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Abstract:  

Wearable sensor technologies are attracting increasing attention for continuous monitoring of 

human health. Much effort has been devoted to exploiting well-designed materials to realize 

superior abilities, such as high sensitivity, stability and responsiveness. However, it hardly 

meets huge demands for practically wearable application simply focusing on the development 

of sensing materials in isolation. Comprehensive consideration should be given from 

upstream materials to enduse market, including materials design, sensor assembly, signal 

analysis, theoretical foundation and final system performance such as sensitivity, stability, 

responsiveness, cost, comfortability, and durability. Herein, we present a systematic design 

that combines conductive fiber fabrication based on surface nanotechnology, device assemble 

process optimization, signal acquisition and analysis and theoretical simulation, through a 

new multidisciplinary strategy integrating material science, textile technology, 

electromagnetics and electronic engineering. The as-constructed magnetic inductance sensing 

system shows approximate 6-times inductance change in regard to joint bending motions 

during rehabilitation exercises. This integrated design strategy offers a new concept, namely 
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whole sensing system design, for wearable technologies in real-time health monitoring 

applications. 

1. Introduction 

Electronics have been considered as the next generation wearable or portable devices because 

of their great potential in long-term and real-time human health monitoring,
[1-2]

 implantable 

medical detection
[3-4]

 and smart soft robots.
[5-7]

 With the rapid demand of such devices, a great 

variety of sensing elements have been introduced by facilely contact with the human body, 

such as monitoring heart rate,
[8]

 wrist pulse,
[9]

 temperature,
[10]

 motion,
[11]

 blood pressure,
[12]

 

moisture (sweat, tear or respiratory), etc.
[13-15]

 One of the greatest challenges is to create 

electronic sensors with flexible, sensitive, quick-response, fast-recovery, stable, nontoxic and 

comfortable properties. Intensive research efforts have been devoted to exploit robust and 

effective sensing devices via exploiting advanced materials. For instance, Yan et. al. 

presented metal nanoparticles assemblies with charged organic ligands to realize different 

sensing functions.
[16]

 Kim et. al. demonstrated a soft contact lens sensor to monitor glucose 

within tears.
[17]

 Chen et. al. showed a dopamine-based composite film to record individual’s 

dynamic moisture signals.
[18]

 Most of the current sensing devices usually require a unique 

substrate to enhance output signal, like interdigitated Ni/Au interdigital electrode. However, 

cracks or damages between the sensing materials and the substrate easily occur due to their 

mismatch in expansion coefficient and the lack of robust chemical bonding. Many recent 

works have oriented to deal with these issues via developing chemicals, self-assembly of 

advanced materials into 2D film and new copolymer ink printing.
[19-20]

 Unfortunately, the 

long-term stability of those sensors are still insufficient, and many demands in practical 

wearable technologies are hardly satisfied only by improving the performance of the materials. 

A comprehensive system should be constructed combining materials design, assembly 
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technology, properties characterization, signal analysis and theoretical foundation, to realize 

human health monitoring, in addition to study advanced materials in isolation.  

    On the other hand, the output of a magnetic induction sensor is stable as long as the sensor 

shape is maintained and the sensor requires no substrate. Especially, fiber-based magnetic 

induction sensing structure has received substantial interests due to its high comfort, 

lightweight, extreme flexibility and simple weaving process. Several works on textile-

integrated magnetic sensor in shirts as wearable devices have been reported. Wu et. al. 

fabricated an inhomogeneous fibers to construct wearable supercapacitors.
[21]

 Dionisi et. al. 

designed an autonomous wearable device with energy-harvesting module for vital signs 

measurement.
[22]

 Sardini et. al. reported a threadless wearable T-shirt for posture monitoring 

during rehabilitation exercises.
[23]

 Teichmann et. al. suggested a textile-integrated magnetic 

induction sensor system for long-term monitoring of respiration and pulse.
[24]

 However, the 

current wearable inductive sensing devices are mainly focused on the plain repetitive human 

activities using commercial silver conductive thread which is expensive with high resistance. 

A cheaper and more conductive thread is required. Besides, the variation tendency between 

the intensity of inductance and human motions has not been well studied. Particularly, the 

flexible conductive-textile-based thread in fabricating magnetic induction sensor for joints 

motion monitoring with precise angle measurement has also not been studied before. This is 

vital for monitoring rehabilitation exercises of ill-health people or maintaining standard 

movement during daily activities. 

