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Abstract

The development of wearable electronics requires a higher understanding of the structural 

parameters that enable selective mechanical sensing across different deformation modes. In this 

work, we present a materials-to-architecture framework for multifunctional iontronic textile 

sensors based on thermoplastic polyurethane (TPU) and the ionic liquid (IL) -butyl-3-

methylimidazolium thiocyanate [Bmim][SCN]. By systematically incorporate different IL 

contents from 0 to 60 wt.%, the sample incorporating 40 wt.% displayed the optimal balance 

between ionic conductivity and long-term environmental stability by preventing IL surface 

migration. When processed as dense films, the TPU/[Bmim][SCN] (TIL) enables linear strain 

sensing (S = 0.58). Conversely, the integration of both TPU and IL [Bmim][SCN] into a porous 

neoprene scaffold (N-TIL) creates an interface that amplifies the effective electrochemical double 

layer (EDL) effect, yielding a six-fold increase in pressure sensitivity (1.8 × 10⁻² kPa⁻¹). 

Electrochemical impedance spectroscopy (EIS) confirms that the architectural transition from 

dense to porous reduces interfacial resistance and introduces additional Maxwell–Wagner–Sillars 

interfaces. A glove prototype was developed to demonstrate the sensor ability to detect joint 

flexion from fingertip pressure by matching the sensor architecture to the specific stimulus. 
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1. Introduction

Textiles are emerging as the dominant platform for next-generation wearable interfaces, requiring 

sensors that strictly balance high electromechanical sensitivity with the inherent mechanical 

compliance of the human body [1-4]. Unlike rigid electronics, smart textiles integrate sensing 

capabilities directly into the structural hierarchy of textiles, enabling continuous health monitoring 

and motion tracking without compromising comfort or flexibility. Among the transduction 

mechanisms employed in these systems, capacitive sensing has been prioritized for its low power 

consumption, high linearity, and compatibility with flexible substrates [5-8].

Thermoplastic polyurethane (TPU) is widely established as the matrix of choice for textile-

integrated electronics due to its exceptional mechanical resilience and tunable elasticity, which 

closely mimic the modulus of conventional textiles [9, 10]. Unlike rigid polymers, TPU facilitates 

seamless integration through scalable processing techniques, including electrospinning, melt-

lamination, and solution casting, ensuring robust interfacial adhesion with fibrous substrates. This 

structural compatibility minimizes delamination risks during cyclic deformation and washing, 

while its intrinsic chemical stability protects embedded active materials from environmental 

degradation [11-14].

Despite these mechanical advantages, the application of TPU in conventional capacitive sensing 

faces a fundamental performance ceiling. Significant sensitivity improvements (up to ~8.31 kPa⁻¹) 

in these systems are typically reliant on complex microstructuring of the dielectric layer [11, 15-

24]. Without such intricate fabrication, standard dielectric films struggle to exceed Gauge Factors 

(GF) of ~1.05 [18, 19, 25]. This limitation necessitates a shift from bulk dielectric polarization to 

the high capacitance offered by Electrical Double Layer (EDL) mechanisms for more efficient 

signal transduction [26].

The incorporation of ionic Liquids (ILs) to form EDL interfaces has revolutionized this field by 

facilitating efficient charge separation at the nanometer scale [18, 22, 27, 28]. Among these, 1-

butyl-3-methylimidazolium thiocyanate ([Bmim][SCN]) stands out for its high ionic conductivity, 

electrochemical stability, and compatibility with textile substrates [29, 30]. Recent works 
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demonstrate the potential of this approach. For instance, Keum et al. [31] achieved a sensitivity of 

9.51 kPa⁻¹ using a drop-molded 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[EMIM][TFSI] gel [31]. Similarly, Chen et al. [32] reported a wearable ionogel-based pressure 

sensor with a sensitivity of 33.8 kPa⁻¹ enabled by a microstructured ionic interface, employing the 

IL 1-ethyl-3-methylimidazolium ethyl sulfate ([EMIM][ESO4]) [32]. Additionally, Wang et al. 

[33] reported an iontronic wearable pressure sensor based on an IL gel electrolyte using 

([EMIM][TFSI]), achieving a sensitivity of 106.01 kPa⁻¹ and enabling detection of subtle 

physiological signals such as pulse and respiration [33].

Likewise, multimodal sensors combining silver nanowires with ionic gels have demonstrated GFs 

of ~2.74 [34]. In addition, Zhang et al. [35] reported a stretchable wearable strain sensor using an 

imidazolium-based IL ([EMIM][TFSI]), achieving a GF of 7.9 over a wide strain range (0.1–

400%) [35]. More recently, MXene–ionogel composite strain sensors incorporating 1-butyl-3-

methylimidazolium chloride ([BMIM]Cl) have been reported to achieve GFs of approximately 

4.17 [36]. The obtained sensitivity values typically require specialized, lab-scale micro-fabrication 

steps that are incompatible with mass-production textile lines. This reliance on bespoke 

architectures limits the transition of iontronic sensors from academic prototypes to commercially 

viable products.

