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Silicones have desirable properties such as skin-safety, high temperature-resistance, and flexibility. Many appli-
cations require the presence of a hard body connected to the silicone. Traditionally, it has been difficult to create
strong bonding between silicones and hard materials. In this study, a technique is presented to control the bond-
ing strength between silicones and thermoplastics through mechanical interlocking. This is realized through a
hybrid fabrication method where silicone is cast onto a 3D-printed mold and interlocking structure. The influence
of the structure's design parameters on the bonding strength is explored through theoretical modeling and phys-
ical testing, while the manufacturability of the 3D-printed structure is ensured. A CAD tool is developed to auto-
matically apply the interlocking structure to product surfaces. The user interface visualizes the theoretical
strength of the cells as the designer adjusts the cell parameters, allowing the designer to iteratively optimize
the structure to the product's load case. The bonding strength of the presented mechanical interlocking structure
is more than 5.5 times higher than can be achieved with a commercially available primer. The presented tech-
nique enables custom digital design and manufacturing of durable free-form parts. This is demonstrated through

application of the technique in over-molded products, airtight seals, and soft pneumatic actuators.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Many products are composed of parts that are a combination of hard
and soft materials. Kitchen utensils, toothbrushes, car parts, and inte-
grated seals are common examples. This also includes products where
the soft material is a silicone [1]. Silicones, or Polydimethylsiloxanes,
are soft materials that have desirable properties for applications that re-
quire high flexibility, high temperature resistance, or skin-safety [2]. We
aim to enable the use of 3D printing to fabricate parts with hard (ther-
moplastic) material and soft silicone. Compared to traditional
manufacturing, 3D printing provides more freedom in fabricating com-
plex geometry and custom parts. The ability to create complex geome-
tries and custom parts with hard materials and silicones is relevant for
various applications. One such an area is soft robotics [3], where sili-
cones are a popular choice for the fabrication of soft actuators [4]. An-
other area where 3D printing this combination of materials could be
useful is multi-material compliant mechanisms [5,6]. Here, silicone
can be used as a soft member to transfer motion, force, and energy for
specific applications. However, 3D printing silicones in combination
with thermoplastics is not straightforward due to challenges in bonding
between the two materials and 3D printing process incompatibility, as
described below.

Good bonding between the hard and soft materials is essential for
the functionality of the products. This is generally achieved by using
compatible materials [7] which increases the physico-chemical adhe-
sion phenomenon [8]. When the materials are incompatible or more
bonding strength is required, mechanical interlocking using large fea-
tures can be a solution [9]. Using 3D printing, large-scale features such
as dog bones and hooks have been shown to improve the bonding be-
tween a soft and hard material [10]. Although a high bonding strength
was achieved, the scale of the features poses significant limitations to
the design of the parts. Condensation curing silicones, also known as
one-component Room Temperature Vulcanization (RTV) silicones, have
good adhesion to surfaces with hydroxyl groups thanks to their cross-
linking mechanism [2]. Compared to condensation curing silicones,
hydrosilylation curing silicones, have favorable properties, especially
for soft robotics and medical applications. This is because
hydrosilylation curing silicones produce no decomposition products
during curing and the curing can be done in an enclosed volume. Also,
they have limited shrinkage, better heat resistance, and are food safe.
However, hydrosilylation silicones do not exhibit sufficient adhesion
forces to any thermoplastic substrates for most applications [1,2].
Chemical bonding between silicones and thermoplastics can be some-
what improved by applying a primer or plasma treatment to the contact
surface. Integrating a primer step into the printing process is not a pre-
ferred direction due to environmental and cost aspects [11]. Atmo-
spheric Pressure Plasma Jets have been proposed in 3D printers [12] to
increase inter layer adhesion, however wettability of the treated surface
decreases over time [13] hence, casting the silicone after printing would
result in graded adhesion strength. Furthermore, the adhesion strength
of non adhesion modified silicone on plastic surfaces treated with this
process might be too weak for demanding applications [1] as for exam-
ple seen in the field of soft robotics. Therefore, to be able to 3D print re-
liable parts with these silicones, challenges with bonding the silicone to
hard materials need to be addressed.

