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Abstract. Following recent advances in the field of thin and flexible materials, the use of product integrated photovoltaics (PIPV) for light harvesting and electric power generation has received increased attention today. PIPV is one of the most promising portable renewable energy technologies of today, especially for the defense industry and the modern infantry soldier. Nevertheless, there is limited work on light harvesting analysis and power generation assessment for its use in various military scenarios including on how to best integrate the technology on the infantry soldier. This study aims to fill this gap by accurately analyzing the light harvesting through virtual reality simulations. Following the virtual light analysis, an assessment of the power generation potential per scenario and investigation of the optimum integration areas of flexible PV devices on the infantryman are presented. Finally, there is a discussion of the key results, providing the reader with a set of guidelines for the positioning and integration of such renewable energy technology on the modern infantry soldier.
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Introduction
Despite modern advances in military technology, the infantry soldier continues to play a significant role in defense. In the age of stealth jets, nuclear munitions and guided weapons, it is still the infantry soldier that examines and secures a location to ascertain whether the target area is cleared and the enemy is defeated. The modern infantry soldier utilizes the electronic technology and resources available today, in order to penetrate into hostile and difficult terrain, where armored vehicles cannot trespass and overcome the enemy. The power requirements of such electronic technology, critically essential for the modern soldier, are much higher when compared to the power requirements of a civilian counterpart. Furthermore, the environment of operation is far more hostile and challenging than those of the civilian applications and the loss of power may endanger the infantry soldier’s life. That is the main reason behind the massive overload of batteries constituting nearly 25% [1] of the overall equipment load (including lethal, survival and communication). Owing to the aforementioned fact, there is an uncontested restriction of maneuverability and operational range, as well as a significant burden, both physical and cognitive. The recent advances in the field of sustainable energy, and particularly the innovative flexible and wearable photovoltaic (PV) technologies, could offer a potential solution to this issue, by removing, or reducing to a great extent, the use of batteries. The Solar Soldier project, which is partly funded by the Defense Science and Technology Laboratory (DSTL) of the MoD in the United Kingdom (UK) and the Engineering and Physical Sciences Research Council (EPSRC), investigates this research challenge. Part of the work conducted in the boundaries of that project is presented in this article, which focuses on how one could integrate the PV technology epitomizing the Solar Soldier concept from a human interface and design perspective. The objectives of this challenge are the following: 
To assess the incorporation of the PV technology on the uniform and equipment of the infantry soldier;
To accurately measure and evaluate its effectiveness (amount of light captured under various scenarios) taking into account usability (human comfort, intuitiveness).
To assess the effectiveness of each area (amount of power generated under various scenarios) as well as to investigate the areas that yield the same power values all over their extent for further research on usability (human comfort, intuitiveness).
This chapter is organized in a number of sections. Section 2 offers a background literature review on related work. This is followed by a presentation of the adopted overall methodology, including the validation study of the simulation software platform employed. Next, the outcomes of the simulations are presented and discussed and finally, the inferred conclusions on the design aspects along with guidelines on the integration of PV on the infantryman are offered.
Related Work
The theoretical background of the study presented in this paper falls within various research areas, including Modeling and Simulation (M&S), virtual reality (VR) applications and product design aspects.
Virtual reality and defense applications

