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Figure 1: Overview of LattiSense. With LattiSense, (a) users can embed deformation-sensing capabilities into an existing 3D
model. (b) After printing a 3D object with a dual-material 3D printer and post-processing, (c) the printed object can be instantly
used as a deformable sensor. (d) LattiSense can be employed to fabricate various artifacts from wearable sensors to custom

controllers.

ABSTRACT

Recently, soft and deformable materials have become popular as
sensors for their applicability in daily objects. Although studies
have been conducted on existing conductive soft materials, prob-
lems such as a lack of design freedom regarding softness, shape, and
deformation, as well as wiring complexity remain. Here, we propose
a novel soft sensor called LattiSense, fabricated using an FDM 3D
printer. By arranging conductive and non-conductive flexible fila-
ments in a lattice structure, we created a soft sensor designed with
a high degree of freedom in terms of hardness, shape, deformation,
and wiring paths. By modifying the lattice parameters, multiple
modes of deformation can be designed. The softness can also be
locally customized by adjusting lattice parameters. In this paper,
we present the design and implementation of LattiSense and inves-
tigate its characteristics with respect to several parameters. We also
demonstrate design software and several application scenarios.
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1 INTRODUCTION

Soft materials have recently gained attention owing to their poten-
tial for natural interactions in our daily objects and interfaces [Boem
and Troiano 2019]. In such objects, deformation of functional mate-
rials such as conductive foam [Nakamaru et al. 2017; Nguyen et al.
2015; Watanabe et al. 2021] may be used to detect user input.
However, such soft sensing techniques [Nakamaru et al. 2017;
Nguyen et al. 2015; Parzer et al. 2017; Watanabe et al. 2021] have
several limitations. First, their materials have uniform properties,
making it difficult to design objects or structures with localized
softness and sensitivity. Second, current soft sensing materials re-
quire manual processes or special fabrication equipment to make
complex shapes, including three-dimensional (3D) shapes. Third,
compression-based sensors [Aigner et al. 2022; Nakamaru et al.
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2017] are designed for a single mode of deformation i.e., deforma-
tion only in a set direction. To detect deformation such as shearing
and torsion, several techniques are combined, thus complicating
the design process.

In our work, we specifically focus on 3D printed [Gong et al.
2021; Schmitz et al. 2017] soft sensors. This is because 3D print-
ing is a common technique employed to produce soft material
objects [Schumacher et al. 2015; Sun et al. 2021a] through flexible
materials or tuned internal structures. Ion et al. [Ion et al. 2016]
have previously shown local softness or functional movements in a
single print process. In addition, 3D printed sensors with flexible
conductive materials have been proposed [Georgopoulou et al. 2021;
Gong et al. 2021], but their shapes and deformations are limited
to a planar ones. There is also the issue of low design flexibility in
softness i.e. not being able to tune specific areas in softness. More
practical issues such as wiring locations prevent wider use as well.

In this paper, we propose a novel soft sensor, called LattiSense, 3D
printed through conductive flexible materials in a lattice structure
degree of freedom of three-dimensional shapes and deformations by
printing. By changing parameters such as size or model of the lattice
structure, it is possible to fabricate 3D printed versatile soft sensors
that can sense multiple deformations such as twisting, shearing,
and compression. In addition, different local softness values can be
obtained in a single print. The design of the internal conductive
path allows for greater freedom in the selection of cable attachment
points on printed objects, simplifying the sensor configuration and
enhancing its aesthetics.

To facilitate easy fabrication of such soft sensors, we developed
a software that enables users to embed deformation modes (twist-
ing, shear, compression) and softness to the desired parts of a 3D
model. This allows users to design soft sensors and objects that can
detect multiple deformations with higher accuracy, even without
specialized knowledge or experience.

The contributions of our research are summarized below:

e Integrated single-print fabrication technique for soft sensor
that can detect multiple deformations (compression, twist,
and shear)

e Evaluation of mechanical properties of fabricated materials
i.e., relationship between the amount of deformation and
the change in resistance for various lattice sizes and beam
thicknesses.

e Design software that allows users to create products by se-
lecting the mode of deformation, softness, and location to
embed the soft sensor.

e Demonstration of applications that utilize multiple types of
soft sensors.

2 RELATED WORK
2.1 Digital Fabrication of Soft Objects

In the field of digital fabrication, several methods have been pro-
posed for creating objects with rigid bodies [Abdullah et al. 2021;
Mueller et al. 2014; Zeng et al. 2021] as well as for creating 3D
objects with soft bodies [Hudson 2014; Kumar et al. 2020; Pérez
et al. 2015]. For example, methods for outputting soft felt-like ob-
jects using soft fibers have been developed [Hudson 2014], such as
using a laser cutter to cut fabric and using thermal glue to stack
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them as a 3D-shaped object [Peng et al. 2015]. WraPr [Leong et al.
2020] showed a spool-based method for creating soft 3D objects by
wrapping thread onto a core.

In addition, by designing internal structures with softer materi-
als, objects with locally different softnesses can be created [Bickel
et al. 2010; Pérez et al. 2015; Schumacher et al. 2015]. While 3D
printers that utilize photopolymerization technology can manufac-
ture complex structures with soft materials, the Fused Deposition
Modeling (FDM) technique faces challenges in printing such struc-
tures, leading to constraints in the fabrication method. While the
mechanical properties of a specific structure (such as springs) are
explored [He et al. 2019], it is challenging to apply the same knowl-
edge to the entire structure of the printed object. Consequently,
researchers are currently exploring the design of softness using
structures that can be produced with the FDM method [Kumar et al.
2020; Sun et al. 2021b].

