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Abstract

:

Outstanding properties and advanced functionalities of thermal–regulatory by origami-based architecture materials have been shown at various scales. However, in order to model and manage its programmable mechanical properties by Building Information Modelling (BIM) for use in a covering structure is not a simple task. The aim of this study was to model an element that forms a dynamic shell that prevents or allows the perpendicular incidence of the sun into the infrastructure. Parametric modelling of such complex structures was performed by Grasshopper and Rhinoceros 3D and were rendered by using the V-ray’s plugin. The elements followed the principles of origami to readjust its geometry considering the sun position, changing the shadow in real time depending on the momentary interest. The results of the project show that quadrangular was the most suitable Origami shape for façade elements. In addition, a BIM-based automated system capable of modifying façade elements considering the sun position was performed. The significance of this research relies on the first implementation and design of an Origami constructive element using BIM methodology, showing its viability and opening outstanding future research lines in terms of sustainability and energy efficiency.
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1. Introduction


Origami is the ancient art of paper folding and comes from Japanese cultural background: from ori meaning folding and kami meaning paper. It is a metamorphic art in which a piece of paper is transformed without the need to add or remove material. The geometries and volumes are obtained by means of folds and creases. Various practical applications in construction have taken place in the last few years despite the rich aesthetic history of this art [1,2]. Recent developments in computer science, number theory, and computational geometry [3,4] have led the way for powerful new techniques of analysis and design which nowadays extend beyond art. Space reduction in the folded versus unfolded position was found as an initial benefit [5]. However, when the effects of climate change were highlighted at the Paris Climate Conference in December 2015 [6,7] (melting poles, extreme weather events and rising sea levels), new challenges appeared. Moreover, an important increase of the greenhouse gas emissions was detected. This pointed out to an improvement of the global warming tendency.



The main aim of this study was to combine origami-based roofing elements with BIM methodology in order to allow considering the environmental conditions, such as sun radiation, throughout the infrastructure life span. The main research structure was focused on the origami-BIM design, analysing its modelling and programming viability. This paper establishes future research lines that could be oriented to energy simulation or economic estimations.



For the viability component design analysis, the research hosts the whole process of element creation, dealing with all possible design barriers such as interoperability, programming, or visualization. Initially, elements based on origami principles were modelled for use in a roof structure. This was a simulation of both the roof and the movable cladding used in the infrastructure. Various software from major developers were considered to create the BIM model, i.e., Revit or Dynamo from Autodesk, OpenBuildings De-signer or MicroStation from Bentley, and Grasshopper from Rhino for the animation of the elements have been considered. Other applications that were considered for additional functions were Synchro, Civil 3D, and Rhinoceros 3D. All of them require exhaustive research into the functions provided by each software in order to make best use of them. The simulation of the movement of the elements were carried out according to the project location and the season of the year, i.e., to favour the light passage in order to reduce heating and artificial lighting in its folded position or to reduce air-conditioning consumptions on its unfolded position. Therefore, careful consideration has been given to the selected origami technique and its integration into the environment for the studied application.



As a final result, the project sought to reach the main objectives:




	
A complete process of BIM-based Origami implementation. Considering Software and Origami possibilities or data interoperability with Origami techniques



	
A BIM-based automated system capable of modifying the geometry of façade elements based on the external sun trajectory








For this purpose, real applications of Origami techniques in the Architecture, Engineering, and Construction (AEC) sector, particularly on roofs and external façades, are shown in the first section of the paper, including a review of the published literature that has shown the advantages of BIM for energy management. Thereupon, a new BIM-based design method for external building elements is proposed given that multiple profits have been directly attributed to the use of BIM. Improvements of energy analysis or time reduction for the design of alternatives are examples of some possible benefits shown in previous published research. The Results section shows the BIM-based automated system with Origami techniques. This automates system was performed in this study on a generic building in order to implement the methodology. The conclusions show the outstanding possibilities and synergies of the use of these techniques simultaneously for future designers.




