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Highlights

• A novel concept for a kirigami-inspired double skin adaptive facade is introduced.
• The facade concept can reduce HVAC use, aid ventilation, and improve solar tracking.
• The façade can improve environmental performance for many varying conditions.
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Abstract

A novel kirigami-inspired design concept for an environmentally responsive adaptive façade is presented
and evaluated for the objectives of solar energy harvesting and adaptive ventilation through controllable surface
orientation and opening. The concept is a double-skin façade where the outer skin includes a straight cut kirigami-
inspired adaptive component. Controllable actuation of the kirigami-inspired section opens the outer skin for
ventilation while also changing the orientation of the outer surface for solar tracking. The primary objective of
this study is to evaluate the potential benefits for this concept integrated within a building façade for solar energy
harvesting, air changes, and indoor temperature control. As such, a computational study is used to estimate the
proposed facade concept’s performance within various generalized building-environment scenarios. The method-
ology is detailed to computationally estimate the potential environmental performance of this concept with respect
to solar harvesting with adhered solar panels, as well as air changes and HVAC cost for associated interior spaces.
The example scenarios include various building components, from a single room to multiple building stories, and
two geographic locations with significantly different environmental conditions, and both daily and yearly perfor-
mance estimates are shown. The component is most effective when the outdoor temperature is near to the desired
indoor temperature and wind speeds are mild, but can still reduce HVAC usage for more disparate temperatures.
For example, in the scenarios shown the component can eliminate HVAC use for a 5 ↑C difference between outdoor
and indoor temperature and reduces HVAC usage for temperature differences up to 15 ↑C. Moreover, the compo-
nent has the potential to significantly increase net energy generation, with yearly performance estimated for the
scenarios to be as much as 25% greater than that of a flat closed façade. However, the component cut parameters
can have a significant impact on environmental performance, and thus require careful design consideration.

Keywords: Kirigami-inspired façade, Environmental performance, Natural Ventilation, Solar irradiance,
Real-scale Scenarios, Energy cost, Energy generation

1. Introduction

Building operations account for approximately
40% of total worldwide energy usage [1]. As a result,
significant research has focused on reducing this major
societal expense. Approaches to improve energy effi-
ciency within a building’s interior operation range from
improving specific components, such as smart lighting
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[2, 3] and smart climate control [4, 5] to more com-
prehensive energy systems, such as smart building en-
ergy management systems [6, 7]. Alternatively, façade
systems have long been designed to utilize the building
exterior to contribute to the comfort of building occu-
pants and improve building energy efficiency, with the
objective of creating passive systems to control interior
lighting and aid the cooling and heating of the build-
ing interior [8, 9]. Work to improve passive façade
function has included increasing the efficiency of win-
dows and window frames to decrease energy consump-
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tion [10, 11, 12], retrofitting existing traditional cavity
walls into ventilated cavity walls to improve cooling ef-
ficiency [13] and modifying double skin façade designs
[14, 15]. Additionally, there have been efforts to design
the entirety of a façade’s shape/orientation to reduce the
amount of irradiation on a building and/or produce en-
ergy with adhered solar panels [16].

1.1. Adaptive Façade Concepts

Research has expanded beyond passive concepts
to environmentally responsive façade systems [17] that
adaptively change their state based upon the condi-
tions of the surrounding environment and desired in-
ternal conditions to further improve building efficiency.
There is a wide range of research exploring concepts
for adaptive building façades to contribute to a di-
verse set of non-structural functions, including occu-
pant thermal comfort [18, 19], energy performance
[20, 21, 22], indoor air quality [23], interior acoustic
performance [24, 25], visual performance [26, 23], and
others [21, 27, 28, 29]. Examples of adaptive façades
in-use include the Al Bahr towers [30], which is one of
the most referenced adaptive façade examples and uses
a Mashrabiya-inspired design for the façade. This adap-
tive façade uses meteorological data and sensor mea-
surements to automatically adjust the façade panels to
achieve adaptive shading for visual and thermal com-
fort. The SDU Kolding Campus building [31] uses an
adaptive double skin façade that monitors light and heat
levels and automatically activates shutters for adaptive
shading. Differently from the previous examples, the
Beijing Water Cube [32] has an adaptive façade with
the objective of adjusting the insulating capability by
manipulating the volume of air held within the façade
system. Aside from the examples described in the pre-
vious, many more adaptive façade approaches are cur-
rently being investigated at the conceptual design and/or
prototyping stages.

1.2. Adaptive Façade Performance Evaluation

Several adaptive façade concepts in develop-
ment have had their potential environmental perfor-
mance evaluated with numerical analyses [33, 34], in
some cases corroborated with physical scale-models
[35, 36, 37]. There is a range of specific environmental
performance metrics that have been considered in such
ways, including irradiance, illumination, ventilation, or

combinations of these. Moreover, these concepts are
being developed and evaluated using different strategies
to model/estimate the environmental performance met-
rics and case studies to estimate potential impact. These
case studies have commonly considered one geograph-
ical location and considered the adaptive façade to be
acting on one example building or portion of a building
(e.g., room) at that location.

For example, the work by Zupan et al. [38, 39,
35] proposed a deformable smart material façade com-
ponent that changes shape with the objective of reduc-
ing the temperature gain from solar irradiation on a
building’s wall through self-shading. Several numeri-
cal case studies were used to demonstrate the potential
performance of this concept. The case studies consid-
ered one geographical location during multiple summer
days because the façade was designed for hot weather
locations. Performance was estimated for both com-
ponent and building-scale, and considered the use of
the façade components on different portions of a build-
ing with varying façade orientation. The work by Jum-
abekova et al. [37] proposed an adaptive façade to also
use solar interaction for thermal performance, but also
included capabilities for adapting color to change the
effects of solar insolation on the inside temperature of
a room. A numerical model was developed from scale
model testing, which was then used to evaluate a se-
ries of case studies. The case studies considered one
geographical location during multiple winter days, and
while the façade was only evaluated during winter, the
authors discussed the possibility of parametrizing the
façade for summer days as well. The study considered
a single fixed-dimension room of a given building for
each day. Another example is the work by Meloni et al.
[33], which proposed an origami-based adaptive façade
that redirects reflected sun rays to reduce solar irradi-
ation on surrounding buildings in urban environments.
Numerical case studies considered one geographical lo-
cation during multiple summer and fall days in a hot
weather location. The study considered the reduction
of solar irradiance on the surfaces of 64 buildings of
varying sizes surrounding the single building with the
adaptive origami-based façade on all sides.

Adaptive ventilation has also been considered in
several proposed façade concepts. Concepts targeting
ventilation have mainly focused on reducing the energy
consumption of a building by controlling the internal
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temperature with natural airflow, rather than or in com-
bination with climate control systems [40, 41, 36]. For
example, the work by Hensen et al. [42] proposed a
double skin façade that spans the whole building height,
that changes the amount of opening at the bottom of
the outer skin and the top of the inner skin to manip-
ulate airflow, and ultimately the internal temperature
of the building. Numerical case studies considered a
single fixed-dimension multi-story building at one geo-
graphical location during multiple summer days. How-
ever, the authors state that the façade can also be bene-
ficial during wintertime. Another example is the work
done by Lucchino et al. [43], which proposed a dou-
ble skin façade and a system of fans that would change
the amount each skin could be opened and the various
fan speeds to control airflow, and ultimately the inter-
nal temperature of the building. Additionally, the CO2

levels in the building were also controlled with the air-
flow and a shading device was added in the cavity of the
double skin façade to control natural illumination inside
of the building. Numerical case studies considered one
geographical location during multiple days at different
times of the year with the objective to cool on some days
and heat on others, depending on the external tempera-
ture. The location was chosen as a climate that includes
both cold and hot days throughout the year. The studies
considered a single fixed-dimension one-story building.

Although, as noted in the preceding, multi-
ple promising examples of adaptive façade concepts
have been evaluated for potential performance, mini-
mal work has been done with concepts that have been
designed/evaluated for, or in many cases, are even ca-
pable of achieving more than one environmental perfor-
mance metric (e.g., simultaneous thermal, illumination,
and/or ventilation performance). Moreover, while the
example noted by Lucchino et al. [43] is among the
few concepts seeking to target multiple different perfor-
mance metrics (i.e., thermal, CO2, and shading), like
others, this concept requires a relatively more complex
system of multiple components to achieve these met-
rics. Alternatively, previous studies [44, 45] have pro-
posed the potential of kirigami-inspired concepts for
adaptive façades. Kirigami-inspired structures are those
that have strategically placed cuts so that when in-plane
deformation is applied the cuts open and the material
around the cuts deforms out-of-plane, potentially facil-
itating both adaptive ventilation and solar tracking for

enhanced solar energy harvesting. However, research
to-date has only considered the evaluation of the en-
vironmental performance of a single kirigami-inspired
adaptive façade tile in isolation, rather than exploring
performance at the scale of a building or even an indi-
vidual room.

