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Abstract—We present a novel method for fabricating
customizable pressure sensors by tuning the infill charac-
teristics of flexible 3-D prints, addressing the demand for
precise sensing solutions across a range of applications
requiring variable softness. This article investigates the
properties of infill patterns and densities on the mechanical
behavior of 3-D prints using both computational simulation
and empirical data. We demonstrate how Young’s modulus
of the 3-D prints can be systematically altered through
infill parameters, enabling the creation of sensors with
customized responses. In addition, we identify several infill
patterns that are better suited for specific applications:
Gyroid patterns for omnidirectional force at lower softness,

(

Grid patterns for unidirectional force at moderate softness, and Isolated patterns for higher softness. Our findings
indicate that higher infill densities generally align more closely with theoretical predictions, offering more reliable sensor
behavior. We used the results to create an intuitive graphical user interface as a design tool, which not only facilitates
the precise modification of a sensor’s sensitivity and dynamic range but also suggests parameters to enhance printing
quality for specific softness. Finally, we exhibit the versatility of this method through the fabrication of sensors for three

exemplar applications with different sensing needs.
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[. INTRODUCTION

USTOMIZED physical devices add significant value to

different applications, especially for users with unique
needs. For instance, in rehabilitation, the customization
within end-user development (EUD) of devices plays a
pivotal role in assisting patients with conditions such as
stroke or multiple sclerosis [1]. For instance, low-temperature
thermoplastics (LTTPs) are commonly used to create smart
orthoses due to their flexibility and the ease of incorporating
electronics, which enables better alignment with the body [2].
Furthermore, research shows that custom 3-D printed items
can enhance security issues, such as two-factor authentication,
in digital services [3]. To this end, recent research shows
a great promise in utilizing 3-D printing to facilitate
customization [4], [5], [6], [7].

Three-dimensional printing, with its rapid prototyping,
cost-effectiveness, and material reusability, has enhanced var-
ious human-computer interaction (HCI) sensing applications
including touch [8], [9], hover [10], [11], press [12], [13],
twist [14], [15] and tilt [16], [17]. Its adaptability in creating
responsive objects with changeable geometries has further
extended sensing interfaces [9], [11], [18]. Additionally,
the exploration of innovative fabrication techniques [19],
[20], [21], [22] and diverse materials with electrical [10],
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[23], photochromic [24], [25], thermochromic [26], [27], and
magnetic functionalities [28], [29], [30] has broadened the
scope of sensory capabilities.

Unlike methods requiring building extra features [9], [31],
[32], our method leverages an integral role of 3-D printing:
infills. While infills are typically employed for supportive
structure [33], [34], [35], in our method, they serve as
compressible architecture essential for modifying mechanical
behaviors in sensor applications. This novel use of infills,
leveraging their inherent properties in 3-D printing, has not
been extensively explored for sensing purposes.

In this article, we proposed a methodology to fabricate
customizable pressure sensors by tuning the infill patterns
and densities. Different infill patterns have their unique
physical characteristics. By adjusting these patterns and their
density, we can give 3-D printed objects different mechanical
properties. We first used simulations to illustrate how changes
in these parameters affect mechanical properties such as
Young’s modulus, and the distribution of maximum strain and
stress within a 3-D model, providing a theoretical foundation
for our approach. Subsequently, we use empirical results
to show how the concept can be realized in 3-D printed
objects. The effectiveness of our approach is assessed by
creating three exemplar applications that detect deformation
by embedding magnets and Hall effect sensors. Additionally,
we have developed an easy-to-use design tool to facilitate end
users.

In summary, this article is presented as follows.

1) An approach to 3-D printing easily customizable

pressure sensors by adjusting infill parameters.

2) A simulation and empirical data-driven design tool for

customizing sensor sensitivity and dynamics.

3) Concept demonstrations using exemplar applications.

[I. RELATED WORK
In this section, we will discuss the current literature on
the mechanical properties of customizable interfaces and 3-D
printing infill architectures.