In our work, we create a soft sensor using the Fused Deposition
Modeling (FDM), owing to its greater versatility. We create a lattice
structure with tunable regions that allows us to design the softness
of the sensor. A lattice structure was chosen as a structure that
could be printed using FDM and designed parametrically.

2.2 Function Design using Internal Structures

Prior works have demonstrated functional properties by designing
or tuning internal structures of 3D-printed objects. These include
sound insulation by designing an internal structure that dampens
sound vibrations [Cai et al. 2019; Matlack et al. 2016; Zhang et al.
2020], liquid flow control through capillary action [Dudukovic et al.
2021] or tether-based shape constraints for printed inflatables [Han
et al. 2021]. Some integrated rotary encoders into fabricated objects
to sense mechanical movements [Alalawi et al. 2023]. In addition,
change of internal structures has also been used for object identifi-
cation [Dogan et al. 2020; Kubo et al. 2020; Yamamoto et al. 2021].

Gases are compatible with soft sensors because they do not affect
the softness or deformation of flexible materials. Soft sensors that
detect deformations from changes in air pressure [He et al. 2017;
Truby et al. 2022] use internal flow path of a flexible material to
detect pressure changes. However, sensors that use air pressure
require large external devices such as air compressors, and wiring
becomes complex when data needs to be collected for each flow
path.

Recently, metamaterial mechanisms compatible with FDM 3D
printing have been shown in the field of HCI [Han et al. 2021; Ion
et al. 2018]. Similar approaches include assembled modularized
units [Jenett et al. 2020] for stiffness, and reconfigurable metamate-
rials [Yang et al. 2022] for elasticity by activating or deactivating
springs. Of particular interest to our work is the relationship be-
tween internal structure and object deformation [Abueidda et al.
2017; Coulais et al. 2016; Hazrat Ali et al. 2021; Sun et al. 2021a,c]. We
drew inspiration from prior work in 3D-printed objects, where lat-
tice structures are used for various mechanical deformation modes
such as compression, twisting, and shearing [Wang and Liu 2020;
Zhong et al. 2019].

In our work, we have applied conductive flexible materials to
a technology that allows softness and deformation to be designed
by the internal structure. This allows for different deformations
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with structures and allows for the fabrication of a soft sensor with
simple sensing configurations.

2.3 Deformable Sensors Using Conductive
Materials

In soft interfaces composed of non-rigid materials, inputs with de-
formable sensors have been attracting attention [Boem and Troiano
2019]. Deformable sensors detect different types of deformations
depending on the material and design method. Flexibles [Schmitz
et al. 2017] are 3D-printed capacitive deformable sensors with in-
ternal conductive parts. This is a sensor that utilizes existing touch
devices such as tablets, and these rigid devices reduce scalability
and versatility.

Deformable sensors made entirely of soft conductive material
such as conductive foam [Nakamaru et al. 2017; Nguyen et al.
2015; Watanabe et al. 2021], elastomer [Yoon et al. 2017, 2018],
and yarn [Luo et al. 2021; Parzer et al. 2017; Schwarz et al. 2010;
Shahmiri et al. 2019; Wu et al. 2020]. However, sensors using these
existing materials have the problem that it is difficult to design
shapea and softness due to the uniform properties of the materials.

To add deformation-sensing capabilities to internal structures us-
ing conductive materials, Helou et al. proposed a logic-circuit-type
soft sensor that responds to deformation by designing switchable
conductive pathways in the internal structure[El Helou et al. 2021].
In Metasense [Gong et al. 2021], capacitive compression and shear-
ing are sensed through conductive filaments made of copper and
non-conductive flexible filaments in the internal structure. How-
ever, these sensors still have issues such as wiring complexity and
difficulty in creating custom 3D shapes.

Researchers have tailored sensor design as per deformation
modes to be detected individually. Slyper et al. proposed a switching-
type deformable sensor that uses elastomers and copper electrodes
[Slyper et al. 2010]. To distinguish different deformation modes,
such as twisting or bending, the shape and location of the elec-
trodes need to be designed. FoamSense [Nakamaru et al. 2017] is a
resistive deformable sensor based on a porous material coated with
conductive ink. It is possible to change the deformation mode to
be detected by altering the conductive part design and location of
the electrodes. This offers deformation modes such as compression,
twisting, bending, and shearing.

In our work, a soft sensor is created by 3D printing conductive
flexible material in a lattice structure that can sense multiple defor-
mation modes, including compression, twist, and shear. By varying
the lattice structure patterns corresponding to the sensor location,
we design various structures that deform as expected. Within a
single-print 3D structure, we detect deformation quantities in vari-
ous modes for sensing.

3 LATTISENSE

3.1 Overview and Design Properties

We propose a 3D soft sensor, LattiSense, constructed as a single
piece using a commonly sold FDM-type 3D printer. Users can easily
deform the fabricated sensor by using their fingers or palms.

