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In the context of dense urban environments and climate change, pedestrians’ thermal experience plays an increasingly significant role in people’s health and well-being. In this research, the authors combine the fields of architecture, climate-responsive design, and robotic fabrication with the goal of investigating strategies to improve outdoor thermal comfort for pedestrians in cities with frequent extreme heat events. Based on a case study in the city of Munich, this paper presents findings into the technological approaches and methods for location-specific climate-resilient brick facades using robotic assembly. To achieve this goal, different bricklaying patterns were investigated to create a self-shading effect and thus reduce solar radiation and ultimately achieve an improved thermal condition for pedestrians moving along urban facades at street level. Using computer-aided microclimate simulation, generic self-shading brick pattern designs were tailored to highly location-specific microclimate requirements. Robotic assembly technology was used to produce such tailored, non-standard brickwork facades. The results of this research led to a data-informed design process with a demonstrator object being realized at 1:1 scale with a height of 2 m and a length of 3 m using a collaborative robot on site. Thermal measurements on the built demonstrator provided indications of reduced surface temperatures despite high solar radiation and thus validated the location-specific self-shading effects according to solar radiation simulation.
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1 INTRODUCTION
A supremely comfortable urban space can benefit cities in many ways, including encouraging cycling and walking, attracting more people to city comfort zones, increasing the well-being and health of city pedestrians, and being used for commercial and tourist attractions to make regions both climate resilient and economically beneficial (Chokhachian et al., 2020). As an example, the city of Copenhagen uses and documents clear standards for enhancing the quality of life and human well-being in its architecture policy (Architecture Policy for Copenhagen 2017-2025, 2017), thereby promoting the idea of the “city on a human scale” that emphasizes the importance to focus on the eye level at which people sensually experience urban environments. One of the measures to define urban well-being and health is the amount of thermal stress for pedestrians, in which comfortable outdoor thermal conditions are directly related to people’s positive perception of outdoor areas (Antonini et al., 2020; Peng et al., 2021); in temperate climates, the main focus is thus on reducing heat stress during hot summer periods (Rahman et al., 2022). In this context, the increasing occurrence of extreme weather conditions in temperate climates caused by climate change is the reason that exposure to heat stress has become a rising problem for pedestrians in cities (Guide to Climate Change Adaptation in Cities, 2011). In addition, according to the latest forecasts by the World Meteorological Organization, the frequency of such extreme weather events will continue to become more frequent (World Meteorological Organization, 2021).
The challenge of providing comfort to pedestrians in cities can be solved primarily through architecture and urban development. One of the main architectural strategies in temperate climates to decrease heat stress inside cities is to increase the vegetation cover, for example along sidewalks. This has been proven to improve human comfort levels and encourages people to actively use public space (Santamouris, 2014; Negev et al., 2020). In dense urban areas where greenery cannot be increased, other active and passive cooling options can be considered as mitigation strategies; one passive cooling option is to shade building structures or to create surfaces with minimized exposure to solar radiation (Young et al., 2021)—creating cool surfaces to act as cold spots to give citizens comfort outdoor opportunities to recover from increasing heat stress (Klemm et al., 2015). While such options build on the preliminary understanding of local microclimate conditions around buildings (Lenzholzer et al., 2018; Roesler and Kobi, 2018), the potentials and methods for designing spatiotemporal variations of microenvironments for outdoor and public spaces are not yet sufficiently understood (Lau et al., 2022). Moreover, there is a lack of technologies that allow to design, evaluate, and eventually realize highly customized solutions, individually tailored to specific geolocations and microclimatic requirements.
This research thus explores the topic of improving the microclimate in densely populated urban areas in temperate climate zones and tests the proposed strategy with a case study in the city of Munich. By particularly addressing the human thermal exchange with its surrounding surfaces, it investigates location-specific strategies to reduce surface temperatures of building facades, and thereby reduce the radiated heat on people. As such, it explores whether customized self-shading effects on the external facades of buildings tailored to the local situation can reduce exposure to solar radiation and thus decrease solar absorption and heat storage of the surfaces (see Figure 1). More specifically, the investigations focus on an interdisciplinary computational design and robotic brick assembly concept, which has been applied and validated in a real-scale demonstrator object—a south-west-oriented exposed brickwork facade in Munich’s Kreativquartier realized as part of a summer school with students from the Technical University of Munich in August 2020 (see Figure 2).
