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Abstract

:

According to recent trends, smart clothing products that can receive electromyography (EMG) signals during the wearer’s muscle activity are being developed and commercialized. On the other hand, there is a lack of knowledge on the way to specify the electrode locations on the clothing pattern. Accurately located EMG electrodes in the clothing support the reliability and usefulness of the products. Moreover, a systematic process to construct anatomically validated smart clothing digitally should be performed to facilitate the application of a mass-customized manufacturing system. The current study explored the EMG measurement locations of nine muscles and analyzed them in association with various anthropometric points and even postures based on the 3D body scan data. The results suggest that several line segments of the patterns can be substituted by size-dependent equations for the electrodes in place. As a final step, a customized pattern of a smart EMG suit was developed virtually. The current study proposes a methodology to develop body-size dependent equations and patterns of a smart EMG suit with well-located electrodes using 3D scan data. These results suggest ways to produce smart EMG suits in response to impending automation and mass customization of the clothing manufacturing system.
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1. Introduction


With the development of wearable technology, the market for smart wearable products in conjunction with information and communications technologies (ICT) is expanding rapidly [1,2,3]. Several products providing refined information based on real-time bio-signal measurements are being commercialized. The interest in smart clothing measuring electromyography (EMG) has increased with the expectations of broad applications from self-fitness training to rehabilitation exercise aids. EMG is an electrical inspection technique that detects, amplifies, records, and analyzes the electric potential difference caused by muscle contraction and relaxation with electrodes by quantifying the degree of muscle contraction [4]. Smart wearable products that can provide EMG measurements are composed of electrodes embedded into clothing that can provide users’ real-time muscle activity without complex instrumentation [5,6,7].



The accuracy of EMG measurements is one of the key performances that cannot be ignored when providing appropriate information and feedback to users. On the other hand, the application of EMG techniques to smart clothing is challenging due to technical hurdles related to EMG acquisition and clothing construction. Initially, EMG noise can be generated for various reasons, such as motion artifacts and unstable electrode–skin contact area. EMG is vulnerable to contamination by noise, which makes valid EMG signals difficult to extract. In addition, EMG signals are less standardized than those of an electrocardiogram (ECG), so that the filtering process is too sophisticated to remove noise and keep valid EMG signals unimpaired. Moreover, both inappropriate electrode locations and larger electrodes are associated with the crosstalk problem in EMG between the adjacent recording sites [8]. Some commercial products and prototypes use a larger skin contact area of the sensor [7,9], but they are good for recreational use, not for clinical use in that smaller muscles can be monitored where the crosstalk of EMG often occurs [8]. An excessive low-pass filtering problem has been reported for large electrodes [10]. Finally, the form and size of muscles are varied by individuals; thus, ready-made clothes have a limitation to provide well-located electrodes for their each muscle. Generally, manual palpation for each muscle is recommended for EMG electrode placement, which cannot be applied to clothing embedded with EMG electrodes. Electrodes attached in place are essential requirements to obtain valid and valuable EMG signals from a smart EMG suit.



Several studies have been done so far with regard to smart EMG clothing. Frequently visited topics include the development and analysis of the textile-based EMG electrodes [6,7], validity test of the commercial products [5,11], location and arrangement of EMG electrodes [12,13], and optimization of electrode sizes or clothing pressure [14,15]. On the other hand, there have been few attempts for pattern making of EMG suits and EMG electrodes for mass customization. Lee [13] examined the shape and arrangement of EMG electrodes for arm and leg muscles, and Cho and Cho [12] studied EMG sensing positions that can be applied to EMG suits, but neither approached the pattern making of EMG suits particularly considering the relationship between EMG electrodes and anthropometric data to solve a problem of individual differences in muscle formation and body size.



Pattern development of EMG clothing based on individual body size parameters is a fundamental step in realizing mass customized smart clothing [16,17]. In particular, in a mass customization process of EMG suits, by simply inputting certain body size parameters (e.g., height and chest circumferences), the EMG electrode locations can be estimated, and a final clothing pattern, including EMG electrodes, will be obtained. In this system, some of the key technologies are the proper placement of electrodes on clothing and the development of valid clothing patterns and manufacturing clothing using little individual information. Smart wearable products in clothing types could be popularized through automated mass customization, considering the higher price and lack of accuracy, which are often mentioned as the current limitations [18].