To enable this deformation, LattiSense utilizes a 3D lattice struc-
ture (Fig. 2). A lattice structure is a type of cellular structure in which
the unit structure is periodically arrayed. Lattice structures, which
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are difficult to be manufactured by subtractive manufacturing, are
commonly regarded as Design for Additive Manufacturing (DfAM)
because they are easier to create owing to the manufacturing pro-
cess of 3D printing [Yunlong Tang 2016]. Lattice structures are
generally characterized by their lightweight, but using flexible ma-
terials also makes them suitable for creating soft three-dimensional
objects [Wu et al. 2021]. In flexible lattice structures, it is possible
to control the deformation and softness by changing parameters
such as the model and size of the unit lattice.

Beam Thickness

N

o7

Cell Size

Unit Cell Lattice Structure

Figure 2: Three-dimensional lattice structure and its param-
eters.

A novel aspect of this study is the use of this structure for de-
formation sensing. By utilizing a parametrically designable lattice
structure, it is possible to design properties such as softness that
are difficult to adjust with conventional soft sensors. To detect de-
formation, a lattice structure was constructed using conductive
flexible filaments. When this structure is deformed, the resistance
in the deformed area changes. LattiSense can be used as a sensor
by reading the change in resistance in real time.

The wires were attached to the sensor to externally measure the
resistance. To obtain the resistance value, at least two wires must
be attached so that the measured area is sandwiched between them.
As mentioned in FoamSense [Nakamaru et al. 2017], which also uses
resistance changes detected in porous materials for deformation
acquisition, wires are attached to the bilateral surfaces of the object,
namely the top and bottom surfaces, according to the direction of
the deformation. However, these wires may make contact with the
fingers in some positions, which may interfere with the deformation
interactions. Therefore, we developed a design that increased the
flexibility of wire placement for LattiSense. Specifically, a part of
an object was replaced with a non-conductive filament, and the
shortest conductive path between the wires was designed. This
enhances the freedom to select wire attachment points, such as by
taking two wires at almost the same point on the same surface.

Based on the above basic principles, the properties that can be
designed in LattiSense are summarized below (Fig. 3).

Shape Flexibility in designing any 3D shape allowed by a FDM
printer, wherein the entire object or a specific region of the
object may be used as a sensor.
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Deformation mode Mode Control of amount of deformation
under compression, shear and/or twisting forces, where such
control is fabricated tuned unit lattice structure.

Softness Softness can be altered by changing the cell size of
the lattice structure and the beam thickness. It is also possible
to locally design different softness values.

Wiring arrangement Arrangement Wires can be placed at
the desired position without interfering with interactions or
other parts during deformation.

Compress
Deformation Twist
Mode
Cloclowise clockwise
el —
W < y
Shear ol )
- |
‘L/‘éég\rj J%f%ﬂ
Small Shear Large Shear

s N7

. ‘ < b
Cell Size J % >‘*<

kK 2K A

Softness o o 1

Beam X7 e B
Thickness >/3\)< >1< >ﬁ\<

Hard Soft
Wiring
Arrangement

Figure 3: Design properties of LattiSense.

The design details of each property are described below.

3.2 Shape Design

LattiSense can be created in any 3D shape. By embedding a lattice
structure into an entire object or a specific part of the object, it can
be used as a sensor. Because it is difficult to print parts that hang
in mid-air in FDM 3D printing, such as bridges, in LattiSense, the
lattices are arrayed along the curved surface of the object to ensure
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that the beams of the structure do not float in the air. This arrange-
ment method enables the stable printing of curved 3D shapes, even
with the FDM technology. Details of this algorithm are described
in the Fabrication section.

3.3 Deformation Mode

Different types of deformations are possible depending on the unit
lattice structure. In LattiSense, the deformation of compression and
the accompanying twisting and shearing deformations can be real-
ized. Each deformation is shown in Fig. 4, and their corresponding
unit 3D model is shown in Fig. 3. In the following, the xy-plane
when a force is applied from the z-axis direction is referred to as
the “compression plane,” and deformation directions are described
based on this plane. Regarding the names of the structural parts,
the edges parallel to this plane are referred to as frames, whereas
the other parts are described as beams (Fig. 5).

Compress Twist Shear

Figure 4: Deformation of 3D printed objects.

Compression Plane

Frame

Beam

Figure 5: Definition of terms of the structural parts of a unit
lattice structure.

Detailed explanations of each deformation structure follow.

3.3.1 Compress. One possible structure that can be pushed into
is a lattice structure based on a body-centered cubic structure. In
LattiSense, an edgeless body-centered cubic structure is adopted as
the compression structure for softness. This structure is isotropic
and can be pushed in all three directions, perpendicular to the sur-
face. If the deformation direction is defined as a single direction, the
frame can be attached to a plane that is parallel to the compression
plane. The possible frames are those that connect diagonals (cross
frame) and those that connect edges (edge frame). In the latter
frame, as shown in the previous experimental results from Sakura
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et al. [Sakura et al. 2022], the deformation is stepwise; hence, the
cross frame is used to specify the direction.