[image: Figure 1]FIGURE 1 | Flat surfaces of urban walls that are directly exposed to the sun tend to radiate heat and thus create heat stress for city dwellers. Decreasing the exposure of such facades to solar radiation, e.g., through self-shading effects, can help reduce the heat and thus improve the ambient climate for residents.
[image: Figure 2]FIGURE 2 | Close-up of the self-shading effect of the robotically fabricated facade, shot on 7 August 2020, 13:02.
The paper is organized as follows: Section 2 explores the architectural context and motivation for this research. Section 3 provides an overview of the more recent research in this field and goes into detail on the individual research subjects. The concept and methodology are outlined in Section 4. In Section 5, the results are presented in a case study to illustrate the practical relevance and implementation of the proposed methods. Finally, the results and conclusion of this research are discussed in Section 6.
2 ARCHITECTURAL CONTEXT
Qualities of cities in the outdoor pedestrian zones have played an important role since ancient times. Vitruvius already addressed the role of public areas in De Architectura, considered as the “heart of any city plan” to invite residents to linger and recover (Moughtin and Mertens, 2003; Leggero, 2018). For example, the city of Pompeii as well as Florentine architecture still show historical precedents of elaborately integrated benches incorporated into building facades. Their purpose is not to serve as architectural decoration, but engaging the citizens to communicate and actively interact with the outdoor space (Elet, 2002), vividly demonstrated with the design of the Palazzo Rucellai in Florence, one of the first Renaissance facades in Florence that, next to a tailored and highly differentiated façade design, included an integrated bench (c.1455, Leon Battista Alberti, see Figure 3).
[image: Figure 3]FIGURE 3 | The exterior of a building envelope can fulfill various functions, as shown by the integrated bench providing a resting place for passers-by at the Palazzo Rucellai designed by Leon Battista Alberti (15th century) (Alberti, n.d.).
The range of uses of integrated functions in facade design to influence the outdoor space varies depending on the time and place, alternating between representation of power and social control, or simply as a contribution to urban life (Hartnett, 2008). During the Industrial Revolution in the beginning of the 19th century, the notion of urban space changed and lost its initial importance. Technological inventions such as the automobile intensified the trend of outdoor space towards pedestrian-free areas with low amount of comfortable walkable zones. The increase of fast rebuilding after the first and second World War led to further urban densification with disappearing urban recovery spaces for residents (Ascher, 1960) and is still evident until today (Laakkonen, 2020).
This trend from vivid to lifeless urban areas causes dullness, and demands urban stimulation. In the urban context, this stimulation particularly happens due to the unguided and freely circulating, interacting people, whose gathering areas are primarily directed by architecture and urban planning (Gehl, 2011; Church et al., 2012). Based on studies on the demand-driven planning and use of urban spaces with the involvement of citizens, globally active organizations such as the “Gehl Institute” or the “WHO” highlight the need to provide comfort strategies such as shading opportunities on hot summer days for the active use of urban space and recommend the early inclusion of local climate conditions in urban planning to enliven urban life (Gehl and Svarre, 2013; World Health Organization, 2017; Gardner et al., 2018).
3 STATE OF THE ART
3.1 The Role of Facade Design on Urban Microclimate
Building envelopes designed to reduce energy consumption for heating as well as cooling are well researched in building design (Tarabieh et al., 2017; Tarabieh et al., 2018; Abdelmohsen et al., 2019). Since the 1980s, energy regulations have pushed research and innovation of building envelopes towards better U-values especially in northern and central Europe, (Wernery et al., 2017), primarily to improve indoor comfort conditions and reduce heating demands. In the last decade, awareness of the impact of building envelopes on outdoor comfort, i.e., the urban microclimate, has grown and its impacts have been studied particularly in the context of climate change and Urban Heat Islands (UHI) (O’Malley et al., 2014; Ningrum, 2018).