2. Overview


2.1. Origami on AEC Sector


The Architecture, Engineering, and Construction (AEC) sector must adapt to meet this challenge. In order to do so, new opportunities are opening through innovation, such as the use of Building Information Modelling (BIM) together with digitalisation and Internet of Things (IoT) [8,9,10], the use of metamaterials [11,12], and the use of programmable origami-based properties that allow mechanical unfolding. In this regard, the use of these singular elements is no longer only applied to achieve an impressive geometry in roof elements, mobility and automatization for energetic and functional purposes are also considered [13]. Therefore, the new design concepts tend to focus on adapting to the environmental climatic conditions and their changes, obtaining more competitive advantages. Energy efficiency becomes a key factor at the design phase. Wind and solar radiation are some examples of meteorological conditions that may rethink the projects to be designed and built in the following years. On the one hand, there are the high winds that carry sand from the desert. This causes a number of catastrophes in Arab countries, such as the covering of railway tracks, roads, or impact against building fronts. On the other hand, solar radiation can cause temperatures in buildings to rise up to alarming and sometimes unfeasible levels, e.g., curtain walls can reach temperatures of up to 80 °C, forcing to the use of indoor air cooling [14].



Therefore, this possibility represents a great opportunity to reduce CO2 emissions into the atmosphere. The use of façade elements that fold or unfold depending on the project location and the season of the year can reduce energy consumption as has been shown in previous published research [1,2,3]. Considering a folded position, an improvement of natural light usage instead of artificial lighting is possible. Moreover, half-folded or totally unfolded important heat transfer is reached allowing to decrease the use of air conditioning. There are examples of buildings with adaptable building façades in the world [15], or Origami implementations for shape optimization considering structural performance [16]. Figure 1 shows some of the most prominent applications in this field [17].



These projects were characterised by a dynamic adaptation of façade elements to external conditions. An example is the Kiefer technic Showroom built in 2007, with a fully automated façade control system. Each user has control over the façade element which affects only to the internal user space. Syddansk Universitet in Denmark holds a system that regulates the interior temperature according to the external climatic conditions. The One Ocean in South Korea uses natural materials that are susceptible to deformation depending on external conditions. Lastly, the Al Bahr Tower was built between 2009 and 2012 in Abu Dhabi, reaching 147 metres high. This building, due to its height and the important sun radiation along the day, was designed with intelligent façade based on origami techniques. This concept allows to each façade element to modify its geometry according to the sun position, reducing carbon dioxide emissions in the order of 1750 tonnes per year [18].



However, obtaining all information regarding temperature, humidity, ventilation, lighting, or even occupant behaviour is not so simple. There are discrepancies between simulation predictions and real energy use [19]. Designing efficient energy buildings with good indoor environment involves elements of expertise derived from multiple disciplines such as architects, civil, mechanical, and electrical engineers. Consequently, BIM is being increasingly used to design buildings. The integration of design and management in a single tool allows a faster and more flexible design process, enabling and easing the production of multiple alternatives that also consider the conservation and operation of the building, in both construction aspects and energy savings [20,21]. All the shapes and volumetric possibilities of the design are assessed to optimise energy efficiency. In addition, it is possible to link the as-built model to other types of activities, such as the facility management once the project has been completed. Consequently, the costs derived from these activities can also be optimised.




2.2. BIM and Energy Management


Energy cost or infrastructure energy consumption simulation are concepts being increasingly important currently. Sustainability has become a key factor in construction projects and it is widespread in AEC tools. The same occurs with BIM. BIM profits in already existing buildings are well-known. As-built management documentation [22], maintenance [23,24,25], quality control [26,27], parameter monitoring [22,23,24,28], emergency management [19], or space management [28,29] are examples of it. In addition to all the referred profits, energy management has also shown to be an attractive alternative. Commonly named as Building Energy Modelling (BEM), BIM-based management techniques have been applied to control, analyse, and manage energy [22,30,31,32,33].



Published research has shown the outstanding possibilities of BEM for the energetic simulation of infrastructure [34,35]. Those BEM techniques permit connecting BIM models with external databases which collect the main material properties, allowing a detailed energetic analysis [34]. Another main advantage attributed to BEM is data visualization. Through use of the BIM model, data visualization environment is provided in a user friendly graphical way. This allows an ease understanding data and information [36,37]. In this way, Jen and Vernatha [37] performed a complete energy simulator based on BEM, providing real time data through the infrastructure BIM model.



