


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-024-01280-w

Extended Data Fig. 9 | Neurobehavioural monitoring of NHPs in a forest-like 
environment. a, Customized design of an acrylic wireless-power home cage  
for NHPs. b, Forest-like environment for naturalistic behaviours of NHPs and 
video camera position for monitoring and analysing monkey behaviours.  
c, Representative neurobehavioural signals of the monkey and system power 

level after one month of implantation (top) and photographs (middle, bottom) 
of the monkey over that month in the cage. d, Voltage profile of the implanted 
device when the monkey sat, moved, stood and hung in the wireless-power  
home cage.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Signal processing and analysis details. a, Block 
diagram of neurobehavioural signal recording and analysis. b, Received power 
as monitored during eating behaviour experiments. c, Averaged gamma power 
(35-50 Hz) of segmented LFPs in the craving (blue) and consumption (red) phases 
during eating behaviour experiments. (n = 315 segments, left). Feature extraction 
results of segmented acceleration data in the consumption phase (red) and the 
craving phase (blue) (n = 315 segments, right). Error bars represent the standard 

deviation of the data. d, T-distributed stochastic neighbor embedding (t-SNE) 
visualization of feature output from the concatenated model using recorded 
neurobehavioural signal. e, Comparison of the classification accuracy of 5 
classifier models over five folds, utilizing a 4 s time window and 75% overlap for 
segmentation. f, DNN model architecture with extracted acceleration features. 
g, CNN model architecture with extracted scalograms from LFPs. h, Detailed 
structure of the proposed concatenated model consisting of the DNN and CNN.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Custom Android application that runs on a smartphone (LG V30). 
Custom Matlab codes that run on a laptop (ASUS ZenBook 14). 
Custom-developed firmware for BLE MCUs (MCUXpresso v11.9.0), Android applications (user interfaces) for use on smartphones (Flutter), 
Matlab codes for use on laptops (Matlab 2021b, 2022b) are available from the corresponding author on reasonable request. 
COMSOL (Multiphysics 6.1) was used for electromagnetic simulation.

Data analysis COMSOL (Multiphysics 6.1) 
Matlab 2021b, 2022b (Mathworks) 
Microsoft Office 365 Excel 
Origin Pro 2023 (Origin Lab) 
FLIR Research IR software 4 (Research IR Max, FLIR systems) 
TensorFlow (Google)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The main data supporting the results in this study are available within the paper and its Supplementary Information, and also from figshare with the identifier 
https://doi.org/10.6084/m9.figshare.25584597. Source data for the figures are provided with this paper. A larger number of additional neurobehavioural signals 
used to produce figures and conduct analysis are available from the corresponding authors on reasonable request.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study did not involve human research participants.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

–

Population characteristics –

Recruitment –

Ethics oversight –

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size One device was implanted in a monkey for the in vivo studies on neurobehavioural signal recording and analysis (shown in Fig. 5). No sample-
size calculations were performed, because the goal of this study was to report neural interface technology.

Data exclusions Data from failed devices were excluded from analysis.

Replication Neurobehavioural signals (acceleration and neural signals) were recorded in a monkey during eating behaviours for one month. The devices 
performed similarly across several experiments.

Randomization The monkey model was chosen for the proof-of-concept experiments. 
All tested devices were randomly selected.

Blinding The investigators were blinded to group allocation during data collection and analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Cynomolgus monkeys (Macaca fascicularis) were obtained from Suzhou Xishan Zhongke Laboratory Animal Co. (Suzhou, China) and 
housed in individual indoor cages at the National Primate Research Center (NPRC) of the Korea Research Institute of Bioscience and 
Biotechnology (KRIBB). Sprague–Dawley rats (8-weeks old; 250–280 g) were used for histology.

Wild animals The study did not involve wild animals.

Reporting on sex No sex-based analyses were performed, because the device is agnostic to signal inputs and both sexes have comparable physiological 
responses.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All experimental procedures involving animal care and the use of NHPs were approved by the Korea Research Institute of Bioscience 
and Biotechnology (KRIBB) Institutional Animal Care and Use Committee (KRIBB-AEC-21102). All experimental procedures on rats 
were approved by the Animal Care and Use Committee of the Daegu Gyeongbuk Institute of Science & Technology (DGIST, IACUC 
21081101-0002).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Magnetic resonance imaging

Experimental design

Design type Stereotactic implantation of a neural probe.

Design specifications T1-weighted 3D Turbo Field Echo sequence (T1W 3D TFE) with a 32-channel head coil. The total acquisition time was 
about 13 min 13 s per monkey.

Behavioral performance measures The study did not involve measurements of human behavioral performance.

Acquisition
Imaging type(s) Structural MRI

Field strength 3.0 Tesla

Sequence & imaging parameters Three-dimensional (3D) coronal T1-weighted images were acquired using Turbo Field Echo sequence, with TR/TE = 
14/6.9 ms, 150×150 field-of-view (FOV), matrix size 300×300, 1.0 mm slice thickness, –0.5mm slice gap, flip angle 8°, 
acquisition voxel size 0.5×0.5×0.5 and number of slices 200, average 4.

Area of acquisition A whole-brain scan.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Brainsight software vet v2.4

Normalization Each monkey was its own control

Normalization template Each monkey was its own control
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Noise and artifact removal No noise or artifact removal

Volume censoring No volume censoring

Statistical modeling & inference

Model type and settings The study did not involve statistical modeling and inference.

Effect(s) tested The study did not involve statistical modeling and inference.

Specify type of analysis: Whole brain ROI-based Both

Anatomical location(s) Region of interest (ROI) was defined manually around lateral hypothalamic area (LHA) by assessing the 
Paxinos Macaque Brain Atlas.

Statistic type for inference

(See Eklund et al. 2016)

The study did not involve statistical modeling and inference.

Correction The study did not involve statistical modeling and inference.

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis




