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ABSTRACT

Sensors that capture diverse environmental information are crucial in the elemental technology driving the Fourth Industrial
Revolution. However, the trade-off between sensitivity and working range exhibited by conventional sensors results in limitations
when the target stimuli deviate from their predesigned specifications. Thus, single sensors with adjustable performance char-
acteristics must be developed to satisfy functionality requirements in diverse environments. In this study, a Tunable Usability-
Nourished Electrostatic-based self-powered force sensor (TUNE sensor) is introduced to overcome the limitations of the fixed
detection performance of a single sensor. The tunable sensing performance of the TUNE sensor is achieved via mechano-guided
geometrical adaptation of its three-dimensional (3D) structure formed via mechanical buckling. Continuous and reversible shape
changes in the 3D structure allow modulation of the stiffness of the TUNE sensor, resulting in tunable sensing performance
(sensitivity of 0.53~1.08 nC/N and working range of 1.01~0.35N). The effectiveness of the tunable sensing performance is demon-
strated through its implementation in a reconfigurable electronic scale and robotic sensing. This mechano-guided geometrical
adaptation strategy offers the potential for extending the use of sensors in multivariate environments and providing new oppor-
tunities for intelligent sensing systems in various applications.

1 | Introduction [1-4]. Mechanical sensors that detect mechanical loads, includ-
ing force, pressure, and strain, have been successfully applied in
Elemental technologies, such as big data, artificial intelli- various fields, such as wearable electronics, health monitoring,

gence, and the Internet of Things, drive the Fourth Industrial robotics, and human-machine interfaces [5-16].

Revolution and pave the way for an intelligent world. Because

these technologies require considerable amounts of information, The performance of a mechanical sensor is determined by its
sensors that acquire diverse external data from the surrounding mechanical, geometrical, and morphological properties [17-20].
environment are essential for the Fourth Industrial Revolution Because most mechanical sensors possess unalterable properties,
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key performance metrics such as sensitivity and working range
are impossible to modify after fabrication. In particular, the sen-
sitivity and working range of a single sensor inherently exhibit
a trade-off [21]. Hence, if the target stimulus deviates from the
designed performance range of a single sensor, precise measure-
ment may become challenging or observation may even be infea-
sible in some cases. Therefore, the demand for sensors capable of
operating in various environments necessitates the development
of devices with tunable properties [22-27]. This tunability en-
ables the sensor to achieve the desired performance, tailored to
specific application requirements.

Physical intelligence, which encodes capabilities such as control,
actuation, adaptation, and memory into devices, has recently
emerged as an important research area [28]. Among these capa-
bilities, “adaptation”, which allows a device to adjust to multilat-
eral factors, is achieved via structural design, mechanisms, and
functional materials. Representative examples include a medi-
cal robot with shape reconfigurability that can navigate through
complex and narrow pathways and a chameleon-inspired cam-
ouflage robot that uses thermochromic liquid crystals to match
its color to that of its surroundings [29, 30]. This exploration
of adaptation helps in developing devices suitable for intellec-
tualization. Consequently, research on the adaptability of me-
chanical sensors, which play a key role in the Fourth Industrial
Revolution, is essential for expanding their range of applications.

In this study, we propose a Tunable Usability-Nourished
Electrostatic-based self-powered force sensor (TUNE sensor)
that alters its geometry to adjust its sensitivity and working range
as required. The TUNE sensor utilizes a three-dimensional (3D)
structure formed through a mechanically guided geometry trans-
formation based on buckling. The mechano-guided geometrical
adaptation of the 3D structure reversibly controls its shape and
stiffness, imparting tunability to the sensing performance of
the device. The TUNE sensor operates in a self-powered man-
ner via force-to-charge transduction using an electret, which is
a polymeric material with embedded electrostatic charges. The
mechanical behavior of the 3D structure is dimensionally ana-
lyzed to provide intuitive design considerations. The potential of
the TUNE sensor with tunable sensing performance is success-
fully demonstrated through an on-demand adjustable electronic
scale. The mechano-guided geometrical adaptation approach
lays the foundation for intelligent sensing systems for e-skin, the
Internet of Things, and robotics.

2 | Results and Discussion

2.1 | Mechanically Reconfigurable 3D Structure
Design for TUNE Sensor

The tunability of the sensing performance of the TUNE sensor
is accomplished using a mechanically guided geometry trans-
formation process that creates a complex 3D structure from a
two-dimensional (2D) planar structure. After fabricating a 2D
precursor consisting of polyimide (PI), an electrode, and an elec-
tret, the prepared 2D precursor is selectively attached to a biax-
ially prestrained elastomer (Figure 1a). Then, as the prestrain
(€pre =0.5) applied to the elastomeric substrate is released, and
compressive force by elastomer is transmitted to the 2D precursor.

