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As printed electronics is evolving toward applications in biosensing and wearables, the need for novel routes to fabricate flat, lightweight, stretchable conductors is increasing in importance but still represents a challenge, limiting the actual adoption of ultrathin wearable devices in real scenarios. A suitable strategy for creating soft yet robust and stretchable interconnections in the aforementioned technological applications is to use print-related techniques to pattern conductors on top of elastomer substrates. In this study, some thin elastomeric sheets—two forms of medical grade thermoplastic polyurethanes and a medical grade silicone—are considered as suitable substrates. Their mechanical, surface, and moisture barrier properties—relevant for their application in soft and wearable electronics—are first investigated. Various approaches are tested to pattern conductors, based on screen printing of 1) conducting polymer [poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)] or 2) stretchable Ag ink and 3) laser scribing of laser-induced graphene (LIG). The electromechanical properties of these materials are investigated by means of tensile testing and concurrent electrical measurements up to a maximum strain of 100%. Performance of the different stretchable conductors is compared and rationalized, evidencing the differences in onset and propagation of failure. LIG conductors embedded into MPU have shown the best compromise in terms of electromechanical performance for the envisioned application. LIG/MPU showed full recovery of initial resistance after multiple stretching up to 30% strain and recovery of functionality even after 100% stretch. These have been then used in a proof-of-concept application as connectors for a wearable tattoo biosensor, providing a stable and lightweight connection for external wiring.
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INTRODUCTION
The investigation of materials and processes for obtaining flexible and stretchable conductors has been driven by both scientific curiosity and technological needs. Recently, it has been boosted by the requirements of novel applications in the fields of flexible/stretchable electronics, wearable sensors/devices, epidermal electronics, biointerfaces, soft robotics, prosthetics, actuators, and energy harvesting devices (Kaltenbrunner et al., 2013; Bandodkar et al., 2015; Liu et al., 2017; Cianchetti et al., 2018; Someya and Amagai, 2019; Yang and Deng, 2019; Yang et al., 2019; Ferrari et al., 2020b).
In principle, an “optimal” stretchable conductor would combine the mechanical properties of a typical elastomer material (such as silicone or natural rubber) with the electrical properties of a purely ohmic conductor, as a metal [e.g., resistivity of Cu, ρ = 15.4 nΩm (Kasap et al., 2017)]. Elastomers show elastic behavior up to very large strain with Young’s modulus within a typical range of E = 10 kPa-10 MPa. They are, however, good insulators, in contrast to metal conductors featuring large electrical conductivity. While the combination of these properties into a single material is very challenging if not impossible, several attempts have focused on materials systems having at least some combined electrical/mechanical features. A variety of approaches have been investigated so far, including conducting polymers and their composites (e.g., interpenetrated networks) with cross-linkable elastomers (Wang et al., 2017; Kayser and Lipomi, 2019); embedding evaporated metals (Au, Ag, Cu) into a stretchable polymer (Kim et al., 2011); nanocomposites of metal/carbon nanoparticles with elastomers (Akter and Kim, 2012; Araki et al., 2016; Yang et al., 2016; Lim et al., 2017; Wu et al., 2017); encapsulated liquid metal (i.e., eutectic GaIn alloys) by fabricating fluidic channels inside an elastomer matrix (Palleau et al., 2013); and printing of graphene/graphene oxide and other carbon-nanomaterials (Dang et al., 2017). In applications, the specific geometry of interconnect circuits (e.g., microfabricated serpentine structures) is often implemented to mitigate the damage effect of imposed strain on conductive tracks.
Most of the aforementioned approaches are based on additive manufacturing, i.e., deposition/patterning of a conductor into/onto a soft and stretchable matrix/substrate. Printing technologies have preeminent importance among these methods, as they can enable the realization of printed conductors over a large area, readily upscalable to high throughput mass production, as required. The specific main challenge in printing a conductor onto a highly deformable elastomeric substrate lies in the matching of the two phases in order to allow reliable functionality and no break or delamination while the material system is flexed or stretched. Matching of these two phases is crucial and challenging at all the different relevant scales, from nano to micro for hybrid nanocomposites up to macroscopic scale for printed or laminated conductors.
A specific application of stretchable conductors, ever-increasing in importance, is to be used as connectors for thin and soft electronic devices, and especially for conformable wearables. With the field of wearable and epidermal electronics growing at a steady pace, novel challenges for material science and engineering are emerging, recently reviewed (Heikenfeld et al., 2018; Gao et al., 2020; Ferrari et al., 2021). Here, combined with the necessary functionality and stretchability, new important requirements can come into play, such as a good match with elastic properties of the skin or other tissues, breathability, compatibility, and high stability at temperatures used for processing of other components.
Different printing methods, mostly inkjet and screen printing, have been proposed for producing flat, lightweight stretchable connectors. Aerosol-jet printing allows abandoning the substrate and producing flat serpentine-shaped stretchable wires on a sacrificial layer which is released upon wetting (Jing et al., 2019). Highly stretchable free-standing self-adhesive PU films produced with the so-called “bubble blowing method” with deposited AgNW show impressive performance; however, it is difficult to control the thickness and produce connectors larger than several cm (Yang et al., 2020).