Thus, this work presents a material to architecture framework for multimodal iontronic textiles by 

incorporating different contents of the IL [Bmim][SCN] into both dense TPU matrices and  porous 

neoprene-textile scaffolds. The influence of IL content (0, 20, 40 and 60% wt.) in the 

morphological, physical-chemical, electrical and mechanical properties of the composites was 

evaluated. The developed materials provided a path for the selective optimization of multimodal 

sensors in wearable electronics, by optimizing IL concentration to enhance ionic mobility and EDL 

area. Further, this work also allows to exploit the fabrication architecture with the use of dense and 

porous materials to facilitate pressure or strain sensing.
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2. Experimental Section

2.1. Materials

Thermoplastic polyurethane (TPU), Texin® RxT70A, was purchased from ALBIS, Covestro 

Deutschland AG, with a molecular weight (Mw) of 80.000-120.000 g mol-1. The ionic liquid (IL) 

1-butyl-3-methylimidazolium thiocyanate ([Bmim] [SCN]) (>98% purity) was purchased from 

Ionic Liquids Technologies, IoLiTec, Germany. The neoprene textile (95% polyester and 5% 

spandex) was purchased from Almacenes Casa Ángel, Badajoz, Spain, and the stretchable 

conductive textile Shieldex® Technik-tex P180 + B from Shieldex (56% polyamide, 22% elastane, 

26.5% Silver, 1.5% Silver Coating), Bremen, Germany. The solvent tetrahydrofuran (THF) 

(99.99% purity) was purchased from Fisher.

2.2.  Fabrication of TPU/[Bmim][SCN] Films and Neoprene-Reinforced Scaffold

TPU and TPU/[Bmim][SCN] films were prepared by solvent casting (Figure 1). To obtain the 

TPU neat film, 1 g of polymer was dissolved in 15 mL of THF under magnetic stirring at 50 ∘C 

until completing dissolution. Then, the solution was placed in a Petri dish and the solvent was 

evaporated at room temperature for 24 hours. 

For the preparation of TPU/[Bmim][SCN] films with 20, 40 and 60 % wt. IL content, a similar 

procedure was applied, with the previously dispersion of the IL in THF following by TPU addition.

Two distinct fabrication approaches were employed to prepare the textile/ TPU/[Bmim][SCN] 

composites. The first approach involved the lamination of previously prepared TPU and 

TPU/x[Bmim][SCN] films (where x represents the optimized concentration determined via film 

characterization) onto the conductive textile. To ensure adhesion, a precursor solution of the 

corresponding TPU/[Bmim][SCN] content was applied to the conductive textile via doctor-blade. 

The pre-cast film was immediately placed onto the wet coated conducting textile to minimize 

solvent evaporation. The assembly was subsequently cured in an oven (JP Selecta 2005165) at 50 

ºC for 15 minutes to remove residual solvent and finalize the bond. This procedure was repeated 

for the reverse side to create a double-sided composite. 

The second approach utilized a neoprene textile with 800 um thickness as a porous structural 

scaffold. The neoprene substrate was immersed in the respective TPU or TPU/[Bmim][SCN] 
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solutions at room temperature. Following immersion, the saturated neoprene was sandwiched 

between two layers of stretchable conductive textile with and sheet resistance of 2 Ω/□ and an 

average thickness of 0.57± 0.06 mm. Solvent evaporation was carried out under the same 

conditions (50 ºC for 15 minutes). Samples with an average thickness of 1 ± 0.1 mm and 1.5 ± 

0.1mm and were obtained after direct bounding with IL /TPU and neoprene scaffold, respectively. 

The composites are designated by their matrix and IL content. Specifically, N-Tneat and Tneat 

represent the reference without IL content, for the porous neoprene-textile and dense TPU 

architectures, respectively, while N-TIL and TIL identify the optimized [Bmim][SCN] compositions 

with Shieldex textile electrodes.

Figure 1 Experimental procedures used for the preparation of the TPU/[Bmim][SCN] films and the corresponding composite 
textile sensor.

2.3. Physicochemical and Electromechanical Characterization Methodologies

2.3.1. Morphology 

The morphology of the samples with and without textile was assessed using a Scanning Electron 

Microscope (SEM) Carl Zeiss EVO-40, with an EDX (Oxford Instruments) detector to analyse IL 
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distribution by SEM-EDX measurements. Measurements were carried out at an accelerating 

voltage of 5 kV. Before the analysis, the samples were coated with gold (Au) by magnetron 

sputtering (Polaron SC502).

2.3.2. Physical-chemical characterization

Fourier transform infrared (FTIR) spectra were recorded in the attenuated total reflection (ATR) 

mode using a Perkin Elmer FTIR (Two) in the spectral range 4000 to 400 cm-1, using 16 scans and 

a resolution of 4 cm-1. Thermal evaluation was carried out by thermogravimetric analysis (TGA) 

and Differential scanning calorimetry (DSC). The TGA analysis was performed in an 851e Metter 

Toledo equipment between 25 and 650ºC, at 10 ºC/min under nitrogen atmosphere. DSC 

thermograms were recorded with a DSC822e (Mettler Toledo) between -40 and 270 ºC, at a 

heating rate of 10 ºC/min, under an atmosphere of high purity nitrogen at a constant flow of 20 

mL/min.

