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Figure 1: Our proposed sensor comprises ferromagnetic components (cores) within deformable 3D-printed lattice structures,
arranged in proximity to a readout coil generating a magnetic field (A). Examples of structures produced through different
configurations of ferromagnetic cores and lattice substrates are shown, each tailored for specific use-case scenarios. These con-
figurations distinctively influence the underneath coil’s inductance when any external force is applied (B). A key characteristic
of such passive tangibles is that they can be integrated with the coil in a wireless manner and can easily be swapped across the
coil surface depending upon user’s needs without requiring any complex assembly with the electronic components (C). Example
applications to showcase the sensor’s functioning include a stretchable handheld controller and a smart pressure-sensitive
shoe sole with embedded ferromagnetic particles, which is able to detect the deformation when external pressure is applied (D).

Abstract

In this paper, we explore the design and development of passive soft
3D-printed structures whose deformation can be sensed accurately
without any wired connection. By 3D printing tangible interfaces
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consisting of flexible TPU (thermoplastic polyurethane), made from
lattice structures with bespoke geometries and mechanical proper-
ties, and ferromagnetic elements using metal-infused filaments, we
enable the detection of structural deformations through inductive
sensing. We investigate how different ferromagnetic core configu-
rations within flexible substrates, guided by key design parameters,
influence the sensitivity, responsiveness, and deformability of the
sensing system. We demonstrate that our 3D-printed inductive
sensing approach allows users to switch their fully passive tangible
interfaces for specialized tasks without assembly or the need to
unplug wires. Our sensing approach can be integrated in portable
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applications, such as a smart bottle cover that captures subtle defor-
mation to measure liquid intake, or in wearable applications, such
as monitoring foot pressure in smart shoes.

CCS Concepts

« Human-centered computing — Human computer interac-
tion (HCI); - Computer systems organization — Sensors and
actuators.
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1 Introduction

People increasingly expect everyday objects to respond to touch,
pressure, and motion. Such rich tangible interactions can blur the
boundary between the physical world and digital systems. To date,
sensing approaches have been used to recognize hand grips on
doorknobs [25], to turn walls into touch surfaces [28], or to enable
interactive paper toys and pop-up books [17]. In other words, these
examples demonstrate the promise of augmenting what we already
have.

Beyond augmenting existing objects, personal fabrication gives
designers freedom to create tangible interfaces, custom-shaped to fit
specific tasks, or conditions. 3D printing, in particular, allows func-
tional geometries to be designed with integrated sensing elements
using conductive filaments. This enables custom form factors and
interaction affordances, such as free-form objects with touch sens-
ing [26], or soft bodies with integrated deformation sensing [8, 24],
that can be printed in one go. Most interactive 3D printed objects
utilize capacitive or resistive sensing, which often come with practi-
cal drawbacks: hysteresis limits accuracy and drift requires frequent
recalibration.

Inductive sensing is a compelling alternative. Widely used in
engineering for displacement and strain, inductive methods offer
high sensitivity, low hysteresis, and stable, continuous measure-
ments [3, 14, 20]. Recent HCI work has begun to leverage such in-
ductive mechanisms for deformation sensing by embedding coiled
metal wire in 3D-printed shapes [15]. However, all sensing ap-
proaches in 3D-printed interfaces, whether capacitive, resistive, or
inductive, require post-print assembly of electronic components,
which can become very cumbersome.

In this paper, we introduce InSense3D, a sensing approach that
preserves the benefits of inductive sensing while eliminating the
need to wire the tangible itself to any readout, thereby eliminating
assembly of any electronics all together, cf. Figure 1. The printed
tangible is fully passive. It consists of a deformable lattice with care-
fully arranged ferromagnetic cores. During interaction (e.g., push,
squeeze, shear), the lattice deforms and the cores move relative to
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the stationary coil that is close to it, modulating the coil’s induc-
tance. The electronics measure this inductance change to infer the
deformation state. The key advantage is that the coupling is con-
tactless, so the tangible requires no wires, connectors, or onboard
components: users can switch interfaces simply by placing another
passive print onto the same sensing pad (e.g., flush-mounted in a
desk or embedded in a portable object base), without the need to
unplug or reconnect cables. Our approach provides ease for users
(as they can update their tangible by simply 3D printing their new
passive structure), while preserving the high-quality sensing data
of inductive sensing (i.e., high-sensitivity readings with low hys-
teresis, low drift, and sustained, continuous sensing). Finally, we
demonstrate how core placement, core geometry, and lattice stiff-
ness can be tuned to shape response curves, separate normal and
shear axes, and modulate sensitivity across the surface.

In summary, this paper makes the following contributions:

(1) A wiring-free inductive sensing principle for 3D-prin-
ted tangibles, in which a passive, deformable lattice with
embedded ferromagnetic cores is read by a stationary flat
coil and electronics.

(2) A design space and guidelines covering core configura-
tions, lattice parameters, and coil-core coupling that yield
one- and multi-axis deformation sensing with tunable sensi-
tivity and low hysteresis.

(3) Technical validation comparing inductive response and
stability against other representative 3D-printed sensing
approaches, highlighting reduced calibration burden and
improved repeatability.

(4) Application examples that leverage this exchangeability of
interfaces - e.g., pressure-sensitive lattice for liquid volume
measurement, on-surface controllers, and so on - each of
which can be replaced on the same embedded coil without
reconnecting wires.

Taken together, our approach enables custom, high-fidelity tangi-
ble interfaces that are as easy to swap as they are to print, lowering
the barrier to iterative design while maintaining the sensing per-
formance needed for rich user experiences.

2 Related Work

Prior to our exploration of pressure-sensitive 3D-printed structures,
we reviewed existing research that leverages additive manufac-
turing to enable complex, deformable geometries and integrates
sensing capabilities — ranging from resistive and capacitive meth-
ods to inductive sensing — within printed structures.

2.1 3D Printing for Complex, Deformable
Structures

3D printing techniques, especially fused deposition modeling (FDM),
have enabled the fabrication of intricate geometries and flexible
structures that exhibit controlled or pre-specified deformation be-
havior. For instance, Ton et al. [12, 13] demonstrated the concept of
metamaterial mechanisms, which comprise combinations of differ-
ent types of cells within a monolithic structure that act together
in a systematic way to produce macroscopic movement. Thus, by
combining rigid cells with shearing or deformable cells, various
functional mechanisms — such as door latches or pliers — can
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be realized within a single 3D-printed structure, eliminating the
need for any post-print assembly. Studies have also explored lattice
structures with open- and closed-cell topologies — such as body-
centered cubic (BCC), face-centered cubic (FCC), Schwarz, etc. —
and with varying cell sizes, to evaluate their mechanical behavior
under deformation, with all structures fabricated through FDM
printing using thermoplastic polyurethane (TPU) filament [4]. In
addition to FDM, selective laser sintering (SLS) using TPU powder
has also been utilised to fabricate and evaluate soft lattices with
different beam radii and relative densities, for large deformations
[10]. Similarly, in our study, based on specific use cases and sam-
ple testing, we have utilized FDM-manufactured square-celled grid
structures and beam-based unit cell geometries — which allow for
both deformation and the integration of rigid core elements — to
fabricate the substrate in our sensing structures.

