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Abstract— Additive manufacturing of silicone is increasingly
being explored to complement the traditional molding fabrica-
tion technique for Soft Pneumatic Actuators (SPAs). However,
the mechanical behavior of SPAs is defined by their 3D form,
which leads to prioritizing the SPAs mechanical properties over
their aspect. In this paper, we propose a novel SPA fabrication
method where the mechanical properties of a silicone part are
defined during the fabrication phase rather than the 3D mod-
eling phase, leading to the object’s mechanical properties being
independent of the object’s aspect. This novel SPA fabrication
method, named Local Layer Splitting (LLS), consists of local
modifications of the printing layer height to integrate stiffness
variation, thus generating controlled mechanical deformation
when pressured. We discovered that silicone printing layer
height impacts the final stiffness of the material, and it could
be used to program bending deformation to actuators during
printing. We first characterize the effect of the layer height
parameters on 3D-printed silicone stiffness with tensile tests.
Then, we present a custom slicer we developed to generate
G-codes with local layer height variations depending on the x
and y positions. We then characterize the bending and force
achievable by SPAs made with the LLS process and find that
they match those of state-of-the-art SPAs. Finally, we present
and discuss how the LLS method impacts the SPAs design by
shifting the bending behavior integration from the SPAs 3D
conception to their fabrication phase.

I. INTRODUCTION

Additive Manufacturing (AM) of silicone is increasingly
explored [1], [2] due to its multiple advantages. First, com-
pared to the molding fabrication process, additive manufac-
turing allows for easier development of complex structures
[3], [4], while reducing the number of fabrication steps
[5]. Second, multi-extrusion additive manufacturing makes
multi-material structures easily [6], [7]. Finally, the additive
fabrication method offers a large set of unique fabrication
characteristics (layer height, printing speed, temperature,
infill, nozzle orientation) that can be modified to develop new
mechanical and appearance features [8]. For these reasons,
additive manufacturing is becoming an important fabrication
method for soft robots, which tend to have a complex design
and be made of multiple materials. [9], [10]

The additive manufacturing of soft pneumatic actuators
(SPAs) is a 2-step process: The design of the SPA (which
includes defining the SPA shape and 3D modeling it) and its
Fabrication (which includes slicing the model and 3D print-
ing it). The mechanical behaviors of inflated soft robots are
usually controlled by design modifications, such as varying
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Fig. 1: 3D printed Soft Pneumatic Actuator using our LLS
fabrication technique. (Bottom) The actuator shape is unal-
tered when non-pressurized. (Top) The actuator bends when
pressurized.

the dimensions and position of its cavities [5], or a stiffness
variation of the SPA structure [11]. A change of these
parameters implies a modification of the SPA 3D model,
thus defining the mechanical properties of the actuator during
the modeling step. Several structure modifications, such as
cavities network integration in SPAs, lead to complex de-
signs, especially for internal air chamber integration [2]. This
constraint obliges prioritizing the SPA mechanical properties
over its aspect, reducing the available SPA shapes, increasing
their minimal size, and limiting new features integration such
as sensors [12], [13].

Several methods exist to integrate mechanical deforma-
tions in SPAs without increasing the design complexity [14].
A wall thickness modification has a low impact on the
overall design but reduces the mobility of the SPA and
impacts its internal structure [15], [16]. Other approaches
are to use multiple materials with different stiffness [10],
[17], or to create specific machines capable of incorporating
novel features such as rotational printing [18]. While these
solutions lead to new designs and mechanical constraints,
they severely increase the complexity of the fabrication
process. We lack a method to print actuators with mechanical
properties without impacting their aspect or increasing their
fabrication complexity.

In this paper, we propose Local Layer Splitting (LLS),
a novel method that uses a local variation in layer to
define the mechanical properties of a silicone part during
the fabrication phase rather than the modeling phase. With
our approach, the object’s mechanical properties become
independent of the object’s aspect. Our fabrication concept
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TABLE I: Printing parameters used with our custom slicer

Nozzle size (mm) 0.69 086 1.04

Bed temperature (C°) 70 80 80
Environment temperature (C°) 38 40 40
Printing speed (mm/s) 3 4 4

