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Abstract

:

Intense physical activity and high ambient temperature cause construction workers to be exposed to an increased risk of overheating, especially in the summer season. Personal cooling systems have great potential to support workers’ thermoregulation and reduce this risk. In particular, solutions based on the thermoelectric effect can provide high cooling effectiveness and ergonomics at the same time. In this paper, a newly developed active clothing solution with flexible thermoelectric modules intended for outdoor activities is presented. The active clothing was subjected to utility tests on a treadmill under laboratory conditions with the participation of potential end users. A comparison of results from cooled and uncooled places indicated a reduction in local skin temperature of as much as 2.7 °C. Moreover, a gradual decrease in temperature in the uncooled place during the experiment was observed. Based on the positive results from this evaluation, the personal cooling system was integrated into active clothing within the ASSIST-IoT NGIoT reference architecture. This allows contextual and personalized adjustment of the cooling power to be provided using AI techniques and, additionally, by using data from a weather station and a smartwatch. Training procedures and models for the AI system are proposed, with special attention paid to the privacy aspect.
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1. Introduction


The problem of thermal load in the work environment due to the exposure to a hot microclimate still persists for a significant number of people and is expected to increase significantly with climate change [1]. Construction workers are one of the groups experiencing this problem due to their work outdoors, often in full sun. It is worth mentioning that 2022 was the warmest year on record for a large part of Europe [2]. According to the analysis conducted by Ballester et al. [3], as many as 61,672 deaths in Europe between 30 May and 4 September that year were related to heat. Therefore, it is recommended that construction companies provide additional solutions that will support workers’ thermoregulation.



From a technical point of view, preventing excessive thermal load while working outdoors is particularly problematic. In this case, in order to guarantee cooling effectiveness without negatively affecting ergonomics, the use of a personal cooling system seems to be the only possible solution. There are several cooling mechanisms that, when integrated with clothing, can significantly reduce a worker’s thermal load. In particular, non-electric and electric cooling can be distinguished [4]. There are several methods currently available to provide personal cooling [5,6]; however, considering the recent technological revolution that has led to Industry 4.0, including Construction 4.0 [7], particular attention should be paid to electronic solutions that enable their integration within Internet-of-Things architectures in the work environment (a construction site, in this case).



A promising direction in this field is the application of thermoelectric modules (TEMs) whose operation is based on the Peltier effect [8]. The temperature difference created between the two sides of these TEMs can be used for either cooling or heating [9]. Since the cooling intensity of TEMs is adjusted through their electric supply power, their control by electronic devices is simple, direct, and efficient, without the need for any intermediate stages of energy conversion. The use of moving mechanical parts can be avoided, reducing the system weight and size and minimizing energy consumption, as well as increasing product reliability and service life. Supply voltages may be as small as just a few volts, making them safe for use in clothing and easily supplied from low-voltage energy storage devices, such as powerbanks. Recently, TEMs have been offered as flexible items, making their integration with clothing easy without compromising the ergonomic properties of the latter [10,11,12]. This feature is particularly important when TEMs are implemented into protective clothing as it makes it possible to avoid loose or protruding elements that could easily get caught, e.g., by operating tools or machines. In addition, TEMs are considered to be an environment-friendly alternative to other cooling technologies, which is an additional advantage considering the climate crisis [13].



In spite of the great potential of TEMs in personal cooling, there have been only a few solutions using this technology so far. Moreover, scientific reports related to the application of flexible TEMs mainly come from recent years, which additionally confirms the novelty of this research direction. One of the wearable thermoelectric devices for personal cooling was presented by Hong et al. [12]. They proposed a vest and a band intended for use directly on the body. Using the developed devices, a temperature reduction of 5 °C was achieved, depending on the physical activity performed. A T-shirt with flexible TEMs and heat sinks containing phase-change materials was proposed by Huo et al. [14]. The authors confirmed the cooling capability of the developed clothing in tests carried out in 23 °C and 32 °C using a thermal-imaging camera. The reduction in skin temperature underneath the TEM reached over 8 °C. Moreover, a reduction in skin temperature next to the TEM was also observed. On the other hand, Xu et al. [15] used the thermoelectric effect for indirect body cooling, where the role of a TEM was to cool a liquid distributed in the garment, while the reduction in skin temperature resulted from the circulation of the liquid. In this case, during the tests, a temperature reduction of about 2.7 °C was observed.