In dense urban environments, the absorbed solar radiation is stored and reradiated by urban structures, resulting in decreased comfort conditions and increased energy consumption in summer (Rizwan et al., 2008). Studies show that brick facades with low reflectivity in comparison with heavily insulated envelopes can decrease extreme heat stress for pedestrians by 26% during a hot summer day (Chokhachian et al., 2017). Further research addresses the cooling effects of street level zones by evaporation of brick building envelopes. Molter and Chokhachian proof significant cooling effects for pedestrians in hot urban environments by evaporation cooling of watered brick walls (Molter and Chokhachian, 2021). Han et al. (Han et al., 2017) investigate the effect of two passive cooling systems, water-retaining bricks on roof and radiation shield on roof, concluding that the maximum cooling capability can be achieved through water-retaining bricks on the roof. Another study explores the effects of a moist void-brick wall as a passive microclimatic converter. The results indicate a daily average of 5°C lower surface temperature of the wall compared to the temperature of the ambient air (He and Liu, 2012). Based on these previous research, other authors consider the potentials of geometric configuration with the evaporative cooling potential of brick elements (Molter and Chokhachian, 2021). The results show a relationship between self-shading geometric configuration of the walls and the surface temperatures of the building envelopes. Furthermore, the geometry of the pattern design has a strong impact on thermal performance of the brick facades since the façade surface temperature significantly decreased. This indirect effect on outdoor spaces has a positive effect on the Mean Radiant Temperature (MRT) on a local scale. The MRT describes a measure of an average temperature surrounding a point or mostly a human body with which it will exchange thermal radiation. In terms of solar exposure, the results show the lowest values of solar absorption for the extruded configuration (Molter and Chokhachian, 2021). These assumptions mostly refer to studies on repetitive and regular brick bond patterns, such as the Flemish bond. Yet, there is little research on thermal effects of brick configurations on the process of integrating microclimate simulation into a computational design environment for a site-specific on-site robotic assembly. The proposed research investigates in a demonstrator object that serves to validate the thermal simulations with substantial data of the thermal behavior.
3.2 Robotic Brick Assembly for Bespoke Designs
The use of robots in the Architecture, Engineering and Construction (AEC) sector has demonstrated the potentials in the production of non-standard designs, offering the opportunity to go beyond the mere technical aspects of construction (Gramazio et al., 2013; Dörfler et al., 2019; Han et al., 2021). Within this context, approaches such as bricklaying robots, concrete printing robots, or timber manufacturing robots, aim to both expand the possibilities of traditional construction methods with the aim to increase productivity and customization, reduce material, costs, and construction time, and minimize risks (Blanco et al., 2020), but further, to form the basis for integrative design and construction approaches in the creation of novel architecture (Craney and Adel, n.d.). By using standardized building components and aligning them spatially within a certain assembly logic, bricklaying robots are one of the most promising developments for both off-site and on-site digital fabrication (Chea et al., 2020; Ambrosino et al., 2021). While custom developed in-situ bricklaying robots such as Hadrian X (Fastbrick Robotics, 2020) and Sam (Bock, 2007) explore the automation of standard brickwork directly on building sites (Shen and He, 2021), robotic bricklaying strategies using industrial robots such as developed by Gramazio Kohler Research have enabled entirely new digital design-to-fabrication workflows for the production of bespoke and non-standard undulated brick structures both in prefabrication (Bonwetsch et al., 2006; Gramazio and Kohler, 2008), as well as for the production of bespoke, non-standard brickwork with mobile robots on site (Dörfler et al., 2016). However, besides its great potential, in situ bricklaying using bricks and mortar using robotic technology directly on construction sites is not yet adopted at scale today. This is partially because traditional construction methods have evolved around human skills and competencies, still posing significant challenges for the automation process (Elhouar et al., 2019; Mitterberger et al., 2020). For the other part, construction sites themselves, which are characterized as poorly structured and dynamic, and inherently subject to change, pose substantial challenges to robot deployment. One possible way to meet this challenge is to use different actors, both humans and robots, to perform heterogeneous tasks in coordinated manner (Angleraud et al., 2021). Therefore, we propose a novel fabrication approach utilizing a collaborative workflow between humans and robots to perform the cooperative task of bespoke bricklaying with mortar on-site. As such, the potential of robotic fabrication technology can be substantially utilized for realizing site-specific and bespoke climate-resilient building structures as proposed by this research directly on site (Chea et al., 2020).
4 MATERIAL AND METHOD
This paper discusses an on-site solution for a brick wall size of 3 m by 2 m, concentrating on the human relevant space up to 2-m height, since solar radiation in the space above contributes less to the human thermal perception. Regardless to the human needs, microclimate affects the entire façade and potentially provides further beneficial knowledge to unlock climate-resilient properties on different levels.
The interdisciplinary research presented in this paper applies an experimental and qualitative case study methodology. In this case study, the authors 1) investigated architectural design principles for self-shading brick facades, 2) developed a computational design tool to explore site-specific solutions and optimize the self-shading effect for georeferenced locations using microclimate simulation, 3) developed and explored a collaborative robotic fabrication workflow for bespoke in situ brick and mortar construction, and 4) validated the proposed methods by producing a 1:1 scale demonstrator object in the Kreativquartier in the city of Munich. This demonstrator object allowed the authors to verify whether integrating architecture, computational climate-resilient design and robotic fabrication can unlock the climate-resilient properties of bricks in building facades.
