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Abstract
An emerging need for interactive architecture is currently making
buildings mutable, flexible in use, and adaptable to changes in climate by
introducing robotic systems. However, the feasibility of the seamless
integration of building construction details and kinetic robotics has
become a critical issue for developing robotic architecture.The
objective of this work is to develop a robotic architecture with an
emphasis on the integration of cellular robotics with a distributed
kinetic building surface.The kinetic building surface integrates an
actuating system, a localization and remote control system, which
become part of the kinetic building system.This paper presents a
systematic framework by reviewing theories and related work of
robotic architecture and automated control. An architectural design
scheme is proposed to simulate a scenario of application in a physical
space.The functionality of the electrical and control system and the
integration of the effects of actual construction were examined by a
prototype of a kinetic surface. Our prototype presents a feasible
construction method, and a prominent energy-saving effect.The
potential strength and restrictions of the cellular robotic approach to
architectural applications are discussed.The applicability of the
prototype system and issues about controlling the behavior of spatial
robots are demonstrated in this paper.
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1. INTRODUCTION
Conventional buildings have limited flexibility.Their spatial configuration is
static and cannot be adapted to environmental change and various users’
needs. One approach to improving the diversity and adaptability of a
building is to integrate robotics, kinetics, and embedded computation in the
architecture, transforming its properties in response to changing needs.This
combination of new materials and robotics has opened up a fascinating area
called robotic architecture or interactive architecture [1]. Based on the
convergence of embedded computation and kinetics in architecture, this
research introduces the notion of cellular robotic architecture, a hybrid
responsive space shaped by hundreds of cellular robots.The combination of
mechanical structures and intellectual technologies leads to a flexible and
adaptive intellectual and interactive architectural surface.The hybrid concept
of machinery and architecture can be traced to the rise in technologies of
computation and automation in the 1960s. Andrew Rabenck suggested
possible figures in Architectural Design [2], while Negroponte proposed a “
Soft Architecture Machines”, which prophesied that the infill of digital
computing technologies would shape a new type of physical architectural
environment [3] [4].
In the 1980s, the computer science field found that the mainstream
centralized system framework was challenged by a distributed system
prospective. In the book “The Society of Mind”, Minsky proposed a multiagent intelligence [5].The robot researcher, Brooks, embraced bio-mimicrydistributed intelligence, rather than the prevailing mainstream centralized
system, to build mobile robots which are more adaptable to changes in the
environment [6]. Compared to the centralized system, a multi-agent one
was designed for a group of agents with a similar composition to achieve a
common end. It had advantages such as optimization, diversity of modules,
and the strong capability to adapt and self-repair.The perspective of
distributed system research has recently gaining importance, as have the
relevant issues of distributed artificial intelligence, multi-agent systems, and
multi-robot systems. [7] [8]
In the architectural field, the “Generator Project”, which was conducted
by John Frazer and Cedric Price in 1976, can be regarded as being the
beginning of distributed intelligent architecture.The project finally developed
a modular intelligent unit, the “Universal Constructor”, which was equipped
with independent and holistic functions.Those units were capable of
cooperating with each other in order to shape diverse architectural
formation [9]. In the book, “An Evolutionary Architecture”, Frazer
accomplished a complete discourse of formal issues of distributed
architectural types [10].
Researchers have recently developed mature technologies in the areas of
distributed framework, control theory, and robotics. Intelligent architecture
research has shifted its focus from central control to distributed control [4]
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[11]. However, no theories of architectural figures have been submitted for
the holistic theory of system hierarchy.

1.1. Research objectives
This paper presents a systematic framework by reviewing the theories and
related work of robotic architecture and automatic control. An architectural
design scheme is proposed to simulate a scenario of an application in a
physical space.The functionality of the electrical and control systems and
the integration of the effects of actual construction are examined by a
prototype of a kinetic surface (Figure 3). Our prototype presents a feasible
construction method with a prominent energy-saving effect.The potential
strengths and restrictions of the cellular robotic approach to architectural
applications are discussed.The applicability of the prototype system and
issues of controlling the behavior of spatial robots are demonstrated in this
paper.

 Figure 3: Notional design phase of
prototyping.
Left: Group of robotic surfaces. Right:
Single surface modular.