A. Mechanical Properties of Customizable Interfaces

In HCI, customizable interfaces refer to devices or systems
adaptable in form and function, facilitating tailored user
interactions. This field has seen significant advancements
through mechanical techniques, known for their rapid proto-
typing and iterative design. For instance, Olberding et al. [36]
and Yamaoka et al. [37] developed foldable, shape-changing
devices using printed electronics. Weigel et al. [38] and
Kao et al. [39] broadened the user scenarios for on-body touch
surfaces using flexible and stretchable materials. Additionally,
Ion et al. [40] explored the use of 3-D printing to create
objects with customized stiffness and directional strength.
They introduced a concept where the internal microstructure
of materials is engineered to achieve specific mechanical
functions, a field known as metamaterials. In our research,
we take this concept further by using infill—a fundamental
aspect of 3-D printing—as a type of metamaterial. This
approach simplifies the design and production of interactive

mechanical interfaces, capitalizing on the ease of modifying
infill patterns in standard 3-D printing software.

Moreover, the ability to tune mechanical properties is
crucial for enhancing sensor functionality. For example,
MyoSpring [41] demonstrated this by using 3-D printed
springs in wrist-worn sensors for precise finger movement
detection. Flexibles [8] showed how altering the placement
of embedded electrodes in 3-D prints can lead to different
types of deformation sensing. Our work contributes to this
field by examining how the compressibility of infill influences
the sensitivity and dynamic range of pressure sensors. This has
significant potentials for applications like full-range human
motion monitoring [42], [43] and the development of self-
powered pressure sensors [44].

B. 3-D Printing Infill Architecture

Infill architecture in 3-D printing defines the internal
structure of a printed object. Its design plays a crucial
role in optimizing material usage, part strength, and overall
printing time. Existing literature has explored how altering the
architecture and concentration of material within the infill can
influence the mechanical properties of the printed object [33],
[34], [35]. Such studies have shown that varying infill
parameters influence both tensile [33] and compressive [34]
strengths under perpendicular force.

While these studies offer insights into selecting appropriate
infills, their primary focus remains on the rigidity and
strength of the 3-D print. In contrast, the potential of infill
as an influential factor in the mechanical user interface
is comparatively less explored. In this article, instead of
emphasizing the supportive function of the infill, our research
brings a fresh perspective by exploring the compressibility
aspect of the infill. In sensing modality, some works
have touched upon manipulating infill density to modify
sensor sensitivity, equating such changes essentially as area
alterations in fiber Bragg grating [45], [46] and electrodes [47].
However, the broader implications of varying infill patterns
and densities for magnetic sensing in deformable sensors
remain unexplored.

[1I. INFILL DESIGN: FROM SUPPORTIVE TO
COMPRESSIBLE ARCHITECTURES
We used the open-source slicing tool, Ultimaker Cura,' for
adjusting infill parameters. It provides more infill options than
alternatives and it is freely accessible.

A. Understanding and Categorizing Infills

Infills are conventionally used as internal supportive
structures in 3-D printing. It ensures that the shape is preserved
during and post-printing, especially vital when the design has
overhangs or flat areas prone to deformation. Moreover, infill
allows material conservation and reduction in printing time
by creating hollow models without compromising structural
integrity. Formed in repeated patterns like Grids or Gyroids,
the density of infill can vary, offering great customization

1 https://ultimaker.com/software/ultimaker-cura
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Fig. 1.

a4 (n)

lllustration of infill patterns. (a)—(f) Variations of 3-D infills (gyroid, cross 3-D, cubic, cubic subdivision, quarter cubic, and octet,

respectively). (h)—(I) Types of conventional 2-D infills (grid, triangles, tri-hexagon, lines, and zig zag, respectively). (g) Visually purposed infill pattern.

(m) and (n) Examples of Isolated 2-D infills, all at an infill density of 40%.

(a)

(e)

Fig. 2. (a) Baseline: 40% infill density, 0.2 mm layer height, no offset, wall, or top and bottom layers. (b)—(f) Other Parameters: (b) 60% Infill Density,

(c) 5mm X-Offset, (d) Top/Bottom Layers, (e) Wall, (f) 0.5mm Layer Height.

potential to control the printed part’s weight, strength, and
flexibility.