2.3.3. Mechanical characterization

The mechanical properties were evaluated in the tensile mode at room temperature in a universal 

Linkam Scientific Instruments TST 350 testing machine (Temperature Controlled), comprising a 

Tensile Stress Testing Stage with a load cell of 200 N. The samples, with a rectangular shape (30 

x 5 mm), were analysed in triplicate at a speed of 1 mm/min

2.3.4. Electrical and functional electromechanical characterization

Impedance spectroscopy (Z’ and Z’’) and capacity, were measured using an Impedance analyser 

(Palmsens4) with an amplitude voltage of 100mV at room temperature. Frequency sweeps were 

performed in the frequency range from 100 mHz to 1 MHz.

The dielectric constant (ε’) was calculated using Eqs. (1): 

𝜀′ =
C ∙ d
ε0 ∙ A

(1)

where d is the thickness of samples, ε0 is the permittivity of vacuum (8.85 × 10−12 F·m−1), and A 

is the electrode area. Electrodes with a diameter of 10 mm were places in a parallel plate 

configuration.
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The ionic conductivity (σ) was calculated by using the equation (2) 

𝜎 =
𝑡

𝐴 × 𝑅𝑖𝑎
(2)

where t represents the thickness of the samples, A the surface area of electrodes, 𝑅𝑖𝑎 is the 

resistance determined by the intersection of the semicircle with the X-axis.

Pressure and tensile characterization were performed by measuring the capacitance as a function 

of deformation. The structures were attached to a universal testing machine (Shimadzu Autograph) 

platform with a load cell of 500 N at a stroke speed of 1mm/min. Tensile cycling and compression 

cycling loading was conducted for all samples up to a maximum deformation of 20% and 50 % of 

the sample thickness, respectively. Capacitance was measured using a LCR meter Hioki IM3536, 

with an amplitude voltage of 100 mV at 1 kHz, with ambient conditions (22ºC and relative 

humidity of 60%, approximately).

2.3.5.  Ethics Information

All experimental protocols involving data acquisition of bending and pressure were performed as 

non-invasive self-experimentation by the first and corresponding author. Informed written consent 

was obtained prior to the collection of signals with a glove demonstrator. To ensure electrical and 

chemical safety, all measurements were conducted through the impermeable glove, which served 

as a dielectric barrier and prevent direct contact between the active composites and the skin.

3. Results and discussion 

3.1. Physicochemical and Structural Analysis of TPU/IL Films

3.1.1. Morphology 

The morphology of both neat TPU and TPU/[Bmim][SCN] films was evaluated by SEM. The 

cross-section images of the films are presented in Figure 2. 

The cross-sectional SEM images of neat TPU films at room temperature reveal a compact 

morphology (Figure 2a), consistent with previous reports in the literature [37]. With the 

incorporation of the different IL contents into the TPU matrix, noticeable changes occur into the 
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morphology of the films. Figure 2a show that, independently of the IL content, the inclusion of 

IL induces a porous morphology, where the degree of porosity of the films increases with the 

content of IL. Similar results were reported in [38], attributed to physical interactions between the 

polar solvent (THF) and the IL, as well as a phase separation occurring within the IL–solvent 

system [38]. As a result, during the solvent evaporation process, a phase separation of the IL-

solvent mixture occurred, resulting in the encapsulation of the IL inside the pores after the solvent 

evaporated [38], due to the stronger interaction with the solvent than with the polymer matrix.

The homogeneity and dispersion of the IL into the TPU matrix was evaluated by SEM-EDX 

(Figure 2a) by the identification of the distribution of the S element of the IL. The S element of 

[Bmim][SCN] is present in the TPU/[Bmim][SCN] composites and well dispersed in the matrix. 

Further, the presence of the S element increases with the IL content in the composites from 20 to 

60% wt. 

At high concentration of IL, specifically for the TPU/60%[Bmim][SCN] sample, the IL cannot be 

contained fully within the matrix, and migrates to the surface over time (Error! Reference source 

not found.).

3.1.2. Physical-chemical characterization

The evaluation of the chemical characteristics of the materials was performed by FTIR-ATR 

measurements. As shown in Figure 2b, the chemical characteristics of TPU remain unchanged 

with the inclusion of [Bmim][SCN], being possible to observe the main absorption bands of the 

polymer.

The characteristic absorption bands of neat TPU are retained in the composites, confirming the 

preservation of the polymer structure. The absorption band at 3332 cm⁻¹ corresponds to the N–H 

stretching vibration of the urethane group (–NHCOO–). Absorption bands at 2935 cm⁻¹ and 2850 

cm⁻¹ are attributed to the asymmetric and symmetric stretching vibrations of –CH₂ groups, 

respectively. The carbonyl (C=O) stretching vibrations of amid group appear at 1730 cm⁻¹ and 

1700 cm⁻¹. The absorption band at 1533 cm⁻¹ is related to the N–H bending vibration coupled with 

the C–N stretching, corresponding to the carbamate groups (–NHCOO–). Additionally, the bands 
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in the range of 1101–1108 cm⁻¹ are associated with the ether group (C–O–C) [39, 40]. For the 

[Bmim][SCN] IL, specific bands are observed in the composites that are not present in the neat 

TPU spectrum. These include an absorption band at 2056 cm⁻¹, corresponding to the C≡N 

stretching vibration of the thiocyanate [SCN]⁻ anion, and a band near 750 cm⁻¹, attributed to S–C 

stretching. The imidazolium cation exhibits characteristic C–H stretching bands at 3100 and 3145 

cm⁻¹, and a C–N stretching band at 2056 cm⁻¹ (possibly contributing to the increased intensity of 

this band). A broad absorption band near 3500 cm⁻¹ is observed, corresponding to O–H stretching 

vibrations from adsorbed water, due to the hygroscopic nature of the IL [29, 30].