The advances of VR, in recent years, have led to the development of new areas of applications beyond the entertainment industry. Research and development in interactive VR has been employed in the areas of training, education, health and simulation, with one of the major areas of interest being military and defense applications [2]. VR can be utilized for military applications to perform a wide range of simulations. These range from cognitive and behavior simulations in battle to ergonomic simulations; all serving the improvement of the welfare of the modern soldier. These simulations have to be conducted in a virtual framework often consisting of assets that offer three dimensional (3D) graphical representations of terrains, human avatars and objects, as well as weather and daylight-augmented systems. All these elements create a Virtual world on a computer-based simulated environment. This is of significant interest and importance to research, as it offers a very useful alternative reality, especially for situations (as in the case of this research works), where actual experiments are not feasible or dangerous to conduct in real life [3], [4]. More precisely, Chryssolouris et al. [5] have conducted research in the area of human ergonomics in an assembly line and Reece [6] has studied the movement behavior of soldier agents on a virtual battlefield. Furthermore, the Santos [7],[8] project offers a virtual platform for human ergonomics in military environments and Shiau and Liang [9] present a real-time network VR military simulation system comprising weather, physics and network communications. Blount et al. [10] have introduced the aspect of physical fitness into simulations for infantry soldiers and others, such as Cioppa et al. [11] and Bitinas et al. [12], have worked with agent-based simulations and their military applications, focusing on human factors in military combat and non-combat situations, respectively. Apart from these aforementioned articles, there is a recently published three-volume edition containing an extensive literature on VR and applications: The PSI handbook of virtual environment training and education: developments for the military and beyond [13]. The second volume of this text contains subjects such as ‘Mixed and augmented reality for training’, ‘Evaluating virtual environment component technologies’ and ‘Enhancing virtual environments to support training’. The aforementioned literature focuses mainly on simulating human factors and ergonomics, either in the production line or in military environments. However, the applications of VR human-centered simulations are not restricted to ergonomics. The aspect of Human-centered Design (HCD) that this article examines is the integration of renewable energy devices on the human vesture, and in particular the integration of PV technology on the uniform or equipment of the modern infantry soldier in terms of light capture efficiency. 
Simulation of solar light harvesting
Currently, the main focus of PV technology and its corresponding simulations has been on building and infrastructure applications. The very recent developments in the area of PV devices [14], [15], along with the introduction of thin films and flexible materials for light absorption [16], have attracted the focus of harvesting renewable energy to human-centered applications as well. The study of the performance of the so-called Product Integrated Photovoltaics (PIPV) [17] is twofold: firstly, to investigate the performance and electrical characteristics of the PV device itself; secondly, to study the effectiveness of light harvesting, which is also the main focus and aim of our work. The effectiveness of light harvesting depends on the interaction of the device with the environment, as well as on the type of integration of the PV technology on the product (e.g. attached on clothing, embroidered or woven onto the fabric). The environmental conditions would require the modeling of daylight and shading in a 3D authoring and simulation tool, whilst the integration guidelines would require simulated scenarios and results that would infer the most effective method of integration. 
Daylight and shading modeling
With regards to daylight modeling, there have been numerous studies on methods to maximize solar system outputs [18]. Furthermore, there are studies on the shading effect of the environment, which investigate the effects of random shading on PV energy production [19], [20]. Apart from research studies, there has been major development in the corresponding software industry, with very intelligent and complex packages developed for daylight simulations, including 3D Studio Max Design (3DSMD) by Autodesk, which is the software, utilized in this project. 3DSMD was chosen mainly because it comprises a toolset for animation and because it includes the feature of light analysis of a 3D scene, which is essential for a HCD project such as this. 3DSMD also offers extension capabilities through its embedded programming language, Maxscript. It can thus be used to semi-automate the procedures as described in the work of Paraskevopoulos and Tsekleves [21]. The results of the light analysis of 3DSMD have been validated by Reinhart et al [22] and Paraskevopoulos and Tsekleves [21] and the software has been used in a number of other studies regarding light harvesting for PV technology [17], [23]. Nevertheless, all of them have focused on simulations where the PIPV device was in a static position and none of these has used simulation to analyze the effects of movement on PIPV light harvesting. Furthermore, no previous work has offered any conclusions or guidelines on the design aspects of wearable PV devices in terms of the light capturing efficiency of mobile agents. 
Integration of PV technology on commercial products
Although the integration of PV technology on commercial products is not a new idea, the emergence of flexible and thin-film materials has extended the possibilities of integration into more products with a smaller scale factor, which can be portable. However, until recently and as stated by Mestre and Diehl [24], there have been no guidelines for the integration of PV technology on products in the context of either human comfort or efficiency of energy harvesting. The work of Reinders [25] examines in depth the options for PV systems and portable devices and presents their advantages and drawbacks. Among the drawbacks, one indicates the lack of PV technology penetration in our society and market. This is mainly due to limited knowledge of this technology by product designers and manufacturers, restricting in turn the extension of applications for this technology. The work presented in this article aims to fill in this gap by deploying design guidelines and a simulation platform on the integration of PV technology on military garments or equipment initially and commercial products in the future. As already mentioned in the introduction of this article, the use of VR simulations is a prerequisite for military applications, due to the hostile and extremely hazardous environment. Randall et al. [26] have integrated solar modules to use them as light sensors in order to collect physical measurements and not for the purposes of light analysis simulation. With regards to the design aspects of the integration of PV technology on clothing, Schubert and Werner [27] have presented an overview of flexible solar cell technologies applied on wearable renewable sources. This, however, focuses only on the material aspect of PV technology. In their paper, Schubert and Werner [27] reference Gemmer, who has performed experimental investigation on light harvesting under different daylight scenarios and has calculated energy yield for various user profiles. For example a ‘regular clerk’, an ‘outdoor construction worker’ and a ‘night shift nurse’. In the system we propose, these profiles can be very easily modeled (3D avatars and motion capture) and simulated (light analysis tool, 3DSMD) for all various light conditions (daylight system, 3DSMD) and encompassing environments (3D terrain models). The outcomes of such simulations would infer the design guidelines of the most efficient manner of integration of PV on clothing in terms of light harvest.
