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Abstract: As a platform to construct the next-generation flexible
strain and force sensors, anisotropic hydrogels have recently
attracted considerable attention, with an expectation that they NE o et
would visualize the anisotropic motion of biological systems in a DR R R R
direction-specific manner. To date, a number of anisotropic
hydrogels have been developed with an intensive pursuit to : Poly-acrylamide
improve their practical performance, so that their composition,
preparation, and structure have become increasingly complex « Two Components
over the years. In fact, most of these anisotropic hydrogels are o Well-defined Structure
prepared from many components including naturally occurring High Orientation
materials, using multiple steps that often require skillful control ::gn Ei:ir(m)ggntyeity
of kinetic events. Therefore, although some of them show good s Anlgotroplc Properties
performances, their complicated and unclear structures make it Elastic Modulus
difficult to elucidate the relationship between structure and lon Conductivity

. Nanostructural Change
properties. As an approach complementary to such trend, here we
report a very simple anisotropic hydrogel that would provide a versatile platform for flexible sensors with
directional sensing capability. This hydrogel was simply prepared by one-pot reaction from two components, i.c.,
by magnetic orientation of titanate nanosheet (TiNS) in water and subsequent in-situ formation of a polyacrylamide
network. In the resulting hydrogel (TiNS-gel), TiNS platelets were arranged in a lamellar structure with highly
oriented, periodic, and homogeneous state. Due to such structure, TiNS-gel exhibited remarkable anisotropy in
tensile modulus, nanostructural transformability, and ionic conductivity. Furthermore, TiNS-gel changed its
electrical resistance upon tensile deformation, demonstrating its potential utility as a flexible strain and force sensor.
TiNS-gel, characterized by easy synthesis, simple composition, well-defined structure, and various anisotropic
properties will serve as a useful platform for developing flexible devices with direction-selective strain and force
sensing capabilities.
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1. Introduction

Hydrogels, a class of soft and flexible polymer networks that retain abundant water, have attracted
considerable attention as attractive materials for constructing advanced devices [1-3]. Their inherent flexibility,
tunable physical properties, and biocompatibility make hydrogels promising platforms for wearable electronics,
soft robotics, and bio-integrated systems [4,5]. In fact, some hydrogels can conform to complex shapes, respond
to external stimuli, and provide mechanical or electrical feedback, suggesting their potential use in flexible and
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wearable devices. Compared to other soft elastomers, an additional advantage of hydrogels is their similarity to
biological tissue [6,7], which allows for seamless integration with human skin or other soft interfaces, leading to
various applications such as motion monitoring, pressure sensing, and dynamic force detection [8—10].

Traditionally, hydrogels with isotropic structures have been used for such flexible sensors [11,12], while
recently, hydrogels with anisotropic structures and properties [13—-20] have attracted considerable attention due to
their potential to visualize anisotropic motion of biological systems in a direction-specific manner. For this aim,
various anisotropic hydrogels have been developed in these years [21-37]. Some of them exhibit excellent sensing
ability, such as high sensitivity [25,28], rapid sensing [24], repeatability [26,31,34], and strain—signal linearity
[34]. Remarkable progress has also been made in mechanical properties, including enhanced modulus [23],
stretchability [24,25], fracture strength [23,29] and fracture energy [33]. Additional functions have also been
realized, including moisture-electric generation [21], self-healing [22,23], swelling resistance [26,30], photo
responsiveness [35], and magnetothermal conversion [36]. Further advanced applications have also been pursued,
including action signal prediction and classification driven by machine learning [27], and in vivo intraspinal neural
recordings [31].

However, most of them have been designed with a focus on practical performance only, so that their
preparations, compositions, and structures have become increasingly complex over the years. In fact, most of these
anisotropic hydrogels are composed of three or more components, including biomass-derived materials (white
wood [21-23], cellulose nanofiber [24], chitosan [24], sodium alginate [25,26], etc.) that tend to have different
properties depending on their origin. In addition, these components are assembled through many steps that often
require the skillful control of kinetic events (delignification [21-23], infiltration [21-23,27], spinning [24], pre-
stretching [25-32], post metal chelation [25-30,32], salt out [33], directional ice growth [33,34], etc.).
Consequently, the resulting hydrogels tend to have complex and ambiguous internal structures, whose structural
anisotropy and uniformity are not always quantitatively evaluated. There may also be a potential risk in the quality
control of such hydrogel samples, since their properties tend to depend on the purities of the plant-derived
components and the skill of operators etc. Under such circumstances, even though some of them show good
performance, their complicated and unclear structures make it difficult to elucidate the relationship between
structures and properties.