The influence of [Bmim][SCN] incorporation into the thermal properties of TPU was evaluated 

by DSC (Figure 2c). Neat TPU exhibits an endothermic peak at -2.4 °C, which corresponds to the 

glass transition temperature (Tg) of the polymer [41]. With the incorporation of [Bmim][SCN], an 

endothermic peak appears corresponding to the loss of water adsorbed by the compound [41, 42]. 

As the IL content increases from 20% to 60% wt., this band becomes more pronounced. 

The thermal stability of the samples was evaluated by TGA measurements as shown in Figure 2d. 

Neat TPU presents a small initial mass loss around 100 °C, corresponding to the loss of water, 

followed by mass loss of 93.6% between 280 and 440 °C , corresponding to the main degradation 

of the polymer [43-45], attributed to the cleavage of urethane/urea bonds in the hard segments, 

followed by degradation of the soft segments (polyol)[43-46].

Upon IL incorporation into the TPU matrix, a decrease in the thermal stability is observed, being 

this decrease more noticeable for the composites with higher IL content. The samples 

incorporating 20 and 40% wt. present two degradation steps, the first ending around 100 °C and 

being attributed to moisture loss from the IL and the polymer matrix. The main degradation occurs 

in a single broad step, suggesting partial merging of hard and soft segment breakdown, likely 

caused by modifications in microphase separation induced by the IL. In contrast, the 

TPU/60%[Bmim][SCN] composite displays three distinct degradation stages: an initial low-

temperature stage (~100 °C) associated with water loss, followed by two overlapping steps similar 

to neat TPU. This evolution of the degradation profile with increasing IL content reflects changes 

in polymer–ion interactions and segmental mobility that influence the thermal decomposition 

pathway [43-47]. 
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The mechanical properties of the TPU/[Bmim][SCN] composite samples were analysed by tensile 

tests and the results are shown in Figure 2e. Stress vs strain curves reveal that neat TPU film 

presents a typical mechanical behavior of a thermoplastic polymer, characterized by a yielding 

region, separating the elastic from plastic region, being the behaviour consistent for all samples 

with the incorporation of [Bmim][SCN] 

The Young’s modulus (E), determined from the initial linear region of the stress–strain curves 

using the tangent method for a strain of 1%, progressively decreases with increasing IL 

concentration from 5.66 ± 0.10 MPa for neat TPU to 1.43 ± 0.05 MPa for TPU containing 60 wt% 

[Bmim][SCN]. This reduction in stiffness confirms that IL incorporation disrupts polymer–

polymer interactions, enhances chain mobility, and thereby softens the TPU network [48, 49].

Figure 2. a) Cross-section SEM (top) and EDX (bottom) images of the TPU and TPU/[Bmim][SCN] films. b) ATR-FTIR spectra, 
c) DSC heating scans and d) TGA thermograms, e) Mechanical properties for neat TPU and TPU/[Bmim][SCN] composites with 
different contents of [Bmim][SCN].
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3.1.3. Electrochemical Impedance Characterization

The electrical properties of neat TPU and TPU/[Bmim][SCN] films were evaluated, and the 

equivalent circuit and impedance results are presented in Figure 3a-b.

Neat TPU film exhibits a primarily resistive response with a slightly depressed semicircle, 

indicative of a distributed resistive-capacitive process. The incorporation of [Bmim][SCN] from 

20 to 60 wt.%, monotonically reduces the Nyquist semicircle and shifts the high-frequency 

intercept (Ria) to lower Z′ values, consistent with increased ionic conductivity (σ ∝ 1/Ria). This 

behavior is more evident with higher IL concentrations. The increasing appearance of a low-

frequency tail shows the distributed ion transport and diffusion, which are captured by a constant-

phase element (CPE) in combination with diffusion  (Warburg, W) term. The equivalent circuit 

comprising Rb ― Ria ―W in parallel with an interfacial capacitance CPEia (Figure 3a) replicates 

the transition from bulk to interface-dominated response.

The ionic conductivity (Figure 3c) increases with the increase of [Bmim][SCN] content. By using 

equation 2, ionic conductivities of 3.25±0.33 x 10-7 S/m, 3.45±0.45 x10-6 and 2.55±.25x10-5 S/m 

were obtained for  20%, 40% and 60% wt. of [Bmim][SCN] content in the TPU matrix, being 

consistent with the formation of continuous ion-transport within the TPU matrix.

