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            Abstract
Soft machines are a promising design paradigm for human-centric devices1,2 and systems required to interact gently with their environment3,4. To enable soft machines to respond intelligently to their surroundings, compliant sensory feedback mechanisms are needed. Specifically, soft alternatives to strain gaugesâ€”with high resolution at low strain (less than 5 per cent)â€”could unlock promising new capabilities in soft systems. However, currently available sensing mechanisms typically possess either high strain sensitivity or high mechanical resilience, but not both. The scarcity of resilient andÂ compliant ultra-sensitive sensing mechanisms has confined their operation to laboratory settings, inhibiting their widespread deployment. Here we present a versatile and compliant transduction mechanism for high-sensitivity strain detection with high mechanical resilience, based on strain-mediated contact in anisotropically resistive structures (SCARS). The mechanism relies upon changes in Ohmic contact between stiff, micro-structured, anisotropically conductive meanders encapsulated by stretchable films. The mechanism achieves high sensitivity, with gauge factors greater than 85,000, while being adaptable for use with high-strength conductors, thus producing sensors resilient to adverse loading conditions. The sensing mechanism also exhibits high linearity, as well as insensitivity to bending and twisting deformationsâ€”features that are important for soft device applications. To demonstrate the potential impact of our technology, we construct a sensor-integrated, lightweight, textile-based arm sleeve that can recognize gestures without encumbering the hand. We demonstrate predictive tracking and classification of discrete gestures and continuous hand motions via detection of small muscle movements in the arm. The sleeve demonstration shows the potential of the SCARS technology for the development of unobtrusive, wearable biomechanical feedback systems and humanâ€“computer interfaces.
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                    Fig. 1: SCARS sensor overview.


Fig. 2: Demonstration of sensor sensitivity and robustness.


Fig. 3: The effect of off-axis loading and design parameters on sensor performance.


Fig. 4: Demonstration of a textile-based sensor-integrated sleeve for hand motion detection.



                


                
                    
                
            

            
                Code availability

              
              The custom code developed for modelling sensor performance is available from https://github.com/kldorsey/SCARSmodel.

            

Data availability

              
              The sensor characterization experimental data from this study are available from figshare, https://doi.org/10.6084/m9.figshare.12757961.
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Extended data figures and tables

Extended Data Fig. 1 CFPC fabrication and characterization.
a, Five plies of uniaxially aligned carbon fibres pre-impregnated with epoxy resin are laid in a [0Â°/90Â°/0Â°/90Â°/0Â°] layup. (Fluorinated ethylene propylene (FEP) films were used to prevent adhesion between the steel plates and the CFPC plies.) The stack is cured in a heat press using the pressure and heat profile indicated in b. c, CFPC electromechanical response (sample gauge length taken to be 10 mm). Inset, test sample geometry and carbon fibre ply orientations relative to the test pull direction. d, The conductor toughness (estimated by multiplying the ultimate yield stress by the strain at failure divided by two) weighted (multiplied) by the smallest conductor dimension, dmin (that is, the conductor thickness or diameter), plotted against the linear gauge factor. Data are from refs. 9,11,16,18,21,22,25,26,29,43,44,45,47,48,49,50. (Where the linear gauge factor was not available, the absolute gauge factor was used. Where the yield stress was not stated, generally accepted values or data from references. 53,54,55,56 were used. Where ambiguities existed, the higher value estimate was used.) e, Sensor with the highest gauge factor obtained in this work showing a gauge factor of 85,000 and a linearity, R2 > 0.96. The inset shows a layup of the conductor used in the experiment, showing an insulating epoxy laminate (FR4) sandwiched on each side by two aligned CFPC plies.


Extended Data Fig. 2 Sensor fabrication and resistance measurement.
a, Sensor laser-machining and assembly steps. b, Laser processing file and resistance measurement circuit. A current regulator (LM134 by Texas Instruments) provides a constant current, I to the sensor. The potential difference, V is measured and read using a digital acquisition system. The bottom left schematic shows a close up of the region indicated in the top figure (red box). The bottom right schematic shows a microscope image of an example CFPC meander (scale bar, 100Â Âµm). c, Example of sensor cross-section (seen from the edge of the meander, CFPC trace outlined in red). The top image shows the cross-section before prestrain relaxation and the bottom image shows the cross-section after prestrain release with trace contact (scale bars, 50Â Âµm). d, Sensor electrical connection methodology. (i) Contact pad of the sensor. (ii) Stripped electrical cable (34-gauge, 7/40 Hook-Up Wire by Alpha Wire) passed through the hole of the contact pad. (iii) The cable is pulled through the slot feature in the contact pad. (iv) The resulting electrical connection, providing good conductivity and mechanical stability.