Methodology
The overall methodology adopted for this project is outlined in this section. The problem stated in the Introduction of this paper requires the employment of a virtual framework able to conduct a number of experiments and collect measurements, which are impossible to collect due to the hazardous nature of the real environment. The methodology that fulfils the development of such a virtual framework is Modelling and Simulation (M&S) [28]. The application of M&S presented in this article is aimed at applying an existing feature of a 3D authoring commercial software, 3D Studio Max Design (3DSMD), by extending its capabilities and applying it to simulation of daylight for sustainable energy applications of military interest. The lighting analysis system of 3DSMD will be employed in a virtual military environment framework. Nevertheless, before the development of the simulation platform, the software plugin is validated against real sunlight measurements in order to facilitate the accuracy required for the purposes and conditions of the project. Only after the accuracy provided proof of our concept we moved on with the design of the light sensors. These are offered in the design assets palette of the software and are attached on specific areas of the soldier’s uniform and equipment to assess the incorporation of PV technology.  The Block Diagram of Figure 1 illustrates the adopted methodology of the Solar Soldier project. 
Validation Study
As stated above, the initial step of the methodology is to validate the accuracy of the simulated daylight values against real daylight measurements on a virtual reality model that would match the actual circumstances. This took place at Brunel University campus, since light intensity data have collected for the site on a daily basis since October 2006 by the weather station of the SunnyBoy project conducted by Chowdhury et al. [29]. The next element towards the validation is the 3D model of the campus. Accurate models of this were available prior to the start of this study, which were utilized here. A more detailed presentation of the validation methodology can be found in the work of Paraskevopoulos and Tsekleves [30].  
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Fig. 1. Block diagram of the overall methodology
The light analysis platform
Moving on to the main purpose of this study, the simulation platform is assembled according to M&S methodology very similarly to the validation study that preceded; however engaging more complex set of models and daylight conditions.   The software consists of a light analysis plugin, which is the tool we extended to fulfill the requirements of our study.  The main purpose of the light analysis plugin of 3DSMD is for building light assessment and is mostly used by civil engineers. The aim of our study requires light analysis of non-static sensors attached on the soldier’s uniform and equipment. Therefore, by the aid of the software’s API we developed a script that would enable the light analysis of mobile sensors. Following is the assembly of the simulation platform. The platform consists of an animated human avatar, namely the UK infantry soldier, various terrain types and a virtual daylight system. Merging the assets together derive to a set of scenarios which are simulated under different daylight conditions. The daylight conditions vary in terms of times of the day, season and global location. The complete set of scenarios is illustrated in the tree of Figure 2. For the purposes of this project and as the VR simulations are performed for various global positions a database of irradiance values is required as an input for the VR daylight system. This data is available via the Photovoltaic Geographical Information System (PVGIS) [31]. PVGIS is an online system developed by the Joint Research centre for Energy and Renewable Energy Units. Another essential element of the simulation platform is the light sensors. These are designed and attached on the soldier, as demonstrated in Figure 3 in order to follow the motion directed on the soldier avatar by the animation clips. The set of areas examined is produced by trial simulations as well as suggestions and recommendations of the corresponding liaising expert of DSTL. 
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Fig. 2. Scenarios tree
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Fig. 3. Distribution of sensors. Front and Back view
The gathering of all assets facilitates the simulations from which the results are gathered in an organized fashion and automatically stored into spreadsheet format through the developed script. Those files infer the light harvest capabilities of each of the simulated scenarios and further processed into Matlab in the following steps will derive to the power assessment of each of the proposed areas of integration of PV technology.  An extended version of that study is available in the work of Paraskevopoulos and Tsekleves [30]. 
Power assessment and investigation of integration areas
The previous step of this project was aimed towards the analysis of light harvested on individual points on the uniform and equipment of an infantryman. Nevertheless, the requirements of the Solar Soldier project dictate an analysis of the power generation capabilities for the proposed PIPV system. Therefore a further analysis of the data from the previous section is required, in order to assess the power generation efficiency of each of the proposed areas. The extent of each area under investigation is defined as an entity by the variance it shows with the centre of each aforementioned area, on which the light sensor was attached for reasons of computational economy. In other words, the areas extend from the light sensor up to the point they show significant deviation. From that point and beyond, the area is taken as being another entity. Figure 4 depicts each of the proposed areas and their extent in cm2:  
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Fig. 4. Areas of integration
The light intensity data is imported into Matlab using the appropriate script. Then the units are converted appropriately and further analyzed to derive to the power generation assessment of each area. Therefore, hitherto the concept of sensor is replaced by the concept of integration area. Using the value of the area (in cm2) and the efficiency value (5%) of the prototype PV device developed for the Solar Soldier project by our corresponding project partners we are able to calculate and produce the average power graphs of each sensor (in watt) [32].
Results 
Each step of the methodology presented above produces massive sets of results and plots, with each set illustrating and inferring specific conclusions towards the final guidelines. The size of the chapter does not facilitate the presentation of each set of results in detail. Therefore only the key results that derive to the conclusions defined by the aims and objectives of the entire Solar Soldier project will be presented here. However readers who wish to find more information on the detailed results are encouraged to look at [21], [30] and [32]. 
Light intensity assessment
As the results of the validation study [21] showed very low discrepancy between the simulated and actual light intensity values for the outdoor conditions examined, we simulated the scenarios presented on Figure 4. These simulations will manifest the classification of the various areas on the uniform and equipment in the context of higher light intensity incidents on these areas. Engineers and designers can then, by using the data of this study, have a draft blueprint of how and where to incorporate the PV device on the soldier’s uniform and equipment. There are a total of 144 scenarios simulated with 8 sensors each. The stratification of areas according their light harvesting capabilities is allocated in Table 1 that follows:
Table 1. Classification of light harvesting capabilities of each candidate area of integration[30]
	
