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The Smart Building Envelope (SBE) is an interactive system which is adaptive to environmental conditions by
transforming its shape and functions. The success of the SBE depends on elaborate interactions among the various
building components. The acutely challenging issue is to design the SBE not only to satisfy multidisciplinary re-
quirements but also to orchestrate the technical functions of components. The research objective is to propose an
exploratory model on the usability of a prototyping process for SBE design. So the research is related to the con-
ceptualization of the prototyping process model based on complementary use of the Virtual Model (VM) and
Smart Physical Model (SPM). The conceptual prototyping process model is appropriate for consideration of the
characteristics of the architectural design, the resources of the educational environment and the limitations of
the novice designer. Furthermore, the prototyping process model in this research will help in the formulation
of guidelines for the educational process, which in turnwill help not merely to make intricate engineering prod-
ucts but also to introduce observed results into the architectural design process.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

A building system largely consists of 4 sub-systems including the
load-bearing structure, technical service (heating, ventilation, air-con-
ditioning), the spatial sequence (interior walls) and the building enve-
lope. The building envelope is influenced by both interior and exterior
environments and is directly linked to the performances of the other
sub-systems [1]. The building envelope is required as anup-and-coming
architectural strategy that minimizes the effects of surrounding envi-
ronments and responds to emerging issues such as energy depletion
and climate change [5,25]. The building envelope, via the integration
of smart technologies, is becoming a nearly automated system for
responding to environmental alterations, whose function is balanced
with those of the other sub-systems.

In this context, the Smart Building Envelope (SBE) is defined as a sys-
tem for adaptation of shapes and components to environmental chang-
es and user behaviors. The SBE, also known as ‘responsive facade’ or
‘intelligent facade,’ is an interactive building envelope that adapts to en-
vironmental conditions by transforming its shape and functions. It is a
kind of machine operating based on multiple interactions between
sub-components, the optimum motions or shapes of which are not
easy to explore by means of the conventional design process applied

in general building projects [16,18,20,31]. Technological advances in
computational intelligence have enhanced SBE performance [27]. The
SBE is typically adopted in facilities integrated with networks of sensor
and actuators to predict requirements between buildings and users
(Fig. 1). The SBE, compared with general building envelopes, is some-
times considered overkill due to its high-investment cost, but can be
rather beneficial in its contribution to energy saving or the control of oc-
cupants' comfort, thus reducing life-cycle or social cost.

The tolerance of architectural design tends to be relatively high as
the margin of error in building design used to be accepted through
changing user activities and controlling system capabilities [13]. The
success of the SBE, however, depends on elaborate interactions among
the various building components. In designing the SBE, heterogeneous
technology such as robotics, smart materials, IoT (Internet of Things)
and architectural design needs to be incorporated so that design reli-
ability, geometric constraints, robustness of structure and safety of
movements are all actively considered and accounted for [15]. This is
why the SBE is a low-tolerance design. The acutely challenging issue is
to design the SBE not only to satisfy multidisciplinary requirements
but also to orchestrate the technical functions of components. Designing
an SBE is finding the optimum interactions among numerous building
components corresponding to the given design requirements. More
specifically, it is the orchestration of the functions of building compo-
nents by consideration of their integrated engineering [12]. Therefore,
when applying smart building technologies for buildings, design errors
that would have counterproductive effects on overall building perfor-
mance need to be detected in the initial design phase.