Heritage management, as one of the most important BIM research lines for the built environment [22], has also been extrapolated to energy management field. Technical data, consumption projections, historical consumptions or location information are essentials for infrastructure management. Alahmad et al. [38] proposed a combination of sensors and elements of the BIM model for the electrical system of the infrastructure. Other researchers such as Woo et al. [39] associated energy consumption with parameters such as temperature, humidity or occupation. Another field related with BEM is the one referred to data interoperability. There are multiple information databases hosting various material properties and its synchronization with each element of the BIM model is not a challenge and even more if the great variety software is considered.



As has been reviewed, a large number of published research applied BEM for infrastructure energy management. However, concepts as BIM and Origami applied in a single way for energy management purposes would be considered a novel topic for future research lines due to the lack of research in this regard.





3. Methodology


Although there are published research and applications either in the application of origami techniques in building or in the use of BIM, it is not common to find applications of the two concepts together. On the one hand, origami techniques allow the geometry of building elements to be modified. In this way, the behaviour of these elements will change according to external parameters such as humidity, temperature or wind, making it possible to reduce their impact on the infrastructure. On the other hand, the application of origami techniques in construction elements implies an important challenge in all project phases, such as design, construction or operation and maintenance. It is precisely this factor that justifies the use of BIM for the development and implementation of origami techniques in construction and building fields.



The basic information associated with the AEC sector must be known before modelling the element in BIM, according to the origami technique. First, a multi-criteria analysis of all the properties of the various alternatives must be carried out. In addition, their application to an adaptive building element of the infrastructure must be considered in order to determine which technique is most suitable for the project. Aspects such as the fit between geometric figures, construction requirements, slimness, wear of parts or behaviour of the cast shadow were considered. The element was then defined for modelling in BIM after selecting the origami technique to be implemented. This selection uses a multi-criteria analysis considering parameters such as geometry of the element, dimension, or material.



Subsequently, an adaptative element was added to the three-dimensional model of a generic building in order to simulate solar radiation by using specific software. As the project considers adapting the infrastructure model to the Origami element rather than the other way around, the modelling process began with the Origami constructive element. It started decomposing the element into simple geometric shapes. Then, the dimensions of the element were parameterised to affect its geometry considering the solar path phases. The element was then copied along to two of the four façades considered, obtaining 64 pieces. Finally, the solar trajectory was parameterised, affecting the opening and closing of the different adaptive construction components depending on the location of the building, its orientation and the relative position of the earth respect to the sun in each season of the year.



Figure 2 shows the methodology followed which main objective was the design and development of an adaptive construction element using origami techniques. This was placed on the outer surface of the building and can reply automatically according to the sun trajectory.




4. Development


4.1. Origami Properties and Multicriteria Analysis


There are many applications of origami techniques in the AEC sector as well as a variety of ways of implementation. For this reason, research of the different possible geometries to be applied had to be carried out, in order to select the most adequate for the main target. A multi-criteria analysis of the different options was created, according to the following properties: simplicity, aesthetics, rigidity, fit between elements, economics, functionality, minimum displacement, and material savings. The shapes considered were: pai-pai, umbrella, quadrangular dome, triangular, pentagonal, wheel, and cordillera. Once all of them had been defined, they were confronted in a matrix ready to be valued. Based on the literature and the team criteria, each property of each origami shape was valued from 0 to 1. Results are argued and revaluated during several evaluation rounds. The results are shown in Figure 3. The multi-criteria analysis shows quadrangular as the most viable geometric shape, obtaining a total score of 0.84 out of 1. However, the shapes triangle and mountain were only one hundredth of a point behind, with a score of 0.83 out of 1. Further behind were the geometric shapes pai pai and pentagon. Lastly, and with the lowest score, was Umbrella.



Therefore, the quadrangular shape was considered the most suitable for the project. It has high qualifications in all properties, especially aesthetics and the so-called FIT, which refers to the fit with respect to other shapes. In addition, it had already been used in the Al Bahr Towers project, given its alignment aspect, which refers to the alignment between its vertices.




4.2. Solution


Once the most viable geometric shape for implementation in this project was selected, the final solution was developed. Three key aspects needed to be detailed:




	
The definition of the construction element based on the selected shape.



	
The definition of the generic building.



	
The modelling of both the element and the building by using BIM.








4.2.1. Definition of the Origami Element


The properties of the selected geometrical option had to be defined for its implementation in BIM. In addition, constructive aspects such as the uprights and rails, needed to make the element fold according to origami principles, had to be considered.