To address this situation, here we report a very simple anisotropic hydrogel that can provide a versatile
platform for the construction of flexible sensors with directional sensing ability. This hydrogel was obtained in a
one-pot reaction from two components, i.e., by magnetic orientation of titanate nanosheets (TiNS) [38,39] in water
and subsequent in-situ formation of a polyacrylamide network [13,40-44]. TiNS is a sort of monolayer single
crystal of TiOs octahedra with a ultrathin (0.75-nm thickness) and ultrawide (several-um width) shape, and is
magnetically orientable due to its anisotropic diamagnetic susceptibility [45,46]. The resulting gel (TiNS-gel)
exhibited remarkable anisotropy in tensile modulus and ionic conductivity. As a mechanism of tensile anisotropy,
the nanostructure of TiNS-gel was found to drastically change specifically in response to the stretching of the gel
perpendicular to TiNS platelets. Furthermore, TiNS-gel changed its electrical resistance upon tensile deformation,
demonstrating its potential utility as a flexible strain and force sensor. Given the clear relationship between its
structure and properties, TiNS-gel is a useful platform for developing flexible devices with direction-selective
strain and force sensing capabilities.

2. Materials and Methods

2.1. General

For deionization of aqueous dispersions of TiNS, a CF16RXII centrifuge equipped with a T15A41 rotor
(Hitachi Koki, Tokyo, Japan) was used. For magnetic alignment of TiNS, a JMTD-10T100 superconducting
magnet (Japan Superconductor Technology, Inc. (JASTEC), Kobe, Japan) with a bore of 100 mm was employed.
Photoinduced radical polymerization was initiated with an OPM2-502H high-pressure mercury arc lamp (500 W)
(USHIO, Tokyo, Japan). Small angle X-ray scattering (SAXS) measurements were conducted using a NANOPIX
3.5 m system equipped with a HyPix-6000 detector (Rigaku, Tokyo, Japan). Polarized optical microscopy (POM)
images were taken using an Eclipse LV100POL optical polarizing microscope (Nikon, Tokyo, Japan). Mechanical
tensile tests were performed using an ARES-G2 RW rheometer with a normal force sensor (TA Instruments, New
Castle, DE, USA). Electrical resistance measurements were performed using a Keithley 2450 source meter
(Tektronix, Beaverton, OR, USA).

Acrylamide (AAm) and N,N’-methylenebis(acrylamide) (BMAAm) were purchased from Tokyo Chemical
Industry (TCI), Tokyo, Japan. Tetramethylammonium hydroxide (TMAOH; 15% water solution) and 2,2-
diethoxyacetophenone (DEAP) were purchased from FUJIFILM Wako Pure Chemical, Osaka, Japan. The
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commercially purchased regents were used without purification. An aqueous dispersion of TiNS was synthesized
according to the literature [38,39]. Deionized water was obtained from a Millipore Milli-Q integral water
purification system (Merk Millipore, Burlington, MA, USA).

2.2. Preparation of TiNS-Gel

TiNS-gel was prepared by the procedure we reported previously [13,42]. Briefly, an aqueous dispersion of
TiNS was deionized by repeating the cycle of centrifugation of TiNS dispersion, collection of TiNS sediment, and
redispersion of TiNS sediment with deionized water 12 times [41]. The deionized aqueous dispersion of TiNS
(0.6, 0.8, or 1.0 wt%) was mixed with TMAOH (0.3 mM), AAm (6.0 wt%), MBAAm (0.06 wt%), and DEAP
(0.08 wt%) and then filled into a glass cell with 2 mm-thick. The cell was placed in the bore of a superconducting
magnet with applying a 10 T magnetic field applied in the in-plane direction of the glass-sandwiched cell for
2.5 h. The cell was then irradiated with a mercury arc light for 2.5 h to afford a film of TiNS-gel. For each of the
following experiments, the film was trimmed into rectangular strips of appropriate lengths and widths
(e.g., 12 mm x 3 mm) so that the alignment of TiNS platelets became perpendicular and parallel to the sides of the
rectangle (Figure S1).