Therefore, in this study, the primary research task was to establish a digital pattern construction process of EMG suits based on individual body size parameters. This also highlighted an exploration of potential line segments in patterns, which can be size-dependently designed. Figure 1 presents an overview of the conceptual and structural framework of the current study. In the first step, 3D body scans and manual measurements were carried out to obtain body size data. The 3D body scan was used to extract the distances between the EMG electrode attachment points (EP) and anthropometric landmarks (AP). The distances between the EP and AP were analyzed with relevance to body size parameters, which are commonly used in drawing patterns or selecting the garment size. The effects of the body postures on the EP to AP distance were also investigated to verify the necessity of designing patterns for dynamic postures as a preparatory study. Finally, an example of a digital clothing pattern for EMG suits was drawn. The entire processes suggested are toward developing an automated manufacturing system for mass customized smart EMG suits.




2. Methods


2.1. Subjects


For this preliminary study, five males were recruited in the 3D scanning procedures (age = 30 ± 4 years; body weight = 72.6 ± 7.0 kg; height = 179.1 ± 2.8 cm; body fat = 15.4 ± 5.4%; chest circumference = 96.9 ± 4.8 cm). Each subject was informed of the entire experimental procedures and signed an informed consent form before participation. All procedures were approved by the Public Institutional Review Board designated by the Ministry of Health and Welfare (##IRB No.P01-202005-23-002).




2.2. 3D Body Scanning Protocol


The 3D body scanning was conducted in the following order. (1) The subjects changed their clothing to tight-fit shorts, which were a tight-fit but not compressive so that their body silhouettes were barely distorted. (2) The landmarks, which need to be collected through 3D body image, were attached to the right side of the body with arrow-shaped stickers. The landmarks included 28 anthropometric points (AP) and nine EMG electrode attachment points (EP) (see more in Section 2.3). (3) Each subject was scanned in four body postures (see more in Section 2.4). Scanning was performed using a handheld 3D scanner (Artec Eva 3D scanner, Artec Group, Luxembourg, Luxembourg). The researcher scanned the subject’s whole body by rotating 360° around the subject. The body scan was conducted 3–4 times for each body posture. To maintain the stability of the posture, 5–10 min of rest was allowed between each scanning trial. Before each scanning, all markers were re-inspected to determine if they are in the correct location. The entire scanning protocol for four postures, except for preparation, took approximately 1.5–2 h for each subject.




2.3. Landmarks: Anthropometric Points (AP) and EMG Electrode Attachment Points (EP)


Twenty-eight APs closely related to pattern making were marked on the right side of the body (Figure 2). The procedures and location of the landmarks followed the recommendation of Lu and Wang [19], Size Korea [20], and ISO 8559-1 [21]. The bust point and the crotch were included in the APs, but digitally marked on the acquired 3D image instead of directly marking on the subject’s body.



Nine EPs were mainly selected among the muscles, which are of interest for fitness training and those located near the skin so that surface EMG of those muscles can be obtained easily (Figure 2): middle deltoid (MD), biceps brachii (BB), upper trapezius (UT), pectoralis major (PM), latissimus dorsi (LD) gluteus maximus (GM), rectus femoris (RF), biceps femoris (BF), and adductor magnus (AM). The EPs of each muscle were identified based on the recommendation of previous studies [22,23,24,25,26,27,28,29]. The UT marker was applied on the muscle belly of the muscle group with a palpation [22]. The MD marker was placed midway between the acromion and deltoid tubercle [23]. The BB marker was placed on the central point of the most protruding upper arm when the arm was bent [23]. The PM marker was applied as a four-finger-width under the clavicle and medial to the anterior axillary border [24]. The LD marker was located approximately 4 cm below the lower end of the scapula and midway between the spine and the lateral edge of the torso [25]. Regarding the muscles on the lower body, the GM marker was placed midway between the greater trochanter and the mid sacral vertebra, at the level of the trochanter [26]. The RF was on the mid-point of the line joining the anterior superior iliac spine and the superior patellar pole [27]. The AM was applied midway between the pubic tubercle and the medial femoral epicondyle over the bulk of the adductor muscles [28]. Finally, the BF marker was midway between the ischial tuberosity and tibial epicondyles [29]. Manual palpation was also carried out during the entire preparation procedures.