One of the main concepts to be detailed was the geometry of the folded and unfolded position. As shown in Figure 4, the geometric shape bears resemblance of an x in the folded position, while the unfolded shape also resembles a + symbol. The central point of both was the vertex with the maximum height, so fewer lanes are required due to this feature.



Thus, the movement of the element will behave according to origami principles, allowing the creation of concave (+) and convex (x) folds as can be seen in Figure 4. These dynamic elements must be anchored to the structure, thus the distance between floors was considered as the main lateral dimension. Hence, each figure will have an affected area of about nine square metres in its unfolded state and the elements can be easily anchored. In addition, each horizontal row of the elements will cover one building floor. Like geometry, the material plays a fundamental role in the behaviour of the element. A lightweight material has been applied, which does not add too much overload to the building. This material is also resistant to adverse weather conditions, flame retardant and is not opaque when fully unfolded, i.e., it allows a minimum of natural light. There are two materials that meet these requirements: Teflon with fibreglass or silver carbon fibre [40]. Both materials can be suitable for covering the surface between the steel frames that form each triangular element, as shown in orange in Figure 4.




4.2.2. Definition of the Building


The objective was to model a generic building that can contain a façade based on the origami elements described above. To do so, a simple building design was sought, focusing on only two aspects: dimensions and orientation.



According to studies of actual applications of this type of façade, they tend to be more common in skyscrapers. Therefore, a building with an octahedral shape of 21 m on each side of the base and 48 m in height was proposed. This is equivalent to 16 floors in height with a distance between floors of three metres. It is important to note that the structure supporting the origami element must be three metres away from the internal face of the building. This is done to ease the circulation of air currents and to avoid heat accumulation, as well as to improve maintenance tasks.



One of the final objectives of the project was the development of an automated system that acts according to the solar path, whereby orientation is a key factor. This orientation varies according to the project location. As indicated above, the building had four façades, two of which will be shielded and two of which will be unshielded. If the building was located in the northern hemisphere of the earth, the best position of the edge between the two shielded façades was facing to the south. If the building was in the southern hemisphere, the edge should face to the north.



At the same time, the season of the year must be considered. As can be seen in Figure 5, in the summer, the sun rises over the horizon between east-northeast (ENE) and northeast (NE) and sets between west-northwest (WNW) and northwest (NW), which varies depending on the summer day. In spring and autumn, it rises between the near east-northeast (ENE) and east-southeast (ESE) directions and sets between west-northwest (WNW) and west-southwest (SW). Finally, the sun in winter rises between east-southeast (ESE) and southeast (SE) and sets between west-southwest (SW) and southwest (SW). It should be noted that the sun only rises in the east (E) and sets in the west (W) twice a year, called the vernal and autumnal equinoxes. The day of the year when the sun rises and sets closest to the north is called the summer solstice. The winter solstice occurs on the day of the year when the sun rises and sets closest to the south.



In this context, it was decided to place the building in the city of Madrid. Madrid is in the northern hemisphere with coordinates of 40°25′00″. By means of the logic previously described, it is established that the edge between the two shielded façades must be oriented to the South. Therefore, these two facades will face Southwest and Southeast.




4.2.3. BIM


Once both the infrastructure and the dynamic construction element had been defined, the next step was to apply BIM to carry out the simulation of the project. For this reason, a study of the various available software alternatives on the market (Autodesk, Bentley and Rhinoceros 3D) was previously analysed. The 3D geometries to be modelled were complex and had to be animated in order to represent the transition from folded to unfolded position. Another basic requirement was that any desired aspect could be easily modified once the model was finished. Among all the possible options, the software chosen was Rhinoceros 3D, with Grasshopper for the parametric modelling of both the origami element and the building, and V-ray for the project image rendering.



	
Origami element modelling






The aim was to parameterise the geometry. For this purpose, the software Grasshopper was used. Figure 6 shows the process followed. The BIM element to be modelled is considered as “IfcShadingDevice”, according to IFC Standards. The complete inheritance of it is “ifcRoot” > “IfcObjectDefinition” > “IfcProduct” > “IfcElement” > “IfcBuildingElement” and “IfcShadingDevice”.



