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Abstraci— We present a single-layer resistive epidermal bend sen-
sor that senses four degrees of freedom (DoF) via combinatorial
port connections within a unified pattern, avoiding multi-sensor
arrays. We instantiate and compare four patterns (square-like, tree-
like, arc-like, and honeycomb-like) under a common single-layer
measurement strategy; we present modeling for the straight layout
and empirical analyses for the others. With a 15:100 carbon-to-
gel composite and a 0.3 mm conductive layer after 20% pre-strain,
the material exhibits hysteresis of 0.6% and an average gauge
factor magnitude of 0.6. The proposed design is thin, flexible, and
conforms comfortably to the skin. Across test sets, 95.4% of angle
estimates fall within +2.798° of ground truth. Our approach utilizes
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cost-effective materials and accessible fabrication techniques. This paper demonstrates the potential of our method for
various applications in epidermal sensing. We envision that the proposed resistive patterns will help designers create

accurate, conformal, and multi-DoF sensors.

Index Terms— Epidermal Sensor, Fabrication, Soft Sensors, Pattern Designs, multi-DoF

I. INTRODUCTION

Advancements in bodily deformation sensing have facili-
tated novel applications in health [1]-[3], accessibility [4],
[5], sports [6], [7], and virtual reality [8]-[10]. For example,
joint moment sensing in robot-assisted fingers aids in the
training of chronic stroke survivors [11]. Muscle deformations
are increasingly involved in metaverse somatosensory interac-
tions [12]. Sign language recognition systems use finger move-
ment sensing to assist deaf and hard-of-hearing individuals [4].
These on-body movements, especially subtle biomechanical
deformations, are typically measured by wearable devices due
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to their high accuracy [13]. In addition, wearables are resilient
to occlusion, making them suitable for monitoring movements
even when visual tracking is compromised [14].

As wearable technology advances, there is a growing need
among users for non-intrusive, soft, and skin-friendly wear-
ables [15]-[17]. Epidermal devices are a typical example
of such technology [18], [19]. The effectiveness of epider-
mal sensors largely depends on the substrate material. Their
flexibility, stretchability, and biocompatibility are essential
for conforming to the contours and movements of human
skin [18], [20], facilitating natural accommodation to the skin’s
dynamic nature. This approach ensures both user comfort and
effective sensor performance. Key inherently soft materials for
epidermal sensors include hydrogels [20], polydimethylsilox-
ane (PDMS) [18], [21], and tattoo decal paper [22], [23]. In our
work, we opted for Platsil Gel-0030", a two-part, platinum-
catalyzed silicone, which was selected for its greater local
availability, lower cure or demold time, and higher softness
compared with Sylgard® 184, one of the widely used PDMS.

However, conventional soft strain gauges that can be placed
on the body as epidermal sensors commonly focus on uniaxial
sensing [24], [25], although body movements are inherently
multi-degrees-of-freedom (multi-DoF) due to complex mo-
tions of joints and the flexibility of the skin that allows stretch-
ing, bending, and deformations. Uniaxial sensors only capture
stretching or compression in one direction, which limits their
application in capturing natural, complex movements (e.g.,
hand or joint articulation). Motivated by this, we developed

' www.barnes.com.au/product/platsil-gel-0030-prosthetic-grade-silicone/
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Fig. 1: (a-d) Four multi-DoF trace designs. (e) Overview of sensor layers layout. (f) Detailed view of sensing locations and
connection parts. (g) Lateral bending in Sensing Locations 1. (h) Vertical bending in Sensing Locations 2.

multi-DoF deformation sensors that enable a more accurate
representation of these complex movements and deformations.