2.2 Deformable Materials and Sensing

Deformable materials, such as mechanically reconfigurable meta-
material structures, have been increasingly utilized to integrate
sensing capabilities by taking advantage of changes in their struc-
tural configuration under external forces or relative displacement
between their internal parts. For instance, metamaterial structures
have been utilized to tune electromagnetic resonance by physically
deforming the printed geometry through stretching, compression,
or bending [1]. Similarly, soft mechanical metamaterials incorpo-
rating silver-TPU conductive networks have been designed to per-
form digital logic operations, wherein the conductive pathways
open or close in response to mechanical deformation [7]. Likewise,
region-specific deformation sensing can also be enabled by embed-
ding conductive channels within bendable compliant structures,
where the deformation is detected by identifying which circuit
pathways remain closed or open [18]. Leveraging internal mov-
able parts in a structure, functional capacitive accelerometers have
been fabricated using multimaterial printing [19]. Furthermore, coil
geometries have been incorporated in deformable materials like
textiles for contact-based sensing on surface using textile-specific
processes like embroidery [9]. In our case, we utilize the soft recov-
erable structures with moving internal parts for inductive-based
deformation sensing. In all of the aforementioned works, various
fabrication processes have been employed ranging from 3d-printing
of molds, multimaterial printing, laser cutting, embroidery and so
on; however we focus on primarily FDM-based 3d-printing for the
ease of fabrication processes so that they can even be utilized by
novice users.

2.3 3D-Printed Structures with Integrated
Sensing

Building upon structural complexity, several studies have demon-
strated the integration of sensing capabilities into 3D-printed struc-
tures, primarily utilizing capacitive or resistive sensing to detect
deformations, displacement or any applied forces. For instance,
MetaSense [8] presents a method to integrate sensing capabilities
into 3D-printed mechanical metamaterials. It does this by incorpo-
rating conductive shear cells, which function as capacitive sensors
that detect deformation through capacitance changes. The study
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indicates that even small cells (5 mm) can reliably sense defor-
mation, though larger cells provide better signal-to-noise ratios.
Moreover, studies have been conducted to fabricate smart structures
through fused deposition modeling-based multimaterial 3D print-
ing, wherein filaments with both flexible and conductive properties
have been developed (by combining carbon black with TPU) and
used alongside other filaments (e.g., pure TPU) [23]. Additionally,
Sakura et al. [24] propose lattice-based FDM-printed soft sensors
using conductive and non-conductive filaments, wherein changes
in resistance are recorded when the sensor structure is deformed.
The study lays the parameters for lattice design to alter the flex-
ibility and nature of deformation, such as compression, shear, or
twisting in the sensing structure, which became a guiding factor
in designing certain flexible substrate geometries in our proposed
sensors. In contrast to these approaches, our method eliminates the
need for additional cabling within the 3D prints by suspending the
ferromagnetic core in the vicinity of an external sensing coil. How-
ever, we leverage multimaterial printing techniques to integrate
ferromagnetic-PLA elements into TPU-based flexible substrates for
inductive sensing. In a slightly different approach, Truby et al. [27]
propose a fluidic innervation technique that enables self-sensing
capabilities within 3D-printed structures using a single build ma-
terial, where deformation is detected through pressure changes in
embedded fluidic channels. Additionally, in another study - eFlesh
[21], a low-cost, 3D-printable magnetic tactile sensor that com-
bines microstructured TPU lattices with embedded magnets and
Hall-effect sensing is showcased to capture fine-grained deforma-
tions. However, in our approach we leverage custom printing of
ferromagnetic parts in different shapes and sizes (ranging from
a solid prism-shaped insert to multiple distributed elements em-
bedded within lattice-cell pockets) for distinct use cases (such as
controllers or load-measurement scenarios, as discussed later in
section 8) instead of using commercially available magnets.

2.4 Inductive Sensing in 3D-Printed Geometries

While resistive and capacitive methods are quite prevalent, induc-
tive sensing is emerging as a promising approach for capturing
deformation in 3D-printed structures or flexible substrates. For
instance, Lee and He [15] demonstrate a novel approach using a
helix-and-lattice structure within a 3D geometry to detect defor-
mations in the object, such as bending, twisting, and compression,
through inductive sensing. This approach utilizes the insertion of
steel wire in the embedded hollow helical channels to measure the
change in inductance when current is passed through the wire, and
the wire deforms due to an external force. In contrast, we keep
the geometry of the coiled wire constant and fixed in space and
solely alter the magnetic field around the coil using controlled dis-
placement of the ferromagnetic parts in the vicinity. Lee et al. also
present a tool that converts an input 3D object into a customized and
printable wireframe, lattice, and helical structure so that the struc-
ture exhibits desired sensing properties [16]. Similarly, in a study
by Babkovic et al., a double-spiral-shaped inductive sensor com-
posed of polylactic acid (PLA) filament with embedded conductive
wire has been demonstrated [2]. The designed structure is deemed
useful for measuring force or displacement through changes in
self-inductance. An alternate approach to inductive sensing in soft
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substrates involves adding ferromagnetic particles within elastomer
matrices, enabling high sensitivity and the capability to measure
physiological parameters like arterial pulsations [14, 20]. Studies
have also further investigated the effects of iron powder fillers with
varying particle sizes in bio-compatible silicone elastomers with
regard to the sensor’s sensitivity [22]. Unlike earlier approaches
that relied on embedding conductive wires into deformable lattice
or using ferromagnetic silicone composites, our method extends the
scope of inductive sensing. It is inspired by the work of Bhaumik et
al. [3], who demonstrated how embedding ferromagnetic elements
into a soft, 3D-printed lattice of varying stiffness enabled sensing
based on core—-coil separation. However, in this study, we extend
beyond core-coil separation as the sole factor for sensing defor-
mation by examining additional geometric and spatial factors of
the ferromagnetic core, such as offset, density, and size, along with
their different combinations to enable customized sensor designs.
Moreover, by leveraging variable sensitivity across different regions
through a single readout coil to enable spatially resolved deforma-
tion detection, and by employing diverse lattice configurations for
stretchability and multi-axis deformation, our approach remains
distinct from prior work.

3 InSense3D - Our Approach

Our approach builds on the principle of inductive sensing [6]. As
illustrated in Figure 2, introducing a ferromagnetic material near a
coil alters the local magnetic permeability, concentrating the flux
in that region.
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Figure 2: Our proposed approach primarily based on the prin-
ciple of change in inductance due to the change in relative
position of a ferromagnetic material near a coil. No Ferro-
magnetic material near the coil (left); Ferromagnetic material
introduced near the coil at distance d1 (middle); Ferromag-
netic material brought more closer at distance d2 from coil
where d2 < d1 (right).

This flux change modifies the coil’s inductance. Moving the fer-
romagnetic material closer to the coil (where the magnetic field is
stronger) increases its influence and further raises the inductance,
up to the point where the magnetic core is fully inserted into the
coil. Thus, different positions of the ferromagnetic material rel-
ative to the coil lead to varying magnetic field interactions and,
consequently, distinct inductance values, as shown in Figure 2.
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3.1 Control Core Placement

Building on the principle that inductance depends on the separation
between core and coil, we design our sensor structure by positioning
the ferromagnetic core at a distance of roughly one core diameter
or less from the coil, using a support medium, the lattice. The lattice
not only secures the core material close to the coil, but also plays a
decisive role in defining and stabilizing the core—coil spacing (cf.
Figure 3).