2.4. 3D Body Scan Postures


After the EPs and APs were placed manually, each body posture was scanned. Four postures were selected, including a standard static standing posture and three dynamic postures (Figure 3). In the static posture, the subject stood with their legs shoulder-width apart, and their arms were placed 20° apart from the body (Figure 3a). In the first dynamic postures, subjects raised both arms vertically and kept the distance at 1.6 times the shoulder-width while standing upright (Figure 3b). In this posture, the subject was instructed to minimize the shoulder elevation. In the second dynamic posture, the subjects stretched their upper arms forward and bent their forearms at 90° (Figure 3c). They kept their forearms parallel with a shoulder-width distance. A compression rod was used to maintain the stability of their arm posture in both dynamic postures. Finally, the subjects placed their left foot on the floor and their right foot on a height-adjustable box to make 90° knee flexion (Figure 3d). The subjects held a four-legged cane to stand stably.




2.5. Manual Measurement for the Body Size Parameters


Manual measurements were carried out for the height, waist back length, shoulder length, chest circumference, and waist circumference according to the method specified by ISO 8559-1 [21]. They were selected from the body size parameters commonly used in pattern making and selecting the individual garment size.




2.6. Data Analysis


The 3D scan images were aligned using Artec Studio 14 software (Artec Group, Luxembourg, Luxembourg). Subsequently, the distances between AP and EP were measured using Geomagic Design X TM (3D systems Inc., Rock Hill, SC, USA). The Geomagic Design X TM software was originally a tool for reverse engineering for producing CAD files from 3D scan data. This program was used to analyze 3D body scan data to extract the body size, and the validity was partly verified [30]. In the current study, the program was used to extract the distances between EP and AP (see Section 2.5). In some cases, the shortest distances on the body surface between the EP and anthropometric lines were also measured (Table 1). To obtain precise data, wrinkled or rough surfaces in 3D scan images were smoothed before every distance measurement. Furthermore, the sagging clothes of the groin were removed gently to approach the crotch points. For statistical analysis, the differences by postures were tested using a Kruskal–Wallis test with the Wilcoxon test as a post hoc test. Initially, the Spearman correlation test was conducted between the EP to AP distances and the relevant body size parameters to examine the possibility of generating a body size-dependent pattern making strategy (Table 1). All possible pairs were tested for the correlation. For example, 12 correlation tests were carried out for the UT (three distances to anthropometric landmarks and lines by four body size parameters, as shown in Table 1). The results are expressed as the Spearman correlation coefficient ( ρ ). The SPSS 21.0 for windows statistical program was used for overall statistical analyses. The significance was set to p < 0.05, but the significance level was set to p < 0.1 for the Spearman correlation test results.




2.7. Pattern Making


An example of an EMG clothing pattern was formed based on a subject’s body size (height = 180 cm, chest circumference = 97.5 cm, waist circumference = 80 cm, hip circumference = 96 cm, knee circumference = 40 cm, and ankle circumference = 22 cm) (Figure 4a). The basic patterns of the bodice, sleeve, and pants were obtained from Kim and Ha [31] and Jeong [32]. The circumference-related items (e.g., chest line in the bodice) were designed without any ease, and height-related items (e.g., back length, scye depth, and pants length) were designed through a calculation using the height [31,32]. Patterns were designed using the YUKA CAD pattern-making program (Yuka & Alpha Co., Ltd., Tokyo, Japan). They were fitted virtually to an avatar represented in the CLO 3D in a subject’s body size (CLO 3D version 5.2., CLO Virtual Fashion Inc., Seoul, Korea) (Figure 4b). Each EP was marked on the patterns, so the 2D clothing patterns with EPs placed can be acquired (Figure 4c).