There are several Additive Manufacturing (AM) - or 3D printing - so-
lutions that can fabricate silicone parts. 3D printing technologies that
can process silicones have been developed in the AM categories Mate-
rial Extrusion [14], Vat photopolymerization, and Material Jetting [15].
These printers can fabricate silicone parts, but without a secondary
(hard) material. While Multi-Material Additive Manufacturing (MMAM)
systems are used to combine hard and soft materials [16], the soft mate-
rials are not silicones, and therefore do not have the properties of sili-
cones that make them appropriate for many of the discussed
applications. The use of silicones in MMAM is not straightforward, not
only due to poor bonding, but also because printing silicones generally

requires a different AM process compared to printing the hard part. A
solution is multi-process 3D printing, in which the AM process is en-
hanced with complementary processes to increase component func-
tionality [17]. An example of this is the Hybrid Deposition
Manufacturing (HDM) setup as proposed by Ma et al. [10] and Rossing
[18]. These works demonstrate an approach where both a thermoplastic
part and the mold for a resin part are printed using Fused Deposition
Modeling (FDM), after which the mold is filled with a resin of soft
(poly-)urethanes. The mold material can then be removed by breaking
it or dissolving it in water (Fig. 1). This setup can be used for rapid
prototyping of overmolded hard-soft parts, manufacturing low volume
(custom) hard-soft parts and complex components that are difficult to
make with traditional manufacturing processes [10]. The work of
Rossing [18] demonstrates an integrated casting system which com-
bines 3D printing with a low pressure casting step in one autonomous
manufacturing process. These HDM setups could be used to manufac-
ture 3D printed thermoplastic parts combined with cast silicones. How-
ever, this requires addressing the bonding issues discussed earlier.

Studies investigating bonding in MMAM differ in process, material,
and testing methods. There is no standard for testing 3D printed
multi-material interfaces [19]. The wide variety of tests that can be per-
formed to investigate adhesion include tensile tests, fracture tests, and
impact tests [20]. For example, Hudiakova et al. [21] use both double
cantilever beam and cracked round bar tests to characterise inter-
layer cohesion between FDM printed polylactic acid (PLA) and short
carbon fibre reinforced PLA. Vu et al. [22] use a variety of double canti-
lever beam test setups to characterise a multi-material 3D printed inter-
face between a hard and soft material. With the same process and
materials, Lumpe et al. [23] use geometries according to the ASTM
D638-14 standard [24] to test interface strength for quasi-static loading.
Specific test methods for 3D printed mechanical interlocking structures
were not found.

Addressing the mentioned issues of the bonding and manufacturing
process, we present a structure of 3D printed mechanical interlocking
cells that locally increase the bonding strength between hard thermo-
plastics and silicones, without significantly impacting the design free-
dom and customizability. As the structure has a small depth and is
guaranteed to be 3D printable in all directions, it can be automatically
generated and applied to planar and curved contact surfaces. The influ-
ence of the structure's design parameters on the bonding strength is ex-
plored through theoretical modeling and physical testing. The unit cells
are applied to a double curved multi-material bike handle, integrated
seals, and a novel air-tight soft pneumatic actuator benefiting from the
possibility to locally control the bonding between the two materials.

2. Method
2.1. Unit cell for mechanical interlocking

Because silicones are known to have minimal adhesion with ther-
moplastics, mechanical interlocking was chosen to facilitate the bond-
ing. The proposed interlocking structure is composed of arrays of unit
cells. The design of the unit cell is based on three considerations; bond-
ing strength, manufacturing constraints, and applicability.

Bonding strength: The volume of the thermoplastic interlocking
structure locally reduces the volume fraction of the silicone. As a re-
sult, the area of the silicone at any cross section will be decreased
with an increased feature size of the thermoplastic structure. A
smaller total area of silicone in a cross section perpendicular to the
loading direction leads to higher stresses in the silicone. Therefore,
to maximize the strength of the silicone structure at the interface,
the feature size of the thermoplastic structure should be minimized.