Besides, recent development of deformable sensors has
seen a variety of pattern designs, each tailored to enhance
sensor performance. Resistive sensing has evolved from sim-
ple loops and linear strain patterns [26], [27] to 2D ge-
ometries such as zigzag [28], [29], serpentine [30], [31],
and space-filling/fractal curves [32]. These patterned traces
create direction-dependent current paths and produce larger,
direction-dependent AR while remaining thin and conformal,
but most of them can only sense a single point. In parallel,
direction-sensitive resistive materials generate distinct resis-
tance changes for orthogonal bending [33], [34]. Although
thin and sensitive, such film-based designs also typically
operate at one location and may require special processing. In
contrast, we use commodity resistive composites in a single-
layer, unified trace network and achieve multi-location sens-
ing through combinatorial port connections. This preserves
epidermal conformality, reduces wiring and calibration, and
enables recovery of two in-plane bending axes at two spatial
locations on the same sheet—without multilayer stacks or
discrete sensor arrays. For example, capacitive stacks can
also realize multi-DoF using dense, sparse, or misaligned
electrodes [35]-[38], but they generally require two conductive
layers and thicker stacks.

Moreover, the sensors in our project are crafted using
rapid, cost-effective fabrication methods and materials. There
are various fabrication methods for epidermal sensors that
have been previously developed, each tailored to the specific
requirements of soft materials and intricate designs. In ad-
ditive methods, recent human-computer interaction research
has showcased screen printing for its precision and multi-
functionality [39]-[41], inkjet printing for its ease of use and
adaptability to conventional printers [42], [43], and direct on-
skin printing for its ability to apply layers directly onto the
skin [44], [45]. Subtractive techniques, such as laser cutting
with CO5 and UV lasers, offer precision in material shap-
ing [46], [47], complemented by the simpler yet effective me-
chanical plotter cuts [48]. Mixed methods, combining elements

of both additive and subtractive techniques, are exemplified
by approaches that merge cutting and material transfer for the
physical realization of digital designs [49], [50]. Our work
utilizes a mixed-methods approach. Meanwhile, we streamline
the fabrication process to enhance accessibility and efficiency.
By leveraging standard fabrication tools like laser cutters, we
achieved a thickness of 900 pm.

In general, our work introduces multi-DoF epidermal bend
sensors via resistive sensing patterns. To our knowledge, this is
the first single-layer resistive multi-DoF epidermal bend sens-
ing approach that achieves four DoF via combinatorial port
connections within a unified pattern, avoiding complex multi-
sensor arrays. Compared to prior approaches, the proposed
designs provide three advantages: fewer conductive layers than
capacitive sensing mechanisms [18], more degrees of freedom
than conventional strain gauges [30], and more deformation
analysis through multi-data measurements rather than single-
data measurements [51]. We propose four resistive pattern de-
signs — square-like, tree-like, arc-like, and honeycomb — which
enable multi-directional sensing at multiple locations. Each
pattern has two sensing locations (top and bottom), and each
location can sense two degrees of freedom (x and y axes). Our
sensor effectively demonstrated its capability to sense multi-
DoF deformation across multiple sensing locations accurately.
Specifically, we showcased a four-degree-of-freedom sensor
that achieves 95.4% accuracy with a tolerance of 2.798°.
Moreover, we used the pre-strained strategy to compensate
for the non-monotonic effect of the carbon-doped elastomer
sensor. We also conducted finite element analysis and fatigue
tests to assess measurement changes across various patterns.
The results were verified using our test setup.

The main contributions of this paper are:

o Developed unified resistive patterns that enable multi-
DoF sensing in epidermal bend sensors, eliminating the
need for multi-sensor arrays.

o Introduced a cost-effective and easily replicable fabrica-
tion method for fast-prototyping epidermal sensors.

o Provided comprehensive experimental validation and de-
rived formulas for the proposed multi-DoF designs.
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II. THEORY OF OPERATION

Our design draws inspiration from fractal geometric patterns
observed in biological systems [52]-[54], which often exhibit
self-similar characteristics. While such patterns have been
studied in 3D networks [55], [56], we adapt these concepts
to create deterministic 2D patterns for stretchable electronics.
The resulting designs provide functional advantages through
their hierarchical structure.

