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Abstract. 
Joint stability is essential for maintaining normal everyday function. However, assessment of stability often still relies on subjective or obtrusive methods. An unobtrusive approach would be to have our clothes assess our joint stability. Methods. A new application consisting of an attachable clothing sensing system (ACSS), constructed from a flexible carbon black and polyurethane composite film, was tested against an optical tracking system to assess if the ACSS placed across the knee could provide stability results that correlate with the optical tracking outcomes. Stability was challenged by reducing the base of support and by removing vision generating different experimental conditions. Results. Bland and Altman plots indicated a general proportional error between the measurement systems within each stability condition. However, across all conditions a Spearman correlation coefficient of 0.81 () was found between the displacement values and ACSS, showing a good association between stability measurements. Electromyography (EMG) also indicated that joint stability was challenged between the different conditions. The ACSS was experienced by users as comfortable and hardly noticeable. Conclusions. This study indicates that smart clothing can measure important physiological parameters in an unobtrusive manner. This “wear and measure” approach might change how we gather relevant clinical data in the future.



1. Background
Balancing places great demands on the motor system, as small perturbations to the system can potentially cause rapid and profound failure, such as falling [1]. Perturbations need to be quickly encoded and converted into correct motor responses in order to stabilize the mechanical system. In functional terms this translates into the necessity of individual joints to remain stable without negatively affecting the overall task. Balance can be considered a state that can only be reached if each weight bearing joint is functionally stable. Joint stability can be defined as the ability to remain unchanged or return to an initial state after a perturbation [2]. Joint stability in this study refers to local displacements of the joint that arises due to internal perturbations, caused by factors such as noise within the nervous system [3]. The fact that functional joint stability is an inherently complex physiologic and neural process which is influenced by the entire motor control system [2] makes it a functional measurement modality for both clinicians and researchers alike that are interested in the performance of a particular joint. Joint stability is directly linked to balance, a topic that receives a lot of attention within the field of rehabilitation. In recent years there has been a trend towards more objective and mobile measurement tools to assess balance. This is being driven by the desire to have more ecologically valid datasets and to predict the person’s future health status. Systems that fit the “out-of-the-lab” experience consist of, for example, accelerometry-based methods [4, 5] or sensor mats [6]. However, these systems are not necessarily developed to focus on particular joints or designed for unobtrusive long-term monitoring. They often lack a user-centered design approach. If systems truly want to break out of the research clinic or laboratory they need to take these user preferences into account [7].
Systems that are more user-friendly yield higher levels of compliance and the ease of use is therefore a critically important factor to consider [8]. A patient-centered and clinically driven prototype design for an attachable clothing sensor system has recently been presented [9]. This system consists of flexible sensors that can be connected to clothing to measure motion. The deformation of the sensors alters the electrical properties (conductivity) of the sensor material, thus quantifying the change in sensor shape that occurs with human activity. It was shown that this sensor approach could accurately track motion in the sagittal plane when the knee was moved by dynamometry [9]. It is hypothesized that when the sensor is placed over a joint in unconstrained standing conditions, the amount of sensor deformation would increase when the joint becomes less stable. These kinds of changes are probably most easily registered for larger joints, such as the knee joint. By linking such a system with a smartphone one could provide stability information about specific joints within any given environment.
The knee joint is also frequently affected by musculoskeletal conditions and it is a major cause of impaired mobility when disease sets in [10]. Rheumatologic or orthopedic diseases of the knee have been associated with changes in postural control and a decreased stability has been noticed in joint or ligament injuries due to a change in sensory input [11]. The aim of this study is therefore to assess if the attachable clothing sensor system (ACSS) placed across the knee provides outcomes that correlate with those obtained from an optical tracking system. A range of stability conditions will be used to generate spread of outcome values. Electromyography (EMG) measurements will be collected to produce an additional independent parameter set for establishing to what extend stability was challenged throughout the experimental protocol. Users will also be asked to complete a short user experience questionnaire to determine how these systems are perceived. Documenting this piece of information follows the need to have more wearable technology studies reporting on the attitudes, perceptions, and concerns of its users [12, 13].