TEM-based personal cooling systems (PCSs) offer similar or even higher maximum reductions in skin temperature compared with other types of active PCSs described in the literature (Table 1), such as liquid-based [16,17] or PCM-based systems [18,19,20] without TEMs. At the same time, the total weight (including batteries) of TEM-based solutions may be much lower for comparable operating times. It is related to both the low mass of active components and to the high possible value of the coefficient of performance (COP), which helps to reduce the required battery capacity. A low total weight of the system is, in turn, important in terms of the metabolic cost for the user who carries the PCS [18]. The above observations apply especially to PCSs with flexible TEMs that are in direct thermal contact with the skin [12,14] and, to some extent, to other PCSs where TEMs are used to cool down a circulating liquid [15,21,22].



Importantly, the electronic sub-system already on board for TEM control may be used for several additional purposes. For example, microcontroller modules usually offer communication interfaces. The TEM controller may thus become a node of an IoT system with little or no additional hardware; it is only necessary to develop suitable software extensions. If low-power communication technology is used, energy-storage requirements will not considerably increase, as most of the power will still be consumed by the TEMs. Moreover, the ultra-wideband (UWB) technology has embedded features that enable, i.e., node tracking and real-time data collection. This makes it particularly well-suited for the integration of TEM-based protective clothing within smart work environments oriented toward improved worker safety, but such a concept has not been considered so far.



For the above reasons, a model of active clothing with Peltier-based PCS was developed and integrated within a Next-Generation Internet-of-Things (NGIoT) reference architecture. The integration enables a seamless functioning of the PCS within a larger Cloud-Edge-IoT ecosystem, leveraging artificial intelligence (AI) methods. Moreover, by using the interoperability mechanisms of the NGIoT platform, AI can use measurements from other sensors for an intelligent control of the PCS. In the considered case, this includes a locally installed weather station and a low-cost smartwatch for heart-rate monitoring [23].



The aim of this contribution is to discuss selected results of the PCS validation tests, as well as its expected functioning in the Smart Safety of Workers pilot study within the ASSIST-IoT reference architecture (an EU Horizon 2020 project) [24].




2. Materials and Methods


2.1. Test Objects


For the purpose of this research, a model of active clothing with a personal cooling system was developed and tested using appropriately selected high-visibility protective clothing that meets the requirements of EN ISO 20471 [25] (Figure 1). Both the model of the active clothing and the protective clothing worn underneath it were produced by PW Krystian sp. z o.o. The design of the developed model was based on the conclusions from previously conducted tests [5,26].



2.1.1. Clothing Set Design


The developed model of active clothing with a TEM-based PCS (Figure 2) consists of a vest with integrated TEMs, six heat sinks, a controller, an undergarment temperature sensor, a powerbank, and a pocket for the controller. The cooling function is performed by six flexible FTE-01 (TEGway) thermoelectric modules. Each of them is composed of many elementary cells, based on bismuth and tellurium (BiTe), within a small surface area. These cells are connected mechanically, through a flexible plastic filling, as well as electrically. The heat sinks use a super-absorbent non-woven SAF Type 2644 fabric, and the top and bottom fabrics of these heat sinks were selected so as to have the lowest possible thermal resistance (0.012 m2K/W and 0.006 m2K/W, respectively) to maximize heat removal from the hot side of the modules by evaporation. The vest is made of retroreflective tapes of 7 cm width, with adjustments on the arms and at the front. The latter enable the vest to be fitted to the user’s body. The TEMs are integrated with the vests by sewing, while the heat sinks are mounted on them by means of Velcro tape. The powerbank used in this work is a standard device with a 5 V output. It has a capacity of 15 Ah, which corresponds to an energy of 55.5 Wh at its nominal internal voltage of 3.7 V. The controller is described in detail in Section 2.1.2.



To guarantee the safety of the potential users of the active clothing, the design was made to be compatible with a T-shirt and trousers (Figure 3) of high visibility (class 1 and class 2, respectively, according to EN ISO 20471 [25]). This has been achieved by arranging the retroreflective stripes on the vest so that two horizontal retroreflective stripes encircling the torso are kept visible even when the T-shirt is covered by the vest (see Figure 1).




2.1.2. Dedicated Electronic Controller for TEM Power Supply


An essential part of the developed PCS is the controller, which is a dedicated embedded electronic system whose main role is to provide a controlled electric power supply to the TEMs. The electric energy is drawn from a powerbank with a 5 V output voltage. The controller is connected to an undergarment temperature sensor, and it executes a program for the temperature and power regulation [5]. This regulation is performed independently in each of its three output channels, with two TEMs connected to each channel.