The first step was to draw the plane that l contained the base of the piece, which is the initial square. A base of three metres by three metres was made, as detailed in the definition of the origami element. In addition, a repetition function was prepared in both the X and Y axis (both coinciding with the plane of the façade), so that when the whole piece was modelled, it was possible to repeat it.



Subsequently, three dynamic parameters were added. They were associated with an outer square (like the initial one) and an inner square rotated 90° with respect to the previous one, which can be identified as the “inner square”. The outer square is shown in green at point 2 in Figure 6, while the rhombus is shown in green at point 3 in Figure 6. Dimension aI was the distance from the centre of the squares to the vertex of the outer square. The distance “b” is the one between the centre of all squares and the vertices of the inner square. The distance between the XY plane and the furthest point of the XY plane is set as h. Once the three dynamic distances have been identified, the complete structure was created. To do this, the different points of the initial square, the outer square, the inner square and the height were joined together, as detailed in point 5 of Figure 6. Once all the points had been joined together, the surface is created that gives rise to the final origami figure. An example of how the parameterisation of this geometry works is shown in Figure 7, where the entire arrangement of points is modified according to a single value, the height h.



This fully parameterised origami element was replicated along the two fictitious façades. The origami elements were cloned along the X and Y axes. The elements of each façade created a panel in the XY plane. From this panel, a point of X and Y coordinates was created, which simulated the position of the sun. Depending on this point, the heights of the origami elements (4th point of Figure 6) vary between 0 and 1. In this way, the elements had different degrees of openness depending on this point, as it is detailed in Figure 7. The location of all the elements on the façade and the different degree of openness depending on the sun can be seen in Figure 8.



	
Generic building modelling






As indicated above, an octahedral geometry with only three parametric distances was chosen: the diagonal of the base square and the sides of the square. This enabled modifying the façade areas quickly and easily. A common distance between floors of three metres and a distance between columns of six metres were considered. The modelling was done with the same tool used for the origami element modelling, the Grasshopper software.



Finally, the rendering of the infrastructure was performed. For this step, interoperability between tools plays as critical factor. For this reason, the render was performed by using the V-ray plug-in developed by Rinhoceros. Renderings were made in different time periods, showing the real behaviour of the façade’s protective elements depending on the solar path.






5. Results


Considering the initial objectives, the research project achieved the results of the initial planning. The main objective was based on the successful application of BIM together with origami techniques. For this purpose, a study of the different possible techniques to be implemented and the real applications in the AEC sector were carried out. Subsequently, different geometries were studied to obtain the most suitable one according to a multi-criteria analysis. That showed the quadrangular as the most suitable origami shape.



A parameterisation of the origami façade element by means of BIM was performed. The use of Grasshopper software was chosen for the application of this methodology. A generic building with an octahedral shape was modelled. The base of the infrastructure was a square that could be parameterised in all its dimensions. The location of the infrastructure was assumed to be in Madrid in order to consider the solar path. Two of the four façades were designed to be covered, with the south-facing edge being the one chosen between the shielded façades. This origami element was dynamic and protected these facades by varying its geometry according to the theoretical position of the sun. The modification of its geometry was based on the application of origami techniques and its parameterisation by using BIM.



A BIM-based automated system capable of modifying the geometry of Origami façade elements based on the sun trajectory is the main result showed in Figure 9. Nevertheless, the process of Origami-BIM element can be considered as a significant result. The methodology followed in the project can be of interest and a useful tool for designers in order to consider the possibilities or Origami shapes and the use of software.



The scope of this study provides a great basis for the development of future studies, with sustainability and energy efficiency being their major objectives. The synthesis of BIM and origami techniques represents a breakthrough in the development of the sector, the technical feasibility of which was demonstrated by the project outcomes.




6. Conclusions


This study proposed a methodology for the design and management of the operation of a modular and adaptive façade for highly glassed buildings. The proposed modules were deployable and were inspired by the origami technique. This methodology combined BIM with the generation of the mobility of the modules based on the environmental conditions of lighting and temperature. These conditions were set in real time by the location and the season of the year under evaluation.



Façades are the first line of defence against environmental conditions. This study uses a dynamic envelope that prevents or allows the sun to shine into the building. Their use would provide significant savings in energy consumption and reductions in carbon emissions, as well as increases interior visual comfort (i.e., interior lighting levels). Therefore, the initial investment in the installation of adaptive façades would be balanced by these energy savings. In addition, it is very important that such elements follow the origami philosophy in order to change its properties in real time. This means adjusting their position and size according to the momentary interest, allowing or blocking the light flow.