	Scene

	Location
	Forest Scene
	Military Base
	Urban Area

	                 Season:
	Jan/Apr/Jul/Oct
	Jan/Apr/Jul/Oct
	Jan/Apr/Jul/Oct

	Baghdad
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Middle
5. Shoulders Back
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Back 
5. Shoulders Middle
	1. Helmet
2. Shoulders Middle 
3. Forearms
4. Backpack
5. Shoulders Back

	Catterick Garrison
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Middle
5. Shoulders Back
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Back 
5. Shoulders Middle
	1. Helmet
2. Shoulders Middle 
3. Forearms
4. Backpack
5. Shoulders Back

	Pristina
	1. Helmet
2. Backpack
3. Forearms
4. Shoulders Middle
5. Shoulders Back
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Back 
5. Shoulders Middle
	1. Helmet
2. Shoulders Middle 
3. Forearms
4. Backpack
5. Shoulders Back



The table above indicates that the change in location or season does not affect the order in the classification immensely, although the divergence between two sensors is not constant. Hence, the classification of the sensor for each scene can be simplified to the following (Table 2):
              Table 2. Classification of light harvesting capabilities of integration areas [30]
	Scene
	Sensor Classification

	Forest Scene
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Middle
5. Shoulders Back

	Military Base
	1. Helmet
2. Forearms
3. Backpack
4. Shoulders Back
5. Shoulders Middle

	Urban Area
	1. Helmet
2. Shoulders Middle
3. Forearms
4. Backpack
5. Shoulders Back



This overall classification of the areas manifests the light harvesting capabilities of each area examined. Nevertheless, the extent of each area plays significant role in the power generation assessment. A larger area that is not very efficient might be able to provide more power due to its extent. Therefore, further analysis of the light intensity assessment is required as mentioned in the methodology. The results of the power generation assessment of each integration area that follows tackles this issue.  
 Power generation assessment
The elements that facilitate the calculations of power generation capacity for each area or integration, apart from the extent of this particular area and the light harvesting capabilities, is the efficiency of the PV device. As stated in the methodology, the efficiency of the flexible PIPV developed in the boundaries of Solar Soldier by our project partners is in the range of 5%. Therefore, the light intensity data produced by the results of the previous section appropriately process with the aforementioned setup derive to the power generation assessment of the proposed integration areas. The areas then are classified in a descending order in the context of the higher power yield. The results of this step can be used by engineers and PIPV designers as a draft blueprint of how and where to incorporate the PV devices on the infantry soldier according to each scenario. The average power values in W for each of the scenarios and for all areas are organized and presented in figures in [32]. These results were interpreted and the classification of the areas can be inferred by comparing the values of each season. Table 4 provides the overall classification in terms of power generation for the examined scenarios as well as the extent of each area in cm2:
Table 3. Classification of power generation capabilities of integration areas	
	Scene
	Area
Classification 