1) Types of Infill Patterns: Fig. 1 showcases commonly
used infill patterns in 3-D printing. These can be broadly
categorized into 2-D and 3-D patterns. 2-D patterns, like Grids,
are supportive vertically but compressible horizontally (In the
orientation of Fig. 1). Some 2-D patterns, such as Concentric,
produce isolated areas, which we term as Isolated 2-D infill
patterns. On the other hand, 3-D patterns, such as Gyroids,
often inspired by biology [35], provide consistent strength
in all directions, making them ideal for objects under varied
stresses. Lightning infill is a fast-printing irregular geometry
that primarily supports the top surfaces of the printed object
and is usually wrapped by outside peripherals for esthetic
purposes. The choice of pattern largely depends on the specific
application. Apart from the visual-oriented Lightning infill,
patterns are typically classified as either 3-D or 2-D.

2) Infill Parameters: There are several changeable parame-
ters besides patterns in infills. First, the density, also referred
to as volume concentration [Fig. 2(b)], indicates the amount
of material filling an object’s interior. A higher density leads
to a stronger but heavier object, while a lower density leads to
a lighter and potentially flexible one. We utilize it as a means
to modulate Young’s modulus of objects.

Other parameters such as X or Y offset, illustrated in
Fig. 2(c), determines how the infill aligns with the direction
of the applied force. Surrounding this, the top-bottom layers
and wall parameter, showcased in Fig. 2(d) and 2(e), serve as
an enclosing boundary, providing protective surfaces for the
infill, ensuring the infill remains shielded from external factors.
Moreover, the layer height, depicted in Fig. 2(f), defines the
quality of the printed infill structure. However, while these
parameters are instrumental in shaping the infill’s overall

design and printing quality, they do not directly dictate its
mechanical properties. It’s the infill densities and patterns that
have a more pronounced influence on the rigidity of the infill,
as emphasized by Samykano et al. [48].

3) Filaments: In 3-D printing, not every material or filament
is easily deformable. Standard filaments like polylactic acid
(PLA) and acrylonitrile butadiene styrene (ABS) proved hard
to deform in our early tests. Therefore, we opted for a
thermoplastic polyurethane (TPU) filament, NinjaFlex,> due
to its high deformability in printed samples. It features
a density (p) of 1190 kg/m3, a Young’s modulus (E)
of 1.2 x 107 Pa, and a Poisson’s ratio of 0.48 [49]. We used
these characteristics in our simulations.

B. Simulation of Compressible Architectures

Several related works have quantitatively analyzed infills
when used for support [33], [34]. However, the concept of
employing infills as compressible architectures remains less
explored. To bridge this gap, we conducted simulation studies
on 13 commonly used 2-D and 3-D infills, focusing on their
compressible behaviors. The aim was to gather quantitative
data on their compressibility across three infill densities: 40%,
60%, and 80%.

Our simulations utilized the solid mechanics physics tool
in COMSOL multiphysics. The range of forces was kept the
same for all infill patterns, maintaining conditions within the
bilinear strain region. For 2-D models, the force was applied
parallel to the patterns, as deformation is more likely to
occur in that direction. For 3-D models, we applied vertical
forces, given that deformations are comparable in both lateral

2https://ninjatek.com/shop/ninjaﬂex/
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and perpendicular directions. From the resulting deformations,
we calculated Young’s modulus to obtain our quantitative data.

For simulation, we created 10 mm cubes GCODE for
each infill pattern and density using Cura. Then they
were subsequently regenerated, repaired, and improved by
voxelizer,> Fusion 360 and SolidWorks respectively. This
conversion procedure from STL to GCODE and then back to
STL ensures that the simulated models are the same as printed
models.

C. Sensing Principle

To effectively measure pressure levels, we evaluated various
sensing mechanisms for capturing deformations. Piezo and
resistive pressure sensors, while initially considered, were
found to be prone to hysteresis and inconsistency [50], [51],
[52]. Additionally, IMUs offer precision but require complex
circuitry and additional electrical connectivity [53], [54], [55].
Capacitive sensing was also explored; however, it proved less
effective for large deformations due to its need for small
electrode ranges [56], [57]. Consequently, we chose magnetic
sensing, specifically Hall effect sensors, for their longer
sensing range, high bandwidth, lower power consumption, and
lack of interference from body proximity [58], [59], [60], [61],
[62]. This magnetic sensing approach is integrated with the
unique properties of 3-D print infill in our model, which is
designed for vertical printing to ensure compressibility. During
the printing process, we pause midway to place a disk magnet
within the structure, as depicted in Fig. 3(a), enhancing the
seamless integration between the magnet and infills.