Infill (%) 0% 0% 0%
Retraction (mm/s) 1 1 1

is based on a local variation of layer height to create non-
uniform anisotropic mechanical properties for SPAs. This
process affects the stiffness of the printed silicone walls
locally, directly impacting the mechanical deformation dur-
ing material inflation. This technique controls the actuator’s
inflated geometry without impacting the overall aspect by
integrating mechanical anisotropic properties in the silicone
part. The SPAs modeled and fabricated with this method
can integrate several bending properties in various directions,
and these properties do not require a modification of the 3D
model.
The main contributions of this paper are as follows:

e A novel SPA fabrication method based called Local

a) b) c) d) e)
3D Printed Elastomer Layer Target Zones of Local Layer Splitting

Effects Local Layer Splitting

Fig. 2: Illustration of LLS technique. a) A 3D printed part,
the orange area, is the target of LLS. b) The framed area
shows the effect of LLS, leading to a different layer height.
¢) Cylindrical illustration of a SPA with a target zone of LLS
d) The effect of LLS in the relaxed state and e) Shows the
actuator in an inflated state.
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Layer Splitting: local control of the layer height to
create non-uniform anisotropic mechanical deformation.
« A universal extrusion-based slicer to generate G-code.
o An experimental characterization of the layer height
impact on silicone stiffness.

We first introduce the working principles in Section II,
which consists of an open-release slicer to generate non-
uniform multiple-layer height G-codes, as well as the fabri-
cation process of SPAs. Section III presents the mechanical
characterization of the impact of the layer height on the
stiffness of the 3D-printed silicone. Then we characterize
the efficiency of SPAs fabricated with our LLS process
in section IV. We present experimental evaluations of the
bending and force abilities of the non-uniform anisotropic
SPAs made with the LLS process. Next, we present a series
of SPAs prototypes in section V to discuss future application
opportunities. Finally, section VI concludes and presents
future works on the LLS fabrication process.

II. LOCAL LAYER SPLITTING

This section introduces the Local Layer Splitting (LLS)
fabrication method to create Soft Pneumatic Actuators (SPA)
with non-uniform anisotropic mechanical properties. We
present the general principle of LLS, then the slicing process,
and finally, the materials used and the fabrication process.

A. General Principle

The traditional additive manufacturing process relies on
the use of a set of constant parameters during the additive
process e.g. layer height, thickness, temperature, infill, or
printing speed. The printing process traditionally relies on
3D slicers that slice the 3D model vertically to generate G-
CODE. The layer’s parameters are constant and stack on each
other successively, resulting in the printing nozzle moving up
along the Z-axis only after each slice has been printed. Some

&—> Nozzle diameter (T) Low Layer Height (LHT1)

High Layer Height (LH2)

Fig. 3: Tllustration of the 3D printing process of LLS. The
Layer Height LH is correlated with the nozzle diameter 7.
the minimum layer height LH; and maximum layer height
LH5 are calculated as LH;, = %T and LHy = %T.

advanced slicers such as Cura or IceSL [19] can modify
the layer height from one layer to another. However, these
variations cannot apply to the same layer, the layer height
remains constant and uniform over the entire layer.

Our LLS technique consists of slicing multiples area of
the model using different layer height values. It results in a
modification of the layer stack density in a local region of
interest, as illustrated in Figure 2. The different layer stack
density offers anisotropic mechanical properties in SPAs
design during inflation.

B. Parametric Slicer Software

LLS requires changing the printing layer height according
to the position on this layer over time, which is impos-
sible on current mainframe extrusion-based slicers to our
best knowledge. We developed a custom slicer to perform
slicing with layer height variation at specific 3D locations
of the model. The slicer is developed using the parametric
modeling software Rhino’s Grasshopper [20] and is inspired
by vase mode printing (no infill, one sidewall). An SPA
model designed in Rhino can be sliced with our software
to incorporate several layer heights at specific locations of
the model. Our software integrates basic printing parameters
e.g. printing speed, extrusion factor, or wall thickness. The
generated G-code is Reprap compatible, thus usable by
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Fig. 4: Characterization result of the longitudinal force as a function of the sample elongation. Each graph represents a nozzle
diameter 7" with a) Nozzle diameter T' = 0.69mm. b) Nozzle diameter T = 0.86mm. c¢) Nozzle diameter T" = 1.04mm;
the biggest Layer Height LH of a T is drawn as a dotted line, and the thinner layer height is drawn as a straight line. The
dotted line of any color is strictly below the straight line, demonstrating that a thinner LH increases the tensile stiffness of

the material. We tested twelve samples for each curve.

all extrusion-based 3D printers. Our Grasshopper slicing
program is available on Github!.

