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Supplementary Tables and Figures
Table S1 Comparison of indirect and direct measurement of knee dynamics
	
	Method
	Material
	Advantage
	Disadvantage
	Refs.

	Indirect

	Sleeve-type wearable sensor measurements
	PVDF/BT10
	Non-invasive, flexible, self-powered
	Complex data processing, environmental sensitivity, calibration issues
	[47]

	
	Patch-type wearable sensor measurements
	PLLA/glycine
	Non-invasive, self-powered, biodegradable, flexible and lightweight, high sensitivity
	Limited signal strength, potential noisy sensitivity, degradability concerns.
	[48]

	
	Patch-type wearable sensor
	BaTiO₃ 
	Non-invasive, skin-conformal and flexible, self-powered, high sensitivity, durability
	Limited to motion detection, potential sensitivity to external factors
	[49]

	
	Dynamometer-based measurement 
	-
	Non-invasive, applicable for clinical and research use
	Limited to laboratory settings, expensive and bulky
	[18]

	
	Inverse dynamics computational modeling
	-
	Non-invasive, applicable to dynamic movements, commonly used in research
	Sensitive to errors, assume rigid body dynamics, limited accuracy in real-world conditions
	[19]

	Direct
	Piezoelectric sensor embedded in knee prosthesis
	PZT-5A 
	Direct measurement of knee joint force, self-powered, real-time force sensing, tracks center of pressure
	Invasive, implant design modification required, potential material fatigue, limited to post-surgical patients
	[20]

	
	Piezoresistive sensor embedded in knee prothesis
	FR4 substrate/ piezoresistive ink
	High sensitivity, compact and flexible, real-time force monitoring
	Invasive, signal drift, calibration issues, limited to total knee arthroplasty patients
	[21]

	
	Strain gauges embedded in total knee arthroplasty
	-
	Long-term monitoring, validation of computational models
	Invasive, signal drift over long periods, power dependency, restricted to total knee arthroplasty patients
	[50]

	
	Magnetoresistive sensor embedded in joint implant
	Sm2Co17/NdFeB/InSb
	Minimally invasive monitoring

	Invasive, temperature sensitivity, calibration issues, not suitable for long term, external power dependence
	[51]

	
	Magnetoresistive sensor embedded in joint implant
	Sm2Co17/InSb
	Self-powered, compact
	Invasive, limited accuracy, temperature sensitivity, complex implantation
	[52]


[image: ]
Fig. S1 Finite element analysis for the inverse design of a Poisson’s ratio-matched knee monitoring structure. a Displacement and b Von Mises stress distributions for three parameter optimization examples targeting a specific Poisson’s ratio. c Parameter optimization process over 40 iterations to achieve the targeted Poisson’s ratio. d Optimized Poisson’s ratio and corresponding relative displacement. e Calculated Poisson’s ratio vs displacement. f Nelder Mead algorithm workflow for structure optimisation, where the target function has been defined in Eq. (5) and δ was set as 0.01
The Poisson’s ratio of the whole structure of fabricated patch was measured and calculated. The length and width of the patch without loading were measured by a vernier calliper noted as  and , respectively. Then one side of the patch was fixed by tape, and the other side was stretched by 10 mm along the length direction, leading to a deformation of the width of the patch measured as . The Poisson’s Ratio of the whole patch has been calculated using Eq. (6). The Poisson's ratio of the simulated periodic structure should match that of the actual fabricated patch. To ensure that, the length and width of the patch were integer multiples of the unit structure period during fabrication, avoiding Poisson's ratio bias caused by non-integer periodic structures.
Table S2 Design of wearable devices for joint monitoring
	Device Type
	Wearable Knee Joint Monitoring Device
	Description
	Design Features
	References

	Hinged
	
	Knee brace with textile yarns as sensor embedded inside the central circular section
	① Holders near the knee joint with hinge that adapts to the bending motion of the knee


② Suitable for sensors measuring joint rotation
	Reproduced from [53], with permission from © 2022 The Authors. Advanced Sensor Research, published by Wiley‐VCH GmbH
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	A knee wearable with sensors embedded inside the shank arm structure
	
	Reproduced from [54] Copyright @2022 MDPI, under CC BY license.
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	Tensile “ligament” structure for the cruciate hinge with a rotary position sensor in each pivot point
	
	Reproduced from [55] with permission @ 2021 IPEM. Published by Elsevier Ltd.

