfer of fluidic
power and have a stiffness gradient are required. Our InFoam
method, as proposed in this work, can provide this capability by
allowing for the direct printing of porous structures. The
printed porous structures allow for fluid transport and mechan-
ical flexibility. In addition, the structures used a hyperelastic
thermoplastic to further reduce the stiffness due to the usage of
a hyperelastic thermoplastic.

The InFoam method is capable of mechanical programming
by a single level or gradient of porosity (by combining it with
normal plotting). To achieve this capability it only requires the
characterization of the coil radius (with respect to the height)
and the length of the extruded material per unit of movement
(G) at the printing temperature. Subsequently, the InFoam
method can use the developed equations to adjust the porosity
of a structure by setting the height and/or extrusion speed while
taking the width and height of the coiling pattern into account.

With a single level of porosity, the InFoam method can
program the density, stiffness, and energy dissipation. Large
changes could be realized such as an 89% lower density and
scaling the compression modulus by a factor of 246. In addition,
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the energy dissipation in x and y could be programmed without
affecting the z-direction. All of these properties were shown
to correlate well through a power-law relationship with the
porosity.

By printing a porosity gradient, the InFoam method allowed
for a wide range of motions (including twisting, contraction, and
bending). In addition, the grading was shown to be capable of
programming the behavior of soft bending actuators. Specifically,
it was shown that the porosity could be used to program both the
output force (magnitude and settling time) and stroke.

Thus, the InFoam method can print graded porous structures
that are mechanically programmed by porosity. The InFoam
method allows this capability by solely adjusting the height of
the nozzle and the ratio of extrusion and movement speed.
An interesting observation of the printed porous structures is
that the mechanical behavior of both the cubes and bending
actuators could be correlated through a power-law relationship
with the porosity. In addition, they showed similar trends in
their changes in behavior. Further investigation of this correla-
tion could enable tuning of the mechanical performance of soft
(porous) actuators using a simple compression experiment. In
addition, the stiffness grading of the InFoam method can be
further investigated. A structure with high porosity has low
stiffness and allows fluid transport, which can be interesting
for applications such as scaffolds for more complex SFAs and
support, whereas graded porosity can be a tool for soft fluidic
actuators/sensors with complex deformation patterns. Lastly, an
important next step for the InFoam method is to integrate the
capability to print an airtight envelope. Printing of such an
envelope would enable the direct 3D printing of soft fluidic
actuators based on graded porous structures.
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