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Abstract

:

Wearable technologies are making a significant impact on people’s way of living thanks to the advancements in mobile communication, internet of things (IoT), big data and artificial intelligence. Conventional wearable technologies present many challenges for the continuous monitoring of human health conditions due to their lack of flexibility and bulkiness in size. Recent development in e-textiles and the smart integration of miniature electronic devices into textiles have led to the emergence of smart clothing systems for remote health monitoring. A novel comprehensive framework of smart clothing systems for health monitoring is proposed in this paper. This framework provides design specifications, suitable sensors and textile materials for smart clothing (e.g., leggings) development. In addition, the proposed framework identifies techniques for empowering the seamless integration of sensors into textiles and suggests a development strategy for health diagnosis and prognosis through data collection, data processing and decision making. The conceptual technical specification of smart clothing is also formulated and presented. The detailed development of this framework is presented in this paper with selected examples. The key challenges in popularizing smart clothing and opportunities of future development in diverse application areas such as healthcare, sports and athletics and fashion are discussed.
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1. Introduction


Smart wearables, such as fitness bands and smart watches, and sensor-integrated smart clothing are gaining fast popularity, particularly in the sectors of fitness, personalized healthcare and sports. However, the ergonomic issues with their frequent donning and doffing within short intervals are deemed an extra burden for the users, especially the elderly, infants and young children. The prevailing wearable devices suffer from a poor ergonomic design and thus fail to cover the human body efficiently to ensure uninterrupted and noise-free data gathering as well as to provide the expected level of wearer comfort when used on a long-term basis [1].



However, the popularity of wearable technologies has instigated the rapid growth of smart clothing [2]. The idea of smart clothing is based on the integration of wearable microelectronic technologies in clothes, such as coats, pants, shirts and leggings, which cover a major part of the human body, wrapping around the wearer in order to monitor their health conditions for identifying the need for a clinical intervention and/or improving physical fitness. Such products are already becoming available on the market, for example, smart shirts from Hexoskin, Athos, OM signal, etc.; compression sleeves from Komodotec; leggings from Wearable X; and so on [2,3,4,5,6,7,8]. It is expected that they must be flexible, foldable, washable, self-cleanable, breathable and stretchable in order to be worn for longer periods.



The market for smart clothing is estimated to reach a value of USD 8.8 billion by 2024. The demand for smart clothes is growing rapidly in many industries, from retail to military and sports to healthcare [3].



Ongoing research efforts are focusing either on developing smart clothes or monitoring and analysing health for decision-support systems. However, there is still a lack of a comprehensive framework that can combine both the smart clothes development part and decision-making part. This work proposes a novel smart clothes framework, suggesting the best textile and sensor materials for monitoring and analysing diverse health-related parameters using modern technologies (AI, machine learning and edge computing) to make appropriate decisions for enhancing the quality of human life, principally that of elderly people, athletes and sportsmen.



The aim of this work is to develop a comprehensive and complete smart clothes framework, combining both the smart clothes development side and data analytics side to monitor health conditions accurately. The following contributions have been made in this work:




	(a)

	
Identify potential textile and sensors materials for smart clothes design requirements;




	(b)

	
Identify suitable sensing mechanisms;




	(c)

	
Investigate state-of-the-art sensor integration techniques;




	(d)

	
Suggest appropriate techniques for data collection and analysing with a smartphone and IoT-based cloud system;




	(e)

	
Suggest advanced data analytics with AI techniques to make decisions for healthcare.









This paper is organized as follows: Key points on wearable technology and information on smart clothing, including application areas, categories, advantages and current advancements, are presented in Section 2. A novel framework for developing smart clothing (e.g., leggings) with conceptual design specifications, selection criteria of suitable sensor and textile materials with their integration techniques is provided in Section 3. Data collection from smart clothing, data processing and decision making are also presented within the framework. The overall challenges of health monitoring using smart clothing in terms of sensor integration with textiles (fibre, yarn and fabric) and data communication technology are reported in Section 4. Finally, conclusions are drawn in Section 5.




2. Wearable Technology and Smart Clothing


This section presents the most popular wearable technologies that are currently used for health monitoring purposes. The types of biosignals measured in the human body for monitoring health using the smart clothing are also given. Furthermore, this section also presents the advantages and advancement of smart clothing through a rigorous literature review, a comparison between the traditional wearable system and smart clothing and discussions on the wireless communication, antenna design, state-of-the-art AI, machine learning, deep learning, and edge computing of wearable technology. Finally, the limitations of the existing works are critically analysed and discussed.



2.1. Wearable Technology


Wearable technology comprises the electronic devices that can be attached to the human body for monitoring and delivering intelligent services. Several types of wearable technologies, including smart watches, smart jewellery, fitness trackers, smart shoes, smart belt, brain activity tracker, etc., are currently used for the monitoring of different body parameters (Figure 1).



Wearable technologies were classified into four different categories, including accessory, textile or fabric, patchable and implantable wearables, by the International Electrotechnical Commission (IEC) [4]. The focus of this paper is on textile-based wearable technology or smart clothing, as shown in Figure 2. Interested readers are advised to consult the recent papers published on wearable technologies [5,6,7].




2.2. Smart Clothing


Smart textiles are developed by embedding wearable technologies into fibre, yarn, fabric or garments. People know these as e-textiles, smart garments or electronic textiles. The clothing is created to match everyday style and is updated over time. A strong interface between the real world and the digital world is created through smart clothing with the use of smartphones and other devices. Furthermore, clothes are suitable for this purpose since the early stages of textile and flexible electronics can adapt to the direct contact with one’s body through clothes [7]. Smart clothing is more natural to wear compared to the other wearables and covers a wider area for monitoring. Biological events including heartbeat, muscle contractions, etc., are sources of various biosignals [8]. Biosignals generated from human body are categorized as shown in Figure 3.



Smart clothing is the next generation of clothes, with potential functionality in tracking individual’s biometrics, responding to environmental changes, etc. The advantages of wearing smart clothing are presented in Figure 4. Therefore, the focus is shifted to developing smart clothes instead of concentrating only on smart watches and smart bands.



Wearable 2.0 is proposed in [9] as smart clothing by incorporating multiple connected devices, which can communicate with cloud-based services to offer an improved lifestyle. Smart clothing can ensure comfort, usability, accuracy, product washability, and support for real-time monitoring. Figure 5 presents a comparison between a conventional wearable system and smart clothing.



As this paper focuses on the development of a smart leggings framework, a schematic diagram of smart leggings and other fabric-based accessories for the hip, thigh, knee, ankle and foot is presented in Figure 6.




2.3. Advancement in Smart Clothing


The concept of Internet-of-Smart-Clothing can handle societal challenges while reducing the rising financial load of healthcare services. Physiological monitoring with smart clothing has the potential to diagnose health problems at an early stage, moving away from the traditional treatment approach to a disease prevention approach. Table 1 presents a summary of the current development of smart clothing in various sectors, including smart health, vulnerable groups (monitoring of babies and the elderly), sports and wellness, industry, defence and public safety, and interaction with the environment.




2.4. Antenna Design for Smart Cloth


Research on body-centric wireless communication is rapidly increasing day by day. As an example, smart clothing is a wearable personal communication system that is used for various applications including eldercare, medical emergencies, firefighting, military applications, and athlete monitoring. Three types of textile antennas have been designed, including a patch antenna, slot antenna, and planar inverted-F antenna (PIFA), with all being operated at 2.45 GHz WLAN band for smart clothing applications [41].



Conventional antennas are manufactured by printed circuit boards (PCBs), which are uncomfortable to use for human body and are not washable. Limited design space for the antennas of portable devices may enforce performance restrictions. Flexible antennas are made up of two main parts which are a conductor (copper, aluminium, silver, etc.) and a dielectric (polymers, paper, foam, plastics, textile fabrics and soft PCB). A conductive material is utilized as a radiating component whereas a dielectric material behaves as the substrate that helps the radiating component.