Figure 3: Our sensing approach comprising the ferromagnetic
core elements embedded within a deformable lattice placed
above the readout sensing coil (A). The system in its natural,
unpressed state (B); Homogeneous pressing of the lattice at
the center of the interface (C); localized pressing of the lattice,
leading to non-uniform geometry deformation (D).

A key requirement of our approach is that this lattice structure
must be both deformable and elastic, enabling it to respond to ex-
ternal forces while recovering its original shape once the load is
removed. To achieve this, we integrate repeating cellular or beam-
based lattice geometries — such as a Body-Centered Cubic (BCC)
unit cell — into the design, making the structure porous and com-
pressible (cf. Figure 3). These lattices are manufactured through
fused deposition modeling (FDM) using soft materials like Ther-
moplastic Polyurethane (TPU), which allows fine-tuning of the
mechanical properties, particularly elasticity. When an external
force deforms the lattice, the suspended core shifts accordingly,
altering its distance from the coil and thus changing the inductance.
From a fabrication perspective, a major advantage of this approach
is that both the flexible lattice and the ferromagnetic core can be
3D-printed. This enables the creation of custom geometries for
diverse application scenarios, with the core being produced using
a ferromagnetic PLA composite.
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3.2 Wire-free Integration

A key advantage of our approach is the wire-free integration: the
3D-printed lattice can be directly placed onto a readout coil without
requiring any internal electrical connections to the readout circuitry.
The lattice—core interface remains fully passive and is merely posi-
tioned on top of, or near, the active coil system, which houses the
inductance-to-digital converter (LDC) and the microcontroller (cf.
Figure 4).

core

lattice

Figure 4: Both key components — the lattice (with its unit
cell, shown in left) and the core — are entirely passive and
require no additional cabling, enabling a wire-free readout
between the different sensor interfaces and the generic coil
system embedded in the substrate base.

No additional physical wiring is required between the struc-
ture and the electronic components, which greatly simplifies both
fabrication and assembly. From a design perspective, this separa-
tion enables the readout electronics to remain entirely outside the
deformable interface, enhancing robustness, modularity, and re-
cyclability while reducing unnecessary electronic waste. It hence
opens up the possibility of creating soft, durable, and electronically
decoupled interactive surfaces. This configuration supports modu-
lar design flexibility, where different substrate-core assemblies can
be easily swapped or repositioned over the same coil surface to
accommodate varied use cases or interaction scenarios. The versa-
tility in how the lattice structure and embedded core are structured
enables different displacement behaviors of the core, leading to
distinct inductance patterns — all while using the same underlying
electronics. Ultimately, the absence of internal wiring between the
substrate and the sensing system enables easy disassembly and re-
configuration, supporting a wide range of sensing and interaction
applications with minimal hardware complexity.

3.3 High Sensitivity

Finally, one of the key characteristics of our approach is its high
sensitivity, particularly when the ferromagnetic core is positioned
closer to the coil, resulting in stronger magnetic coupling. In such
a state, even slight displacements of the core can lead to measur-
able changes in the coil’s inductance. This enables the sensing
coil to detect subtle variations in structural deformation, even due
to a small loads which causes a distinct change in the inductive
response, highlighting the system’s sensitivity to low-pressure in-
puts. In InSense3D, we are able to detect fine-grained displacements
of the core, made possible by the use of soft, deformable lattice-
based structures. These subtle shifts result in measurable changes
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in inductance, highlighting the high sensitivity of the system and
making our approach well-suited for real-world applications.

4 Design Parameters and Evaluation

Related work shows that multiple factors within the inductive sens-
ing system influence the performance of the inductive signal [20].
For instance, prior studies have shown that external pressure de-
forming the geometry of the sensing coil change the measured
inductance [22]. In this paper, we use a rigid, non-flexible coil while
various factors can affect the magnetic permeability in its vicinity.
Specifically, we systematically position ferromagnetic components
near the coil to alter the inductive response of the coil. In the fol-
lowing sections, we present the key design parameters that govern
the inductance response in different core—coil configurations and
evaluate how each factor individually contributes to the overall
sensing behavior.

4.1 Design parameters affecting sensing

We note that, apart from the distance between the ferromagnetic
core and the coil, different geometric configurations of the core (e.g.,
size, shape, density etc.) influence the coil’s inductance, providing
richer design opportunities for developers of such interactive tan-
gibles. In the following, we have identified four fundamental key
factors that shape the design direction of our soft inductive pressure
sensors. They include distance, offset, size, and density of the core
material inside the flexible lattice, as we illustrate in Figure 5 and
detail in the following.

Distance: The distance d between the core and the coil plane
(cf. Figure 5) directly determines pressure sensing. When
external forces push on the flexible structure, this distance
changes, shifting the coil’s inductance as the core moves
closer and increase the coil “s inductance.

Offset: The offset o describes how far the core is shifted side-
ways from the coil’s central axis, cf. Figure 5. A larger offset
places the core asymmetrically near the coil, so the same
pressure on different regions produces uneven inductance
changes. This happens because anisotropic lattices, such as
TPU-based BCC structures, deform differently depending on
where the force is applied, displacing the core in a position-
dependent way and creating specific inductance variations.

Size: The size s describes the dimension of the core, such as
the edge length of its cross section, cf. Figure 5. A larger core
means more ferromagnetic material near the coil, which
increases local magnetic permeability and strongly affects
the coil’s total inductance.

Density: The density p describes how much ferromagnetic
material is present per unit volume when multiple cores are
embedded, cf. Figure 5. Evenly spaced cores define their aver-
age separation, but under compression they cluster together,
raising magnetic permeability and boosting inductance simi-
lar to having a single larger core. When pressure is released,
the particles spread out again, weakening magnetic coupling
and reducing the inductance. As the amount of magnetic
material introduced inside the lattice structure increases, the
average separation between the core parts decreases, and
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Figure 5: Fundamental design parameters of the ferromag-
netic core material in our proposed sensing structures. Dis-
tance of the core from the readout coil (A), Lateral offset of
the core from the vertical axis through the coil center (B),
Size of the core as determined by the edge length of the core
geometry (C), and inter-core separation signifying the core’s
distribution density within the substrate, for multi-piece
core configurations (D).

vice-versa. Instead of calculating the absolute ferromagnetic
mass to sensor volume ratio, here we consider the inter-
core separation (or p) for designing and evaluating sensitive
lattice structures with customizable core configurations.

Other factors, such as varying the infill density of 3D-printed
ferromagnetic components, obviously also impact the inductance
reading of the coil, as changing the infill density increases the
effective permeability within the same core volume. However, this
aspect is beyond the scope of the present study. Instead, for our
samples, we used a single commercially available filament! with
fixed ferromagnetic particle density and printed all parts at 100%
infill to ensure consistency. This allowed us to focus solely on
the effects of geometric and spatial core configurations without
introducing material-level variation.

4.2 Evaluating Design Parameters

We then systematically evaluated how these four design parame-
ters influence sensor sensitivity by analyzing the coil’s inductance
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response. The goal of these experiments is to validate that various
lattice-core combinations yield robust sensor readings, which sup-
ports replicability and enables readers to build on our work. To do
this, we varied each parameter independently in sensor prototypes
that combined flexible lattices with embedded ferromagnetic cores
and a housing together with the readout electronics, cf. Figure 6.

The housing enclosed the lattice and the PCB coil and integrated
three pushable tips, each capable of compressing the lattice by
10 mm. Pressing all tips applied a global compressive strain of
about 25%, while pressing a single tip generated localized, non-
uniform deformation. This setup enabled us to investigate both
global and local effects. In certain configurations, we reinforced
selected lattice cells to channel force transmission more directly
towards the core.