1.3. Problem Statement and Objectives

The current study extends the prior work [44]
to evaluate the use of kirigami-inspired components
for adaptive façades to be capable of considering so-
lar harvesting and natural ventilation simultaneously.
To carry out the performance evaluation of the pro-
posed kirigami-inspired façade concept, a computa-
tional approach was established which evaluates the
performance of a double skin façade with kirigami-
inspired components integrated into the outer skin of
the building. Additionally, to evaluate the perfor-
mance comprehensively, multiple scenarios and scales
were considered, including different geographical loca-
tions/climates, room sizes, and complete building per-
formance estimation. Furthermore, different numbers
of occupants and various equipment that generates heat
were considered. As such, this study establishes a com-
putational approach which is applied to evaluate the fea-
sibility of utilizing kirigami-inspired components on a
building for simultaneous control of solar interaction
and natural ventilation at a range of scales and environ-
mental conditions. The following section provides a de-
tailed explanation of the kirigami-inspired double skin
façade concept. Section 3 presents the approach used to
quantify the environmental performance of the façade
component in terms of mechanical behavior, ventila-
tion, and solar harvesting. Section 4 assesses the perfor-
mance of the façade component with respect to changes
to design parameters and environmental conditions, as
well as maximizing daily and yearly performance with
respect to the total net energy generated for two building
case studies.

2. Kirigami-Inspired Double Skin Façade Concept

Kirigami-inspired structures are generally
defined as those that have strategically placed
cuts/openings. They are a particularly promising
design concept for adaptive façades due to the potential
for a simple design, in terms of both manufacturing
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and material selection, to provide relatively complex
behavior that is beneficial in façade applications. The
concept proposed herein for a kirigami-inspired façade
that adaptively interacts with the sun and controls
airflow into a building is based on a standard double
skin design [46]. Figure 1 shows a schematic of an
example of the proposed double skin façade section.
Note that an entire building surface would be expected
to have several sections, and even an individual room
may have multiple sections depending on the size and
desired level of control. However, with regards to the
ventilation performance, each section is envisioned to
be isolated. As such, the outer edges of each section are
assumed to be impermeable to prevent air flow between
two skins through the sides, top, and bottom of the
section. These impermeable regions would also likely
be the best candidate for connecting the components of
the double skin to the building surface.

As shown in Figure 1, the inner skin of the
façade section has an impermeable wall and an ad-
justable opening. One option could be to use an ad-
justable opening, and it is assumed that this would al-
low for controlling the amount of open area in the inner
skin for ventilation. This adjustable opening could the-
oretically be placed anywhere on the inner skin, but its
position was taken to be at the top of the inner skin for
the analyses herein.

The outer skin of the section is the key feature
that incorporates the proposed kirigami-inspired design.
Figure 2 provides a schematic that isolates the outer skin
of the façade concept and its operation to control ven-
tilation and/or facilitate solar tracking. A cut region of
the kirigami-inspired component uses the same design
as presented in [44] of offset rows of straight cuts in
the material. Although not generally a requirement, for
the investigation presented herein, the kirigami-inspired
component would be aligned such that the cuts are ori-
ented horizontally. The bottom edge of the cut region
is fixed (i.e., unmovable) to the impermeable outer edge
and the upper edge of the cut region is actuated in the
vertical direction to control the device. There could
be multiple methods of applying this actuation, but the
component was envisioned to have the upper edge of
the cut region attached to a rigid window panel that can
be raised and lowered by the desired actuation distance.
This moving panel would slide in front of or behind the
fixed window without creating any additional air gaps

beyond those created by the opening cuts. Additionally,
it is assumed that a flexible, but impermeable membrane
is connected to the vertical edges, so that air only passes
through the cut openings, rather than around the compo-
nent itself.

While such details are not directly addressed
in this computational study, the proposed modularized
component would be expected to include a surround-
ing frame. This frame would include structural support
to attach the double skin façade component to a build-
ing’s framework. Additionally, the frame could house
the mechanical system to actuate the cut region of the
component, and the electrical components to supply the
actuation system and transfer harvested solar energy to
inverter and storage systems.
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Figure 1: Side view schematic of the proposed double-skin façade concept, showing the 3 component of the outer skin, including the kirigami-
inspired cut region, the sliding window to actuate the cut region, and the fixed window, the impermeable and adjustable opening components
of the inner skin, and the impermeable outer edge that separates vertically adjacent façade sections.

(a) (b)

(c) (d)

Figure 2: Front view and isometric view schematics of the extreme operational states of the outer skin of the proposed double-skin façade
concept showing (a & b) the unactuated/closed cut and (c & d) maximally actuated/open cut configurations.
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3. Façade Performance Evaluation Methodology

As previously noted, the objective of the present
study is to numerically evaluate the potential build-
ing performance of the proposed kirigami-inspired dou-
ble skin facade component considering multiple build-
ing scenarios. The computational methodology used to
evaluate this performance involves a two-step analysis
of the structural mechanics of the component and the
environmental responses with regards to air ventilation
and interaction with the sun. The two steps are as fol-
lows:

1. Structural Mechanics - Mechanical analysis esti-
mates the deformed shape of the component given
a specified actuation amount, and is used to ensure
the component is sufficiently stiff and will remain
undamaged throughout the actuation process.

2. Environmental Responses - The deformed shape of
the component is then used together with given en-
vironmental conditions to:

• Estimate the ventilation through the façade
and into the building space to obtain the vol-
ume of airflow and impact to the climate con-
trol system (as variation in required HVAC
usage) due to the convective heat transfer.

• Evaluate the solar energy harvested as the
amount of energy generated over the speci-
fied duration through solar panels adhered to
the kirigami-inspired component.

The following provides the details of each performance
evaluation step.

3.1. Mechanical Behavior

The same simulation method as was presented
and validated in prior work [44] was applied to estimate
the kirigami-inspired component geometry and exter-
nal work (i.e., energy cost) for given component dimen-
sions, cut pattern, and material properties. In brief, fi-
nite element analysis was used to evaluate the structural
response of the kirigami-inspired component at any
given stretch amount. Due to the relatively low thick-
ness compared to the in-plane dimensions, the façade
component was modeled as a structural shell. It was
also assumed that the dynamic effects of the response

would be negligible, and therefore quasi-static condi-
tions were assumed. However, the deformation was es-
timated for the shell finite element model using nonlin-
ear implicit dynamic analysis due to the relatively stable
solution procedure in contrast to static or explicit anal-
ysis, and the rate of the loading was ensured to be suf-
ficiently low to approximate quasi-static behavior. The
cuts were included in the geometry as zero thickness
cracks and contact between the crack surfaces was not
considered as none occurred due to the chosen use case
for the component. To initiate the elastic instability
that produces the out-of-plane rotation of the material
around the cuts, an elastic eigenvalue analysis was per-
formed and used to perturb the initial geometry, by ap-
plying the eigenvalues as a linear superposition, prior to
the analysis with the applied loading. Standard conver-
gence tests were used to ensure that the mesh size was
sufficiently small to achieve an accurate simulation for
all design cases considered.

The fixed bottom of the component was assumed
to have zero displacement in all directions, while the ac-
tuated top edge was assumed to have a uniform applied
longitudinal displacement (i.e., the actuation amount)
and all other displacement components were zero. All
other boundaries of the component were assumed to be
traction free. Thus, to estimate the energy cost of the ac-
tuation of each kirigami-inspired component, the total
work was calculated for the actuated edge of the com-
ponent. Additionally, for evaluating design admissibil-
ity, the total weight of the component (i.e. both mate-
rial and solar panels) was applied as a body force and a
wind load was applied as a traction to the outward fac-
ing side of the component in the direction transverse to
the plane of the façade (more details on the magnitudes
of the wind loads are discussed in Section 4.1). Designs,
including actuation amount, were considered admissi-
ble for subsequent performance evaluation if the com-
ponent was sufficiently stiff and the material remained
undamaged. The stiffness was quantified by the amount
the component deflects in the transverse direction when
subjected to the wind load and was considered sufficient
if the component deflected less than 0.5% of the compo-
nent’s original length. The material was assumed to re-
main undamaged if the Von Mises stress throughout the
component did not exceed its yielding point throughout
the actuation process.
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3.2. Ventilation

3.2.1. Air Changes

The number of air changes can be used to quan-
tify the amount of ventilation a closed space gains due
to the airflow allowed by a façade. An air change is
defined as the condition for which the air inside of a
closed space is completely replaced by new air coming
from the outside. Similar to the work in [47], for sim-
plicity in the present study, the outflow was assumed to
be equal to the inflow for the space considered. As such,
the number of air changes over a period of time can be
determined from the airflow as:

AC =
Ge∆t

Av
(1)

where Ge is the estimated volume flow rate of air over
a period of time, ∆t is the period of time, and Av is the
total volume of air in the specified room.