Screen printing is a powerful method for the deposition of films and microstructures. It uses the mesh screen covered with photo emulsion on which the pattern is formed by masking the desired area before the exposure. After exposure, the untreated area is washed out while everything else remains. In screen printing, ink consists of key materials (e.g., conductive nanoparticles) dissolved in a solvent, often water, alcohols, and glycols. Most of the inks consist of the key component and the viscous carrier, usually a polymer binder or high molecular alcohols. Highly viscous ink is being transferred through the mesh after the pass of the squeegee. Depending on the mesh size, it is possible to obtain features of the specific size and thickness. Screen printing allows producing features with a resolution down to 20–50 μm. The overall quality and resolution of printing also depend on the size of the pattern and the ink composition, viscosity, and wettability. Apart from these “ink” based techniques which are typical of printed electronics, even 3D printing techniques have started to emerge for the production of soft electronics (Tian et al., 2017; Valentine et al., 2017; Yin et al., 2019). However, currently available extrusion-based 3D printers are not yet capable of obtaining conductors with the low thickness required for skin-conformable electronics.
On the other hand, laser scribing is emerging as a new method for the production of conductive materials from dielectric polymers (Ye et al., 2019). Fluence from a laser source operating in the IR or UV range is used to locally induce local heating necessary for photothermal pyrolysis of the polymer precursor. Typically a raster laser scribing is used to operate the patterned pyrolysis into the desired shape of conductors. Depending on the laser power and other rastering parameters (setting the laser fluence, i.e., energy per surface area), the precursor transforms into porous graphitic carbon structures, the so-called laser-induced graphene (LIG). It shows quite good resistivity, huge surface area, and good mechanical properties.
LIG can be readily produced from polyimide (PI) or other flexible (but not stretchable) thermoplastic sheets. Various approaches were proposed to solve the challenge to use LIG in stretchable conductors, including transfer of LIG into PDMS (Rahimi et al., 2015), embedding of PI precursor particles into a cross-linked elastomeric matrix (Parmeggiani et al., 2019), production of LIG from different elastic precursors (Li et al., 2020), or formulation of LIG/PU inks for screen printing (Tehrani et al., 2019). To overcome this issue and apply this material in conformable devices for wearable applications, our group has recently proposed the transfer of LIG onto an adhesive medical polyurethane (MPU) (Dallinger et al., 2020).
Despite the advancements of wearable and tattoo electronics, the wiring of these soft thin devices to external acquisition systems still poses several challenges, especially as regards their mechanical stability and establishment of good electrical contact. Several methods have been proposed to address these challenges (Ferrari et al., 2021), but not all of them can be realized with printing technologies to enable real mass-scale adoption.
In this work, in order to overcome the aforementioned challenges, we investigated various approaches toward the fabrication of reliable stretchable interconnects and external connectors for soft and wearable devices. To this aim, we selected some skin-compatible elastomeric films (silicones, polyurethanes) available in a form of film with different thicknesses and properties. These substrates were first investigated as regards their mechanical, surface, and moisture barrier properties; in the cases where this was deemed relevant, the effect of pre-/post-treatments (plasma, temperature) on their mechanical behavior and wettability was investigated as well.
In Figure 1, the schematics and organization of the present study are summarized. All the elastomeric substrates (silicones, polyurethanes) were first characterized as regards their thickness, surface (roughness, wettability), barrier (water transport), and mechanical properties. Then, stretchable conductors were fabricated by following two different strategies. Two selected candidate elastomeric substrates (silicone, TPU) were used in combination with two different screen-printed conductors: a stretchable silver ink (sAg) and a conducting polymer ink (PEDOT:PSS). A third substrate (adhesive medical polyurethane, MPU) was used as support for laser-scribed porous carbon tracks of Laser-Induced Graphene (LIG). The electromechanical behavior of these stretchable conductors was studied with tensile testing and compared, evidencing the pros and cons of the different approaches.
[image: Figure 1]FIGURE 1 | Schematics of the study. Top: illustration of stretchable conductor fabrication processes on selected substrates following two different strategies: screen printing and IR laser scribing. Bottom: summary of the key properties investigated.
MATERIALS AND METHODS
Elastomer Substrates
In this work the following elastomer substrates were used:
• Silicone films (medical grade silicone rubber, Silpuran® 2030, thickness of 20 and 100 µm) were received from Wacker Chemie AG, Germany.
• Medical polyurethane (MPU) films (Fixomull Transparent, BSN Medical)
• TPU sheets were kindly provided by Mondi Inncoat (Germany) and prepared by A. Kelsch of Mondi Engineered Materials with a manual rod coating on two sides of siliconized 88 g Glassine with a release differential of 1:4.
Plasma Treatment
Weak air plasma treatment was used for cleaning the surface of films from organic residuals and improvement of its wettability to facilitate better film formation during printing on it. TPU and silicone films were treated with plasma with the following parameters: t = 10 s, power = 40% (40 kHz 100 W, Diener Femto Plasma Cleaner, Germany), pressure = 0.3 mbar.
Water Vapor Transmission Rate (WVTR)
WVTR of TPU and MPU films were measured by covering the open neck of a 50 ml tube filled with water with a film membrane and letting it stay at constant humidity and temperature (RH 17%, 37°C) in a humidity chamber (Espec SH-222, Japan) for 7 days. Every day at the same time, tubes with water were weighed. WVTR was calculated by
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where Δm is the mass loss, A is the membrane surface area, and τ is the period of time between two weightings (∼24 h).
