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Note S1 The elucidation of deposition pressure-regulated nanopore implantation in metal films
In the physical vapor deposition process, deposition pressure is a key parameter that strongly affects the microstructure of the resulting thin films. As shown in Figure S8, with higher deposition pressure, nanopores emerge within the deposited metal film, accompanied with the increased the film porosity. The film is transformed from a compact to a loose structure. The underlying mechanism of this pressure-induced microstructure variations may involve a series of complex physical processes, including collisions, scattering, excitation and chemical reactions between high-energy particles generated by laser ablation and gas atoms during the deposition process [S1]. Several potential mechanisms have been proposed to explain the increased nanopores at higher deposition pressures. First, under high-pressure environments, the ejected atoms from the metal target undergo high-frequency collisions with gas atoms and possess shorter mean free paths, resulting in more random atomic scattering [S1, S2]. This enhanced atomic scattering induces disordered atomic stacking and facilitates the formation of massive nanopores. Second, high-frequency collisions substantially reduce the kinetic energy of the ejected atoms [S3]. As a result, these ejected atoms lack sufficient energy for migration and diffusion after adsorbing onto the substrate, which affects particle arrangement and increases nanopore density. Consequently, the overall structure of the deposited metal film becomes relatively loose. 
Importantly, the above finding indicates that the formation of nanopore-implanted metal films is generally independent of the specific manufacturing technique. Therefore, although the nanoscale pore implantation strategy is demonstrated using pulsed laser deposition in this work, this strategy is promising to be extended to other methods, such as controlled atmosphere sputtering (via tuning working gas pressure, gas composition, and sputtering power), templated deposition that introduce sacrificial layer, or chemical approaches.
In our design, the three deposition pressures (0.5 Pa, 300 Pa, and 1000 Pa) were selected as key process parameters, covering three representative regimes of film growth/densification.
	At 0.5 Pa, the long mean free path and high kinetic energy of the deposited particles enable sufficient surface migration, resulting in a compact film that tends to form long, straight through‑film cracks under strain.
	At 300 Pa, the increased collision probability dissipates particle kinetic energy, promotes clustering, and restricts surface migration, yielding a film with moderate porosity that tends to form networked cracks under strain.
	At 1000 Pa, the pronounced collisions and cluster‑based deposition produce a highly loose and porous film. This film tends to develop a fine network of microcracks, thereby effectively inhibiting catastrophic through‑film crack propagation. 
Note S2 Finite element simulations
Finite element simulations (ABAQUS) were performed to resolve the stress and deformation fields of microbump-roughened PDMS substrates and Ag films. Two-dimensional finite element models were constructed for the Ag film and the PDMS substrate based on the actual specimen, respectively. The geometries were discretized using triangular elements with a refined mesh size to ensure convergence, resulting in 20389 elements for the Ag film and 11174 elements for the PDMS substrate. To reduce computational cost while preserving the essential physics of stress transfer, both materials were modeled as isotropic and homogeneous continua. Material parameters (Young’s modulus and Poisson’s ratio) were taken from established references and the standard ABAQUS material database [S12,32]. In the initial load-transfer analysis, linear elastic behavior was assumed for the material. The boundary conditions were defined to closely mimic the experimental tensile configuration. For the Ag film, the left boundary was fully fixed, while a prescribed tensile strain was applied to the right boundary. To approximate the plane-strain condition commonly assumed for thin films constrained by a compliant substrate, the vertical displacements of the top and bottom edges were restricted. Pre-existing defects were also introduced into the film geometry to analyze stress redistribution. Similarly, for the microbump-roughened PDMS substrate, one end was fixed and the opposite end was subjected to a prescribed tensile strain. The bottom surface was constrained in the vertical direction to represent rigid support, while the top surface was allowed to deform freely, enabling the response of surface microstructures to be captured.
This simplified model qualitatively maps the stress gradients and identifies preferential directions for crack driving forces introduced by the structural design. By isolating key geometric and mechanical variables, it offers a qualitative, mechanism explanation of the experimental trends, rather than aiming for precise quantitative agreement. 
Note S3 The concept of four normalized parameters: crack density, cut-through proportion, vertical offset, and horizontal/vertical offset ratio
Four normalized parameters (crack density, cut-through proportion, vertical offset, and horizontal/vertical offset ratio) were employed to evaluate the features of the crack pattern of each case in Figure 2a. The films deposited on smooth substrates at low pressure (0.5 Pa) were set as the base level. 
Crack density was defined as the number of effective cracks within the entire optical field of view. Cut-through proportion was the ratio of cracks that traverse the entire image to the total number of cracks. The concepts of vertical offset and horizontal offset of the crack were illustrated schematically in Figure S13. Vertical offset was defined as the maximum displacement of a crack along the vertical axis during its propagation. Horizontal/vertical offset ratio refers to the ratio of the maximum horizontal displacement to the corresponding maximum vertical displacement of a crack during propagation.
Note S4 Gauge factor (GF) in flexible electronics
[bookmark: _Hlk218590842]In flexible electronics, the gauge factor (GF) is a key parameter that quantifies the capability of strain sensors to convert mechanical strain into an electrical signal. It reflects the device sensitivity and is defined as the ratio of the relative resistance change to the applied strain: GF=(ΔR/R0)/ε [S4, S5]. Here, ΔR represents the resistance change of metal films under strain, R0 is the initial resistance of metal films, and ε denotes the applied strain. However, the sensing performance curves of metal films typically exhibit nonlinear characteristics. Therefore, the overall characteristic curve is divided into several quasi-linear segments, and the segment with the maximum GF value is defined as the sensor sensitivity. Further, the overall GF is defined as (ΔRtot/R0)/εtot, where εtot is the whole working range, and ΔRtot is the total resistance change[S6]. The overall GF provides a sense of how sensitive the sensor is to strain across its entire work range, rather than only at a localized strain window.
Note S5 Proposed electromechanical model to elucidate the relationship between crack microstructure and macroscopic electrical behavior
As shown in Figure 2a, the dual-scale crack manipulation strategy was proposed to induces a progression of crack patterns, from through-film cracks to winding cracks and ultimately to tiny-networked cracks in the strained metal films. These distinct crack patterns inevitably influence the electromechanical performance of metal films.
To systematically analyze the relationship between crack microstructure and macroscopic electrical behavior, we developed a simplified electromechanical model that describes the strain-dependent resistance change in the dual-scale crack-manipulated metal films. The evolution of the crack pattern clearly reveals that the long, straight cracks gradually transition into shorter, curved cracks. These cracks become increasingly finer and more densely distributed, with a corresponding increase in crack line density (Figure S22). This evolution originates from the stress concentration induced by the introduced microscale microbumps and nanoscale pores, which act as preferential sites for crack initiation under strain. 
To quantitatively link microstructure to macroscopic electrical response, we considered the following framework. First, in a cracked metal film, the total resistance is dominated by the resistance contribution from crack regions, as the resistance of the remaining intact metal regions is negligible. The resistance of an individual crack region is described using a widely adopted electron tunneling model [S7–S9]: 
                                     (S1)