Applying BIM to the design of the origami elements with conventional software had several drawbacks. When an element was modelled, its dimensions, position, or shape are usually static and invariable. However, a parametric design was needed to modify its parameters integrally. For this purpose, commercial parametric design software such as Grasshopper was used. This is an add-on to the Rhinoceros 3D CAD program that allowed the development of complex parametric designs from generator components. In addition, it also included the V-ray tool for obtaining high quality renderings. Therefore, BIM may be incorporated into projects that follow the principles of origami, improving their sustainability and habitability.



In conclusion, the novelty of this project resides on the combination of BIM and Origami techniques in a single way. The origami technique most suitable geometry selection is reported as well as origami implementation, parametrization of origami element, BIM sun trajectory implementation, or Origami BIM element variation according to the sun trajectory. With these results, future investigation lines were opened, i.e., detailed mechanism for folding or unfolding origami elements, construction details of each origami element, or BIM-based operating system for manual operation of BIM elements.







Author Contributions


Conceptualization, M.G.A.; Data curation, Á.M.B.; Formal analysis, R.M.P., A.A.A.Á., M.G.A. and J.M.A.T.; Investigation, R.M.P., Á.M.B., J.J.C., J.M.A.T. and J.R.T.; Methodology, R.M.P., Á.M.B., J.J.C., M.G.A., J.M.A.T. and J.R.T.; Resources, M.G.A.; Software, R.M.P., J.J.C. and J.R.T.; Supervision, Á.M.B. and A.A.A.Á.; Validation, J.J.C.; Visualization, R.M.P. and M.G.A.; Writing—original draft, R.M.P., Á.M.B., A.A.A.Á. and M.G.A.; Writing—review & editing, J.J.C. and M.G.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors gratefully acknowledge the financial support provided by the Ministry of Economy, Industry and Competitiveness of Spain by means of the Research Fund Project PID2019-108978RB-C31. They also offer their gratitude to Calle 30 for supporting the Enterprise University Chair Calle30-UPM.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Arzu Gönenç, S.; Ichiro, H.; Semra, S. Origamics in architecture: A medium of inquiry for design in architecture. Metu JFA 2009, 2, 235–247. [Google Scholar] [CrossRef]

	



Megahed, N.A. Origami Folding and its Potential for Architecture Students. Des. J. 2017, 20, 279–297. [Google Scholar] [CrossRef]

	



Turner, N.; Goodwine, B.; Sen, M. A review of origami applications in mechanical engineering. Proc. Inst. Mech. Eng. C J. Mech. Eng. Sci. 2015, 230, 2345–2362. [Google Scholar] [CrossRef]

	



Brunck, V.; Lechenault, F.; Reid, A.; Adda-Bedia, M. Elastic theory of origami-basedmeta materials. Phys. Rev. E 2016, 93, 033005. [Google Scholar] [CrossRef]

	



Buri, H.; Weinand, Y. ORIGAMI—Folded plate structures, Architecture. In Proceedings of the 10th World Conference on Timber Engineering, Miyazaki, Japan, 2–5 June 2008. [Google Scholar]

	



Lee, T.M.; Markowitz, E.; Howe, P.; Ko, C.-Y.; Leiserowitz, A.A. Predictors of public climate change awareness and risk perception around the world. Nat. Clim. Chang. 2015, 5, 1014–1020. [Google Scholar] [CrossRef]

	



Sergeeva, N.; Lindkvist, C. Narratives of Innovation That Address Climate Change Agenda in the Construction Sector; Taylor & Francis: London, UK, 2019. [Google Scholar]

	



Bazán, Á.M.; Alberti, M.G.; Álvarez, A.A.; Trigueros, J.A. New Perspectives for BIM Usage in Transportation Infrastructure Projects. Appl. Sci. 2020, 10, 7072. [Google Scholar] [CrossRef]

	



Pavón, R.M.; Alvarez, A.A.A.; Alberti, M.G. BIM-Based Educational and Facility Management of Large University Venues. Appl. Sci. 2020, 10, 7976. [Google Scholar] [CrossRef]

	