Figure 3d presents the real permittivity (ε′) spectrum of the TPU/[Bmim][SCN] composite 

samples. Neat TPU exhibits a low and weakly dispersive ε′ behaviour across the measured 

frequency range, consistent with limited dipolar polarization and the absence of significant free 

charge carriers. With the incorporation of [Bmim][SCN], ionic charge carriers are introduced into 

the polymer matrix, being able to dynamically respond to the alternating electric field, particularly 

at low frequencies, where ions have sufficient time to migrate through the film matrix. These 

mobile ions accumulate at the electrode and interfacial boundaries, giving rise to electrode 

polarization [50]. As the [Bmim][SCN] content increases, the increase in ε′ is progressively more 

noticeable at higher frequencies. For all TPU/[Bmim][SCN] samples, ε′ increases significantly at 

low frequencies (<10 Hz), displaying the sample TPU/60 % [Bmim][SCN  the highest 𝜀′of 

2203±50 at 1kHz (Figure 3e). 
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Figure 3 Impedance, transport, and dielectric proprieties of TPU and TPU/[Bmim][SCN] films. a) equivalent circuit, b) Nyquist 
impedance of solvent-cast TPU and TPU/[Bmim][SCN] at 20, 40, and 60 wt% (wt% relative to polymer+IL). The black solid line 
represents the fitting of the model shown within the figure. c) Conductivity extracted from high-frequency intercepts. d) Dielectric 
constant 𝜀′ versus frequency, and e) Comparison of the dielectric constant for all samples at 1 kHz 

Although the TPU/60% [Bmim][SCN] sample exhibited the highest permittivity and ionic 

conductivity, the IL could not be effectively retained within the polymer matrix, gradually 

migrating to the surface over time. This effect compromised the materials stability, making it 

unsuitable for further application. Therefore, the TPU/40% [Bmim][SCN] sample formulation was 

selected for subsequent incorporation into the textile porous structure, as it exhibited good surface 

stability with no visible IL segregation (Figure S1).

3.2. Integration of Neoprene Scaffold and Conductive Textile

Figure 4a-b compares the morphological behavior of the TPU/40%[Bmim][SCN] film 

sandwiched between two stretchable conductive textiles (TIL) against the neoprene/ 

TPU/40%[Bmim][SCN] scaffold (N-TIL), under both manual stretching and compression. It is also 

shown the mechanical compliance and structural retention of the composites.
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Figure 4c shows cross-section SEM and SEM-EDX images of Tneat, TIL, N-Tneat and N-TIL 

samples. Film and neoprene scaffold reveal distinct fibrous and porous structures, exhibiting 

variations in internal architecture, fibre arrangement, and porosity. 

SEM-EDX analysis was also performed on TIL and N-TIL with TPU/40%[Bmim][SCN] (Figure 

4c), in order to identify the distribution of the IL though the S element of the IL. The S element 

from [Bmim][SCN] is present in the composites and is well dispersed within the matrix. Moreover, 

a more homogeneous distribution of the IL is observed in the N-TIL composites, where the bulk 

TIL appears more compact.

In addition, the chemical characteristics of neoprene, neoprene filled with TPU, and neoprene with 

TPU/40%[Bmim][SCN] were also evaluated. The characteristic absorption bands of neoprene are 

preserved in the composites, confirming the retention of its molecular structure. The peak at 1680 

cm⁻¹ is attributed to the C=C stretching vibration. The absorption bands at 966 cm⁻¹ and in the 

700–800 cm⁻¹ range are associated with the out-of-plane C=C–H bending and the C–Cl stretching, 

respectively [51, 52]. Regarding the samples containing TPU and TPU/40% [Bmim][SCN], the 

main absorption bands of the thermoplastic polymer and the IL can also be observed.

The tensile properties of the neoprene scaffold, Shieldex conductive textile, and their respective 

multilayer composites( Tneat, TIL, N-Tneat and N-TIL) were evaluated (Figure 4e). The stress–strain 

curves exhibit a characteristic bilinear behaviour, an initial low modulus region (0–100% strain) 

associated with the mechanical accommodation and reorientation of the textile fibres, followed by 

a linear elastic region where the fibres are under direct tension. Consequently, the Young’s 

modulus (E) was calculated from the slope of the second linear region.

Neat neoprene exhibits a low Young modulus (1.6±0.2 MPa) and high elongation (above 500%) 

without total failure. Neat Shieldex textile presents a Young modulus of 3.2 ±0.1 MPa with a 300 

% elongation at break, with individual yarn fibres initiating fracture at approximately 200% of 

elongation. The integration of TPU layer into neoprene leads to an increase in the Young modulus 

to 3.5± 0.3MPa, increasing tensile strength, and also to a elongation at break reduction to 

approximately 500%. The TPU matrix improves stress distribution across the fibre network, 

delaying individual yarn breakage until ~300% elongation.
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The Shieldex/TPU/Shieldex structure (Tneat) presents a Young modulus of 3.3±0.5 MPa  and 

elongation at break occurs at the same elongation that for the Shieldex textile alone (300%). For 

the Shieldex/TPU/IL/Shieldex (TIL) system, [Bmim][SCN] IL incorporation induces a 

plasticization effect, reducing the Young modulus to 2.5±0.2 MPa and increasing the elongation 

to 310%.