For all experiments, we used the same planar PCB coil (Texas
Instruments, 30 turns, four layers, @=29 mm), paired with a capaci-
tor to form an LC resonant circuit and connected to an LDC1614
inductance-to-digital converter with an MSP430 microcontroller.

4.2.1 Distance. To get a deeper understanding of how the core-to-
coil distance influences the sensitivity, we fabricated a 3D-lattice
with the ferromagnetic layer embedded at four distances above the
coil with d=11 mm (= %X coil diameter @), d=14.7 mm (%X coil
diameter), d=29 mm (1X coil diameter), and d=42 mm (1.5X coil
diameter). For each variant, we used the same flexible structure
(44 mm X 20 mm X 44 mm, TPU NinjaFlex 85A, cell size 4.2 mm,
wall thickness 0.8 mm) with compressible cellular geometry for
repeatable deformation cycles. For the ferromagnetic cores, we used
the Protopasta Magnetic Iron PLA. For every configuration, the
core layer was compressed by 10 mm, (by applying an uniform load
on the sensor top surface using our testing fixture) and the relative
inductance change (AL/Ly) was measured. Each compression step
was repeated three times, and mean/variance values of inductance
shift were computed for comparison.

4.2.2  Offset. We also studied the effect of lateral core displacement
from the coil’s central axis by embedding a 9 mm X 9 mm ferro-
magnetic core at three offsets: (1) centered (0=0 mm), (2) midway
toward the edge (0=7.2 mm ~ % coil diameter), and (3) at the coil
edge (0=14.7 mm = % coil diameter). For each offset, we applied
a pointed load at three surface positions using the testing setup,
compressing the lattice by 10 mm (~ 25% strain). The three load
positions on the lattice top layer were located at 0 mm, 20 mm,
and 40 mm, respectively, from the top-left corner. At each of these
points, we applied the load locally by pressing one of the three mov-
able tips of the housing. For every core-offset configuration, we
recorded the corresponding change in coil inductance after apply-
ing the force at each point on the lattice. Again, we repeated each
measurement three times and computed the mean and variance of
the relative inductance change.

4.2.3 Size. We also tested three core sizes with surface areas of
approximately 5 mm X 5 mm, 10 mm X 10 mm, and 15 mm X
15 mm, each with a depth of 20 mm. The vertical distance between
the core center and the coil plane was kept constant at 20 mm,
corresponding to about two-thirds of the coil diameter. We applied
a uniform external pressure that displaced each core by 10 mm. For
every core size, we carried out three compression tests and then
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Figure 6: The experimental apparatus showcasing how the assembled sensor lattices are housed alongside the readout electronics
comprising the planar PCB coil, LDC1614, and MSP430 microcontroller (A). The housing with pushable tips, which, when
simultaneously pressed, creates a uniform compression in the lattice up to 25% strain, whereas the same housing can also
provide localized compression at specific points along the sensor top-side (B, C). The testing setup used to apply uniform lateral
compression onto the sensor structure (D), compressing a lattice till one-third of its initial width (E).

calculated the mean and variance of the relative inductance change
for comparison.

4.2.4 Density. To investigate the effect of multi core density, we
fabricated three lattice samples with different inter-core separations.
A TPU lattice (2 mm unit cell size, 0.2 mm thickness) embedded
ferromagnetic elements at core-to-lattice volume ratios of 1.1%,
2.2%, and 3.3%, corresponding to inter-core distances of 18 mm,
12 mm, and 7 mm, respectively. We aligned the coil parallel to the
axis connecting the cores and applied horizontal compressive strain
of up to 33% along this axis. During compression, we recorded the
relative inductance change (AL/Ly), repeating each test again three
times.

We fabricated the samples by 3D-printing the TPU lattice and
ferromagnetic cores separately and adding PLA reinforcers for
stiffness, which allowed quick prototyping and testing. As an al-
ternative, we can co-print the TPU lattice and ferromagnetic cores
using dual-nozzle extrusion, eliminating the need for post-print
assembly.

4.3 Results

Figure 7 provides an overview of the overall results and illustrates
the influence of each parameter.

The relative inductance change decreases as the core-coil dis-
tance increases. At the smallest distance of 11 mm, the relative
change was 0.70% =+ 0.01, dropping to 0.39% + 0.03 at 14.7 mm,
0.03% +0.001 at 29 mm, and just 0.01% +0.001 at 42 mm. The largest
inductance shift thus occurs when the core is positioned closest to
the coil.

Regarding the offset, at zero offset the response is symmetric: the
inductance change peaks at the center (0.36%) and is nearly identical
at both ends with about (0.13%-0.14%), cf. Figure 7. As the core
moves away from the central axis, the inductance response becomes
uneven across the surface. At half the coil radius offset, for example,
the leftmost point shows the smallest change (0.03%), while the
center and rightmost points remain equal at about (0.17%). At a full
coil radius offset, the inductance change increases steadily from
left to right, ranging from (0.003%) to (0.045%) and up to (0.077%).

As the core size (cross-sectional surface area) increases from
5mm X 5 mm over 10 mm X 10 mm to 15 mm X 15 mm, the relative
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Figure 7: Plots showcasing the effect of each fundamental design parameters—distance, offset, size, and core density—on the

relative inductance change (%) of the coil.

inductance change rises markedly. Here, the core-coil distance is
the same (10 mm) in all cases, cf. Figure 7. For example, the relative
inductance changes for core sizes of 5 mm, 10 mm, and 15 mm were
(0.05% + 0.001), (0.15% + 0.03), and (0.52% =+ 0.07), respectively.
This increase is explained by the higher magnetic permeability
introduced in a larger volume near the coil, which amplifies the
inductance.

For an inter-core separation of 18 mm, the relative inductance
change was (0.04% + 0.001), rising slightly to (0.05% + 0.001)
at 12 mm and reaching (0.08% =+ 0.001) at 7 mm. Smaller gaps

between cores - meaning higher core densities - produce larger
inductance changes under compression, since clustered multi-cores
increase the magnetic permeability around the coil.

5 Combining multiple parameters

By combining the four design parameters, we can construct more
complex core arrangements that capture richer motion patterns
and enable customized interfaces. In this section, we explore, for
example, scenarios where core—coil distance and offset act simul-
taneously, or where distance is paired with size, size with offset,
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and distribution with either offset or size. These combinations can
produce customized core shapes, including asymmetric configu-
rations, which in turn strongly affect the overall inductance shift
when external forces act on different regions of the substrate. The
following subsections describe these configurations in detail.

5.1 Distance + Offset

As shown in Figure 8, we tested two implementations. In the single-
piece core configuration, the core element is positioned at a 45°
angle within the lattice, resulting in a continuously and linearly
varying distance from the coil. In contrast, the multi-piece core
configuration uses three separate core elements placed at descend-
ing heights of 36 mm, 28 mm, and 20 mm, with lateral offsets of
—16 mm, 0 mm, and 16 mm from the coil axis, respectively, within
the lattice.

To test the sensitivity of the structure, we applied a pointed
load at three locations on the top of the cover, positioned at 0 mm,
20 mm, and 40 mm from the top-left edge. At each location, the
lattice was compressed by about 10 mm (roughly 25% strain), and
the resulting relative inductance change of the coil was recorded.