Where h is Planck’s constant, d is the average crack width, Φ is the energy barrier height, A is the effective cross-sectional area of the tunneling zone, m and e are the electron mass and charge, respectively. Second, under uniaxial tensile loading, the applied strain is largely accommodated by the widening of these crack gaps due to stress concentration (Figure 2c, d). We define the crack line density 𝑁 as the number of cracks per unit film length. Assuming the average crack width is proportional to the applied strain  and inversely proportional to the crack line density :
                                                               (S2)
where  is a proportionality coefficient and is the applied strain. Substituting Equation S2 into Equation S1 yields:
                     (S3)
where and are lumped coefficients incorporating material and geometric constants.
The total resistance of a cracked metal film is determined by the cumulative contribution of all crack regions. Accordingly, the strain-dependent total resistance can be expressed as:
                                 (S4)
where  is the film length. This expression indicates that the strain-dependent resistance change is primarily governed by the characteristic parameter  (crack line density). Since stress concentration sites induce crack initiation, the crack line density is positively correlated with the density of these sites. In the microscale design, finite element analysis reveals significant stress concentration at the base of microbumps. Therefore,  is positively correlated with microbump density, which is controlled by the grit size of the sandpaper templates. In the nanoscale design, implanted nanopores also introduce localized stress concentration sites, making positively correlated with nanopore density, which is tuned by deposition pressure.
[bookmark: _Hlk219813855]Combining these analyses, an increased crack line density at a given strain effectively reduces the total film resistance, consistent with the experimental observations (Figure 3a). The crack line density is positively correlated with the density of stress concentration sites , which is jointly determined by the microscale surface morphology (regulated by sandpaper grit size) and the nanoscale pore density (regulated by deposition pressure). These two factors synergistically govern crack initiation density from the microscale and nanoscale perspectives, respectively. Thus, the proposed dual-scale crack manipulation strategy effectively controls crack line density through the synergistic effects of microscale substrate roughening and nanoscale pore implantation, enabling effective and predictable regulation of the electromechanical performance of metal films.
Note S6 Working principle of metal film-based temperature sensors 
In our research, the electrical resistance of compact metal films is sensitive to environmental temperature, making them suitable candidates for temperature sensing. The temperature sensing capability in such metal films relies on the resistive temperature coefficient (TCR), a fundamental bulk material property where electrical resistance changes predictably with temperature [S10, S11]. This relationship can be expressed as:
                                  (S5)
Where R(T) is the resistance at temperature T, R0 is the resistance at a reference temperature T0 and α is the temperature coefficient of resistance (°C-1), which is typically positive for metals. The increase in resistance with temperature stems from enhanced electron scattering due to intensified lattice vibrations.
Supporting Figures
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Fig. S1 The fabrication process of surface-roughened PDMS substrates
[image: ]
Fig. S2 The micromorphology of the dual-scale crack-manipulated metal films. (a) The photograph of nanopore-implanted metal films deposited on surface-roughened PDMS substrates, (b) The enlarged optical micrograph of the region in (a), (c) The SEM image of a representative metal film from (a), (d) The high-magnification SEM image of the region in (c)
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[bookmark: _Hlk124030811]Fig. S3 The energy dispersive X-ray spectrometer (EDS) compositional analysis of as-deposited metal films
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Fig. S4 The surface morphology evolution of conventional metal films deposited on smooth substrates at low pressure (0.5 Pa) under applied strain from 0% to 80%
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Fig. S5 Electrical transport model of metal films on microbump-roughened PDMS substrate under strain
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Fig. S6 The strain-dependent evolution of metal film morphology on microbump-roughened PDMS substrates with sandpaper grits of 400#, 800#, and 4000#. The top metal film remains a compact structure (deposition pressure: 0.5 Pa)
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Fig. S7 The surface morphology of sandpaper with grits 400#, 800#, and 4000#
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Fig. S8 The effect of deposition pressure on the film microstructure
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[bookmark: _Hlk211694929]Fig. S9 The strain-dependent morphological evolution of nanopore-implanted metal films on a microbump-roughened PDMS substrate (deposition pressure: 300 Pa and 1000 Pa; sandpaper grits: 4000#)
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Fig. S10 High-magnification optical images (5-fold higher magnification than Figure 2a-iii) showing crack morphology in nanopore-implanted metal films on a microbump-roughened PDMS substrate at 80% applied strain (deposition pressure: 1000 Pa; sandpaper grits: 4000#)
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Fig. S11 The strain-dependent morphological evolution of nanopore-implanted metal films without microscale roughening (deposition pressure: 300 Pa and 1000 Pa)
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Fig. S12 The surface morphology of the dual-scale crack-manipulated metal films at different strain levels (20%, 40%, and 80%), both before stretching and after strain release. The third column shows the 5-folds higher magnification images (50x microscope) of samples
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Fig. S13 The schematic illustration of the concepts of vertical offset and maximum horizontal offset of the crack[image: ]
Fig. S14 The surface morphology of common metal films (Ag, Cu, Pd, and Ag-Cu alloy) under 80% strain based on the dual-scale crack manipulation strategy. The last column shows the 5-folds higher magnification images (50x microscope) of samples
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Fig. S15 Electrical transport model of metal films on microbump-roughened PDMS substrate under strain