Manufacturing constraints: Both the 3D printing and the casting
processes were considered for the design of the unit cell. The printed
structure should have a designed minimal feature size of 0.4 mm,
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Fig. 1. Hybrid Deposition Manufacturing process used in this paper. (a) Slicing of part in printer software. Hard material is indicated in pink, sacrificial mold part is indicated in purple.
(b) Printing of part with sacrificial mold. (c) Low pressure casting of silicone. (d) Curing and demolding.

which is the size of the used extrusion nozzle of the 3D printer. Dis-
continuities of the 3D printer's toolpath generally lead to loss in
printed quality. Therefore, the structure must be designed to have
slices with long continuous toolpaths with few discontinuities. To be
able to 3D print overhangs properly, overhanging elements need to
be designed to link two non-overhanging points in a straight line, so
that the principle of bridging can be applied [25]. The individual cav-
ities of each cell require vertical connectivity to allow air to escape
during the casting of the silicone. The dimensions of these cavities
cannot be made too small, as that could prevent their filling by the vis-
cous silicone.

Applicability: An important characteristic of the unit cell is its appli-
cability to a large variety of products. Smaller features of the structure
minimize the impact on the design of the product. The depth of the
unit cell determines the minimal interface thickness, while the unit
cell size determines the minimal feature size.

Arrays of cells create the interlocking structure, the CAD design of the
structure is illustrated in Fig. 2(a). The structure is composed of verti-
cal elements connected with horizontal crossover beams bridging be-
tween the vertical elements. When sliced by the 3D printer's software,
the toolpaths for the vertical elements and for the horizontal cross-
over beams form a continuous extrusion within each layer. A visual
representation of the printer's toolpaths is illustrated in Fig. 2(b). To
evaluate the dimensions of the printed structure, a sample array was
printed and 3D scanned. 3D scanning was done with a GOM ATOS
Core scanner (0.032 mm measuring point distance). The 3D mesh
that resulted from the scan is shown in Fig. 2(c). While the vertical
beams were modeled to have a thickness of 0.4 mm in the CAD
model, their average thickness was measured to be 0.5 mm. As ex-
pected, the horizontal crossover beam that was modeled to be rectan-
gular, was found to have a more circular cross section once printed.
The measured thickness of the horizontal beams was 0.4 mm. With
the used slicing settings, the horizontal beams were printed by two
extrusion passes, while one pass is sufficient. This resulted in a some-
what irregular shape of the horizontal beams, as can be seen in Fig. 2

(c).

The silicone is cast onto the structure, encapsulating the crossover
beams to create interlocking between the silicone and thermoplastic.
A graphical illustration of this interlocking is shown in Fig. 3(a). When
loaded, the crossover beams lock up the silicone that was cast into the
structure, as illustrated in Fig. 3(b).

2.2. Modeling

A theoretical model was developed to better understand the relation
between the structure's design parameters and its bonding strength.
First, the scope was reduced to the smallest repetitive unit in the struc-
ture, which is illustrated in Fig. 3(c). Depending on the chosen dimen-
sions of the design parameters, three different failure modes could be
expected; failure of the plastic crossover beam, failure in the silicone
surface As, and failure in the silicone at surface A.. (see Fig. 3(d and e)).

The stress in a single cell o can be calculated as:

gc:%+Ab+A,:;—;+2rb+t(h+2r) (M

As the crossover beams are encapsulated in the silicone and are rel-
atively short, the beams are expected to fail mainly due to shear stress.
This was later confirmed by the tensile test results shown in Fig. 7, that
show a failure of the beams at the connections with the vertical ele-
ments, where the highest shear stress occurs. In contrast, failure due
to bending stress would occur in the middle of the crossover beam. As
discussed in section 2.1, the 3D printed beam is circular. The shear stress
of a circular beam can be calculated as:

4vy?
Tb=ﬁ (2)

where Vindicates the shear force. As Vis equal to%F (see Fig. 3(f)), the
C

Fig. 2. (a) CAD model of cell array. (b) Visualization of toolpath created by printer's slicing software. (c) 3D scan of printed structure.
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Fig. 3. Forces and parameters of the mechanical interlocking structure. (a) Unloaded mechanical interlocking surface. (b) Loaded mechanical interlocking surface. (c) Loaded mechanical
interlocking cell. (d) Cell parameters at cross-section through the center of the crossover beam in the yz-plane. (e) Cell parameters at cross-section through the center of the crossover
beam in the xz-plane. (f) Free body diagram and shear force diagram at cross-section through the center of the crossover beam in the xz-plane.

maximum cell force for the beam (Fp, ) can be calculated as:

3mr?

= Tbyie]d 2

chbmax (3)
where Ty, . is the shear yield strength of the crossover beam's material.