Thickness Measurement of Elastomer Substrates
Silicone and TPU film thickness were measured with a stylus profilometer KLA-Tencor D-500 (vertical resolution 0.38 Å, lateral resolution 100 nm). There was a minimum of three samples of each film selected and each sample was scanned three times in different parts (with the small stylus force of 0.5 mg). Before measurement, each film was transferred onto a silicon wafer. Because the glue layer of MPU is too soft and sticky for the tip of the profilometer, its thickness was measured with a Leica Wild M3B optical microscope equipped with a camera (minimum resolution 2.4 µm). MPU samples were cut into thin slices and arranged in a u-shape to keep them in place; cross-sectional images were acquired through the microscope camera and analyzed through the camera software.
The roughness of TPU film was extracted from the profilometer scan of the corresponding sample by calculating the arithmetic mean error from the measured profile (calculated by the built-in profilometer software).
Screen Printing of Stretchable Conductors
Screen printing was performed on a custom manual screen printing press equipped with self-prepared screens. A schematic of screen printing methods is provided elsewhere (Board, 2003). Screens were masked with an array of 42 rectangular tracks (2 × 30 mm). Stretchable conductors were printed with stretchable silver (sAg) (CI-1036 by EMS, United States) and PEDOT:PSS (Orgacon EL-5015 by Agfa) inks. sAg ink was printed using 77 threads/cm and PEDOT:PSS with 100 threads/cm mesh screens. Printing was performed with a rubber squeegee held at an angle around 75° in a single pass on TPU and silicone films. Afterward, films were dried in an oven at T = 110°C for 1 h.
Fabrication of Laser-Induced Graphene/Medical Polyurethane Stretchable Conductors
First, LIG was produced by laser scribing of a polyimide (PI) film precursor (thickness 50 μm, Kapton HN sheets, DuPont) attached with biadhesive tape to an aluminum plate (thickness 1 mm). The CO2 IR laser-cutter/engraver (Universal Laser Systems VLS 2.30, p = 30 W, λ = 10.6 µm) equipped with the HPDFO beam collimator (nominal beam size = 30 µm) was used. The following laser rastering parameters were set: power 11%, speed 10%, raster resolution 500 points per inch (PPI), image density 5, and a positive defocusing of 0.7 mm. After laser scribing, the LIG/PI still supported onto the Al plate was placed in the drying oven for 1 h at T = 110–180°C. Then, MPU was laser-cut from the paper side in the form of a stripe (5 × 30 mm). The paper liner was removed, exposing the polyacrylate glue layer which was attached onto LIG/PI and pressed manually. Pressure was applied to allow a good adhesion. The LIG/MPU bilayer was then obtained by peeling off from the PI sheet. SEM images of LIG/MPU were obtained with scanning electron microscope JEOL JSM-6490LV at an accelerating voltage of 10 kV.
Vertical Interconnect Access Fabrication
Vertical interconnect access (VIAs) holes were laser-scribed on the second layer of MPU (laser parameters: raster mode, power 21%, speed 2.5%, 10 PPI, focus offset 0 mm) that was applied on top of LIG/MPU. The holes (>30 pcs., d ∼ 0.5 mm) were filled with a silver conductive paste (Leitsilber 200) to provide a connection to the LIG sandwiched between two layers of MPU. The sandwich connector was dried for 20 min at 65°C.
Stretching and Electromechanical Tests
Based on some initial tests of printability, three types of samples with different combinations of screen-printed conductors/elastomer substrates were selected for electromechanical investigation. They were sAg on silicone film with t = 100 μm (sAg/silicone 100), sAg on TPU (sAg/TPU), and PEDOT:PSS on TPU (PEDOT:PSS/TPU). Other combinations of substrate/screen-printed conductors were excluded.
All samples were tested with a custom-made setup for electromechanical characterization of samples under tensile strain, described elsewhere (Dallinger et al., 2020). The tensile testing setup was composed of a Load Cell Futek LRF400 (maximum capacity 1.1 N) and an Amplifier Futek IAA100; the load value was read out with an Arduino microcontroller. The stretching speed was set to 0.53 mm/s. The stretching protocol consisted of five repeated cycles of elongation-relax at 5, 10, and 30% and 1 cycle at 100% strain on the same sample. Tests were repeated over at least three samples. A schematic of the actual mechanical cycles is provided in supporting information (Supplementary Figure 1). This device is equipped with a load cell which allows stressing the material at specific strain and (optionally) measuring the resistance at the same time. In the case of electromechanical tensile testing on stretchable conductors’ samples, the following parameters were extracted:
• R0: initial resistance of the sample, before the start of stretching cycles;
• R/R0 relaxed: the change of resistance between the stretching cycles at strain 0%, showing the quality of conductors recovery;
• R/R0 max: resistance change at the maximum strain in the corresponding stretching cycle.
RESULTS AND DISCUSSION
Surface and Mechanics of Substrates
In this work, we compared two kinds of elastomer substrates: a medical grade silicone rubber (two different thicknesses) and two different grades of polyurethane. The medical grade silicone rubber (see details in Materials and Methods) will be called “silicone” in the following, for brevity. It was chosen as an ideal silicone material for applications in stretchable electronics for wearables because it combines many excellent features: transparency, high resistance to heat, chemicals, and radiation, good gas permeability (including the water vapor), good electrical isolation, extremely high elongation at break (450%), good flexibility over a large temperature range (−40-180°C), and biocompatibility, among others (SILPURAN® Datasheet, 2021). Silicone films having a nominal thickness of 20 and 100 μm (±1 μm) were tested in this study. In the following, they will be referred to as silicone 20 and silicone 100, respectively.