4.1 Material System
Since the designs strategy for this research focused on a solid brick wall for pedestrian street level zones, the authors used a solid brick provided by the brick manufacturer “LeipfingerBader Ziegelwerke” with a standard size of 11.5 × 24 × 5.2 cm, a raw density of 2.0 kg/dm³, and a thermal conductivity of λ = 0.96 W/mK. The chosen red brick color represents a brick type in common use for architectural brick facades. A conventional cement masonry mortar (Maxit mur 920) supported the horizontal mortar joint of the individually placed bricks.
4.2 Design Principles
The entire façade design is based on a regular rat-trap bonded brickwork, a rectangular compound that creates an internal cavity, bridged by two rowlocks, a shiner, and a back brick. The cavity of this the brick compound supports the reduction of heat transmission for solar exposed exterior walls (Marunmale and Attar, 2014). Architect Sir Laurie Baker first introduced this type of building component 1970 in India as an alternative to the conventional Flemish brick masonry to considerably decrease construction cost, time, and labor. In total, this system saves 30–50% of mortar and 20–35% of used bricks while keeping the same wall thickness, compared to conventional Flemish brick masonry (Ullah et al., 2018).
To create the self-shading effect on the proposed rat-trap bond, each compound is stacked with a half shiner length offset to interlock, in which the shiner is capable of changing position by two interacting transformation parameters, rotation and translation. In order not to compromise the general structural behavior of the bond, the two rowlocks and the back brick always remain fixed (see Figure 4).
[image: Figure 4]FIGURE 4 | While the side headers, the rowlocks and the back brick of the rat-trap bonded brickwork remain fixed, two parameters of the front brick, shiner—rotation and translation—can be modulated to create a self-shading effect and thus reduce the exposure of the entire surface to solar radiation.
4.3 Microclimatic Simulation
Climatic conditions are in general extremely localized and they required simulation methods to completely represent the thermal sensation of a person (Lau et al., 2019). Hence, the integration of environmental modeling workflows in the computational design model supports the decision-making process at a very early design stage. In this study, a custom workflow is generated based on solar exposure of the brick elements and their effect on emitted radiation from the surface. The design studies performed are the result of surface temperature simulations with Ladybug Tools, a software to visualize and analyze weather data in the software Rhino/Grasshopper, provided with detailed climate data for the specific location in Munich using an EnergyPlus Weather File (EPW). The simulations are restricted to the highest solar radiation potential, selected between first of June and 31st of August, daily within the time-period of 11:00 a.m. to 4:00 p.m. with a southwestern exposure (Figure 5).
[image: Figure 5]FIGURE 5 | Accumulated sun path simulation in Ladybug for the south-west oriented façade between first of June and 31st of August within the time-period of 11.00 a.m. to 4.00 p.m.
A south-west oriented regular flat rat-trap bonded brick façade serves as geometrical input. This original flat front surface of the bond is, as any other flat surface, directly exposed to the Sun. On hot days, this direct exposure radiates extreme heat that causes heat stress on passing pedestrians. By simulating solar radiation on to the façade, the surface temperature within its ambient conditions is mapped by a color code for each brick. The color value of each individual brick defines the transformation of the shiner within the predefined parameters of translation and rotation, consequently reducing the surface area exposed to the sunlight rays. An integrated bench in the wall underneath a tree serves as an architectural element for lingering contributing to the outdoor thermal comfort to ensure comfortable sitting; the backrest behind the bench thus remains unaffected by any transformation parameters. Nevertheless, this area leads to a high level of absorption of the incident solar radiation (see Figure 6). The solar exposure has also been visualized in a shadow casting simulation (see Figure 7).
[image: Figure 6]FIGURE 6 | (A) Starting from the solar radiation simulation in Ladybug Tools on a regular rat-trap bonded flat brick facade (A5), different configurations based on an altering rotation and translation value of the shiner to the different surface temperatures and analyzed for the average time period extended from 01 June 2020, until 31 August 2020, 11:00–16:00 and visualized in this diagram. The maximum rotation angle ranges from -15° (1) to +15° (10). The results show that the rotation of the shiner from −15° to 0° (1–5), i.e., the rotation towards the sunlight rays cools the surface less than from 0° to 15° (6–10). (B) Design drivers: The rotation and translation values increase from left to right and bottom to top to generate a gradient pattern within the wall. The visualized wall for August 12:30 highlights this within the self-shading effect. (C) Selected design option: The final appearance is limited to certain architectural principles such as the flat back of the bench or the pattern of the base. Natural shading elements such as the birch tree support the shading effect and are therefore less dependent on any pattern modification.