Mechanical buckling occurs in the 2D precursor owing to the com-
pressive force, resulting in a 3D structure (Figure 1b). The inset in
Figure 1b shows an image of the TUNE sensor with a table-like
3D structure. Here, the table-like shape is designed to allow the
structural degrees of freedom to move up and down as much as
possible, because the TUNE sensor focuses on normal force. The
electret used to fabricate the sensor is a polymer with artificially
injected negative charges (Figure S1 in Supporting Information),
which provides the sensor with a self-powered function by gener-
ating charge transfer between the two electrodes. Therefore, when
a force is applied perpendicular to the 3D structure, an electrical
signal corresponding to it is generated (Figure 1b).

The mechanically guided geometry transformation utilized
to fabricate the TUNE sensor facilitates the manufacture of
complex 3D structures and has recently been used to develop
electronic devices based on them [31-39]. This is attributed to
the unique functions that 3D structures provide to electronic
devices such as energy harvesters and sensors. Interestingly,
the shape of the 3D structure configured using this fabrica-
tion method could be reversibly reconfigured depending on the
strain applied to or released from the elastomer substrate. The
structural reversibility of the 3D structure allows the TUNE sen-
sor to modulate its sensing performance, such as sensitivity and
working range. Figure 1c shows the geometry transformation
process of the mechano-guided geometrical adaptation and the
corresponding finite element analysis (FEA) of the table-like 3D
structure depending on the strain of the elastomeric substrate.
After the TUNE sensor with a fully popped-up 3D structure is
manufactured, the compressive force acting on the structure is
gradually released when tensile strain is applied to the elastomer
substrate. This mechanical trigger allows the 3D structure to re-
cover its original 2D configuration before buckling. Conversely,
upon releasing the applied strain, the compressive state is re-
introduced, thereby restoring the buckled 3D structure of the
TUNE sensor. These geometry transformations occur within
the elastic limit of PI, ensuring continuous and reversible shape
changes. It is worth noting that the extent of strain is related
to the height of the table-like 3D structure and the angle of its
leg. To further explain this geometrical reconfiguration of the
TUNE sensor, a numerical simulation (FEA) is performed. The
simulation results successfully predict the shape transforma-
tion, confirming the reliability of the mechanically guided de-
sign strategy (Figure 1c(iii)).

The mechano-guided geometrical adaptation imparts sensing
performance tunability to the TUNE sensor by affecting the
stiffness of the sensor device. The stiffness modulation based on
the geometrical change could be explained by the decomposi-
tion of the external load applied to the 3D structure. When a
load (P) is exerted on the TUNE sensor (Figure 1b), P is equally
distributed on each leg of the table-like 3D structure (P = 4P,
where Py, is the load for a single leg). Considering P,,, as shown
in Figure S2, P, is decomposed into the components of force
perpendicular (P;,,) and parallel (Py,,) to the leg, which has
the following relationship with the angle between the leg and
ground (6):

P Lleg = P,eg cos 6 )

P, leg = P,eg sin 6 ®)
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FIGURE1 | Mechano-guided geometrical adaptation of the 3D structure of the TUNE sensor. (a) Selective bonding of the 2D precursor onto the
prestrained elastomeric substrate before the mechanically guided geometry transformation process. (b) Fabrication of the TUNE sensor via mechani-
cally guided geometry transformation. Buckling is induced by the compressive force generated from releasing the prestrain of the substrate. The inset
shows the actual image of the fabricated TUNE sensor. (c) Schematic illustration and FEA of the mechano-guided geometrical adaptation of the 3D
structure of the TUNE sensor. Mechano-guided geometrical adaptation by applying and releasing strain on the substrate controls the stiffness and

height of the 3D structure.

In particular, P,;,, induces bending of the leg, which displaces
the central part of the 3D structure. According to Equation (1),
P, increases with 6, implying that under the same loading
condition, the displacement of the central part depends on
the 3D structural shape. Therefore, the stiffness of the sensor

device can be controlled using mechano-guided geometrical ad-
aptation. Therefore, as the strain on the substrate is released,
the popped-up 3D structure stiffens. In contrast, applying
strain to the elastomer allows the structure to have compliant
characteristics.
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FIGURE2 | Self-powered sensing mechanism of the TUNE sensor. (a) Schematic illustration of the central part of the TUNE sensor with the in-
tegrated electret. (b) Theoretical induced charge on electrode 1 as a function of air gap distance. (c) Self-powered sensing mechanism based on the
electrostatic induction. The leg parts of the TUNE sensor act as springs and are represented simply as a spring mark. (d) Numerical simulation for the

electric potential distribution in the central part of the TUNE sensor.