As illustrated in Fig. 3(b), the deformable structure is
sandwiched between a thin disk magnet at the top and a Hall
effect sensor at the bottom. The variation of magnetic flux
density (A B) of a disk magnet with radius (R), thickness (D),
and Remanence field (B;) on its symmetry axis at a gap z can
be approximated as below [63], [64]

B, Az Az
AB~ L — . (D
2\VRP+(D+2? VR +22

In our sensor design, it is important to maintain the
sensor within the elastic region to avoid irrecoverable
deformation. This necessitates limiting compression distances
in the z-direction, which is reflected in the small compression
distance (Az) in the equation. Deformation here alters the
gap z between the magnet and sensor, causing a change in
the magnetic flux density (AB), which is proportional to the
Az. This relationship can be further expressed in terms of the
Young’s modulus (E) of the architecture as below [63], [65]

Az
AF =EA (7) x AB. 2)

By adjusting the internal architecture, such as the infill,
we can influence Young’s modulus (E). For instance, lower
infill densities decrease the architecture’s porosity and,
consequently, its elastic modulus.

3https://zmorph3cl.com/software/

v Disc
~~ ~ Magnet «—

Varying
Infill Parameters

Hall Effect Sensor<

e

Fig. 3. Concept of sensing. (a) Cross-sectional view midway through
the print. (b) Locations of disk magnetic sensors and Hall effect sensors.

IV. RESULTS FOR SIMULATION AND EXPERIMENTS
A. Simulation Result

Using COMSOL’s solid mechanic interface for a stationary
study, we assessed the impact of varying infill patterns
and densities on the mechanical properties of models. This
simulation aids in verifying the desired mechanical behavior
of the overall 3-D object and pinpointing potential stress points
prior to manufacturing.

Given that NinjaFlex exhibits elastic-plastic characteristics
with linear hardening in its plastic phase [66], we employed
a bilinear elastic—plastic material model for our simulations.
Forces between 0 to 10N were applied to the deformable side
of the infill, which was fixed at its opposite end.

While we conducted simulations for 14 different configu-
rations, space constraints limited the detailed presentation of
all results. Some typical force—strain variations are illustrated
in Fig. 4. The conducted result includes 11 standard 2-D and
3-D designs and three isolated 2-D patterns, i.e., concentric,
cross, and grid patterns. All of the isolated 2-D patterns are
paired with a bottom layer, otherwise, the simulation will not
go through successfully because of isolated regions. The Grid
pattern here was used as a baseline for isolated 2-D patterns.

For clarity, linear fits were added to all the scatter
plots, which display data up to a 2-mm strain and 10 N
force. To evaluate the overall performance across different
parameters, we have combined all the 2-D and 3-D data
in Fig. 5. This figure plots infill patterns against Young’s
modulus, with infill densities differentiated by shading
intensities: darkest for 80%, middle lightness for 60%, and
lightest for 40%. A distinct white bar marks the 60% density
for clarity. Young’s modulus, denoted as E, serves as a metric
to gauge a material’s resistance to elastic deformation. It is
computed from the gradient of the linear fit in the scatter plot
(Fig. 4), taking into account the dimensions of the 10 mm
cubes.

From Fig. 5, isolated 2-D patterns emerge as the softest and
most deformable architectures. Even with an added bottom
layer, their compressibility surpasses other designs, closely
followed by the 40% Grid infill. According to Fan and
Coutrix [67], materials or structures with a Young’s modulus
between 10*Pa and 10°Pa are classified as soft structures.
The parameters that fall within this range include most of
40% patterns except gyroid and cubic for 3-D infills, and
cross, concentric, and grid patterns with 40% and 60%
densities for 2-D infills. 40% or under might be the triggering
infill density that turns the structure into the region of soft
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12 ® Grid 40% (]
Grid 60%
¢ Grid 80%

