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            Abstract
The ability to extend sensory information processing beyond the nervous system1 has been observed throughout the animal kingdom; for example, when rodents palpate objects using whiskers2 and spiders localize prey using webs3. We investigated whether the ability to sense objects with tools4,5,6,7,8,9 represents an analogous information processing scheme in humans. Here we provide evidence from behavioural psychophysics, structural mechanics and neuronal modelling, which shows that tools are treated by the nervous system as sensory extensions of the body rather than as simple distal links between the hand and the environment10,11. We first demonstrate that tool users can accurately sense where an object contacts a wooden rod, just as is possible on the skin. We next demonstrate that the impact location is encoded by the modal response of the tool upon impact, reflecting a pre-neuronal stage of mechanical information processing akin to sensing with whiskers2 and webs3. Lastly, we use a computational model of tactile afferents12 to demonstrate that impact location can be rapidly re-encoded into a temporally precise spiking code. This code predicts the behaviour of human participants, providing evidence that the information encoded in motifs shapes localization. Thus, we show that this sensory capability emerges from the functional coupling between the material, biomechanical and neural levels of information processing13,14.
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                    Fig. 1: Methods and behavioural results.[image: ]


Fig. 2: Vibratory motifs emerge rapidly during extended location sensing.[image: ]


Fig. 3: Impact location is encoded in the spike timing of tactile mechanoreceptors in the hand.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Setup for the behavioural and vibration experiments.
a, The experimental setup for all behavioural experiments (see Methods for details). The object shown below the rod was used in the first three behavioural experiments. b, The hybrid tool used in experiment 6, which was half rigid (wood and insulation) and half non-rigid (insulation only). The foam is displayed as being open for presentation purposes only. The dimensions of the rod have also been altered for presentation purposes. See Methods for more details. c, Setup for the vibration experiment, where accelerometers were attached to the handle and the participant’s index finger.


Extended Data Fig. 2 Results of behavioural experiments.
a–f, Group-level affine regression for experiments 2–5. Experiments 1, 2, 3 and 5 (n = 10), experiment 4 (n = 20). Coloured dashed lines around the model fits correspond to its 95% confidence interval. The grey line corresponds to the equality line. c, Experiment 4: Pearson’s correlation between the regression slopes for when the drawing was displayed in parallel with the actual rod and rotated 90° counter-clockwise. g, Left, slope for every dataset from experiments 1–5 (n = 60). The prediction of the distalization model (that is, chance performance) is shown by the orange line. Right, average slope with 95% confidence intervals. h, Experiment 6, contact at identical locations on a wood (green) and foam (purple) tool leads to drastically different vibration patterns. In the case of the hybrid tool, participants could only feel the wooden portion of the rod with their hand, making the vibration pattern from the foam portion of the rod unexpected and therefore uninformative. i, Localization for each participant in the vibration experiment was within the range of behaviour observed in the other six experiments.


Extended Data Fig. 3 Modal responses of a rod under different initial and boundary conditions.
a, Independent of the material of a rod, the modal frequencies in the free case alias to the next highest modes in the clamped case. In the plot, this can be clearly seen for a simulated rod with a circular cross-section (length: 83 cm; cross-section radius: 0.8 cm) that was made of one of a diverse set of materials of varying elasticities and densities. The grey line corresponds to the equality line between the frequencies of each limit case. b, Mode shapes for the first four modes in the free case. c, Modes shapes for the first five modes in the clamped case. Modes with similar shapes as the free case are matched by colour. d, e, Simulated displacement, velocity and acceleration after impact on a free rod at l* = 0.33 (d) and 0.5 (e). The zero crossings of velocity and acceleration are presented as tick marks above the relevant curves. The weights are taken from the mode shapes. f, g, Same for the clamped case, but minus the ‘whipping’ first mode. This is justified as all other mode shapes and frequencies are shared between cases. Notably, there is a high degree of similarity between the modal responses in each case for impacts at identical locations. Furthermore, it can be noticed in all panels that the sequences of zero crossings tend to repeat themselves owing to the special distribution of modal frequencies reflected in the phase differences. After a few periods of the low frequency modes these sequences can generally be easily discriminated. Thus, an effective feature space could be simply a relatively small number of time intervals between extrema in a suitably filtered signal.