The measurements showed that the smallest inductance change
occurred at the end with the largest separation, and the maximum
change at the opposite end. For example, the three test locations
yielded inductance changes of (0.04 + 0.01), (0.11 + 0.01%), and
(0.18 + 0.02%) in one setup, while in the other setup the values
were (0.02 + 0.003%), (0.03 + 0.002%), and (0.06 = 0.001%),
respectively, cf. Figure 8.

In the multi-core configuration, the dominant factor was the core-
coil separation as the substrate is compressed. However, the offset
also contributes: pressing on the leftmost region of an anisotropic
lattice caused neighboring cores to shift, which in turn affected the
overall inductance response.

5.2 Distance + Size

In this configuration, we used a single core piece where both the
vertical distance between the core and the coil, as well as the ef-
fective core size, varied linearly along the substrate. At the left
edge, the core had an effective edge length of about 5 mm with
a core-coil separation of 38 mm, while at the right edge the edge
length increased to about 35 mm with a core-coil gap of only 8 mm.

We evaluated the sensitivity by applying a pointed load at three
locations along the top surface of the lattice and recorded the re-
sulting inductance changes. The smallest shift occurred at the end
where the core was farthest and thinnest (0.04 = 0.01%) at the
first test location, while the maximum shift occurred where the
core was closest and thickest (0.30 + 0.01%) at the third location,
cf. Figure 8.

Although the larger core size at the right edge caused the strongest
inductance shift, it also reduced the deformability of the lattice and
limited the mobility of the core at that position.

5.3 Size + Offset

In this configuration, we combined variation in core size with lateral
offset. The smallest core, with a cross-section of 25 mm?2, was placed
at the leftmost edge of the coil (offset of -20 mm). The medium-
sized core, with a cross-section of 100 mm?, was positioned along
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the central axis (0 mm offset), while the largest core, with a cross-
section of 150 mm?, was placed at the rightmost edge (offset of
20 mm).

We evaluated the response by applying a pointed load at three
locations along the lattice. When we applied force at the leftmost
region, the small, off-center core was displaced but contributed
little to the inductance shift (0.01 = 0.002%). In contrast, the
medium core at the center produced a shift of (0.04 + 0.003%),
and the largest core generated the maximum change in inductance
(0.09 + 0.01%) when we pressed directly above it at the rightmost
location (cf. Figure 8).

5.4 Distribution + Offset

In this setup, we used an asymmetrically shaped core resembling a
>-profile, which caused non-uniform deformation under localized
compression. The inter-core separation was about 28 mm at a 16 mm
offset toward the left edge of the substrate, gradually reduced to
16 mm at the center, and then increased again to 28 mm at the
rightmost edge.

We evaluated the response by applying force at different points
on the substrate surface, which displaced varying amounts of core
material into the sensing region directly above the coil. Compres-
sion at the central region led to a stronger accumulation of core
elements near the coil and thus the highest inductance change
(0.31 £ 0.01%) at the central location. In contrast, compressing the
rightmost area resulted in fewer cores clustering over the coil, pro-
ducing a lower shift (0.18 + 0.01%), while pressing at the leftmost
edge yielded an intermediate response (0.22 + 0.01%), cf. Figure 8.

5.5 Size + Distribution + Offset

In this configuration, we arranged the cores so that the left edge
contained larger cores (150 mm? cross-section) with smaller spacing
of 8 mm, while toward the right edge (offset of 20 mm) the cores
became smaller (25 mm? cross-section) and the spacing increased
to 16 mm.

We evaluated the response by applying a pointed load at three
locations along the lattice. The inductance shift was highest on the
left side (0.28 + 0.01%) at the first location, lower in the center
(0.19 + 0.01%), and smallest on the right (0.12 + 0.01%). This
pattern occurred because, when we compressed the left side, the
larger cores combined into a greater effective core mass, whereas on
the right, the smaller cores moved closer together but contributed
less ferromagnetic volume within the coil’s magnetic field.

As a result, the larger cores on the left made that region stiffer,
while the right side remained softer due to the more flexible lattice
material. This configuration therefore created a stiffness gradient
across the lattice, leading to varying sensitivities along its width,
cf. Figure 8.

6 Design Recommendations

Based on the experiments, we can derive several design recommen-
dations that should be taken into account during implementation.
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6.1 Balancing core position for sensitivity and
deformation

Our experiments show that the strongest inductance change occurs
when the core is placed very close to the coil. To capture meaningful
variations, the core also needs enough space to move when external
forces are applied on the sensor. If the core is positioned farther
away (at a distance comparable to or greater than the coil diameter),
it allows larger deformations and more travel, but the inductance
change becomes less pronounced for the same displacement or for
small forces.
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Figure 9: Recommended positioning of the core from the coil
plane for higher sensitivity (A); Recommended size of the
core with surrounding substrate buffer (B).

We therefore recommend positioning the core at a height be-
tween one-third and one-half of the coil diameter (i.e., @/3 to &/2,
with @ ~ 29 mm in our case, cf. Figure 9, A). This configuration
provides a practical balance: the core can travel sufficiently while
the sensor still achieves robust sensitivity, as shown by a relative
inductance change greater than 0.39% for a displacement of 10 mm.

Summarizing, we would recommend to place the core close to the
coil for maximum sensitivity, but to keep it within one-third to one-
half of the coil diameter to ensure both sensitivity and deformation
capacity.

6.2 Core geometry: trading off size, sensitivity,
and flexibility

We found that increasing the core size enhanced the relative change
in inductance. For example, a core edge length between one-third
and one-half of the coil diameter (/3 to @/2) already provides a
measurable benefit, with observed inductance changes exceeding
0.15% for a 10 mm displacement, cf. Figure 9, B. Of course, larger
cores provide a higher sensitivity. However, the drawback of a
larger solid mass embedded in the lattice is reduced structural
flexibility, which can make the sensor stiffer. To counteract this
effect, sufficient lattice padding should be used around the core so
that it still has room to travel towards the coil.

In practice, if the sensing goal is to capture smaller displace-
ments with high precision, smaller cores closer to the coil are more
effective. Conversely, if larger deformations must be measured
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(beyond about half the coil diameter), larger cores placed slightly
farther from the coil can be used, provided that the substrate allows
enough travel and maintains a soft interface for comfortable user
interaction.

Summarizing, we notice that larger cores increase sensitivity but
reduce flexibility. Therefore, we recommend to use smaller cores
close to the coil for precise sensing, and larger cores farther away
when targeting larger deformation ranges.

6.3 Core configuration: using asymmetry for
variable sensitivity

An asymmetric placement of the cores within the lattice, for exam-
ple, by introducing lateral offsets greater than half the coil diameter
(o > @/2), can produce variable inductance responses. This effect
can be deliberately exploited to define multiple interaction regions
along the sensor interface, enabling richer and more diverse in-
put possibilities. Extending this idea, multiple cores with different
heights above the coil plane or with varying lateral offsets can be
combined to create sensors that respond differently across distinct
regions.

We also observe that using multiple smaller cores in an asym-
metric configuration can outperform a single large core. With dis-
cretized cores, the substrate can deform locally, allowing forces
applied at different zones to be captured independently. In contrast,
a single large core tends to enforce more uniform deformation,
which reduces the differential sensitivity of the sensor.

To enable multi-dimensional sensing with only one coil, we
should place the cores asymmetrically (o0 > ©/2) and consider
using multiple smaller cores instead of a single large one. This
approach enhances localized deformability and allows for variably
sensitive interactive surfaces, such as pressure-based sliders, with
only one readout coil.