Gyroid 40%
Gyroid 60%
Gyroid 80%

Force (N)
Force (N)

0.00 0.25 0.50 1.50 1.75 2.00 0.00 0.25 0.50 0.75

0.75 1.00 1.256
Strain (mm)

Strain (mm)

® Triangle 40%
Triangle 60%
° ® Triangle 80%

Force (N)
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1.00 1.256 1.50 1.75 2.00 0.00 0.25 0.50 0.75 _1 .00 1.25 1.50 1.75 2.00
Strain (mm)

Fig. 4. Force-strain simulation result. (a) Grid. (b) Gyroid. (c) Triangle infill patterns with associated fit lines.
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Fig. 5. Compression simulation results: Comparison of Young’s modulus across infill patterns on a logarithmic scale.

structure. Notably, patterns with bottom layers need careful
consideration, as they are not technically independent infills.

Among 3-D infills, the Gyroid pattern is the stiffest,
while ZigZag stands out among the 14 models tested.
Their stiffness makes them apt for detecting higher pressure.
A general trend observed is that increased infill densities
correlate with enhanced stiffness. The Grid patterns display
the largest dynamic range logarithmically, while Zigzag
patterns excel linearly. The Gyroid pattern, inherently rigid,
is ideal for omnidirectional sensing, whereas Zigzag is tailored
for unidirectional sensing. Conclusively, for dynamic range
adjustments, we recommend using the Gyroid or Zigzag at
the 10°Pa scale, Grid at 10°Pa, and Cross at 10%Pa.

Utilizing the bar chart in Fig. 6(a), we contrasted the peak
compressive stress across diverse infill patterns and densities.
The equivalent stress map [Fig. 6(b)—(j)] after the compression
is also used to identify the weak locations in the infill bearing
a higher stress level. Shown patterns include conventional 2-D
designs (“Grid,” “Triangle,” “ZigZag,”) isolated 2-D patterns
(“Cross with Bottom,” “Concentric With Bottom,” “Grid with
Bottom” as control), and 3-D infills (“Gyroid,” “Cross3D,”
“Cubic Subdivision™) across 40%, 60%, and 80% densities.
The maximum stress levels of each pattern are represented via
individual bars, with separate bars for compressive stresses at
each density level. The x-axis lists the infill patterns, while
the y-axis quantifies the stress on a logarithmic scale.

Fig. 6(a) reveals that under the same pressure, the Zigzag
and Cross patterns experience the lowest and highest
maximum stress, respectively, among all 2-D and 3-D patterns.

The Gyroid and Cross3D patterns show the least and
most stress within the 3-D patterns. Fig. 6(b)—(j) further
demonstrates that 3-D infill patterns [Fig. 6(h)—(j)] distribute
pressure more uniformly than 2-D patterns [Fig. 6(b)—(g)],
leading to fewer instances of extreme stress at specific points.
This uniform distribution suggests that 2-D patterns, prone
to stress concentration, are more susceptible to long-term
wear and aging compared to 3-D patterns. Overall, the
Zigzag pattern [Fig. 6(d)], with its lower stress, suits sensors
needing a tougher structure for unidirectional deformation.
Conversely, the Gyroid pattern [Fig. 6(j)], due to its durability
and ability to handle omnidirectional stress, is better suited
for long-lasting, versatile applications. The Cross, Concentric,
and Cross3D patterns [Fig. 6(e)—(g)], noted for their high
deformability at pressures below 10°Pa, offer enhanced
sensitivity for softer architectures but may face challenges in
long-term durability.

B. Real Compression Result

To compare real compression tests with simulation results,
we 3-D printed 10-mm cubes using three infill patterns:
Gyroid, Grid, and Triangle, each at densities of 40%, 60%,
and 80%. The Gyroid pattern and Grid pattern are the overall
stiffest and softest among 3-D patterns and standard 2-D
patterns, respectively. And the Triangle offers a more stable
structure with minimal logarithmic variability in standard 2-D
infills. We used the Makergear M3-ID 3-D printer.* Following

4https://makergear.com/products/m3—id
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(a) Compression Stress for Different Infill Patterns and Percentages
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Fig. 6. (a) Maximum compressive stress under an applied force. (b)—(j) Stress simulation maps for each pattern with 40% density. (b) Grid.
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Fig. 7. Comparison of simulated and experimental data for force and strain. (a) Grid. (b) Gyroid. (c) Triangle patterns.

printing, we performed 20 rounds of compression tests on each
sample using an FGD-50 force gauge.’