In this work, a systematic design of magnetic induction sensor was proposed, involving 

initial materials preparation via new surface nanotechnology, assemble process optimization 

to enhance fibers durability and stability by waxing, signal acquisition and analysis via novel 

equipment, and theoretical considerations in electromagnetics to support joint rehabilitation 

motion results. Firstly, the metal wires were synthesized by introducing chemical crosslinking 
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reaction between catecholamines in polydopamine (PDA, from adhesive proteins, existed in 

mussels) and abundant amine groups in hyperbranched polyethyleneimine (HPEI). According 

to the literature, catechols present the ability to adhere to almost any substrates, achieved a 

material independent surface functionalization.
[25-27]

 The plentiful hydrogen bond from 

hydroxyl and amine groups combining with chemical crosslinking network entangle the fibers, 

and then acted as roots to grow the conductive metal nanoparticles. This unique structure 

significantly enhanced the properties of flexibility and toughness. Then, a novel waxing 

approach was successfully introduced to improvethe stability and durability of the conductive 

fibers during the processing. By directly sticking to the targeted position or weaving into a T-

shirt, it allows real-time recording signals of joint angle change during rehabilitation motions. 

Besides, the experimental results were in good agreement with the as-proposed theoretical 

model. The above comprehensive system was constructed, in addition to study advanced 

materials in isolation. The as-resulted nickel nanoparticles-coated cotton fibers thread (⁓ 48 

Ohms/m) shows 2.6 times higher conductivity compared with commercial silver conductive 

fibers (⁓ 126 Ohms/m), since nickel shows 50-fold cheaper than silver according to the New 

York Commodity Exchange, (COMEX). Aluminum was also considered as one of the best 

metallic material for fiber conductor considering the price and biocompatibility. Recently, 

various aluminum based fibers on various fibrous materials were demonstrated.
[28-30]

 However, 

the strategy to prepare nickel and copper-based conductive fibers is much easier, safer and 

greener. Apart from cotton thread, cotton fabric, woven/knitted polyester fabrics, polyester 

film (PET) and many other materials can be selected as the substrates to deposit nickel also 

copper, due to the robust adhesion of HPEI/PDA crosslinking network. During cooper 

deposition process, butyraldehyde was used as the reductant instead of toxic formaldehyde in 

conventional electroless deposition (ELD) approach in combination with sodium borohydride. 

Such system provides clinical data or long-term signals for daily psychological activities via a 
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portable impedance analyzer in a convenient, comfortable, easy-to-use, money-saving, and 

noninvasive way. It opens a new door to constructing novel magnetic induction sensing 

device in a whole system design for realizing comfortable, reusable, long term and real-time 

rehabilitation motions monitoring and evaluation daily standard movement applications. 

2. Results and Discussion 

2.1. Preparation of conductive fibers. A nickel-based conductive fiber thread was 

fabricated based on surface nanotechnology (Figure 1A). Firstly, a solution containing 2 g/L 

dopamine aqueous solution with 1g/L HPEI was prepared under alkaline condition to adhere 

textile substrates for 24 h stirring. Oxidative polymerization of dopamine took place within 3 

hours, and the resulting PDA adhered to any substrate surface. The abundant amine groups 

from HPEI and catecholamine groups from PDA form robust chemical network via Michael 

addition reaction. Such various protonated amino groups under acidic condition provide 

effective ionic bond with chloropalladium anions catalyst for subsequent ELD of 

nickel/copper nanoparticles to realize high conductivity of the fibers. The SEM images in 

Figure 1B displayed continuous compact nickel nanoparticles covered the entire surface of 

cotton fibers, led to excellent electrical conductivity of the fibers. Such surface 

nanotechnology can also be applied to the metal deposition on large areas fabrics (bottom of 

the Figure 1B). In Figure 1C, a friendly strategy was exploited to fabricate copper-coated 

fibers using butyraldehyde as the reducing agent assisted with sodium borohydride, instead of 

toxic formaldehyde in the traditional ELD process. Butyraldehyde was introduced to the 

copper solution to perform a preliminary copper nanoparticles reduction reaction. The 

addition of sodium borohydride greatly accelerates the reduction of copper nanoparticles, 

which can make up for the slow reduction reaction caused by the poor solubility of 

butyraldehyde in water. As sodium borohydride is highly reductive, many loose copper 

nanoparticles on the surface can be seen from SEM image, which can be used to fill the holes 
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of butyraldehyde-reduced copper particles, thus greatly enhancing the conductivity of copper 

fibers. In addition, under the acceleration of oxygen in air, dopamine molecules gradually 

self-polymerized into PDA and formed Janus-like HPEI/PDA thin films with two distinct 

domains at the air/water interface.
[31-32]