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Fig. S16 The Von Mises stress distribution in compact metal films deposited on microbump-roughened substrates under stretching
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Fig. S17 The Von Mises stress distribution in nanopore-implanted metal films under stretching
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Fig. S18 The Von Mises stress distribution in compact metal films deposited on smooth substrates with few intrinsic defects under stretching
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Fig. S19 Electrical transport model of nanopore-implanted metal films on microbump-roughened PDMS substrate under strain
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Fig. S20. The comparison of the relative resistance changes (ΔR/R0) at 100% strain for dual-scale crack-manipulated metal films and previously reported liquid metal-based films [S6, S12–S17]. The inset shows the relative resistance changes of the proposed metal films vs applied strain.
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Fig. S21 The film stretchability and maximum gauge factor (GF) for metal films under different crack manipulation strategies shown in Figure 3a
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Fig. S22 Schematic of the crack pattern evolution indicates increased crack line density
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Fig. S23 The staged GF of highly strain-sensitive metal films
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Fig. S24 The signal rising and falling time of highly strain-sensitive metal films (loading strain: 1%, loading speed: 10 mm s-1)
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Fig. S25 The sensing capability to distinguish 0.1% strain variations for highly strain-sensitive metal films 
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Fig. S26 The experimental setup for temperature sensor testing and the corresponding infrared temperature measurement results
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Fig. S27 The response and recovery time of the proposed temperature sensors between 25 °C and 120 °C
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Fig. S28 The electromechanical performance of the wide-range flexible strain sensor after repeated cyclic loading (loading strain: 50%, loading speed: 0.5 mm s-1)
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Fig. S29 The surface morphology of the metal film located on microbump-roughened substrates during cyclic testing
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Fig. S30 The electromechanical performance of the metal film-based sensor before and after immersion in an underwater environment for 10 days. The inset shows the environment in which the sensor was placed
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Fig. S31 The electromechanical performance of the metal film-based sensor before and after immersion in an artificial sweat solution for 10 days. The inset shows the environment in which the sensor was placed
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Fig. S32 The electromechanical performance of the metal film-based sensor before and after 10-day storage at (a) -15 °C and (b) 45 °C, respectively. The inset shows the environment in which the sensor was placed
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Fig. S33 The initial resistance of the strain-insensitive and stretchable metal films after the repeated cyclic testing under 150% strain
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Fig. S34 The surface morphology of the strain-insensitive and stretchable metal films before and after cyclic testing. The last column shows the 5-folds higher magnification images (50x microscope) of samples
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Fig. S35 Schematic of a closed loop circuit in which the metal films serving flexible electrodes/circuits are connected in series with a commercial light-emitting diode (LED) under a source voltage of 3 V
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Fig. S36 Facial activity monitoring: real-time resistance signals during frowning, blinking, and neck movement 
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Fig. S37 Body motion sensing: real-time resistance signals during wrist, knee, and ankle bending 
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Fig. S38 The electromechanical performance of the metal film-based sensor before and after repeated cyclic loading (loading strain: 60%, loading speed: 0.5 mm s-1). The inset shows the loading conditions for the cyclic tests
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Fig. S39 The electromechanical performance of the metal film-based sensor before and after repeated cyclic loading (loading strain: 1%, loading speed: 1.5 mm s-1). The inset shows the loading conditions for the cyclic tests
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Fig. S40 Photograph of five independently sensors attached to each finger of a volunteer
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Fig. S41 The strain-dependent morphology evolution of five randomly selected samples
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Fig. S42 The electromechanical performance of five sensor samples
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[bookmark: _Hlk218343233][bookmark: _Hlk218344116]Fig. S43 Evolution of recognition accuracy and loss on the held-out test set over 200 training epochs for sign gesture translation. No early stopping or additional regularization was applied in this proof-of-concept study
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Fig. S44 The validation of the sign language translation model by multiple users. (a) Confusion matrix and (b) Evolution of recognition accuracy and loss on the held-out test set over training epochs for User 1. (c) Confusion matrix and (d) Evolution of recognition accuracy and loss on the held-out test set over training epochs for User 2
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Fig. S45 The validation of the speech recognition model by multiple users. (a) Confusion matrix and (b) Evolution of recognition accuracy and loss on the held-out test set over training epochs for User 1. (c) Confusion matrix and (d) Evolution of recognition accuracy and loss on the held-out test set over training epochs for User 2
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Supplementary Tables
[bookmark: _Hlk120203062]Table S1. The performance comparison of the proposed dual-scale crack-manipulated metal film with previously deposited metal counterparts.
	Materials
	Fabrication method
	Design strategy
	Maximum stretchability
(ɛmax)
	ΔR/R0 at ɛmax
	Stretchability-tunable range
	Sensitivity
(overall GF）
	Response/
recovery time (ms)
	Durability 
(cycle number)
	References

