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Abstract: 

Intelligent human-machine interfaces (HMIs) integrated wearable electronics are essential to 

promote the Internet of Things (IoT). Herein, a curcumin-assisted electroless deposition (ELD) 

technology is developed for the first time to achieve stretchable strain sensing yarns (SSSYs) 

with high conductivity (0.2 Ω/cm) and ultralight weight (1.5 mg/cm). The isotropically 

deposited structural yarns can bear high uniaxial elongation (>> 1100%) and still retain low 

resistivity after 5000 continuous stretching-releasing cycles under 50% strain. Apart from the 

high flexibility enabled by helical loaded structure, a precise strain sensing function can be 

facilitated under external forces with metal-coated conductive layers. Based on the mechanics 

analysis, the strain sensing responses are scaled with the dependences on structural variables 

and show good agreements with the experimental results. We demonstrate the application of 

interfacial enhanced yarns as wearable logic HMIs to remotely control the robotic hand and 

manipulate the color switching of light on the basis of gesture recognition. We hope that the 

SSSYs strategy can shed an extra light in future HMIs development and incoming IoT and 

artificial intelligence (AI) technologies. 
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1. Introduction 

Human-machine interfaces (HMIs), a frontier technology in electronic systems,[1-8] have great 

potentials in developing personal portable electronics and the Internet of Things (IoT) with high 

integrity and conformal fashion.[9-12] However, there are considerable gaps to achieve highly 

flexible units that can conformally fit to the curved substrate for gesture recognition and 

pressure sensing. The recent development of flexible and stretchable sensors has opened a new 

window to achieve high-performance wearable HMIs.[13-20] Shu et al. developed a stretchable 

strain sensor by doping polyaniline (PANI) microparticles into gold nanowires (AuNWs), 

which could be integrated with wireless circuitry to control robotic arms remotely.[21] Ran et al. 

utilized carbon nanotubes (CNTs) and screen printing technique to fabricate a patterned textile 

electrode[22] with good washability and self-powered touching/gesture sensing functions for the 

wireless smart home control. Sungmook et al. synthesized wearable porous pressure-sensitive 

rubbers (PPSRs)[23] and used the PPSRs based HMIs to program the motion of a robot. Despite 

above attempts on realizing flexible sensing via structural design and/or micro-processing, 

challenges remain to be tackled such as relatively low conductivity, poor stretchability and 

heavy devices, which prevent applications in a higher technology readiness level.  

The general methods to achieve flexible sensors with excellent conductivity and durability at 

low cost are to deposit metals, such as Ni and Cu, on substrates such as textiles,[24-26] plastic 

films,[27-29] fluorine rubbers[30-31] and poly(dimethylsiloxane) (PDMS).[32-33] The exercised 

metallization strategies including sputtering,[34] electrochemical deposition[35] and chemical 

vapor deposition[36] to physically or chemically plate metal thin films on flexible substrates 

have been studied. Compared with those methods, electroless deposition (ELD)[37-38] holds 

promising potentials at a scale-up level for its cost-effective nature – no need for expensive 

instruments and user-friendly operation conditions, as it can be performed at ambient 

environment. Polymer-assisted metal deposition (PAMD) has been regarded as a good 

complement to ELD,[39-40] where a full-solution process offers a desired anchoring layer to 
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create flexible conductors with enhanced mechanical and electrical features. Zheng et al. 

previously practiced the above concept by using poly[2-(methacryloyloxy)ethyl 

trimethylammonium chloride] brushes to graft onto the fibre surface and immobilize [PdCI4]2- 

species for site-selective ELD of Cu and Ni on textiles.[41] The resulted yarns had conductivity 

values from 0.28 S/cm to 1 S/cm whilst shown a high sensitivity to strain changes. Some other 

approaches offered alternatives to deal with these issues via doping dopamine and tannic acid 

to facilitate highly conductive and durable textiles.[42-44] Nevertheless, it is less feasible in 

practical applications because the dopamine is expensive and tannic acid is unstable in aqueous 

solution during long-term storage due to the macromolecular aggregation and self-precipitation. 