Automation in Construction 81 (2017) 389–400

⁎ Corresponding author.
E-mail addresses: doyoungkim@skku.edu (D.-Y. Kim), sakim@skku.edu (S.-A. Kim).
URL: (D.-Y. Kim), http://desinfo.skku.edu (S.-A. Kim).

http://dx.doi.org/10.1016/j.autcon.2017.03.012
0926-5805/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Automation in Construction

j ourna l homepage: www.e lsev ie r .com/ locate /autcon

http://crossmark.crossref.org/dialog/?doi=10.1016/j.autcon.2017.03.012&domain=pdf
http://dx.doi.org/10.1016/j.autcon.2017.03.012
http://desinfo.skku.edu
http://dx.doi.org/10.1016/j.autcon.2017.03.012
http://www.sciencedirect.com/science/journal/09265805
www.elsevier.com/locate/autcon


Currently, smart technologies are generally introduced in the final
phase of the contemporary architectural design process [29]. Smart fa-
cilities are not orchestrated based on the overall performance of build-
ings, but are adopted regardless of the spatial design. Indeed, focusing
only on the specific technological establishment quickly runs up against
the problem of obsolescence. For proper design, the SBE needs to iden-
tify whether or not the applied technology will have negative effects on
the surrounding environment and user behaviors from the early stage of
design. Prototyping is considered a reasonable method to deal with the
SBE design in this context.

Prototyping is the process of building amodel that represents design
ideas (principles) for end-users and explores possible design errors. It
has been generally used in themanufacturing industry, for example air-
craft or automobile design. Contemporary prototyping is classified into
two methodologies: digital prototyping and physical prototyping. Digi-
tal prototyping utilizes a 3D product model based on Computer Aided
Design (CAD) techniques. It creates shapes, puts them together, and
tests overall performances, all without manufacturing physical models.
Physical prototyping, by contrast, manufactures and tests physical
mock-ups in the real world. Therefore, it is influenced bymaterial prop-
erties and deformation, and as such, it has to filter incorrect assump-
tions or improper values and then eliminate drawbacks via the
process of constructing an assembly and testing it for realistic perfor-
mance. Recently, a complementary digital-physical prototyping strate-
gy has become a mainstream method in manufacturing design. It
helps to achieve highly specific building-system performance goals by
fully taking advantage of each prototyping methodology (Z [34]). The
digital model, harnessed with parametric technologies and integrated
simulation tools, empowers the designer not only to investigate various
possibilities and evaluate performances, but also find the optimum de-
signs among the parametric variations. However, the digital model can-
not offer full real-world support in terms of complex environmental
conditions and user sense, perception, cognition and behavior. On the

other hand, when using the physical model, designers can detect design
errors intuitively by responding to physical conditions. Therefore, if
physical computing devices are integrated into the physical model, the
Smart Physical Model, thus evolved, will prove useful for in-depth in-
vestigation of real-time operations. Despite its advantage of the physical
model, the greatest barrier to the utility of the physical model is the
great time and cost incurred in fabrication or assembly. Furthermore,
complementary digital and physical prototyping is required for de-
signers to be able to fully maximize the advantages of both the digital
and physical models: the digital model's reduction of repetitive
workflows and rapid discovery of various alternatives in terms of target
performances; the physical model's elaborate design scheme and utili-
ties for resolution of problems not investigated in the digital model.

In particular, SBE design needs to be enhanced in consideration of
the processes of engineering product development. If the complemen-
tary prototyping methodology is applied in SBE design methodology, a
system not only can be created for explaining design strategy but also
can be elaborately improved in its composition andmovement. It is fun-
damentally different from the nature of traditional architectural design
whichhas been rather prescriptive. The complementary digital-physical
model allows for three advantages in SBE design. First, using the digital
model, parametric variations are generated based on the equivalent de-
sign scheme and evaluated in relation to the target performance to facil-
itate discovery of the proper design for users (occupants or clients).
Second, using the digitalmodel with digital fabrication tools, the system
can be developed quickly from the free-form shapes to the intricate de-
tails. Third, the interaction between the digital and physical models
using sensors, processors, and actuators means that movement and
shape become adaptive. An adaptive system makes possible real-time
response to the physical environment. In this paper, such real-time-re-
sponse-enabled digital and physicalmodels are referred to as theVirtual
Model (VM) and the Smart Physical Model (SPM), respectively. Howev-
er, whereas previous studies have analyzed affordance (i.e., the

Fig. 1. Roles of VM and SPM in designing SBE.
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