Textile antennas with metalized fabric including Flectron, Shieldex, REMP, and Shintron can raise comfort and make the clothing washable [42]. Therefore, the antenna design is a major concern for smart clothing where key factors including material selection, fabrication methods and analysis should be considered. A circular patch antenna and rectangular patch antennas made of taffeta and polyester are used for the operation in the WLAN band. An Inverted-F antenna (PIFA)-type textile antenna is useful for increasing bandwidth and preventing frequency shifts while it is used in the human body. A UWB wearable antenna was constructed with the use of liquid crystal polymer substrates, showing enhanced performance in terms of return loss and radiation pattern for various conditions including folding, heating and wetting. A dual-band button antenna was designed for use at 2.4 and 5 GHz. The pattern of radiation for this antenna is similar to monopole antennas.



It was observed in the literature that flexible substrates that have high moisture stability and bending capabilities are beneficial in the design of wearable antennas. However, some challenges and limitations should be considered in designing flexible antennas, including substrate thickness, the dimensions of the antenna, feeding techniques, the physical properties of materials and frequency range [43]. The design of a wearable single-layer antenna becomes possible and we can also determine which properties of these antennas are influenced by the human body at the time the body tissue is subjected to antenna radiation and identify the resistance parameters. [44].




2.5. Wireless Communication


Several technologies are integrated with smart clothing as the medium of wireless communication. These include 3G/4G/5G, ultrasounds, infrared, ZigBee, Long-Range Wide Area Network (LoRa WAN), Ultra-Wide Band (UWB), Wireless HART, SigFox, ANT+, Weightless-P, Wi-SUN and IEEE 802.11ah [7]. Data transmission is performed with the use of both a source and storage centre, including a computer or cloud system communicating with Central Processing Units (CPUs), microcontrollers, Field-Programmable Gate Arrays (FPGAs), or System-on-Chips (SOCs). Information is exchanged by a communications gateway with smart clothing through cloud servers or a block chain [45]. Wireless data communication is performed through a Body Area Network (BAN), which distributes information from electronic sensors embedded into smart clothes. Then, data from smart clothing are collected by a Local Area Network (LAN), sent via a cloud-based server. A mesh wireless network is responsible for communicating with each object and machine that are connected around the setup. The Wide Area Network (WAN) is responsible for many aspects of the technology, such as internet connection [46]. A summary of current wireless technologies mostly used for developing smart clothing is provided in Figure 7.




2.6. Computational Approach on Wearable Technologies


2.6.1. Sensor-Based Technology


Current advances in low-power electronics and the miniaturization of sensors have paved the route for a wide range of wearable devices for the applications of monitoring health and fitness. Huge research and commercialization endeavours all over the world are concentrated on developing wearable biosensors that can randomly monitor biochemical markers in the human body for managing diseases diagnosis, prognosis, and monitoring of fitness [47], particularly for people in North America.



Talkhooncheh et al. [48] have proposed an efficient cold-starting biofuel-cell-based energy harvester system, fabricated in 65 nm CMOS, which can perform a cold start-up with a low voltage (0.39 V) by employing a start-up enhancement block where a power efficiency of 86% is achieved. The outcome of this research is that the energy harvester chip can attain an enhanced efficiency with below 0.4 V of input voltage and 5.5 μW of average output power. However, the authors have not presented how to control oscillation failure at the lower supplies.



A review on wearable electrochemical biosensors was conducted by Min et al. [47]. The authors have presented the current advancement and commercialization of wearable electrochemical sensors for measuring blood glucose levels to monitor dehydration in fitness applications. Although the authors have shown great prospects on wearable electrochemical sensors for both remote and personalized healthcare, they have not provided the recent advancements in and future of smart clothing.



Gao et al. [49] presented research work on flexible and fully integrated wearable biosensors for measuring glucose, lactate, sodium and potassium ions, and skin temperature. The signals are processed through a system interfacing with the skin with silicon integrated circuits merged on a flexible circuit board. The system is capable of measuring the detailed sweat profile of humans while they are doing both indoor and outdoor physical activities. The system is also capable of performing a real-time assessment of the physiological state through a mobile app connecting with cloud services. Although the system can be applied in physiological monitoring applications, information on introducing smart clothing and a comprehensive framework for developing the smart clothing is not given.



Gao et al. [50] summarized the current advancements of skin-interfaced wearable sensors. The authors introduced the strategies of materials selection and structure design, which can enable the sensors to contact human skin. The authors have also classified and discussed physical and biochemical sensors. In addition, power issues, wireless communication and how to analyse the data are also discussed in their paper. Challenges and further opportunities are also identified by the authors for future wearable devices and systems. Although the paper has reviewed many key parts on wearable technology, a complete framework for developing smart clothing is missing.



A microfluidic tactile diaphragm pressure sensor based on embedded Galinstan microchannels has been developed by Gao et al. [51]. An embedded equivalent Wheatstone bridge circuit was used to take advantage of tangential and radial strain fields, where the sensitivities obtained were as high as 0.0835 kPa−1 with superior response linearity. The bridge circuit provides built-in temperature compensation at temperatures of 20 and 50 °C without external offsets. According to the authors, the liquid-state diaphragm pressure sensors may be useful for monitoring pressure in various electronic skin and smart textile applications. However, a complete smart clothing framework has not been offered.




2.6.2. Edge Computing for Health Monitoring


The viability and acceptance of mobile healthcare are currently increasing. The upcoming fifth generation (5G) wireless systems appear to sustain exceptional high capacity, low latency, and massive connectivity [52]. The ongoing rapid advancement of wireless communication, data processing, IoT, the cloud, and edge computing have made mobile healthcare easier to implement than it was in the past [53]. Wireless Body Area Networks (WBAN) as part of IoT offer real-time and continuous healthcare monitoring to improve quality of life [54]. More recently the edge computing paradigm has fascinated researchers as a legitimate replacement of the standard cloud-based systems to reduce interaction timing and gather a huge amount of real data from IoT devices. Edge-based approaches can support time-dependent applications in the Industry 4.0 context in the near future [55].



Yang et al. [56] proposed a novel offloading framework for multiserver multiaccess edge computing (MEC) network. In their proposed network, each access point (AP) is outfitted with an MEC server (MES) supporting mobile users (MUs) in executing computation-intensive tasks through offloading. The offloading decision problem was presented as a multiclass classification problem and the MES computational resource allocation task was expressed as a regression problem. A feedforward neural network (MTFNN) model was developed and trained to optimize the offloading decision and computational resource allocation as a mixed-integer nonlinear programming problem (MINLP) with high accuracy by solving the optimization problem. Then, the pretrained model directly extrapolated the solution to the MINLP problem online with very low computational cost. The testing results proved that the proposed MTFNN model outperforms the traditional optimization algorithms in terms of inference accuracy and high computational time. However, the authors could have provided some suggestions for generating the training datasets more efficiently.



A novel framework for developing IOT with mobile edge computing (MEC)-based hierarchical machine learning (ML) task distribution for industrial applications was proposed by Yang et al. [57]. ML and deep ML models developed for their device and MES, respectively, were pretrained offline using historical data and deployed accordingly to improve the computational execution time for the MEC setting. A joint optimization problem was devised to reduce the total delay considering a few factors including the ML model complexity and inference error rate, data quality and communications bandwidth. A closed-form solution was developed, and an optimal offloading strategy selection algorithm was proposed for multiple devices. The results showed that the communication cost progressively turns into a bottleneck, which reduces the delay of performing computing tasks using the edge computing strategy. However, the authors could exploit more AI techniques to verify the capability of the proposed framework.



Fog and mobile edge computing have important roles in solving some difficulties of cloud computing, including mobility, response time, and location perception. A healthcare framework was proposed to detect and observe type 2 diabetes patients using a novel IoT system-based decision-making model. A hybrid technique based on both type 2 neutrosophic and Višekriterijumsko kompromisno rangiranje (VIKOR) methods was applied. The results achieved by the proposed work showed the validity and robustness through reducing the execution time by 9.8% and increasing the patients’ survival rates using personal data and symptoms [58]. However, the authors could investigate advanced machine learning methods to enhance the prediction accuracy.