Fig. 1(e-h) shows our square pattern design, where smaller
sections mirror the geometry of the whole structure. The
design includes five connection ports and two distinct sensing
locations, as shown in Fig. 1(f). This enables resistance
measurements between each pair of ports, resulting in a total
of ten measurements within a few microseconds. This rapid
data acquisition allows for the detection of both lateral and
vertical deformations in each sensing location by analyzing
resistance variations and extracting relevant data features. By
integrating additional branch pairs and connection ports, we
can scale our design to include more sensing locations, thereby
enhancing the sensor’s adaptability for complex deformation
detection scenarios. We evaluated several pattern variations,
including tree-like (Fig. 1(b)), arc-like (Fig. 1(c)), and hon-
eycomb structures (Fig. 1(d)) to determine the most effective
configuration. Further details on the sensing mechanisms are
discussed in Sec. IV.

[1l. FABRICATION

This section outlines the development of our sensor, with a
focus on the fabrication process and the selection of materials.
In this sensor fabrication, two key types of materials are essen-
tial: substrate materials, which provide structural support and
insulation, and conductive materials, which enable electrical
resistance changes and signal transmission.

A. Substrate Materials

Substrate materials are critical in epidermal sensor design,
offering insulation while maintaining flexibility and skin com-
patibility. They form the sensor’s base, supporting conductive
elements and ensuring safety and comfort when in contact
with skin. We sought a substrate that balances these needs
with ease of fabrication. PDMS, frequently used in soft elec-
tronics, initially seemed suitable but posed several challenges,
including a complex mixing ratio, extended curing time, and
limited availability [57]. To address these issues, we selected
Platsil Gel-0030, a platinum-catalyzed silicone that cures to a
milky white, Shore 0030 rubber. It offers a simpler 1:1 mixing
ratio, a shorter 4-hour curing time, and a skin-like hardness
comparable to PDMS, while being more accessible from local
suppliers, streamlining our laboratory fabrication process [58].

B. Conductive Mixtures

Conductive materials in the sensor transmit electrical sig-
nals, which are crucial for sensing capabilities. They must
be effective conductors and also integrate seamlessly with
the substrate. We used cost-effective acetylene carbon black
powder (Alfa Aesar) as the conductive material, compared to

alternatives like Galn alloy and silver ink [18]. We prepared
the conductive traces by first mixing the carbon powder with
isopropyl alcohol and then combining it with Platsil at a
15:100 carbon/gel weight ratio. The alcohol reduces viscosity
during mixing and evaporates during curing, preserving con-
ductivity. We maintained a 0.3 mm layer thickness, with these
parameters optimized and validated through testing (Sec. V-
A). Fig. 2(b) illustrates the mixing process.

C. Procedure

Our fabrication process, inspired by Weigel et al. [18],
Glauser et al. [36], and Tavakoli et al. [59], has been refined
for standard laboratory resources and requirements, ensuring
practicality in different fabrication needs.

Reflected LED Light
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Fig. 2: (a) A 300um acrylic sheet, laser-cut into a frame, is
glued onto a 2000um acrylic base to create the molding frame.
(b) Preparation of the Platsil mixture (left) for combination
with the carbon-isopropyl alcohol mixture (right). (c) Laser-
cutting of the cured conductive substrates to form conductive
traces. (d) The final sensors were sealed with non-conductive
Platsil mixtures on both sides, followed by demolding.

We prepared two acrylic sheets: a thicker 20004m sheet for
the mold base and a thinner 300um sheet for layer thickness
control. After laser cutting the thinner sheet, it was used as a
frame and glued onto the base using acrylic glue? as shown in
Fig. 2(a). The carbon-doped Platsil mixture was poured into
this mold, leveled with a rigid acrylic piece, and left to cure,
forming a conductive substrate. This substrate was then cut
using a laser cutter (LOTUS Blu60), which was set to a speed
of 55 mm/s and a power of 12 W, as depicted in Fig. 2(c).
The conductive traces were cleaned with isopropyl alcohol.