6.4 Core configuration in relation to sensor
dimensions

When the available sensor "footprint” is limited, the choice of core
size and distribution becomes a key factor in achieving strong
inductance variations. Larger cores positioned close to the coil,
combined with a stable substrate, are well suited for detecting very
small displacements or tilts of the core, since even minor movements
produce measurable inductance shifts. In contrast, smaller cores
provide a greater range of motion and are therefore useful when
the sensor is intended to capture larger deformations across a wider
area.

Distributed core arrangements are particularly effective for sens-
ing under large-scale deformations of the lattice, because they can
respond to stronger forces applied across the body of the material.
Conversely, concentrated core configurations work better for local-
ized sensing tasks, where even small core displacements need to be
reliably detected.

Summarizing, we can say that for compact sensors, we recom-
mend to use larger cores close to the coil to maximize sensitivity to
small displacements. For larger-area sensors or applications requir-
ing greater deformation range, distribute smaller cores across the
substrate to ensure robust responses to high-magnitude forces.
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6.5 Core configuration for tailored deformation
behavior

In some cases, the arrangement of the core material not only deter-
mines the inductive response but also directly influences how the
lattice deforms under applied pressure. A large single-piece core
(especially when its size exceeds twice the coil diameter) was found
to increase rigidity, thereby stiffening the lattice. In contrast, het-
erogeneous configurations with variable core sizes create regions
of different compressibility within the same lattice. This enables
deformation patterns in which the structure can pivot around a
point anchored by a larger core volume, redistributing forces in a
non-uniform way.

Summarizing, we can combine rigid and flexible core elements
within the same structure to design custom deformation behavior
and enable richer interaction modes such as tilt or pivot, in addition
to conventional compression.

6.6 Lattice design for deformability and
sensitivity
The geometric characteristics of the lattice (type, cell size, and wall
thickness) certainly plays an important role in determining both
deformability and sensing performance. Softer lattices (e.g., real-
ized through larger cell sizes, thinner walls) allow the geometry to
deform more effectively under pressure. This in turn enhances de-
formation tracking and increases the displacement of the embedded
ferromagnetic cores.

In our experiments, the square-grid lattices achieved strain val-
ues between 25% and 33% under compression. Examples include
4.2 mm unit cell size with 0.8 mm wall thickness (s/t = 5.25, using
the 85A TPU), 4.4 mm unit cell size with 0.4 mm wall thickness
(s/t = 11, using 95A TPU), or finer structures such as 2 mm unit cell
size with 0.2 mm wall thickness (s/¢t = 10, using 95A TPU). BCC
lattices with 6 mm unit cell size and 1 mm beam thickness (s/t = 6,
95A TPU) also demonstrated high compressibility. Furthermore,
modified square-grid cells with 8 mm unit cell size and 0.4 mm wall
thickness (s/t = 20, 95A TPU) were designed with serpentine walls
to increase stretchability, achieving up to 39% strain.

Greater deformability (whether from compression or elongation)
leads to larger core displacements and therefore stronger inductance
shifts. At the same time, softer and more compliant substrates
provide a comfortable interface for human interaction.

Summarizing, we recommend to use lattice structures to tune
the balance between sensitivity and rigidity. Larger cells and thin-
ner walls increase deformability and sensitivity, while stretchable
lattice designs (e.g., serpentine walls) enable multidimensional de-
formation. Therefore, designers should select lattice parameters
according to the deformation they wish to sense—compression,
elongation, or stretch—and integrate cores accordingly.

Through these explorations, we demonstrate how users can
modify ferromagnetic core arrangements to tune the sensing char-
acteristics of the structure according to specific needs. Our study
thus provides a framework for custom-designing pressure-sensitive
substrates—offering users a way to define the sensor’s spatial sensi-
tivity profile and mechanical behavior through core placement and
distribution strategies.
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7 Evaluating Sensor Performance

In order to evaluate the performance of our sensor, we calculated
its sensitivity and examined its long-term stability in terms of in-
ductance change over 10,000 cycles of compression and decompres-
sion, using one sensor sample with a uniform core layer positioned
15 mm above the readout coil. We utilized an automated compres-
sion testing setup based on a 3-axis CNC mill, equipped with a
movable actuator head, to systematically compress the sensor’s top
surface by controlled distances or for specified time intervals for
the evaluation.

7.1 Sensitivity

In our case, sensitivity refers to the measure of how much the induc-
tance changes when there is a minute compression in the sensor’s
lattice structure, which in turn causes a change in the core position
relative to the readout coil. Hence, we compressed the sensor top in
small incremental steps of 0.2 mm, till 10 mm, which also displaced
the core in the same way, and paused for 30 seconds at each step
to record the inductance reading at a particular step. We selected
the step size and dwell time to keep the experiment duration man-
ageable while capturing high-resolution inductance data, since the
sensitivity evaluation was based on the average relative inductance
values from three loading and unloading cycles. However, since
the inductance values saturated beyond 6 mm for our chosen sam-
ple, we present data only within the 0 — 6 mm displacement range.
We observe that our sensor achieves a sensitivity of up to 0.233%
change in relative inductance per millimeter of compression, as
estimated from the slope of a linear fit of inductance values within
the 0 - 2 mm compression range (cf. Figure 10). We emphasize
that the calculated sensitivity values is specific to the tested sensor
variant, and may vary across other core-lattice configurations. This
variant was selected to evaluate the sensing performance under
small, touch-scale deformations.

7.2 Stability

To evaluate long-term performance or the stability of our sensor, we
use the same test setup and compress and decompress our sensor
sample by 10 mm for 10,000 cycles, and record the inductance over
time. We inspect the shift in the maximum inductance value over
time as our sensor undergoes repetitive deformation and find that
our sensor remains very stable, as the difference between the peak
inductance values (when the sensors are compressed beyond 6 mm)
between the 1st and 10,000th cycle remains within 0.05% of the
initial inductance values (cf. Figure 10). Hence, we observe only
minimal drift in the inductive response of our sensor sample even
after prolonged use over 10,000 cycles, which eliminates the need
for frequent sensor recalibration during regular operation.

The observed drift over the test duration can be attributed to the
viscoelastic behavior of TPU, possible minor plastic deformation
under repeated loading, and material inhomogeneities introduced
during the FDM fabrication of the TPU lattice. Although these drifts
can be further reduced through optional sensor calibration at the
beginning of extended or distinct usage sessions, machine learn-
ing-based compensation approaches could be explored as part of
future work that account for cycle-dependent material deformation
effects across repeated loading cycles.
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Figure 10: Calculating the sensitivity of our sensing approach: We measure the relative inductance change under incremental
compression using an automated compression setup and compute sensitivity as the slope of a linear fit between 0 to 2 mm
compression of the sensor (left). Evaluating long-term stability: We track the relative inductance change over 10,000 loading
cycles and evaluate drift by comparing the maximum inductance values between the initial and final loading cycles (right).

8 Applications: Real World Use-Case Scenarios

In this section, as well as in the accompanying video, we demon-
strate different demo applications, including a highly sensitive lig-
uid volume measurement, an interactive on-surface music con-
troller, a highly stretchable hand-held controller, and a highly pre-
cise smart shoe sole - employing variations in the geometric and
spatial arrangement of the core and lattice, together with the use
of single or multiple coils. In all these applications, a calibration
step was performed at the beginning, where the minimum and
maximum values were detected and subsequently used to linearly
map the sensing data.