Two types of polyurethane films were used: a thermoplastic polyurethane (TPU) film was provided by Mondi Engineered Materials (Austria), while the medical adhesive polyurethane (MPU) is available in commerce (see details in Materials and Methods). TPU consists of a thermoplastic polyurethane sheet supported onto a glassine paper liner on one side (Supplementary Figure 2), from where the TPU film can be simply peeled off. MPU is a commercially available stretchable, transparent, adhesive, breathable elastomeric film for the protection of wound dressing. MPU consists of several layers (see schematics in Supplementary Figure 2): plastic liner and paper carrier are removed prior to use, releasing a thin PU film coated with polyacrylate glue for providing adhesion to the skin. The released TPU film had a thickness of 25 ± 5 μm, while the released MPU had an overall thickness of 54 ± 6 μm (PU layer + polyacrylate glue layer), as determined by stylus profilometry and optical microscopy. One of the key properties of candidate substrates for stretchable conductors is their elastic modulus E, which is defined as
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where F is the force, A is the cross section area, and ε is the strain in a tensile testing experiment. It is possible to extract the gradient of the stress from the linear part of the stress-strain curve. Different elastic regimes are observed at different strain ranges, often accompanied by nonlinear behavior, hysteresis, plastic deformation, and creep phenomena. Thus, the aforementioned figure E is often insufficient to properly describe the mechanics of polymer substrates under tensile deformation over the whole strain range of interest. Nevertheless, an estimation of E at different strains [e.g., as estimated from the low-strain region of the stress-strain curve (Figure 2A)] can enable a quick and meaningful comparison among different materials and provide hints for further considerations. Also, comparing the films of Young’s modulus at each cycle (Ec1, Ec2, and so on) during the measurement allows one to quantify the cyclic softening of the elastomer or to evidence the onset of irreversible deformations or damage. A comparison of E for the investigated materials at different strain ranges is provided in Table 1.
[image: Figure 2]FIGURE 2 | (A) Linear approximation of low-strain region (<ε = 10%) of stress-strain curve for all tested films, as extracted from the tensile test at εmax = 30%. (B) Stress-strain plot of silicone 100 film up to εmax = 100%; inset–water contact angles of pristine (untreated) and plasma-treated silicone. (C) Averaged strain-stress plot of pristine and thermally treated TPU up to εmax = 100%; top inset–photo of stretched TPU; bottom inset–water contact angles of pristine (untreated) and plasma-treated TPU. (D) Strain-stress plot of MPU up to εmax = 100%; top inset–photo of stretched MPU.
TABLE 1 | Main properties of the studied substrate films.
[image: Table 1]All the samples were mechanically tested in a tensile setup according to the same protocol (see Materials and Methods). Both types of polyurethanes are stiffer compared to silicone or other typical elastomers (e.g., polydimethylsiloxane (PDMS), E= (0.57–3.7) MPa (Wang et al., 2014)) and show hysteresis in stress-strain curves. Moreover, after a few strain cycles even at low strain, they cannot restore their original length (Figure 2A). Some more data about remaining deformations, energy losses, and static load results of the studied films are presented in Supplementary Information (Supplementary Figure 3; Supplementary Table 1). It is visible from Figure 2A that MPU leads in terms of stiffness. Interestingly, removal of the adhesive with a solvent did not affect the elastic properties to a measurable extent in a low-strain (up to ε = 10%) region (data not shown).
Typical behavior of all the studied films during repeated tensile deformation at εmax = 100% is shown in Figures 2B–D. As anticipated, the low-strain region of TPU and MPU shows a linear behavior, while partial plastic deformation becomes visible for further increasing strain. Elastic moduli of all films were extracted from the linear approximation of the stress-strain half-cycle curve, which are shown in Figure 2A. However, at around ε > 60% for TPU and ε > 40% for MPU, the curves flatten out again, creating the possibility for another linear approximation and extraction of high-strain modulus Ec1 (ε > 70%) (Table 1). Also, TPU showed increased hysteresis compared to MPU, with an energy loss of 0.3 for TPU with respect to 0.19 for MPU after the first cycle. In contrast, silicone shows an almost perfect linear behavior in the range of ε < 30%, even though moderate softening is observed at higher strains. Despite small hysteresis at ε > 30%, silicone shows a complete elastic recovery of initial length upon relaxation. In a static load test, all films were stretched up to ε = 30% and held for 300 s. TPU and MPU were showing an exponential decrease of stress over time, while stress remained constant in the case of silicone (see Supplementary Figure 3). In particular, TPU and MPU showed a recovery time of τ1 ≈ 24 and 21 s, respectively. From this comparison, how the silicone materials show superior mechanical performance compared to polyurethanes emerges clearly, especially as regards elastic behavior over a very large range.