The full Shieldex/Neoprene+TPU/Shieldex multilayer (N-Tneat) exhibits a significantly higher 

modulus (47 ± 1.2 MPa). This 15-fold increase implies a reinforcement effect, where TPU acts as 

an adhesive that impregnates the yarn fibres and constrains fibres intersections, preventing the 

sliding and forcing the fibres to undergo direct tension.

For the full Shieldex/Neoprene+TPU/IL/Shieldex multilayer (N-TIL), the Young modulus reduces 

from 47 ± 1.2 MPa to 37.4 ± 1.4 MPa, due to the plasticization effect of the IL, similar to the TIL 

sample. This reduction leads to the mechanical compliance of the composite, allowing for an 

increased elongation at break (450% to 500%) [49]. The fracture sequence of the multilayer system 

is characterized by the premature rupture of the conductive Shieldex layers at approximately 300% 

strain, followed by the total failure of the TPU and neoprene layers at around 500% for the N-TIL 

sample. 
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Figure 4 Cross-section SEM images of a TPU film placed between two stretchable conductive textiles, with and without an 
intermediate neoprene layer (TIL vs. N-TIL), q) under stretching and b) compression conditions. c) Cross-section SEM and SEM-
EDX images of the neat TPU and TPU/40%[Bmim][SCN] films placed between two stretchable conductive textiles, with and 
without an intermediate neoprene layer. d) ATR-FTIR spectra. e) Mechanical properties of the textile composites.

3.3. Electrochemical Impedance Characterization

Impedance analysis reveals that the impregnation of neoprene with the TPU/IL mixture and 

lamination between stretchable conductors introduces a dominant interfacial contribution (Figure 

5a). Compared to the films without the porous scaffold, the Nyquist spectrum displays two 

depressed semicircles, a high-frequency arc (Ria) and an intermediate frequency arc (Rib), followed 

by a low-frequency tail (W) (equivalent model in Figure 5a). We assign Ria to fast response in the 

contact processes at the electrode–TPU/[Bmim][SCN], and Rib to interfacial polarization across 

the porous neoprene-TPU/[Bmim][SCN] interface [53]. The subsequent low frequency tail is 

consistent with diffusion-limited transport and constant-phase behavior within the porous 

architecture.

The porous neoprene+TPU/40%[Bmim][SCN] sample exhibits a higher conductivity (8.8x10-6 

S/m), attributed to the structural architecture of the neoprene scaffold, which provides 

interconnected macroscopic channels for ion migration. Unlike dense TPU matrix, where ion 

transport is constrained by the polymer chain dynamics of a homogeneous phase, the porous 

network facilitates a more direct transport pathway, reducing resistance and increasing the overall 

ion mobility[54, 55]. 

As shown in Figure 5b, the low-frequency response of the neoprene+TPU/40%[Bmim][SCN] 

sample is comparable to the high-loading of the TPU/60%[Bmim][SCN] film. This suggests that 

the available porous spaces into the porous scaffold improve the ions charge transport. 

Furthermore, the IL uptake by the textile fibers introduces Maxwell–Wagner–Sillars (MWS) 

interfaces [50], which amplify low-frequency interfacial polarization and contribute to the superior 

capacitive response of the composite system[56, 57]. 
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Figure 5 Impedance, and dielectric properties of the textile iontronic structure. a) Nyquist impedance of N-TIL. The black solid line 
represents the fitting of the model shown in the figure. b) Dielectric constant 𝜀′ versus frequency, and c) Comparison of the 
dielectric constant for textile samples at 1 kHz 

3.4.  Sensing performance to stretching and pressure 

3.4.1. Stretching sensing behavior 

Upon the application of a tensile strain, the Tneat and TIL films exhibit a significant reduction of the 

film thickness and an alteration of the contact geometry at the electrode interfaces, increasing the 

samples capacitance(Figure 6a). Simultaneously, the [Bmim][SCN] ions redistribute within the 

polymer matrix, building and depleting the EDL [58, 59]. 

Figure 6b and 6c show the films properties under cyclic stretching. Tneat exhibits a highly 

repeatable capacitance variation Δ𝐶/𝐶0that tracks without deviation with the tensile change Δ𝜀/𝜀0 

(where Δε represents the strain variation and 𝜀0 the initial length). The TIL displays a higherΔ𝐶 𝐶0

= 0.3  for a Δ𝜀 𝜀0 = 0.5 compared with the Tneat with a Δ𝐶 𝐶0 = 0.06  for the same tensile 

change without apparent drift. Figure 6d shows the calculated sensitivity (Δ𝐶 𝐶0/Δ𝜀 𝜀0) for Tneat 

and TIL. Tneat shows 𝑆 = 0.13, with hysteresis of 13.6% while TIL reaches 𝑆 = 0.58, with a 

hysteresis of 6.9%. Thus, the results revealed that the presence of IL and IL content increase 

strengthens strain-to-capacitance transduction.