3. Results


3.1. Distance from AP to EP in a Standard Standing Posture and Changes by Dynamic Postures


Thirty-three items were collected for the distance from the EP to AP: 16 for the upper body (trunk), 3 for the sleeves, and 14 for the lower body. The distances from the EP to AP of the upper body showed significant differences by postures (Figure 5). Figure 5 shows representative results. Those from UT to the back neck was significantly different by postures while presenting 9.67 ± 0.62 cm during standing, 7.55 ± 0.62 cm during arm raise, and 9.35 ± 0.80 cm in elbow flexion (p < 0.05). Similarly, the length from UT to the lateral shoulder point also prominently decreased from 13.35 ± 0.98 cm (standing) to 7.79 ± 0.55 cm (arm raise) (p < 0.01). On the other hand, the distances from UT to the lateral neck point was barely changed by the posture (p > 0.05): 3.98 ± 0.72 cm (standing), 4.19 ± 0.81 cm (arm raise), and 4.02 ± 0.43 cm (elbow flexion). Regarding MD, the distance to the lateral shoulder point was 9.71 ± 1.24 cm (standing), 6.63 ± 1.03 cm (arm raise), and 9.21 ± 1.15 cm (elbow flexion), with a significant difference between the standing and arm raise positions (p < 0.05). In the BB, the distance to the lateral shoulder decreased significantly from 20.85 ± 0.81 cm (standing) to 14.71 ± 1.09 cm (arm raise) (p < 0.01). In the case of the PM, the distance to the front neck was 12.13 ± 1.01 cm (standing), 8.99 ± 0.59 cm (arm raise), 10.86 ± 0.84 cm (elbow flexion), with a significant difference between the standing and arm raise positions, whereas no statistical difference was found in the distance to the lateral shoulder (p > 0.05): 12.16 ± 0.88 cm (standing), 13.56 ± 1.00 cm (arm raise), and 12.53 ± 0.82 cm (elbow flexion). In contrast, the distance to the front waist was increased substantially from 31.46 ± 0.47 cm (standing) to 37.27 ± 1.17 cm (arm raise) (p < 0.01). The average distance from the LD to the back neck decreased from 30.46 ± 1.18 cm (standing) to 29.68 ± 1.43 cm (arm raise). Furthermore, the distance from LD to the side waist marginally increased from 16.61 ± 2.93 cm (standing) to 17.05 ± 3.01 cm (arm raise), and no statistical difference was found.



On the other hand, no significant difference in postures was observed in the 14 items in the lower body except for the RF to the knee circ. line (standing: 21.65 ± 2.38; knee flexion: 31.41 ± 3.13, p > 0.05). Some representative results without differences by postures are as follows: GM to back waist (standing: 22.11 ± 5.95; knee flexion: 24.09 ± 1.57, p > 0.05); and AM to crotch (standing: 16.66 ± 4.33; knee flexion: 19.69 ± 2.35, p > 0.05).




3.2. Relationship between EP and Body Size Parameters


The Spearman correlation test between all possible pairs of the distance of EP to AP and relevant body size parameters revealed several significant correlations (Table 2). Among the body size parameters, height was correlated most frequently with the EP to AP distances: UT to the side neck ( ρ  = −0.821, p < 0.1); PM to the front waist (omphalion) ( ρ  = 0.975, p < 0.05); GM to the back waist ( ρ  = 0.975, p < 0.01); GM to the waist line, back waist (omphalion), and mid-sagittal line (all  ρ  = 0.821, p < 0.1); RF to the knee line ( ρ  = 0.975, p < 0.05); AM to the midpatella ( ρ  = −0.821, p = 0.089); and BF to the mid-coronal line ( ρ  = −0.821, p = 0.089). The shoulder length was correlated significantly with the UT to the shoulder ( ρ  = 0.900, p < 0.05). The chest circumference was significantly correlated with the PM to front waist ( ρ  = −0.900, p < 0.05). The back length was correlated significantly with the LD to back neck ( ρ  = −0.900, p < 0.05). The waist circumference was correlated with the BF to the midpatella ( ρ  = −0.900, p < 0.05). None of the EP and AP distances presented in the sleeve showed a correlation with the body size parameters (height, arm length, and chest circumference).