3.3.2  Twist. Referring to the studies conducted by Wu et al. [Wu
et al. 2021] and Zhong et al. [Zhong et al. 2019], we created a struc-
ture based on a face-centered cubic structure with one diagonal
line on a face perpendicular to the compression plane. The inclina-
tion of this diagonal determines the rotation direction of the twist.
For frames, there are two possible patterns: one connecting the
edges and the other connecting the diagonals. For surfaces parallel
to the compression plane, we used a cross frame, which was also
considered in the study conducted by Wu et al. [Wu et al. 2021].
As pointed out by Zhong et al. [Zhong et al. 2019], this structure
has a problem in that the rotation is restricted by the adjacent unit
lattices in the direction horizontal to the compression plane. To
solve this problem, the unit structures were arranged sequentially,
thereby reducing some of the constraints.

3.3.3 Shear. A shear structure was created by removing the lowest
of the eight beams from the compression structure. When force
is applied from the above, shearing occurs in the direction of the
missing beam. Without the frame, the push-in force is dispersed,
resulting in a small amount of shearing; therefore, we installed a
cross frame in the same manner as used for twisting. Removing the
two beams increases the shear but also increases the difficulty of
printing; therefore, it is not suitable for creating large sensors.

3.4 Softness

The softness of an object can be adjusted by changing its lattice
parameters. The parameters are the cell size and the beam thickness.
The larger the cell size and the thinner the beam thickness are, the
softer the object. Because LattiSense can embed different structures
in separate parts of an object, it is also possible to locally change
its softness.

3.5 Wiring Arrangement

LattiSense can place two wiring points together in close proxim-
ity by partitioning conductive cells by non-conductive cells. This
partition, composed of non-conductive filaments, is referred to as
separator in this study. The structure of the separator is illustrated
in Fig. 6. As wires can be grouped together, users can take wires
from any desired part of the object and keep them out of the way
of deformation. The user determines the wiring points, and posi-
tions the separator so that it crosses the two wiring points and is
perpendicular to the compression plane. This results in a structure
in which the conductive part that detects deformation is folded
back, allowing the wiring at the desired wiring points to detect
the resistance change caused by compression. The connector parts
should be placed at the wiring points so the contact pins can be
thermally press-fitted. The connector parts are described in detail
in the Fabrication section.

3.6 Calibration

Deformation of LattiSense is detected by reading the resistance
change. In the calibration phase, the resistance is measured at the
standard state and the completely deformed state. Those two values
are considered upper and lower limits. The resistance change of
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Figure 6: (a) Separation Structure. (b) Comparison of wiring
with/without separator.

LattiSense is close to linear behavior (Fig. 14); the deformation can
be estimated from the resistance. Repeated deformation may change
the initial resistance, so it is desirable to perform calibration in
such cases. Based on the experimental results of Sec. 5.3 Durability,
we assume that calibration is recommended after 1,000 cycles of
deformations.

4 FABRICATION

LattiSense is created by first generating 3D model data of the sensor,
3D printing it, and attaching the connector parts. Each of these
steps is described in detail below.

4.1 Design Software

We developed design software to support the design and model-
ing of LattiSense. This software was developed using the 3D CAD
software, Rhinoceros, and its Grasshopper plugin. The user inter-
face is executed using this software. Using this software, users can
generate 3D model data of the sensor. Fig. 7 shows the interface
screen of the software and the operation procedure. The details of
the procedure are as follows.

(1) Import the 3D model data to embed the sensor.
(2) Select the area where the sensor is to be embedded.
(3) Select the deformation mode.
(4) Determine the softness.
(5) Select the wiring point.
(6) Export the STL files.

(7) The same procedure as that reported in (2)-(6) is applied to
for the other embedding areas.
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Figure 7: Design software and its operation procedure for LattiSense.

Import Model and Select Area. First, the user imports a 3D model
and selects the area to embed the sensor. To select this area, in
addition to the basic shapes of the cylinders, spheres, and rectangles,
any imported shape can be used as a selector. The size and position
of the selector can be adjusted using sliders, and the area that
overlaps the object can be selected as the embedded area.

Select Deformation Mode. Deformation modes can be selected
from the three modes described above: compression, twisting, and
shearing.

Determine Softness. Softness can be changed by adjusting the
cell size and beam thickness. When users move the slider, the cell
size or beam thickness changes accordingly, and the 3D model in
the preview also changes responsively. As mentioned above, the
larger the cell size and the thinner the beam, the softer the sensor.
The slider range for cell size is from 3.0 mm to 8.0 mm, and that for
beam thickness is from 0.8 mm to 1.6 mm. This value is roughly
defined based on experimental results, but it is not designed to
guarantee printability. This is discussed in detail in the Discussion
section.

The software generates a unit lattice structure based on the
selected deformation mode and softness. The unit lattice structure
is arrayed within the 3D region. The algorithm is illustrated in
Fig. 8. First, (1) the 3D shape mesh data is divided into (2) voxels
according to cell size. Then, (3) the vertices of the voxels outside
the mesh are moved to the closest points on the mesh such that
they are aligned with the mesh surface. Lastly, (4) the structures
of the selected deformation modes are morphed and placed on the
voxels created to fit the 3D model. The "Morph To Twisted Box"
component of Pufferfish!, a Grasshopper plug-in, was used for this
morphing. The structure is deformed and placed such that each

https://www.food4rhino.com/en/app/pufferfish

vertex of the basic unit lattice fits the vertex of the voxel to be
placed.