2.3. SAXS Analysis

A strip of TiNS-gel was irradiated with an X-ray beam (CuKa, wavelength = 1.5418 A) in the direction
perpendicular to the film plane with the sample—detector distance of 1400 mm to collect a 2D scattering image,
where the scattering vector ¢ and the position of the incident X-ray beam were calibrated using the scattering
image of silver behenate as a standard sample. The 2D scattering image was converted into the corresponding
intensity—g  plot and intensity—azimuthal angle plot using Fit2D software version 18
(http://www.esrf.eu/computing/scientific/FIT2D/ (accessed on 1 July 2023)). For the intensity—azimuthal angle
plot, the scattering intensity was integrated along the Debye-Scherrer ring with the ¢ range of 0.1~1.0 nm™'. For
the SAXS measurement under tensile deformation of the gel, the relationship between the TiNS aligned direction
and the stretched direction is shown in Figure 3.

2.4. Tensile Test

A strip of TiNS-gel was attached at its ends of the long axis with the sample stage and with the normal force
sensor of a mechanical tester. With increasing the gap between the sample stage and the normal force sensor at a
speed of 0.1 mm min!, the stress of the gel strip was recorded. The relationship between the alignment of TiNS
platelets and the stretched direction is shown in the corresponding figures.

2.5. Evaluation of Strain/Force Sensing Ability

A strip of TiNS-gel was attached at its ends of the longer axis with copper wires, which connected to a source
meter. The gel’s ends were also attached to the sample stage and the normal force sensor of a mechanical tester.
Upon increasing the gap between the sample stage and the normal force sensor at a speed of 0.1 mm min™!, the
electrical resistance and the stress of the gel strip were measured simultaneously. Alternatively, the gel strip
connected to the source meter as above was pasted along the index finger with covering the second knuckle. Upon
changing the bending angle of the knuckle among 0°, 45°, and 90°, the electrical resistance of the gel strip was
measured. The resistance change (AR/Ry) is defined as follows:

AR/Ry = (R — Ro)/Ro (D

where Ry and R were the initial resistance and resistance after sample stretching, respectively. The gauge factor
(GF) and force sensitivity (FS), which are the indicators of the sensitivity of strain/force sensors, were calculated
as follows:

GF = (AR/Ro)/Ae (2)

FS = (AR/Ro)/AF 3)

where Ag is the change in applied strain, while AF is the change in applied force.
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3. Results and Discussion

3.1. Synthesis and Characterization of TiNS-Gel

Using the magnetic-alignment method as we have reported [13,42], films of TiNS-gel were synthesized
(Figure 1a), where TiNS concentration was systematically changed (0.6, 0.8 and 1.0 wt%). 2D small-angle X-ray
scattering (SAXS) measurements revealed a highly anisotropic and ordered arrangement of TiNS platelets in the
gel. For example, TiNS-gel with [TiNS] = 0.8 wt% exhibited scattering specifically along the longitudinal direction
as an array of regularly separated spots (Figure 1(bi)). Accordingly, the intensity—azimuthal angle plot obtained
from the 2D scattering image showed two sharp peaks at 90° and 270° (Figure 1(bii)), indicating the alignment of
TiNS platelets perpendicular to the magnetic field with an excellent order parameter of >0.95. In addition, the
intensity—¢g plot obtained from the 2D scattering image showed a series of peaks corresponding to a layered
structure of TiNS platelets with a uniform plane-to-plane distance of 35 nm (Figure 1(biii)). Such a large plane-
to-plane distance, no less than 45 times larger than that of the thickness of a TiNS platelet, indicates the presence
of strong electrostatic repulsion between them. Although the observation area of SAXS was limited by the size of
the X-ray beam, polarized optical microscopy (POM) revealed that such a highly ordered arrangement of TiNS
platelets was homogeneously present over a several centimeter size scale in the gel (Figure lc). Overall, the
combination of SAXS and POM analysis revealed the excellent structural anisotropy of TiNS-gel in a direct,
quantitative, and global manner. This is in sharp contrast to the alignment evaluation of conventional anisotropic
hydrogel sensors, which are usually based on the SEM images of gels after drying [21,24-29,31,33-36].
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Figure 1. (a) Schematic illustration of the synthesis of TiNS-gel. (b) SAXS profiles of TiNS-gel: (i) 2D scattering
pattern, (ii) intensity—azimuthal angle plot, and (iii) intensity—g plot. (¢) POM images under crossed Nicols
conditions of TiNS-gel with directing the alignment of TiNS platelets at angles of 0° (left) and 45° (right) relative

to the polarizer. P and A denote the polarizer and analyzer, respectively.