[image: Figure 7]FIGURE 7 | Shadow casting simulation of the self-shading effect during a sunny day on August 7th: (A) The orientation of the rotated bricks provides self-shading effects especially in the morning hours and prevent the wall to heat up during day. (B) The afternoon images, taken on 7 August 2020 and the matching visualization for the same times and date proof the assumptions gained from the solar radiation simulation and the casting simulation. The self-shading effect decreases in the afternoon due to the sun’s movement.
Various design options for a site-specific solution with reduced surface temperature are generated, which negotiate between stability criteria of the rat-trap bond and optimal self-shading effects. By shifting the shiner toward the back, the amount of exposed surface reduces through shading by adjacent protruding bricks. To reduce solar reflection even further, the front brick rotates against the incidence angle of the Sun to deflect the sunlight rays. The wider the angle with respect to the Sun’s location, the lower the value of the absorbed radiation, which results in a further decrease in surface temperature. As design principle, the shiner brick moves a maximum of 11 cm towards the back. In terms of stability, the brick must not exceed half of the total brick length. The rotation angle varies between 0° and 15° and opens facing towards south-west (see also Figure 4). The two parameters allow highly site-specific solutions to lower surface temperatures at the time when it usually reaches a maximum. The outcome is a highly customized rat-trap bonded and self-shading brick wall, in which each shiner is defined with an individual position by the digital model.
4.4 Human-Robot Collaborative Bricklaying Workflow
Previous research has demonstrated robotic systems to be very effective in achieving various differentiated brickwork designs with a high degree of accuracy but also facing limitations such as the on-site mortar use. For this research, a collaborative robot universal Robot (UR10e) operated alongside a group of researchers and students to accomplish the proposed construction tasks in turn-taking actions with humans. This robot was equipped with a vacuum area gripper, that picks up and releases bricks, thus capable of arranging and laying bricks according to its location in the digital model. Mixing, packing, and cleaning the mortar joint is a process that requires a great degree of dexterity and skill. In addition, mortar regarding its setting time reacts to prevailing external conditions—such as humidity, wind, or air temperature in a non-linear way. For this reason, the mortar process was purposely not carried out by a robot, but by a collaborating human. This required a sequential workflow with alternating physical actions between the robot and a human, comprising the computational precision of the robot for the laying of the brick and the realm of manual craft for the mortar jointing (see Figure 8).
[image: Figure 8]FIGURE 8 | Craftitude meets robotic fabrication: While a person mixes and applies the mortar, the collaborative robot lays individual bricks according to the digital model. The consistency of the fresh mortar allows the robot to easily press the brick into place, after which the person can remove any excess mortar and grout the joint.
The digital model of the wall was divided into eleven individual sequences composed of step-like courses of bricks within the portable robot’s static reach of 1.30 m. Each of the pre-defined sequences was then built from a specific robot location. Due to the limited radius of the robot arm, the integrated bench in front of the wall was fabricated as the last sequence. The use of half bricks in alternating courses ensured a straight edge finish of the bench. The computational model utilized survey points to guide the robot’s location, which were prerecorded on-site for estimating each new location by the robot arm relative to its work location. By matching robotically probed points with prerecorded survey points, the robot’s exact current location could be estimated in reference to these points, enabling a seamless alignment of the bricks of each current sequence with the previous one (see Figure 9).
[image: Figure 9]FIGURE 9 | The collaborative robot was localized by recording a range of points with the robot arm that had previously been digitized by a robotic total station. This localization procedure was carried out at each of the ten subsequent robot locations during construction.
5 RESULTS
5.1 Wall Fabrication
A total of 702 bricks were used in the fabrication process. This included 687 whole bricks and 15 half bricks, used for the straight edge finish of the bench. The sequential building process described here required a manual repositioning and referencing of the robot 11 times. While the localization accuracy and the consistency between the final built structure and the initial design was not within scope of the experiment, the accuracy was evaluated by measuring the position of placed bricks relative to previously placed neighboring bricks. These relative measurements were observed to be consistently within 5–8 mm of the value expected from the CAD model. The localization and brick placement errors did not accumulate over the course of the building process, since the robot’s location was estimated each time, 11 times in total, against the initial global reference points recorded by the total station (see Figures 9, 10).