1) 2

(©)] @

Figure 8: Algorithm for arranging lattice structures on a 3D
surface: (1) A mesh data is (2) divided into voxels. (3) The
vertices outside the mesh are moved to nearby mesh surface.
(4) The structures are morphed and placed on the voxels.

Wiring Points. The wiring points can be selected from cells on
the outer side. The cells are numbered; therefore, the number can be
selected from the drop-down list. The connector parts are placed at
the position of the selected cell, and a separator is created according
to this position. The size of the separator can be adjusted by using
a slider.
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Export. Finally, users obtain two data types as STL files: parts to
be printed using conductive filaments and parts to be printed using
non-conductive filaments.

4.2 3D Printing and Thermal Press-Fitting

After creating the 3D model data, the next step is 3D printing and
post-processing. The procedure is as follows:

(1) Slice the 3D model.
(2) Perform 3D printing.
(3) Thermal press-fit contact pins.

Ultimaker Cura was used as the slicer, and the TENLOG TL-D3
Pro was used as the dual-head FDM printer for 3D printing. Nin-
jaTek’s Eel filament was used as the conductive TPU filament, and
3DXFLEX’s flexible TPU filament was used as the non-conductive
TPU filament. Both filaments have a Shore hardness of 90A; thus,
the non-conductive and conductive sections would be equally soft
when they have the same internal structure. Both filaments had
diameters of 1.75 mm. The nozzle diameter was 0.4 mm and the noz-
zle temperature was 225°C for both conductive and non-conductive
filaments. The printing speed, layer height, and infill were 15 mm/s,
0.2 mm, and 100 %, respectively.

As for the cross frame, when sliced as it is, the G-code path does
not cross the diagonal line and turns at the center point (Fig. 9 (a)).
Along this path, the center point hangs in the air, resulting in low
print quality. Therefore, we created the frame part separately for
each layer in the 3D model data, so that a general slicer could
generate a crossing toolpath. This time, as the layer height was
0.2 mm, we generated a path that draws a diagonal line across the
center point by dividing it into 0.2mm of layers each, as shown in
Fig. 9 (b).

(a)

(b)

Figure 9: 3D model data and G-code generated by slicer: (a)
For the model not divided into layers, the toolpath turns
at the center of the crossing section, resulting in low print
quality; (b) for the model divided into layers, the path is a
diagonal line across the center point, resulting in high print
quality.
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Contact pins were thermally press-fitted into the holes of the
connector parts using a soldering iron. The metal and conductive
printed material were firmly bonded via thermal press-fitting to
ensure the conduction between them. The connector parts are
shown in Fig. 10.

B ——

ofe

[

@1 mm

Connector Parts

Figure 10: 3D model of the connector parts and contact pins
thermo-press-fitted into connector parts

Examples of the output produced by the above procedure are
shown in Fig.1 (c) and (d).

5 EVALUATION

Unit Cell Structure Cell Size

4.0 mm 4.8 mm

L
Compress

7S

Twist

—

Shear

Figure 11: Printed deformation structure samples (compres-
sion, twist, and shear) for compression test. Beam thickness
was fixed at 0.8 mm. Unit cell size was 4.0, 4.8, and 6.0 mm.

We conducted experiments to investigate the relationships be-
tween the resistance and mechanical properties of objects printed
under various parameters, expecting that they help users select
appropriate lattice parameters. Cubic samples with 24 mm sides
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Unit Cell Structure Beam Thickness

1.0 mm

Figure 12: Printed deformation structure samples (compres-
sion) for compression test. Unit cell size was fixed at 6.0 mm.
Beam thickness was 0.8, 1.0, and 1.2 mm.

were used in all experiments. The printed samples are shown in
Figs. 11 and 12.

H@ cell A \‘ |
B\

B s o $ Y46

endleffector §

Figure 13: Photograph of the measurement equipment. The
load cell is attached to the 3D printer carriage to measure the
force against compression.

5.1 Test Apparatus and Measurement Procedure
The 3D printer was modified as the test apparatus, as shown in
Fig. 13. We installed a micro-beam-type load cell (SC133) and load
cell controller (HX711) in the carriage and calibrated them using
a weight scale. The stepper motors of the 3D printer were turned
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off, except for those in the z-axis, to enable the carriage to move
along the xy-plane. The x-axis belt of the 3D printer was removed
to reduce friction along the x-axis. A digital caliper was attached
parallel to the x-axis to measure translation along the x-axis. At the
load point of the load cell, we attached a 3D-printed end effector
with an internal ball bearing such that it could be rotated around
the z-axis to measure the rotation angle of the test samples. The
rotating end effector had a disk shape with a diameter of 60 mm. A
web camera (Logitech BRIO) was used to capture the entire setup
image.

The test samples were placed below the end effector and slowly
compressed by raising the bed while the force and resistance values
of the samples were measured using a microcontroller (Arduino
UNO). The resistance values were measured using a voltage divider
circuit and the internal AD converter of an Arduino UNO. The
resistance of the resistor connected in series to the sensor was 2
kQ. For the shear experiment, the translation along the X-axis was
recorded by reading digital caliper digits using an Arduino UNO.
For the twist experiment, we marked the upper side of the end
effector in green for reference and marked the rotating part with a
red dot. We calculated the angle of rotation by color tracking using
OpenCV; however, the torque was not recorded. Each sample was
compressed and released ten times (10 mm each).