The sensor’s three-layer structure was completed by pour-
ing non-conductive Platsil around the conductive traces. The
protective layers were cast using a metal plate base and acrylic
sheet frames, with the conductive trace placed between them.
As shown in Fig. 2(d), each layer was cured separately to
ensure a smooth finish.

This fabrication process effectively addresses the challenges
of creating flexible, skin-friendly, and electrically insulated
sensors, suitable for a variety of applications.

Zhttps://acrylictech.com.au/product/acri-bond-105-2/
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[V. UNDERSTANDING MULTI-DOF RESISTIVE TRACES

Center Line

O l® 1© 106 10

Fig. 3: Multi-DoF Design Schematic. Labels 0—4: connection
points; L, C, R: left, center, right junctions.

We observed that resistance does not proportionally corre-
late with elongation in Sec. V-A, which could be the changes
in area and resistivity during stretching. Before digging into
the more complex Multi-DoF design, we employed a square
design as a prototype for analysis. We calculated the rela-
tionship between percentage elongation (%) and resistance
changes between any two connection points. These elongation
data serve as features for predicting 2D deformation in each
sensing location.

As depicted in Fig. 3, the square multi-DoF sensor design
comprises five connection points (labeled O to 4), enabling
resistance measurements between each pair of points. This
setup yields ten distinct resistance measurements: Rgy1, Roo,
Roz, Ros, Ri2, Ri3, Ris, Ro3, Ra4, and R34, where R,
represents the resistance measured between two points x
and y. The conductive traces on both sides of the center
line are segmented into three sub-segments. These traces are
denoted as LC + C2 — L2, L1, LO with their resistances
Rr2,Rr1,Rro and RC + C2 — R2, R3, R4 with their
resistances Rpo, Rrs, Rr4 in the Fig. 3. These sub-segments
can simplify data models and help designers and users under-
stand the concept of multi-DoF sensing. We noticed that these
sub-segments and overall resistance measurements from the
contact points have the relationships described below.

1
Rpo = - (Ro2+ Ri2 — Ro1) Rrpo 3 (R24 + R23 — R34)

— N0 | =

Rr1 = = (Ro1 + Ri2 — Ro2) Rgs

1
3 (R34 + R23 — R24)

1
Rpa = — (R34 + Raa — R23)

Rro = = (Ro1 + Ro2 — R12) 3

N =N

A. One Degree-of-Freedom Data Modeling

We employed three regression models for deformation
prediction to enhance the accuracy and reduce noise in our
measurements. Here, we used the bending angle () to quantify
the deformation level, as the bending angle can be standardized
by our test setup (Fig. 6(a)-(b)). The selected resistance
measurements (Ryo, Rro, Rr1, Rr3, Rro, Rra), and several
derived features serve as effective predictors in our analysis.

The data models we proposed are: the raw signal linear
model (Eq. 1), the ratio model (Eq. 2), and the hybrid model

(Eq. 3). Each model uniquely combines these sub-segments
and derived features to provide a comprehensive approach to
angle prediction.

Y1 =po + p1(Rr2) + p2(Rr2) + p3s(Rr1)

+ pa(Rr3) + ps(Rro) + pe(RRra) (1)

. R R RLO)
=g+ a1 | 2 ) v oo (o) tas (22 2
Y2 =qo + q1 (RRQ) Qo (Rm) q3 (RR4 2
Yn =50 + s1(41) + s2(y2) 3)

For these equations, p;,q;,s; € R where i € [0,6], j €
[0,3], k €[0,2] and i, 5,k € N> 0.

These equations are employed for estimating angles in
systems with one degree of freedom. However, a system with
two sensing locations experiencing two-dimensional bending
would constitute four degrees of freedom. In such cases, we
utilize the current bending angle as an input for estimating
further degrees of freedom, as detailed in Sec. IV-B.