To estimate the volume flow rate of air that
passes through the double skin façade, the analytical
model proposed by Silva et al. [48] was used. This
model uses a variant of the hydrostatic equation and
the Boussinesq approximation. Additionally, this model
assumes that the internal and external temperature dis-
tributions are both homogeneous within the region of
the façade considered and accounts for the inner and
outer openings having different elevations. This analyt-
ical model was validated for estimating the airflow into
a single story with an experimental scale-model. With
this approach, the volume flow rate of air is estimated
as:

Ge = ±CdAr

√∣∣∣∣∣∣
gTo(To ↓ Ti)H

T 2
i

∣∣∣∣∣∣ + V2∆Cp, (2)

where ± corresponds for inflow and outflow respec-
tively, g is the acceleration due to gravity, To and Ti are
the outdoor and indoor temperatures, respectively, H is
the vertical distance between the upper and lower open-
ings in the double skin façade, V is the wind speed, ∆Cp

is the wind pressure coefficient difference between the
upper and lower openings, Cd is the discharge coeffi-
cient, which is defined as the ratio between the obtained
and ideal flow rate. Ar is the area coefficient between
the open area of the outer skin (Ao), which is simplified
to a single combined open area with its center located at
the center of the kirigami-inspired component, and the

open area of the inner skin (Ai), defined as:

Ar =
2A2

i A2
o

A2
i + A2

o
. (3)

The volume flow rate of air in Equation 2 is positive (de-
fined as inward in this work) when the inside pressure
is less than the outside pressure. This is assumed to be
the case in all analysis herein.

Overall, it should be noted that while this an-
alytical model to estimate the rate of airflow is con-
sidered sufficient for the concept evaluation here, fur-
ther future refinement of this or similar façade concepts
should likely include more detailed analysis of poten-
tial airflow and overall aerodynamics, such as the use of
computational fluid dynamics [49, 50, 51].

3.2.2. Climate Control Impact

The temperature change in a given space due to
the airflow from the natural ventilation, human presence
and heat-generating equipment housed and the climate
control system was quantified by assuming that heat
transfer in the indoor air occurs only via conduction and
that the total volume of the indoor air changes temper-
ature at the same time. As such, the change in indoor
temperature of a given space over a period of time (∆t)
can be estimated as:

Ti(t + ∆t) = Ti(t) +
ω

(AmS h)
∆t, (4)

where Am is the total mass of the air in the room, S h is
the specific heat of the air and ω is the total of energy
generated or lost in the room, with:

ω = ωic + ωh + ωv + ωec + ωs, (5)

where ωic is the energy provided by the internal conduc-
tion caused by the people and equipment in the room,
ωh is the energy provided by the climate control (i.e.,
HVAC) system, ωv is the energy provided by the natural
ventilation, which depends on the airflow:

ωv = GeQc(To ↓ Ti), (6)

where Qc is a heat transfer constant of the air. In ad-
dition to the convective heat transfer due to the exter-
nal environment, heat conduction was also considered

7



through the sealed windows and walls through:

ωec = (To ↓ Ti)(UwAw + UswAsw), (7)

where Uw is the thermal transmittance of the walls, Aw

is the total area of the walls, Usw is the thermal transmit-
tance of the sealed windows, Asw is the total area of the
sealed windows. Windows are also assumed to allow
for energy provided by solar irradiance as:

ωs = AswS HGF , (8)

where S HGF is the solar heat gain factor of the sealed
windows.

This study assumes that there is an HVAC sys-
tem dedicated to the space being considered and the
assumed operation is based upon a mini-split system.
Therefore, the HVAC system operates by turning on
when the indoor temperature is higher or lower than
a defined temperature threshold. When on, the HVAC
system provides heating or cooling to the room depend-
ing on the difference between the current temperature
and the desired temperature. When the indoor tempera-
ture reaches the desired temperature the HVAC will turn
off, allowing the room to heat up or cool down until the
threshold is reached again, repeating the cycle.

3.3. Solar Harvesting

The proposed kirigami-inspired façade concept
opens up various possibilities to integrate solar harvest-
ing devices. For example, discrete rigid lightweight so-
lar panels could be mounted along the transverse direc-
tion of the kirigami component between each row of
cuts, similarly to the work shown in [52]. Another pos-
sibility would be to bond deformable solar panels to the
surface of the component, as shown in [53]. Herein,
it was assumed that one of these mechanisms could
be used to adhere solar panels to the kirigami-inspired
component surface and the rate of energy harvested at
any point on this surface is proportional to the solar ir-
radiance at that point based on an assumed harvester
efficiency.

The same method as presented in prior work
[44] was applied to estimate the solar irradiance on the
area covered by solar harvesters as they are moved by
the kirigami-inspired component. In brief, the solar ir-
radiance was quantified by utilizing the Hay, Davies,

Klucher, and Reindl (HDKR) [54] model, which ac-
counts for the direct beam radiation, the diffuse ra-
diation, and the ground-reflected radiation. In this
study, no external obstructions are considered, and
self-shading is assumed to be negligible because the
kirigami panels are small and experience relatively
small rotation. Additionally, within the HDKR model,
the effects of longitudinal location and altitude of the
object were assumed to be negligible, and so only the
latitude is necessary to define the location of the com-
ponent. The total energy harvested by the component
was then estimated by numerically integrating over the
surface.

4. Results and Discussion

To quantify the potential environmental perfor-
mance of the proposed kirigami-inspired facade con-
cept, a fixed-size component was conceptualized and
it was assumed that one or more of these components
could be affixed to the external skin of a building façade,
as described in the previous Section. Figure 3, shows
the dimensions of the cut region of the component and
the cut design parameters considered. The cut region
was chosen to have planar dimensions of 2.4 m↔ 2.0 m,
a distance between the cuts and the top and bottom
boundaries of 0.2 m, and a thickness of 0.2 mm. The
maximum actuation of the cut region (i.e., maximum
amount the moving window section could be raised)
was taken to be 0.4 m. The height of the sliding win-
dow section was correspondingly taken to be 0.4 m
so that the maximum actuation would still maintain a
clear view through the fixed window. The height of
the fixed window was 0.8 m. The adjustable opening on
the inner skin was chosen to have planar dimensions of
0.8 m ↔ 2.0 m. For all analyses, the adjustable opening
was assumed to be fixed at its maximum open area at all
times to examine the potential to control the ventilation
with the kirigami-inspired component alone.

Although the component is evaluated computa-
tionally in this study, the material properties chosen
were based on experimental work in [53]. This work
used a polyimide plastic for the cut region of the com-
ponent, which was similarly motivated by the objective
of solar tracking and performed experiments with solar
panels attached to the surfaces around the cuts. Thus,
the material of the cut region of the component was as-
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Figure 3: Dimensions of the cut region of the example double-skin
façade concept considered and a zoomed-in view showing the cut de-
sign parameters of a unit cell of the kirigami-inspired design.

sumed to be isotropic, homogeneous, and linear elastic,
with a Young’s modulus of 2.5 GPa, a Poisson’s ratio
of 0.34, and a density of 1420 kg

m3 , based on typical val-
ues for polyimide plastic [55]. The solar panels were
assumed to be semi-flexible, and capable of withstand-
ing wind speeds higher than 20 m

s at 10 meters in height
[56], with an efficiency of 15 %. The polyimide material
was chosen since it has been previously shown experi-
mentally to function as desired with the chosen straight
cut pattern, but formal selection of materials and addi-
tional solar panel details is left for future work.

To evaluate the structural constraint (i.e.,
whether the component is deflecting in the transverse
direction more than 0.01 m.), a body force was applied
to the component accounting for the self-weight of the
polyimide plastic and the weight of the adhered solar
panels, which was a total of 18, 100 N

m3 . Additionally, a
traction of 123 Pa was applied transversely to the com-
ponent, based on a wind speed of 10 m

s when the com-
ponent is assumed to be at 10 meters in height, which is
the maximum wind speed considered for the following
test cases.

For the ventilation, the discharge coefficient (Cd)
of the openings in the outer skin was assumed to be
0.44, based on tests presented in [57, 58] for elliptic
openings, which are similar in shape to the openings
in the proposed component. The opening in the in-
ner skin was assumed to have a discharge coefficient
of 0.8, which is the maximum value identified in [59]
for an open area (i.e., the adjustable opening in the in-
ner skin was assumed to be opened to its maximum ex-

tent). For the heat transfer between the outside and the
inside, the thermal transmittance (U-value) of the walls
was 2.0 W

m2K to approximate solid brick walls. The U-
value for the windows depends on the location, which
varies for the following test cases and is provided in the
relevant subsections.