The silicone surface A; fails on tension. Thus, Fs,,, can be calculated as:

F CSmax — Usyield Ag (4)
Finally, the maximum cell force F,,, is given as the lowest of the
two:

Fepy = MinFe, brax, Fe, Smax (5)

Radius r was set at 0.2 mm (i.e. the measured radius of the
printed beam, as discussed in section 2.1). The yield strength of
the PLA was determined at 49 MPa. According to the maximum
shear stress theory, this results in a shear yield strength of (0.5x49
= 24.5 MPa). The yield strength of the silicone o5, was deter-

mined at 2.5 MPa. The CAD drawing of the crossover beams has a
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Modeled height h in mm

height of 0.1 mm. However, with the beam's measured diameter
(and height) of 0.4 mm, the height h of surface As is reduced. There-

fore, the real height h of the cell is converted to the modeled value i
that would realize such a height: h = hi—03. Similarly, the fabri-
cated base b is converted to the modeled base b to correct for larger
size of the printed vertical beams compared to the CAD design: b =

H—0.1. For these values, Fig. 4 shows the maximum stress o,
(using the obtained F,,, in eq. (1)) as a function of the modeled pa-

rameters band h. The black line indicates the sample dimensions for
which Fcy, . = Fcgs,.,- The highest achievable maximum cell stress
can be found on this line. Samples on the left side of this line (indi-
cated in red) are expected to fail on the silicone, whereas samples
on the right side of the line (indicated in yellow) are expected to
fail due to shear stress in the crossover beam.

This theoretical model is based on several assumptions. For instance,
the model shown in Fig. 4 assumes that the failure does not occur at sur-
face A.. Moreover, the model ignores fabrication artefacts and inaccura-
cies, such as sagging of the beam, an inconsistent cross-section of the
beam, and imperfect casting, which can significantly affect the strength

1.4

0.8

0.6

Maximum cell stress in MPa

0.4

0.2
4

Fig. 4. Maximum cell stress plotted against cell parameters band h. The experimental samples are indicated with circles. A sample with a different length-to-base ratio (cross) was used to

further verify the theoretical model.
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Fig. 5. Design automation. (a) Arrays of points applied to the double curved surface. (b) Placing, orienting, and scaling of parametric structure cell. (c) Generated structure with color
visualization of 0, in first iteration (d) Final iteration with improved o, . (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

of the bonding. The model also assumes a uniform loading across all
cells. In reality, the intensities and direction of the loads may vary across
the cells.

2.3. Design automation

The structure cell can be linearly repeated to create an interlocking
structure on a planar surface. However, applying the structure cell
onto non-planar surfaces is less straightforward. Similar to quadrilateral
meshing on double curved surfaces, a strategy for determining the
shapes and sizes of the quadrilateral cells needs to be defined with the
goal of matching the desired shape as closely as possible. In this case,
the quadrilateral cell sizes and shapes need to be optimized according
to their corresponding theoretical maximum stress O, (indicated in
Fig. 4) as well. At the same time, the printability of the structure needs
to be guaranteed. This means that the crossover beams should be a con-
tinuous extrusion in the XY-plane of the printer, and the vertical beams
need to satisfy the overhang constraints. To facilitate the generation of
interlocking structures in such complex scenarios, an algorithmic

a Mechanical interlocking structure b

Silicone

process that automates the main part of the design for such structures
was developed.

The algorithmic process was implemented in Grasshopper [26]. The
first step in automation is the generation of a pattern of points on the
surface (Fig. 5(a)). These points are used to position the structure
cells. The pattern is built up of arrays of points that are located in XY-
planes, meaning that the arrays are horizontal. The arrays are positioned
as such that vertical alignment of successive arrays is maximized. The
number of arrays and number of points in an array are provided by
the designer.

A parametric structure cell is defined. The structure cell consists of
two bodies, as illustrated in (Fig. 5(b)). Body A represents the crossover
beam, while Body B represents the vertical beam and rear wall of the
structure. The structure cell is repeatedly placed on the surface by coin-
ciding the cell's origin with each point of the pattern. The length of Body
A and Body B along the cell's x-axis are modified to match the euclidean
distance between the current point PO and the next point in the hori-
zontal array P1. Then, rotating around origin PO, the x-axis of Body A
is made collinear to the line between PO and P1. This rotation is in the
XY-plane, therefore Body A keeps its flat orientation. When completed

Fig. 6. (a) Dimensions of the tensile testing sample. (b) Sample with 4:1 width to height ratio after tensile testing.
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Fig. 7. Microscope pictures of interlocking structure after tensile testing. Top row: samples with 0.4 mm depth. Bottom row: samples with 0.8 mm depth. Circles indicate the specific failure

mode of that cell.

for all points in the XY-plane, this operation generates a geometry that,
after slicing, results in one continuously extruded crossover beam. The
length of Body B along its z-axis is matched to the euclidean distance be-
tween PO and P2, and its z-axis is made collinear to the line between PO
and P2. The end result is an interlocking structure that is conforming to
the surface.