The attempts are still ongoing for achieving high-quality and ultralight textile-based sensors for 

wearable HMIs. 

In this paper, we describe a nature inspired strategy to coat a thin metal layer on the elastic core-

spun yarns through solution-process ELD, to achieve stretchable strain sensing yarns (SSSYs). 

The curcumin-assisted ELD offers isotropic metallization to helical nylon strands in the outer 

layer of yarns to fulfil the electronic conductivity. The obtained helical bangled fibre with 

sheath-core structure contains the metal-coated wrapping helices that can respond to small 

stretching and bending stresses with significant changes in conductivity. We demonstrate the 

real-time wireless control of robotic hand by integrating the sensors into a smart glove with 

signal processing circuit. Moreover, the smart glove system shows potential applications in IoT 

by programming the color change of light with gesture controls. 

 

2. Results and Discussion 

The structure design of stretchable strain sensing yarns (SSSYs) is illustrated in Figure 1. In 

brief, curcumin was applied to promote the adhesion on the fibre surface via intermolecular 

hydrogen bonds and π-π stacking to nest catalysts, leading to the successful ELD metallization 

of Cu or Ni on the surface of wrapping filaments at ambient conditions. These as-prepared 
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SSSYs with conductive outer layers and the elastic core present superior flexibility to be 

conformally attached to the inner side of gloves via Ecoflex filtration in room temperature. 

 

Figure 1. The illustration of fabrication process of SSSYs and observations of elastic yarns in 

each different state (bottom). 

 

The surface chemical and physical properties of elastic yarns were assessed for each process to 

reveal the molecular interplays. The Fourier transform infrared spectroscopy (FTIR) technique 

was applied to confirm the successful coating of curcumin on fibres. As shown in Figure 2a, 

compared with the FTIR spectrum of raw samples and pure curcumin from the reference,[45] the 

FTIR spectrum of curcumin-coated samples shows a new intense band at 1024 cm-1 attributed 

to stretching vibrations of C-O groups in curcumin. X-ray photoelectron spectroscopy (XPS) 

was used to characterize the catalytic fibres to study the surface chemical composition, where 

a uniform distribution of elements was captured in Pd/Curcumin-yarns (Figure S1 Supporting 

Information).  As shown in Figure 2b, the complex spectrum of Pd 3d electrons for a palladium 
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loaded specimen is decomposed into two spin-orbital doublets, which are accounted for two 

electronic states of palladium: Pd (0) (binding energy 335.7 and 341.4 eV) and Pd (II) (337.2 

and 342.5 eV). This indicates both reduction and chelation of palladium cations are 

accumulated in the curcumin-modified surface.[46] The stronger Pd(II) doublet peaks 

demonstrate that more palladium ions were chelated by curcumin, which would enhance the 

catalytic activity in ELD because the catalytic performance of reduced Pd atoms is very poor, 

especially when metal particles are large and non-uniform. We noticed that, compared with the 

reported values,[47-50] Pd (II) peaks are negatively shifted by 1 eV, which could be attributed to 

that the curcumin layer gives a bigger electron-donating effect towards palladium cations, 

which may also facilitate the catalytic activity through altering their adsorption properties 

towards poisonous species such as CO. 

After the catalytic activation, ELD assisted metallization was performed to coat conformal 

layers of nanoparticles on the fibre surface. The morphological observation of coated layers 

from scanning electron microscope (SEM), suggests a significant change of surface from 

smooth state for the raw core-spun yarn (Figures 2d and 2g), to homogeneous and conformal 

Cu layers for the Cu-coated yarn (Figures 2e and 2h).After Ni ELD, the nickel coating on the 

surface of elastic yarns is also very uniform, continuous and dense (Figure S2 Supporting 

Information). X-ray diffraction (XRD) was performed to ascertain the crystalline structure and 

size of metal deposits. As shown in Figure 2c, the XRD pattern of Ni-deposited yarns shows a 

broad diffraction peak at the 2θ value of 44.90 corresponding to the (111) plane of face-centred 

cubic (FCC) phase nickel (JCPDS Card No. 45-1027), which implies good conductivity of as-

prepared conductive yarns. For the XRD pattern of Cu-coated samples, three distinct 

characteristic peaks at 2θ values of 43.90, 51.00 and 74.70 are assigned to the Cu (111), Cu 