B. Multi-Deformation Data Modeling

In multi-deformation scenarios, often involving two or three
bending angles, we propose a cascaded linear regression
model approach. This cascaded approach reflects the inherent
correlation between angles x and y in the sensor’s design,
where deformation at one location influences the other due
to shared mechanical and electrical pathways (Fig. 3). For
predicting two angles, = and y, we represent them as vector
data points X(,,x1) and y(nx1)-

Initially, a linear regression model is trained to predict angle
y, using a matrix of test samples Dy(nxp) and coefficients
Wy (px1)* For angle z, we train multiple models, each tailored
to a range of y, by segmenting the training set into m bins
based on y. Each bin’s model, defined by coefficients wxz

and test data Dx{nj a;)° predicts z more precisely.

The testing phase is a two-step process: predicting y first,
then x using the bin-specific model corresponding to the
predicted y. This cascaded model approach, with its focus on
bin-specific models, enhances prediction accuracy in complex

multi-deformation situations.

q;x1)

V. EVALUATION
A. Sensing Strategy And Material Evaluation

In our pilot study, we observed that the samples’ initial
stretch did not always exhibit a monotonic resistance change.
This aligns with findings from Yamaguchi et al. [60] and
L’opez-de-Uralde et al. [61], who reported non-monotonic
resistivity behavior due to microstructural rearrangements. To
address this, we applied a pre-strain strategy (applying 20%
initial strain) to bypass the unstable region, ensuring repeatable
resistance-strain behavior for sensing.

Other critical parameters like conductivity, gauge factor
(GF), and hysteresis are also key in defining the performance
of resistive sensors [62], [63]. Our investigation focuses on
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Fig. 4: (a) Stretching test setup: sample clamping and measurement are shown. (b)Resistance Variation with Elongation
Percentage for Different Carbon-Gel Weight Ratios and Conductive Layer Thicknesses. The maximum hysteresis and gauge
factor (GF) are indicated at each subplot’s top left and bottom right.

determining the optimal weight ratio of carbon powder to gel
and the ideal conductive layer thickness, aiming to balance
these sensors’ precision and accuracy effectively.

Procedure: We conducted stretching tests on 12 samples
with varying carbon/gel ratios and thicknesses, subjecting
them to 1000 cycles using a linear actuator (Fig. 4(a)). This
assessed their performance after 20% pre-strain. Empirical
evidence suggests that carbon/gel ratios below 9:100 or above
15:100 lead to non-ideal conductivity or the formation of
cracks in cured conductive substrates. Consequently, we se-
lected four carbon/gel ratios ranging from 9:100 to 15:100 and
three conductive layer thicknesses (0.3 mm, 0.9 mm, and 1.5
mm). The weight of samples was precisely measured using
a high-precision scale®, and the thickness of the conductive
layers was standardized using 300pm acrylic sheets as spacers.

Results: In Fig. 4(b), we observed a non-constant direction
in resistance change with varying weight ratios and thick-
nesses. Specifically, resistance decreases upon elongation at
a thickness of 0.3mm, whereas at 1.5mm, it exhibits an
increasing trend. Besides, each plot exhibits monotonic but
nonlinear characteristics. To quantify sensitivity, we define the
averaged gauge factor (Avg GF) as:

1 Emax
Avg GF — L [ AR/
0 de

€max

de “)

where en. = 0.36 (36% elongation), R is resistance, and de
represents incremental strain. This formulation averages the
sensitivity across the working range.

Analysis demonstrates that the 15:100 carbon/gel ratio at
0.3mm thickness offers lower hysteresis (0.6%) and a higher
magnitude of Avg GF (0.6), making it suitable for epidermal

3instrumentchoice.com.au/1kg-digital-bench-scale-001g-resolution-ic-7264

sensors. Although a 1.5mm thickness layer shows the largest
magnitude in Avg GF (0.9) with the lowest hysteresis (0.4%),
it is excessively thick for epidermal applications [15]. Conse-
quently, we selected a 15:100 carbon/gel weight ratio and a
0.3mm thickness for the conductive layer.