2. Methods
2.1. Subjects
In total 10 (7 males, 3 females) healthy participants were recruited, with a mean age of 23 years (range 19–26 yrs), an average height of 180 cm (range 158–193 cm), and an average weight of 78 kg (range 49–95 kg).
2.2. Ethics Statement
All participants gave written and informed consent to volunteer for the study and the protocol was approved by the Imperial College Research Ethics Committee (ICREC_12_3_3).
2.3. Procedure
An electromyography (EMG) Myon system was attached to the subject’s upper leg at the start of the experimental setup. Surface EMG was used to measure muscle activity for the vastus lateralis, vastus medialis, semitendinosus, and biceps femoris for each participant. Participants were asked to perform three maximum voluntary contractions (MVC), each lasting 5 seconds with a 5-second break in between contractions. A Cybex dynamometer (Human Norm, CSMI Inc., Stoughton, MA, USA) was used to obtain MVC values for all leg muscles. The MVC with the highest value was later used for EMG data normalization. Normalization for each individual was performed by dividing the signal by the maximum value of the EMG.
Subsequently, subjects were briefly instructed on the desired location of the attachable clothing sensor and asked to put on the garment themselves without any further assistance. This approach was selected to mimic the potentially real-world application of the ACSS during which the sensor setup should be as self-explanatory as dressing oneself. Participants walked around after they put on the garment to ensure the sensor settled in a “natural” location before any stability measurements were acquired. Optical tracking markers were attached on the garment using double-sided adhesive tape.
A “baseline” measurement was obtained for all subjects to determine the amount of variation in the signal during a physiological stable condition, which required no motor control around the knee joint. During this baseline measurement participants were asked to sit quietly on a bench with their legs hanging freely above the floor. A weight (5 kg) was securely attached to the foot to minimize any unwanted fluctuations. Five 30-second durations were measured, during which participants were asked to remain as still as possible.
Balancing activities were performed barefooted with the subject standing on a hard, level surface. The goal of each balance activity was to stand as still as possible for 30 seconds. Four different conditions were imposed and each condition was repeated 5 times. The conditions consisted of standing on two legs or one leg with either the eyes open or closed [14]. During the one-leg conditions, participants were asked to return as quickly as possible to standing on one leg whenever the loss of balance meant they had to place the left foot on the floor. These four tasks were selected in order to ensure that joint stability was challenged across a range using experimental conditions that are well established within the field. All conditions were performed in a randomized order and muscle activity data was gathered continuously throughout each task.
Participants were also asked to complete a short questionnaire at the end of study requesting information regarding their user experience of the ACSS (see Appendix  A in Supplementary Material, available online at http://dx.doi.org/10.1155/2015/762869).
2.4. Apparatus
The attachable clothing sensor system (ACSS) consisted of a polymer garment sensor that was sewn into a commercially available garment consisting of a viscose elastane fabric. The sensor combined graphitized carbon black nanopowder with polyether resin Texin 985 producing a material that changes resistance in reference to sensor shape. A Wheatstone bridge configuration was used to measure the variations in resistance. The polymer composite material had a dimension of 10 × 50 × 0.2 mm (width × length × height) with an active surface area of 330 mm2. Data was collected with Matlab (MathWorks, Inc., Natick, MA, USA) using a USB data acquisition board (USB 6211 DAQ, National Instruments, USA). More specifications and background information regarding the ACSS can be found in [9].
A passive optical tracking system (Vicon Nexus, Vicon Motion Systems Ltd., Oxford, UK) was used as reference system for the ACSS (Figure 1). Reflective markers were placed on the greater trochanter and both epicondyles of the femur, the malleoli of the ankle, and the head of the first and fifth metatarsal bones of the right leg. The lateral epicondyle was used to compute a stability measure, due to its proximity to the ACSS sensor. All other additional makers were used to ascertain that the location of the lateral epicondyle stayed within the anatomical reference frame.




	
	
		
			
		
		
		
		
		
		
		
			
		
		
		
		
		
			
		
			
		
			
		
		
		
		
	


Figure 1: Experimental setup. The figure shows a subject wearing the garment with the tethered attachable clothing sensor system (sensor shown in A), reflective markers (shown in B), and wireless surface electromyography (EMG) just visible under the garment (shown in C).