5.2 Measurement Results

First, we investigated the relationship between the lattice size, beam
thickness, and softness. The softness of the sensor can be controlled
by changing the parameters of the lattice structure. The design tool
allows the softness to be adjusted by changing the unit cell size
and beam thickness, and the relationship between the softness
and such parameters was investigated by measuring the force-
displacement curve. The side length of the cubic samples were 24
mm. We compared the unit cells of three sizes: 4.0, 4.8, and 6.0
mm, which corresponded to the lengths of one side of the test
samples divided by six, five, and four, respectively as shown in
Fig. 11. We printed variations with sizes of 0.8, 1.0, and 1.2 mm to
verify the effect of beam thickness. Three samples were printed for
each design to investigate the variance between the samples. The
twist deformation model with a 6.0-mm unit cell size and 0.8-mm
beam thickness was excluded because the printed object was easily
broken.

The relationship between the lattice size, beam thickness, and

softness for the compression deformation models is shown in Fig. 14 (a).

The dots indicate the measured data points, and the solid lines rep-
resent the mean values calculated from the data points for each
sample. The fills on the lines represent distributions with 2¢. The
arrows indicate the direction of press and release.

The results reveal that the larger the size of the unit cell, the
softer it becomes, indicating that softness can be designed by ad-
justing the unit cell size. The structure becomes stiffer as the beam
thickness increases. The overall softness of the printed sensors can
be designed by combining these two parameters.

The resistance decreases when the sensor is pressed. This is
presumably due to the increased density of the sensor. This indicates
that the resistance values can be used to estimate the amount of
deformation; therefore, the printed structure can function as a
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Figure 14: Mechanical properties of the printed deformation
structures. (a) Force-displacement and resistance character-
istics of the compress model with different unit cell size and
beam thickness, (b) rotation characteristic of the twist model,
and (c) lateral translation of the shear model.

deformation sensor. The resistance of the sensor was lower when
the unit cell size was smaller. For beam thicknesses, the sample
with a 1.0-mm beam thickness showed the lowest values. This is
contrary to our assumption that, as the beam thickness increases,
the resistance decreases owing to the increased density. Possible
factors are that the gap is larger when the beam is thicker, depending
on the relationship between the beam thickness and the extrusion
width, or that there is a difference in the printing path depending
on the beam thickness.

Given that each printed sensor exhibits variation in resistance
values, these ranges can be calibrated to estimate the degree of
deformation. Assuming a linear relationship between displacement
and resistance values, linear regression can be employed for each
calibration cycle. For instance, consider the third compress sample
with a unit cell size of 6 mm and a beam thickness of 0.8 mm. The
regression coefficients for resistance versus displacement were as
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Table 1: Young’s modulus of each unit cell size and deforma-
tion structure. Beam thickness was maintained at 0.8 mm.
Units are N/m? (Pa).

unit cell size || compress twist shear
4 mm 2.03x10° 1.61x10° 2.28x10°
4.8 mm 1.21x10°  0.79x 10° 1.60 x 10°
6 mm 0.51 x 10° N/A 0.73x 104

Table 2: Young’s modulus of each beam thickness for the
compress deformation structure. Unit cell sizes are fixed at
6.0 mm. Units are N/m? (Pa).

beam thickness || compress twist shear
0.8 mm 0.51 x 10° N/A 0.73x10°
1.0 mm 1.04x10° 0.51x10° 1.46 x 10°
1.2 mm 1.56 x 10°  0.61x 10° 2.48 x 10°

follows: coefficient: -2.33, constant: 24.0, and coefficient of determi-
nation (R%): 0.92. Across all samples, the R? values ranged from a
minimum of 0.71 to a maximum of 0.93. This suggests that deforma-
tion can be approximately predicted from the measured resistance
values.

Figure 14 (b) shows the amount of rotation when the twist de-
formation model is pressed. No obvious rotation was observed at
a unit cell size of 4.0 mm, but at 4.8 mm and 6.0 mm, a rotation
of approximately 30 degrees was observed regardless of the beam
thickness. This rotation is noticeable when pressed by a human
hand.

Figure 14 (c) shows the amount of shear (translation in the lateral
direction) when the shear deformation model was pressed. The
shear was obvious at specific combinations of parameters: 4.8 mm
cell size and 0.8 mm beam thickness, 6.0 mm cell size and 1.0 mm
beam thickness. This result indicates that an appropriate stiffness
is required to make the structure apply lateral force.

The range of resistance change basically follows the density
of the structure; however, there is considerable variance between
samples. This variance can be resolved by applying the calibration
process per each sensing structure.

The measured force-displacement curve was converted to a
stress-strain curve to calculate the stiffness (Young’s modulus) of
the deformed structures. The calculated Young’s moduli are listed
in Tables 1 and 2. For every deformation model, the structure soft-
ened as the unit cell size increased. It is also observed that a smaller
beam thickness resulted in a softer structure. The resulting Young’s
modulus was several hundred kPa, which is comparable to those
of PDMS (about 360 kPa) and silicone elastomers (Ecoflex 00-10: 50
kPa).