Compared with other alignment methods such as shear-induced alignment and electric alignment, one
attractive feature of magnetic alignment is its applicability to the alignment of thick samples due to the highly
penetrative nature of magnetic fields. Another attractiveness of magnetic alignment is its high reproducibility.
Indeed, multiple samples of TiNS-gel could be synthesized with good reproducibility, in terms of macroscopic
homogeneity and microscopic anisotropy as confirmed by POM and SAXS (Figure S2). Although a drawback of
the present method is that a 10 T magnetic field, which is not easily accessible in general, is indispensable for the
alignment of diamagnetic TiNS, this problem would be addressed by using a ferromagnetic nanosheet TipsC00 .02
[47] in place of TiNS.
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3.2. Mechanical Properties of TiNS-Gel

In our previous reports, the mechanical properties of TiNS-gel was investigated only in the compression of
cubic samples for ease of operation [13,42]. Meanwhile, such compression is not very similar to the deformation that
sensor films of flexible electronic devices undergo during their use. In addition, composite hydrogels such as TiNS-
gel often exhibit quite different mechanical properties between compression and tensile deformation. Therefore, in
the present work, we performed new tensile tests of TiNS-gel with stretching perpendicular and parallel to the
alignment of TiNS platelets (Figure 2a). Regardless of the TiNS concentration, the modulus when stretched parallel
to TiNS (E)) was much higher than that when stretched perpendicular to TiNS (£.) (Figure 2(ai—iii)). The anisotropic
factor (E,/E.1) was estimated to be 40~70, which manifests that TINS-gel exhibits prominent mechanical anisotropy
not only in compression as we reported previously [13,42] but also in tension. Also, the anisotropy factor of ~70 is at
the top level among reported anisotropic hydrogels [19]. Reflecting on such direction-dependent hardness, the
fracture strain (™*¢) was also direction dependent. Thus, TiNS-gel with [TiNS] = 1.0 wt% was stretchable up to

6.5 times in the direction perpendicular to TiNS (™*¢L = 550%) but was broken at 1.5 times upon parallel tensile
(Mg = 47%).
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Figure 2. (a) Strain—stress curves of TiNS-gel upon tensile deformation along parallel (navy) and vertical (orange)
to the alignment of TiNS platelets with TiNS concentrations of (i) 0.6, (ii) 0.8, and (iii) 1.0 wt%. (b) Optical images
upon tensile and twist deformation of rectangular strips of TiNS-gel with TiNS platelets aligned (i) vertical and
(ii) parallel to the longer axis of the rectangular shape.

In addition to the above uniaxial tensile test, a manual stretching and twisting of TiNS-gel could visualize its
toughness and elasticity sufficient for application as strain/force sensors. Therefore, TiNS-gel was trimmed into
rectangular strips with TiNS platelets aligned perpendicular (Figure 2(bi)) and parallel (Figure 2(bii)) to the long
axis of the rectangle. The strips could be repeatedly stretched and twisted within the strain ranges blow their
fracture points without notable crack formation and plastic deformation.

3.3. Mechanism for Tensile Anisotropy of TiNS-Gel though Nanostructure Change

To clarify the mechanism of the tensile anisotropy from the nanostructural viewpoints, TiNS-gel ([TiNS] = 0.8
wt%) was subjected to 2D SAXS measurement upon stretching perpendicular (Figure 3a) and parallel (Figure 3b) to
the alignment of TiNS platelets. As described in the previous section, TiNS-gel before stretching exhibited a
scattering pattern corresponding to the unidirectional orientation of TiNS platelets with a uniform plane-to-plane
distance of 35 nm (Figure 3(ai—iii), original). However, when TiNS-gel was stretched in the direction perpendicular
to TiNS platelet up to 25% strain, the scattering pattern changed to a more rounded shape with a shift toward the
central region (Figure 3(ai), stretched), resulting in the broadening of the peaks in the intensity—azimuthal angle plot
(Figure 3(aii), stretched) together with the broadening and smaller-¢ shift of the peaks in the intensity—q plot (Figure
3(aiii), stretched). Such changes indicate the orientational randomization of TiNS platelets [5] as well as the increase