	Ag/PDMS
	Pulsed laser deposition
	Micro-nano, dual-scale crack manipulation
	325%
	3.51
	0~325%
	1.1
	50/70
	800
	This work

	Pt/PUA
	Sputtering
	Spider-inspired nanoscale crack junction
	2%
	45
	2%
	2250
	~
	5000
	[S18]

	PET/Ag/PDMS
	Printing
	laminated structure
	40%
	10
	40%
	25
	~
	5000
	[S19]

	Au/PU
	Sputtering
	Micro/nano bulge structure 
	80%
	16
	80%
	20
	~
	1000
	[S20]

	Au/PDMS
	Reactive ion etching (RIE), DC sputter system
	Nanosphere lithography-based strategy 
	94%
	140
	94%
	148.9
	~
	1000
	[S21]

	Pt/AgNW/DS composite
	Spray coating and sputtering deposition technique 
	Geometrical modulation
	100%
	25
	0~100%
	25
	205
	1000
	[S22]

	Au/PDMS
	Thermal evaporation
	3D gyrified structure
	100%
	1.5
	100%
	1.5
	~
	10000
	[S23]

	Au/PDMS
	Thermal evaporation
	Surface chemistry modification
	120%
	34
	0~120%
	28.3
	~
	1000
	[S24]