Extended Data Fig. 3 Sensor resilience to adverse conditions, off-axis deformations, strain rate and textile coupling.
a, Photograph of the car used in the sensor resilience demonstration (Honda HR-V Henna), mass approximately 1,450 kg. b, Experimental setup for demonstration of robustness. The inset shows a close-up of the sensor with wiring and adhesive covering to prevent wire breakage (scale bar, 20 mm). c, Results of high loads (applied normal to the sensor surface, as indicated in the inset above) on the sensor transient. The sensor is functional throughout the test and qualitative behaviour is retained. d, The effect of temperature and humidity on sensor output (the inset shows a diagram of the sensor during the experiment). e, The effect of strain rate on the sensor transient (arrows indicate loading and unloading portions of the curve). f, The effect of coupling a sensor in series with a relatively stiff textile (knitted textile, stiffness 7.5Â Ã—Â 10âˆ’2 NÂ mmâˆ’1) and a relatively low stiffness textile (mesh textile, 2Â Ã—Â 10âˆ’2 NÂ mmâˆ’1). The inset shows the sensor coupling to textiles of length 100 mm, in addition to a sensor with no textile coupling (provided for comparison) (the coloured dots indicate which plot line corresponds to which sensor in the inset). g, Plot showing low sensitivity of the sensor response to off-axis deformations about non-principal axes. The insets show screen captures of experimental footage showing deformations applied to the sensor.


Extended Data Fig. 4 Experimental setup for initial curvature and twist characterizations.
a, The characterization of initial torsion (and linear extension). b, The response to normal pressure. c, The characterization of initial curvature, where d represents the diameter of the PVC pipe used in the experiment. The inset shows the geometric relationship between the measured force, Fm and the force in the flexible connector, F (equal to FmcosÎ¸).


Extended Data Fig. 5 Sensor analytical model.
a, A schematic depiction of the simplified sensor geometry used to develop the analytical model and the resistive ladder electrical abstraction. The lumped elements labelled RC (for resistive contact) represent the contact-dependent variable resistance. bâ€“d, Sensor model prediction for: b, sensor gauge factor; c, tensile strain in the sensing region; and d, resistance change, âˆ†R/R0 (all normalized by their values at scaling factor 1), as a function of varying width, pitch and anisotropy ratio (AR) (in c, the width line is overlapped by the AR line). A scaling factor of 1 is equivalent to width 10Â mm, pitch 200Â Âµm and ARÂ =Â 1.2. All other parameters are held constant. The figure shows that for the range of values explored, the gauge factor and resistance range are most sensitive to variations in the sensor width, and the sensor strain range is most sensitive to variations in the sensor pitch.


Extended Data Fig. 6 Sensor sleeve design and testing.
a, Sleeve pattern dimensions. b, Sensor sleeve device, front side view. c, Sensor sleeve device, back side view. Textile-integrated sensors, zip fasteners, elbow alignment feature and sewn coaxial cable are labelled (the sewn coaxial cable method allows for the textile region underlying the cable to be stretched without breaking the cable.) dâ€“f, Motion tracking marker locations for motion capture data acquisitions. d, View from ventral side of the arm. e, Frontal plane view of the arm. f, Dorsal side view of the arm. Example of motion capture tracking for: g, palm gesture; h, pinch gesture; i, fist gesture. In gâ€“i, left image: screen capture of footage from the experiment, right image: screen capture of the motion tracking reconstruction, coloured dots represent the motion tracking markers (yellow connecting rods added for clarity). Author M.A.G. appears in dâ€“i; author J.R.F. appears in f. Tracking images were generated using Visual3D software, C-Motion by Germantown.


Extended Data Fig. 7 Taxonomy of compliant, resistive sensing mechanisms.
Red crosses in the strain response row indicate the point at which the sensor typically fails (the strain value at failure is indicated in blue text). The ultra-sensitivity determination is based on the linear gauge factor of the sensor (as opposed to the absolute gauge factor; see Extended Data Table 3). For each of the four categories at the bottom of the table, a green check indicates that ultra-sensitivity (linear gauge factors >1,000) has been demonstrated, off-axis deformation rejection has been shown, the ability to withstand cyclic loading >500 cycles has been demonstrated, and the conductors used have high resilience (as defined in Extended Data Fig. 5d), respectively. A red cross indicates where the above criteria have not been met. Data are from this work and refs. 9,11,18,21,22,25,26,29,43,44,45,46,47,48,49,52.


Extended Data Table 1 Motion capture trial protocolFull size table


Extended Data Table 2 Selected hand motion tracking and classification model architecturesFull size table


Extended Data Table 3 Comparison table of compliant strain sensor mechanismsFull size table





Supplementary information
Video 1
Demonstration of sensor mechanical resilience: The SCARS sensor technology is subjected to a number of challenging scenarios for robustness and damage resistance; including puncturing with a scalpel knife, impact loading from a hammer strike, and even extremely adverse conditions outside of the laboratory context â€“ being driven over by a car on uneven terrain.


Video 2
Comparison of the sensor response to linear extension vs bending: A sensor is cyclically and sequentially bent and extended. These results show that the peak response in bending is less than 10% of the peak response in linear extension for bend angles of up to 80Ëš.


Video 3
Demonstration of sensor sleeve device hand gesture classification and hand motion tracking: An example soft device is presented through the construction of a textile-based sensor sleeve â€“ designed to recognize hand motions and gestures via the detection of subtle deformations in the arm resulting from muscle contraction.
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