The block diagram of the electronic system is shown in Figure 4. Its main components are:




	
an auxiliary DC/DC switched-mode power converter (SMPC) with an integrated analog controller—to supply the control electronics with a 3.3 V voltage;



	
a semiconductor power switch—for turning on and off the auxiliary SMPC;



	
a power-button-pressing detector with a latched output state—for controlling the power switch;



	
three digitally controlled output DC/DC SMPCs (one per output channel)—for supplying the TEMs in each channel;



	
current sensors (one per channel) in the form of shunt resistors with dedicated voltage amplifiers—for measuring the channel output currents;



	
a microcontroller;



	
a three-button keyboard;



	
a light-emitting diode (LED) bar display;



	
a Micro Secure Digital (SD) card interface—for configuration and measurement data storage;



	
a UWB radio module—for communicating with the rest of the smart work environment infrastructure using the NGIoT architecture.








The output power converters employ the buck topology, with each one containing a MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) switch, a Schottky diode, and an LC (inductance–capacitance) filter. The MOSFET switches are driven by pulse-width-modulated (PWM) signals generated by the microcontroller, with variable duty cycles D[1..3] that are continuously updated according to the control program. The LC filters ensure constant output voltages with low ripple, which is crucial for an efficient TEM operation.



The microcontroller measures the output channel voltages Uo[1..3] and currents Io[1..3] using a built-in analog-to-digital converter (ADC) to obtain feedback information on the output power in each channel. It also communicates with the undergarment temperature sensor via the Inter-Integrated Circuit (I²C) interface as well as with the SD card and the UWB module via the Serial Peripheral Interface (SPI) bus. Two buttons of the keyboard are polled by the microcontroller to check if the user wants to increase or decrease the cooling intensity. The current setting of the TEM power levels is indicated on the LED bar display.



The TEMs operate in an alternating mode, as described in more detail in [5]. The supply power per module is either regulated to obtain the requested temperature, with a maximum limit of 1.5 W, or to bring it down to a standby value of 0.5 W. The duration of each of these phases is 60 s.




2.1.3. Thermoelectric Module Arrangement and Supply Voltage


A separate DC converter has been provided for each of the three TEM pairs to minimize the electric supply power discrepancies between them, which is caused by their resistance spread. Within each pair, a series connection might initially seem to be more advantageous because of the higher converter output voltage, which is equal to the sum of the two TEM voltages (Figure 5a):


Uo = UTEM1 + UTEM2 ≈ 2UTEM,



(1)




To simplify, both TEM voltages have been assumed to be approximately equal at some value UTEM. The converter must deliver to the TEMs a power equal to:


Po = PTEM1 + PTEM2 = Io Uo.



(2)







The currents of the two TEMs are equal, i.e., ITEM1 = ITEM2 = Io, so this common current is expressed by:


Io = (PTEM1 + PTEM2)/(2UTEM),



(3)







In contrast, in the parallel arrangement (Figure 5b), all the voltages are equal, i.e., UTEM1 = UTEM2 = Uo, while the converter’s output current is the sum of the two TEM currents:


Io = ITEM1 + ITEM2 = PTEM1/VTEM + PTEM2/UTEM = (PTEM1 + PTEM2)/UTEM,



(4)




which is twice the value yielded by (3).



The higher output current in the parallel connection results in two principal drawbacks of this option:




	
higher necessary current ratings of the converter’s components; hence, their greater cost and size, as well as, most probably, power losses;



	
higher power losses in common wiring, making the efficiency lower and the battery operating time shorter. It must be noted that with worn electronics, the possibility of decreasing losses by increasing the wire diameters is limited by the requirement of flexibility.








Nevertheless, when an electronic system is to be integrated with clothing, one must consider that live parts may enter into contact with the skin, either directly (e.g., due to damage to the insulation) or through humidity. When cooling is needed, sweating is especially likely to occur as a natural mechanism of body temperature regulation, and sweat is highly conductive electrically due to the content of NaCl and KCl, which are strong electrolytes [27].