5.3 Durability

To confirm the repeated usage behavior of the sensors, we measured
the stiffness and resistance characteristics of a particular sample.
We selected a sample with a 6.0-mm unit cell size and 0.8-mm beam
thickness. This sample was assumed to have the least durability
stemming from its thin beams or other manufacturing defects. Using
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Figure 15: Result of the durability test. The test sample had
unit cell size of 6.0 mm and beam thickness of 0.8 mm.

the apparatus shown in Fig. 13, we repeatedly pressed and released
the sample by 10 mm 10,000 times.

The results are shown in Fig. 15. The lines represent the sensor
characteristics after a certain number of measurement cycles. After
10,000 cycles of deformation, the sample maintained its shape and
did not fall apart; however, the height of the sensor permanently
decreased by approximately 2 mm. Owing to the decrease in height,
the force-displacement curve shifted slightly to the right, but the
steepness (softness) did not change significantly. The initial resis-
tance value also decreased by less than 1 k€, and the starting point
of value change shifted to the right. These slight shifts can be cali-
brated appropriately after many cycles of deformation. The results
suggest that despite permanent deformation, the 3D printed lattice
sensor will still function as a sensor after many deformation cycles.

6 APPLICATIONS

We prototyped four possible application scenarios using LattiSense.

6.1 Shoe Sole Sensor

The first application of LattiSense is in the fabrication of a wearable
sensor. Because its shape, stiffness, and sensing area can be designed
with a certain degree of freedom, we believe that LattiSense is
suitable for application in sensor devices used close to the human
body.

We prototyped a shoe sole (Fig. 16) that could measure changes
in force application using LattiSense. In this prototype, we used
open-source sandal data reported on Fabble? to embed the sensors.
The sole was 10.3 cm wide, 25.0 cm long, and 3.6 cm thick, and could
be worn. The sensors were embedded in two areas, the toe and heel,
and they can sense the degree of deformation in each area. The
accumulated data can be utilized for tracking user movements or
estimating posture. This time, tilted left and right push-in cannot be
identified, but if identification is required, sensors can be separately
embedded on the left and right sides. The overall softness does not
change with more sensors, but the number of wires increases.

Figure 16 (b) shows an example of the sensor output when a foot
is placed on the sensor and a force is applied.

Zhttps://fabble.cc/mippu/xcloudsandals
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6.2 Game Controller

Next, we leveraged the LattiSense features to create a game con-
troller prototype with compression, as well as twist and shear but-
tons that can be 3D printed into a single piece as shown in Fig. 17.

Although there are many game controllers in the market, they
have predetermined sizes and shapes. Therefore, children or people
with disabilities may have problems with them as they do not
fit their hand sizes or are too heavy to play with. Our prototype
controller is 13.5 cm wide, 8.4 cm high, and 2.6 cm deep, with
buttons in easy-to-press positions. This size and button hardness
can be customized for user comfort.

In addition, in a typical controller, all buttons provide the same
haptic design even though they have different functions. Our con-
troller provides a passive haptic experience that corresponds to this
function. For example, as they are pressed, the up button shears
upward, and the rotate button rotates by approximately 20 degrees.
This is thought to lead to a more intuitive user experience.

6.3 Educational Instrument (Interactive Heart
Model)

The third application was an interactive physical model for educa-
tional purposes. In actual educational settings, such as models that
consider topographic features and living creatures, instruments are
often used to learn about a model’s shape, structure, and size by
touching it. There is also a need for 3D printers to create three-
dimensional educational materials.

We created a soft prototype of an educational model that allows
interaction through deformation by leveraging the features of Lat-
tiSense (Fig. 18). The prototype is based on the shape of the heart
(the original data were from thingiverse®). In the first application,
when a part is pressed, it will illuminate the illustration on the
screen to show its name. The user can memorize the part by check-
ing the shape of the heart in their hands (Fig. 18 (a)). The second
application was cardiac massage training. Cardiac massage should
be performed with a consistent rhythm and force, but there are few
tools to easily obtain feedback on rhythm and force (Fig. 18 (b)).
When this model is deformed by pressing from above, the number
of presses and their rhythm will be shown on the screen, allowing
the user to practice the ideal pace based on visual feedback.

6.4 Grip Controller

The fourth application is the grip of bicycles, which could be em-
ployed for driving simulators and actual personal mobilities such
as an electric scooter. It can detect twists at the base of the grip and
can be used for acceleration control. Figure 19 shows a prototype
of the grip-type sensor.

Although electric personal mobility has become more popular
in recent years, control interfaces and methods are still uniform. By
utilizing this sensor, it is possible to customize the shape, hardness,
and input method of the control interface to suit an individual. For
example, if a person has a weak grip and has difficulty grasping a
lever, but can push or shear, it may be easier to adjust the deformable
input, such as applying force backward or with a different body part.

Shttps://www.thingiverse.com/thing:693895
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Figure 16: Prototype of a shoe sole with integrated sensors. (a) Force on the sole can be sensed by resistance value. (b) The
sensors are placed at the toe and the heel of the sole. (c) Closeup of the sensor part.

Shits Compress
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Figure 17: Photo of the game controller prototype. (a) An
example of playing a first-person shooter game with the
LattiSense controller. (b) Each button provides unique passive
haptic feedback according to its function.

LattiSense allows the user to freely select the mode of deformation;
therefore, the control method can be optimized to each user.