To specify the relative electrode location of UT between adjacent anthropometric landmarks, the ratio of “UT to the back neck” to “UT to the lateral shoulder” was calculated. The average was 0.73 ± 0.06. Among all measured body size parameters, the shoulder length only showed a significant Spearman correlation coefficient with the ratio ( ρ  = −0.900, p < 0.05, Figure 6).




3.3. Specifying the EMG Electrodes’ Location on Clothing Pattern


The preliminary results of the patterns including EMG electrodes are shown in Figure 7. This is an example of the basic patterns for the made-to-measure EMG suits, as shown in Figure 7. Lines that can be drawn from body-size-dependent equations are highlighted in the blue dotted line. For example, the electrode location of UT can be specified on the line connecting the back neck and lateral shoulder (Figure 7a), as documented in Section 3.2. Transformation can be given to this basic pattern to provide an improved fit, functionality, and aesthetic impression.





4. Discussion


4.1. Overview of the Results


The current study assessed a clothing pattern design method of smart EMG suits, which is a promising research area to apply the production of smart clothing to a mass-customized manufacturing system. This study first showed that the locations of EPs in the upper body are less stable against the dynamic body postures than those of the lower body. In particular, the arm raise postures significantly decreased the distance between UT to the back neck and lateral shoulder, PM to the front neck and lateral shoulder, and BB and MD to the lateral shoulder (Figure 5). The PM to waist front was increased by arm raises. Interestingly, the distance related to LD was less vulnerable to dynamic postures than the others. Second, the current study carefully explored the potential line segments of patterns, which can be designed size-dependently. The results show that UT, PM, LD, GM, RF, AM, and BF could be designed size-dependently using common body size parameters, such as height, shoulder length, chest circumference, back length, and waist circumference (Table 2). Only MD and BB in the sleeve pattern were not identified in the correlation with the body size parameters. The APs used to measure the distances with EPs are the general reference points in clothing pattern making. Moreover, a size-dependent design strategy is essential for producing made-to-measure clothing in a mass customization system. For this reason, the pairs with a significant correlation should be revisited to develop substantive equations that can be used in pattern design. Finally, an example of a clothing pattern, including the EMG electrode location, was suggested. Basic patterns can be applied in various clothing patterns through a transformation. This topic is discussed in the next section.




4.2. Pattern Development including the EMG Electrodes


To draw EMG electrode-combined patterns, this study attempted to identify the possible approach to specific electrode locations based on basic 2D patterns. This is a relatively traditional way compared to the other methods using 3D scan data. The representative one is the surface flattening methods based on triangle meshes [33,34]. This method uses 3D body scans directly and can easily reflect the individual’s body shape characteristics, such as curvatures and shoulder slope. Its applicability to mass customization has also been suggested [35]. On the other hand, considering that it is a difficult task to obtain 3D scan data from all consumers, the current approach that can work without wearers’ 3D body scan data can be a meaningful compromise and alternative. To validate this method, lines that showed a significant correlation with the body size parameters in Table 2 should be revisited soon to develop substantive equations.



According to the correlation between the body size parameters and distance of EP and AP, it is considered that the height can be the most useful independent variable to estimate the electrode locations of various muscles: UT, PM, GM, AM, and BF. For the muscles of the lower body, the height was the sole variable that showed a significant correlation (Table 2) except for an unexpected result of the waist circumference, which showed a negative correlation with the distance of BF to the knee. BF to knee was expected to correlate with the height, but the significant correlation was only verified with the waist circumference, not with the height. This result can be explained by the small sample size, which is a limitation of this study. The correlation should be reexamined using a sufficient sample size with various body sizes. The shoulder length, chest circumference, back length, and waist circumference should also be investigated. The shoulder point can be used when deriving the position of the UT on the pattern. The location of the PM and the LD can utilize the waist point and neck point. On the other hand, in the case of the D and BB, further studies will be needed to examine the reference points that can derive the position of muscle points in the pattern by increasing the number of samples or correlating them with other anthropometric items. The GM appears to utilize the back waist point in deriving the position on the pattern. Moreover, the RF and the BF can utilize the knee baseline, and AM can utilize the crotch point.