To provide feedback to the designer about the expected perfor-
mance of the generated structure, the modeling described in section
2.2 is applied to calculate the o, from the generated b and h for all
cells. In the 3D preview (Fig. 5(c)), each cell is given the color corre-
sponding to the o, following the color scheme of Fig. 4. After

0.7
0.6
0.4

0.3

0.2

Maximum Stress in MPa

0.1

0

0

Modeled depth d in mm

0.4

evaluating the preview, the designer can choose to adjust the input set-
tings for the point distribution, and obtain a structure with a more desir-
able o, distribution (Fig. 5(d)). This way, knowledge on the load case
of the product can be used to distribute the strength of the individual
cells in a way that is optimal for the specific design.

The current automated design process has some limitations, which
become more apparent when applied to less continuous geometries. Cur-
rently, the algorithm is developed for curved surfaces with small varia-
tions in curvature. Therefore, the solution for the point pattern does not
require any iterative processes. For more complex and arbitrary geome-
tries, the solution to generate a desired point pattern will not be trivial,

- Failure Mode A
- Failure Mode A
|:] Failure Mode A

0.8
12 1.0

2.0

Modeled side lengths (I; and iz) in mm

Fig. 8. Measured mean peak stress plotted against modeled depth d and modeled length of the sides (b and h). The errorbars indicate the standard deviation. The color of the bar indicates
the dominant failure mode. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Stress-strain curves for the different unit cell dimensions. The curves show the mean over the different samples. The error bars indicate the standard deviation. The maximum values
of the curves indicate the highest stress of the weakest sample, as no useful mean can be obtained beyond this point. The colored crosses indicate the type of failure mode (matching the
color coding of Fig. 8). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and other algorithms for pattern generation will need to be considered,
such as the projection and relaxation strategy that was proposed by Rei-
ner et al. [27]. Also, for surfaces with a small radius of curvature, the
intended final structure cannot be guaranteed, since the overlap of neigh-
boring structure cells becomes significant.

2.4. Experimental setup

Tensile tests were conducted to find the correspondence between
the theoretical model from section 2.2 and the fabricated results. The
design of the tensile test samples is illustrated in Fig. 6(a). The sample
is composed of two hard elements with a silicone cube in between.
The length, width and depth of the silicone part were determined at 30
mm. A bonding is realized through mechanical interlocking of the sil-
icone around the 3D-printed structure on the hard parts. The strength of
this bonding was evaluated by pulling the two hard parts apart until
failure occurs. A series of three samples was fabricated for each of the
experiments. All samples were tested on a 2014 Zwick tensile testing
machine. The tensile tests were performed at a speed of 5 mm/min, un-
less specified otherwise. The test was shut down once the force dropped
to 80% of the maximum force measured. After tensile testing, the failure
interface of the samples was studied using an Olympus SZ61 microscope
with directional lighting, and a DSLR camera was used to obtain the
images.

2.4.1. Sampling strategy

The modeled depth (d), height (h) and base (b) of the structure (as
discussed in Section. 2.2) were varied throughout the experiments. The

theoretical model shown in Fig. 4 was used as a guideline for the sam-
pling strategy. Two additional samples series with changes in the pa-
rameters of the experimental setup were tested to investigate the
influence of the sample dimensions and test speed on the results. More-
over, two series of samples without an interlocking structure were fab-
ricated to benchmark the strength of the structure.

Modeled depth (d): The model assumes that no failure occurs in sil-
icone surface A. (see Fig. 3). Failure on A, can be prevented by in-

creasing the modeled depth d. This results in an increased stiffness
of the silicone body behind the crossover beams, preventing exces-
sive deformation around the beams leading to failure.