243



Mater. Interfaces 2025, 2(2), 239-249 https://doi.org/10.53941/mi.2025.100019

and divergence of their plane-to-plane distance. Meanwhile, when the tensile force was released, the scattering profile
became essentially similar to the original state (Figure 3(ai-iii), released), indicating the recovery of the original
nanostructure. On the other hand, upon stretching parallel to TiNS platelets, the orientational order of TiNS platelets
was hardly changed, while their plane-to-plane distance became narrower (Figure 3(bi-iii), stretched) [5]. When the
tensile force was released, the plane-to-plane distance returned toward the original one (Figure 3(ai—iii), released).
When the concentration of TiNS in the gel was varied between 0.6 and 1.0 wt%, essentially identical changes in the
SAXS profiles upon tensile deformation were observed (Figures S3 and S4).
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Figure 3. (a,b) Changes in the SAXS profiles of TiNS-gel ([TiNS] = 0.8 wt%) upon tensile deformation up to 25%
strain along parallel (a) and vertical (b) to the alignment of TiNS platelets. Measurements were taken before
deformation (original), after deformation (stretched), and then after releasing the force (released): (i) 2D SAXS
images, (ii) intensity—azimuthal angle plots, and (iii) intensity—g plots.

Based on the nanostructural changes that occur upon tensile direction, as clarified above, the mechanism of
the tensile anisotropy of TiNS-gel (Figure 2a) can be elucidated as follows. Upon parallel stretching (Figure 3b),
the intrinsic hardness of TiNS platelets, the anchoring of polymer chains on TiNS platelets and the electrostatic
repulsion between TiNS platelets are likely to cooperate to restrict the deformation of the gel, so that £, becomes
high. In contrast, upon perpendicular stretching (Figure 3a), TiNS platelets are expected to buckle to lose their
intrinsic hardness and polymer-anchoring ability, and to move away from each other to reduce the electrostatic
repulsion, so that £; becomes small.

The nanostructural changes described above imply that TiNS-gel has a certain durability upon tensile
deformation. The original nanostructure was recovered when the tensile force was released, regardless of the
direction (Figure 3). A more serious issue regarding long-term durability is the evaporation of water, a general
problem with all hydrogels, not just TiNS-gel. When a film of TiNS-gel (10 mm % 10 mm X 2 mm) was placed in
open air (25 °C, 50% RH) for 6 h, the film contracted preferentially in the direction perpendicular to the TiNS
platelets due to water evaporation (Figure S5(ai)), and its weight decreased to 54% (Figure S5(aii)). The film
contracted preferentially in the direction perpendicular to the TiNS platelets (Figure S5(ai)). During this drying
process, the alignment of the TiNS platelets remained intact (Figure S5(bi)), while the periodic distance of the
layered TiNS platelet structure decreased (Figure S5(bii)), consistent with the contraction of the entire film.

3.4. lon Conductivity of TiNS-Gel

In our previous studies on TiNS-gel, its mechanical [13,42], actuation [40,43], and optical [41,44] properties
have been extensively studied, while its electrical properties have never been explored. In the present work, we
begin with evaluating the anisotropy in ion conductivity of TiNS-gel. At an alternating current (AC) mode, the
resistance of TiNS-gel ([TiNS] = 0.8 wt%) was measured in the direction perpendicular and parallel to the
alignment of TiNS platelets (Figure 4a). Over a frequency range of 0.1~10° Hz, the resistance in the perpendicular
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direction was one-order higher than that of the parallel direction (Figure 4(ai)). Furthermore, the phase difference
also differs between the perpendicular and parallel measurements (Figure 4(aii)). These observations indicate that
the ion migration parallel to TiNS platelets is smoother than the perpendicular one and that the capacitance parallel
to TiNS platelets is larger than the perpendicular one.
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Figure 4. (a) Impedance—frequency (i) and phase—frequency (ii) curves of TiNS-gel measured along the direction
parallel (navy) and vertical (orange) to TiNS. (b) Schematic illustration of ion transport in the anisotropic hydrogel.
(¢) Cross-sectional SEM image of the anisotropic hydrogel after fixation of the gel network and subsequent removal
of water.