The force—displacement data are plotted in Fig. 7 to
provide insights into the mechanical behavior of various infill
parameters. Fig. 7(a)—(c) indicates that regardless of the infill
pattern, a greater infill density makes the infill stiffer, aligning
with the simulation results. From the three plots, the Gyroid
pattern emerges as the stiffest, suitable for enduring substantial
compressive loads. In contrast, the Grid pattern, with its higher
compressibility and linear response, is optimal for significant
deformation under minimal loads. These characteristics of the
different infill patterns, along with variations in infill density,
can be effectively used in designing soft sensors.

In Fig. 7(a)—(c), as represented by different colors and sizes
of points in the graph, we observed close alignment between
simulated and experimental data in Grid and Gyroid patterns
at 60% and 80% infill densities. However, the Triangle pattern
displayed minor deviations at 60% but showed improved
alignment at 80%. At a lower infill density of 40%, the
differences in pattern performance became significantly more
evident. This increased divergence can likely be linked to
printing challenges, such as overhangs or the formation of
hollow areas. These anomalies are often a result of printer
under-extrusion or over-extrusion, leading to inconsistencies
in the final print. Consequently, for structures where a low
Young’s modulus is desirable, opting for higher infill densities

5 https://www.testequip.com.au/digital-force-gauge-starr-instruments-fgd-
series

is advisable to ensure more reliable and consistent print
outcomes.

V. CUSTOMIZABLE PRESSURE SENSOR DESIGN ToOL

In this section, we mainly discuss the functionality and
benefits of our design tool. As shown in Fig. 8, the findings
beforehand are integrated into our tool to provide customizable
softness architectures for user applications, with recommended
profiles to increase the success rate of printing.

As shown in Fig. 8(a), we provide two force profile options
and a slider for selecting the material’s Young’s modulus. For
force selection, users can choose based on preference, e.g., 2-D
infill for unidirectional force and 3-D infill for omnidirectional
force. The default option is unidirectional force.

According to the classification by Fan and Coutrix [67],
materials ranging from 10*Pa to 10°Pa are considered soft,
while those exceeding 10°Pa are deemed hard. Therefore,
we offer a Young’s Modulus range of 10*Pa to 107 Pa, allowing
users to choose between soft and hard applications, which is
consistent with our findings as well. For a specific Young’s
Modulus, there might be multiple choices. For example,
both 80% Grid pattern and 40% Gyroid pattern may have
similar Young’s Modulus. Meanwhile, our simulation and
experimental results show that higher infill density matches the
theoretical results better and more predictable. To streamline
the choices, the design tool typically advises users to select
the one with higher infill density. Furthermore, We also display
application images at the bottom right, corresponding to the
selected Young’s Modulus, to guide users in their design
choices.
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Fig. 8. Design tool overview: Recommended infill settings and

associated applications for scenarios (a) and (b).

Through this step-by-step filtering and condition-matching
process, we can achieve an optimal alignment between
Young’s Modulus and the ideal architecture, making it more
user-friendly. Furthermore, our design tool can export a profile
in CSV format based on user requirements, which can be
imported into slicing tool files, such as Cura, for precise
customization. This enhances the user experience of the tool.

VI. EXEMPLAR APPLICATIONS

Mechanical properties of pressure sensors have to aid its
sensing methodology and match the form of application. It is
used in order to provide sensitive and accurate readings [68].
In this section, we describe three application scenarios for
pressure sensors made with different infill architectures, a cup
holder to sense the remaining liquid level in the cup, an arm
strap to sense the bending angle of the elbow, and a slipper
sole to track the movement.