As the goal was to minimize the depth for maximum applicability
(see section 2.1), four series of samples with i and b at 0.8, 1.0 and 1
.2 mm were first fabricated at a modeled depth d of 0.4 mm.From
here on, new sample series with an increase in d in steps of 0.4

mm were fabricated and tested until a depth was found at which fail-
ure no longer occurred in surface A..

Modeled height (h) and base (b): After a depth was found at which

the failure no longer occurs at surface A, the samples with handb of
0.8, 1.0, 1.2 and 2.0 mm were used to find the correspondence with

the theoretical model. Although the samples with hand b at 0.8, 1.0
and 1.2 mm (indicated with red circles in Fig. 4) are relatively close
to each other in dimensions, the theoretical model predicts a large
change in maximum cell stress over these samples. Therefore,
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Fig. 10. Comparison of the mean peak stresses of the theoretical model with the experimental results for d=0.8mm.

these samples were used to identify where this steep change occurs

in the experimental results. The sample series with 1and b at 2.0 mm
(indicated with a yellow circle in Fig. 4) is on the right side of the
black line. Therefore, it was expected to fail due to shear stress in
the beams instead of failure in the silicone surface As. To verify

how well the experimental results match the model for deviating h :

b ratios, a sample series with i = 1.2 mm and b = 2 mm was fabri-
cated (indicated with the red cross in Fig. 4). Although its ratio is
less optimal, this series was expected to outperform the other sam-
ples in maximum cell stress. Moreover, as this series is close to the
black line where F.p, = Fcs,.,., both failure modes could be ex-
pected to occur here.

Experimental setup parameters: Two series of samples with devi-
ating dimensions were fabricated to investigate the influence of
‘necking’ (a decrease in local cross sectional area upon stretching),
change in the force direction due to necking, and tensile testing
speed on the results. The necking effect was investigated through a
sample series with a width to height ratio of 4 : 1, but equal cross-
sectional area (see Fig. 6(b)). An additional sample series with a reg-
ular width to height ratio was tested at a higher speed of 50 mm/
min respectively. These tests were performed with the cell

parameters f and b chosen at 1.2 mm and the minimum depth d
for which failure did not occur at surface A..

Benchmark samples: Two series of samples without the mechanical
interlocking structure were prepared in order to benchmark the
bonding strength of the interlocking structure. The first series of
samples without bonding structure did not have any additional
bonding technique, whereas the second series used a coating of a
commercially available primer (Smooth-on Sil-Poxy) at the contact
interfaces to increase the bonding between the thermoplastic parts
and the silicone.

2.4.2. Materials and fabrication

The hard parts of the samples were printed on an Ultimaker 2 + using
FDM technology. The unit cells were generated starting from the edges of
the two bonding interfaces. Therefore, uncompleted cells occur at the op-
posing edges of the sample whenever the length and width of the sample
is not an exact multiple of the cell size. The percentage of area that con-

tains uncompleted cellsranges from 0.67 % (for h and b = 1.0 mm) t0 5.3
% (for h and b = 2.0 mm). White PLA and standard settings were used
(slicing software used is Cura 3) for all samples. Standard settings are 0.1

mm layer height and a 0.4 mm nozzle. The material has a yield strength
of 49.5 MPa and an elongation at yield of 3.3 % [28].
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Fig. 11. From left to right: (a) Mean peak stress of the sample series with bof2 mmand ahof1.2 mm. (b) Mean peak stress of the sample series with a 1 : 4 width to height ratio. (c) Mean
peak stress of the sample series tested at a speed of 50 mm/min. (d) Mean peak stress of the benchmark sample series without primer. (e) Mean peak stress of the benchmark sample
series with primer. The errorbars indicate the standard deviation. The benchmark samples with no structure fell apart before a force could be measured.

Reusable molds with a negative shape of the desired test sample were
printed as well. Two hard parts were placed inside this mold, after which
the silicone was poured into the remaining void. Two component addi-
tion curing RTV silicone with shore hardness A40 [29] was used for all
samples. The yield strength of the silicone was determined at 2.5 MPa.
The silicones were manually mixed, as prescribed, in a mass ratio of 1 to
10 and placed inside a vacuum for 7 min to decrease the amount of air
pockets. The silicone was allowed to cure for 24 h at room temperature
before testing.