The IEC 60479-1 standard [28] contains data that may be used to determine safe voltage levels for a number of specific cases. As justified above, saltwater-wet conditions should be considered, corresponding to a 3% water solution of NaCl, which, according to the standard, may represent sweat. As far as physiological effects are concerned, only the DC-1 zone may be allowed for worn electronics, where a slight sensation is possible upon rapid changes of current flow, such as by switching the TEMs on or off. The current threshold between the DC-1 zone and the DC-2 zone (where involuntary muscle contractions occur) is given as 2 mA.



The standard provides tabulated values of a reference total body resistance Rt(ref) as a function of the touch voltage Ut. It is reasonable to use data for a small contact-surface area, which is set at 100 mm². To obtain the most conservative voltage limits, data applicable to the 5th percentile of the population having the lowest body resistance were used. From the point of view of physiology, the critical path is the one between the left hand and the chest, where the resistance Rt is 63% of the reference one.



To calculate the touch voltage corresponding to a given current, the Rt versus Ut relationship was approximated using a function that proved suitable for all the cases included in the standard (see Figure 6):


Rt = exp(p4 (0.5 – atan(p3 (ln Ut – p2))/π) + p1).



(5)







The constant parameters p1 through p4 were obtained by data fitting in Octave using the nonlin_curvefit function from the optim package. For a Ut below the lower end of the data range, linear extrapolation was applied. Using these data and the fzero function, the left-hand-to-chest voltage corresponding to the current threshold of 2 mA was determined to be 7.1 V, with an estimated total body resistance of 3.53 kΩ.



From an electrical point of view, TEMs are of a resistive nature, exhibiting some resistance RTEM, ranging between 4.5 Ω and 5.9 Ω for the modules used. Therefore, their electric supply power follows Joule’s law:


PTEM = UTEM2/RTEM.



(6)







For the target maximum supply power of 1.5 W, the worst-case TEM voltage was estimated at 3.0 V, based on measurements.



The above value would make it possible to connect two TEMs in series without exceeding the 7.1 V limit. However, this would make it impossible to use a standard 5 V output powerbank for energy storage without employing a step-up DC converter. Such converters have lower efficiencies than the step-down (buck) topology, which can only be applied when TEMs are connected in parallel so that their total voltage is lower than that of the powerbank. For this reason, the parallel arrangement was ultimately selected.





2.2. Research Methodology


The aim of the research was to evaluate the reduction in thermal discomfort by the developed active clothing under simulated conditions of use in a laboratory environment. These tests are a first step toward an integration of the active clothing within an NGIoT architecture. Laboratory conditions were preferred over field ones to guarantee their stability and repeatability. Six workers participated in the tests as potential users of the active clothing. The average age, height, and weight of the participants were (29.5 ± 7.58) years, (179.33 ± 3.20) cm, and (80.00 ± 10.49) kg, respectively. Before the tests, the volunteers were informed about the research purpose and plan and gave their informed written consent to participate. The tests were carried out at similar times of the day (morning hours), with different participants on each particular day.



2.2.1. Test Conditions


The tests of the active clothing were carried out in the Research and Demonstration Laboratory in the Department of Personal Protective Equipment at the Central Institute for Labour Protection—National Research Institute, at a temperature of 25 °C and a relative humidity of 65%. This ambient temperature was selected on the basis of survey responses, where the majority of respondents indicated the need for cooling as starting from 25 °C [29]. Test participants were dressed in the dedicated protective clothing described in Section 2.1.




2.2.2. Measured Parameters


The tests included the measurement of physiological parameters of the research participants and the collection of their subjective thermal sensations. In terms of the former, local skin temperature was measured in cooled places (under the thermoelectric modules) and in uncooled places (next to the thermoelectric modules) (Figure 7). Local skin temperatures in cooled places were measured under the modules located on the right side of the chest and under the module located on the left shoulder blade. The measurement of local skin temperature in uncooled places was carried out in the center of the chest and between the shoulder blades at the same level as the temperature in cooled places. AC1913-A sensors from Rotronic were used for these measurements because of their small size, so as not to create an additional distance between the active-clothing user’s skin and the TEM. The measured temperature was recorded using the HygroLog HL-NT2-D recorder and the HL-DS-U2 docking station from Rotronic, which allows four AC1913-A sensors to be connected simultaneously.



The obtained local skin temperatures extracted at every fifth minute of the test were subjected to a statistical analysis using the STATISTICA 13.1 PL software in order to determine the statistical significance of the obtained differences. Before starting the analysis, the normality of the distribution of the variables was checked using the Shapiro–Wilk test. The homogeneity of variances was checked using the Levene’s test. The Student’s t-test was used to assess the statistical significance of differences between the results obtained at cooled and at uncooled places. The significance level was set at 0.05.