Together with mechanical behavior, another important aspect to take into account for substrates for stretchable conductors is their permeability to gases. Particularly relevant in the case of bioapplications and wearables is the so-called water vapor transmission rate (WVTR) of a polymer film. It is defined as the amount of water vapor transmitted @ T = 37°C through a polymer film membrane sealing a vial with saturated vapor pressure. This quantity obviously depends on the actual thickness of the film, which needs then to be specified, and it is related to its permeability P0. As regards wearables, in order for them to be breathable, it is mandatory that WVTR of substrates is higher than the estimated transepidermal water loss (TEWL) which in an adult amounts on average to 4–8 gm−2h−1 (or around 50–200 gm−2 per day) (Oestmann et al., 1993). Just recently, this so far overlooked property has been considered in designing new wearable devices (Miyamoto et al., 2017), and some systematic investigation and comparison among the used materials provided (Ferrari et al., 2020b). The WVTR of the different investigated materials is reported in Table 1. The values for silicones were taken from the products datasheets (SILPURAN® Datasheet, 2021) while the ones of MPU and TPU were experimentally assessed as described in Materials and Methods. The materials included in this study were selected based also on their breathability, and it is possible to see from the data in Table 1 that all of them can fulfill the requirement of WVTR > TEWL. However, the high permeability to water vapor could be regarded as a drawback in applications other than wearables or in case the used conductors are sensitive/not stable upon exposure to water vapor. In these latter cases, the use of more common silicone elastomers (such as PDMS or other silicone rubber materials) could be recommended, as they are more impervious to moisture. Typically, they show a WVTR of around 0.4 gm−2h−1 (100 μm thick film) (Ferrari et al., 2020b).
Furthermore, we took into consideration the surface properties of the candidate substrates. The morphology and resolution of printed features are greatly affected by the surface roughness and wettability of the substrate. Table 1 displays values of water contact angle θ of the studied films. Silicones have a very smooth but quite hydrophobic surface (θ ∼ 105°). On the other hand, TPU has a rough surface which affects the wettability (θ ∼ 84°); the latter can, in turn, adversely affect the morphology and quality of printed structures. The surface of TPU is rather rough and non-homogeneous, covered with some holes and bumps, probably as a result of lamination processing, as evidenced in optical microscopy and profilometry investigation (Supplementary Figure 4). Roughness is relatively high (on average among the samples of 5 μm). In order to overcome the limitations in printability related to poor wettability, a moderate plasma treatment was used on both silicones and TPU surfaces (Hemmilä et al., 2012). The inset in Figure 2C shows a dramatic change of contact angle of TPU after plasma treatment resulting in almost ideal wetting.
A plasma treatment on polymer films is known to affect their surface, deteriorating their elasticity (stiffening) and making them brittle and, in general, more prone to breaking under repeated mechanical exercise (Ren et al., 2008). Because of the mild plasma condition and short exposure time, enough to activate the surface, the films investigated here did not show any evident damage nor deterioration of their mechanical properties, as assessed by repeating the same mechanical tests on samples after plasma activation. An example is provided in supporting information for silicone samples. From the corresponding stress-strain plots (Supplementary Figure 5), it is clear that plasma treatment did not affect the mechanics of the silicone films in terms of their elastic moduli.
Since most of the screen-printed conductive inks require thermal post-treatment, our further point of investigation was the effect of thermal treatment on the mechanical properties of the TPU film. This is especially relevant in the foreseen application—printing of functional materials and conductors on PU films—since typically one or more thermal treatments are necessary after printing. To this aim, we repeated the same protocol for mechanical testing as seen above on TPU samples after treatment at 110°C for 1 h. Stress-strain plots and respective elastic modulus of untreated, thermally treated, and plasma-treated TPU samples are shown in Supplementary Figure 6. In order to better visualize the results, we averaged measurements for both types of samples (Figure 2C). The overall temperature effect is revealed in a slight softening of the film mostly at high strain (ε > 30%), but it is not impairing its use. The observed softening can be considered acceptable for the aforementioned applications. The thermal stability of silicone substrates is stated in the product datasheet (SILPURAN® Datasheet, 2021) and is not thus further investigated.
Printed Stretchable Conductors
In this study, stretchable silver (sAg) and PEDOT:PSS screen printing inks formulations were chosen for deposition of stretchable conductors onto the selected substrates. According to a data sheet provided by the manufacturer, the sAg ink consists of silver nanoparticles embedded into a polyurethane binder matrix, helping it to sustain tensile stress with high recovery of conductivity whereas PEDOT:PSS ink is a dispersion of the conducting polymer PEDOT:PSS nanoparticles in ethanol and diethylene glycol. This principle difference in composition is expected to exhibit also different electromechanical behavior. The main properties of inks are summarized in Table 2. Silicone and TPU films were used as substrates for screen-printed stretchable conductors, and they were plasma-treated prior to printing to facilitate film formation. For silicone films, this was a critical step since without plasma activation sAg droplets transferred through the screen mesh merged into larger domes and disconnected from each other (Supplementary Figure 7). This resulted in deposited tracks with negligible conductivity. A uniform film was instead formed when screen printing on plasma-activated silicone surfaces. The printing on TPU was performed on an uncovered side of the TPU (upper exposed surface, highlighted in red in Supplementary Figure 2). The thermal curing conditions for both inks were set the same in order to avoid different thermal effects on the substrates.
TABLE 2 | Main properties of the screen printing inks.