3. Results

First, this section will discuss the results of the experiments described in section 2.4.
Hereafter, several applications of the 3D-printed mechanical interlocking structure will
be demonstrated, making use of the modeling technique described in section 2.2.

3.1. Mechanical interlocking structure

Modeled depth (d): At a depth d of 0.4 mm, the dominant failure mode occurred at
surfaceA.. This failure mode allows the silicone to be ‘pulled out’ of the hard part, leav-
ing empty cells with intact beams as indicated with the blue circle in Fig. 7. At this
depth, the maximum stress decreases with an increasing b and h, as can be seen in
Fig. 8. This can be explained by the reduced surface area of the crossover beams, caus-
ing the beams to generate higher stresses on the silicone body behind the beams at
equal forces. At a depth d of 0.8 mm, the dominant failure no longer occurs at surface
Ac. Instead, a failure of the beam or silicone surface A is observed, indicated with a yel-
low and red circle in Fig. 7 respectively. A failure at surface A can be recognized by in-
tact beams with pieces of silicone remaining underneath the interlocking structure,
whereas a failure at the crossover beams can be recognized by missing crossover
beams. As the silicone is more firmly held into the structure, the samples with d=0.
8 also have a higher stiffness, as can be observed in Fig. 9.

Modeled height (fl) and base (B): Fig. 8 shows the mean peak stresses of the cells for
which b = h at a d of 0.8. It can be seen that these stresses are much higher than the
ones at a d of 0.4, with the highest stress measured for the sample with a b and h of 1
.2 mm. The trade-off between the two failure modes seems to occur between 1.2 mm
and 2.0 mm. This is in good agreement with the theoretical model, as is illustrated in
Fig. 10. Although the trends and optimal parameters agree well with the model, the
magnitudes of the measured peak stresses are significantly lower than the theoretical
results. A mean peak stress of 0.6 MPa was measured for the 1.2 mm samples, as com-
pared toa1.2 MPastress predicted by the theoretical model. This can be due to several

factors such as inconsistent beam thickness, micro air bubbles in the silicone and con-
secutive cell failure. A brief zipping sound could be heard during failure, indicating
that the cells do not fail at the exact same time. The sample series with a b of 2 mm
and a h of 1.2 mm, was expected to outperform the other samples in terms of maxi-
mum stress. The experimental results confirm this with a mean maximum stress of 0
.805 MPa (Fig. 11) as compared to a mean maximum stress of 0.601 MPa for the sam-
ples with a band h of 1.2 mm.

Experimental setup parameters: The results of these sample series are shown in
Fig. 11. The sample series with a 1 : 4 width to height ratio (Fig. 6(b)) shows that
there is some loss in strength due to increased necking, with a mean peak stress of 0
.573 MPaas compared to a mean peak stress of0.601 MPa for the sample with a width
and height of 30 mm. The sample series that was tested at a higher speed of 50 mm/
min resulted in a slightly higher peak strength (0.620 MPa), because the viscous com-
ponent of the viscoelastic silicone gives a strain rate dependent on time. High speed
loads are likely to occur in the soft robotics application described below, where air
chambers are inflated rapidly.

Benchmark samples: The adhesion strength of the silicone to a flat plastic surface
without bonding structure was so low that the samples would separate when
clamping them into the testing machine. Using Smooth-on Sil-Poxy as a primer re-
sulted in an average maximum stress of 0.146 MPa, as shown in Fig. 11, which is
more than five times lower than the 0.805 MPa that was obtained using the mechan-

ical interlocking structure with a b of 2 mm and an frof 1.2 mm.

3.2. Applications

Three different application directions of the presented design and fabrication ap-
proach are demonstrated. These examples show how prototyping and manufacturing of
end-use custom parts can be realized. The fabrication steps are identical to those in
Fig. 1. Injection points and flow channels for the silicone are designed for each specific part.

3.2.1. Over molded parts

A customized bike handle was fabricated with the presented method (Fig. 12(a and
b)). The starting shape was a free-form handle design. This shape was subdivided into a
hard plastic core and a silicone skin. In this example, the skin has a uniform thickness.
Using the design automation tool discussed in section 2.3, the point sampling density
was iteratively chosen, and the interlocking structure was generated.