The participants assessed the sensations related to their overall thermal comfort using the scale presented in Table 2.




2.2.3. Research Procedure


Before starting the tests, the clothing set was acclimatized in an air-conditioned laboratory room at a temperature of 23 °C. The participants stayed in the same conditions for 30 min before the test to stabilize their physiological parameters and to minimize the influence of external factors thereon. The heat sinks were soaked in water at a room temperature of approximately 23 °C and then mounted on the TEMs. After this preparatory phase, the participants went directly to the laboratory room where the tests took place. Local skin temperature recording was started 5 min in advance to confirm the stability and the repeatability of the test conditions.



The laboratory research procedure included each participant performing a physical activity over 15 min intervals with 5 min breaks between them. The activity involved walking on a Zebris FDM-THM-M-3i treadmill from Zebris Medical GmbH at a speed of 5 km/h, corresponding to a high physical exertion. Figure 8 shows the detailed test procedure. During the study, the thermal comfort assessment by the participant was collected every 5 min.






3. Results


Figure 9 shows graphs of the average temperature in cooled places (under modules) and in uncooled places (next to modules) on both the chest and the shoulder blades. The greatest difference in the measured skin temperature between the cooled and uncooled places, amounting to 2.66 °C, was recorded on the back around the 24th minute of the test. For the chest, the largest difference of 2.34 °C was recorded around the 44th minute of the study and a difference of 2.25 °C around its 13th minute. Qualitatively, the cooling effect was maintained throughout the entire study period. At the end of the study, the measured temperatures on the chest and the shoulder blades were approximately 1 °C lower than at the beginning. The measured temperature in the cooled place on the chest remained at a relatively similar level from about the 10th minute of the test, ranging from 31.2 °C to 32.0 °C, which is close to the thermally neutral state and confirms that the system operated as intended. The statistical analysis showed that in the case of the chest, the temperature difference between the cooled and the uncooled place was statistically significant only in the 20th minute of the test. For the back, statistically significant differences occurred at the 10th, 15th, 20th and 25th minutes of the test.



It is noteworthy that the local skin temperatures measured in places not directly cooled, i.e., next to the module, increased in the initial phase (up to approx. 25 min), but then they decreased. This is a very positive result, indicating that although thermoelectric modules collect heat from the human body locally, a cooling effect is also observed in other places.



When the PCS was active, the average rating of the thermal sensations oscillated around the value of 0, mostly between −1 and 1, corresponding to “slightly cool”, “neutral”, and “slightly warm” (Figure 10). The ratings given after the breaks (i.e., in the 25th and the 45th minute of the test) indicate an increased feeling of cooling and, thus, an improvement in thermal comfort. At these moments, the average ratings were the lowest obtained during the entire study.



The average resistance of the TEMs was determined to be 5.2 Ω. A single TEM current was therefore 0.54 A at maximum in the regulation phase, when the output power was 1.5 W per module, and 0.30 A in the standby phase. The respective voltage values were 2.9 V and 1.7 V, respectively. The input power from the powerbank was 11.40 W and 3.69 W, respectively. As mentioned in Section 2.1.2, the phase durations were equal, so the average power consumption was 7.55 W.




4. Integration of the PCS with the ASSIST-IoT Reference Architecture


4.1. ASSIST-IoT Smart Worker Safety System


The results of the laboratory tests provided a basis for further work related to the integration of the PCS within the broader Cloud-Edge-IoT ecosystem, using the ASSIST-IoT reference architecture [24]. Figure 11 presents an overview of the proposed system in the context of the ASSIST-IoT Smart Safety of Workers pilot study. The PCS communicates with Gateway Edge Nodes (GWENs) located on the construction site using the UWB technology. In the virtualized (Kubernetes) environment provided by the GWENs, several ASSIST-IoT enablers and other components are deployed. The enablers are easily reusable software components, each providing a set of generic functionalities. The streams of data to and from the PCS are routed efficiently on the edge using the Edge Data Broker enabler. The measurements from the weather station and the smartwatch take a similar route—the smartwatch is paired via Bluetooth Low Energy to a UWB location tag that then relays the heart-rate measurements. The Location Tracking enabler interfaces with the UWB location tag and sends the measurements (including the user’s heart rate) to the Edge Data Broker enabler. The data from all sensors (including the PCS) are annotated semantically using the Semantic Annotation enabler to enable interoperability between devices. The Semantic Repository enabler plays a supporting role by managing the needed data models, such as domain ontologies, or the annotation configuration for the Semantic Annotation enabler.