C. Manufacturing Process

Wall numbers and their thickness impact the mechani-
cal deformation from the LLS process. Consequently, each
printed actuator is composed of one wall without infill. Sili-
cone layer stacking is influenced by the silicone’s reticulation
time. Increasing temperature can speed up the cross-linking
of bi-component silicone (platinum cured), thus speeding
up the reticulation time. The actuators are printed standing
to have a layer height variation along the actuator height
direction. The top and bottom layers of the actuators are
printed separately, then stuck to the SPAs using mono-
component silicone.

In this paper, we printed the actuators on a Lynxter S600D
3D printer [21], a modular Extrusion Additive Manufacturing
(EAM) printer with a controlled printing environment. The
printing material used is the COP4025 silicone from COP
[22], a 40 shore bi-component silicone skin-safe, with a retic-
ulation time of 1 hour. The printer’s controlled environment
is heated to 40 degrees, and the printing speed is reduced
to 6mm/s to achieve a successful print. We used three
different nozzle sizes to extrude silicone, 0.69mm, 0.86mm,
and 1.04mm. Table I shows the used printing parameters.

III. MATERIAL CHARACTERIZATION

This section evaluates the elongation properties of printed
silicone based on LLS techniques according to the layer
heights and with different thicknesses.

A. Parameters definition

Additive manufacturing is based on layer stacking; hence
the layer height (LH) depends on the previous layer thick-
ness (7). In our case, T is equivalent to the nozzle diameter.
In thermoplastic 3D printing, the LH has to be lower than
75% of T' and higher than 25% of T to ensure mechanical

Thttps://local-layer-splitting.github.io/

stability. As we use silicone, we relied on empirical evalua-
tion to define the manufacturing limit of the layer height. We
selected three nozzle sizes for all our experiments: 0.69mm,
0.86mm, and 1.04mm. Based on preliminary experimentation
on our setup (printer, silicone, nozzle, and environmental
conditions), we observed that LH has to be within [$7'; 2T
to achieve a functional print, as presented in Fig. 3. For
example, a nozzle diameter of 1.04mm will print a minimum
LH of 0.35mm and a maximum LH of 0.7mm.

B. Experimental Samples

Six types of samples were used for the tests. They were
hand-cut from flat surfaces of vertically printed silicone
actuators and had a standard dimension of 60mm by Smm.
We made twelve pairs of samples for each nozzle size
(0.69mm, 0.86mm, 1.04mm) with their weight reported in
table II.

C. Evaluation Protocol

We performed a mechanical tensile test to study the
evolution of the sample elongation according to an applied
force using a custom-made tensile testing machine with a
load cell HX711 AD of 20kg. For each nozzle diameter
(0.69mm, 0.86mm, 1.04mm), we measured the elongation
for the two extreme samples (i.e. with dimensions of 60mm
and 5mm). Every sample was pulled uni-axially up to a 150%
stretching value, with stretching stress normal to the printing
layers plane. From this test, the Young’s modulus value of
each sample is calculated using the formula 1

E =

g
€

(D

The value o is the stress calculated with the formula g

with F' as the applied load and S as the sectional area. The
value ¢ is the axial strain calculated with the formula lA—Ol

with Al as the elongation length and [y as the initial length.
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D. Results & discussions

Fig. 4 plots the tensile test results for the layer height
extreme of the three nozzle diameters. Each nozzle diameter
curve has the same colors. We observe that, for a given 7', the
tensile stiffness is correlated to the LH of the sample. As a
stronger tensile stiffness implies using a more significant load
for equivalent stretching, these results show that an increase
in layer height reduces the load used for stretching, thus
reducing the tensile stiffness of the printed part. Also, we
can see that this variation in tensile stiffness decreases while
T increases. This means that an increase in the wall thickness
T reduces the layer height impact on the tensile stiffness.

For example, doubling the layer height of the samples
where T' = 0.69mm showed a Young’s modulus of 16%
(from 0.93 to 0.78), while for the samples where T =
1.04mm it showed a Young’s modulus of 13% (from
0.99 to 0.86).

TABLE 1II: Layer Height LH effect on material Young’s
modulus E for multiple nozzle diameters 7" at 250% stretch.