	Strap
	[image: A person with a knee injury
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	Ankle-worn and thigh-worn inertial measurement units
	① Sensors with straps attached on the thigh or ankle

② Suitable for three-dimensional electronic measurement units
	Reproduced from [56] Copyright @2021 MDPI, under CC BY license
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	Wearable magneto-inertial measurement units were attached on participants using ad hoc straps
	
	Reproduced from [57] Copyright: © 2022 Baldazzi et al. under CC AL license
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	Wearable capacitive-based sensor system that can be worn as a patch
	
	Reproduced from [58] Copyright@ 2023 The Authors. Advanced Sensor Research published by Wiley‐VCH GmbH, under CCBY license
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Fig. S2 Characterization of BNNTs and BNNTs/PDMS composite. a AFM topography image. b s-SNOM amplitude mapping of pristine BNNTs dispersed on a silicon wafer. c Nano-FTIR absorption spectrum of a single nanotube, taken from the green point indicated in b. d SEM image of the BNNTs/PDMS surface, showing a smooth and uniform distribution of the composite material. Inset: optical stereo transmission imaging of the composite material. e Nano-FTIR absorption spectrum of the BNNTs/PDMS surface, taken from a point with a small BNNT cluster intentionally selected for analysis. The surface was otherwise uniform, with minimal nano-FTIR responses from BNNTs due to the technique’s spatial resolution of <20 nm.[image: ]
Fig. S3 Mechanical and electrical properties of PDMS and BNNTs/PDMS composite. a Strain-stress curves of three representative PDMS samples. b Strain-stress curves of three representative BNNTs/PDMS composite samples. c Voltage output variation with different BNNT/PDMS composite ratios
[image: ]
Fig. S4 Device and setup for standard electrical performance testing of BNNTs/PDMS composite. a Illustration of the device used in the standard piezoelectric performance test, consisting of a 2 × 2 cm composite material sandwiched between two copper electrodes, with the electrical output measured from the electrodes. b Photograph of the electrical performance testing setup, showing the vibrator compressing the device, which is securely fixed on a sample holder on the left
Table S3 Summary of piezoelectric performance of film materials associated with BNNTs and PDMS
	Material
	Area (cm*cm)
	Voltage (V)
	Current
	Sensitivity
	Refs.

	BNNT/PDMS
	2.0 × 2.0 
	5.76 ± 0.02 
	6.9 ± 0.42 mA/m²
	0.5 ± 0.007 V/N
	This work

	Cellulose/PLLA

	1.8 × 2.8
	10.3
	261.8 nA
	0.57 V/N
	[59]

	BNNT/PVDF
	3.0 × 4.0
	0.128 ± 0.0054
	N/A
	~0.4 mV/kPa
	[60]

	HFP/ PVDF
	1.0 × 1.0
	4.6
	N/A
	0.117 V/N
	[61]

	ZnO/AlN/PDMS
	3.5 × 2.0
	3.631
	N/A
	8.77 mV/kPa
	[62]

	BaTiO3/PVDF

	1.8 × 2.0
	9.3
	86 nA
	~0.056 V/N
	[63]

	ZnO/PVDF
	3.0 × 3.0
	~3
	254 nA
	0.37 mV/kPa
	[64]

	BNNS/PDMS
	4.5 × 2.5
	22
	75 nA
	~0.048 V/N
	[65]

	PZT/PDMS
	2.0 × 2.0
	2.34
	N/A
	8.59 mV/kPa
	[66]

	BNNT/PDMS
	1.0 × 0.5
	0.4
	N/A
	N/A
	[67]

	BNNT-ZnO QDs/PDMS
	3.0 × 3.0

	18.56
	734.5 nA
	N/A
	[68]

	F-BNNTs/Resin
	1.0 × 1.0

	9.6
	N/A
	24 mV/kPa
	[69]

	PLA/BTO
	11 × 11
	20.17
	261.8 nA
	176 mV/kPa
	[70]
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Fig. S5 Comparison of the piezoelectric performance of boron nitride-based and PDMS-based materials

[image: ]
Fig. S6 Device durability tests. a Long-term durability of BNNTs/PDMS device over a continuous running test of 30,000 cycles. b Voltage output of the device under different relative humidity. c SEM image of BNNTs/PDMS sample surface after durability test
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Fig. S7 Training database collection for machine learning. a Example photograph showing the collection of knee joint motion signals from a participant. b Experimental conditions and labels indicating the physical significance of the training datasets
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[bookmark: _GoBack]Fig. S8 Typical voltage responses of the BNNTs/PDMS device under different motions and loads. The voltage output was recorded for various loading weights (0, 1, and 6 kg) and knee bending angles (20°, 60°, and 90°)
[image: ]
Fig. S9 STFT spectrum of typical voltage responses of the BNNTs/PDMS device under different motions and loads
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Fig. S10 a Workflow of new users’ adaption and personalized fine tuning. b Confusion matrix of the fine-tuned torque prediction model

Supporting Video S1: Real-time estimation of knee torque
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