[image: Table 2]Based on some initial tests of printability, three types of samples with different combinations of screen-printed conductors/elastomer substrates were selected for further investigation. They were sAg on silicone film with t = 100 μm (sAg/silicone 100), sAg on TPU (sAg/TPU), and PEDOT:PSS on TPU (PEDOT:PSS/TPU). Other combinations of substrate/screen-printed conductors were excluded. Despite the fact that sAg and PEDOT:PSS could be efficiently screen-printed onto silicone after plasma activation, the functionality of the PEDOT:PSS/silicone 100 upon stretching was limited to just εmax ∼ 2% (Supplementary Figure 8D), so this was not included in further study at higher strain. A similar behavior was observed on thinner sAg/silicone 20, where the failure happens already at εmax ∼ 1–2% of strain (Supplementary Figure 8C). Because of their adhesive and poorly wettable polyacrylate layer, MPU substrates were not used for screen printing but used for a different transfer strategy involving LIG conductors (see the following subsection).
Figure 3 summarizes and compares the results obtained with the aforementioned combinations of screen-printed conductors/elastomer substrates.
[image: Figure 3]FIGURE 3 | Profiles of screen-printed sAg/silicone 100 (A), sAg/TPU (C), and PEDOT:PSS/TPU (E); insets show the optical images of printed tracks and schemes of the printed inks on the various substrates (scale bar corresponds to 1 mm); thickness of each printed pattern estimated by stylus profilometry is specified above each profile. Resistance change over time of sAg/silicone 100 (B), sAg/TPU (D), and PEDOT:PSS/TPU (F) on TPU during five cycles of repeated stretching/relaxation for an applied maximum strain εmax = 10%. Resistance vs. strain plots of the same materials at various εmax is provided in supporting information (Supplementary Figures 8–10).
Figures 3A,B show the structure and electromechanical behavior of sAg/silicone 100 at εmax = 10%. The screen-printed track of sAg has a thickness of 12.7 ± 0.7 μm and a rather rough surface profile, as evidenced in Figure 3A. Except for the first cycle during which the conductor undergoes an irreversible change of its resistance in a relaxed state (R ∼1.5R0), it retains the maximum R/R0 < 4 at max stretching; it almost reversibly restores to values close to the initial R0 upon relaxation. Notably, the sAg/silicone has the lowest resistance in the series (R0 = 2.6 Ω). However, further elongation of sAg/silicone 100 at εmax = 30% led to the formation of cracks in the sAg layer (Supplementary Figure 7) at around ε ∼20%, and, in turn, to an abrupt jump of electrical resistance (loosing of connectivity). Partial connectivity was restored upon relaxation at around 10%, as the cracks closed back during the following cycles (Supplementary Figure 8B). Nevertheless, the composite conductor remained permanently impaired.
As mentioned above, PEDOT:PSS/silicone 100 showed an even worse behavior, with irreversible cracking already at around ε ∼2%. Observed effects probably resulted from incompatible chemistries between the silicone surface and the ink. Even though the ink coverage seems to be fine after plasma treatment, after drying, the film/substrate interface remains weak and easily breakable under applied stress. The hydrophobic nature of the silicone rubber and probable hydrophobic surface recovery over a short time [typically observed in silicones (Everaert et al., 1995)] prevents the good adhesion with the conductive layer of both inks. Moreover, as the profile of sAg on silicone 100 reveals (Figure 3B), the track forms a dome-like shape which also supports the proposed hypothesis.
Figures 3C,F show the results of electromechanical tests for stretchable conductors on TPU films over five cycles of resistance change during stress-relaxation. Very similar to silicones, sAg/TPU had very low R0 (around 4 Ω), given the similar thickness of the track (Figure 3C). sAg/TPU showed a good electromechanical performance, increasing its resistance only by 5–6 times at lower strains, resulting in R = 25 Ω when stretched up to εmax = 10%. The resistance change profile upon stress-relaxation is pretty reversible with a relaxed resistance R/R0 ∼ 2 which almost remained unvaried after the first cycle. This could be explained by a perfect combination of silver filler and polymer matrix of sAg, matched with TPU, which assures the reversibility of the process. Moreover, it should be noted that, given the results of static tests provided in Supplementary Figure 3, part of the resistance change after relaxation is ascribable to incomplete mechanical relaxation of TPU in the experimental timescale. Indeed, the actual stress/relaxation cycles imposed in these tests are too fast compared to the dynamics of the elastomer, having a relaxation time constant of around 24 s.
Nevertheless, during further tensile testing at εmax = 30% a breakage was observed, resulting in failure of the conductor for ε > 20%, as observed for sAg/silicone. Similarly, a partial recovery of connectivity is restored upon relaxation for ε < 10%. Overall, the electromechanical behavior of sAg on both silicone 100 and TPU can be considered very similar, apart from the difference in the elastic modulus of the two materials (Table 1).
Some differences among substrates were instead evidenced in the case of PEDOT:PSS. In contrast to sAg, PEDOT:PSS/TPU has much higher initial resistance (around 3.5–4 kΩ vs. 4 Ω for sAg/TPU). This is expected for the PEDOT:PSS layer, given its smaller thickness (Figure 3E; ∼2.2 vs. ∼12 μm of sAg) and its intrinsic lower conductivity (Figure 4). This double-fold effect is reflected in the different sheet resistance of the two screen-printed materials (Table 2). The resistance of PEDOT:PSS/TPU increased to around 1.4R0 upon five consecutive cycles of stretching to εmax = 10% (Figure 3F). After the first most destructive cycle, the resistance rose by ∼27% and was restored only by a third during relaxation. However, a continuous degradation of the performance after each cycle was observed. New cracks were formed at each subsequent stretch cycle, leading to a steady increase of R with an increase of repeating cycles. More strain cycles led to further degradation; however, the gradient of this change decreased over the number of cycles and reached an R/R0 = 3 and 15 for εmax = 30 and 100%, respectively (Supplementary Figures 9). This can be explained by irreversible crack formation inside the printed track since the used inks consist only of PEDOT:PSS dispersion with viscous additives and no stretchable polymer binders are used. As visible in Supplementary Figures 10, after new maximum stretching at a certain εmax was achieved (with new R0 upon relaxation) any further stretch at ε < εmax did not perturb the resistance, as no new cracks are formed. However, even after repetitive stretching at εmax = 100%, the PEDOT:PSS/TPU remained functional, with the maximum resistance around 450 kΩ at maximum stretch (εmax = 100%) and R0 (relaxed, ε = 0) of around 320 kΩ.
[image: Figure 4]FIGURE 4 | Sheet resistance (top) and conductivity (bottom) of the various materials investigated for stretchable conductors: sAg, PEDOT:PSS, LIG. Standard deviation of sheet resistance for all samples is less than 1 Ω. Laser-induced graphene as stretchable conductor.
This behavior of PEDOT:PSS tracks differs very much from the above-described one of sAg on the same TPU substrate. Moreover, these experiments identified an even more striking difference among PEDOT:PSS tracks screen-printed onto silicone and TPU. The difference in behavior, apart from the plastic deformation of TPU stripes, is caused by intrinsic features of printed material. PEDOT:PSS ink is a dispersion of polymer nanoparticles which forms a thin, planar, conformal structure on top of the substrate, better tolerating any partially irreversible destruction under tensile stress. The PEDOT:PSS layer is 5 times thinner than sAg ink and adapts conformally to the high roughness of the film, as visible in the profile reported in Figure 3E.
On the other hand, sAg ink consists of silver particles dispersed in a polymer binder matrix which tends to restore its original shape upon relaxation, but only over a limited range of elongation. In this case, a large resistance change is observed upon stretching, which is however quite totally recovered upon relaxation. This property could be interesting for realizing strain gauges, as done recently with other materials on top of similar substrates (Jang et al., 2019; Shaker et al., 2019).
It can be observed from both optical microscope pictures and profiles (Figure 3) that the edges of printed tracks are uneven and wavy, which is related to the quality of the used screen. The actual width of the PEDOT:PSS track is wider than the nominal (∼2.2 mm) and thinner compared to the stretchable silver one. The roughness of the TPU film is larger than the average thickness of the printed layer which leads to a very inhomogeneous track profile and even holes inside a line which results in worse electric properties. sAg tracks look much better, since the thickness is 5 times higher, and their roughness is not much affected by the substrate roughness. The width is close to nominal (∼1.95 mm).
Laser-Induced Graphene as Stretchable Conductor
Laser-Induced Graphene tracks were first scribed into a polyimide (PI) precursor sheet and then transferred onto MPU with a procedure described in the experimental section and similar to (Dallinger et al., 2020).
The laser rastering process responsible for photothermal pyrolysis resulted in tracks of the so-called “porous LIG” (LIG-P) characterized by a 3D porous structure with a thickness of around 8–10 μm (Dallinger et al., 2020), embedded into the PI sheet. The MPU film was attached to the PI sheet letting the polyacrylate glue layer adhere to the exposed LIG surface and then peeled off. A SEM picture of the porous LIG structure embedded into MPU is provided in Figures 5E,F. In Figure 4, the sheet resistance and conductivity values of LIG are provided for comparison with printed conductors. However, it is important to note that LIG is a porous material; therefore, the conductivity of LIG, as calculated with an average thickness of the porous layer containing voids, is certainly underestimated.
[image: Figure 5]FIGURE 5 | Effect of thermal annealing treatment on LIG/MPU initial resistance R0. Comparison of no annealing (T = RT), annealing at T = 110, 180°C for 60 min (A) (inset: LIG/MPU in relaxed state) and resistance change at maximum strain Rmax/R0(B) (inset: LIG/MPU manually stretched to ε ∼ 100%). Resistance change of LIG/MPU composite at εmax = 10% (C) and εmax = 30% (D) for a sample with annealing at T = 110°C; SEM image of the relaxed (E) and stretched (F) LIG/MPU.
Based on some initial investigations not reported here, it was found that a further thermal treatment on LIG before transfer to LIG/MPU could affect its final electromechanical properties, probably caused by a better transfer yield. For this reason, the effect of thermal annealing operated on LIG supported on PI at two different temperatures on the final performances of LIG/MPU stretchable conductors was investigated. On PI, we have not observed any changes in resistance (data not shown). However, a resistance change of transferred LIG with the temperature was observed (Figures 5A,B). A significant change is clearly visible in both R0 and Rmax/R0 ratio at 110°C but almost no change with subsequent heating up to 180°C. Probably, the temperature causes thermal expansion in the underlying PI and facilitates the transfer of the LIG onto MPU.