	Au/SEBS
	Magnetron sputtering
	Hybrid Strategy
	120%
	15
	120%
	12.5
	~
	1000
	[S25]

	Ag/PDMS
	Pulsed laser deposition
	One-step defect-implantation
	200%
	6.2
	0~200%
	3.1
	50/75
	500
	[S26]

	Au/PDMS0.9-IPDI
	Thermal evaporation
	Double-microcrack coupling strategy
	200%
	200
	125~200%
	100
	~
	1000
	[S27]

	Ag-FeOX/PDMS
	Pulsed laser deposition
	Interlayer regulation strategy
	295%
	3.85
	0~295%
	1.3
	55/75
	1000
	[S28]

	Au/PDMS
	Thermal evaporation
	Substrate thermal expansion
	300%
	80
	300%
	26.7
	~
	5000
	[S29]


Note: Ranges were listed when the sensing performance is tunable; otherwise, single maximum values are listed.


Table S2 The performance comparison of the proposed dual-scale crack-manipulated metal film with liquid metals, conductive polymers, and nanocomposite-based conductors
	Materials
	Fabrication method
	Design strategy
	Maximum stretchability
(ɛmax)
	ΔR/R0 at ɛmax
	Stretchability-tunable range
	Sensitivity
(overall GF）
	Response/
recovery time (ms)
	Durability 
(cycle number)
	References

	Ag/PDMS
	Pulsed laser deposition
	Micro-nano, dual-scale crack manipulation
	325%
	3.51
	0~325%
	1.1
	50/70
	800
	This work

	Ga-In alloys
	Plastic deformation
	Phase transition
	110%
	3.41
	~
	3.1
	~
	7500
	[S6]

	Liquid metal microgranular-particles
	Meniscus-guided printing
	~
	500%
	0.33
	~
	0.066
	~
	10000
	[S13]

	Biphasic liquid metal composite
	Deposition, printing
	Biphasic liquid metal particle
	1200%
	1.4
	~
	0.11
	~
	5000
	[S17]

	Liquid-metal fibre mat
	Electrospinning, coating, printing
	Substrate pre-stretching
	1800%
	0.041
	~
	0.002
	~
	10000
	[S12]

	Liquid metal particle ink
	Digital light processing-based projection lithography
	~
	2500%
	44
	~
	1.76
	~
	1500
	[S15]

	Ion-conductive elastomer
	Ultraviolet-initiated polymerization
	~
	266%
	3.4
	~
	1.276
	~
	1200
	[S30]

	Cellulose-based conductive hydrogels
	Autocatalytic fast polymerization strategy
	~
	400%
	16
	~
	4
	114/106
	150
	[S31]

	Cu-tannic @cellulose nanofibers/
glycerol hydrogels
	Cu-tannic autocatalytic strategy
	~
	400%
	15
	~
	3.75
	120
	200
	[S32]

	Poly(SBMA-co-AA)/Al3+ multicomponent hydrogel
	Photoinitiated polymerization
	~
	800%
	10
	~
	1.25
	~
	50
	[S33]

	GNP/MWCNT/
silicone rubber
	Layer-by-layer assembly
	Serpentine-shaped sensing layer
	100%
	2800
	~
	2800
	46
	2000
	[S34]

	MWCNT/WPU yarn
	Wet-spinning
	Serpentine structure
	100%
	0.016
	~
	0.016
	~
	1000
	[S35]

	CNTs ink/PU yarn
	Swelling and sonication process
	Wrinkle-assisted crack microstructure
	200%
	1250
	~
	625
	88
	1000
	[S36]

	Nanocomposite organogel
	Free radical polymerization
	Surface modification
	650%
	10.5
	~
	1.6
	70/70
	2000
	[S37]


Note: Ranges were listed when the sensing performance is tunable; otherwise, single maximum values are listed.


Table S3 From structural design to application: Linking dual-scale crack manipulation strategy to tunable electromechanical performance and device-level functions
	Structural design
	Crack patterns
	Working ranges
	Device-level functions

	Compact metal films deposited on smooth substrates (without crack manipulation)
	Through-film cracks
	~12%
	Temperature sensors

	Compact metal films deposited on microbump-roughened substrates (microscale crack manipulation)
	Winding cracks
	75~145%
	Wide-range strain sensors (human motion monitoring, sign language translation, and speech recognition)

	Nanopore-implanted metal films deposited on microbump-roughened substrates (dual-scale crack manipulation)
	Tiny-networked cracks
	225~325%
	Stretchable electrodes/circuits (LED circuit and smartphone charging)
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