(200) and Cu (220) planes, respectively. This diffraction pattern of Cu-coated yarns matches 

exactly with the standard pattern of cooper (JCPDS File No. 04-0836), and no diffraction peaks 

corresponding to copper oxide are observed, suggesting the excellent stability of metal coating. 
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According to the Scherrer equation, the average sizes of nickel and copper deposits were 

calculated to be 17.3 nm and 31.3 nm, respectively. Based on scale bars in SEM images of 

metal-coated surfaces under a low-voltage SEM at 2.5 keV (Figure 2f and 2i), it can be clearly 

seen that the sizes of grains are around 15-20 nm for Ni coating layers (n=5) and 20-40 nm for 

Cu films (n=5), which are in reasonable agreements with the theoretical values. 

 

 

Figure 2. a) The transmittance FTIR spectrum of the raw elastic yarn (black) and the curcumin-

coated core-spun yarn (red). b) The XPS spectrum of Pd 3d for the Pd/Curcumin-sample. c) 

The XRD spectrum of Ni-coated samples (black) and Cu-coated yarns (red). d-i) SEM 

photographs of the pristine yarn, the copper-coated yarn (30 min ELD), Ni coatings (60 min 

ELD) at 2.5 keV, the pristine yarn in high magnification, the copper-coated yarn in high 

magnification (the inset is the magnified image) and Cu coatings (60 min ELD) at the low-

voltage mode, respectively.  

 



  

8 

 

Compared with insulated textiles, the as-prepared SSSYs are electrically conductive. The 

electrical surface resistance of metal-coated core-spun yarns decreased with extending 

depositing time due to more metal nanoparticles deposited on fibre surface, as shown in Figure 

3a. The resistance of nickel-coated samples and copper-plated yarns can reach as low as 5 Ω/cm 

and 0.2 Ω/cm at 90 min, respectively. The resistance of copper-coated yarns is much lower than 

that of nickel-deposited samples because of the higher intrinsic conductivity of bulk Cu. Upon 

stretching, the helical structure wrapped yarns elongated in the longitudinal direction, where 

the detachment of the adjacent metal-deposited nylon yarns occurred, leading to an increase in 

resistance of SSSYs due to the loss of direct contacted area, as shown in Figures 3b and 3c for 

the nickel-coated nylon warping on the PU core under strain from 0% to 50%. This strain-

dependent conductivity is further investigated on Ni coated elastic yarns (Figure 3d). By 

applying 5% elongation, we found that the electrical resistance of as-prepared yarns witnessed 

a small increase of from 6 to 9 Ω and fully resumed from 9 to 6 Ω once the external load was 

withdrawn because the nickel-coated nylon shell was brought into contact. The elasticity 

enabled reversibility was then examined at higher elongation strains, e.g. 10%, 20%, 30% and 

50%, where the resistance of conductive yarns increased from 6 to 12.3, 15.2, 18.1 and 25.5 Ω, 

respectively, and recovered to the original values after unloading tensile forces.  

In order to understand the electrical resistance evolution for the ELD coated yarn at high 

elongation, we measured the strain-resistance response of the Ni-coated yarn under uniaxially 

stretching till it breaks. As shown in Figure 3e, the resistance of the nickel-based elastic yarns 

increased gradually to 25.5 Ω at 50% strain. When further increasing elongation, the resistance 

of as-made conductive fibres showed a dramatic increase due to the cracking and peeling off of 

nickel coating layers (Figure S3 Supporting Information), which could lead to the failure of 

local electrical network. We also found that the tensile performance of composite yarns is 

enhanced (Figure 3g), where the Ni-coated elastic yarns show much higher tolerable strain (>> 