Consequently, the mechano-guided geometrical adaptation en-
ables continuous and reversible modulation from stiff-tall to
compliant-short properties by controlling the 3D configuration
of the table-like structure. Such structural reconfigurability
could become a foundational mechanism for tuning the sensi-
tivity and working range of the TUNE sensor.

2.2 | Electrostatic Charge-Driven Sensing
Mechanism of TUNE Sensor

As described above, the proposed TUNE sensor outputs an
electrical signal via an electrostatic charge within the electret
when force is applied. To explain the transduction mechanism

between the force and electrical signals by the electret, the cen-
tral part containing the electret, excluding the leg parts of the
TUNE sensor, is shown in Figure 2a. According to Gauss's law
and Kirchhoff's second law, the amount of positive charge in-
duced in electrodes 1 and 2 that make up this device can be ex-
pressed as [40-42]:

bl
2e £,y
opn = t 3 t, o (3)
L2442
3 £ £
L) 5
2e £
0y = —O 4
i2 fy + 4 L ( )
3 £ £
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The detailed derivation of Equations (3) and (4) is presented
in Supplementary Note N1 (Supporting Information). Here,
o is the amount of negative charge inserted into the electret;
ty, 1, and t, represent the thickness of the electret, air gap dis-
tance, and the thickness of the PI, respectively; and &, ¢,, and
&, are the dielectric constants of fluorinated ethylene propylene
(FEP, raw material of the electret), air, and PI, respectively. As
shown by Equations (3) and (4), the amount of positive charge
induced in each electrode depends on ¢, because the remaining
parameters are constant in a single device. Additionally, sum-
ming Equations (3) and (4) confirms that the amount of posi-
tive charge induced into electrode 1 and the amount of positive
charge flowing out of electrode 2 are the same. Therefore, the
amount of charge induced in electrode 1, which depends on the
displacement of the upper part containing the electret, follows
the theoretical trend shown in Figure 2b. Furthermore, consid-
ering the sensing mechanism of the TUNE sensor, the amount
of charge within the electret, which is influenced by the raw ma-
terial, determines the amount of positive charge induced in the
electrode by the electret [40]. Therefore, the greater the charge
within the electret, the higher the output of the TUNE sensor at
the same force, resulting in high sensitivity. FEP, used in this
study, was selected because it has superior surface potential, a
measure of the amount of charge within the electret, compared
to other raw materials (Figure S3).

A schematic of the sensing mechanism of the TUNE sensor
based on electrostatic induction is shown in Figure 2c. When
an external force is applied to the TUNE sensor, the positive
charges distributed on the upper electrode move to the lower
electrode to maintain electrostatic equilibrium in the device
(Figure 2c(i-iii)). Upon releasing the force applied to the TUNE
sensor, the electret recovers its original position owing to the re-
storing force provided by the deformed leg part of the 3D struc-
ture, which causes the positive charges in the lower electrode
to return to the upper electrode (Figure 2c(iii-v)). The induced
charge movement through the series of mechanisms generates
the electrical signal. This electrical phenomenon is numeri-
cally predicted from the electric potential distribution shown in
Figure 2d. Additionally, this simulation result confirms that the
positive electric potential at the lower electrode becomes stron-
ger with decreasing t,.

2.3 | Mechanical Analysis of the 3D Structure
With Mechano-Guided Geometrical Adaptation

As discussed in the sensing mechanism of the TUNE sensor, the
external force and corresponding electrical output signal of the
device are directly related to the displacement of the central part
of the 3D structure. In terms of mechanics, the relationship be-
tween the force and displacement is associated with the stiffness
of the 3D structure. Considering that stiffness, which is the prop-
erty of a structure to resist deformation under load conditions, is
closely related to the sensitivity and working range of a mechanical
sensor, exploring the mechanical relationship between force and
displacement according to the design parameters of the 3D struc-
ture is desirable. However, unlike the general structures, such as
beams considered in solid mechanics, the 3D structure used in the
TUNE sensor possesses a complex shape, making the general anal-
ysis of force and deformation difficult. Therefore, for an intuitive