Research has been conducted on incorporating touch sensors into
3D-printed bike handlebars [Swaminathan et al. 2019]. However,
they leverage capacitive touch sensing which is vulnerable to wet
environments. Since bike handlebars are mainly used outdoors,
exposed to rain and snow, the resistive sensing method has an
advantage.

(a)

left atrium

(b)

Figure 18: Application example of an educational instrument.
(a) Users can memorize the part by checking the shape of the
heart in their hands. (b) Cardiac massage training example.

7 LIMITATIONS AND FUTURE WORK
7.1 Durability

In the evaluation section, we evaluated the durability and behav-
ior of the sensor after repeated deformation. However, there is a
concern related to anisotropy in FDM technology: The prints show
high durability against external forces applied in the printing di-
rection (z-axis) but low durability against the forces applied in the
direction perpendicular to the printing direction (x and y axes).
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Figure 19: Prototype of the bike grip sensor. (a) When the
user twists the grip, the deformation can be detected with an
appropriate haptic feedback (rotation). This prototype could
be used for driving simulators or future mobility controllers.
(b) The entire grip was printed in a single part with a twist
deformation structure embedded at the base of the grip.

Therefore, if the deformation direction does not coincide with the
build direction, it may not have the aforementioned durability. Our
design tool allows embedding soft sensors with various deforma-
tion modes in a user’s desired deformation direction. Therefore, it
is necessary to consider a method that increases the durability of
prints for any angles and directions desired by the user.

At present, the fabrication of the sensor is limited to the FDM
method. However, the durability of the sensor may be enhanced by
the proposed method, which could be extended to other 3D printing
technologies, such as Stereolithography (SLA) or Selective Laser
Sintering (SLS), due to the improved layer adhesion. Nevertheless,
SLA or SLS is currently unsuitable for handling multiple materials
and soft conductive materials. Hence, further advancements in
these printing technologies are necessary to expand the range of
materials that can be utilized for the manufacturing of sensors with
improved durability.

Also, when different lattice structures are juxtaposed, there may
be durability issues at the connection if there is a large difference in
cell size or direction of deformation. A method of smoothly joining
the structures should also be considered.
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7.2 Wiring and Aggregation

LattiSense consists of conductive and non-conductive flexible fil-
aments that allow wiring points within a single soft sensor to be
consolidated into a single place. However, when multiple soft sen-
sors are embedded in a single object, the number of wiring points
increases with the number of soft sensors.

The current solution to this problem is to use the internal space
of the lattice structure to organize the wiring. For example, in the
heart model shown as an application, sensors are embedded in four
different parts of the heart. The wires for each sensor are gathered
in one place at each area, but furthermore, the wires for these four
parts are also gathered in one place by utilizing the space inside
the lattice structure. This is an advantage of LattiSense’s lattice
structure, which has a certain amount of space.

However, with this approach, depending on the number of sen-
sors and the entire shape, the wiring process may be complicated
or the internal wires may spoil the softness of the product. There-
fore, if the conductive parts could be well designed and utilized as
internal wiring to combine the wires of each sensor in one place,
the usability of this sensor would be further improved. In this case,
the conductive path of one of the sensors may pass through other
sensors, and the deformation may affect the resistance of the other
sensors, so it is necessary to devise a conductive path that allows
the sensors to be distinguished from each other.

Currently, the deformation that can be detected by a single sensor
is limited to one deformation type and one direction, and a multi-
modal sensor is realized by combining several sensors. Therefore,
increasing the number of types of deformation that can be detected
by a single sensor will also help solve the problem of increased
wiring when multiple sensors are combined.

7.3 Design Guideline

The design tool developed in this study allows for the selection
of deformation type and sensor softness. However, it is currently
difficult to know how the created 3D model will be deformed, how
soft it will be, and whether the data is 3D printable until it is printed.
However, these soft objects are difficult to simulate in the nonlinear
region.

Therefore, we intend to make this sensor more usable by creating
design guidelines for users to select the structure and by developing
a function in the software to suggest the preferred parameter range
based on these guidelines.

For example, in the twist structure, it was difficult to print a
structure with a cell size of 6.0 mm and a beam thickness of 0.8 mm,
but the combination of these values can be selected on the current
software. We will examine the capabilities of more combinations
and link each parameter so that the user can select the desired
range. Also, there were some experimental results, such as the
shear structure having a larger amount of shear when it has a
certain hardness and the twist structure having a smaller amount
of rotation when the number of cells is increased. We will develop
a system to obtain the desired deformation for such deformations.

In addition, the separator is currently a plate shape with a single
cell width, but the size and shape of the separator is related to the
deformation portion of the object that can be detected. It would
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be helpful to investigate the effects of the separator size and shape
and to increase the design freedom of the sensing area.

8 CONCLUSION

In this study, we proposed LattiSense, a printable deformable sensor
with a three-dimensional shape, fabricated using the FDM technol-
ogy. This sensor exhibits deformable softness by printing flexible
filaments into a lattice structure. We contributed to increasing the
degree of freedom in designing three-dimensional shapes, soft-
ness, deformation modes, and wiring locations that were difficult
to achieve with conventional soft sensors using existing materials
by 3D printing conductive flexible filaments in a lattice structure.
This enabled the creation of soft and flexible interfaces and prod-
ucts customized for individuals, as shown in the application. We
believe that LattiSense can be a new soft sensor to enrich human
interaction with soft objects.
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