Such anisotropic resistance of TiNS-gel is attributable to the blocking of ion-migration by unidirectionally
aligned TiNS platelets (Figure 4b,c). As depicted in the SAXS measurements (Figure 1b), TiNS platelets in TiNS-
gel form a layered structure with a plane-to-plane distance of 35 nm. Given this structure, the ion-migration
pathway is ensured in the direction parallel to TiNS platelets over a long range, while in the vertical direction, the
pathway is intersected by TiNS platelets at each of the layer period. Although there exists a certain gap between
neighboring TiNS platelets in same layer that would allow ions to migrate, the ratio of such gap relative to the
whole area is negligibly small, as visualized by the scanning electron microscopy (SEM) cross-sectional image of
the gel (Figure 4c), which was taken after fixation of the gel network by in-situ silica condensation and subsequent
removal of water from the gel.

3.5. Resistance Change of TiNS-Gel upon Tensile Deformation

To evaluate the potential utility of TiNS-gel as a flexible strain sensor, we then investigated how TiNS-gel
changes its electrical properties in response to the tensile deformation along perpendicular (Figure 5a) and parallel
(Figure 5b) to the alignment of TiNS platelets, with resistance measured in the stretched direction. Upon
perpendicular stretching of TiNS-gel ([TiNS] = 1.0 wt%) up to ~200% strain, the resistance change (AR/R) raised
to ~800% (Figure 5(ai)), demonstrating its sufficient sensitivity over a wide strain range. The resistance increased
nonlinearly with strain, so that the gauge factor (GF1) changed from 1.8 (0~50% strain) to 3.5 (60~110% strain)
to 5.7 (120~160% strain). These GF values suggest that the sensitivity of the current system is moderate compared
to other reported sensing systems based on anisotropic hydrogels [21-38]. This is probably because not only the
macroscopic deformation of TiNS-gel but also the nanostructural change that occur upon perpendicular stretching,
as clarified by our in-situ SAXS measurements (Figure 3a), contributed to the increase in resistance. The same
tendency was observed regardless of the TiNS concentration in TiNS-gel (Figures S6 and S7).

Considering that the intrinsic ion conductivity of TiNS-gel is anisotropic (Figure 4) and that the nanostructure
change of TiNS-gel occurs specifically depending on the tensile direction (Figure 3), the resistance change upon
perpendicular stretching was expected to be different from that upon parallel stretching, which is favorable for
directional strain sensing. However, the relationship between resistance change and tensile strain in parallel
stretching differed only slightly from that in perpendicular stretching. The gauge factor of the parallel stretching
(GFy) at 0~25% strain was 2.0 (Figure 5(bi)), which was only 1.1 times higher than that of the perpendicular
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stretching at the similar strain range (GF1 = 1.8 at 0~50% strain; Figure 5(ai)). This unexpected result is likely
because the anisotropy of resistance change is determined by the delicate balance of various anisotropic
parameters. These parameters include not only ion conductivity and nanostructure change, but also macroscopic
shape change, etc. [48,49]. Indeed, we confirmed that TiNS-gel exhibits a highly anisotropic Poisson’s ratio upon
stretching (Figure S8), which should also affect the anisotropy of resistance change. These anisotropic parameters
do not always cooperate, but rather, they may compete to cancel their effects. In any case, to realize more
directional strain sensing, further optimization is necessary, including the size of nanosheets, concentration, and
components, as well as doping the gel with electron-conductive components. It should also be noted that, even for
the latest flexible sensors based on anisotropic hydrogels, the anisotropy factors in GF are either undetermined
[21,23-26,31,35] or moderate, ranging from 1.1 to 2.4 [22,27-30,32-34,36].
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Figure 5. (a,b) Relative resistance change (AR/Ro) of TiNS-gel ([TiNS] =1.0 wt%) upon tensile deformation along
parallel (a) and vertical (b) to the alignment of TiNS platelets: plots of (i) AR/Ro versus strain and (ii) AR/Ro versus
force. (c,d)(Application of TiNS-gel ([TiNS] =1.0 wt%) as a strain/force sensors for monitoring the bending motion
of a finger, with directing the alignment of TiNS platelets vertical (¢) and parallel (d) to the finger.