The current study also preliminary investigated the possibility to draw a ratio to specify the electrode location using adjacent APs. As an example, electrode location of UT was derived from the back neck point and lateral shoulder. The distance ratio between “UT to back neck” and “UT to lateral shoulder” was approximately 0.73 in average, and it also showed a significant correlation with shoulder length. This result can be an example of body size-dependent design for the EMG electrode on clothing patterns. However, this method may not be always feasible to the other muscles because EPs and adjacent APs are not frequently located in the straight line. In these cases, a simple ratio cannot provide sufficient information to specifying electrode location. It should be supplemented by ratio in another direction (horizontal or vertical) with additional reference lines.



In this study, UT was chosen as a representative example for calculating the distance ratio between adjacent APs because electrodes of UT are commonly positioned on a line connecting back neck and acromion [36]. It should be noted again that the acromion and lateral shoulder point are different (Figure 2), and the latter is much more useful for clothing pattern design. In addition, markers of UT in this study were attached over the palpated muscle belly in the upper trapezius muscle group. This is not corresponding to the recommendation of previous studies. According to Mathiassen et al. [36], in their review article regarding normalization of EMG on the upper trapezius, the most frequent method to specify electrode location of UT was halfway between back neck and acromion. Jensen et al. [37] suggested to place electrodes 2 cm lateral to the midpoint between back neck and acromion to acquire high EMG signal yield. However, when it comes to the clothing, we also need to consider the issue on the stability of electrode–skin contact. Even a little convex surface can possess benefits in maintaining stable contacts, when it considering the shoulder length often shrinks. That is why electrodes had been placed on the proximal to the back neck in contrast to the recommendation of several previous studies. The surface morphology (protrusion and depression) may be a crucial factor determining EMG signal acquisition. The follow-up study should investigate further including a comparison between morphological benefits and advantages of EMG signaling to seek an optimal compromise or technical solutions by modifying textiles regionally.



In addition to the size-dependent equations, existing methods to place EMG electrodes [22,23,24,25,26,27,28,29] can also be utilized. For example, the location of the electrode of UT is mostly midway between the processus prominens (which was defined as the back neck) and the acromion [22]. In this case, the description in pattern making can be adopted gently. The only problem is that the acromion is normally not presented in the basic pattern, but the vertex of the shoulder area is the lateral shoulder. Thus, after marking the acromion on the extension line connecting the side neck and lateral shoulder, the electrode location of UT can be specified on the half of the connection line between the acromion and the back neck. This study did not combine existing methods with size-dependent equations, so more research will be needed.




4.3. Movement of the Location of EPs by Postures


Electrodes embedded in clothing can move by motion and posture if the electrode is not stuck to the skin with an adhesive material because dynamic body postures inevitably accompany a transformation of the skin. Appropriate clothing pressure can be adopted to minimize the movement of the electrode [14], but patterns designed considering the dynamic postures may improve the comfort of body movement. In this study, three dynamic postures, including arm raise, elbow flexion, and knee flexion, were investigated regarding the distances of EP and AP. For the upper body, arm raises contracted the skin surface, especially related to the neck and shoulder. The average distance of UT, MD, and BB to the lateral shoulder decreased by 41.6%, 31.7%, and 29.4%, respectively, compared to the standing posture (Figure 5). The distance of the PM to the front neck and UT to the back neck also showed notable reductions of 25.9% and 22.2% on average, respectively. Hence, wrinkles can form, and the electrodes may fall off the skin during arm raising when the patterns are constructed only based on the standard standing posture, especially the regions near the neck and shoulder. This potent problem can generate more noise in the EMG acquirement. In contrast to the regions contracted by arm raising, the PM to waist front increased 18.5% on average (Figure 4). This compares with the LD to side waist, which showed no changes by arm raise. Despite this LD’s stability in its position, the electrode location of the LD was also rearranged in the case that the top is going up together in the arm-raised position.