Yang et al [59] proposed an emotion-aware system embedding a personal robot, smart clothing, and edge cloud for interacting with users. The EEG data, audio/video data, touch data, and physiological signals of the user were collected using smart clothing. Design emotion perception and interaction algorithms such as intelligent recommendation, relation recognition and emotional expression recognition were designed through the use of artificial intelligence and a knowledge graph. A testbed was also developed to conduct different tests for checking the performance of the proposed emotion-aware system. The results showed that the system is efficient in terms of improving people’s mental health.



An ECC-based smart healthcare system was proposed using an edge cognitive computing and data-driven approach by Chen et al. [60]. The system monitors and analyses physical health-related data from the users using cognitive computing. The experimental results showed that the proposed system has superior user data cognition and resource cognition, a high energy efficiency, low cost, and high user Quality of Experience (QoE) in an emergency case and reasonably improved survival rates. However, the authors could build an emotional recognition system by combining this with the current system for carrying out corresponding care.




2.6.3. Machine Learning for Healthcare


Machine learning (ML) is highly prevalent, especially for analysing health-related data in the case of making decisions by reducing the dimensionality of data to make it manageable. Firstly, feature extraction is a vital job for extracting and analysing signals, and is considered as the main feature for corresponding data. To process physiological signals such as ECG, Fourier Transform and Wavelet Transform are widely used [61].



ML techniques learn and communicate information from numerous sources and realize unseen relationships among the source factors [30]. Various popular ML algorithms including Neural networks (NN), Naïve Bayes, k nearest neighbour (k-NN), Support Vector Machine (SVM), Decision Tree (DT), regression, clustering, Hidden Markov model (HMM), Gaussian Mixture Modelling (GMM), etc., are currently used for analysing and predicting human health conditions to support decision making in both normal and emergency situations. Predictive models are built by these algorithms due to their outstanding training speed, excellent memory capability and great accuracy in predicting health conditions. K-NN classifiers determine geometrical gaps between feature vectors from various classes. Their use is a straightforward, effective nonparametric method used for classification, regression, recognition, etc. [62]. SVM classifies data through a linear decision boundary to separate all data points in binary classes. In addition, Naive Bayes carries out data classification based on the uppermost probability of its belonging to individual classes. Neural networks can learn, recall and generalize the targeted data by adjusting weights to check and test models to predict the ultimate result [63]. Reinforcement learning works through trial and error when investigating data and improves outcomes mostly for people affected by chronic diseases [30].



Satinet and Fouss [64] have proposed supervised machine learning tools to generalize the findings of existing life cycle assessment studies (LCAs) and to develop an ML model for assessing the sustainability of clothing products easily and over their lifecycles with limited data. Nine various supervised machine learning algorithms were tested considering a five-fold cross validation. The average accuracy, weighted average, recall and precision, mean squared error (MSE), Kendall’s Tau-b (Tau-b), and ordinal classification index (OCI) were considered as the key parameters for each algorithm. It was observed from the results that an average accuracy of 0.90 or higher was achieved by bagged decision trees and random forest algorithms. However, this work is dedicated to creating a classification model for a category of single product, but the model could be extended to other product categories and/or to other datasets.



A soft computing technique was applied to build a model that is capable of estimating the heart rate (HR) response to exercise of constant intensity and recovery [65]. Multilayer perceptron artificial neural networks (NN) were employed using raw heart rate time series data. The results showed a mean relative square error of the estimated HR values of the order of 10−4 with an absolute error as 1.19 beats per minute, which is low. The performance of the model proved that the NN model is capable of predicting the HR response to any persistent workout strength. However, the authors provided only the computational method to monitor heart rate rather than providing a design framework of wearable technology.



Foysal et al. [66] proposed “SmartFit”, an interactive smartphone application which will recommend optimal fitting clothes by detecting the body shape of a consumer. The goal of this project was to solve clothing fitting issues, convenience and improve online garment shopping experiences for consumers. Image processing and machine learning (SVM, NN, KNN) were employed to analyse the smartphone images. Four body shapes, including inverted triangle, pear, hourglass, and rectangle, were classified with an accuracy of 87.50% on average. The proposed method is useful to increase the feasibility of online clothing shopping with optimally fitting garment suggestions being accurate and personalized, and as a result retailers can benefit from increased revenues. However, the method is not suitable to detect other body types.




2.6.4. Deep Learning for Healthcare


At present, deep learning has played a great role in analysing a huge amount of data with its advanced techniques. It acts through processing a large amount of data to solve complex problems using artificial neural networks. There are some basic differences between traditional machine learning and deep learning algorithms. Traditional machine learning algorithms learn from model functions and then predict future activity from history, whereas the deep learning ones contain more than one hidden layer to understand data features and relations among the parameters [67]. Deep learning has elevated performance in learning feature representation from raw data. Currently, many deep learning algorithms including Deep Neural Network (DNN), Convolutional Neural Networks (CNNs), Recurrent neural networks (RNN), Restricted Boltzmann machines and Deep autoencoders are available for the applications of handling large amount of data and making effective decisions [67].



Deep learning algorithms are principally self-directed, generating new features and recommending solving end-to-end problems, which can be applied in appropriate data analytics and decision making through the data collected by the smart clothing [68]. Namely, CNN performs enhanced extractions of data information compared to machine learning algorithms such as SVM. Furthermore, RNN is applied for analysing health-related temporal sequence data. Learning features and classification automatically with high accuracy and performing automatic feature extraction without the involvement of human intervention are the key advantages of deep learning. The key shortcomings of deep learning are that it is extremely time consuming and requires superior performances of the hardware. Deep learning has the capability of offering results for complicated analysis. For example, due to them having numerous levels of complexity, the networks perform complex decision making in many cases. However, this is expensive for training and building models in terms of time.



Alhussein and Muhammad [53] suggested a convolutional neural network (CNN) with a transfer learning technique for detecting voice pathology in a mobile healthcare framework. The voices were obtained using a smartphone and processed. The experimental results showed that the accuracy of voice pathology detection was as high as 97.5%. According to the achieved results, the cloud manager directs the decision and recording of the voice signal to the local caring authority. Then, the authority or doctor analyses the signal, makes the decision and gives advice to the patients. However, the authors could add GUI to make the outcome visible.



Hong et al. [69] recommended a method combining a hybrid recommendation algorithm and deep neural networks (DNN) for predicting disease considering medical records while ambiguous explanation of symptoms detected. The authors used real-world datasets for predicting potential phenotypes by analysing the high-level and low-level order features of the disease. The experimental results showed considerable accuracy in predicting diseases; however, further research is still required to investigate additional methods to enhance the capability of prediction accuracy and conditions for making appropriate decisions.



Turner and Hayes [70] proposed a method for classifying unnaturally induced gait alterations by merging noninvasive wearable sensors and deep learning. The proposed method diagnosed gait abnormalities considering a symptom that has could potentially indicate movement illnesses. For collecting pressure data on 12 patients, long-term and short-term memory networks with deep learning architectures were employed in their method. The experimental results showed a good accuracy of 82.0% in classifying the gait function of patients precisely, which can be beneficial in making decisions regarding the status of a patient. However, the system did not provide a performance comparison with other methods to understand the capability of the proposed method.



Although many research works are currently being conducted on wearable technology and smart clothing, a lot of technical challenges have also been observed in the state of the art. For example, there is a lack of control over oscillation failure at lower supplies in the sensors system of wearable technology [48]. Additionally, there is a shortage of information provided on developing smart clothing materials and a comprehensive framework combining both the development and decision making [50,51]. It can observed from the literature that there is a lack of advanced machine learning methods to enhance prediction accuracy through smart clothing [58]. Some AI tools are focused on classifying only a single product, which is not suitable for other product/data sets [64,65]. Some methods are suitable for detecting particular body types and unable to detect other body types [66]. Furthermore, a few AI models developed are expensive [68] and lack an integrating GUI for making the decision visible [53]. Some works justified their proposed method by investigating only one technique where a performance comparison is required by employing more than one technique to make the system valid [69,70].



To overcome the above challenges, the authors of this paper developed a comprehensive and complete smart clothing framework for improving quality of life.