The collected measurements are streamed to the Workplace safety controller, which is responsible for determining the adequate cooling power at a given moment considering the current conditions, using AI methods. Moreover, it remembers user preferences and takes them into account in future decisions. The AI can issue commands to the PCS (to increase or decrease the cooling power) and send alerts to the user, which are displayed on the smartwatch. The commands and the alerts are similarly routed via the Edge Data Broker enabler.




4.2. Concept of AI-Based Personalized Cooling


Ensuring the privacy of the user’s biometric parameters in the system (Figure 11) is a very challenging task. It should be stressed here that one of the main requirements for the system is for it to be able to personalize the cooling power based on the user’s preferences. Although there is some literature on preserving the privacy of users in personalized learning systems [31,32,33,34], those studies mostly tackle a different formulation of the problem. Usually (e.g., in federated learning systems), we can assume that the model can be trained on a device fully controlled by the user, and then the model’s parameters can be sent in a private way to the server (e.g., using differential privacy [35]). This is not the case in the application considered in this work—the user, in fact, does not fully control any device in the system. The PCS itself has very little computational capacity, and thus any work must be deferred to the GWENs. However, the user is not assigned to any specific GWEN—by moving around the construction site, the worker can encounter dozens of different GWENs. Therefore, there must exist some centralized location (a server) that stores the personal preferences of users.



Bearing in mind the presented limitations of the use case, an AI system was designed that aims to maximize the users’ privacy while retaining the element of personalization (Figure 12). The proposed system hinges on the GWEN not storing any data permanently, which can be guaranteed by adequate routing rules in the Edge Data Broker. The GWEN gathers four types of data: the user identifier (needed for personalization), the cooling power (target variable), weather data describing the environmental conditions, and the user’s biometric data. It is the biometric data that are particularly sensitive and thus must not be associated with the user identifier (as depicted in the lower half of Figure 12). We can, however, build two separate models: one which includes the user’s identifier but not biometric data, and another which includes the biometric data but not the identifier. This way, the system would be able to learn (1) the user’s preferences depending on the outside conditions, and (2) the aggregated preferences of all users depending on the outside conditions and the biometric parameters. This, of course, limits the potential for personalization, but still allows the system to consider all available measurements when making the decision. The presented models can be implemented using any regression technique. Particularly useful should be the k-nearest neighbors algorithm due to its very elastic training procedure (simply adding an observation to the database) and flexibility in the face of non-linear relationships.



It should be stressed here that although the separation of the user identifiers and the biometric data does improve the privacy of the users, it could still be compromised. The two models share the target variable and three of their inputs (the weather data). It might be possible to work out the correspondence between the user and their biometric data if there is a direct, one-to-one match between the weather data and the cooling power in both models. Although formally determining the degree of privacy given by such a system is out of the scope of this contribution, additional provisions can be made to increase the privacy level. Firstly, the GWEN can apply noise and bucketing to the observed data independently for each model. This reduces the chance that a direct correspondence between the models can be established, especially when there are many users. Furthermore, the two models can be updated asynchronously. The users can also opt out entirely of their biometric data being collected, thus not contributing to the second model. This would mean that predictions can be made about the cooling power based only on the environmental conditions, but still maintain a degree of personalization. Nonetheless, establishing the level of privacy in this system should be the subject of future work, using frameworks such as k-anonymity [36], ε-differential privacy [37], or others [38]. Figure 13 presents how the AI system can use the learned observations to determine the adequate cooling power at a given moment. The GWEN makes two separate requests to the server, to which the same privacy-preserving measures as with learning can be applied (noise, bucketing, asynchrony). The two models give two answers about the cooling power to be applied, which are then aggregated by some function f. This function can be as simple as an arithmetic mean, or, for example, an average weighted by the confidences of the models. Here the biometric data collection is also optional, and the user can opt out of it. Alternatively, the inference could be performed on the edge (in the GWEN), allowing the user’s biometric data to be used with no risk of compromising their privacy.