We made use of our analysis of different infill parameters
to select the most suitable infill architecture for each pressure
or deformable sensor. We first identified the target pressure
range for each application based on empirical studies. Second,
we selected the infill parameters that deform in a suitable range
with the help of the design tool. This allows us to achieve
high sensitivity and accuracy in the sensor readings. Also,
we focused on maintaining a maximum allowable deformation
to suit the application and avoid failure in the architecture.
If multiple options are available for the target range, we will
follow the recommendation from the design tool, i.e., the
pattern with higher infill density.

In the slicing tool, we used fixed infill orientation.
Therefore, we rotated the models for vertical placement on
the bed [see Fig. 9(a) and (b)]. Midway through printing,
we embedded a disk magnet [Fig. 9(d)] into unfinished 3-D
prints. Consequently, when force is applied on top, the
TI-DRV5055A1EDBZRQ!1 hall-effect sensor [Fig. 9(c)] can
detect magnetic field changes. The sensor output corresponds
to the infill architecture’s deformation since it is proportional
to the distance between the Hall-effect sensor and the
magnet.

A. Cup Holder

Proper hydration is essential for health. We printed a cup
holder that detects the water level and prompts for refills.

[
Ly 12mm l [3mm
| o

(b) ©

(d)

(a)

Fig. 9. (a) Vertical orientation of a model as printed in slicing tool.
(b) Vertical orientation of an infill pattern model. (c) Custom PCB with
hall-effect sensor. (d) Eclipse N802RS 4 x 3-mm Neodymium Magnet.

40% Grid Pattern Coaster:Voltage Variation with Water Weight
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Fig. 10.
the hall effect sensor inside the grid infill. (c) Water glass placed on the
cup holder. (d) Coaster sensor voltage output variation with the weight
of water.

(a) Three-dimensional printed cup holder. (b) Placement of

A 40% density Grid pattern is designed in the cup holder.
As the water level rises, the weight compresses the infill,
increasing the sensor’s reading. This enables measuring the
water level.

Fig. 10(d) presents the sensor outputs obtained for four
different amounts of water, empty, 100, 200, and 300 g.
It shows that the output of the sensor increases when the water
level is increased. This is due to higher weight results in a
higher displacement of the infill.

B. Arm Strap

The elbow joint bending angle is important information for
body motion tracking. We developed an arm strap with an
embedded soft sensor to measure the bending angle of the arm
joint. We have 3-D printed a strap to be worn on the upper
arm. This strap [Fig. 11(a)] has a small bubble-like section,
made by placing a Gyroid infill with 40% density between a
magnet and a hall-effect sensor. When worn on the biceps,
the sensor detects muscle movement as the biceps contract
and relax when the elbow bends. This change in muscle shape
causes variations in the sensor’s output.

Fig. 11(e) displays the sensor pressure fluctuations over
time during periodic arm joint bending (Fig. 11(b)—(d). Peaks
indicate joint bending, while troughs represent the release of
the arm joint. As shown in Fig. 11(e), the output remains
relatively stable over time without any noticeable hysteresis,
indicating the reliability of magnetic sensing.

C. Slipper Insole

Daily step counting is increasingly recognized for its fitness
mode, from calculating burned calories to gauging walking
pace. It plays a pivotal role in detecting falls [69], assisting in
medical rehabilitation [70], and enhancing augmented reality
footwear experience [71]. Research by Hessert et al. [72]
highlights a significant foot pressure concentration on the heel
and toes during ambulation. Leveraging this, we integrated
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Fig. 11. (a) Hand strap featuring an embedded soft sensor. (b) Relaxed
arm. (c) Partially bent arm. (d) Fully bent arm. (e) Hand strap sensor
pressure variation over time.
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Fig. 12.  Slipper insole with toe and heel sensors. (a) Sensor locations.
(b) Inside shoe placement. (c) and (d) Heel and toe pressure application.
(e) Insole sensor pressure over time.
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two pressure sensors into a slipper sole, positioned at the
heel and toes as depicted in Fig. 12(a). Relying on Hessert’s
findings [72] and our design tool, the heel sensor utilizes an
80% Gyroid infill architecture, whereas the toe sensor adopts
a 60% Gyroid infill.

As we walk, the heel-to-toe contact occurs in an alternating
sequence. Monitoring outputs from both sensors enables step
counting and the detection of irregular movements. Fig. 12(e)
shows this weight transition from heel to toe when walking.