1100%) (the upper limit of the tensile machine is 550 mm), compared with the bare yarns. The 
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Cu-coated elastic yarns showed the same tensile property as Ni-deposited composite yarns. This 

is due to the homogeneous metal coating on nylon fibre surface, decreasing the frictional force 

between fibres. We next assessed the durability of metal-coated yarn by cyclic stretching at a 

fixed strain of 50%. A robust strain-resistance relationship was discovered for Ni-coated yarns 

after long-term stretching-releasing cycles (up to 5000, Figure 3f). Moreover, only a small 

increase in resistance was found for Cu-based elastic yarns after being exposed to the natural 

environment for 30 days (Figure 3h) or several washing cycles (Figure 3i), which shows the 

potential applications of Cu-coated yarns in harsh environment.  

 

 

Figure 3. a) The conductivity results of Ni (black) or Cu (red)-coated yarns at different ELD 

durations (n=5). SEM images and the scheme illustrations of nickel-coated yarns at b) 0% strain 

and c) 50% strain. d) The resistance changes of conductive yarns when stretching and releasing 

at different strains. e) The resistance changes of as-made nickel-based yarns when continuously 
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stretching to 300% elongation (n=5). f) Resistance stability of sensor materials under repetitive 

stretching (50% strain) and relaxing (0% strain) cycles (the change in resistance is defined as: 

R/R0) (n=5). g) The tensile test of raw elastic yarns and Ni-coated stretchable yarns (the original 

sample length is 45 mm). The durability test of cu-coated samples including (h) air stability 

(n=5) and (i) washing fastness (n=5).  

 

To further investigate the working mechanism of SSSYs, we conducted the theoretical study 

on resistance responses of metal-coated core-spun yarns under releasing, uniaxial stretching 

and bending. As shown in Figure 4a, SSSYs are decomposed as: PU core fibre, nylon yarns 

bangling around the core, and metal (Cu or Ni) film conformally deposited on the surface of 

nylon helices. At the initial state (0% strain), the adjacent metal-coated nylon rims are in contact 

with each other (Figure 4b). Under stretching, the winding angle (θ) and 𝑁𝑑𝑒𝑡𝑎𝑐ℎ  detached 

windings appear with an average gap of 𝑔, as illustrated in Figure 4c. The full developments 

for scaling are given in Supporting Information. Generally, the winding angle θ, the average 

gap 𝑔  of the detached nylon windings and the resistance 𝑅𝑑𝑒𝑡𝑎𝑐ℎ  will increase during the 

stretching. Therefore, the normalized resistance change, ∆𝑅̅, can be expressed as a function of 

tensile strain 𝜀, 𝜃(𝜀) (θ as a function of ε), 𝑔(𝜀) (𝑔 as a function of ε), and 𝑅𝑑𝑒𝑡𝑎𝑐ℎ(𝜀) (𝑅𝑑𝑒𝑡𝑎𝑐ℎ 

as a function of ε). It should be noted that θ changes very limited for the SSSYs when the 

applied strain is less than 50% (see Figures 3b and 3c). Thus, we can obtain the following 

scaling equation for the yarn under stretching:  

∆𝑅̅ = ((
𝑅𝑑

(0)

𝜌𝑚𝑒𝑡𝑎𝑙
4𝑡

⋅
𝑟𝑛𝑦𝑙𝑜𝑛

𝑟𝑃𝑈

−
1

1−𝜈𝜀
)

𝑟𝑛𝑦𝑙𝑜𝑛/ 𝑐𝑜𝑠 𝜃0

𝑔0
) × 𝜀 + (

1

1−𝜈𝜀
− 1)                                                    (1) 

where 𝜌𝑚𝑒𝑡𝑎𝑙  and t are the electrical resistivity and thickness of metal film (Ni or Cu), 

respectively, 𝜈 is the Poisson’s ratio of PU,  𝑟𝑛𝑦𝑙𝑜𝑛 is the radius of nylon yarn, 𝑟𝑃𝑈 is the radius 

of PU core (see Figure 4b), 𝜃0 is the winding angle at initial state, g0 is the assumed constant 
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gap of detaching winding, and 𝑅𝑑
(0)

 is the assumed constant resistance of the detached winding. 