[image: Figure 10]FIGURE 10 | Snapshot of the fabricated wall on 7 August 2020, in the early evening, 18:22.
5.2 Validation of the Climatic Simulation
The solar exposure on a warm sunny day reveals the relationship of solar absorption and increased surface temperatures. The results of the on-site measurements show a significant relationship between surface shadowing and surface temperatures of a brick wall (see Figure 11). The results of the measurements of surface temperatures received with the thermal camera on site are not fully comparable with the data generated by the solar radiation simulation in the digital model, that is, since creating such exact boundary conditions for an outdoor space to simulate the actual surface temperature of each brick is very computationally expensive if including all thermal properties and thermal energy transfers between each brick geometry. Furthermore, the simulation mainly highlights the effect of self-shading effects within a building envelope, leading to a significantly reduced lower surface temperature to contribute to an improvement of outdoor comfort. Since the main driver of the surface temperatures on a sunny summer day is the solar gains, this study tries to build a correlation logic between the amount of radiation falling on the wall and the increased surface temperatures demonstrated by the thermal images.
[image: Figure 11]FIGURE 11 | comparison of cast shadow: The simulation shows the self-shading effect on protruding geometries in the wall (A) with the identic image (B) on August 7th, 12:30 h. The black colored shiner in (A) shows 53% of shaded surface area for the time with the highest incident of solar radiation which leads to a reduction of solar absorption.
On 7 August 2020, a warm summer day in Munich (temperate climate) the exposed real-scale demonstrator object served for field measurements collected with a thermal camera. The day provided cloudless solar radiation onto the brick wall and the air temperature reached 32° at peak time (2:00 p.m.). At 8.20 a.m., the air temperature showed 21.1°C. The entire wall showed similar surface temperatures since the wall was not exposed to solar radiation during night. During the morning hours, the demonstrator object got exposed to solar radiation. At 12.00 a.m. almost 85% of the shiner brick surfaces were shaded in the right part of the demonstrator object, which resulted in lower solar absorption and therefore lower surface temperatures. At 13.35 h and an air temperature of 31.5°C, the average surface temperature of a brick showed a maximum decrease in surface temperature of 4.7°C between self-shading geometry at the right part and flat geometry on the left part of the wall (see Figure 12). The measurements confirm that slight modifications in geometrical configuration of brick patterns can already decrease surface temperatures of solar exposed brick facades and contribute towards a positive impact on thermal comfort.
[image: Figure 12]FIGURE 12 | Images of the thermal camera at three different times during a hot sunny day (seventh of August) in Munich.
6 CONCLUSION AND DISCUSSION
This paper showed the workflow to use algorithmically optimized designs of a brick façade, tailored to a site-specific solar radiation profile of a wall, and consequent robotic assembly of the individualized, hyperlocal design in a human-robot collaboration process. The authors prove the relationship of digital design methods integrating simulation methods to optimize geometries and thermal performances and validated the approach experimentally with a real-scale demonstrator object. As such, this research contributes to existing methodologies by integrating fabrication criteria with solar radiation analysis within a single digital form-finding process and a fully digitally supported design-to-fabrication workflow, solving for multiple objectives of fabricatability and thermal performance.
Simulation environments such as solar radiation models reveal the potential to render microclimatic data at various levels of resolution. The combination of digital architectural models associated to microclimate simulations as an algorithmic input rule for design adaptations can thus adjust to the prevailing ambient conditions on a very local scale. A resulting continuous feedback loop enables the digital design to be enhanced with adaptable models and the superimposition of microclimate inputs. This approach allows assumptions to be made on perceived human comfort through decreasing solar radiation during warm summer days on a hyperlocal scale.
The research further confirms the potential for reducing solar radiation through self-shading bricks by real-world thermal measurements, thus proving the potentials of linked digital processes from design to fabrication. Nonetheless, to contribute to sustainable urban living and site-specific urban transformations, such research approaches must be made available for designers and planners to foster a sensitivity on the impact of façade designs and provide tools for their future implementation. Easy accessibility of these tools will lead to a broader integration of linked digital design intelligence at very early design stages, eventually enabling novel performance-oriented and functionally integrated architectural designs.
Due to the size of the demonstrator object, the introduced human-robot collaboration process facilitates the iterative planning as well as simulation design process and the individual placing of bricks compared to the conventional brick laying can’t be accomplished with such high precision. This proposed workflow of microclimatically driven, customized design towards fabrication is a process leading to a potentially integration into prefabrication.
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