3. Proposed Framework for Smart Clothing (Leggings)


This section offers a proposed framework for developing smart clothing with a specific example of leggings for health and fitness monitoring. The framework shows in detail the development of the smart clothing and how it can be used for health-monitoring purposes. Application scenarios, design requirements, textile materials, and sensor materials, including their integration process, are described elaborately. In addition, the sensing mechanism, data collection (bio signals) and processing, data analysis and decision-making process for monitoring health securely are presented.



Current smart clothes are not free from shortcomings, such as potential discomfort from electronic hardware integrated with fabric, washability, durability and proneness to motion issues, resulting in a lack of accuracy in sensing and tracking human health condition and fitness. Several frameworks for smart clothing have been proposed in the literature to monitor and track health conditions. These frameworks focus on either smart clothing sensors and textile materials, mechanism and integration [2,71,72,73] or data collection techniques, analysis methods, cloud services and displaying the decision [32,36,74,75,76] separately. However, no integrated complete framework for smart clothing is available. In this paper, a framework has been proposed for developing smart leggings in Figure 8 by combining the design criteria, textile materials, sensor materials, sensor integration with textile and decision support system. Further details of the proposed framework are presented in the following sections.



3.1. Application Scenario


Smart clothing by incorporating multiple connected devices can communicate with cloud-based services to achieve improved human lifestyles [9]. Smart clothing, such as leggings, that can be in direct contact with a large area of the body can ensure comfort, usability, accuracy, product washability, and support real-time monitoring. The focus has been placed on introducing smart leggings for monitoring health, sports and athletics and fashion.




3.2. Design Requirements


3.2.1. Market Forecasting


Market experts are expecting a growth of the smart clothing market to USD 6 billion from USD 900 million by 2025 [77]. According to a different report, the global smart textiles market was worth USD 523 million in 2015 and the current prediction shows that the market will grow at a rate of over 34.5% from 2016 to 2024 [78]. One estimation suggests that an amount of clothes worth more than USD 500 billion become unusable every year and approximately 90 per cent of all fashion items are just wasted. It is expected that an unprecedented market expansion will occur in the future due to the advancement in fibre and textile electronics.




3.2.2. Demand Analysis


The market of smart clothing is currently in its initial stages; however, it is predicted that the market will grow rapidly in the near future. Therefore, the demand of smart clothing is increasing as solutions are found for more accurate, personalized, and continuous healthcare services. The main benefits of this market are quality of care for individuals through continuous nonintrusive monitoring, light processes and reductions in healthcare costs. Smart clothing also has huge market in sport as it can prevent injury [78].




3.2.3. Technical, Aesthetic and Targeted User’s Requirements


The technical design and aesthetics are linked to multiple factors, including the user’s age, target application, competitors, and fashion trends [78]. As a technical requirement, integration between wearable devices and smart clothing should be ensured according to a certain specification for the accurate monitoring of movements or other physiological signs [7]. The sensor areas of the clothes are to be tight by ensuring proper elasticity at different levels to maximize skin contact during signal recording. They should also be easy to take on and off with no interference in the user’s common daily activities. In addition, real-time data processing, specific requirements for washing, ironing, and sterilization should also be considered during the design of smart clothing. The Human body generates sweat and heat, and therefore a balance must be maintained through thermal management by applying transportation and conservation of heat and moisture. Tactile comfort can be ensured by decreasing the dimensions and weight of textile and sensor materials [78]. Smart clothing is intended to be worn for longer than any other wearable devices. Therefore, it should be attractive to users both in terms of design and aesthetics, with a flexible size, as well as being colourful and lightweight. A usability evaluation revealed that most of the users prefer natural materials and a basic colour. However, user groups with a neurological condition are more concerned with the clothes having the capability of health measurement and disease management rather than being aesthetically pleasing, such as through the colour and design [79].




3.2.4. Conceptual Specification of Smart Leggings


To develop smart leggings, high-quality polyamide, polyester, LYCRA® and graphene-coated fabrics can be used to ensure breathability, a perfect fit, muscle control, UV protection, quick drying, stretchable, bacteriostatic properties, etc. [80]. The leggings read muscle activity and detect force while performing a physical activity, including running, cycling, climbing and other sports. The leggings acquire muscle signals surrounding the knee joint, which vibrates, and lights up during the recording of muscle activity, one that is prone to injury. A small Bluetooth hardware unit embedded into the leggings can send measurement data in real time to a user’s smartphone. Once the data are received by the app, they are analysed using advanced AI algorithms to take further necessary actions. The leggings may send smart notifications to the user’s phone to alert them to their health condition and level of fitness. A mobile app that uses inputs of the user’s physical attributes and muscle data from the leggings should recommend a rest time. An online dashboard that archives any video data of the user and correlates them with the muscle data is presented in [81]. A conceptual technical specification for future smart leggings is presented in Table 2





3.3. Development of Textile Materials


Over the past ten years, many innovative materials have been developed and used with the purpose of realising smart clothing. Figure 9 provides categories of selected textile materials for smart clothing.



3.3.1. Conductive Fibres and Fabrics


Conductive metal filaments including copper (Cu) and silver-plated copper (Cu/Ag), brass (CuPbZn) and silver-plated brass (Ms/Ag), and aluminium (Al) to copper-clad aluminium (CCA) are used in smart clothing. Metal monofilaments blended with other textile fibres are used for weaving and knitting [82]. Initially, conductive threads were used in clean room garments, military clothing, medical application and electronics manufacturing [83]. Electrotextiles reveal the conductivity and are used in antistatic applications [84,85], electromagnetic interference shielding (EMI) [86], electronic applications, infrared absorption and in the protection of clothes in explosive areas [87]. A company in Switzerland called Swiss-Shield® [88] has produced metal monofilaments incorporated into base yarns such as cotton, polyester, polyamides and aramides. A conductive yarn with base fibres and a metal monofilament twisted around them is presented in Figure 10.



Electrically conductive fabrics are developed by weaving conductive yarns into the textile structures or applying metallic coatings on the yarn or fabric [89]. Examples of a metal wire twisted around a polymer yarn, a polymer yarn coated with a thin metal layer and a conductive yarn consisting of metal multifilaments are presented in Figure 11. Researchers have developed conductive threads by coating a conventional yarn with metal layers, ELITEX®. Nylon 66 threads were coated with a thin silver layer in [90].



Researchers have developed a plain-woven textile structure with polyester yarns twisted with one copper thread as shown in Figure 12a. A hybrid fabric called PETEX was developed (Figure 12b) by weaving polyester (PET) monofilament yarns containing copper alloy wires [91]. The copper wires were coated with a polyurethane varnish as electrical insulation. A metallized woven nylon fabric is developed using silver, copper or a combination of copper and nickel [92]. A Danish company has developed weaving electronics into fabrics, electronic conductors in clothing, operating panels in textiles (soft keyboards, displays, etc.) and microsensors. Copper thread was used as conductive yarn, which is plated with a silver layer and coated with a polyester layer [93].




3.3.2. Self-Cleaning Textile Materials


Self-cleaning clothes will be demanded in future fashion due to their automatic washable capability. Attaching tiny metal structures with cotton fibres can break down dirt when exposed to sunlight. Researchers at RMIT University in Melbourne are working to develop a self-cleaning textile by integrating 3D copper and silver nanostructures woven into a piece of cotton fabric capable of degrading dirt, dust, and sweat when exposed to a concentrated light source. In their research, nanostructures absorb energy after exposure to light and create “hot electrons” to break down the dirt and clean the fabric [94]. A thin layer of titanium dioxide particles is used to coat the fabric [95]. When the sunlight falls on the semi-conductive layer, electrons are excited within the crystal structure and react with oxygen atoms in the air, which creates free-radical oxygen. The oxygen can break down compounds made by carbon using oxidation–reduction reactions. Dirt is then broken down into carbon dioxide and water (Figure 13).