In addition to the tensile strain ε, ∆𝑅̅ is found with dependencies on other two dimensionless 

parameters: relative resistance increase of one detached winding ∆𝑅̅𝑑 (=
𝑅𝑑

(0)

𝜌𝑚𝑒𝑡𝑎𝑙
4𝑡

𝑟𝑛𝑦𝑙𝑜𝑛

𝑟𝑃𝑈

) and the 

relative detached gap 𝑔̅ (=
𝑔0

𝑟𝑛𝑦𝑙𝑜𝑛/ 𝑐𝑜𝑠 𝜃0
). We can obtain 𝑟𝑃𝑈 = 155 μm,  𝑟𝑛𝑦𝑙𝑜𝑛 = 11 μm from 

Figure 2 and 𝜃0 = 30 and 𝑔0 = 8 μm from Figure 3,  and take t = 17.3 nm, 𝜌𝑁𝑖 = 6.99 × 10−8 Ω ⋅

m, 𝜈 = 0.5 and 𝑅𝑑
(0)

= 0.41 Ω. Given by those data, this scaling relationship under stretching 

can be calculated as shown in Figure 4d, where the theoretical results are in good agreement 

with the experimental results of Ni-coated core-spun yarns.  

From the perspective of bending in the following HMI system, a simplified model is created by 

assuming structural fibre as a beam (substrate) with metal-coated core-spun yarn attached to its 

top surface (Figure 4e). Under bending, we then can obtain the scaling equation for bending as 

follows (please see full derivations in Supporting Information): 

∆𝑅̅ = ((
𝑅𝑑

(0)

𝜌𝑚𝑒𝑡𝑎𝑙
4𝑡

⋅
𝑟𝑛𝑦𝑙𝑜𝑛

𝑟𝑃𝑈

−
1

1−𝜈⋅
𝑐

𝐿
⋅𝛼

)
𝑟𝑛𝑦𝑙𝑜𝑛/ 𝑐𝑜𝑠 𝜃0

𝑔0

𝑐

𝐿
) × 𝛼 + (

1

1−𝜈⋅
𝑐

𝐿
⋅𝛼

− 1)                                              (2) 

where 𝐿 is the initial length of the beam, c is the distance between the top surface of the beam 

and its neutral surface (i.e. the surface at which the tensile strain is 0%), and α is the bending 

angle of the beam (see Figure 4e). With 
𝑐

𝐿
= 0.07 (index finger as the substrate beam) and other 

parameter values given in the above-discussion, equation (2) is plotted in Figure 4f, which 

shows that ∆𝑅̅ under bending is nearly proportional to α. The experimental results of Ni-based 

composite yarns under bending also highly agree with the theoretical model.  
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Figure 4. Deformation mechanics analysis of the metal-coated core-spun yarns: structural 

illustrations with a) side view without deformation, b) cross-sectional view without deformation 

and c) detached nylon windings under tension. d) The comparison of theoretical prediction with 

experimental results for SSSY under tension (n=3). e) Simplified beam model for the 

deformation of SSSY attached in smart glove system (a straight beam when relaxing and a 

deformed beam when bending), ρ is the radius of the deformed beam. f) The comparison of 

analytical prediction with experimental values for bending angle−resistance responses of Ni-

coated core-spun yarns (n=3). 

 

On the basis of the excellent strain-resistance response discussed above, our as-fabricated 

conductive core-spun yarns were demonstrated to monitor the motion of human fingers and 

realize the remote control of the robotic hand. In detail, Ecoflex was used to adhere Ni-based 

sensor materials to the inner side of cotton gloves by mixing A and B solutions with weight 

ratio 1:1. Importantly, the Ecoflex encapsulation layer, as a skin safe product, not only prevents 

the direct contact from nickel to human skin but also protects the nickel coating from 

oxidization. The weights of the smart glove and the built-in sensor materials are only 8.5 g and 

0.1g, respectively because of the lightweight nature of fibre assemblies. With the as-fabricated 
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ultralight smart glove, the overall control system consisting of transmit circuit and receive 

circuit can be designed, as depicted in Figure 5a.  