5. Discussion


Laboratory utility tests have shown that the developed active clothing is able to reduce the local skin temperature by up to 2.66 °C during intense physical activity and that the cooling effect was maintained throughout the entire study period. This reduction was in between the results of other personal cooling systems presented in the literature [14,15], which makes it possible to positively evaluate the developed solution. It was lower than the one yielded by the T-shirt proposed by Huo et al. [14]. This may be due to additional fabrics applied under the proposed active clothing model, which, in the considered use case, were required for the worker’s safety. Fabrics constitute additional layers of thermal insulation that decrease heat conduction between the skin and the TEM.



A positive effect of the applied cooling was also visible in users’ sensations as thermal comfort sensation ratings decreased during the experiment to below the initial value despite the physical activity being performed. The lowest ratings, being a result of both the cooling effect and lower work expenditure, were observed during the breaks. The influence of the physical activity performed by the PCS’s user on its performance was also noticed by Hong et al. [12].



Skin temperature is one of the physiological indicators used for the evaluation of the human thermal state [39,40]. Its mean value of about 33 °C is considered to be comfortable [41]; however, local skin temperatures on various body parts can differ significantly [42]. The obtained results show that, as a result of the application of active cooling, local skin temperature values both in a cooled place and in an uncooled one (both on the torso) were kept close to the comfort one.



Moreover, the applied cooling positively affects the user’s thermal comfort sensations through the reduction in the temperature measured outside the TEMs. This observation is consistent with the results reported by Huo et al. [14], who argue that such an effect results from the thermal conduction of the skin and the circulation of the cooled blood. This outcome is particularly important in the context of the simulations performed by Baek et al. [43], who concluded that local cooling with a use of a TEM may only provide limited protection against extreme thermal environments. However, in that study, the TEM was used for cooling the air in a PCS, not the human skin directly [44]. Heat transfer mechanisms from the skin are different in both cases, i.e., direct conduction in this work versus convection of a cooling medium in [43].



According to the body map created by Luo et al. [45], the cheek, back of neck, and seat area are the body regions most sensitive to cooling. However, considering the ergonomics, workers’ preferences, and requirements resulting from the working conditions, the body regions selected to be covered by TEMs in the proposed PCS appear to be a good compromise between sensitivity to cooling and comfort of use. Moreover, it has been proved that local cooling can significantly contribute to overall thermal comfort sensations [46,47,48]. Based on their research performed with 30 volunteers, Belyamani et al. [49] also proved that local cooling provided by a wristband, besides influencing the overall thermal comfort sensation, can lead to a reduction in negative emotions and a rise in positive emotions.



Under the maximum observed power consumption of 7.55 W, the 15 Ah powerbank used can supply the system for 7.35 h. This is sufficient for a typical work shift, since the PCS is normally not constantly operated at full power.



Based on earlier measurements [50], the heat flux through the TEMs for a current of 0.30 A (corresponding to an electric power of 0.48 W) is 0.99 W, and it may be approximated by linear regression as 1.24 W for a current of 0.54 A (corresponding to an electric power of 1.50 W). This gives a maximum COP value of 2.1 and a minimum average one of 1.1, which is consistent with results obtained in other works for similar temperature reductions, as presented in Table 1.



Extending the functionality of the PCS by means of its integration with the ASSIST-IoT reference architecture to include an automatic control using heart rate, undergarment temperature and environmental data will allow it to better adapt its operation to prevailing conditions. However, the use of biometric data must respect the user’s privacy. The proposed approach does not directly link the user’s ID to such data, preventing their unambiguous identification by third parties.




6. Conclusions


The tests of the PCS model showed that the developed solution, including the dedicated electronic controller, can effectively reduce the local skin temperature and stabilize its value even outside the TEMs at the appropriate level, thus positively affecting the subjective sensation of overall thermal comfort. The obtained results are promising and encourage further research aimed at (1) a comprehensive evaluation of the PCS, including an analysis of its influence on human thermal states expressed by differences in mean skin temperature and body temperature, and an ergonomics evaluation under simulated utility conditions; (2) increasing energy effectiveness; (3) improving wearability and maintenance; as well as (4) adjusting to the requirements of other specific working environments (e.g., glass factory or mine).



The implementation of three separate output channels of the electronic controller provided a greater coherence between different TEMs in terms of cooling power. The parallel arrangement of TEMs in pairs decreased their required maximum supply voltage to about 3 V, which enhanced the electrical safety of the user even in the presence of sweat. Moreover, this allowed a 5 V powerbank to be used for energy storage without requiring a step-up power converter.