Figure 6f-h show the porous samples response under cyclic stretching and the calculated 

sensitivity. N-Tneat slightly increases Δ𝐶/𝐶0relative to Tneat (0.13 to 0.19) maintaining 

repeatability, with a slight increase in hysteresis to 8.8%. N-TIL, shows a noisy Δ𝐶/𝐶0 with very 

low repeatability. Contrary to dense films (TIL), where stretching modulated thickness leads to a 

higher EDL polarization and high capacitance variation, in the porous architecture, tensile strain 
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hinders the contact networks (breaking the ionic path) (Error! Reference source not found.) and 

introduces ionic/capacitive heterogeneity, suppressing sensitivity and stability (Figure 6e) [60]. 

Thus, based on these results, the TIL film is the most effective for strain sensing. The dynamic 

response of the TIL strain sensor was characterized using a manual strain to evaluate the time 

resolution (Figure S3). The sensor exhibited a response time of 180 ms and a recovery time of 250 

ms. Although the stimulus was applied manually, the signal stabilization occurred in a short time 

with a clear return to the baseline.

Figure 6. Strain-iontronic transduction under tensile loading. a) Schematic of ion redistribution and EDL effects in TIL sample 
during stretching. Cyclic uniaxial stretching of dense films: normalized capacitance change 𝛥𝐶/𝐶0(black) and normalized tensile 
change 𝛥𝜀/𝜀0(red) for b) Tneat and c) TIL. d) Sensitivity extracted as the slope 𝑆 of 𝛥𝐶/𝐶0versus 𝛥𝜀/𝜀0 .e) Schematic of EDL 
modulation in the porous structure under stretching. Cyclic stretching of porous devices: f) N-Tneat and g) N-TIL; 𝛥𝐶/𝐶0(black) 
and 𝛥𝜀/𝜀0(red) plotted as in b–c. h) Corresponding sensitivity.

3.4.2. Pressure sensitivity

The proposed sensing mechanisms, illustrated in Figure 7a and 7e, show the mechanism and 

response under compression. Under an applied AC field, mobile [Bmim][SCN] ions migrate 

within the TPU matrix and accumulate at the electrode–polymer interfaces, forming EDL. When 

a compressive load is applied, the film thickness decreases, reducing the distance between the 
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electrodes and at the same time reducing the ion transport path and facilitating higher charge 

accumulation at the interfaces resulting in a capacitance increase.

Cyclic compression is displayed Figure 7b and c. Tneat shows a small, repeatable Δ𝐶/𝐶0with 

minor drift over 500 cycles (5 hours) For the TIL sample it shows significantly higher capacitance 

gain per kPa. Figure 7d show the pressure sensitivity for the films, displaying a linear fit, the 

results are 𝑆 = 2.78 × 10―4 kPa―1for Tneat and 𝑆 = 8.78 × 10―4 kPa―1for TIL. Showing that in 

this geometry, IL addition slightly increases compression sensitivity despite enhancing dielectric 

polarization, mostly because of the low compression ability of the TPU composite. The Tneat 

sample shows a hysteresis of 11.8 % for all measured range, the sample with the 40 wt.% IL 

addition shows a hysteresis of around 8.4%, primarily above 30 kPa.

In the TIL with neoprene structure (Figure 7e), compression not only reduces film thickness but 

also reduces the interfacial resistance in the textile–polymer interfaces. The porous neoprene 

structure deforms elastically, accommodating local strain without disrupting ionic continuity, 

leading to higher charge accumulation at the electrode–polymer boundaries[61, 62].

The introduction of the neoprene scaffold (N-Tneat) (Figure 7f) lead to an undesirable increase in 

drift with the progression of the compression cycles. Compression cycles for the N-TIL (Figure 

7g) display lower cumulative drift when compared with N-Tneat sample.

For the porous structure, the sensitivity increases with the incorporation of IL as shown in Figure 

7h. The fitted slope for N-Tneat shows a sensitivity 𝑆 ≈ 6.5 × 10―4 kPa―1, while for the N-TIL 

sample, the sensitivity increases to 𝑆 ≈ 1.8 × 10―2 kPa―1 for the pressure range of 0 to 20 kPa. 

A secondary fit at higher loads (above 20 kPa) gives a sensitivity of  𝑆 ≈ 3 × 10―3 kPa―1, 

indicating an onset of structural saturation within the neoprene structure. Above 80 kPa the curve 

saturates. limiting the material response for pressures below 80 kPa. The N-TIL sample shows 

approximately 6× more sensitivity than N-Tneat and ~20× more sensitivity than the Tneat sample. 

Similarly to the samples without the neoprene textile, the hysteresis also decreases slightly, from 

16.6 % to 14.7% for the N-Tneat and N-TIL, respectively.
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Figure 7 a) Schematic representation of ion redistribution and EDL modulation in TPU/[Bmim][SCN] during compression. b–c) 
Cyclic compression for Tneat and TIL (capacitance variation 𝛥𝐶/𝐶0 in black, with pressure trace in red). d) Film sensitivities from 
linear fits of 𝛥𝐶/𝐶0vs pressure e) Schematic of ion redistribution and EDL modulation in N-TIL during compression. Cyclic 
compression for porous structure f) N-Tneat and g) N-TIL. h) Pressure sensitivity for porous structures. j) Step-and-hold tests with 
pressure steps from 0 to 120 kPa with 10 s holds. k) Response (t1) and recovery (t2) times for a 100 kPa compression step for the 
N-TIL sample.