VII. DISCUSSION AND LIMITATIONS
In this section, we discuss our observations on the proposed
approach and potential application scenarios along with the
key limitations and possible future directions.

A. Discussion

In this article, we emphasize the importance of infill
manipulation in shaping the mechanical properties of 3-D
printed sensors. The parameters of infill directly impact
properties like Young’s Modulus that further influence the
force—strain behaviors. As infill density increases, stiffness
also rises. Specific infill patterns can then further refine
the mechanical response. We recommend Cross patterns for
Young’s modulus around 10*Pa, Grid patterns for 10°Pa,
Triangle or Cross3D patterns for 10°Pa, and Zigzag or Gyroid
patterns for 10’Pa. The choice of patterns depends on the
user’s needs. For a given Young’s modulus, patterns with
denser infills are preferred due to their predictable simulation
results and the reliability of the printed samples.

The proposed adjustable infill in 3-D printing provides
various customizable applications that may benefit the
community. In smart homes and IoT contexts, rigid sensors
can function as furniture, while softer ones can be
seamlessly embedded in items like cushions or pillows.

In robotics, sensors can be customized based on environmental
interactions. The sports sector can embed these sensors in
gear, such as footwear, for enhanced gait analysis. The
gaming industry can offer personalized feedback through
user-tailored peripherals. Overall, infill modifications in 3-D
printing present opportunities for customized solutions across
various sectors.

B. Limitations and Future Work

Despite the promising results of our research, there exist
several limitations that should be addressed in future work.

1) Other Infill Configurations: In this article, we examined
14 infill patterns, including Gyroid, the only bio-inspired 3-D
infill used [35]. Other bio-inspired 3-D patterns like Schwarz P
and Schwarz D were not tested because they are not available
in Cura.® And certain 2-D patterns like Honeycomb and
Hilbert Curve are not currently available in Cura as well. These
patterns can potentially be added to Cura from their GitHub
repository and may be topics for future investigation.’

While using infills inside objects, we have used a fixed
infill density throughout the body. Future research can consider
varying the infill densities at different locations of the object
to equalize the stress level throughout the body. This enables
us to improve the strength-to-weight ratio and strengthen
locations with higher stress.

2) Limited Types of Deformation: We focused on forces
applied perpendicularly to the sensor. Future analysis could
explore other deformations like shear, twisting, pinching,
or one-end pressing using data-driven modeling [73], [74],
[75], [76], [77]. Meanwhile, materials have different properties
under tensile and compressive loads. These aspects could lead
to a more insightful understanding of unevenly distributed
force responses.

3) Interference of Magnetic Fields: External magnetic fields
can interfere with our measurements, leading to data incon-
sistencies, especially in environments with variable magnetic
fields. To mitigate this, future research could investigate
using ferromagnetic 3-D printing filaments for electromagnetic
shielding [78]. This approach involves printing the infill walls
with a ferromagnetic material, which can absorb or redirect
magnetic interference. It could involve a trade-off between
the structural rigidity (density) of the wall and its shielding
effectiveness [79]. Further research is needed to optimize this
balance and to develop more effective shielding techniques
that do not compromise the structural integrity of the prints.

VIII. CONCLUSION

In this work, we introduce a novel approach for
fabricating customizable pressure sensors by tuning the infill
characteristics of flexible 3-D prints, addressing the need for
precise sensing solutions in various applications. Our method,
grounded in both computational simulations and empirical
data, systematically alters Young’s modulus through infill
parameters, enabling the creation of sensors with tailored
responses. We identified optimal infill patterns for specific

6https://kenbrakke.com/evolver/examples/periodic/periodic.html
7https://a113dp.c0m/2/get—cura—honeycomb—inﬁll
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applications and found that higher infill densities were
found to align more closely with theoretical predictions.
Additionally, we developed a design tool that facilitates
precise modification of sensor sensitivity and dynamic
range and suggests parameters to enhance printing quality.
Demonstrating the versatility of our method, we fabricated
sensors for three distinct applications, each with unique
sensing needs. This innovative approach significantly advances
the field of customizable pressure sensor development, offering
enhanced precision and flexibility for practical and innovative
applications.
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