Over molding can also be applied on 3D printed soft robotics. Fig. 12(c and d) illustrate
how the grip of an originally mono-material soft robotic finger [30] can be improved
through an over molded silicone finger tip which also creates a food safe contact surface.
This specific silicone finger tip has a gecko-inspired contact surface to illustrate the ability
of applying custom elements to increase functionality. Moreover, this demonstrates the
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Fig. 12. Examples of over molded parts fabricated using the presented method. (a) Custom handles. (b) Handle in context. (c) Soft robotic finger with over molded silicone finger tip.
(d) Close-up of silicone gripping element.

Fig. 13. Integrated seals fabricated using the presented method. (a) Base station with one assembled finger. (b) Gasket, the red outlined area shows the structure in CAD. (c) Barb, the red
outlined area shows the structure in CAD. (d) Assembly of base station and fingers on a robotic arm grasping a kiwifruit. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 14. Soft pneumatic actuators fabricated by selectively applying the mechanical interlocking structure. (a) Schematic cross section (striped sections indicate PVA material and dark

sections indicate silicone material). (b) Pneumatic organic valve. (c) Pneumatic gripper.

freedom of combining different types of 3D printing plastics, like TPU, with silicone
material.

3.2.2. Integrated seals

The presented design and fabrication approach can also be used to manufacture soft
integrated seals. As an example part, a base station for the soft robotic fingers was fabri-
cated (Fig. 13(a)). This part has integrated silicone gaskets to make an airtight connection
with the soft robotic fingers (Fig. 13(b)) and a silicone barb to make an airtight connection
with the base of the robot arm (Fig. 13(c)). The functioning assembly on a robot arm is il-
lustrated in Fig. 13(d) gripping a kiwifruit.

3.2.3. Multi-material soft pneumatic actuators

The application of the presented approach to fabricate compact multi-material soft
pneumatic actuators is also presented. Here, the structure is selectively applied on those
areas of the surface where the silicone and plastic are intended to create an airtight
bond (i.e. the edges of the air chamber), Fig. 14(a). The areas that are intended to inflate
are intentionally left blank. Once the silicone is cast on top of the entire surface, a zero-
thickness air chamber is created that can be inflated through air channels that are embed-
ded in the plastic part. Fig. 14(b) shows a pneumatically actuated air valve. It works similar
to a Quake-style microvalve [31] but on a larger scale. The normally open valve can control
the flow rate by inflating the air chamber on the inside of the valve. Fig. 14(c) shows a soft
robotic gripper with two zero-thickness air chambers inflated through air channels that
are embedded in the plastic part. The gripper can be used to grasp fragile objects.The ap-
plication of the presented approach to fabricate compact multi-material soft pneumatic
actuators is also presented. Here, the structure is selectively applied on those areas of
the surface where the silicone and plastic are intended to create an airtight bond (i.e.
the edges of the air chamber), Fig. 14(a). The areas that are intended to inflate are inten-
tionally left blank. Once the silicone is cast on top of the entire surface, a zero-thickness air
chamber is created that can be inflated through air channels that are embedded in the

plastic part (Fig. 14(b). Fig. 14(c) shows a soft robotic gripper with two zero-thickness
air chambers inflated through air channels that are embedded in the plastic part. The grip-
per can be used to grasp fragile objects.

4. Conclusion

A method to control the bonding between silicone and plastic parts
through mechanical interlocking was presented. The method makes use
of a hybrid fabrication process where silicone is cast over a 3D-printed
structure. The influence of the design parameters of the structure on
the bonding strength was demonstrated both theoretically and experi-
mentally. Using a cell with a modeled height and base of 1.2 mm, a
bonding strength of over 0.805 MPa was achieved (taking in mind the
yield strength of the silicone (2.5 MPa) and plastic (49 MPa)) as com-
pared to a bonding strength of 0.146 MPa using a specialized commer-
cially available adhesive.

A CAD tool was developed to apply the interlocking structure to free-
form shapes in an automatic way and with a minimal influence on the
design freedom. Fabricated parts demonstrate the ability to locally con-
trol the bonding, which can be used for novel designs in the field of soft
robotics.

The authors expect that an even higher bonding strength could be
realized through further optimization of the fabrication process, mate-
rial selection, and structure design.
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Furthermore, with the rise of Multi-Material Additive Manufacturing
there will be challenges in recycling and separating the individual mate-
rials. The presented approach is promising because there is no chemical
bonding. Future research might focus on optimising the structure for
disassembly.
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