The algorithm in this system uses the resistance changes of each yarn-based sensor in the finger 

part of the glove as signal inputs, analyzes ascending/descending resistance and converts 

resistance value into servo angles. Each finger of the robotic hand has a servo connection and 

thus, this algorithm of smart gloves produces a real-time reaction, i.e. the robotic hand performs 

the same gesture when the user operates the smart glove. Smart gloves, Analog to Digital 

Converter (ADC), Digital Signal Processing (DSP), Wireless Module (HC-12), Digital to 

Analog Converter (DAC), robotic hand servos and the robotic palm are major components of 

the designed system. In the transmit circuit (Figure S4, Supporting Information), when the 

bending/releasing motions of human fingers were perceived by yarn-based sensors, quantitative 

pulses were generated because the attached yarns were stretched/released, leading to less/more 

contact area between wrapping nylon and increased/decreased resistance. The microscope 

images of composite yarns confirmed that bending fingers caused less Ni-coated nylon brought 

into contact because such yarns experienced elongation (Figure S5 Supporting Information). 

Five ADCs then converted these analog inputs into digital outputs by Arduino programming in 

the Arduino board. Afterwards, DSP extracted outliers from the interval between the highest 

threshold and the lowest threshold (Table S1 Supporting Information) and the HC-12 wireless 

communication module finally sent these digital signals to the receive circuit.  

Importantly, in order to provide more signals for DSP, a wide interval needs to be created and 

the interval for each finger cannot be overlapped. To achieve this, high-resistance sensor 

materials were manufactured by controlling the ELD time and from our previous report, the 

high resistance metal-based yarns exhibit superior flexibility and durability because of the 

multi-layers structure of the metal film. Therefore, five SSSYs from 10 to 30 min ELD were 

obtained. As shown in Figure 5b, nickel-coated yarns experienced a large increase when being 

stretched (c.a. 2.5% strain) and reversed to their original values when relaxing. In the receive 



  

14 

 

circuit (Figure S6 Supporting Information), all five digital resistance values were received by 

another HC-12 wireless communication module and these data would be then converted into 

five digital servo angle signals. In the last step, five DACs converted digital servo signals into 

analog servos for different robot fingers. Thus, the robotic hand moved its specified finger to a 

determined position based on the individual analog angle input. As shown in Figure 5c, the 

operator’s real hand gestures including different numbers (one, two, three and four) were 

accurately reflected by the robotic hands. The related video can be found in Movie S1 in 

Supporting Information.  

Apart from controlling the robotic palm, as-prepared smart gloves also have potential 

applications in IoT by using If This, Then That (IFTTT) protocol through WIFI modules. To 

realize this, the Philips Hue lightbulb which supports the IFTTT protocol was used in the IoT 

system. The core idea of IoT is to assign unique identifiers (UIDs) to the interrelated computing 

devices, machines, objects, animals or people and transfer data over a network with automatic 

control. The IFTTT protocol is a platform which triggers actions on the hardware if the received 

signals reach the threshold. From the depicting (Figure S7 Supporting Information), the WIFI 

module enhanced Arduino board collected resistance values when bending/releasing fingers. 

Subsequently, the built-in DSP in the WIFI module boosted Arduino board would analyze the 

value of resistance based on designed algorithm above and then posted a trigger to IFTTT. In 

the final step, the light executed the action based on different triggers. In Figure 4d, we coded 

the gestures to control the bulb such as showing palm to turn off the light, closing palm or ‘fist’ 

to turn off the light, hand signal of ‘one’ for orange color and hand signal of ‘two’ for pink light.  

More triggers based on different finger combinations were designed and demonstrated in Movie 

S2 in Supporting Information. 
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Figure 5. a) Schematic diagram of the human-machine remote control system. b) The resistance 

values of five fingers under different strains. Applications c) to control the robotic hand and d) 

to control the color of light by using hand gestures.  