For all test cases, the initial temperature of the
indoor space was assumed to be 22.0 ↑C. Additionally,
the HVAC system was assumed to be off at the starting
time and programmed to turn on when the indoor tem-
perature falls below 20.0 ↑C or above 24.0 ↑C, based
on the recommendation of the Occupational Safety and
Health Administration for office spaces [60]. When
activated, the HVAC system remains on until the in-
door temperature reaches 22.0 ↑C. The capacity of
the HVAC systems considered, and therefore, their effi-
ciency was defined based on the size of the space con-
sidered assuming conditions with no natural ventilation,
with these details provided in the following subsections.
The heat generated from miscellaneous equipment and
the number of people within the space also depended
on the specific space considered, while each person was
assumed to generate 112 W

h of heat [61].
The component performance was evaluated for

all combinations of a test matrix of the three cut design
parameters, yielding 48 total potential designs for the
kirigami-inspired component:

• The ratio of the distance between the cuts (i.e., cut
spacing) and the length of the cuts in the direction
transverse to the actuation direction (Rt : Lc), with
three different cases: 1 : 2, 1 : 4, and 1 : 8.

• The number of cells in the transverse direction
(Nt), with four different cases: 10, 15, 20, and 25.

• The number of cells in the direction parallel to the
actuation direction (Nl), with four different cases:
10, 15, 20, and 25.

The first set of tests in the following subsection
were used to identify the environmental conditions, in
terms of outdoor air temperature and wind speed, for
which the kirigami-inspired component could poten-
tially reduce the HVAC usage, and thus, the energy cost
for temperature control. Temperature control was con-
sidered alone first since it is the only objective that could
potentially increase the energy cost of the building if
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the component is used ineffectively. Additionally, tem-
perature control is often the most (or one of the most)
energy expensive aspects of building operation. There-
fore, these first tests provide guidance as to what envi-
ronments (i.e., locations and time periods) may bene-
fit most from the proposed façade concept and helped
guide the subsequent more specific case studies con-
sidered to evaluate potential building performance im-
pacts. The subsequent case studies then considered the
component adhered to varying portions of a building in
two locations that have significantly different environ-
mental conditions, to evaluate potential contributions
to a building’s environmental performance in terms of
HVAC use, air changes, and solar energy generation.

4.1. Performance on an Arbitrary Location with Vary-
ing Environmental Conditions

For the initial tests, the component was consid-
ered as an isolated element in an arbitrary location as
the façade of a single room. The size of the room was
chosen to be 2.0 m ↔ 6.0 m ↔ 3.5 m. The room had sin-
gle glazed windows with a U-value of 5.2 W

K·m2 and a
solar heat gain factor of 0.525. The air leakage rating
for the windows was 1.23 m3

h , and the air leakage rating
was arbitrarily assumed to be 0.492 m3

h for the kirigami-
inspired component per unit of windspeed. Six people
were assumed to be within the room for the entire eval-
uation period and an additional 1100 W

h of heat was as-
sumed to be generated by miscellaneous equipment in-
side the room, such as computers and lighting. Based
on these specifications, the HVAC system for the room
was required to have a capacity of 1 ton. These specifi-
cations were chosen such that the room would gradually
increase in temperature if the kirigami-inspired compo-
nent was completely closed and no HVAC was used.
Therefore, the outdoor temperature would need to be
lower than the desired indoor temperature for there to
be any potential benefit in employing the component to
reduce the need for HVAC to cool the indoor space.
As such, four outdoor temperatures were considered:
↓5.0, 0.0, 10.0, and 15.0 ↑C. Additionally, four wind
speeds were considered for each outdoor temperature,
all within the range of gentle breeze on the Beufort scale
: 1.0, 1.5, 2.0, and 3.0 m

s measured at 10 meters.
The total time to evaluate the HVAC perfor-

mance was four hours from 12:00 to 16:00. Addition-
ally, since only the total size of the openings (i.e., open

area) created in the kirigami-inspired component dur-
ing operation affects the indoor temperature, and there-
fore HVAC operation, the evaluation of the potential cut
designs was simplified to the range of open area of all
designs, which ranged from zero (no actuation/closed
component) to the maximum amount of open area for
the 48 design cases considered of 1.31 m2, which is ob-
tained from the numerical simulations.

Figure 4 shows the required operation of the
HVAC with respect to the amount of open area of the
kirigami-inspired component held fixed for the 4-hour
evaluation period for each scenario of environmental
conditions. The blue and red portions indicate that the
HVAC needed to cool or heat the space, respectively,
for some amount of time during the period, black indi-
cates that the HVAC never needed to be activated dur-
ing the 4-hour period, and the hatched portion indicates
that the amount of HVAC operation time needed was
greater than the control condition of the component be-
ing closed.

For the majority of the scenarios considered,
the kirigami-inspired component provides some bene-
fit in reducing the HVAC usage required to maintain
the internal temperature regardless of the amount it was
opened. Additionally, there are several scenarios that
can utilize the component to maintain the desired inter-
nal temperature with no HVAC usage at all. In partic-
ular, each chosen outdoor temperature has a range of
component operation that requires no HVAC to main-
tain the desired indoor temperature range over the 4-
hour evaluation period, provided with sufficient wind
speed. Although it should be noted that for the scenar-
ios where HVAC would not be required at all during
the 4-hour period, the HVAC would eventually need to
be used if the duration had been greater than 4 hours
and conditions remained similar, as temperature within
the room never remained constant. This eventual need
for HVAC could potentially be eliminated however with
dynamic operation of the proposed component, which
could be closed or opened to decrease or increase the
cooling effect, respectively.

As noted, based on the room conditions, the ben-
efit of the kirigami-inspired component is to reduce the
need of the HVAC to cool the room, and thus, had the
outdoor temperature been closer to the desired indoor
temperature range the benefit of the component would
be reduced. If the outdoor temperature exceeded the de-
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Figure 4: HVAC requirements for a single room at an arbitrary location with the kirgami-inspired component attached to the façade fixed for 4
hours at the specified amount of open area of the outer skin cut region (vertical axis) with the specified outdoor temperature and wind speed,
indicating whether the indoor temperature can be maintained with no HVAC use (no color), less HVAC use than a corresponding closed facade
system to either cool (blue with vertical lines) or heat (red with horizontal lines) the room, or more HVAC use than the corresponding closed
facade system to heat the room (black with cross hatching).

sired indoor temperature range, there would be no ben-
efit to utilizing the component to reduce HVAC cost. As
is evident in the results presented, the opposite extreme
of low outdoor temperatures and high wind speeds also
eliminates the benefit of the component to reduce the
HVAC cost. However, for higher temperatures that are
still at or below the desired indoor temperature, hav-
ing higher wind speed than those considered here would
be expected to improve the effectiveness of component
in most cases. Generally, there may still be a benefit
in nearly any environmental condition to increase air
changes (i.e., ventilation) or improve solar interaction
(i.e., solar harvesting), depending on the importance
given to these sometimes competing objectives.

Summarizing the observations of these initial
tests, there is a relatively wide range of environmental
conditions for which the kirigami-inspired component
can reduce the energy required for an HVAC system to
maintain a desired indoor temperature of an occupied
space. The component is particularly effective in terms
of HVAC usage when the outside temperature is lower
than the indoor temperature, but relatively close to the
desired indoor temperature and the wind speed is sig-
nificant (e.g., 10 ↑C with 2 m

s or 15 ↑C with 3 m
s for

the cases considered here). Due to these observations,
two case studies were selected based on typical environ-
mental conditions to further evaluate the potential per-
formance of the proposed kirigami-inspired component,
one in which the proposed component could potentially
benefit HVAC cost relatively consistently through an
entire year - San Diego, California, USA, and the other
in which benefits to HVAC usage are only possible for
a portion of the year - Pittsburgh, Pennsylvania, USA.

4.2. Building Performance Case Studies

As noted, two locations were considered: San
Diego, California, USA with a latitude of 32.7↑ and
Pittsburgh, Pennsylvania, USA with a latitude of 40.0↑.
San Diego was chosen because the temperature is rela-
tively constant throughout the year, with the yearly aver-
age temperatures having a standard deviation of 2.8↑C.
Alternatively, Pittsburgh was chosen because of the sig-
nificant changes in temperature throughout the year,
with the yearly average temperatures having a standard
deviation of 9.0↑C.