Dave, B.; Buda, A.; Nurminen, A.; Främling, K. A framework for integrating BIM and IoT through open standards. Autom. Constr. 2018, 95, 35–45. [Google Scholar] [CrossRef]

	



Lyu, S.; Qin, B.; Deng, H.; Ding, X. Origami-based cellular mechanical metamaterials with tunable Poisson’s ratio: Construction and analysis. Int. J. Mech. Sci. 2021, 212, 106791. [Google Scholar] [CrossRef]

	



Schenk, M.; Guest, S.D. Geometry of Miura-folded metamaterials. Proc. Natl. Acad. Sci. USA 2013, 110, 3276–3281. [Google Scholar] [CrossRef]

	



Silverberg, J.L.; Na, J.; Arthur, A.E.; Liu, B.; Hull, T.C.; Santangelo, C.D.; Lang, R.J.; Hayward, R.C.; Cohen, I. Origami structures with a critical transition to bistability arising from hidden degrees of freedom. Nat. Mater. 2015, 14, 389–393. [Google Scholar] [CrossRef] [PubMed]

	



Richman, R.; Pressnail, K. A more sustainable curtain wall system: Analytical modeling of the solar dynamic buffer zone (SDBZ) curtain wall. Build. Environ. 2009, 44, 1–10. [Google Scholar] [CrossRef]

	



Ibrahim, J.A.; Alibaba, H.Z. Kinetic Facade as a Tool for Energy Efficiency. Int. J. Eng. Res. Rev. 2019, 7, 1–7. [Google Scholar]

	



Quaglia, C.; Yu, N.; Thrall, A.P.; Paolucci, S. Balancing energy efficiency and structural performance through multi-objective shape optimization: Case study of a rapidly deployable origami-inspired shelter. Energy Build. 2014, 82, 733–745. [Google Scholar] [CrossRef]

	



Reinoso Tellaeche, J. Técnica Origami en la metodología BIM para proyecto de Ingeniería Civil. Master’s Thesis, Universidad Politécnica de Madrid, Madrid, Spain, 2021. [Google Scholar]

	



Ayçam, İ.; Beyhan, F. Performative architecture: A holistic approach for sustainability. In Lecture Notes in Civil Engineering; Springer: Berlin/Heidelberg, Germany, 2018; Volume 6, pp. 282–295. [Google Scholar]

	



Ahn, K.-U.; Kim, D.-W.; Park, C.-S.; de Wilde, P. Predictability of occupant presence and performance gap in building energy simulation. Appl. Energy 2017, 208, 1639–1652. [Google Scholar] [CrossRef]

	



Pavón, R.; Alberti, M.; Álvarez, A.; Carrasco, I.D.R.C. Use of BIM-FM to Transform Large Conventional Public Buildings into Efficient and Smart Sustainable Buildings. Energies 2021, 14, 3127. [Google Scholar] [CrossRef]

	



Liu, Y.L.; Zhang, W.H.; Dong, P. Research on the Construction of Smart Campus Based on the Internet of Things and Cloud Computing. Appl. Mech. Mater. 2014, 543–547, 3213–3217. [Google Scholar] [CrossRef]

	



Wang, X. BIM Handbook: A guide to Building Information Modeling for owners, managers, designers, engineers and contractors. Constr. Econ. Build. 2012, 12, 101–102. [Google Scholar] [CrossRef]

	



Becerik-Gerber, B.; Jazizadeh, F.; Li, N.; Calis, G. Application Areas and Data Requirements for BIM-Enabled Facilities Management. J. Constr. Eng. Manag. 2012, 138, 431–442. [Google Scholar] [CrossRef]

	



Arayici, Y. Towards building information modelling for existing structures. Struct. Surv. 2008, 26, 210–222. [Google Scholar] [CrossRef]

	



Singh, V.; Gu, N.; Wang, X. A theoretical framework of a BIM-based multi-disciplinary collaboration platform. Autom. Constr. 2011, 20, 134–144. [Google Scholar] [CrossRef]

	



Boukamp, F.; Akinci, B. Automated processing of construction specifications to support inspection and quality control. Autom. Constr. 2007, 17, 90–106. [Google Scholar] [CrossRef]

	



Akinci, B.; Boukamp, F.; Gordon, C.; Huber, D.; Lyons, C.; Park, K. A formalism for utilization of sensor systems and integrated project models for active construction quality control. Autom. Constr. 2006, 15, 124–138. [Google Scholar] [CrossRef]