VI. MULTI-DOF SENSING PATTERN SIMULATION

Building on square multi-DoF sensor design, we established
the sensing principles and data collection methods for a single
design. This section explores additional patterns that could
enhance the sensor’s degrees of freedom (DoF) and overall
accuracy.

As depicted in Fig. 5(m-0), we utilized Ansys Mechanical
APDL* to simulate strain changes in each trace. Subsequently,
we incorporated empirical data from Sections V-A and VI-A
to compute the resistance values for each trace (e.g., Ro1, o2,
Rys, etc.). This simulation encompassed four types of multi-
DoF sensing patterns, each comprising three variations. The
outlines of these sample shapes are illustrated at the top of
Fig. 5(a-1). In this context, ‘k’ represents the ratio of the size
of each subsequent pattern level to the last level of length
or area. Additionally, ‘6’ denotes the smallest angle within
each hexagon in the honeycomb-like pattern. We subjected
the samples to a horizontal bending simulation, ranging from
-20° to +20°. The resistance changes observed for each trace,
as a result of this bending, are detailed in Fig. 5(a-1).

The results, as illustrated in Fig. 5(a-i), reveal that a smaller
‘k’ tends to produce a higher resistance change, despite their
overall similar performance. Moreover, as shown in Fig. 5(j-1),
the gauge factors for honeycomb-like designs with 6 values of
120°, 90°, and 60° increase. The amplitude ranking from high

“https://www.ansys.com/
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Fig. 6: (a) The 3D Model of Test Setup. (b) Real Testing photo of the Finger-like Test Setup. (c-e) Schematic diagrams
illustrating the test setup: (c) Simplified view with the sensor positioned on top. (d) Deformation in locations 1. (e) Deformation

in both locations 1 and 2.

to low is arc, tree, square, and honeycomb. The honeycomb
shapes have multiple parallel circuits, which reduces their
resistance. As for the remaining three designs, we conclude
that the sharper corners or turnings a design has in the circuit,
the larger its resistance change, because a curly trace generally
increases resistance.

Additionally, we found that the resistance between points
1 and 3 (R13) under horizontal bending exhibits distinct be-
havior across multi-DoF designs. All data were obtained after
applying a 20% pre-strain to stabilize the conductive network.
In square and honeycomb patterns, two corner traces (top-
left and top-right) exhibit compensatory behavior—one trace’s
resistance increases while the other decreases—resulting in
more flat resistance. Conversely, in arc and tree patterns, the
current path between R13 traces aligns tangentially to the ap-
plied force, amplifying strain-induced resistance changes and
producing non-flat R13 curves. This highlights how geometric
design governs strain distribution and current-path alignment
in multi-DoF sensing.

A. Performance Evaluations

To assess the effectiveness of our proposed multi-DoF sens-
ing patterns, we initially focused on the square pattern depicted
in Fig. 3 for performance evaluation. Our test setup, illustrated
in Fig. 6(a), includes four servo motors to simulate four
degrees of freedom in bending. The silicone gel cylinder with
embedded 3D printed bones, as shown in Fig. 6(b), closely
mimics the texture and internal structure of a finger. As shown
in Fig. 6(b), we bonded the epidermal sensor to this set-up. The
sensor features two distinct sensing locations, each capable of
detecting deformations of the x-y axis. In this context, the
horizontal and vertical bending in the sensing locations 1 and
2 are represented as «, 3, o/, and f’, respectively. All the
collected data are employed in an 80-20 train-test split with
10-fold cross-validation on the training data.