For each of the two defined locations, two dif-
ferent situations were considered. As shown in Figure
5a, first the effects on a single space on the second story
of an office building (i.e., first floor above the lobby)
at a floor elevation of 4.5 m was evaluated. Second, as
shown in Figure 5b, the total effects of the same space
repeated on 6 identical stories of a 7-story building start-
ing from the second story was evaluated. For all con-
sidered cases, both the temperature and the wind speed
given were assumed to be the ground level. The tem-
perature was assumed to vary linearly with elevation at
0.1↑C every 10 meters according to the dry adiabatic
rate [62]. The wind speed was assumed to be 3 m

s at
ground level and was assumed to change exponentially
with elevation based on the wind shear [63]. The char-
acteristics of the space considered were the same for
every floor analyzed. The floor-plan is representative of
a meeting room with a floor area of 12.0 m2 and ceil-
ing height of 3.5 m, and with a single kirigami-inspired
component attached to one southwest-facing exterior
wall. Similarly to the initial tests, the meeting room
was assumed to be occupied at all times by six peo-
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(a) (b)

Figure 5: Schematics showing the vertical dimensions and adaptive façade component locations for the (a) single-story building scenario and
(b) multi-story building scenario considered for the building case studies.

ple and 1100 W
h of heat was assumed to be generated

by miscellaneous equipment inside the room. Based on
these specifications, the HVAC system for the room was
required to have a capacity of 1 ton with an overall effi-
ciency rating of 13. The kirigami-inspired components
were assumed to be able to be operated independently
for each story. Additionally, the actuation for each com-
ponent was assumed to be able to be prescribed once
per hour, at the start of the hour, the actuation could be
applied in increments of 2 cm from the 0 (i.e., no actu-
ation) to the maximum actuation of 40 cm considered,
and the time necessary to complete the actuation pro-
cess was assumed to be negligible.

To evaluate the potential performance at each lo-
cation, first a single day was considered, referred to as
the "base design date", which was evaluated for a pe-
riod of 4 hours, from 8:00 to 12:00. This base design
date was chosen to be representative of a relatively large
portion of the year, such that it experienced moderate
solar exposure and relatively large, but not extreme tem-
perature variation for the location. More specifically,
the base design date was chosen to be no more than
±7 days from either the vernal or autumn equinox and
had a minimum and maximum temperature over the 8-
hour period nearest to 5↑C and 20↑C, respectively. Note
that the temperature range was chosen to be limited to
the range for which the proposed component was deter-
mined to be potentially beneficial from the analysis in

Section 4.1.
The base design date identified was used to eval-

uate the variations in the component design, includ-
ing cut number/dimensions and the actuation sequence,
that would be preferable depending on the variations
in the objectives for air changes, energy generation,
and/or energy usage. Initially, to evaluate the spectrum
of design options that could potentially maximize air
changes with minimal HVAC usage, the subset of the 48
potential cut designs was identified that could achieve
the range of open area within the component to max-
imize total air changes over the 8-hour period for the
base design date as:

max
εϑ

8∑

i=1

Ai

s.t. 2.1 ↗ Ai ↗ 18, ↘i, and

HVAC = 0,with 20↑ ↗ TIi ↗ 24↑, ↘i

(9)

where εϑ is the sequence of component open areas for
each hour, constrained such that the hourly air changes,
Ai, are within the ASHRAE recommended minimum
and maximum for 6 occupants of 2.1 and 18 [64], and
the hourly internal temperature, TIi, is within the previ-
ous defined limits without any HVAC usage. Therefore,
the subset (Dc) of the set of 48 component cut designs
(D) can be defined based on this objects as:

Dc =
{
εc ≃ D : ϑmax(εc) ⇐ ⇒εϑ⇒⇑

}
, (10)
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where εc is the set of cut design parameters, ϑmax is the
maximum open area achievable for the design within
the predefined actuation limit, and ⇒·⇒⇑ is the stan-
dard l⇑-norm. Three specific sets of cut designs from
the subset and their associated actuation sequence were
then identified based upon three different energy objec-
tives, while still maintaining no HVAC usage and suf-
ficient air changes: (1) maximizing the solar energy
harvested, (2) minimizing the energy cost (in this case,
work from actuation), and (3) maximizing the net en-
ergy generated. These three energy-based objectives
can be written, respectively, as:

max
εc≃Dc,εs

8∑

i=1

Egi (11a)

OR

min
εc≃Dc,εs

8∑

i=1

Eci (11b)

OR

max
εc≃Dc,εs

8∑

i=1

(
Egi ↓ Eci

)
(11c)

s.t. 2.1 ↗ Ai ↗ 18, ↘i, and

HVAC = 0,with 20↑ ↗ TIi ↗ 24↑, ↘i

where εs is the set of hourly actuations (i.e, the actuation
sequence) and Egi and Eci are the hourly energy har-
vested and energy cost, respectively. For comparison,
the cut design and associated actuation sequence from
the entire set of 48 cut designs (i.e., including designs
that may require HVAC usage and/or may not be able
to maximize air changes) that maximizes the net energy
generated was identified as:

max
εc≃D,εs

8∑

i=1

(
Egi ↓ Eci

)

s.t. 2.1 ↗ Ai ↗ 18, ↘i, and

20↑ ↗ TIi ↗ 24↑, ↘i

(12)

noting that the energy cost (Eci) may now include the
HVAC energy cost as well as the actuation energy cost.

Lastly, the component design (i.e., cut num-
ber/dimensions) that provided the maximum net energy
generation with no HVAC usage for the base design
date (Equation 11c) was used to estimate the potential
performance of the proposed component over an entire

year. It was again necessary to identify representative
days for the environmental conditions of the location
over a year. As such, a set of days was identified with
an iterative process to find the minimum number of days
that can be assumed to represent the variations in tem-
perature and solar position throughout a year. First, the
year was divided into the 4 seasons, and 1 representative
day per season was selected. A day was considered rep-
resentative of a period of time if that day has minimum
temperature no more than 4 degrees greater than the
minimum seasonal temperature and a maximum tem-
perature no more than 4 degrees less than the maximum
seasonal temperature during the defined 8-hour period.
If a day satisfying the criteria could not be identified,
then the period of time was divided approximately in
half, and the process to identify a representative day was
repeated. This iterative procedure was performed until
a set of days representative of the entire year was iden-
tified. For each day in the set, the actuation sequence
for the component with the pre-determined cut design
was identified to maximize the total net energy for the
8-hour period as:

max
εs

8∑

i=1

(
Egi ↓ Eci

)

s.t. 20↑ ↗ TIi ↗ 24↑, ↘i

(13)

In this case, the constraint on the number of air changes
per hour (i.e., 2.1 ↗ Ai ↗ 18) was applied as a soft
constraint that only took effect if the desired temper-
ature range could be maintained. This was necessary
since some extreme temperature cases throughout a year
will exceed the capability of the HVAC system if any
amount of opening of the component is allowed. The
annual capability of the component was therefore esti-
mated by a weighted sum of the performances of each
day considered, where the weighting for each day is the
number of days in the period of the year it represented.

4.2.1. Single Story in San Diego, California, USA

Figure 6 shows the sequence of open area neces-
sary to maximize air changes within the ASHRAE lim-
its, while ensuring no HVAC use is required to main-
tain the desired internal temperature (Equation 9) for
the base design date of March 25, 2023. Only two actu-
ations (i.e., open area changes) are needed, one to start
the day at 8:00 and a second at 11:00, with that second
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Figure 6: Indoor temperature at each hour, the number of air changes for each hour (indicated at the half-hour), and the corresponding open
area the component would be actuated to at each hour to maximize the number of air changes without requiring any HVAC use to maintain the
desired indoor temperature for the base design date for the single story building scenario in San Diego between 8:00 and 16:00.

configuration held for the rest of the day. It is the second
actuation that maximizes the air changes per hour near
to the upper limit, with an open area in the component of
0.35m2, whereas in the morning, when the outside tem-
perature is lower, the component needs to be maintained
at a lower open area to ensure that the indoor tempera-
ture does not fall below the desired range. However,
even at the lower amount of open area, the air changes
per hour are still far closer to the upper bound than the
lower bound, showing the potential to significantly in-
crease indoor air quality regardless, even at lower levels
of actuation.

Assuming that the component could be actuated
with a high level of precision, regardless of the cut de-
sign parameters, 19 out of the 48 designs are part of
the subset Dc which can achieve at least the 0.35 m2 of
open area needed to maximize air changes with no more
than 0.4 m of actuation. Thus, there is a relatively large
variety of cut design parameters that could achieve the
maximum air changes without using the HVAC system
for the scenario considered. Yet, a common character-
istic of the 19 designs is that the length of the cut is sig-
nificantly bigger than the distance between the cuts in
the transverse direction, in other words, the ratio Rt : Lc

is relatively small. As shown in prior work [44], when
Rt : Lc is smaller, there is generally an increase in the
amount of open area per unit of actuation. Therefore,
designs with a low Rt : Lc were more likely to be capa-
ble of at least 0.35 m2 of open area.