Unlike the upper body, there was no striking change by knee flexion in the lower body except for the RF to the knee circumference line, which was increased 45.1%. Kirk and Ibrahim [38] reported that the lower body is heavily involved in the elongation of the skin in the movement of the hip and knee joints. Therefore, when the knee is bent, 29% elongation horizontally and 49% elongation occur vertically at the knee. On the other hand, Choi and Hong [34] also presented a range of skin area deformation when the knee was bent by 60°. Prominent contraction occurred in the area where the front thigh and torso are folded (<11%), whereas elongation occurred in the hip and knee (>11% for both). In this study, the knee was flexed 90°. Not all the skin area was investigated, but a part of distances of EP to AP was selected among the nearby and relevant reference points (Table 1). The significant changes in the RF to the knee circumference line may be less prominent in the short-typed EMG suits.





5. Conclusions


The current study assessed a clothing pattern design method of smart EMG suits, which is a promising research area to apply the production of smart clothing to a mass-customized manufacturing system. Suggestions and implications from the current exploratory study can be summarized as follows:




	(a)

	
Locations of EPs in the upper body are less stable against the dynamic body postures than those of the lower body. In particular, the arm raise postures significantly decreased the distance between UT to the back neck and lateral shoulder, which makes UT vulnerable to the dynamic body postures. Any wrinkles of the fabric can generate more noise in EMG signals.




	(b)

	
A consistency between recommended EMG electrode locations for the high EMG signal yield and morphologically appropriate electrode locations may be not easily found. For instance, the electrode of UT is better to be placed 2 cm lateral to the midpoint between the processus prominens (back neck point) and acromion. However, that region may not be appropriate in a perspective of stability of electrode–skin surface contact. Follow-up studies should seek a sound compromise between them.




	(c)

	
According to the correlation between the body size parameters and distance of EP and AP, it is considered that the height can be the most useful independent variable to estimate the electrode locations of various muscles: UT, PM, GM, AM, and BF. When considering that a size-dependent design strategy is essential for producing made-to-measure clothing in a mass customization system, the variables which showed significant correlations with distance of EP to AP should be revisited to develop substantive equations that can be used in pattern design.




	(d)

	
At last, an example of a clothing pattern, including the EMG electrode location, was suggested in this study, based on basic patterns because the basic pattern can be applied in various clothing patterns through a transformation. Potent anthropometric variables and valid issues were noted. However, to realize a completion of clothing pattern design for smart EMG suits, lines that showed a significant correlation with the body size parameters in Table 2 should be revisited soon to develop substantive equations.
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	AM
	Adductor magnus



	AP
	Anthropometric points (landmarks)