 According to the literature,
[32]

 the top layer on the 

surface of water is homogeneous and flat (catechol(amine)s-rich), while the bottom layer 

shows porous structures (HPEI-rich). Here, the adhesive film was attached to a polyester film 

(PET) from top to bottom, and adhered abundant amine groups on the surface of PET for 

bonding with chloropalladium anions catalyst and subsequent ELD reaction(Figure 1D). 

Because copper is more active than nickel, copper nanoparticles can be reduced on one side of 

PET and then transfer another PDA film on the other side of PET to reduce nickel 

nanoparticles. Thus, PET film with one side of copper and the other side of nickel can be 

obtained. The SEM image of copper side of the PET film in Figure 1D shows many loose 

nanoparticles similar to those on the copper fibers in Figure 1C, while the nickel side is 

relatively compact and flat, confirming that the PET film reduced copper and nickel on both 

sides, respectively. Some cracks can be seen in SEM images in Figure 1D, originated from 

the porous structures of HPEI-rich side. The robust adhesion of PDA and sufficient amine 

groups in HPEI endow metal nanoparticles coating occurred on almost all types of 

substrates,
[25-27]

 including cotton threads and fabrics, smooth PET film, polyester fabrics with 

woven and knitted fabrics (Figure 1E). 

As shown in Figure S1A and S1B, every cotton thread contains many fibers. The 

backscattered electron (BSE) image (Figure S1C, in the same area with the Figure S1B) 

displayed densely structured nickel nanoparticles films (well-lighted color) on the surface of 

all fibers of the thread, while in the cross-section the fibers were exposed, presented a darker 

color. The magnified images in Figure S1D confirmed the aggregation of very fine nickel 

nanoparticles on the surface of all fibers. The EDS mapping images (Figure S1E, S1F, and 
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S1G) from the red frame in Figure S1D clearly shown that every fiber contains abundant 

carbon, oxygen and nitrogen elements, contributed from catechols and amines-rich polymer 

crosslinked with cellulose-based cotton thread. Palladium and nickel were well distributed 

throughout the cross-sections of fibrous fabric (Figure S1H and S1I), enhanced the electrical 

properties of the fibers. 

 
Figure 1. (A) The scheme illustration of nickel or copper-based conductive fiber fabrication via surface 

nanotechnology. Representative SEM images of the as-prepared (B) nickel, (C) copper-coated conductive 

cotton fibers as threads and fabrics. (D) Photos and SEM images of the polyester film (PET) coated with 

nickel on one side and copper on the other. (E) Photos of nickel/,-coated knitted and woven polyester 

fabrics. (Sizes of fabrics are around 2×2 cm; the PET film is around 3×5 cm). 

 

Then, assembly technology with wax-dip processing was selected to enhance the stability 

and durability of as-formed fibers. In order to analyze the surface morphology and structures 

of the nickel conductive fibers which may cause significant impact on their electronic, 
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magnetic properties and its stability, scanning electron microscopy (SEM) was employed to 

characterize the fibers with and without wax in Figure 2. Figure 2A and 2B) show that all 

fibers were glued together tightly by wax, while fibers without wax are much looser with 

many gaps (Figure 2E and 2F). While the distance between the conductive fibers is 

shortened, the process of wax infiltration may cause a small amount of conductive metal 

particles to fall off from the fiber surface. As consequence, the resistance of the 500 mm as-

formed nickel-based fiber thread increases slightly from 23.8 to 25.5 Ohms, which has little 

impact on its application to our wearable device. To further investigate the impact of wax-dip 

on fiber conductivity, the resistance of a 500 mm commercial fiber was also measured and a 

similar trend was shown (resistance increases from 62.8 to 64.6 Ohms). On the other hand, 

after 60 repetitions of intense rubbing, the two fibers with and without wax-dip process 

perform differently. Slight breakage of the wax-impregnated fibers causes a little dislocation 

of the structure (Figure 2C and 2D). However, for the fibers without wax, there are many 

fractures and debris after rubbing under the same conditions (Figure 2G and 2H). These 

results suggest that fibers after wax-dip process exhibit more stable and durable as a wearable 

material. Figure S2 shows the X-ray diffraction (XRD) patterns of the deposited nickel 

nanoparticles on the surface of cotton fibers before and after waxing. A main peak (red line) 

centered at around 44.6º was observed from the pattern of nickel particles on cotton surface 

before wax-dip. According to the pure crystalline XRD spectra of the Joint Committee on 

Powder Diffraction Standards, the peak at 2θ value ascribed to 111 plane for nickel. 

Additionally, no noticeable changes were observed in the XRD peak (black line) after soaking 

wax into the fibers, suggesting that waxing has no impact on the structure of nickel particles. 

In order to confirm the universality of this soaking wax process, the commercial silver 

conductive fibers was studied via SEM and XRD spectroscopy, as shown in Figure S3 and 

S4. After soaking wax into fibers, the structures become denser (Figure S3A and S3B) than 
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that of fibers without wax in Figure S3E and S3F, in parallel with the aforementioned nickel-

coated cotton results. After 60 similar rubs, the chaotic structures of fibers without waxing 

could be observed in Figure S3G and S3H, while waxed fibers were generally ordered 

(Figure S3C and S3D). The relevant XRD patterns in Figure S4, compared with the 

Standard power diffraction card, demonstrated the silver species on the surface of commercial 

fiber, as evidenced by a set of 2θ values of 38.1º, 44.3º, 64.5º and 77.4º, assigned to 111, 200, 

220 and 311 planes of silver, respectively. No changes were seen in the XRD peaks for two 

samples, which suggesting that waxing strategy did not alter the crystalline structure of the 

metal nanoparticles. These results implied that this waxing method is universal, not limited to 

the conductive fibers we prepared. 
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Figure 2. Representative SEM images of the as-prepared nickel-based conductive fibers before (A, B) and 

after (C, D) rubbing with wax infiltration, and before (E, F) and after (G, H) rubbing without wax 

infiltration. 

 

2.2. Self-inductance sensing system. A wearable self-inductance system was assembled by 

the as-prepared nickel-based conductive fiber-thread, as shown in Figure 3 and S5. 

Inductance has multiple formats, as described in the literature.
[33]

 Any flat format could be 

used in this project. For the convenience of modeling simulation, we chose a square format 

for this project. The exterior diameters and the distance between the turns of the sensor were 

about 40 and 0.4 mm respectively, while the number of turns was 8 (Figure 3A). As shown in 

Figure S5A and B, the fiber-thread was stitched with a square pattern on a fabric. It easily 
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attaches onto any surface of human body or directly integrate into a T-shirt (Figure 3B). 

Measurements have been carried out to exploit the relationship between inductance changes 

and bending angles. In Figure 3C, inductance (L) gradually decreased from around 6 µH 

without any bending to approximately 3.7 µH when folding angle reaches 180°. A relevant 

physical principle of how the inductance value changes with sensor’s angle was analyzed as 

described in the supporting information. The result shows that the as-designed inductance 

changes are related to the functions of cos (θ/2). The angle with different shape changes of 

our coil resulted in the change of inductance of our sensor. The simulation result can be 

referred to theoretical considerations in the supporting information. Corresponding to the 

theoretical analysis parts, a variation trend of normalized inductance as the angle increases 

was simulated (Figure S6), suggested the same pattern with the experimental result. In 

addition, four kinds of folding ways were taken to achieve diagonal bending, vertical bending, 

front bending and back bending for comparing the effect of different folding orientation on 

self-inductance values under the same otherwise conditions. All of these folding ways 

displayed similar decreasing trend with slight difference under the same bending angle. This 

suggests that as long as the sensor is attached to human body tightly, the bending orientation 

of the sensor have little impact on the inductance values under the same joint activities. Here, 

the vertical bending method was introduced to evaluate joints motions (arm and belly) of 

individual, as shown in Figure 3D. The arm bending action produced around 2 µH inductance 

changes (from 5.8 to 3.8 µH), a little smaller than linear manual folding (2.3 µH). This is 

because that the wearable device angle changes in a non-planar surface of human body, 

instead of liner folding on a planar surface for the above four kinds of bending ways (Figure 

3E). The inductance from the wearable device on the outside of the elbow changes around 

0.13 µH with dozens of repetitive joint motions (Figure S7). From the magnification of green 

frame, 7 similar peaks can be observed. The blue line shows the inductance value at stretching 
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states (~3.10 µH), while the red line demonstrates the inductance value at bending states 

(~2.97 µH). 

 
Figure 3. (A) Geometrical structure of the self-inductance planar coil, (B) the wearable self-inductance 

sensor used in experiments. Inductance changes at different angles processed by (C) central symmetry 

bending and (D) joints bending activities (arm and belly), (E) Photos for central symmetry bending of self-

inductance sensor. 

 

2.3. Mutual-inductance sensing system. Another conductive thread with 16 turns was used 

to get further information on the mutual inductance combining with the above planar coil. The 

geometrical structure of hand-sewn thread was described in the experiment part in detail, as 

shown in Figure 4A. Then, the mutual-inductive system was designed by just gluing these 

two planar coils together, and in the interlayer, a thin flexible tape was used to avoid direct 

electrical contact of two coils during experiments (Figure 4B). The Zurich Instruments MFIA 

Impedance Analyzer connecting with the mutual-inductive system was operated to gain 

sensing signal during rehabilitation exercise of volunteer 1, as described in Figure 4C. The 

wearable mutual inductance sensor was attached to arm joints firmly, similar as the single coil 
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(Figure 4D). Before testing wearable device, two basic research about diagonal folding and 

front folding was processed via different liner folding way, and the photos were demonstrated 

in black and blue frames in the insets of Figure 4E, respectively. As shown in Figure 4E, the 

mutual inductance decreased from 3.5 to 0.6 µH approximately, which was around 6 times 

variation (~ 3 µH). When the wearable sensor was put on the arm of volunteer 1, the 

inductance values declined around from 3.5 to 1.0 µH. Since it does not reach 180°during arm 

bending activities, the inductance drops to 1.0 instead of 0.6 µH (Figure 4F). Compared with 

self-inductance sensing system (near 2-time changes, from 6.0 to 3.7 µH), the inductance 

value with the superposition of two coils (6 times changes) is more sensitive. 

 
Figure 4. (A) Geometrical structure of the other planar coil, (B) the assembly of mutual inductance system, 
(C) photos of the Impedance Analyzer system, (D) the wearable mutual inductance sensor used in 
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experiments, (E) such sensor’s inductance changes at different angles processed by central symmetry 

bending and (F) arm bending activities.  

2.4. Real-time monitoring. Based on the promising results of the magnetic mutual-inductive 

sensor, the ability to develop a wearable device to real-time monitor arm bending activities 

was further studied during rehabilitation exercise of volunteer 2. As shown in Figure 5A, the 

inductance change (∆L) shows around 2.2 µH with 6 arm bends with the same angle (Figure 

5A a-f curves). Each peak is related to the photo of bending state in the Figure 5B. From six 

repeated similar bending actions, no obvious fluctuations of peak values were observed, 

implying excellent stability and good reproducibility of such wearable sensor. To study the 

excellent stability of our magnetic induction sensor, after thousands of repetitive bending 

experiments and six months of placement, the sensor was again used to monitor joint bending 

activity. As shown in Figure S8, the results make clear that every repetitive joint bend leads to 

a stable change of inductance. Figure 5C depicts the real-time monitoring of inductance 

related to the increased bending angles. When the angle was as “a” position (~53°) in Figure 

5D, the ∆L displayed around 0.35 µH. The angle was turned to zero and then increased to “b” 

position (~62°), the ∆L achieved about 0.64 µH. After that, the angle changed “c” position 

(~76°), resulted around 1.33 µH changes of inductance value. Then the angle changes was 

increased “d” (~120°), “e” (~140°), and “f” position (~180°), led to 1.92, 2.04, 2.28 µH 

changes of inductance, respectively. These results implied that the sensor enabled real-time 

monitoring of rehabilitation activities, as well as recording of every action’s bending angle 

during daily training. To further study the reproducibility of the sensor under different 

bending angles conditions, the inductance variation of the device was performed under 

different angle positions from 0° to the arm bending limit (near 180°) (Figure 6). Besides, the 

sensor is quite stable during bending actions, since the curve for real-time monitoring shows 

no obvious signal fluctuation under the same bending angles.  
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Figure 5. Time-dependent response mutual-inductance from the wearable device switched by arm bending 

activities. (A) The changes monitoring curve and (B) relevant photos of six repeated bends, (C) The 

changes monitoring curve and (D) the photos of the sensor increases with the rise of bending angles under 

the same conditions. 