mechanical analysis of complex 3D structures, a dimensional
analysis is performed to obtain a qualitative relationship. Figure 3a
shows the physical quantities, such as the material properties and
sensor dimension parameters, for the mechanical analysis. Here, P
is the external force applied to the sensor; u is the displacement of
the sensor deformed by P; €, is the strain applied to the elastomer
substrate after manufacturing the sensor; and L, ¢, w, and E de-
note the length, thickness, width, and Young's modulus of the leg
part (composed of PI) of the 3D structure, respectively. The basic
units of the above physical quantities are as follows: P~[N], e ,~[1],
L~[m], t~[m], w~[m], and E~[N/m?]. Using the Buckingham =
theorem, these physical quantities can be non-dimensionalized by
selecting E and L as repeating variables, resulting in the following
force-displacement relation in a dimensionless form:

P u tw
E—d’(z,fa,z,I) )

where P/EL?% u/L,t/L, and w/L denote the non-dimensional
force, displacement, thickness, and width, respectively.
Therefore, the relationship between P /EL? and u /L is investi-
gated for the remaining dimensionless variables.

Figure 3b shows the relationship between P /EL? and u /L de-
pendingong,. Inthisgraph, theslopeindicates non-dimensional
stiffness of the 3D structure, implying that the 3D structure
becomes increasingly compliant to loads as g, increases.
Therefore, the stiffness of the 3D structure weakens as strain
is applied to the elastomer substrate, and the displacement in-
creases for the same load. The behavior of the non-dimensional
stiffness (K,,,,_q4> Slope obtained by linearly fitting the relation-
ship between the data in Figure 3b) of the 3D structure as a
function of €, is intuitively shown in Figure 3c, with the change
of the non-dimensional height (h /L, where h is the height of
the 3D structure) of the 3D structure. This result for the height
displays the same trend as the numerical simulation analysis in
Figure 1c(iii). Considering the mechanism of the TUNE sensor,
understanding the factors that indicate the degree to which a
structure is likely to be deformed by an external force is help-
ful. This factor is called compliance and is expressed as the in-
verse of the stiffness (Figure S4). As shown in Figure 3c,d, the
non-dimensional compliance (C,,,_,) and K,,,,_4 exhibit oppo-
site tendencies with &,. Furthermore, controlling C,,,,_4 by €,
modulates the critical load that the 3D structure can withstand
without collapsing. Here, the critical load is determined by the
unique mechanical behavior of the 3D structure. As shown in
Figure S5, increasing the displacement of the 3D structure in-
creases and then decreases the load supported by the structure.
Since the portion where the load decreases cannot be utilized
as a sensor, the maximum resistive load is determined as the
critical load (meaning working range). As shown in Figure 3d
and Figure S4, the non-dimensional critical force (P, ,,,_4) de-
creases as g, increases. Interestingly, C,,, 4 and P, ,,, 4 have
a trade-off relationship, and both are related to the sensitiv-
ity and working range of the TUNE sensor. Thus, the stiff 3D
structure tolerates relatively severe loading well, whereas the
compliant 3D structure is significantly deformed under rela-
tively mild conditions. Therefore, the sensitivity and working
range, which are important sensing performances of the sensor,
can be adjusted through mechano-guided geometrical adapta-
tion of the 3D structure.
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FIGURE 3 | Mechanical analysis of the 3D structure featuring mechano-guided geometrical adaptation. (a) Parameters used in the dimensional
analysis of the mechanical response of the 3D structure. (b) Relationship between the non-dimensional force (P / EL?) and the non-dimensional dis-
placement (u /L) according to the applied strain (¢,). (c) Non-dimensional stiffness (K,,,_4) and non-dimensional height (h / L) of the 3D structure

according to ¢,. (d) Non-dimensional compliance (C,,,_,) and non-dimensional critical force (P, ,,,_4
P

C.

) of the 3D structure according to €,. C,,,_q and
non—q €xhibit a trade-off relationship. (e-f) Relationships between u /L and P / EL? according to the non-dimensional thickness (¢ /L) and the non-
dimensional width (w /L). Each solid line represents a linear fit to the corresponding dataset, with all R-squared values exceeding 0.97. (g-h) Effect
of dimensionless variables (t /L and w /L) on C,,,_,4 Each solid line represents a linear fit to the corresponding dataset, with all R-squared values
exceeding 0.99. The detailed R-squared values corresponding to all linear fits in Figure 3 are provided in Table S1.