Table 1 and Figure 7 show the cut parameters

and the corresponding actuation sequence over the 8
hour period, respectively, for the cut designs that maxi-
mize energy harvested (Equation 11a), minimize energy
cost (Equation 11b), and maximize net energy gener-
ated (Equation 11c), all with the constraint of no HVAC
usage. Note that the design that maximized the net en-
ergy generated from all 48 cut parameter design options
(Equation 12) was determined to be the same design
(cut parameters and actuation sequence) as that which
maximized the net energy with no HVAC usage (Equa-
tion 11c). Additionally, Table 2 shows the environmen-
tal performance of all three designs, including the av-
erage air changes per hour, the total energy harvested,
the total actuation cost, and the net energy generated.
A first note is that the same design was identified to
maximize the net energy regardless of whether the con-
straint of no HVAC usage was applied. This is due to
the base design date being chosen for its favorably mild
outdoor temperature range, which allows the device to
be manipulated to maximize energy harvested without
the additional ventilation at higher actuation levels sig-
nificantly affecting the indoor temperature. As shown
in the subsequent analysis, this is not the case on days
with more variable or unfavorable outdoor temperature
ranges, where there is a tradeoff between HVAC us-
age and net energy generation. Otherwise, significantly
different cut parameters and actuation sequences were
identified depending on the energy-related objective.

The most significant performance difference be-
tween the component designs is the energy cost (i.e., ac-
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Table 1: The cut design parameters, including the number of cells in the longitudinal direction (Nl), the number of cells in the transverse
direction (Nt), and the ratio of the distance between the cuts and the length of the cuts (Rt : Lc), to maximize the energy harvested with no
HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min

∑
i Eci, HVAC = 0), and to maximize the net

energy generated (Max
∑

i(Egi ↓ Eci)) for the base design date for a single story building scenario in San Diego (note that the colors for each
objective match those used for Figure 7).

Objective Nl Nt Rt : Lc

Max
∑

i Egi, HVAC = 0 10 25 1 : 8
Min
∑

i Eci, HVAC = 0 25 10 1 : 8
Max

∑
i(Egi ↓ Eci) 15 10 1 : 8

Figure 7: The amount of actuation at each hour for the kirigami-inspired component with the corresponding cut designs given in Table 1 to
maximize the energy harvested with no HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min∑

i Eci, HVAC = 0), and to maximize the net energy generated (Max
∑

i(Egi↓Eci)) for the base design date for a single story building scenario
in San Diego (note that the colors for each objective match those used for Table 1).

Table 2: The average air changes per hour (Ah), the total energy harvested (Eg), the total actuation cost (Ec), and the net energy generated (Et)
to maximize the energy harvested with no HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min∑

i Eci, HVAC = 0), and to maximize the net energy generated (Max
∑

i(Egi↓Eci)) for the base design date for a single story building scenario
in San Diego (note that the colors for each objective match those used for Table 1).

Objective Ah Eg(W) Ec(W) Et(W)

Max
∑

i Egi, HVAC = 0 14.5 4859 540 4319
Min
∑

i Eci, HVAC = 0 13.4 4345 7 4333
Max

∑
i(Egi ↓ Eci) 14.6 4700 20 4680
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tuation work). In particular, the cut parameters and ac-
tuation sequence that maximized solar energy harvested
required more than an order of magnitude higher of ac-
tuation work than the other designs. As expected, some
of the additional cost is due to the design having more
changes in the actuation throughout the day to track the
changing position of the sun. This design also has a
higher number of cells transverse to the direction of ac-
tuation (Nt) and a lower number of cells in the direc-
tion of actuation (Nl), which leads to higher required
actuation forces, but a lower amount of open area rela-
tive to the amount of rotation of the surface around the
cuts where the solar panels would be attached, as show
in prior work [44]. Therefore, the solar panels could
be rotated more, which was preferable for the scenario
considered, without increasing the air changes above
the allowable limit. Yet, the relatively large increase in
the energy cost only provided an approximately 8% in-
crease in the solar energy harvested compared to the de-
sign that maximized the net energy generated. Alterna-
tively, the energy cost of the design that maximized net
energy generated is not significantly greater than the en-
ergy cost of the design that minimized the energy cost,
as both designs have a low Nt and high Nl value (oppo-
site of the Nt ↓ Nl relationship for the design that maxi-
mized solar energy harvested), which leads to lower re-
quired actuation forces in general. As such, the tracking
of the sun can still be significantly improved through
intelligent selection of the cut parameters and/or actu-
ation sequence without a substantial increase in energy
cost to operate the component. Moreover, all of the de-
signs had similarly high amounts of air changes near
to the maximum allowable, despite the variations in cut
parameters and actuation sequences. This further em-
phasizes the relatively flexibility of the proposed com-
ponent to improve multiple environmental performance
objectives with a range of cut parameters with sufficient
actuation control.

As noted, the cut parameters that were iden-
tified to maximize the net energy generated with the
constraint of no HVAC usage for the base design date
(Nl = 15 , Nt = 10, Rt : Lc = 1 : 8), were applied to
the set of days representative of a year, with the actua-
tion sequence determined that maximizes the net energy
generated for each day. The six days identified to rep-
resent the year 2023 in San Diego, along with the cor-
responding range of dates each day represents and the

temperature at the start, midpoint, and end of each day
are shown in Table 3.

Table 4 shows the environmental performance
of the six representative days for the optimized actua-
tion sequence, including the total air changes, the total
energy harvested, the energy cost from actuation, the
energy cost from HVAC use, and the total net energy
generated. There is significant variation in all of the
performance measures throughout the year. The energy
harvested changes considerably as expected, with the
highest value nearest to the summer solstice and low-
est nearest to the winter solstice. Similarly, the energy
cost of the HVAC increases when temperatures are more
extreme, which is the higher outdoor temperatures of
summer in this case. It should also be noted that all six
days required HVAC usage. Although variable, the en-
ergy cost of the actuation was relatively low for each
day, again due to the cut parameters leading to a lower
actuation cost of the component.

The weighted sum estimate of the total net en-
ergy for the year is 1.41 MW, which is an average daily
amount of 3864 W. This daily average is lower than
the maximum net energy attainable on the base design
date, but still a relatively large amount of energy gained.
For context, a closed façade system with a continuous
vertically oriented solar panel of the same type con-
sidered with a total exposed surface area equal to the
unactuated component surface area would net approxi-
mately 1.13 MW over the year (3096 W on average per
day). Thus, the proposed component is able to achieve
a net energy gain almost 25% greater than a baseline
flat and closed façade system. Other similar adaptive
façade technology has been shown to improve net en-
ergy performance of buildings between 10% and 30%
through combinations of solar energy harvesting, ven-
tilation or shading when compared to standard static
façades [43, 65, 66].

The proposed component also has the ventila-
tion benefit, with the performance able to remain near
to the maximum allowable air changes year-round. The
weighted daily average of air changes per hour over the
year was estimated as 14.2, which is only 3% lower
than the maximum air changes estimated for the base
design date. The air changes are able to remain high,
even though they were not targeted as an objective of the
optimization. The high number of air changes are pos-
sible largely due to the generally mild conditions in San
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Table 3: The dates identified to represent the variation in environmental conditions throughout the year 2023 for San Diego, as well as the
corresponding range of dates represented and the temperature at the start (8:00), middle (12:00), and end (16:00) of the evaluation period for
each date.

Date Date Range Temperature at 8:00 (
↑C) Temperature at 12:00 (

↑C) Temperature at 16:00 (
↑C)

January 7 12/22 to 2/4 7.8 18.9 18.3
February 16 2/5 to 3/19 5.0 17.8 15.0
March 27 3/20 to 5/5 8.9 18.9 19.4
June 20 5/6 to 6/20 17.8 21.1 22.2

August 29 6/21 to 9/22 20.6 25.6 27.8
October 31 9/23 to 12/21 10.6 25.0 25.6

Table 4: The average air changes per hour (Ah), the total energy harvested (Eg), the total actuation cost (Ec), the energy cost required to use
the HVAC (HVAC), and the net energy generated (Et) for the cut design that maximized net energy generated for the base design date and with
an actuation sequence that maximized net energy generated for each representative date for the year 2023 for the single story building scenario
in San Diego.

Date Ah Eg(W) Ec(W) HVAC(W) Et(W)

January 7, 2023 14.7 3331 18 180 3133
February 16, 2023 14.5 4070 30 113 3906
March 27, 2023 13.9 4675 21 81 4573
June 20, 2023 12.7 5394 25 716 4653

August 29, 2023 13.9 4977 21 965 3991
October 31, 2023 15.6 3727 20 428 3279

Diego year-round, but in general depend on the tradeoff
between the capability/efficiency of the solar harvesting
method, the HVAC system, and the environment (par-
ticularly temperature and wind speed).