	BB
	Biceps brachii



	BF
	Biceps femoris



	CAD
	Computer-aided design



	ECG
	Electrocardiogram



	EMG
	Electromyography



	EP
	EMG electrode attachment points



	GM
	Gluteus maximus



	ICT
	Information and communication technology



	IoT
	Internet of things



	LD
	Latissimus dorsi



	MD
	Middle deltoid



	PM
	Pectoralis major



	RF
	Rectus femoris



	UT
	Upper trapezius
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Figure 1. Schematic diagram of the conceptual framework of the current study and its application to the mass-customized manufacturing system. 
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Figure 2. Extracted landmarks, including 28 anthropometric landmarks (AP in black circles) and EMG electrode attachment points (EP in blue circles). The red dotted lines indicate reference lines, which were used to extract distances with nearby EPs. 
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Figure 3. 3D body scan postures: (a) a standard standing posture; (b) a dynamic standing posture with vertically raised arms; (c) a dynamic standing posture with arms stretched and elbows flexed to 90°; and (d) a dynamic standing posture with 90° of knee flexion of the right leg. 
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Figure 4. Preliminary process for specifying EMG electrode location: (a) a subject’s scan data; (b) designing basic patterns of bodies, sleeves, and pants and its virtual fitting on scan data using CLO 3D; and (c) manual positioning EMG electrodes on the scan data on clothing patterns by adjusting transparency of the fabric. 
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Figure 5. Differences in the distance in the EMG electrode attachment points (EP) to anthropometric points (AP) in three different postures in the upper body (N = 5): UT, upper trapezius; MD, middle deltoid; PM, pectoralis major; LD, latissimus dorsi. * p < 0.05, ** p < 0.01 analyzed by the Wilcoxon test. 
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Figure 6. Scatter plots explain that the electrode location of upper trapezius (UT) may be size-dependently determined based on the distance from lateral shoulder (b), rather than the distance from the back neck point (a). The ratio of distances to adjacent anthropometric landmarks (back neck and lateral shoulder) also shows a significant correlation with shoulder length (c). 
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Figure 7. Example of customized patterns for smart EMG suits with EMG electrode attachment location on the tight-fitting garment patterns: (a) bodice pattern and the location of EPs of the upper trapezius (UT), pectoralis major (PM), and latissimus dorsi (LD), (b) sleeve pattern and the location of EPs of the middle deltoid (MD) and biceps brachii (BB); and (c) pants pattern and the location of EPs of the gluteus maximus (GM), rectus femoris (RF), adductor magnus (AM), and biceps femoris (BF). Blue dotted lines indicate the line segments for which body size-dependent equations between the anthropometric landmarks (blue closed circles) and EMG electrode locations (black opened circles) can be derived. 
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Table 1. Description for the EMG electrode attachment locations.
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Body Region

	
Muscle

	
Anthropometric Landmarks and Lines a

	
Body Size Parameter






	
Upper body (trunk)

	
UT

	
back neck, side neck, lateral shoulder

	
height, chest circ., back length, shoulder length




	
PM

	
front neck, side neck, lateral shoulder, front waist, front waist (omphalion), anterior mid-sagittal line




	
LD

	
back neck, axillary level at midspine, side waist, back waist, side waist (omphalion), back waist (omphalion), posterior mid-sagittal line




	
Upper body (sleeve)

	
MD

	
lateral shoulder

	
height, arm length, chest circ.




	
BB

	
lateral shoulder, elbow circ. line




	
Lower body

	
GM

	
side waist, back waist, lateral waist (omphalion), back waist (omphalion), crotch, waist circ. line

	
height, waist circ., hip circ., thigh circ.




	
RF

	
crotch, knee circ. line, coronal plane




	
AM

	
crotch, knee circ. line




	
BF

	
crotch, knee circ. line, mid-coronal line








a Anthropometric landmarks and lines to which distances from each muscle measurement points were extracted; UT, upper trapezius; PM, pectoralis major; LD, latissimus dorsi; MD, middle deltoid; BB, bicep brachii; GM, Gluteus maximus; RF, Rectus femoris; AM, Adductor magnus; BF, biceps femoris; circ., circumference.
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Table 2. Spearman correlation coefficients between body size parameters and distances of EP to AP.
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Region

	
Muscle

	
Distance of EP to AP

	
Body Size Parameter

	
Spearman’s Rho

	
p-Value






	
Upper body (Trunk)

	
UT

	
UT to side neck

	
Height

	
−0.821

	
0.089




	
UT to shoulder

	
Shoulder length

	
0.900

	
0.037




	
PM

	
PM to front waist (omphalion)

	
Height

	
0.975

	
0.005




	
PM to front waist

	
Chest circumference

	
−0.900

	
0.037




	
LD

	
LD to back neck

	
Back length

	
−0.900

	
0.037




	
Lower body

	
GM

	
GM to back waist

	
Height

	
0.975

	
0.005




	
GM to waist line

	
Height

	
0.821

	
0.089




	
GM to back waist (omphalion)

	
Height

	
0.821

	
0.089




	
GM to mid-sagittal line

	
Height

	
0.821

	
0.089




	
RF

	
RF to knee line

	
Height

	
0.975

	
0.005




	
AM

	
AM to knee

	
Height

	
−0.821

	
0.089




	
BF

	
BF to mid-coronal line

	
Height

	
−0.821

	
0.089




	
BF to knee

	
Waist circumference

	
−0.900

	
0.037








EP, EMG electrode attachment point; AP, Anthropometric landmarks; UT, upper trapezius; PM, pectoralis major; LD, latissimus dorsi; GM, Gluteus maximus; RF, Rectus femoris; AM, Adductor magnus; BF, biceps femoris.
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