The mechanical analysis of the 3D structures for ¢t /L and
w/L that can be addressed in the design process is con-
firmed as shown in Figure 3e,f. The slopes in Figure 3e,f
represent C,,,_4 Which exhibits an increasing trend as each
dimensionless variable decreases. Thus, stiffening increases

with t /L and w/L, and relatively less deformation occurs be-
cause of loading. Considering the results in Figure 3d-f, the
relationships between C,,,_4 and €,, t /L, and w /L can be or-
ganized as shown in Figure 3g,h and Figure S6 and expressed
as follows:
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FIGURE 4 | Tunable sensing performance and response characteristics of the TUNE sensor. (a) Output behavior of the TUNE sensor under ex-

ternal force, with respect to €,. (b—c) Sensitivity and working range of the TUNE sensor for each ¢, exhibiting a trade-off relationship. (d) Output

characteristics of the TUNE sensor under different accelerations of the external force. (e) Response and recovery times of the TUNE sensor. (f) Static

sensing characteristics of the TUNE sensor under periodic loading.
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where «a is the proportional constant. Here, it should be noted
that the linear fitting of data about (t/L)™* and (w/L)™* shows a
strong linear relationship with R-squared values exceeding 0.99,
but the case of £, shows a relatively low linear relationship.
Nevertheless, this analysis result will help to understand the
mechanical behavior of complex 3D structures. The intuitive de-
sign guidelines obtained through dimensional analysis can be
used to manufacture TUNE sensors suitable for various multi-
variate environments.

When employing this 3D structure as a sensor, its long-term me-
chanical stability and fatigue resistance are important factors to
consider, as they are closely related to the stress in the structure.
The primary deformation of this structure is bending of the leg
parts, as shown by the simulation results in Figure S7. From a
mechanics-of-materials perspective, the maximum bending
stress (0,,,4,) in a leg part is calculated as follows:

max = 7€ (7)

where M is the bending moment (related to load), I is the area
moment of inertia (related to t and w), and ¢ is the maximum dis-
tance from the neutral axis (related to t). Therefore, the stress in
the leg parts of the structure is dominated by ¢t and w (related to
I and ¢). Therefore, adjusting these structural parameters to re-
duce stress can contribute to the long-term stability and fatigue
resistance of this sensor.

2.4 | Tunable Sensing Performance and Response
Characteristics of the TUNE Sensor

Figure 4 shows the sensing performances of the fabricated
TUNE sensor. Figure 4a shows the electrical output transduced
from the external force through the TUNE sensor of various
£,- The TUNE sensor at low ¢, detects a relatively high loading
range; however, a more sensitive response occurs as £, increases.
This result is attributed to compliance control according to €,
as confirmed by the mechanical analysis of the buckling-based
3D structure. Interestingly, the nonlinear behavior between
the input and output of the TUNE sensor originates from the
relationship between the displacement and induced charge,
as shown in Equation (3) and Figure 2b. Although the sensor
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exhibits a nonlinear input-output relationship, it is feasible
to utilize different practical applications through electrome-
chanical coupling of the electrostatic-induction mechanism
model (Figure 2b) and the mechanical response analysis of
the 3D structure (Figure 3). Although the TUNE sensor can
successfully control its sensitivity and working range through
mechano-guided geometrical adaptation, repeated mechano-
guided geometrical adaptation may affect its performance. In
this regard, as shown in Figure S8, the behavior of the TUNE
sensor before and after 10cycles of mechano-guided geometri-
cal adaptations is compared. In both states of £,=0 and 0.45,
no significant difference is measured between before and after
10cycles. However, from a practical perspective, repeating more
mechano-guided geometrical adaptations may have negative
effects due to fatigue of the structure and substrate, so further
research from a practical perspective is necessary.

The voltage, current, and power of the TUNE sensor shown in
Figure S9 indicate that this sensor converts force into a practical
electrical signal. The electricity generated by the TUNE sensor
can power a commercial LED device without requiring additional
energy (Figure S10). Figure 4b,c show the sensitivity and working
range of the sensor as tuned by ¢,; these performance factors cor-
respond to the slope and maximum x-value in Figure 4a, respec-
tively. The results imply that the sensitivity and working range,
which can be continuously controlled by ¢,, exhibit a trade-off
relationship. In contrast to the simple, dichotomous tunability
of sensing performance, either toward high sensitivity or a wide
working range, achieved via phase-change materials in previous
studies [43-45], the TUNE sensor allows the continuous tuning of
performance through a mechanical trigger.