T (mm) LH (mm) Weight (g) E (MPa)
0.69 0.24 0.64+0.025  0.9340.03
0.69 0.46 0.644+0.022  0.78+0.05
0.86 0.3 0.654+0.032  0.94+0.02
0.86 0.6 0.65+0.021 0.840.05
1.04 0.35 0.674+0.018  0.99+0.03
1.04 0.7 0.66+0.012  0.8640.05

IV. EVALUATION OF LLS APPLICATION TO SPAS

This section presents different experimental tests using
Local Layer Splitting (LLS) to create two common Soft
Pneumatic Actuators (SPA) with their corresponding char-
acterization.

A. Experimental SPA Samples

We designed and printed one cylindrical shape SPA to be
representative of the most common actuator designs. This
actuator consists of a hollow tube (diameter = 10mm, height
= 100mm). The cylindrical shape is standard for SPA and
has no hard edges. All actuators are separated in half along
the height with a LLS variation on each part. This design
is printed using the three nozzle diameters 7' (0.69mm,
0.86mm, and 1.04). Each actuator are printed with two Layer
Heights LH, the LLS variation depending on 7" as detailed
i2n section III (LH minimum = %T and LH maximum =
sT).

B. Bending angles

Actuators’ bending angles were defined as the angle from
the base of the actuator to the center of the tip position.
Pressurized air was applied up to 80 kPa using a valve and
a precision compressor; the SPA angle was measured every
10 kPa. The bending angle was recorded using a camera and
then calculated with movie editing software. We used five
cylindrical actuators for this test.
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Fig. 5: Measure of the bending angle as a function of
the applied internal air pressure for cylindrical SPAs. The
measure of the actuator was stopped when they reached the
end of their elastic deformation potential: around 80kPa for T’
=0.69mm, 7' = 0.86mm and 7" = 1.04mm. We experimented
with five samples.
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Fig. 6: Blocked force as a function of the applied internal
air pressure for cylindrical SPAs. The SPAs blocked force
is consistent with their bending angle. The measure of the
actuator was stopped when it reached 80kPa. A maximum
blocked force of 0.36N was observed for the nozzle diameter
T = 1.04mm. We experimented with five samples.

Fig. 5 plots the bending angle of the cylindrical SPAs
as a function of the applied pressure. An increase in the
bending angle can be measured when the applied pressure
increases. This result validates that the LLS process induces
local anisotropic mechanical properties, which can be used to
integrate mechanical deformation for SPAs when pressured.
The maximum bending angle obtained is 60.8° for an 80 kPa
pressure; this result was obtained with the 0.69mm thick
SPA before entering plastic deformation. This bending value
corresponds to state-of-the-art SPAs bending value with a
higher pressure level due to the high shore of the material
used (shore 40). Finally, results showed that the nozzle
diameter T' affects the bending potential of the SPAs.
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Fig. 7: Example of multiple bending SPAs made with the
LLS method. The SPA nozzle diameter is 7' = 0.86mm,
and each side of the actuator has a different layer height
value. These values are swapped at half of the actuator, which
results in a two-directional bending.

C. Blocked force

The actuator’s blocked force was calculated using a load
cell placed in the direction of the actuator tip during ac-
tuation. We used five cylindrical actuators with the same
characteristics as the bending angle test. Pressurized air
was applied up to 80 kPa using a valve and a compressor,
and the SPA blocked force was measured every 10 kPa.
Figure 6 plots the bending angle of the SPAs as a function
of the applied pressure. Results show that the maximal force
achieved of 0.36 N comes from the thickest nozzle diameter
T = 1.04mm. The force curve is not linear, and significant
strength appears above 50kPa. After 80kPa the actuators have
a reduction in blocked force. It may happen because the
actuator reaches its bending deformation limit and expands in
size and length. This results in a low increase of the blocked
force from the bending. We also observed that above 80kPa,
the SPAs deformation becomes permanent as they reach their
plastic deformation domain.

V. APPLICATIONS AND DISCUSSION
A. Applications

We designed two examples to illustrate our Local Layer
Splitting (LLS) technique. The first one consists of a three-
finger gripper shown in Figure 8. This gripper is made from
three cylinder-shaped SPA. We tried to design a human-
inspired gripper with two fingers and a thumb. For the
fingers, we used SPAs with a nozzle diameter 7' = 0.86mm,
and for the thumb, we used a SPA with a 7" = 0.69mm.
As shown in section IV, the T=0.69mm SPA can deploy
more strength than the others, thus simulating a thumb. We
performed grasping tests on objects of different sizes and
shapes; a polyester egg (8.6g), a USB key (25.4g), and a
cardboard miniature (36.7g).