8.1 Liquid Level Measurement

Firstly, we show a soft lattice structure with embedded ferromag-
netic components, designed to support everyday liquid bottle en-
abling real-time measurement of the liquid volume inside it. The
lattice—core structure rests on a casing that houses the coil, which
is fixed on a tabletop surface, cf. Figure 11. The sensing principle is
based on the deformation of the lattice under the bottle’s weight,
which displaces the embedded core particles and alters the coil’s
inductance.

For this implementation, we used a soft yet stable lattice with a
unit cell size of 6 mm and a beam thickness of 1 mm, a configuration
that provided high deformation and, consequently, substantial core
displacement. A similar lattice parameter configuration has also
been reported to provide the highest comparative sensitivity (-0.17%
kPa~!)in related work [3]. The core layer is embedded 12 mm above
the coil plane (approximately one-third of the coil diameter), which
increased the application’s sensitivity to small variations in bottle
weight and allows detection of subtle changes in liquid volume.
To ensure uniform response, we arranged the ferromagnetic cores

Lattice

5

Figure 11: Real-world use case scenarios of our sensing ap-
proach: a smart pressure-sensitive structure for measuring
liquid volume or weight. The structure having 60 mm diam-
eter in size and 24 mm height comprises of BCC lattice struc-
ture with embedded ferromagnetic particles at a distance of
12 mm from the base, housing the coil (left); Demonstration
of the pressure sensitive structure in action with the visual-
ization of the amount of liquid stored in the bottle placed
on the sensor, based on the sensor output. When the bottle
is full, the interface alerts the user to drink water (based on
the bottle weight onto the sensor); the user gets prompted
to drink water and upon detecting the weight change in the
liquid, the user gets a congratulatory notification, stating the
amount of water consumed (right).

symmetrically about the central axis, ensuring even distribution
across the coil’s active area.

Accurate estimation of liquid volume is achieved through an
initial calibration step: we recorded the inductance shift with the
empty bottle and then when fully filled. Intermediate inductance
values are linearly mapped to the corresponding liquid volume,
enabling real-time visualization of the water level. All sensor data
was streamed from the MSP430 microcontroller to an open-source
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graphical rendering environment, producing a dynamic display of
the estimated volume, cf. Figure 11.

8.2 On-surface Music Controller

We next demonstrate a compact on-surface music controller that is
based on a ferromagnetic core shaped as a solid triangular prism
embedded in a TPU lattice with dimensions of approximately 4 cm
x 2 cm x 2 cm. We then place the controller on top of a coil base
fixed to a surface, where it functions as a custom input device. By
using the prism geometry, we enable manipulation of the controller
through forward and backward pivoting, cf. Figure 12.

Lattice Core

Figure 12: A pressure-sensitive controller with the core
shaped as a triangular prism (left); demonstration of the
tangible as a music controller, where tilting forward or back-
ward allows playing music by selecting notes from an ordered
arrangement (right).

To maximize responsiveness, the core is positioned just beyond
the coil’s edge, with its central axis offset from the coil’s axis by
approximately one coil radius. As the core pivots, the effective fer-
romagnetic volume interacting with the coil’s magnetic field varies
due to the combined influence of its geometry and the shifting loca-
tion of its center of mass relative to the coil. When tilted toward the
coil, inductive coupling increases, reaching its maximum response.
In the upright neutral position, the inductance returns to baseline,
while tilting away from the coil reduces coupling, dropping the
inductance below baseline. This configuration thus produces a con-
tinuous range of inductance shifts around a baseline value, which
can be mapped to application-specific functions. In our prototype,
we directly map the inductance range to the selection of musical
notes arranged by increasing frequency, enabling a simple, tangible
music composition interface.

8.3 Squeezer and Game-Controller

We next demonstrate two stretchable controllers: one with a single
coil and another with two coils. In the first, we built a stretchable
lattice with embedded ferromagnetic cores that could be stretched
and compressed uniaxially in a single-coil setup. In the second, we
use the same stretchable lattice geometry with two coils to enable
both in-plane compression and stretchability.

To realize these hand-held controllers, we designed modified
lattice structures with wavy microstructures of varying curvature
[5], which show stress—strain characteristics similar to pig belly
skin. We fabricated the lattice with a cell size of 8 mm and a wall
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Lattice Coils

Lattice | Coil

Figure 13: An uni-axial stretchable structure with stretchable
cell-walls and ferromagnetic elements at the cell vertices,
which we utilized for simple, planar manipulation of graph-
ics, e.g., shrink or grow (left). We further designed a flexible
hand-held controller that can deform in different directions,
utilizing 2 readout coils (middle). We demonstrate a sculpting
application (right).

thickness of 0.4 mm. For the uniaxial single-coil version, we em-
bedded ferromagnetic cores of 2 mm diameter at the lattice nodes,
aligned with the substrate thickness of 1.5 mm, cf. Figure 13. Once
stretched, the distance between cores increased, which reduced the
inductance of the coil placed underneath. When the force was re-
leased, the lattice returned to its mean position. Under compression,
the cores again moved closer together, which increased the induc-
tance. Finally, we used this controller to deform a 3D rendering
accordingly in one dimension.

In a second version, we built a more advanced controller using
two handles in combination with two coils and the same lattice.
The handles held ferromagnetic cores of 5 mm diameter and 10
mm thickness at the lattice nodes. In this setup, the cores squeezed
toward one coil while stretching away from the other, which cre-
ated richer input through localized stretching and compression, cf.
Figure 13.

8.4 Pressure-Sensitive Shoe Sole

Finally, we implemented a smart shoe sole that used a TPU-based
lattice integrated with ferromagnetic cores for inductive pressure
sensing. We used a stiffer lattice with a unit cell size of 10 mm and
a beam thickness of 1.6 mm, 3D-printed in TPU so it could reliably
deform under the weight of an average adult. We further embedded
6 mm ferromagnetic cores inside the lattice pockets, about 20 mm
above the coil layer. The coil layer was placed directly above the
lattice and beneath the shoe covering, see Figure 14.

In this prototype, we used four coils in total to detect the pressure
at the front and rear of the foot and to estimate the foot’s tilt along
its longitudinal axis. As the user walked or shifted posture, the shoe
sole lattice deformed, which displaced the embedded ferromagnetic
cores and shifted the inductance measured by the four coils. The
sensor data was then sent from the microcontroller to an iPhone
app using OSC.

9 Discussion and Limitations

Broad Sensing Capabilities Across Interaction Types. In InSense3D,
we enable a broad sensing spectrum, ranging from passive, static
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Coils

Figure 14: A shoe sole comprising a BCC lattice integrated
with ferromagnetic core particles and 4 coils (left). We show
a pressure heat-map visualization of the user’s foot based on
the inductance data recorded from the sensor (right).

load measurement to highly dynamic, stretch-squeeze gestures fa-
cilitated through our deformable controller examples. For instance,
our lattice—core configurations can detect steady weights and slow
temporal changes (as in liquid-level measurement), capture region-
wise dynamic pressure variations such as those observed in a shoe
sole during gait, and accommodate large internal deformations for
active gestures (as demonstrated in our controller interfaces), while
also offering soft, compliant interaction experiences. The custom-
printed core shape and its placement within the lattice, alongside
the lattice structure, collectively determine the region-specific de-
formability of the sensor, wherein each lattice-core variant enables
distinct interaction characteristics. For instance, our music con-
troller can pivot forward and backward like a toggle, while other
controller structures also support push—pull and multi-axis stretch-
ing, as demonstrated in our prototypes. This freedom of interaction
based on the custom lattice-core configuration is a unique charac-
teristic of our approach, in contrast to other systems like eFlesh [21]
that are primarily designed for the detection of objects in contact.