 

During inductance measurement as the angle increases, hundreds of inductance test data 

were obtained for every angle changes, and the average value was taken. The standard 

deviation of all tests is less than 0.3%, implied high measurement accuracy. Besides, the 

magnetic induction sensor changes according to the magnetic field, offered nanosecond 

response time.
[34-35]

 As soon as the magnetic field changes, the inductive sensor responds 

immediately, much more responsive than temperature/humidity/pressure based resistance 
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sensor. In other word, no delay time is observed for the as-fabricated magnetic induction 

sensor, in contrast to the resistance sensing system where specific response and recovery time 

normally occur. The chemical interaction between nickel nanoparticles and cotton fibers 

endows nickel robust interaction with the surface of fibers like tree roots, resulting in the 

particles not easily to fall off or peel off. Besides, this sensor is a non-contact sensor, avoided 

direct contact with human skin. In this way, nickel is not inhaled or cause any skin problem. 

Note that the volunteers in the process of joint motions monitoring did not suffer from any 

allergic reaction, which supported our sensing material of proper safety from another aspect. 

 
Figure 6. The changes in the measured mutual inductance and the relevant photos from the device at five 

times increase and then five times decrease of arm bending angles. 

 

3. Conclusion 

A flexible magnetic induction sensing device was systematically designed for recording 

different inductance signals induced by changing bending angles during rehabilitation 

exercise of joints (e.g. arm and belly). Whole system design of the magnetic induction sensor 

is a multiple and integrated process from conductive fiber preparation, thread surface 

lubrication by wax-dip, signal analysis and simulation study. Strong adhesive PDA and 
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amine-rich HPEI were designed to stick firmly to the surface of the fibers via chemical 

crosslinking reaction for ionic bonding with chloropalladium anions catalyst and subsequent 

nickel or copper ELD reaction. Such sensor can not only be integrated into a T-shirt textile, 

but also woven into an independent fabric to adhere to different positions of the human body 

to form as-designed inductance patterns for different human joints training monitoring. The 

results show 6 times changes of the inductance value with the superposition of two coils, 

while near 2-time changes for the single coil setup. Measurements with two volunteers have 

revealed the high sensitivity, reliability and repeatability to monitor patient’s rehabilitation 

and individual’s daily joints activities. The flexible, facilely attachable, noninvasive, 

lightweight and comfortable characteristics of the wearable magnetic induction sensor provide 

novel insights into the whole system development of wearable electronics for real-time and 

long-term monitoring applications. 

4. Experimental Section 

4.1. Materials and Instrumentation.  

Silver conductive thread was obtained from Electro Fashion. All other chemicals were 

purchased from Sigma-Aldrich. All textile substrates were obtained from the Dye House at 

the University of Manchester. Scanning electron microscopy (SEM) was performed at a 

ZEISS Ultra-55 instrument. X-ray diffraction (XRD) data were measured at a Beamline I11 of 

Diamond Light Source using multi-analyzing crystal detectors and monochromated radiation 

(λ = 0.8269 Å).  

4.2. Polymer modification of cotton and polyester fibers. 

Firstly, 2 g/L dopamine and 1 g/L HPEI aqueous solution with 0.01 M Tris (hydroxymethyl) 

aminomethane (pH 8.5) buffer was used to dip textile substrates for 24 h stirring, or film 

formation for 5 min at 60 °C. A 3×5 cm PET film was used to attach the HPEI/PDA film 
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from top to bottom, and make the HPEI-rich side on the surface for the following ionic 

bonding with chloropalladium anions catalyst.  

4.3. Palladium catalyst coated fibers. 

The HPEI/PDA modified substrates were washed with ultrapure water and hydrochloric acid 

(PH = 3~5) to protonate the amino groups, and immersed into a (NH4)2PdCl4 aqueous solution 

(10×10
-3

 M) under dark condition for 2 h, followed by rinsing with water to remove the 

excess catalyst inks.  