3.3.3. Self-Healing Textile Materials


Embedded devices in smart clothing should have the capability to maintain their basic function after mechanical damage. Self-healing is a way to promote clothes durability to avoid damage. Research is being continued to recover the essential functions of sensors and self-repair capability of clothing [96]. For healing mechanical damage, excessive electrode adhesion and wire bonding are occurred in sensors during operation. Self-healing polymers are prepared as an example through performing a validation of embedding external healing agents and catalysts in a capsule [97]. Large strains break the capsule and healing agents are released into the crack areas to trigger polymerization and the release of molecules [98]. Researchers have found that self-healing magnetic ink can repair itself automatically by healing multiple cuts in milliseconds. Self-healing magnetic ink is used in smart clothing components including batteries, electrochemical sensors, and circuitry. Microscopic particles are inserted into e-ink by crushed up neodymium magnets which are used for creating printed electronic components. In addition, carbon powder is mixed and placed in a magnetic field to raise the ink’s conductivity. A design of self-healing fabric is presented in Figure 14.




3.3.4. Energy-Harvesting Textile Materials


It is difficult to charge smart clothes every day. Lithium rechargeable batteries are unable to power sensors continuously due to their weak mechanical stability [99]. Smart clothes can extract the energy generated by a human body. Georgia Tech researchers have formed energy-harvesting yarns that are woven into textiles. Static electricity was used, which was generated by the friction of two materials. The fabric sewn into socks, jumpers and other clothes is capable of harvesting energy from the body movement to power a sensor. Infineon, the semiconductor company, is currently working on recovering energy for body movement to feed Mp3 players integrated in a jacket with the use of piezoelectric materials [100]. University of Bolton has developed a technology with the use of piezoelectric polymer substrate and photovoltaic coating system creating a film or fibre structure to harvest energy from the sun, rain, wind and wave [101]. Energy-harvesting film in textiles uses printing process for gathering energy through active printed inks [102,103]. Mechanical energy in the form of vibration or motion is converted into an electric current by flexible fibre-coated zinc oxide nanowires. A cost-efficient and scalable method was developed by scientists of RMIT University to fabricate textiles embedded with energy storage devices enabled by graphene supercapacitors. This method is capable of producing a waterproof smart textile patch. The capacitor was connected to a solar cell, which can deliver an efficient, long-lasting and self-powering smart fabric [104,105].





3.4. Sensor and Sensing Mechanism in Smart Clothing


The current development of wearable technologies has advanced the monitoring capabilities of various physiological parameters including heartbeat rate, respiration rate, temperature, etc. Mechanical stimulations and concentrations of electrolytes are detected as health indicators where strain, pressure, force and vibration are transduced into electrical parameters such as mechanical stimulations using wearable sensors. These types of detection are performed through piezoresistivity, capacitance, piezoelectricity, etc. [106]. The physiological parameters and sensing mechanisms are presented in Table 3.




3.5. Development in Smart Clothes Sensor Materials


Researchers are working towards developing wearable sensing devices with flexibility, stretchability and physical robustness. The development of new materials and fabrication strategies are critical factors for ensuring the compatibility of mechanical and functional properties [111]. Figure 15 provides an overview of the sensor materials used for smart clothing.



3.5.1. Carbon-Based Sensor Materials


Graphite


Graphite is a form of carbon that can be used for developing pencil-on-paper electronics. It has become popular due to its good electrical- and heat-conducting properties, light weight and being disposable and flexible [112,113]. Graphite flakes deposited on a paper surface and drawn traces have been used as resistors in resistor–capacitor (RC) filters and transistors. The presence of structural edges in graphite flakes increases the strain-induced resistance variation of traces, making them appropriate for strain gauges. Further overlaps in graphite flakes are developed by compressing the trace that leads to a decreasing resistance.




Graphene


Graphene has attracted significant research interest for use in smart clothing due to its outstanding electrical, mechanical, optical transmittance, and thermal properties [114,115,116,117]. It acts as a platform for both interconnects and active devices such as flexible and stretchable transistors and sensors [115]. It has the ability to interact with oxygen-containing groups in textile fibres and is used as a part of textile rather than forming only a surface coating [118]. Graphene can be used as an electrode material for capacitors. Graphene is a useful material for wearable sensors as it contains huge microribbons to adjust the balance between sensitivity and stretchability.



Graphene-based ink and an inkjet-printing process were used by researchers at the University of Cambridge to print integrated circuits onto fabric [119]. The researchers experimented using low-cost and sustainable graphene, and other 2D materials containing low-boiling inks printed on polyester fabric (Figure 16). It was observed that the durability and performance of the printed devices were improved by modifying the roughness of the fabric.



Researchers from the school of Engineering at The University of British Columbia developed a low-cost graphene-based sensor that can be integrated into textile and composite materials. A microscopic sensor embedded into woven yarns was stretched and used for monitoring human health and detecting motion. A dip-coating process was applied to fabricate a cost effective, tuneable and stretchable sensor on spandex (SpX) yarns coated with graphene nanoplatelets (GnP). Protecting the conductive layer against harsh conditions, the SpX/GnP was wrapped into a stretchable silicone rubber (SR) sheath, allowing for the fabrication of wearable sensors [120].



A consortium of European academics have discovered a way to coat fabric with graphene to create electronic textiles. They deposited graphene onto a copper foil and then transferred it onto fibres, paving the way for integrating transportable electronic devices into fabrics. This technology inspired the creation of a T-shirt with GPS capabilities, having a hoodie act as the phone or upholstery for playing music files [121].



A supercapacitor connected to a solar cell to be laser printed directly onto textiles produces an efficient, washable and self-powering smart fabric. Graphene oxides (GOs), amorphous silicon solar module, spandex nylon lycra matte fabrics and Polyvinyl alcohol (PVA)/Sulphur acid (H2SO4) are used as electrolytes in developing laser printed graphene-based supercapacitors [122]. Polydimethylsiloxane (PDMS) was coated on one side of the fabrics and the other side was coated with a GO/Matte binder to form a thin coating.



A graphene-coated textile was fabricated in [123] using a wearable strain sensor. An elastic silicone and polydimethylsiloxane (PDMS) were used to encapsulate the textile. A conductive network was established during stretching with vertical and horizontal fibres of the textile. The sensor without having encapsulation provides a low-cost and scalable fabrication method by extending it to other woven fabrics. The high sensitivity, long-term stability and great comfortability of the sensor allow the real-time monitoring of human physiology activities.



Graphene oxide (GO) is a single-atomic layered material, developed by the oxidation of graphite. GO films are deposited onto substrate to convert it into a conductor. Karim et al. [124] presented a simple, scalable, and cost-effective method that can produce e-textiles. Graphene oxide (GO) was employed to ensure stable reduced graphene oxide (rGO) dispersion, which was applied to the textile using simple pad-dry techniques. The laser scribed (LS) technique is useful for putting graphene layers onto various flexible substrates. For example, functional patterns are produced with the use of graphene oxide (GO) films. In addition, the electronic properties of the layer can be adjusted broadly by varying the laser power and irradiation time [125].




Carbone Nanotube (CNT)


To build wearable devices, CNT powder is often mixed with polymer substrates and its outstanding conductivity is used for constructing sensors. To create electrodes in capacitive sensors, CNT reagent can be placed onto the substrate. Further, the CNT reagent is dispersed into flexible/stretchable polymers to develop piezoresistive composites or films. The network of CNTs has an admirable strain-sensing capacity.



Du et al. [126] presented carbon nanotube (CNT)-based e-textiles used as wearable strain and pressure sensors. The nanosoldering facile method was used to fabricate e-textiles by the ultrasonic soldering of CNTs on a nonwoven fabric (NWF) to make conductive textiles. CNTs are used as wearable sensors for monitoring blood pulse. An e-textile has been developed for intelligent human–machine interfacing using conductive carbon nanotubes (CNTs) and screen-printing technology [127]. The textile was used as a self-powered touch/gesture sensor with outstanding performance under washing conditions. The e-textile is constructed in three layers, including a top layer, which consists of silk fabric acting as frictional material, nylon fabric used for the bottom layer as substrate and a CNT electrode array is used in the middle layer. CNT ink was printed onto nylon fabric to fabricate the electrode array.