4.2.2. Multi-story in San Diego, California, USA

The cut parameters that were identified to maxi-
mize the net energy generated with the constraint of no
HVAC usage for the base design date with the single
story scenario were used to evaluate the potential multi-
story performance. In this case, the actuation sequence
that maximizes the net energy generated for each day at
each floor was determined (i.e., each floor was allowed
to have an independent actuation sequence). Figures 8
and 9 show the resulting net energy generated and the
average air changes per hour for each of the representa-
tive days at the 2nd, 4th, and 7th floors of the building.

Overall, the specific nature of the change in per-
formance with floor height (i.e., increasing or decreas-
ing and magnitude of the change) is relatively complex,
as it depends on not just the increase of wind speed
and decrease of temperature due to height, but also the
overall range of temperature and positioning of the sun
throughout a given day, which all affect the potential
solar energy generation and HVAC energy cost. For ex-
ample, the relatively warm day of June 20 results in an
increased performance with height, while the hotter day

of August 29 and the remaining cooler days generally
have decreased performance with height. Regardless,
with few exceptions the performance quantities do not
change by a large amount with respect to the floor level,
as the average change in the energy and air change per-
formances from floor to floor were 101.167W and 0.663
and the standard deviations were 90.305 W and 0.511,
respectively.

The weighted sum estimate of the total net en-
ergy for the entire multi-story building for the year
is 7.84 MW, which is an average daily amount of
21.5 KW, and the weighted daily average of air changes
per hour over the year is 13.24. Therefore, the total es-
timated energy performance of the building with 6 ac-
tive floors is 5.56 times greater than the estimated per-
formance of 1 active floor. The average air changes
for each space is 6.77% less for the multi-story sys-
tem compared to the single story. As such, there is a
decreasing performance per floor for a multi-story sys-
tem, but this decrease per floor is relatively small and
the overall potential performance is still significant for
this scenario.

4.2.3. Single Story in Pittsburgh, Pennsylvania, USA

The same base design date of March 25, 2023
was identified for Pittsburgh as was found for San
Diego. Figure 10 shows the sequence of open area nec-
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Figure 8: The net energy generated individually for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for each representative date for the year 2023 for the single story building scenario in San Diego.

Figure 9: The average air changes per hour for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for each representative date for the year 2023 for the single story building scenario in San Diego.
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Figure 10: Indoor temperature at each hour, the number of air changes for each hour (indicated at the half-hour), and the corresponding open
area the component would be actuated to at each hour to maximize the number of air changes without requiring any HVAC use to maintain the
desired indoor temperature for the base design date for the single story building scenario in Pittsburgh between 8:00 and 16:00.

essary to maximize air changes within the ASHRAE
limits, while ensuring no HVAC use is required to main-
tain the desired internal temperature (Equation 9) for the
base design date in Pittsburgh. In contrast to San Diego,
two more actuation changes of the component are re-
quired throughout the day, for a total of four actuation
changes at 8:00, 11:00, 12:00, and 14:00. As previously,
the final actuation leads to nearly the maximum open
area, and thus air changes, while the colder tempera-
tures earlier in the day require a less open façade. The
maximum open area for Pittsburgh is slightly smaller
than San Diego at 0.32 m2. The slower rate of temper-
ature increase during the day compared to San Diego
results in a lower maximum actuation and there are ad-
ditional intermediate actuations needed to maximize the
performance. As such, the average air changes per hour
is 10% lower for Pittsburgh compared to San Diego, but
the air changes per hour throughout the day are still sig-
nificantly higher than the minimum air changes per hour
required.

Since a lower open area is needed for Pittsburgh,
an even larger range of designs can achieve the maxi-
mum air changes, resulting in 21 out of the 48 designs
being part of the subset Dc. However, the common char-
acteristic of the design space remains consistent, with
the ratio of the distance between cuts in the transverse
direction to the cut length being relatively small for all
designs included.

Table 5 and Figure 11 show the cut parameters
and the corresponding actuation sequence over the 8

hour period, respectively, for the cut designs that maxi-
mize energy harvested (Equation 11a), minimize energy
cost (Equation 11b), and maximize net energy gener-
ated (Equation 11c), all with the constraint of no HVAC
usage. As was the case for San Diego, the design that
maximized the net energy generated from all 48 cut pa-
rameter design options (Equation 12) was the same de-
sign as that which maximized the net energy with no
HVAC usage. Thus, there was still no energy benefit
to allow for HVAC usage. Additionally, Table 6 shows
the environemntal performance for the three chosen de-
signs, including the total number of air changes, the en-
ergy harvested, the energy cost, and the net energy gen-
erated.

Somewhat surprisingly, the same cut design pa-
rameters as found for San Diego were identified to max-
imize energy performance, even though the environ-
mental conditions of Pittsburgh are significantly differ-
ent. However, since the same base design date was iden-
tified and the latitudes of the locations are similar, the
potential solar energy harvested for that date is similar,
even though Pittsburgh has a lower solar energy har-
vested in all cases, due to a lower clearness index. For
Pittsburgh, the same cut design parameters were also
found to maximize the energy harvested, as the reduc-
tion in potential actuation reduced the solar harvesting
effectiveness of the cut design parameters identified for
San Diego. In general, due to the lower average temper-
ature of the day, the amounts of opening for all cases in
Pittsburgh were less than the corresponding cases in San
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Table 5: The cut design parameters, including the number of cells in the longitudinal direction (Nl), the number of cells in the transverse
direction (Nt), and the ratio of the distance between the cuts and the length of the cuts (Rt : Lc), to maximize the energy harvested with no
HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min

∑
i Eci, HVAC = 0), and to maximize the net

energy generated (Max
∑

i(Egi ↓ Eci)) for the base design date for a single story building scenario in Pittsburgh (note that the colors for each
objective match those used for Figure 11).

Objective Nl Nt Rt : Lc

Max
∑

i Egi, HVAC = 0 15 10 1 : 8
Min
∑

i Eci, HVAC = 0 25 10 1 : 8
Max

∑
i(Egi ↓ Eci) 15 10 1 : 8

Figure 11: The amount of actuation at each hour for the kirigami-inspired component with the corresponding cut designs given in Table 1
to maximize the energy harvested with no HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min∑

i Eci, HVAC = 0), and to maximize the net energy generated (Max
∑

i(Egi↓Eci)) for the base design date for a single story building scenario
in Pittsburgh (note that the colors for each objective match those used for Table 5).

Table 6: The average air changes per hour (Ah), the total energy harvested (Eg), the total actuation cost (Ec), and the net energy generated (Et)
to maximize the energy harvested with no HVAC use (Max

∑
i Egi, HVAC = 0), to minimize the actuation energy with no HVAC use (Min∑

i Eci, HVAC = 0), and to maximize the net energy generated (Max
∑

i(Egi↓Eci)) for the base design date for a single story building scenario
in Pittsburgh (note that the colors for each objective match those used for Table 5).

Objective Ah Eg(W) Ec(W) Et(W)

Max
∑

i Egi 14.3 4532 20 4512
Min
∑

i Eci 13.6 3974 12 3964
Max

∑
i(Egi ↓ Eci) 14.3 4532 20 4512

Table 7: The dates identified to represent the variation in environmental conditions throughout the year 2023 for Pittsburgh, as well as the
corresponding range of dates represented and the temperature at the start (8:00), middle (12:00), and end (16:00) of the evaluation period for
each date.

Date Date Range Temperature at 8:00 (
↑C) Temperature at 12:00 (

↑C) Temperature at 16:00 (
↑C)

April 5 3/20 to 4/11 19.4 25.6 28.9
April 19 4/12 to 5/5 3.3 10.6 17.8
May 18 5/6 to 5/28 7.2 17.8 22.8
June 18 5/29 to 6/21 12.8 23.9 27.2
July 20 6/22 to 8/6 14.4 25.6 27.8

September 16 8/7 to 9/23 9.4 20.0 23.9
October 2 9/24 to 10/15 15.0 22.8 27.2

October 27 10/16 to 11/6 16.7 20 22.2
November 13 11/7 to 11/29 0.0 12.8 14.4
December 16 11/30 to 12/21 ↓2.2 7.8 12.8
January 11 12/22 to 1/12 ↓1.1 4.4 8.3
January 16 1/13 to 2/3 ↓5.6 2.2 6.7
February 7 2/4 to 2/25 ↓1.1 10 13.3

March 1 2/26 to 3/19 2.2 18.3 22.2
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Diego. Lastly, the cut design parameters to minimize
the actuation cost were also the same for Pittsburgh and
San Diego, since this set of parameters requires the least
work to actuate, and so it can be adjusted with the least
amount of energy cost to maintain sufficient air changes
and the internal temperature without HVAC use.