The optical tracking system and ACSS were synchronized by sending out a pulse from the optical system to the USB data acquisition board of the ACSS at the start and end of each data acquisition. Data for both systems was collected with a sample frequency of a 100 Hz.
The Myon EMG software was integrated with optical tracking device providing a seamless synchronization between the systems. Surface EMG data were wirelessly collected from the Myon MA-300 EMG system units with a bandwidth of 5–10 kHz. Disposable bipolar surface silver/silver chloride (Ag/AgCl) gel electrodes were placed onto each muscle according to SENIAM guidelines (http://www.seniam.org/). The interelectrode distance (centre to centre) was approximately 2 cm and EMG data was sampled at 1000 Hz. An overview of the experimental setup is given in Figure 1.
2.5. Data Analysis
The last 20 seconds of each task was used for analysis, allowing subjects to accustom to the balancing condition during the initiation of each task.
EMG data was preprocessed by applying a full-wave rectification of the EMG signals, followed by a fourth-order low-pass, zero-phase lag Butterworth filter with a cut-off frequency of 6 Hz [15]. EMG data was subsequently smoothed using a 10-point moving average [16] and normalized to determine the mean signal amplitude for a given task.
The root mean square (RMS) deviation from the mean value has been used previously to quantify stability [17, 18] and provides a computation method that can easily be applied across the two measurement modalities. The RMS was computed bywhere  is the length of signal  and  is the index.
The average RMS was taken across all movement directions  of the passive marker in order to generate a single measurement variable. The RMS was computed for both systems by using a moving window of 650 ms. Window size was empirically determined during the pilot phase, by finding the largest difference between the most and least stable conditions across both measurement methods and identifying the associated window size. The range of window sizes that was explored was selected to incorporate simple reflex times up to reaction times reflective of more complex balancing scenarios [19, 20].
Data did not follow a Gaussian distribution, as shown by the Shapiro-Wilk test for normality and Q-Q plots. Therefore, nonparametric statistical analysis techniques were used for further assessment. Intracondition reliability was assessed by a Bland and Altman analysis [21]. The Bland and Altman analysis was performed on the normalized (division by maximum value) RMS values of both the ACSS and optical tracking data. Spearman correlation coefficient was calculated between the RMS values of the optical tracking device and those of the ACSS to determine if the same ordering exists between the two measurement systems.
Difference in EMG amplitude between conditions was therefore tested with the Friedman test and significant results were further investigated with Dunn’s Multiple Comparison Test. The computed ranks of the Friedman test rely upon the order of EMG amplitude within every subject.
3. Results and Discussion
3.1. Baseline Measurements
During the baseline measurements an average RMS (±standard deviation) value of 0.26 mm (±0.14 mm) was found for the optical tracking device, which is comparable to previous reported static marker measurements [22]. The ACSS yielded a RMS value of 2.4 mV (±0.4), thus consistent with values found previously in laboratory testing [9].
3.2. EMG Measurements
The EMG measurements (Figure 2) showed significant  outcomes for the Friedman test across all four muscles that were monitored. Dunn’s Multiple Comparison Test revealed that for all muscles there was no difference  in amplitude between the two conditions that had a large base of support. The biceps femoris also showed no difference between the large and small base of support with visual feedback conditions. All other comparisons showed significant differences  between conditions.
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Figure 2: Electromyography (EMG) between stability conditions. Median and range of EMG amplitude of the vastus lateralis (a), vastus medialis (b), biceps femoris (c), and semitendinosus (d) across four different conditions. The conditions consisted of a large base of support with vision (LV), large base of support with no vision (LnV), small base of support with vision (SV), and a small base of support with no vision (SnV). Bars show median amplitude values and range. Solid lines with asterisk show differences between conditions at . Dotted lines are displayed to show no significant (NS) differences.


3.3. Stability Measurements
The Bland and Altman plots (Figure 3) show a proportional error for a large base of support with (LV) and without vision (LnV), as well a small support base with vision (SV). For a small base of support with no vision (SnV) the variation of the ACSS seems to be more dependent on the displacement as measured by the optical tracking device.
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Figure 3: Bland and Altman plots. Bland and Altman plots for the attachable clothing sensor system (ACSS) and optical tracking data are given for each condition. The difference between the normalized RMS values of the ACSS sensor and optical data is plotted against the average of both. The conditions consisted of a large base of support with vision (a), large base of support with no vision (b), small base of support with vision (c), and a small base of support with no vision (d). The median and 95% Limits of Agreement (LoA) are given for each condition.


A Spearman correlation coefficient of 0.81  was found between the displacement values and ACSS (Figure 4), indicating a good strength of the monotone association between the two variables.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


Figure 4: Scatter plot of average displacement root mean square (RMS) values in millimeter (mm) and RMS values from the attachable clothing sensor system (ACSS) in millivolt (mV). RMS values are given for each trial and every subject. The four conditions consisted of a large base of support with vision (LV), large base of support with no vision (LnV), small base of support with vision (SV), and a small base of support with no vision (SnV).


3.4. User Experiences
Users found the garment comfortable, although one user found it “a bit big, but comfortable.” The material was mainly considered “good” or “nice,” while some users just stated that they had “no problem” with the kind of material that was used for the garment. In general, the fit was perceived to be fine, but one user did mention it was “tight” and three other users highlighted it was a bit loose. An overview of the other responses from the questionnaire is given in Table 1.
Table 1: Overview and breakdown of user experiences. Outcomes for ranking questions are given by the median and the range. Answers for ordinal questions are given as ratios and for open ended question are shown by a word cloud.   
	