	Forest
	1. Backpack 
2. Helmet 
3. Forearms
4. Shoulder Mdl 
5. Shoulder Back 
	300cm2
314cm2
100cm2
70cm2
60cm2

	Military Base
	1. Helmet
2. Backpack
3. Forearms
4. Shoulder Middle
5. Shoulder Back

	Urban Area
	1. Helmet
2. Backpack
3. Forearms
4. Shoulder Middle
5. Shoulder Back


Discussion and Guidelines
As stated in the previous sections, the usability of the PV device proposed by the Solar Soldier project is examined by liaising and interacting with DSTL. This interaction derived to a preliminary set of guidelines for the integration of PV on the uniform or equipment. The feedback we received from DSTL enabled us to shortlist the potential areas where PIPV could be integrated and thus reduced the number of light sensors to use in our simulations. For instance, it was gathered that the chest and the back of the uniform areas would not constitute good candidate areas for installation of PIPVs as they are constantly occluded by the gun and hands holding it and by the backpack respectively. The second set of guidelines derived from the case studies of the three different environments presented above. The light analysis and the power generation assessment derived the results presented in Tables 2 and 3. Those results provide a draft guideline for designers and manufactures of wearable PV devices in military environments; especially for the positioning of such devices on the uniform and equipment of the infantry soldier for the examined areas. The light harvesting assessment is slightly different to the power generation assessment as the two differ in the extent of areas examined. For instance in the light harvesting assessment, the Helmet area came first in all scenarios indicating that it is the optimum area of integration. However, owing to the actual size of this area the power generation is not the optimum in all cases according to the power generation assessment but still a very efficient area.    This fact was apparent but yet not validated by any study so far. Moving on, we notice that the top of the backpack as well as the forearms as a set (right and left) qualify as important area candidates for integration even if they showed, in cases, poor light harvesting capabilities. Particularly, the backpack showed low light intensity in some scenarios but was proven to perform well in terms of power generation for the same scenarios. The rest areas qualify only as supplementary areas as they show poor performance and score low in most classifications. Combining the simulation data presented in this paper along with the feedback on the HCD ascertained from DSTL we can provide the following set of guidelines and recommendations with regards to the integration of PIPVs on the modern infantry soldier:
1. The best places on the soldier’s uniform in terms of ergonomics and power generation are the helmet followed by the backpack and forearms. These three positions will provide the PV system with constant exposure to solar radiation, which can be converted to energy even when the soldier is on the move.
2. It is recommended that the entire backpack is covered with PVs as, on one hand, more PV panels can be placed and thus more energy can be harvested at all times as the soldier can easily leave the backpack in the sun whilst resting. Although the helmet yields the highest amount of light its consistent supply of power to the solar harvesting system may be stopped in certain cases. In very warm environments of operations the soldier will seek shade under natural and man-made constructions such as trees and buildings and may even take off the helmet whilst resting. This necessitates further the need to place PVs on the backpack as it can be removed and placed under the sun.
3. Integrating PV directly into the uniform is not recommended as this is washed in extremely boiling hot water. As fabric and nano-material technology evolves it may be able to interweave the solar panel nano-material onto the uniform that will withstand extremely high temperatures. Until then it is recommended that the solar panels are attached onto Velcros so that the PV can be attached and detached. This would also enable the interchange of the PV positioning on the uniform according to the environment and location of operation.
Conclusion
[bookmark: _GoBack]Infantry soldiers today carry a lot of electronic equipment essential for the operations, which have high power consumption requirements. This forces them to carry, in dismounted operations, several heavy and bulky batteries, which increase dramatically their total equipment load and may affect their maneuverability. Renewable energy technology such as the incorporation of PVs can substitute batteries and relieve the soldier from the physical and cognitive load or carrying and replacing batteries. This study has proposed a virtual simulation framework that mimics closely the military environment for the purposes of investigating the integration of PIPV technology on the infantry soldier. By analyzing and measuring the effectiveness of light capture on various areas of the uniform and equipment of the virtual soldier. The examined case studies covered several basic military environments as well as the several potential areas of integration of the PV device after interacting with the army personnel. After performing numerous simulations, the resulting data were organized and presented in such a manner enabling the classification of the examined areas in order of power generation efficiency. The derived overall classification infers draft yet qualitative guidelines for any designer or practitioner of wearable military applications.
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