B. Evaluation of Sensing Location 1

In this section, we focus on evaluating x-y-axis deformation
in sensing location 1, primarily examining horizontal bending
as vertical bending closely aligns with material evaluations
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Fig. 7: Model Comparison for Sensing Location 1 in Horizon-
tal Bending: Top plots show model-predicted vs. actual angles;
bottom plots display RMSE variations vs. actual angles.

discussed in Sec. V-A. The goal is to identify the most effective
model, the raw signal model, the ratio model, or the hybrid
model for accurately predicting bending angles. We evaluated
these models using their R? (RSq) and RMSE values. A higher
value of R? indicates better predictive accuracy, while a lower
RMSE suggests a reduced deviation from the predicted values.

Comparative analyses of the models, as shown in Fig. 7,
reveal that the hybrid model generally achieves the highest
R? value, closely followed by the raw signal model. This
indicates effective predictions of horizontal bending in sensing
location 1 by both models. However, for higher precision, we
opt for the hybrid model in subsequent evaluations. Moreover,
we observed a significant increase in RMSE values when the
bending exceeded an absolute threshold of 25°. We achieve a
high-precision horizontal bending range of « € [—30°,30°], as
the RMSE within this range remains below the threshold. Ap-
plying the same criteria, the high-precision range for vertical
bending in sensing location 1 is determined as 8 € [—75°,0°].
These defined ranges will guide our subsequent evaluation
studies.

C. Evaluation of Both Sensing Locations 1 and 2

Vertical Horizontal Vertical Horizontal
Bending 1 (B) |Bending 1 () | Bending 2 (B’) | Bending 2 (o)
R? 0.989 0.959 0.903 0.861
standard 0.666° 0.945° 1.200° 1.399°
Deviation
High-precision o Ao o ano o Ao o 9Eo
P [-75°,0°] [-30°, 30°] [-60°, 0°] [-25°, 25°]

Fig. 8: Table of Metric Performance Across Four Degrees of
Freedom («, 3, o, ')

To evaluate our design’s performance with higher degrees
of freedom, we employed hybrid models to predict the x-y

axis movements in sensing locations 1 and 2. It is widely
recognized that multi-deformation sensing locations corre-
spond to complex finger bending motions. As illustrated in
Fig. 8, the performance metrics in sensing location 2 (¢,
and 3’) are slightly inferior to those in sensing location 1
(a, and ). This is evidenced by lower R? values and a
reduced high-precision range, suggesting that an increase in
the number of sensing degrees of freedom may lead to a
decrease in performance. Nonetheless, the R? values of 90.3%
for vertical bending and 86.1% for horizontal bending at
sensing location 2 are still notable [64], which demonstrate
reliable performance. Furthermore, the four-degree-of-freedom
sensor demonstrates a standard deviation of o = 1.399°. Based
on the properties of the normal distribution [65], 95.4% of the
sensor’s angular measurements lie within £20 (£2.798°) of
the actual value. This confidence interval indicates that the
sensor’s output deviates from ground truth by no more than
+2.798° for 95.4% of observations. To improve performance,
future efforts could focus on refining calibration methods,
such as optimizing pattern recognition algorithms for targeted
applications to minimize measurement variability.

VII. DISCUSSION

In this paper, we presented four patterns for multi-DoF
deformation sensing. Our study focused on assessing its effec-
tiveness through both a finger-like test setup and simulation
analysis. The findings confirm the reliability of these patterns,
particularly the square-like designs, in both practical and
simulated environments. These designs use a single conduc-
tive layer to approximate multidirectional deformation. This
approach is particularly beneficial in situations with limited
access to advanced equipment and where sensor thickness
is a critical factor. Our approach enables rapid prototyping
and predictable fabrication of epidermal sensors, making a
valuable contribution to the field.

A key advancement lies in our fabrication technique. By
layering acrylic sheets with adhesive, we effectively control
sensor thickness without relying on sophisticated machinery.
Furthermore, we propose a novel approach to thickness control
in bending sensor fabrication: using paper layers (approxi-
mately 25 pm each) as a frame in the mold. This technique
allows for ultra-thin substrates, with precision up to 25um.
This method stands in contrast to the expensive thin-film
applicators or spin-coaters used in previous studies, such as by
Weigel et al. [18]. Our approach, leveraging common materials
like paper, is both cost-effective and widely accessible, making
it a viable option for most fabrication labs.