Extended Data Fig. 4 Trial-by-trial vibrations for each participant were highly consistent.
a–c, When held in the hand, vibrations after impact at each location on the tool were highly consistent for each participant: LO (a), AY (b) and EA (c). The upper left plot in each panel corresponds to the histogram of each within-location Pearson’s correlation (0–100 ms after impact, corresponding to 250 data points per test). The shift in the distribution towards high correlations for each participant (LO: median r = 0.58, interquartile range (IQR) = 0.19; AY: median r = 0.73, IQR = 0.16; EA: median r = 0.79, IQR = 0.23) provides evidence for the emergence of vibratory motifs during passive and active sensing. The traces correspond to the motifs for each location (landmark 1 (blue) to landmark 7 (red), from left to right). The grey traces correspond to each individual impact and the colour traces correspond to the mean trace (0–100 ms after impact; colour coded by location).


Extended Data Fig. 5 The dimensionality of motifs can be reduced to their zero crossings.
a, b, The motif (black; acceleration), zero crossing in acceleration (green) and velocity (blue), and spikes (orange) of a representative trial from the datasets of participants (a) EA and (b) LO. We observe a precise temporal relationship between zero crossings in velocity (blue) and the spikes of a Pacinian mechanoreceptor simulated with TouchSim (orange). c, We observed high classification accuracy when decoding impact location from the pattern of zero crossings in acceleration of motifs for each dataset (chance = approximately 14%). d, We could accurately model each participant’s trial-by-trial behaviour given the temporal pattern of zero crossing in the acceleration of the corresponding motif (140 data points per test). We plot the goodness of fit as a function of the number of predictors used in the model. Solid lines correspond to the R2 and dashed lines correspond to the predictive R2.


Extended Data Fig. 6 Results for skin recordings.
a, b, We found similar spectral content between the mechanical (tool) and cutaneous (D2m) vibrations for both LO (a) and AY (b). Both participants showed similar peaks in the power spectrum for the vibrations (0–200 ms after impact) on the tool (black line) and skin (grey line). Furthermore, the trial-by-trial correlations between the spectral content of the wood and skin vibrations (histograms on the right) were high for both LO and AY. c, Histograms of all within-location comparisons for participants LO (left; median r = 0.65, IQR = 0.21) and AY (right; median r = 0.41, IQR = 0.17). Pearson’s correlation on the first 100 ms after impact, corresponding to 250 data points per test. d, The observed speed that location information accumulated within the vibrations on the skin was extremely rapid for each participant, mirroring what was observed when the tool was clamped with a bench vice (green line; see the experiment in the Supplementary Data section 3).


Extended Data Fig. 7 The effect of temporal smoothing on population spiking.
Population-level spiking (−15–215 ms after impact) of the simulated afferents for randomly chosen trials from four different locations: landmark 1 (blue; trial 12), landmark 2 (purple; trial 39), landmark 4 (green; trial 68), and landmark 6 (brown; trial 114). To reduce the temporal resolution of spiking, we smoothed the response with Gaussian kernels at six different widths. The resulting traces were then used to investigate whether impact location coding was dependent on millisecond-resolution spike-timing (see Fig. 3c). Only trials from the dataset of participant EA are shown in this figure, but nearly identical patterns of results were found for both LO and AY.


Extended Data Fig. 8 Model fits for each participant.
a–c, The trial-by-trial population spike-timing of the putative afferents (left plots) precisely predicted the behaviour of each participant: LO (a), AY (b), and EA (c). When the population rate code (centre plots) was used as features, the model did not provide a precise fit to the behaviour (see Extended Data Table 2). Vibratory motifs (right plots) also predicted behaviour with high precision. The grey line in all plots represents the equality line between actual and predicted behaviour, not the actual regression line.


Extended Table 1 Behavioural resultsFull size table


Extended Table 2 Multivariate models with forty-two predictor variablesFull size table
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