Additionally, the performance related to the dynamic and static
responses of the TUNE sensor is investigated. The sensor device
outputs a stable electrical signal without being affected by var-
ious accelerations under the same load, indicating the excellent
dynamic stability of the device output (Figure 4d). In Figure 4e,
the response and recovery times of this sensor are 0.14 and 0.22s,
respectively. Notably, the limited sampling rate of our measure-
ment equipment hindered accurate measurements of the re-
sponse and recovery times. In addition to the dynamic response,
the static response of the sensor is an important performance
feature that requires investigation. Figure 4f shows the excellent
static response of the TUNE sensor for loading-unloading at 3s
intervals.

Furthermore, the electret is a critical element in maintaining
a stable sensor signal. According to previous literature on elec-
trets, charges within electrets can escape over time [40, 46]. This
charge dissipation depends on the raw material of the electret
(Figure S11). The FEP used in this study exhibits the relatively
highest initial surface potential and retention rate, but the reten-
tion time is short. Environmental factors can also affect electrets.
According to existing literature [47], the surface potential of the
electret decreases under high temperature and high humidity,
and this surface potential is related to the charge injected into
the electret. Therefore, improving this environmental impact is
important, as the electrostatic signal of the sensor can become
unstable under high-temperature and high-humidity environ-
ments. According to a previously reported study by our group
[48], utilizing an annealing process with the corona charging

process can stably maintain charges within the electret under
conditions of long time and high humidity. Thus, the fabrication
method may allow the TUNE sensor to generate a stable output.
In addition to time and humidity, further research is needed to
explore the effects of temperature and surface contamination
and how this can be reduced.

2.5 | Potential of TUNE Sensor as an Advanced
E-Skin

The TUNE sensor, which enables tunable sensitivity and
working range through mechano-guided geometrical adap-
tation, can be applied to advanced forms of e-skin, an appli-
cation of information and communication technologies, such
as the Internet of Things and robotics. A tunable electronic
scale using the TUNE sensor is demonstrated representatively
to investigate its potential as an advanced e-skin (Figure 5).
Figure 5a shows the actual image and performance of the
TUNE sensor in the tolerant mode, which has a low sensitivity
but a wide working range. The sensitive-mode TUNE sensor,
whose sensing performance is opposite to that of the tolerant
mode, is realized by applying strain to the elastomer substrate
(Figure 5b). Figure 5c,d show the actual deformed shape and
corresponding response of the sensor that appear when a mass
of 50, 20, 10, or 0.2g is loaded on the TUNE sensor of each
mode. Although the tolerant-mode sensor sufficiently detects
a mass of 50 g, owing to the high stiffness of the 3D structure,
it does not exhibit a clear response to a load of 0.2 g (Figure 5c).
In contrast, a sensitive mode sensor with a highly compliant
3D structure responds to a load of 0.2g and outputs a high
electrical signal for masses of 20 and 10g. However, owing to
the weakness of the 3D structure, the structure collapses at
a load of 50g (Figure 5d). Based on these data, a calibration
curve and quantitative model are derived (Figure S12). This
demonstration confirms that the mechano-guided geometrical
adaptation utilized in the TUNE sensor effectively overcomes
the limitations of single-mode sensors with fixed sensing
performance.

In practical application scenarios utilizing the TUNE sensor,
deciding the approach to control strain is a key point. The
pneumatic method of actuating an object using air pressure
is suitable for the mechanical triggering method of the TUNE
sensor, which is intended for use as an e-skin, due to the light-
ness of air. Figure 6a shows the TUNE sensor being controlled
by air pressure. When air inflation applies strain to the sub-
strate, the TUNE sensor enters sensitive mode. When the air
deflates, the TUNE sensor returns to tolerant mode. Figure 6b
shows the output of the TUNE sensor in each mode controlled
by air pressure. As an application scenario for the TUNE sen-
sor integrated with a pneumatic system, a robotic sensing sys-
tem for human safety and stable operation is proposed. The
pick-and-place process, commonly used in robotic manufac-
turing, involves the robot picking up a product, moving it to
a specific location, and placing it there (Figure 6c). In these
robotic environments, collisions between humans and robots
can lead to serious accidents. To prevent this, the TUNE sen-
sor can be used for robotic sensing. If a robot equipped with
a TUNE sensor in tolerant mode collides with a human, the
collision will be detected, but its low sensitivity will cause a
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FIGURES5 | Potential of practical application of the TUNE sensor: Tunable electronic scale. (a-b) Actual images, FEA models, and specifications
of the TUNE sensor in tolerant and sensitive modes. (c) Actual image and output signals of the tolerant mode TUNE sensor under various loading
conditions. The tolerant mode TUNE sensor shows no response to a 0.2g load. (d) Actual image and output signals of the sensitive mode TUNE sen-
sor under various loading conditions. The 3D structure of the sensitive mode TUNE sensor collapses under a 50g load.