	



Pavón, R.; Alvarez, A.; Alberti, M.G. Possibilities of BIM-FM for the Management of COVID in Public Buildings. Sustainability 2020, 12, 9974. [Google Scholar] [CrossRef]

	



Pavón, R.M.; Arcos, A.A.; Alberti, M.G. Building Information Modeling for university Facility Management. In Proceedings of the 6th International Conference on Technological Innovation in Building, Madrid, Spain, 25 March 2021. [Google Scholar]

	



Cho, Y.; Alaskar, S.; Bode, T.A. BIM-Integrated Sustainable Material and Renewable Energy Simulation. In Proceedings of the Construction Research Congress 2010, Banff, AL, Canada, 8–10 May 2010; pp. 288–297. [Google Scholar] [CrossRef]

	



Moon, H.; Choi, M. Mapping and data transfer from gbXML to a building energy analysis model (energyplus). In Proceedings of the International Conference SASBE, Sao Paualo, Brasil, 28–30 June 2012; pp. 431–437. [Google Scholar]

	



Bazjanac, V. IFC BIM-Based Methodology for Semi-Automated Building Energy Performance Simulation. In Proceedings of the CIB-W78 25th International Conference on Information Technology in Construction, Santiago, Chile, 15–17 July 2018. [Google Scholar]

	



Welle, B.; Haymaker, J.; Rogers, Z. Thermal Opt: A methodology for automated BIM-based multidisciplinary thermal simulation for use in optimization environments. Build. Simul. 2011, 4, 293–313. [Google Scholar] [CrossRef]

	



Ramaji, I.; Messner, J.; Leicht, R.M. Leveraging Building Information Models in IFC to perform energy analysis in Openstudio. In Proceedings of the ASHRAE and IBPSA-USA SimBuild 2016 Building Performance Modeling Conference, Salt Lake City, UT, USA, 8–12 August 2016; pp. 251–258. [Google Scholar]

	



Somboonwit, N.; Boontore, A.; Rugwongwan, Y. Obstacles to the Automation of Building Performance Simulation: Adaptive Building Integrated Photovoltaic (BIPV) design. Environ. Proc. J. 2017, 2, 343–354. [Google Scholar] [CrossRef]

	



Samuel, E.I.; Joseph-Akwara, E.; Richard, A. Assessment of energy utilization and leakages in buildings with building information model energy. Front. Arch. Res. 2017, 6, 29–41. [Google Scholar] [CrossRef]

	



Tu, K.; Vernatha, D. Application of Building Information Modeling in energy management of individual departments occupying university facilities. Int. J. Archit. Environ. Eng. 2016, 10, 225–231. [Google Scholar]

	



Alahmad, M.; Nader, W.; Neal, J.; Shi, J.; Berryman, C.; Cho, Y.; Lau, S.-K.; Li, H.; Schwer, A.; Shen, Z.; et al. Real time power monitoring & integration with BIM. In Proceedings of the IECON 2010—36th Annual Conference on IEEE Industrial Electronics Society, Glendale, AZ, USA, 7–10 November 2010. [Google Scholar]

	



Woo, J.-H.; Diggelman, C.; Abushakra, B. BIM-based energy monitoring with XML parsing engine. In Proceedings of the 28th International Symposium on Automation and Robotics in Construction (ISARC 2011), Seoul, Korea, 29 June–2 July 2011; pp. 544–545. [Google Scholar]

	



Das, T.K.; Ghosh, P.; Das, N.C. Preparation, development, outcomes, and application versatility of carbon fiber-based polymer composites: A review. Adv. Compos. Hybrid Mater. 2019, 2, 214–233. [Google Scholar] [CrossRef]








[image: Applsci 12 01496 g001 550] 





Figure 1. Origami applications on the AEC sector. 
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Figure 2. Graphical methodology outline. 
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Figure 3. Comparison of origami shapes. 
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Figure 4. Geometric properties dynamic element. 






Figure 4. Geometric properties dynamic element.
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Figure 5. Solar path by season. 
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Figure 6. BIM origami element modelling. 
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Figure 7. Parameterization of origami figure by height. 
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Figure 8. Protected Facade creation. 
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Figure 9. Façade behaviour according to solar path. 
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