The integration of the developed PCS model within ASSIST-IoT will increase the level of automation of the former, reducing the required amount of user interaction. The use of biometric data and environmental data will allow the cooling intensity to be adjusted to the current worker’s activity and site conditions. Moreover, taking into account possible changes to system controls made by the user will make it possible for the system to learn about their individual preferences, and the use of AI to adapt cooling to these changes will allow it to find appropriate cooling settings. The proposed architecture takes special care to preserve the user’s privacy while using data from several sources to adjust the cooling power in real time.




7. Patents


The described active clothing with PCS is the subject of a utility model application number W.131106 titled “Szelki chłodzące” at the Patent Office of the Republic of Poland (UPRP).
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Figure 1. Tested object: active clothing with PCS worn over high-visibility protective clothing. 
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Figure 2. Tested objects: (a) active clothing with PCS intended to be worn over the high-visibility protective clothing; (b) heat sink (top side and bottom side). 
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Figure 3. High-visibility protective clothing intended for a use with active clothing: (a) T-shirt; (b) trousers. 
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Figure 4. Electronic controller block diagram (digital signals: blue; analog signals: green; power paths: red). 
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Figure 5. Possible TEM connection topologies within each pair: (a) in series; (b) parallel. 
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Figure 6. Total body resistance for the path between the left hand and the chest, for a small contact-surface area and saltwater-wet conditions, as provided in [28] and approximated with Equation (5): (a) logarithmic scale; (b) linear scale. 
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Figure 7. Locations of the local skin temperature sensors on the front and on the back, with the cooled places marked in blue and uncooled places in red. 
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Figure 8. Research procedure phases. 






Figure 8. Research procedure phases.
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Figure 9. Measured local skin temperatures in cooled and uncooled places: (a) absolute; (b) normalized. ✕ indicates statistically significant differences at a significance level <0.05. 
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Figure 10. Participants’ assessment of thermal sensations using the scale from Table 2. 
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Figure 11. Overview of the proposed system, integrating the PCS with the rest of the construction site infrastructure, using the ASSIST-IoT reference architecture. 






Figure 11. Overview of the proposed system, integrating the PCS with the rest of the construction site infrastructure, using the ASSIST-IoT reference architecture.



[image: Applsci 14 00586 g011]







[image: Applsci 14 00586 g012] 





Figure 12. Upper half: proposed training procedure. The GWEN makes two observations, adds noise and bucketing, and sends them separately to the server to be included in the respective models. Lower half: types of data encountered in the use case and the possible associations that can be made between them to preserve the user’s privacy. 
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Figure 13. Proposed inference procedure. The GWEN sends the requests to two models independently and then aggregates them. 
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Table 1. Different active PCS and their parameters.
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	System Type; Garment
	Reference
	Cooling Power

[W]
	ΔTmax (Ta)

[°C]
	COP (ΔT)
	Operating Time

[min]
	Total Weight

[kg]





	Cooling liquid distribution; long sleeve underwear
	[16]
	300
	1.9 (30.0)
	n/d
	>60
	<10



	Cooling liquid distribution; vest
	[17]
	1200–1800 W/m2
	5.7 (40.0)
	n/d
	120
	n/d



	PCM without/with fans; jacket and pants
	[18]
	65/315
	2.4/4.8 (34.0)
	n/d
	39/180
	2.1/3.6



	Vapor condenser with PCM; no garment (portable device)
	[19,20]
	160
	n/d
	>2 (n/d)
	270
	13



	Flexible TEMs, vest
	[12]
	44
	>10 (33.0)
	1.7 (7.0)
	360 *
	0.43 *



	Flexible TEM and PCM heatsink; T-shirt
	[14]
	n/d
	>8 (32.0)
	ca. 2 (3.0), ca. 4 (1.0)
	>20
	n/d



	Cooling liquid distribution with TEM-based radiator and fan; vest
	[15,21]
	220–290
	2.7–3.2 (40.0)
	3.5–4.7

(ca. 3.0)
	>12.5
	n/d



	TEM with water-cooling radiator and fan; neck band
	[22]
	10–15
	ca. 10 (40.5)
	ca. 1 (10.0)
	30–100
	0.65







* estimated value; ΔT drop in skin temperature due to PCS activation; ΔTmax maximum ΔT observed; Ta ambient temperature.













 





Table 2. Scale for the rating of overall thermal comfort [30].
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	Rating
	Sensation





	−3
	cold



	−2
	cool



	−1
	slightly cool



	0
	neutral



	1
	slightly warm



	2
	warm



	3
	hot
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