slow stop response of the robot, potentially resulting in injury
(Figure 6d). In contrast, a TUNE sensor in sensitive mode by
air inflation enables rapid robot control through high sensi-
tivity, while the cushioning effect of the air ensures human

safety (Figure 6e). Furthermore, to ensure stable operation
of the robot in unmanned environments, the sensor can be
switched to tolerant mode, preventing it from reacting to any
nugacity.
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This poses a risk of injury to humans. (e) In sensitive mode, contact with a human is quickly detected due to high sensitivity. The air cushioning

keeps the human safe.

Based on the proposed scenario, latency and signal process-
ing are issues that must be considered for the implementation
of the TUNE sensor integrated with a pneumatic system as
a practical robotic sensing application. By considering these
issues, the process from sensor signal output to robot feedback
can be carried out smoothly. Furthermore, multi-directional
and dynamic force analysis must be considered because the
movements of actual robots are not simple, and a comparison
with existing commercial force sensors is necessary. These is-
sues should be addressed in future applied research for the
practical application of the proposed scenario, beyond the
present basic research.

The strategy of the TUNE sensor, which has shown proof-
of-concept as an electronic scale and proposed a potential
scenario for robotic sensing, is expected to facilitate the de-
velopment of advanced e-skin suitable for future intelligent
systems.

3 | Conclusion

The TUNE sensor is introduced to overcome the limitations of the
fixed detection performance of a single sensor by enabling mod-
ulation of the sensitivity of 0.53~1.08 nC/N and working range of
1.01~0.35N (4.48 to 1.57kPa as a pressure). The sensing perfor-
mance of the TUNE sensor is tuned through stiffness control based
on mechano-guided geometrical adaptation of its 3D structure.
Because tunability is discrete in previous studies that focused on
phase change, the proposed approach is distinguished by continu-
ous and reversible performance regulation. Furthermore, the intu-
itive mechanical understanding of complex 3D structures provides
design and utilization guidelines for mechano-guided geometri-
cal adaptation. Adjustment of the sensitivity and working range
makes the TUNE sensor suitable for multivariate environments.
This novel mechano-guided geometrical adaptation approach of-
fers additional choices in research across application areas such as
energy harvesting and actuators, in addition to sensing systems.
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The inherent contradiction between the sensitivity and work-
ing range of traditional force sensors has been addressed by
the TUNE sensor proposed in this study, but a few limitations
exist. Compared to previous reports [42, 49], the TUNE sensor
has excellent sensitivity but a relatively narrow working range
(Figure S9). As shown in Figure S13, because the materials that
make up the 2D precursor of a TUNE sensor affect its work-
ing range, utilizing composites, shape memory polymers, and
gel-based materials may be helpful in sensor performance de-
velopment of further study. Moreover, this study achieved self-
powered conversion of external stimuli into electrical signals,
but external energy is still required to control performance.
Therefore, future research is expected to integrate energy man-
agement/storage circuit technologies and a strain loading sys-
tem with this TUNE sensor, enabling self-performance control.

4 | Materials and Methods

4.1 | Fabrication of TUNE Sensor Using
Mechanically Guided Geometry Transformation

The 2D precursor used to transform to the 3D structure of the
TUNE sensor was prepared by blade cutting the layered raw ma-
terial to which the PI, electrode, and electret were attached to
the desired shape using a cutting machine (Silhouette CAMEO4,
Silhouette). To apply a compressive force to the 2D precursor,
the elastomer substrate (Dragon Skin 20, SMOOTH-ON) was
stretched using a custom mechanical stretching system. The
prepared 2D precursor was selectively attached to the pre-
stretched substrate using a commercial adhesive. By releasing
the prestrain loaded onto the elastomeric substrate, the 2D pre-
cursor was transformed into a complex 3D structure, resulting
in the TUNE sensor.

The general dimensions of PI used to fabricate the sensor were
as follows: L=1cm, t=t,=75um, and w=3mm. The electret
was square, with dimensions of 1cm X 1cm and a thickness of £
=250pum. The material properties of PI, namely, E and ¢,, were
2.5GPa and 3.4, respectively. Additionally, the dielectric con-
stants of FEP (¢) and air (g,) were 2.1 and 1.00059, respectively.