Meanwhile, current TiNS-gel already seems to have a great potential as a direction-selective force sensor.
Indeed, the resistance change—force plots (Figure 5(aii,bii)) reveal a critical difference in the force sensitivity (FS)
between the perpendicular and parallel stretching, where FS of perpendicular stretching (Figure 5(aii);
FS1=42~230 kPa™") was about two orders higher than that of TiNS-gel (Figure 5(bii); £S, = 0.9~1.2 kPa™!). Such
pronounced directional dependence of FS (FS1. >> FSy; Figure 5a,b) is attributable to the direction dependency of
tensile elastic modulus (E1 << Ej; Figure 2a); because TiNS-gel is about 70 times easier to stretch in the
perpendicular direction than in the parallel direction, and because the resistance in the stretched direction generally
increases with increasing tensile strain, forces applied in the direction perpendicular to TiNS platelets are more
sensitively reflected in the resistance change. These observations suggest that when TiNS-gel receives tensile
forces in many directions, it would respond specifically to forces perpendicular to TiNS platelets.

Finally, as a preliminary attempt to assess the practical utility as flexible wearable sensors, we used TiNS-
gel to monitor the binding motion of a finger. Thus, TiNS-gel ([TiNS] = 1.0 wt%) was trimmed into a rectangular
strip (12 mm X 3 mm) with the long axis of the rectangle perpendicular or parallel to the alignment of TiNS
platelets (Figure S1), so that the gel strip was preferentially stretched along its long axis. The gel strip was pasted
along the index finger with covering the second knuckle, and its resistance change (AR/R) was monitored when
the bending angle of the knuckle was changed among 0°, 45°, and 90° (Figure 5c,d). As a result, the bending and
stretching motion of the finger could be monitored in real time with satisfactory sensitivity and low noise level
over multiple cycles (Figure 5c,d).
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4. Conclusions

We report an ultimately simple anisotropic hydrogel, which can be synthesized in a one-pot reaction from
only two components. Despite its simple synthesis, our hydrogel possesses near-perfectly aligned structure and
exhibits remarkable anisotropy in tensile modulus, nanostructural transformability, and ion conductivity, as well
as strain/forces responsiveness in its electrical resistance. These observations suggest that our hydrogel will serve
as a useful platform for the development of flexible devices with directional strain/force sensing capabilities. The
clear structure—function relationship, which is a characteristic of our hydrogel compared with other anisotropic
hydrogels developed for sensing applications, would provide new insight into anisotropy-driven mechanisms in
soft sensing materials. Furthermore, this work would also contribute to theoretical elucidation of how nanoscopic
structural orientation governs macroscopic sensing behavior, since the simple, well-defined, and near-perfectly
anisotropic structure of this hydrogel is beneficial for theoretical modeling. Possible interesting challenges based
on this hydrogel include the optimization of compositions to realize directional strain sensing, the introduction of
electrically conductive components to improve sensitivity, and the introduction of photo-functional components
for strain and force sensing by color change.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506251057370684/MI1_882 SM-FC.pdf. Figure S1: Schematic illustration of the trimming of TiNS-gel into two types of
rectangular strips; Figure S2: Reproducibility of TiNS-gel synthesis at 0.8 wt% was confirmed by SAXS and POM characterization
of two additional batches; Figure S3: SAXS reveals anisotropic structural changes in TINS-gel (0.6 wt%) under tensile strain along
parallel and vertical directions; Figure S4: SAXS reveals anisotropic structural changes in TiNS-gel (1.0 wt%) under tensile strain
along parallel and vertical directions; Figure S5: TiNS-gel (0.8 wt%) shows dimensional and structural changes during drying;
Figure S6: Relationship between AR/Ro and applied tensile strain and force of TiNS-gel at [TiNS] = 0.6 wt%; Figure S7:
Relationship between AR/Ro and applied tensile strain and force of TiNS-gel at [TiNS] = 0.8 wt%. Figure S8: TiNS-gel (0.8 wt%)
exhibits different Poisson ratios depending on the tensile direction.
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