 

3. Conclusion 

In summary, highly reliable and stretchable strain sensors based on metal-coated core-spun 

yarns were developed via a low-cost, facile and scalable method. The unique structure of 

covered elastic yarns endowed sensor materials with excellent stretchability (>> 1100%) and 

high durability during 5000 continuous stretching-releasing cycles under 50% strain without 

obvious damage. The superb cyclic performance should be assigned to the pre-decorated 
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curcumin interface, which significantly increases the adhesion between metal nanoparticles and 

flexible substrates. The highly sensitive and durable nature of as-prepared conductive yarns 

equipped them as promising wearable strain sensors with excellent integration and adaptivity. 

Moreover, the theoretical model study was conducted to explore the working mechanism of 

SSSYs. By integrating these SSSY sensors with commercial cotton gloves, the real-time 

wireless control of the robotic palm could be successfully implemented by using the signal 

processing circuit. More interestingly, the concept of smart glove was advanced into the 

application in IoT to manipulate the colors of light based on a gesture controlling mechanism. 

We expected that this approach would open a new window in designing wearable devices for 

applications in HMIs and IoT such as smart home controlling, healthcare and industrial 

automation.   

 

4. Experimental Section  

Materials: Curcumin, ammonium tetrachloropalladate (II) [(NH4)2PdCI4], ethanol absolute and 

all other chemicals were purchased from Sigma-Aldrich. Core-spun elastic yarns were obtained 

from the Dye House at the University of Manchester. Cotton glove, robotic hand, Philips Hue 

lightbulb and signal processing units were purchased from the market. Each substrate was 

ultrasonically cleaned in acetone and distilled (DI) water for 30 min, respectively and dried 

with a N2 gas stream. 

Polymer Interface Design: Curcumin was dissolved in ethanol absolute to prepare a curcumin 

solution (5 g/L). Cleaned samples were then immersed into the solution for 30 min and the 

curcumin-coated samples were rinsed with DI water for several times, followed by N2 drying.  

Electroless deposition: Catalyst species were captured by dipping curcumin-grafted samples 

into a 5mM (NH4)2PdCI4 aqueous solution and then placed in a dark environment for 15 min. 

DI water rinsing was applied to remove the physical absorption of catalysts. The Ni ELD was 
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conducted in a plating bath containing 4:1 mixture of solution A and B at ambient environment. 

Solution A made of 10 g/L lactic acid, 20 g/L sodium citrate and 40 g/L nickel sulfate 

hexahydrate in DI water was prepared in advance. Solution B containing 1 g/L dimethylamine 

borane (DMAB) in DI water was freshly prepared. The pH of mixed solutions was adjusted to 

∼8 before immersing catalytic samples. The Cu ELD was conducted in plating bath composed 

of 1:1 mixture of the Cu stock solution and freshly prepared 9.5 mL/L HCHO in DI water. The 

copper stock containing 12 g/L NaOH, 13 g/L CuSO4 · 5H2O and 29 g/L KNaC4H4O6 · 4H2O 

in DI water was prepared in advanced. After ELD, all samples were washed for several times 

and subsequently dried with compressed air. 

Characterization: The modification of curcumin on elastic yarns was tested by Fourier 

transform infrared spectroscopy (NICOLET 5700 FTIR). The surface composition of catalyst-

immobolized samples was analyzed by XPS Near Ambient Pressure. The surface morphology 

of the samples was investigated by scanning electron microscope (ZEISS Ultra-55). The size 

and the shape of the unit cell for metallic particles on the sample surface were characterized by 

X-ray diffraction (PANalytical X'Pert Pro X'Celerator diffractometer). The tensile property of 

metal-coated yarns is tested by tensile machine Instron 3345. A 2-point probe method with a 

Keithley 2000 Multimeter was used to measure the resistance of metal-coated stretchable yarns. 

Statistical Analysis: Statistical analysis was compiled on the means of the data obtained from 

at least three independent experiments using Origin software. All values were expressed as the 

mean ± standard deviation (SD) of individual sample. The sample size (n) numbers for each 

experiment were indicated in the figure legends.   
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