4.2 | Electret Fabrication by Corona Charging

The electret was manufactured by artificially injecting elec-
tric charges into the dielectric film (FEP) through the corona
charging method (Figure S1). The FEP was placed on a grounded
plate-type electrode, and a pin-type electrode was placed at a dis-
tance of 3cm. A high voltage of —11kV was applied to the FEP
for 5min through two electrodes. At this time, the air around
the pin-type electrode was ionized, and the ions were artificially
inserted into the FEP, resulting in the formation of an electret
that semi-permanently formed an electric field around it.

4.3 | Finite Element Analysis for Mechano-Guided
Geometrical Adaptation

FEAwas conducted using commercial software (SOLIDWORKS)
to predict the structural changes of the TUNE sensor resulting

from mechano-guided geometrical adaptation. A numerical
simulation model was constructed with the same dimensions as
the actual sensor. Nonlinear analysis was conducted to account
for the large-deformation mechanics of the buckled structure,
and a blended curvature-based mesher was adopted. The aver-
age element size was 0.657 mm, with a total of 34157 elements
and 60869 nodes. To obtain a qualitative understanding of the
structural behavior, the material properties of PI were applied.
Moving boundary conditions at the selective bonding sites in
each direction were used to represent applying and releasing
strain. The simulation was carried out until the applied strain
reached 0.5.

4.4 | Measurement of Mechanical and Electrical
Response of TUNE Sensor

To observe the force-displacement mechanical behavior of
the TUNE sensor, an electronic scale (HS503, HANSUNG),
a custom indentor, and a z-stage were used. The z-stage was
used to control the height of the custom indentor, while the
electronic scale was used to measure the corresponding force.
A specially manufactured pushing tester (JIPT-110, JUNIL
TECH, Korea) was used to apply force to the TUNE sensor
for electrical response measurements. The electrical output of
the TUNE sensor was measured using an electrometer (6514,
Keithley).
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Electret fabrication and the
electric field generated by the electret. (a) Corona charging system used
for electret fabrication. (b) Schematic illustration of the electric field
generated by the electret. Figure S2: Decomposition of force applied
to the 3D structure of the TUNE sensor. 6, and 6, denote the angle be-
tween the leg of the 3D structure and the ground in the stiff and compli-
ant structures, respectively. Within the strain region considered in this
work, the angle between the leg of the 3D structure and the ground var-
ies from 0° to 90°. Figure S3: Surface potential of electrets according to
raw materials. Figure S4: Relationship between the non-dimensional
displacement (u/L) and the non-dimensional force (P /EL?) accord-
ing to the applied strain (e,). (@) £, =0.0. (b) £, =0.2. (¢) £, =0.4. (d)
£, =0.45. The slope and maximum x-value in each graph correspond
to the non-dimensional compliance (C,,,_4) and the non-dimensional
critical force (P, ,,,_q), respectively. Figure S5: Interesting mechanical
behavior of 3D structure used to TUNE sensor. As the displacement
of the 3D structure increases, the force supported by the structure in-
creases and then decreases. The working range of the sensor is selected
to be the maximum force that does not cause the structure to collapse.
Figure S6: Effect of dimensionless variable ¢, on C,,,,_4. The solid line
represents a linear fit to the corresponding dataset. The R-squared value
is 0.88. Figure S7: Von Mises stress distribution within the 3D structure
of the TUNE sensor. Most of the large stress is concentrated in the leg
part, which is attributed to bending. Figure S8: Behavior of the TUNE
sensor before and after 10cycles of mechano-guided geometrical adap-
tation. (@) TUNE sensor with £, =0. (b) TUNE sensor with ¢, =0.45.

Figure S9: Various electrical outputs of the TUNE sensor (¢, =0.45). ()
Voltage depending on force. The sensitivity is 4.66 V/N (=1.05V/kPa).
(b) Current depending on force. (c) Power depending on force. Figure
$10: Demonstration of powering an LED from electricity generated by
applying a force on the TUNE sensor. (a) Setup. The TUNE sensor and
LED are directly connected without any additional electronic compo-
nents. LED off during non-loading force. (b) LED on when loading force.
Figure S11: Charge stability of electrets depending on raw material.
Figure S12: Calibration curve and quantitative model of the electronic
scale application. This result is obtained through data in tolerant mode
and has an R-squared value of 0.97. Figure S13: Force sensing behav-
ior of a TUNE sensor fabricated with PLA instead of PI (¢, =0.0). The
PLA-based sensor has a 150% improved working range compared to the
PI-based sensor. The Young's modulus of PLA is 3.2 GPa. Table S1: The
detailed R-squared values corresponding to all linear fits in Figure 3.
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