3.5.2. Metal-Based Sensor Material


Nanowires (NWs) and Nanoparticles (NPs)


Metallic nanowires and nanoparticles are used to prepare piezoresistive composites and conductive ink. Ag NWs can be embedded into Polydimethylsiloxane (PDMS) to build resistive-type sensors. Ag NW film is simply coated on the surface of polymers, and so there is a great possibly to increase resistance due to buckling and wrinkling. Therefore, the Ag NW layer is often sandwiched between two substrate layers [128,129]. To produce electrodes for capacitive sensors, the conductive inks and metal NPs can be casted on the substrate surface. In addition, coiled, serpentine and woven structures of metal materials are used to provide required flexibility and stretchability.




Liquid Metal


Gallium (Ga) and its alloys are liquid metals that stay in liquid state at room temperature and are a nontoxic alternative to mercury [130,131]. Microfluidic techniques are used in constructing stretchable sensors, being combined with liquid metals. The applied mechanical stimulus can change the microchannel geometry by changing the electric resistance, which creates variations in the sectional area and length of the liquid metal resistor. Thus, pressure and strain can be measured and assembled into an RFID tag or antenna to build wearable sensing devices.





3.5.3. Polymers


Poly (3,4-ethylenedioxythiophene): Poly (styrene sulfonate) PEDOT: PSS


PEDOT: PSS is a commercialized polymer that is extensively explored in sensing elements as it has thermal stability, and is transparent and conductive. It is also compatible with many conventional processing techniques, such as dipping–drying, spinning coating and inkjet printing due to its solubility in water [132].




Polyvinylidene Difluoride (PVDF)


PVDF is an energetic material having great properties for piezoelectric wearable sensors. PVDF is used for making flexible sensors in the field of healthcare for monitoring heart rate, respiration, plantar pressure distribution, etc. In addition, organic materials including PPy, P3HT and PANI are utilized to construct wearable sensors [133].




Ionic Liquid (IL) Salt


At present, ionic liquid (IL) salt is used in developing electrochemical sensors, energy devices, and transistors, for keeping liquid state at room temperature. Based on the concept of liquid metals, IL can be embedded into a PDMS-based microchannel to construct strain sensors [134].




Conducting Polymers


Conducting polymer materials are used for producing smart clothes due to their great output power, high reliability, low-cost characteristics and adaptability in terms of structural design and material choices [135,136]. Huang et al. [18] presented a strategy to design and fabricate fibre/fabric-based triboelectric nanogenerators (TENGs) that were knitted from conductive silver-plated nylon threads using a commercially available knitting method. A power-generating polyethylene terephthalate (PET) fabric is developed in [137]. Conductive fabric was used as an electrode, attaching onto the back of a different fabric, which can be cut into desired sizes. Then, the fabric was integrated with the garment for harvesting the mechanical energy from human movement.






3.6. Integration between Sensor and Textile


The integration of sensors in textile materials can be achieved at different levels for developing smart clothing.



3.6.1. Integration at the Material Level


Active sensor materials are doped in polymers and dried elastic composites can be made in bulk or film forms to fulfil the smart clothing application requirements. For example, the performance of a carbon black–silicone composite depends on the filler concentration [138]. Through an encapsulation process, active sensitive materials are sandwiched between substrates to develop a sensitive composite.




3.6.2. Integration at the Fibre Level


Researchers from Massachusetts Institute of Technology (MIT) have produced optoelectronic semiconductor-embedded fibres that are woven into soft fabrics using light-emitting diodes (LEDs) and diode photodetectors. The fibre was heated in a furnace during the drawing process where the polymer was liquefied to make a long fibre with the diodes lined up along its centre, connected by copper wires. These fibres can be used for communication and safety, military lighting applications, monitoring physiological parameters, including measuring vital statistics, and monitoring healing, such as in pulse meters and smart bandages [139].




3.6.3. Integration at the Yarn/Fabric Level


A fabric embedded with a pressure sensor was developed in [140] by selectively placing polyurethane-coated Ni-Ti alloy yarns during the weaving process of a fabric made of predominantly woollen yarns, as presented in Figure 17. The capacitance of the dielectric material sandwiched between two electrodes varied with the thickness of the material. The fabric enables developing a real-time sitting posture correction system. Conducting thread such as copper (Cu) or silver (Ag) fibres were utilized for the electronic textile [6,141].



Electrical engineers from ETH Zurich have developed intelligent textiles with sensors and conductive filaments woven into textiles. This technology is developed by attaching thin-film electronics to the textile. Microchips and other microelectronic elements were integrated directly into the architecture of the material. The microchips were placed on plastic strips and encapsulated [142].



Coating fibres, yarns and fabrics with metals, galvanic substances or metallic salts can create conductive textiles. Electroless plating, evaporative deposition, sputtering and the chemical coating of textiles with a conductive polymer are popular coating processes [5]. To produce the desired geometry of the wearable sensor, pattern transferring is used as the fabrication method. The available techniques of pattern transferring are microscale modelling, lithography, screen printing, inkjet printing, 3D printing and handwriting. Researchers at the University of Southampton developed textile-based screen-printed network for electrodes and associated conductive tracks used in healthcare applications. A polyurethane paste was screen printed onto a woven textile to create a smooth and conductive track. A wearable device was developed using silver pastes printed onto nonwoven textiles for health monitoring [6]. The laser scribed (LS) technique is useful for manufacturing sensors, for example, predesigned graphics are set to move the laser beam accordingly and exposed materials are sensitized for sensing different stimuli [5].




3.6.4. Integration at the Garment Level


The Austria-based company QUS Sports is in the process of producing smart textiles (shirt and bra) that can track body fitness. Intelligent micro-EMG sensors are placed in a QUS shirt, recording all relevant data via Bluetooth. Monitoring of the heart rate, breathing rate, calorie consumption, acceleration, g-force, geo-data, sleep and regeneration for sports-training is performed by the smart clothing [143].



An embroidery technique can be used to develop a conductive fabric. MIT proposed an approach of stitching patterns that can be defined circuit traces, component connection pads, or sensing surfaces designed with traditional CAD tools for circuit layout [144]. They developed a musical jacket comprising a fabric keypad, a MIDI synthesizer, speakers behind speaker grills in the pockets, fabric buses visible inside the jacket and a fabric keypad with the circuit board placed behind it (Figure 18).





3.7. Data Collection, Data Analytics and Decision Support


Recent research efforts on data analytics present various healthcare frameworks. Most of the frameworks describe from the stage of data collection up to decision making. However, there is still lack of research providing the details of each stage in their frameworks. For smart clothing, data collection entails capturing raw biosignals from the human body such as ECG, heart bit, blood oxygen, knee movement, etc. The collected raw data are stored in a local hardware-based system or cloud-based system and pre-processed through filtering (eliminating outlier) transforming, categorizing and turning it into a structured form such as an CSV or text file with the use of statistical techniques. An example of ECG data filtering can be found in the author’s previous publication [46]. The accurate processing and management of physiological data allows health/fitness monitoring systems to make holistic assessments of patients, personalize treatments, and improve communication. The processed data are then analysed by applying advanced machine learning techniques such as classification, clustering, regression analysis, and deep learning. Finally, a decision is made by the carer or medical advisor based on the outcome from the analysis with the help of a graphical user interface.




3.8. Pros and Cons of the Proposed Framework


The proposed smart clothing framework is suggested for material selection to find a textile and sensor that could be useful to develop durable smart clothes. Most importantly, the framework has suggested an IoT cloud service systems where the signal data are collected from various parts of the human body through internet, processed, and analysed through AI techniques which can provide the best decision-making strategy for taking necessary action before causing any serious health damage. Clothes manufacturing industries can take this idea forward to develop advanced smart clothing technology for identifying any abnormal health condition and taking necessary actions. However, the further development of different technologies required for this framework is important to ensure its effectiveness in real-life applications.





4. Challenges and Future Development


This section identifies some challenges for smart clothing considering various aspects and provides possible solutions to overcome them. Firstly, the technical challenges, including a shorter battery life, privacy and the security of collected data, are discussed. Then, this section further discusses the durability of the smart clothing, including the high failure rate, maintenance and washability. The challenges of social acceptability and design and integration have also been identified and critically analysed.



Although some significant developments have been made in smart clothing in the recent past, there are still many challenges left to be addressed. Figure 19 presents the summary of challenges for wearable technology as smart clothing. The following sections discuss individual challenges and suggestions for future development.