Based on the higher sensitivity results obtained for the N-TIL sample the stability and resolution 

was evaluated in incremental step-loading (Figure 7j), The sample exhibits a repeatable 

increments in Δ𝐶/𝐶0  proportional to the applied pressure steps , with each 10 seconds holds, 

demonstrating negligible signal drift (relative fluctuation < 4%). While the response remains stable 

across the full range (0-120 kPa), a progressive attenuation in the signal increment is observed at 
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higher pressures, correlating with the nonlinear behavior presented in the sensitivity fitting 

originating from the compressive saturation of the porous neoprene scaffold as it reaches its 

densification limit.

The dynamic characteristics were quantified under a 100 kPa pressure pulse (Figure 7k). The N-

TIL sample achieved a response time (t90% ) of 110 ms and a recovery time (t10%) of 160 ms.

3.5. Proof of concept: Glove-Integrated Gesture and Force Recognition

As proof of concept to validate the integration in a wearable application, the TIL sample was 

attached to a glove across a finger joint and the response was evaluated under bending. In the same 

finger a N-TIL sample was placed at the fingertip and the response was evaluated under 

compression( Figure 8). These samples were selected based on TIL higher performance in tensile 

deformation results and the N-TIL higher performance in the compression tests.

The sensors were connected to the digital pins of a microcontroller (ESP32 development board) 

via an operational amplifier-based relaxation oscillator circuit. This configuration  modulates a 

continuous square waveform output, where the oscillation frequency varies  as function of the 

capacity change of the sensors [63]. The microcontroller uses the internal timer to quantify the 

pulse density within a 100 ms window, giving a digital output in counts.

During repetitive flex-extend motion (Figure 8a), the sensor follows the bending of the finger with 

high amplitudes, minimal baseline drift, and high reproducibility. Dwelling plateaus at the middle 

and end bending radius range show a stable signal with negligible drift over the observation 

window.
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Figure 8. Wearable proof-of-concept system consisting in the iontronic sensors mounted in a glove. a) Signal from repetitive 
bending of the TIL sensor and video frames showing finger joint flexion. b) Signal from fingertip pressing with the N-TIL sensor and 
frames illustrating localized fingertip pressure.

Under localized pressure in the fingertip(Figure 8b) the N-TIL, signal increases with the applied 

force as the finger is pressed on the table, dwelling plateaus at in the middle and end regions also 

show the ability to detect different detection levels. The sensor signal was feed to interface 

representing a 3D and with a fingertip, showing the pressure as a color variation (green to red 

gradient). The frames in confirm that these values coincide with contact growth with the table at 

the fingertip (video S1 of support information). 

To assess the environmental robustness against humidity environments, required for some 

wearable applications, long-term and humidity-dependent stability tests were performed for N-TIL 

and TIL samples(Figure S4). Under a constant compressive load of 100 kPa (60% RH) for 12 h, 

the N-TIL sensor exhibited a baseline drift of 3.5%. However, the sample shows significant 

sensitivity to ambient moisture during humidity cycling (40% to 90% RH). Further,  the sample 

exhibited a relative capacitance variation to humidity Δ𝐶 𝐶0 of 0.1, with a noticeable drift of 

approximately 83%. This behavior is attributed to the hygroscopic behavior of the IL[64] and the 

moisture adsorption within the neoprene scaffold.

The dense TIL sample demonstrated over a 12 h period a baseline drift within 9.3%. During 

humidity cycling, the TIL sample shows an increase in Δ𝐶 𝐶0 of 0.3 with significantly lower drift 

of 6.9% (the dense TPU matrix limits the IL exposure to ambient moisture compared with porous 

neoprene scaffold). To mitigate environmental sensibility in practical wearable contexts, 
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additional hydrophobic encapsulation will be required, such as a thin over-molded TPU protective 

layer, to ensure reliability in sweat prone or high humidity environments.

4. Conclusions 

This work demonstrates the successful development of hybrid TPU/[Bmim][SCN] iontronic 

materials and textile-based sensors for wearable force and deformation sensor applications. 

The incorporation of [Bmim][SCN] (20, 40 and 60 wt.%) into a TPU matrix induces a porous 

morphology in films whose degree of porosity increases with IL content, without modifying the 

physical-chemical properties and thermal behaviour of the TPU matrix. Between all the IL 

contents, the IL concentration of  40 wt.% revealed the optimal threshold for maximizing ionic 

conductivity while ensuring long-term structural stability and preventing surface IL release.

Regarding sensing performance, it was achieved by the interplay between material density and 

architectural porosity. Under tensile strain, dense TIL films provide a linear response (S = 0.58). 

Conversely, the integration of a porous neoprene scaffold enables a six times increase in pressure 

sensitivity (1.8 × 10⁻² kPa⁻¹). 

The successful integration of these sensors in a glove-mounted prototype demonstrated accurate 

detection of bending and pressing signals, confirming the practical utility of these multifunctional 

materials in wearable electronics. 

Although neoprene scaffolds exhibited promising advantages in pressure sensing, environmental 

tests revealed a sensitivity to humidity in porous structures. Thus, whenever needed, environmental 

interference can be reduced though the application of a dense TPU encapsulation layer.
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