4.4. Nickel-coated fibers. 

Nickel-coated fibers synthesis is an improvement on our previous reports.
[36]

 The nickel 

electroless plating was performed in an ELD bath containing 1:1 volumetric proportion of 

nickel-to-reductant stocks at room temperature. A nickel stock solution consisting of 20 g/L 

lactic acid, 40 g/L sodium citrate and 80 g/L nickel sulfate hexahydrate was prepared in 

advance. A fresh reductant solution containing 10 g/L dimethylamine borane in ultrapure 

water was prepared separately. After mixing, the solution was adjusted with sodium 

hydroxide to keep pH value as 8 to 10. The as-prepared nickel-coated fibers were washed 

with water and dried in the oven for future use. 

4.5. Copper-coated fibers. 

The copper electroless plating was performed in an ELD bath containing 30:1 volumetric 

proportion of copper-to-reductant stocks at room temperature. A copper stock solution 

consisting of 13 g/L sodium hydroxide, 30 g/L potassium sodium tartrate and 15 g/L copper 

sulfate pentahydrate was prepared in advance. 1 mL butyraldehyde was added to 30 mL 

copper stock solution and the mixture is left to stand for the night. Then, 10 mL fresh sodium 

borohydride (2 mg/L) in ice water was prepared to accelerate the copper reduction process. 

The as-prepared copper-coated fibers were washed with water and dried at room temperature 

for future use. For conductive PET film preparation, copper was coated on one side first, and 
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then a new HPEI/PDA film was transferred to the other side of PET substrate for nickel 

coating.  

4.6. Conductive fibers waxing approach. 

An oven was set to keep high temperature to melt a white candle completely. The as-prepared 

conductive fibers were dipped into the melted wax, followed by using a smooth plastic wrap 

to remove the excess wax. 

4.7. Sensor Description.  

The wearable self-inductance system was designed using the as-prepared nickel-based 

conductive fiber-thread. The exterior diameters and the distance between the turns of the 

sensor were about 40 and 0.4 mm respectively, while the number of turns was 8 (Figure 3A). 

The self-inductance varied according to the different test angles. Thus, the motion angle of the 

patient’s arm joints and belly exercises were monitored via observing the changes of 

impedance value. A mutual inductance system was prepared by adhering another patterned 

fabric as receiving coil (Figure 4B). The planar receiving coil was woven into another fabric 

by another flexible fiber-thread of around 0.7-mm diameter. And the exterior diameters and 

the distance between the turns of the sensor were about 40 and 0.4 mm respectively, while the 

number of turns was 16 (Figure 4A). 

4.8. Inductance Data Acquisition 

The image scanning is operated using a Zurich Instruments MFIA Impedance Analyzer with 

for a frequency range of 5 MHz to 0.5 Hz with two input interfaces and two output interfaces. 

The sensor with 8 turns was placed on a table top connected with one input and one output 

interface of Impedance Analyzer system to observe the impedance changes effected by 

varying sensor’s bending angles. Then, this sensor was connected with two input interfaces. 

The 16-turn sensor was superimposed on the top of the 8-turn sensor, and double-sided 

adhesive tape was used in the middle layer to avoid short circuit, which was connected to the 
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two output interfaces of the impedance analyzer system. A frequency of 1000 Hz was used to 

measure the impedance as a function of sensor bending angles. The sensors were glued to arm 

and belly to record signals for different rehabilitation exercise of joints. All experiments were 

performed at room temperature (298 K). 

The relationship between the sensor impedance and its inductance is described as 

              (1) 

where the real part of the impedance   is probe resistance   , and imaginary part    

represents reactance.  

Generally,   is able to be neglected. After obtaining impedance results, real part   values 

controlled by bending angles are defined as 

  
     

 
     (2) 

For a certain constant frequency ( ), part   is a fixed parameter 

          (3) 

where       is the impedance imaginary part of the sensor obtained from the Zurich 

Instruments MFIA Impedance Analyzer, and   was set as 1000 Hz during measurement. 

Therefore, different   values could be masured and calculated, which implied the inductance 

changes originated from magnetization when angle of inductive planar coil varied. 
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ToC Entry: 

 

A whole system development combining material design, sensor assembly, signal acquisition 

and analysis and theoretical simulation was proposed for human joints health monitoring via a 

multidisciplinary strategy. 
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