4.1. Technical


4.1.1. Noisy and Discontinuous Signals from Sensors


Physiological signals collected using smart clothing are noisy due to motion artefacts and thus misleading predictions of health condition. Appropriate methods [46] can be employed to filter the noisy monitored signal automatically at the time of data processing. Then, the filtered data can be used for assessing actual health and fitness conditions and taking appropriate actions.



Handling a discontinuous signal generated by an integrated sensor in smart clothing is another challenge [7,9]. This may be caused due to any fault appearing in the sensor embedded within the clothing. Furthermore, an inappropriate attachment between the sensor and clothing may also generate discontinuous signals. Therefore, the development of reliable wearable sensors and a proper embedment between the sensor and clothing are required to avoid receiving any discontinuous signal.




4.1.2. Lack of Flexibility, Foldability and Comfortability


The sizing of wearable products is important for smart clothing as it is difficult to adjust large sensors within clothing for collecting signals. Sometimes, sensors are difficult to bend flexibly and adapt to smart clothing [145]. It is necessary to develop flexible sensors that are as thin as possible for embedding and bending with clothing to collect physiological data accurately. In addition, a new tailoring strategy will help in making flexible smart clothing.



Unfoldable and nonadjustable sensors with smart clothing are not capable of providing accurate information. In smart clothing, electrodes can be used that are foldable and are not seen from the outside as they are covered by the textile.



The continuous contact of wearable devices with human skin can cause discomfort for users. The minimum contact level during moving the body should be maintained to collect data while ensuring user’s comfortability to wear for a longer period as regular daily clothes [7].




4.1.3. Shorter Battery Life and Lack of Self-Powering


Power failure of the wearable devices may cause serious interruption in monitoring health and fitness condition. Furthermore, the batteries have to power the embedded electronics during monitoring the health-related activities for a long period of time [146].



As wireless networks, GPS, and other technologies consumes lot of power, most of the wearable devices only last for one to two days [147]. Hence, the power can be generated from the body movement. In addition, solar cell systems can be integrated with smart clothing to produce power as an alternative.




4.1.4. Complicated Interfacing and Operating System


Without having a suitable user interface, it is difficult to present the monitored parameters to the end-users. Interfacing between smart clothing and a local cloud-based system via Wi-Fi, Bluetooth or mobile network needs to be developed for storing and analysing continuous monitored health-related data to take preventive steps [148]. A customized operating system (OS) specific to smart clothing can be developed for universal application.




4.1.5. Privacy and Security


Security and privacy are important for wearable technology as a serious breach of personal information in the form of data could occur, which could lead to financial loss or safety concerns [149]. This might discourage people from using wearable devices. From an IOT device consumer survey, it was estimated that 28% of respondents are concerned about the hacking of their devices [150]. Therefore, further investigation is required to improve the trustworthiness of the devices in terms of cyber security.





4.2. Durability, Service Life and Maintenance


4.2.1. High Failure Rate


Intricate processing techniques for sensor development and embedding in clothing make smart clothing highly vulnerable to frequent failure, which raises the question of its reliability in use [7]. Manufacturers should seek alternative processing techniques to develop a robust product that a user can rely on.




4.2.2. Shorter Lifetime


Some smart clothing products cannot survive longer in the market; thus, manufacturer and consumers both face financial loss [151]. Therefore, achieving a longer lifetime is one of the vital challenges for smart clothing that can be ensured by employing durable materials and the integration technique.




4.2.3. Difficult to Maintain


The embedded electronics of smart clothing could be damaged by human fluids such as sweat and thermal regulation. Therefore, smart clothing should have accurate functional capabilities to adapt to the body conditions and be easily maintainable.




4.2.4. Poor Washability


It is expected that smart clothing should be compatible for washing [8]. However, the current technological development of wearable devices is still behind in terms of maintaining functionalities after washing. A solution has been suggested in the form of a smart box [9], which can be disassembled at the time of washing. The smart box can be installed when the smart clothing is dried. However, it will be more convenient for users if the smart clothing is washable by developing waterproof technology.





4.3. Social Acceptability


4.3.1. Lack of Awareness of Technological Development


Government and technology developers can work together to broadcast the news of technological advancement through television, newspapers and social media to increase the awareness of the health benefits of smart clothes.




4.3.2. Personal Choice or Unwillingness


According to the report of Piwek et al. [152], health assessment is one of the important factors as the people who are regularly monitoring their health condition with wearable devices are healthier than those who do not have the willingness to do that. The manufacturers should make the smart clothing attractive, fashionable and intelligent in order to influence people’s personal choices. An intelligent system needs to be embedded within the smart clothes to do other things instead of just monitoring the health and fitness condition. For example, smart clothes enabled by motion-capture technologies can help in teaching one how to dance or how to play football.




4.3.3. Unavailability of the Internet


The internet has a great impact on smart clothing in communicating physiological information for monitoring health of individuals. Low-income, rural, and homebound populations without internet facilities will lag behind and not receive the benefits of using such wearable technologies. The International Telecommunication Union, the United Nations and global information and communications technology statistics have reported that only 53.6% of people have access to the internet worldwide due to the high cost of internet service, whereas 84% of households access the internet from home in developed countries [153]. Efforts should be made to improve the accessibility and affordability of the internet.




4.3.4. Cost of Smart Fabric


The high cost of smart fabric is an important factor to be considered, particularly for low-income people [154]. However, increasing the number of users through promoting the benefits of smart clothes will promote their mass production, which can bring down the cost to an affordable level for all classes of people.





4.4. Design and Integration


4.4.1. User Comfort and Aesthetics


The smart clothing design should be focused on suitable sizes and fit with body shapes and minimum weights. Having a fashionable design of smart clothing will increase consumers’ willingness to buy and wear it. Therefore, it is essential to make attractive designs with innovative fabric materials, colour, fittings, etc. [7].




4.4.2. Sensor Integration


The operational reliability of smart clothing depends on the appropriate integration of the sensor on and within textiles. Sensors can be developed in situ or as an extra piece for attachment with textiles. For in situ textile-based sensors, it is important to carefully consider the compatibility of the nontextile component with textile components. For example, while choosing a conductive chemical for coating or printing on textiles, or doping or impregnating with a fibre polymer system, the natural bonding and fixation between those chemicals and textiles should be first considered to ensure high wash fastness. Otherwise, with frequent washing, the connectivity might be lost in the case of sensors coated onto fabrics. Similarly, for an external sensor of electronics being attached to a textile, it is also important to judge the physical and mechanical behaviour such weight, stretch, shrinkage, etc., before selection.




4.4.3. Design for Targeted Users


The same clothes are not usually worn by different age groups. Distinct clothing is preferable, subject to various factors within the wearer community and different age groups including sportsman, athletes, spaceman, pilots, autism children, drivers, etc. [6]. Therefore, the product specifications should be different for the various groups based on their own cultures, ethnicities or dress codes.