For Pittsburgh, 14 days were identified to rep-
resent the year 2023, as shown in Table 7, and again
the cut parameters identified to maximize the net energy
(Nl = 15 , Nt = 10, Rt : Lc = 1 : 8) were considered
for each day. Table 8 shows the environmental perfor-
mance of the 14 representative days for the optimized
actuation sequence. As would be expected, the larger
annual and daily temperature variations in Pittsburgh re-
sulted in even more variation in the performance mea-
sures throughout the year than in San Diego. In par-
ticular, the ranges of both net energy generated and air
changes are more than 20% greater for Pittsburgh than
San Diego. Moreover, the more extreme temperatures
in Pittsburgh result in several days with simultaneously
lower air changes and solar energy harvested than any
date for San Diego. However, there are multiple days
in Pittsburgh that were operated with zero HVAC use.
This is because the generally lower clearness index in
Pittsburgh reduces the potential solar energy harvested
on most days, so that there is more energy benefit in lim-
iting the component opening, and ultimately preventing
the need for HVAC use, than there is to improve the so-
lar tracking and energy harvesting potential.

The weighted sum estimate of the total net en-
ergy for the year in Pittsburgh is considerably lower
than for San Diego at 1.17MW, which is an average
daily amount of 3215W (i.e., approximately 17.02%
lower than San Diego). To provide context, a base-
line flat and closed façade system would be estimated
to net approximately 0.93MW over the year (2548W
on average per day) for the location in Pittsburgh. As
such, even with the larger variability of the performance
in Pittsburgh, the active component still produces a
relatively large amount of energy gain approximately
20.51% greater than a baseline system. While the in-
crease in performance when compared to a baseline flat
façade is lower than San Diego, the façade still falls
within the range that is to be expected from an adaptive
façade.

The weighted daily average of air changes per
hour over the year was estimated to be approximately

20% lower than that for San Diego, but still relatively
high at 11.4. Even the minimum air changes for Pitts-
burgh was 5.7, which is more than double the recom-
mended minimum, again noting air changes were not
an optimization objective and simply an added benefit
of the device operation.

4.2.4. Multi-story in Pittsburgh, Pennsylvania, USA

Figures 12 and 13 show the net energy generated
and Figures 14 and 15 report the average air changes per
hour for each of the representative days at the 2nd, 4th,
and 7th floors of the multi-story building, for the actua-
tions that maximize the net energy for each day on each
floor using the previously selected cut parameters. Sim-
ilar changes in performance with respect to floor level
as seen for San Diego can be observed for the multi-
story building in Pittsburgh, including the noted com-
plexity of the relationship between performance and the
building and environmental conditions. For example,
one day that had increasing performance metrics with
floor height in Pittsburgh was October 27th, which has
a similar outdoor temperature as June 20th in San Diego
that also had increasing metrics with height. Alterna-
tively, consistently warmer or colder days generally had
decreasing performance metrics with height, similarly
to the results in San Diego.

There is a significantly larger floor-to-floor vari-
ation in performance in Pittsburgh than in San Diego,
with the average floor-to-floor change in energy and
air change performance of 74.62W and 1.76 and the
standard deviations were 68.0 W and 1.41, respectively.
Moreover, a major difference between the two locations
is that 5 out of the 14 days considered in Pittsburgh had
no air changes for higher floors, since these days are
too cold and either the capacity of the HVAC would
be exceeded or the HVAC use would be so high that
not opening the component would still result in more
net energy. The component being required to be closed
also means that the component is not able to track the
sun for improved solar harvesting at those times. As
such, higher floors would not benefit year-round from
the façade concept in Pittsburgh.

The weighted sum estimate of the total annual
net energy for the multi-story building in Pittsburgh
is 6.80 MW, which is an average daily amount of
18.6 KW, and the weighted daily average of air changes
per hour over the year is 6.33. Therefore, the energy
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Table 8: The average air changes per hour (Ah), the total energy harvested (Eg), the total actuation cost (Ec), the energy cost required to use
the HVAC (HVAC), and the net energy generated (Et) for the cut design that maximized net energy generated for the base design date and with
an actuation sequence that maximized net energy generated for each representative date for the year 2023 for the single story building scenario
in San Diego.

Date Ah Eg(W) Ec(W) HVAC(W) Et(W)

April 5 17.9 4771 18 1217 3536
April 19 11.2 4255 42 0 4213
May 18 11.6 4513 18 378 4117
June 18 11.6 4454 21 492 3941
July 20 10.2 4649 23 924 3702

September 16 14.8 3849 19 312 3518
October 2 13.5 3539 18 694 2827
October 27 15.9 2972 23 442 2507

November 13 7.9 2487 24 0 2463
December 16 7.8 2418 20 0 2398
January 11 6.9 2385 8 113 2264
January 16 5.7 2427 16 122 2289
February 7 8.3 2882 15 0 2867
March 1 11.5 3468 20 226 3222

Figure 12: The average air changes per hour for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for the first half of the representative dates for the year 2023 for the single story building scenario in Pittsburgh.

performance of the building scales similarly as well as
in San Diego, with the 6 active floors producing 5.81
times more energy than the estimated performance of
1 active floor. However, the average air changes over
the year for all floors is 42.97% less for the multi-story
system compared to the single story. Thus, while the
energy performance is relatively consistent for both San
Diego and Pittsburgh, the ventilation performance de-
creases substantially for multi-story systems in a more
variable temperature environment such as Pittsburgh.
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Figure 13: The average air changes per hour for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for the second half of the representative dates for the year 2023 for the single story building scenario in Pittsburgh.

Figure 14: The average air changes per hour for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for the first half of the representative dates for the year 2023 for the single story building scenario in Pittsburgh.
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Figure 15: The average air changes per hour for floor 2 (black), floor 4 (white with cross hatching), and floor 7 (grey with horizontal lines)
for the cut design that maximized net energy generated for the base design date and with an actuation sequence that maximized net energy
generated for the second half of the representative dates for the year 2023 for the single story building scenario in Pittsburgh.
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5. Conclusions and Future Directions

A novel kirigami-inspired double-skin façade
concept was presented and evaluated. The key feature
of this double skin concept is the incorporation of a
kirigami-inspired component on the outer skin, which
can be actuated to open the cut portions of the com-
ponent facilitating adaptive ventilation, while the re-
gions of the component around the cuts rotate to fa-
cilitate solar tracking. While such a system could
achieve a range of environmental interaction objectives,
the present study focused on the potential to apply this
technology to simultaneously improve air changes and
reduce HVAC cost to maintain temperature in an asso-

ciated indoor space and harvest solar energy with em-
bedded solar panels. A numerical approach to estimate
performance was presented and a set of computational
case studies were used to evaluate the potential perfor-
mance of the proposed façade concept as part of a build-
ing system. The case studies considered various build-
ing scenarios, including differing building sizes, geo-
graphic locations, environmental conditions, and dura-
tion of operation.

The façade concept was shown to increase en-
vironmental performance of the buildings for a wide
range of outdoor temperatures and wind speeds by de-
creasing HVAC use and in some cases eliminating the
need for HVAC entirely. As expected when there is
some heat generation (e.g., people and/or equipment)
within the associated space, ventilation-based HVAC
assistance such as this is particularly effective when
the outdoor temperature is slightly lower than the de-
sired indoor temperature, and higher wind speed leads
to increased effectiveness when the outdoor tempera-
tures are higher. However, the net energy performance
of the façade concept is beneficial even with outdoor
temperatures ranging above or well below the desired
internal temperature when considering adaptive usage
on a building throughout a day. Overall, the compo-
nent cut design parameters can have a significant impact
on the potential environmental performance, as differ-
ing objective preferences (e.g., maximizing solar energy
harvesting versus minimizing HVAC energy cost) pro-
duce different optimal cut design parameters. Yet, there
can be significant net energy performance increase for
a building in a wide range of environmental conditions
(e.g., San Diego or Pittsburgh) and durations (e.g., 1
day or 1 year) due to the adaptivity, in comparison to a
standard flat closed façade.

Although the potential environmental perfor-
mance of the proposed kirigami-inspired double-skin
adaptive facade concept was established, several
practical considerations remain to be addressed towards
translation from research to practice. Future work
should naturally include development and testing of
device prototypes, to answer the questions related to
materials selection, hardware selection, and overall
component configuration, as well as further refinement
and validation of the computational strategies to
estimate performance to better design and operate the
device once implemented. Establishing such details
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likely leads to more comprehensive analysis as well,
including consideration of environmental impacts,
fabrication, maintenance and durability, and/or overall
sustainability estimation.
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