	Question	Median score	Score range
	

	How was it to put on the garment sensor? (Difficult  1–very easy 10)	9	6–10
	Did you notice the garment sensor whilst you were wearing it (Very much  1–not at all 10)	9	7–10
	How was it to take off the garment sensor? (Difficult  1–very easy 10)	9	6–10
	

	Question	% replying yes	% replying no
	

	Did you have any adverse reaction to the garment?	0/10	10/10
	Did you remove the garment sensor at any point?	0/10	10/10
	Would you wear this device if it could help diagnose stability problems of your joints?	10/10	0/10
	Would you wear this device if it could help treat stability problems of your joints?	10/10	0/10
	Would you wear this device if it could prevent stability problems of your joints?	10/10	0/10
	Would you wear this device to provide feedback on your joints, for your own interest?	9/10	1/10
	

	What did you like about the garment sensor?	What did not you like about the garment sensor?
	

	



	
	
		
			
		
	


	



	
	
		
			
		
	



	



3.5. Discussion
The study showed that the attachable clothing sensor system (ACSS) placed across the knee can quantify functional joint stability performance in a manner that correlates with the optical tracking outcomes. The association was strong across a range of different levels of standing stability and stability was indeed challenged as revealed by the muscle activity data. Within specific conditions a proportional error was present as shown by the Bland and Altman plots. The divergence between the two measurements is likely to be due to the greater sensitivity of the ACSS to change, thus yielding higher proportional difference when the joint was becoming less stable. The linearity observed in the Bland and Altman plots (A to C) is likely consequence of the higher sensitivity of the ACSS at the lower bound of the stability spectrum compared to the optical tracking system. The ability of detecting changes in balance early on is essential for monitoring purposes.
It has been shown previously that lower limb muscle activation increases with the elimination of vision during one-legged stance, while visual feedback hardly changes muscle activation for double-legged stance [23]. The visual system does not appear to contribute to the stability or stiffness in the two-legged stance condition [24]. The results of this study are in accordance with those previous findings and explain the found overlap in joint stability results between the two “large base of support” conditions. This outcome in terms of muscle activity is also mirrored in both the data from the optical tracking and ACSS, indicating that this is clear phenomenon across measurement modalities. The comparability between the findings from motion data and the muscle activity data reveals that differentiation is still achievable despite the extra layer of the garment over the joint.
Joint stability can be affected by a range of factors such as muscle activation [25], injury [26], or the neurophysiologic feedback mechanism [27]. This makes joint stability an interesting measurement modality for third-party monitoring or even self-assessment. Additionally, it is also an indirect part of many standard clinical assessments. Yet, frequently used clinical tests, such as the Berg Balance Scale, often have both floor and ceiling effects [28] and they focus on the system as a whole. Data collected on a more continuously local scale could provide a more sensitive technique for measuring specific joint stability.
The ACSS can also provide direct feedback, when the moving window approach is applied in real-time. This allows for joint stability to be trained by wearing the garment and receiving visual or audio feedback regarding the RMS value. It has been shown that standing balance is trainable [29] and that feedback on stability will yield better results for patient populations [30]. The current system would need to become wireless in order to make the ACSS applicable for unobtrusive training in almost any environment.
Generalizability of the results remains limited due to the small sample population and early stage of the work, but the unobtrusive nature of tracking through clothing seemed to have worked well and users responded positively towards it. The encouraging initial user feedback also indicates that measuring through clothing is an acceptable and potentially preferable way of measuring important clinical parameters. In general, the users perceived the garment as comfortable, unobtrusive, and easy to wear. The application of a “one size fits all” garment seemed to yield acceptable outcomes across a range of body shapes (range 158–193 cm and 49–95 kg). However, wearing the garment for a short duration in a laboratory does not reflect the user experience of those who have to wear it for longer periods within a nonacademic or clinical surrounding. It is therefore suggested that the next generation of clothing sensing systems covers a range of sizes to optimize the out-of-lab user experience. The generalizability of these results to more unstable populations such as the elderly or patients requires further investigation.
The results of the universal garment presented in this paper did seem to be valid across a varied morphology, indicating that potentially only a small range of sizes is required. It is proposed that the sizes S, M, and L from the European standard (EN 13402) should be sufficient to cover the majority of the population.
Although participants were requested to answer truthfully, there is a chance of response bias due to social desirability originating from the subject-researcher interaction that preceded the questionnaire [31]. The user experience should therefore be interpreted with caution and interpreted alongside other user preference literature.
4. Conclusions
This study shows that joint stability, as measured with a clothing sensor, correlates well with reference measurements obtained from an optical tracking system. Smart clothing is likely to become ever more important for monitoring human function. Using everyday clothes to measure stability provides a new level of unobtrusiveness that can benefit both the patient and the clinician as direct users, without compromising on the quality of measurement.
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