The second example illustrated in Fig. 7 demonstrates the
complex mechanical possibilities of the LLS process. We
designed an actuator (diameter = 10mm, height = 120mm)
with multiple bendings defined using the LLS fabrication
method. The nozzle diameter 7" is 0.86mm, and the layer
heights L H are 0.3mm and 0.6mm. We integrated multiples
area with the smaller layer height (0.3mm) to generate

multiple bending behaviors when pressured. This example
demonstrates that a single SPA can have different anisotropic
properties at different locations by using the LLS method.
This fabrication method allows easy customization of the
bending behavior by increasing the number of LLS areas
and their dimension on the SPA.

B. Discussion

The traditional mold-based SPA manufacturing process
is incompatible with iterative design. This manufacturing
process involves various fabrication steps and the creation of
unique molds for a given SPA design. One main advantage
of LLS is that the mechanical properties are not linked to
the SPA design but to its manufacturing process. Precedent
examples illustrate how the LLS technique can be used
to separate the SPA model design from its mechanical
properties. These properties are defined during the SPA
manufacturing. This separation allows a single SPA design
to generate an unlimited quantity of achievable bending
behaviors.

The LLS technique opens up new opportunities for SPA
design. First, this technique provides a straightforward so-
lIution to add local anisotropic properties for pneumatic
deformation. Second, our approach is fully automated, saving
manufacturing time and reducing errors during the man-
ufacturing process. Finally, updating and iterating on the
deformation behavior of an actuator can be made quickly.
In opposition to the solutions proposed in the literature [5],
our method does not require any modification of the initial
SPA model design. This independence of the mechanical
properties from the object’s aspect allows for the exploration
of new SPA designs.

VI. CONCLUSION AND FUTURE WORK
A. Conclusion

Soft Pneumatic Actuators are increasingly manufactured
with 3D printers. In this paper, we take advantage of the
layer height effect on the stiffness of the 3D-printed silicone
and propose a method to program the local mechanical
deformation of SPAs during their fabrication while main-
taining the actuator’s shape. Our method, named “Local
Layer Splitting” (LLS), relies on a variation of the layer
height on a specific 3D area of the SPA model, creating
local variations of the mechanical properties of the SPA and
impacting the SPA shape when inflated. This process relies
only on a dynamic tuning of printing parameters to modify
the bending deformation and strength without changing the
SPA design. We characterized the maximum bending and
force achievable by the SPAs made with LLS. Our SPAs
achieved a maximum bending angle of 60.8° with a pressure
of 80kPa. Furthermore, our experimental results reveal how
the layer height and nozzle diameter impact mechanical
deformation. To sum up, LLS is a new opportunity for SPAs
fabrication that allows quick and easy customization of the
bending behavior. Its automation with a 3D printer allows
better control of mechanical deformation. The LLS process
can impact the traditional design of SPAs by shifting the
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Fig. 8: Three-finger gripper grasping test. (a) Two fingers have a nozzle diameter 7' = 0.86mm and the last 7" = 0.69mm to
deliver increased strength, thus simulating a thumb. The gripper demonstrated his handling potential of objects; (b) a USB
key (25.4g), (c) a polyester egg (8.6g), and a cardboard miniature (36.7g).

integration of bending behaviors from the model design to
its fabrication.

B. Future work

The experiments presented in this paper mainly explore the
control of layer height. However, other additive manufactur-
ing control parameters could be explored more deeply such
as printing orientation [23], infill [24], or temperature [15].

Future tests are planned to characterize the effects of the
SPAs shape more precisely to understand the link between
the layer height variation, printed surface, model volume,
and bending angle. The printing temperature should also be
explored to understand its impact on the SPA mechanical
properties. We plan to characterize bending with several
layer height ratios and wall thickness. This characterization
will automatically generate the Local Layer Splitting (LLS)
parameters to apply to the SPA in the desired angle.

Our current custom slicer requires having the SPA de-
signed in Grasshopper. This might impact the ease of use and
design freedom. The next step towards the democratization
of the LLS technique is to improve our slicer to provide
user-friendly software and algorithm, thus simplifying the
customization of SPAs. Finally, we would like to explore
other SPAs shapes and mix the LLS fabrication process with
an infill variation.
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