5. Conclusions


This paper has proposed a comprehensive framework for smart leggings as an innovative health monitoring system with the combination of textile and sensor materials to overcome the shortcomings of traditional wearable technologies including discomfort, sensing inaccuracy, and the incapability of long-term monitoring. The overarching aim of the proposed framework is to show the pathways and to present scientific evidence for developing smart clothing to monitor the wearer’s health effectively through gathering various physiological indicators of the human body and handling gathered data using a cloud platform through IoT, Wi-Fi, mobile internet, cloud computing, big data and machine learning. The framework combines various stages, including the design stage and finding a suitable textile and sensor material, and sensor-integration techniques with clothing, signal collection, processing, and decision making. After assessing the material characteristics, a graphene-based material has been selected as the suitable material for making smart leggings. Conductive metal fibre materials such as silver-plated copper (Cu/Ag) filaments, brass (Ms) and silver-plated brass (Ms/Ag) filaments and aluminium (Al) filaments can be used, whereas 3D copper and silver nanostructures have been identified as suitable textile materials. Carbon-based materials such as graphene and carbon nanotubes are identified as the promising sensor materials for developing smart clothes. In addition, a conceptual specification has also been provided for developing smart clothing (smart leggings). The proposed framework can be applied for developing smart clothes (smart leggings) to enhance operation and quality of life through monitoring various physical indicators and provides value-added service in healthcare, particularly for elderly people, and can track fitness data for sportsmen and athletes. The framework is capable of alleviating existing challenges identified from previous research, including technical issues (noisy signal, shorter battery life, and high-power consumption), durability, service life and maintenance (high failure rate and poor washability), poor social acceptability, and poor design and integration. The proposed framework will support companies and designers to develop innovative smart textiles and technology that will undoubtedly change the way of human life.
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Figure 1. Examples of wearable technology. 
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Figure 2. Categories of wearable technology. 
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Figure 3. Types of biosignals in the human body (information taken from [8]). 
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Figure 4. Advantages of smart clothing. 
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Figure 5. Comparison between traditional wearable system and smart clothing (adapted from [9]). 
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Figure 6. Smart leggings and associated products. 
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Figure 7. Summary of wireless communications technologies for smart clothing (information from [46]). 
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Figure 8. A proposed framework for developing smart clothing (e.g., leggings) for health and fitness monitoring. 
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Figure 9. Classification of textile materials for smart clothing. 
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Figure 10. A schematic of conductive fibre twisted with normal fibres. 
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Figure 11. (a) A metal wire is twisted around a polymer yarn; (b) a polymer yarn coated with a thin metal layer; and (c) a conductive yarn made of metal multifilaments (adapted from [89]). 
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Figure 12. (a) Standard design of copper yarn twisted with polyester fibres; (b) PETEX (adapted from [89]). 
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Figure 13. Working principle of self-cleaning fabric. 
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Figure 14. (a) The schematic of interaction of oligomer chains with μNi particles. (b) Optical image of scar healing for the damaged sample (adapted from [5]). 
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Figure 15. Sensor materials for smart clothing. 
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Figure 16. Graphene-based ink and an inkjet-printing process to print integrated circuits onto fabric [119]. 
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Figure 17. Textile pressure sensor based on Ni-Ti alloy fibre coated with polyurethane rubber (adapted from [140]). 
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Figure 18. (a) Musical jacket. (b) Fabric keypad with circuit board placed behind it [89]. 
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Figure 19. Challenges of wearable technology in smart clothing from various perspectives. 
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Table 1. Examples of the current development of smart clothing in categories.
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Category

	
Name of Technology

	
Sensor Used/Signals

	
Monitoring Parameter

	
Ref






	
Smart Health

	
smart clothing

	
electrocardiogram (ECG), electromyogram (EMG), electroencephalography (EEG)

	
physical stress levels, breathing patterns, sweat, temperature, energy, burnt rate

	
[10]




	
internet-of-smart-clothing

	
ECG signals

	
sleep disorders

	
[11]




	
T-shirt

	
ECG signals

	
heart rate

	
[12]




	
a smart clothing prototype

	
ECG monitoring

	
human respiration

	
[13]




	
a smart garment

	
ECGs

	
respiration rate

	
[14]




	
Smart Garment

	
triaxle accelerometer and gyroscope

	
rehabilitation for assisting osteoarthritis (OA) patients

	
[15]




	
a Bluetooth-enabled smart garment

	
acromion sensor

	
rehabilitating shoulders

	
[16]




	
vivo metrics life Shirt

	
accelerometers

	
pulmonary, cardiac, and other vital signs measurement

	
[17]




	
sensatex smartShirt

	
ECG

	
respiration rate and blood pressure

	
[18]




	
Baby and Elderly Monitoring

	
a smart garment

	
ECG signal, textile electrode

	
new-born monitoring

	
[19]




	
baby vest

	
respiratory sensors, electrodes for ECG, moisture and temperature sensors

	
respiration, heart rate, temperature and humidity, excessive sweating

	
[20]




	
wearable textile

	
magnetic reed sensors

	
accident prevention for babies in crawl phase

	
[21]




	
baby night watch

	
ECG, 3D accelerometer, inertial sensor

	
infant’s body temperature, heart and breathing rates and body position

	
[22]




	
T-shirt

	
knitted sensor

	
heart attack or a stroke for elderly people

	
[23]




	
garment for older walkers

	
shimmer sensor (ECG and accelerometer data)

	
user’s heart rate

	
[24]




	
Sports and Wellness

	
smart shirt

	
body-worn inertial sensors (acceleration sensors)

	
monitoring posture

	
[25]




	
wearable Instrumented vest

	
accelerometer sensor

	
monitoring elderly people’s postures

	
[26]




	
smart clothing

	
ECG

	
heart rate variability (HRV) for mental stress

	
[27]




	
a smart t-shirt

	
physiological, ambient and motion sensors

	
detection of inactive lifestyle using machine learning

	
[28]




	
a wearable device

	
accelerometer

	
acknowledgement of food intake and physical activity

	
[29]




	
a smart sock

	
Lilypad Arduino

	
heart rate, heart rate variation, oxygen saturation, temperature

	
[30]




	
smart clothing

	
electrocardiograph signals

	
physical indicator monitoring

	
[31]




	
Industry, Defense and Public Safety

	
a smart vest

	
ECG, Thoracic Electrical Bio-impedance

	
musculoskeletal disorders and cardiovascular diseases

	
[32]




	
wearable computers and smart clothing

	
textrodes, motion sensors

	
thermal work limits, alertness and fitness for duty status, musculoskeletal fatigue limits, neuropsychological and physiological conditions

	
[33,34]




	
a smart slim fit T-shirt

	
accelerometer sensor, ECG

	
heart rate, heart rate variability (HRV)

	
[35]




	
a firefighting garment

	
temperature sensor, heart-beat sensor, accelerometer sensor

	
heart rate, activity, body temperature

	
[36]




	
a smart T-shirt, a jacket and a pair of

boots

	
textile motion sensor, CO sensor

	
heart and breathing rates, body temperature, blood oxygen saturation, position, activity, and posture

	
[37]




	
Interaction with Environment

	
a smart wristband

	
a 3-axis accelerometer (ADXL335), Lilypad Arduino based microcontroller

	
gesture processing to control lights

	
[38]




	
interactive clothes

	
NFC tags and IOT

	
to identify cheap replicas, track loyal customers, minimize the wastage of resources track of the goods using

	
[39]




	
intelligent T-shirt

	
accelerometers Lilypad and 3D accelerometer

	
heart rate

	
[40]
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Table 2. Conceptual technical specification for future smart leggings (adapted from [80]).
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	Attributes
	Specification





	Size
	XS–S, M–L



	Fabric materials
	Polyamide, Polyester and LYCRA, graphene



	Sensors
	3D acceleration sensor with 360-degree high-sensitivity

vibration motor

Power management module



	Communication
	Bluetooth 4.0 or higher wireless technology

Smartphone



	Power and Battery
	Self-powering



	Care Instruction
	Minimal washing (delicate washing conditions), a maximum temperature of 30 °C

Wash by hand, maximal temperature 30 °C, handle with care/Washable

No bleaching

Suitable for tumble drying (no heat setting)

Cool iron (Maximum sole-plate temperature of 110°C, steam-ironing may be a risk)

No dry cleaning or removing stains with solvents



	App requirement
	iOS: 9.0 or later

Android: 6.0 or later

Support for Bluetooth 4.0 or higher

Mobile application
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Table 3. Different physiological parameters and their sensing mechanisms.
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	Sensing Device
	Sensing Mechanism/Characteristics
	Sensing Parameters
	Reference





	Piezoresistive (Carbon nanotube, LM35)
	Changes in microstructure of sensing films generates electrical resistance after applying strain while structure of the device is deformed.
	Motion detection, measuring temperature, pH, humidity, etc.
	[107,108]



	Capacitive (Planar interdigitated capacitor (IDC))
	Applied strain changes distance between two electrodes and thus capacitance is changed.
	Motion posture Heart/respiration pulse
	[109]



	Piezoelectric (as ZnO, GaN and PZT)
	Electromechanical interaction in noncentrosymmetric crystal structure materials generate electric charges by applying external mechanical stimuli.
	Lactate, sweat
	[110]
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