In our experiments, we observed that the resistance (1) of
some carbon-doped elastomers initially increases and then de-
creases under strain, though not all samples follow this trend.
From the formula R = pL/A, stretching increases length (L)
while reducing cross-sectional area (A), implying that L/A
should rise monotonically. However, prior work by Yamaguchi
et al. [60] demonstrated non-monotonic resistivity changes in
carbon-polymer composites. Through material evaluation, we
found that sensors with thinner thickness and lower carbon
ratios are more likely to exhibit downward resistance trends,
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while thicker sensors with higher carbon ratios follow the
expected L/A-driven behavior. This suggests that resistivity
(p) changes dominate in thinner/low-carbon sensors, whereas
geometric effects (L, A) prevail in thicker/high-carbon cases.
While our setup lacks the capability for microstructural valida-
tion (e.g., SEM/TEM), future work will explore filler network
dynamics to resolve this.

This paper demonstrates a multi-DoF epidermal sensor on
a finger, including its actual data collection capabilities. When
users customize their sensors, tangential traces, force direction,
and sharp circuit corners should be taken into consideration
to increase sensing amplitude and gauge factors. Moreover,
users can optimize the sensor for different finger joints,
and customize the number of fingers or joints to use, as
demonstrated in projects with three [66] or six fingers [67].
Our findings show that a smaller number of joints indicates
fewer variables needed for sensing. This yields more accurate
numerical results under the same computational resources.
Therefore, if we can identify appropriate frequencies for joint
use from previous research, we can reduce the fabrication
of some joints in the sensor, achieving more precise motion
prediction. We anticipate that these designs will advance the
development of multi-DoF deformation sensors.

VIII. LIMITATIONS AND FUTURE WORK

While our study presents significant advancements, it also
uncovers certain limitations that pave the way for future
research. Firstly, we observed a marginal decrease in sens-
ing accuracy (about 5%) with the addition of extra sensing
locations. Although this reduction is not substantial, it does
affect the sensor’s ability to detect multiple degrees of freedom
accurately. Future research should explore the use of more
advanced materials (e.g., hybrid conductive fillers) [68], the
optimal ratio of conductive elements, and more suitable learn-
ing algorithms to minimize this error rate.

Secondly, when users wear the sensors for the first time,
they have to perform an on-the-fly calibration [35] to compen-
sate for the hysteresis problem, which may undermine the user
experience. Future efforts will be directed toward developing
advanced circuitry and algorithms to further compensate for
the hysteresis, enhancing the overall accuracy and reliability
of the sensors.

Thirdly, the time taken for sensor fabrication is another area
for improvement. Achieving consistency in material mixes
and maintaining accurate ratios during the fabrication process
present challenges that future research will need to address.

In summary, future work will refine our sensor design
by optimizing materials, compensating for hysteresis, and
streamlining the fabrication process. These improvements aim
to enhance the sensor’s performance and usability and could
also potentially help address VR occlusion by providing
an on-body signal that complements camera-based tracking,
thereby improving tracking robustness, interaction continuity,
and overall user comfort and immersion [69]-[71].

IX. CONCLUSION

This paper explored the design and fabrication of multi-
DoF epidermal bend sensors using flexible resistive patterns.

Our method was inspired by traditional uniaxial sensors, but
instead achieves multi-DoF sensing. The approach combines
resistive sensing techniques with accessible fabrication meth-
ods to create deformation sensors. Additionally, we showcased
a four-degree-of-freedom sensor with 95.4% of measurements
falling within +2.798° of ground truth. We also demonstrated
comprehensive experimental validation for the proposed multi-
DoF sensing patterns. Future work will aim to further refine
the fabrication process and material optimization. Overall, this
research contributes to advancing wearable sensor technology,
combining innovation with practical, accessible design and
setting the stage for developments in soft, conformal sensing.
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