In Figures 5C,D, the electromechanical performance of LIG/MPU at εmax = 10 and 30% is displayed. The initial resistance R0 is not as low as the one of sAg printed tracks, but one order of magnitude lower than PEDOT:PSS conductor. Moreover, after each strain cycle, the LIG/MPU restored its initial resistance quite closely. At moderate strains (up to 10%), the LIG/MPU stretchable conductor showed much more predictive and reproducible resistance change between the cycles, except for the first cycle where some little irreversible changes were observed, mainly caused by plastic deformation of the MPU substrate discussed above. Another interesting feature of the LIG/MPU in contrast to the other conductors investigated in this study is the reversible restoring of functionality after connection failure at high strain (see Supplementary Figure 11). During elongation up to εmax = 100%, the failure occurred at around ε = 50% (higher than in previous cases discussed so far); connection failure was evidenced by the abrupt jump of resistance to MΩ range. During the subsequent relaxation, at around ε = 40%, the connection was restored and the resistance went back to a value comparable to the ones measured before the stretching. This interesting behavior is probably due to the peculiar structure of LIG. The porous nature of the LIG-flakes embedded into the glue layer of MPU promotes the formation of connection sites between the randomly distributed sheets of graphene which allows extending the strain range of operation and the lifetime of the stretchable conductor under repeated exercise [repeated stretching of LIG/MPU for 200 cycles at εmax = 30% showed stable performance of the stretchable conductor; please refer to supporting information of (Dallinger et al., 2020) for details].
Stretchable Connector
One of the goals of this study was to identify materials and strategies to fabricate stretchable connectors for wearable biosensors, such as temporary tattoo electrodes (TTEs) (Ferrari et al., 2018; Ferrari et al., 2020a). TTEs are ultrathin, soft, and skin-conformable electrodes used for electrophysiological recordings on skin: electromyography (EMG), electrocardiography (ECG), electroencephalography (EEG), and bioimpedance measurements (Taccola et al., 2021). TTEs were printed with PEDOT:PSS which acts as a sensing material; its properties, fabrication, and different applications were profoundly discussed in a recent review (Ferrari et al., 2020b). These unperceivable biosensors allow for long-term recordings with exceptional ease of transfer and maximum comfort for the user, while showing signal acquisition performances comparable to state-of-the-art Ag/AgCl electrodes. Due to their ultralow thickness, they require an interface connection thin enough to not mechanically affect the temporary tattoo film and stretchable to compensate for stresses caused by the wiring to external amplification and acquisition devices. As evidenced in previous studies, the interface from soft ultraconformable tattoo film (typical thickness of around 500 nm, closely adhering to the skin) and the heavy and rigid macroscopic external wiring (detached from skin) is the place where a failure of connection or irreversible damage/breaking can most likely occur. This is due to the mismatch of mechanical properties and concentration of mechanical stress. Several strategies have been adopted, including printed PEDOT:PSS flat connectors on polyethylene naphthalate (PEN)/polyimide sandwich structures and 3D printed plastic clamps (Ferrari et al., 2020a), or printed Ag serpentine lines and a magnetic docking system (Taccola et al., 2021). However, none of these strategies relied on a truly soft, stretchable, lightweight connector.
Based on lessons learned in the investigation of elastomers and stretchable conductors reported in previous sections, we developed a novel design of a stretchable lightweight connector for the TTEs. As a proof of concept for application, a “sandwich” connector was assembled based on a LIG/MPU layer encapsulated with the MPU layer on top (see Figure 6). In the top layer of MPU, several little holes were laser-cut on both tracks of the sandwich. These little holes acted as vertical interconnect access (VIA) for insulated conductive tracks. The VIAs were then filled with a silver paste creating a robust connecting pad, suitable for wiring to external devices. Each hole has a size of ∼0.5 mm, so paste could freely fill the formed channels and intermix with the LIG porous structure. The VIAs provided a perfect electrical connection with the insulated LIG at the same time protecting its fragile porous structure from degradation. Furthermore, these connectors are currently tested in sEMG measurements, giving a good signal and stable comfortable coupling with TTE on the skin.
[image: Figure 6]FIGURE 6 | Scheme of “sandwich” connector and VIAs based on LIG/MPU and photo of printed TTEs for electrophysiological recordings on skin.
CONCLUSION
In this work, we have compared several types of stretchable connectors, including screen-printed conductors on silicone and polyurethane substrates and composite material based on laser-scribed graphene LIG embedded into a medical polyurethane adhesive. The mechanics of substrate films was investigated, revealing the viscoelastic behavior of PU films compared to the almost perfect reversible elasticity of silicone films. However, in terms of electromechanical performance, stretchable conductors on silicone showed the worst results. Poor ink to surface interaction, very weak adhesion, and low conformability of ink material to the substrate lead to irreversible crack formation even at a low level of stress despite surface modification. On the other hand, sAg/TPU showed better results, giving more reliable conducting structures, however only at moderate levels of stress. PEDOT:PSS/TPU showed better performances, being the only stretchable conductor among the others which is able to sustain elongation up to 100% without complete irreversible breakage of the connection.
LIG/MPU showed a reproducible resistance change between the stretching cycles and was able to restore the conductivity even after the failure of connection at high strains.
The application of stretchable conductors was demonstrated in a proof-of-concept sandwich connector. This design allows isolating the conducting material while providing a robust external connection through VIAs which are able to sustain moderate strain without losing the connection. This type of connector is a promising candidate for connecting the TTE with external acquisition devices for electrophysiological wearable applications.
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