Sensitivity and Durability Put in Context. We observe that the
high sensitivity values (0.233% mm™!) exhibited by our sensors
in the low-strain regime are beneficial for applications involving
low-magnitude forces or slight force variations, such as detecting
subtle changes in the volume of water consumed from a bottle (as
also demonstrated in the section 8), where minimal lattice defor-
mation or core displacement needs to be detected. The sensitivity
of our sensor is comparable to printed resistive techniques such
as LattiSense [24], which exhibits an overall relative-resistance
change of roughly 0.01 - 0.03 times its initial resistance, per mil-
limeter of deformation and is capable of detecting sub-millimeter
deformations. Our performance is likewise comparable to magnetic
tactile approaches such as eFlesh [21], which can detect forces in
the range as low as 0.2 — 0.3 N. However, one of the key distinc-
tions of our approach is that even after 10,000 loading—unloading
cycles, our sensors remained fully functional and preserved their
original dimensions, unlike LattiSense [24], which reports lattice
shrinkage after repeated use. Additionally, our sensor fabrication
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is independent of the connectors and coil interfacing with the read-
out electronics, unlike other approaches [24], where connector
placement determines the design of the sensitive regions of the
3D-printed lattice structures.

Coil-Lattice Placement and Design. Despite the versatility of
creating an inductive-based custom deformation sensor, InSense3D
has certain limitations. For instance, in the current prototypes,
all sensor structures were fabricated with a planar base so that
they could be mounted directly over the flat coil housing base.
Though this configuration ensures consistent alignment between
the ferromagnetic inserts within the lattice and the readout coil, it
limits the exploration of non-planar geometries, primarily due to the
inherent planarity of the coil used. However, our approach can still
support deformation and interaction over curved surfaces, provided
that the readout coils, which are sensing the core displacement, are
mounted onto such rigid curved surfaces. Alternatively, integration
with flexible coils would be an interesting future research direction
to embrace fully free-form 3D interfaces.

One limitation of our InSense3D fabrication approach is that
the lattice containing the ferromagnetic core inserts must remain
fixed relative to the readout coil. Hence, we use PLA- or TPU-based
housings to rigidly maintain the spatial configuration between the
coil and the lattice. This is done since our sensor is intended for
interactions that induce core displacement solely through lattice
deformation, and not through changes in the lattice’s overall posi-
tion or any mid-air interactions. Although a key characteristic of
our approach is lattice swappability over the readout coil, in some
examples, such as the shoe sole and game controller, we embedded
the coil within the artifact to spatially constrain the lattice. These
designs, however, can be further optimized by placing the coil in
a modular housing that interfaces with the TPU components to
ensure easy assembly and disassembly. Additionally, the core-coil
separation is another important factor in ensuring effective induc-
tive coupling and the sensor response. For instance, we observe that
for the planar coil with a diameter of 29 mm, the inductive signal be-
gins to decrease noticeably as the core—coil separation approaches
the coil diameter, while at a separation of approximately 45 mm
(i.e., 1.5 times the coil diameter), the change in inductance becomes
effectively negligible. This behavior is consistent with standard
electromagnetic models, in which the magnetic field strength B
depends on the coil radius a and the core—coil separation z, and
can be approximated as B(z) o (a® + 22732, leading to a rapid
reduction in inductive coupling at larger distances [11].

Another characteristic of the InSense3D approach is that each
readout coil is configured to reliably sense a single lattice struc-
ture at a time. This is because, when multiple sensor modules with
embedded ferromagnetic parts are placed within the same coil’s
sensing region, they collectively influence the magnetic field, re-
sulting in combined inductive responses. Additionally, inductive
responses from separate sensor modules that are symmetrically
arranged about the same coil axis cannot be individually distin-
guished, thereby indicating certain sensing limitations when using
a single coil.

Regarding the size constraints, the smallest practical configura-
tion requires at least two layers: one enabling core displacement and
another housing the inserts. This yields a 2x2 extruded square-grid
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lattice or a 2x2x2 BCC unit-cell arrangement that preserves fabrica-
tion feasibility and structural stability. However, the lattice design
should be based on the apt use-case requirements with sufficient
internal space for core displacement.

Robustness to Environmental Interference. To minimize interfer-
ence from external ferromagnetic objects near our sensor, we design
the system such that the lattice fully covers the surface area of the
coil and acts as a barrier between the coil and the surroundings,
which ensures that the embedded ferromagnetic inserts are the only
components influencing the coil’s magnetic field for deformation
sensing. We did not encounter any noticeable interference effects
or noise in our readings, as the lattice structure surrounded the
coil completely, with the overall lattice height generally exceeding
the coil diameter, which prevents nearby objects or even a user’s
fingers, from influencing the coil’s magnetic field. However, we
strongly discourage bringing magnets or moving solid ferromag-
netic metal parts close to the sensor, as such conditions can alter
the magnetic field.

10 Conclusion and Future Work

In this work, we introduced InSense3D, a design and fabrication ap-
proach that embeds 3D-printed ferromagnetic cores into deformable
TPU lattice to enable wire-free inductive sensing. By systematically
studying the design parameters — core—coil distance, lateral off-
set, size, and density — we showed how geometric and spatial
configurations directly influence sensitivity, responsiveness, and
deformation behavior. Extending beyond single-parameter explo-
rations, we demonstrated multi-parameter core arrangements that
yield richer sensing characteristics and asymmetric responses, of-
fering designers a means to customize inductive behavior at both
local and global scales.

Through four application examples we highlighted the versatility
of our approach. Across these scenarios, we enable the creation
of passive and high-fidelity sensing interfaces that require neither
embedded electronics nor wiring, lowering barriers for iterative
prototyping and tangible interaction design.

While our study focuses on geometric configurations and their
influence on inductive coupling, for future work we should extend
to material-level variations, such as co-printing with filaments of
varying stiffness to further tune sensitivity and mechanical perfor-
mance. Though we addressed the stiffening of the core caused by
large core inserts by utilizing distributed, multiple smaller cores,
future work could explore developing and using TPU filaments in-
fused with ferromagnetic particles. Moreover, scaling this approach
toward higher-resolution sensing, e.g., by embedding arrays of dis-
tributed cores and pairing them with multi-coil readout systems,
could enable more detailed deformation mapping across a wide
range of interfaces. As part of future work, we are also developing
a design and analysis tool that can automatically generate the 3D
geometries of lattice—core configurations based on user-defined
requirements such as desired sensitivity (i.e., uniform or variable, or
along single-axis or multi-axis), lattice geometry, bounding volume,
or input shape. The tool will further evaluate how each generated
structure influences the coil’s magnetic field, enabling informed
design choices early in the workflow. Moreover, algorithms can
also be developed to recognize different lattice configurations on

Bhaumik et al.

a single-coil platform by analyzing shifts in baseline inductance,
enabling automatic detection when lattices are swapped or when
new lattice modules are introduced, as per the use-case scenario, to
fully implement plug-and-play sensing with simplified calibration.
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