1.2. A Scenario
In this section, a scenario is proposed to better understand how a set of
cellular robots work together to make a building flexible for use and
adaptable to climate changes (Figure 1-2). In this scenario, one group of
mobile surface units is moved to the outer boundary of the space where
there is sufficient insulation, while the other is moved to the depth of the
indoor spaces.The former group is covered in sunlight which it absorbs to
generate solar energy, and the angle of the cover panel can be modified for
use as a sun-shield.The latter groups functions as interior luminaries and
are able to change the layout of the lighting equipment.We illustrate the
daily life of a residential building such as the following example:
(1) During the day, when users leave the building, the cellular robots
move to the eaves to absorb solar energy and store it in their
battery as electronic power.The solar photovoltaic panel which
covers them will modify the turning angle according to position of
the sun in order to maintain a vertical angle between the line of
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(2)

radiation and the panel to optimize the efficiency of the solarelectronic power transformation.The cover panel can also function
as a sun-shield which controls the filter of the sun’s rays as it
rotates.
During the night, when users enter the building, the cellular robots
move back to the interior space; however, some of them stay at the
side and open up the self-transformed cover to introduce outdoor
ventilation.The appropriate circulation of air can reduce the
burden of air conditioning.The cellular robots in the space can
follow the user’s activity, like mobile artificial lighting.The colony of
units can gather at a location where there is insufficient light, and
the LED modular will automatically turn on as they find the
scarcity of interior light where human activities take place for the
purpose of saving energy.

 Figure 1: External view of the
sample spatial scenario.

 Figure 2: Internal view of the sample
spatial scenario.

2. RELATED WORK
2.1. Kinetic architecture
The former chapter mainly focused on morphological and control theory;
however, a profound study requires evidence from actual cases of physical
construction and system integration. In practical building cases, a kinetic
component can be used for three purposes: (1) “Environmental control”
which indicates the ability of architectural units to change and respond to
detect the environment by modifying their shape, texture, density and
atmosphere. (2) “Usage Shift”, which requires architectural devices to
actively respond to the needs of users and to adjust the facilities and
construction elements to support various indoor and outdoor activities. (3)
“Energy efficiency”, which demands the kinetic elements to pursue
optimization to satisfy climate changes and activities, use of power, and the
acquisition of renewable energy.
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In cases where they have been successfully implemented, a common way
of construction was their adherence to the existing larger static
architectural framework. Several drawbacks in the construction level have
been concluded from these cases, which led to economic inefficiency and
restriction in its application: (1) The mass of a single device is too large, so it
consumes a considerable amount of energy to make it move; (2) The fixed
devices were only able to reshape figures near them. As a result, the changes
were confined to shallow modifications, which had little effect on the space.
(3) The interconnection of multiple units and their linkages resulted in
sequential movement. Holistically, the transition modes were limited so the
application shrank.
The common feature of several design projects of distributed kinetic
surfaces, such as Dynamically permeable surfacing [13], Moderating
Skylights [14], and Hyposurface [15] is its division of partially changeable
modules. Each kinetic unit was independent with no interconnection, and
the diversity of the whole system was the result of many object-oriented
small units working independently. However, due to each unit’s inability to
move interactively, the diversity of a holistic layout could not be easily
generated; therefore, the system’s applications were limited. Besides, in the
Hyposurface case, the linear telescopic rod used to actuate the system was
located behind moveable panels, which indicated that the back side of the
wall was a mechanical space with no permeability. Since it was not possible
to change the enclosure configuration, the “ripple effect” was solely on the
surface; thus, the effect of the kinetic components was confined to visual
interaction and could hardly be applied to the ordinary architectural façade
to widely improve the spatial functions.

2.2. Distributed robotic system
This research adopts the paradigm of distributed intelligence which states
how the simple actions of individuals result in complex functions in a
holistic system.There have been considerable achievements in the field of AI
and robotics, which contribute to technical references.[6] [8] The
distributed control of robotic systems is a morphology of a single type,
multi-unit type, and synthesis type. For a single type robot, several
behavioral modules operated simultaneously.These modules were organized
in a particular control structure so that the robots were able to adapt to
unknown environments. For a multi-unit robot, individual robots achieve
complex tasks through wireless communication, the division of labor and
coordination, and the assignment of roles and tasks. For the synthesis type
system, several members were able to assemble various figures to
accomplish higher levels of tasks.The behavioral module required an
interface to connect other control units.[16] [8, 17, 18]
Spatial robots are similar to the synthesis type. One robot member with
various functions should accomplish tasks in the form of single type and
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multi-unit type.Therefore, a control framework of multi-modality is
required.The requirements of architectural systems are safety, stability, and
human-centered interaction. It is hard to predict the operational outcomes
of a complete de-centralized control system, and its robustness makes it
hard to change its behavior by the intervention of external forces. As a
result, this research proposes a hybrid control method, which embraces the
advantage of the highly-responsiveness of a de-centralized individual control,
and the precision of a central control.

3. CELLULAR ROBOTIC ARCHITECTURAL
SURFACES
In order to improve the diversity and adaptability of the building space, this
paper proposes the concept of a “Cellular architectural surface” which is
composed of mobile robotic units, and a prototype was built through
interdisciplinary cooperation (Figure 4). A colony of surface robots can
cluster or disperse to create a kinetic and reconfigurable architectural
surface. Individual units are endowed with the capability of relative motion
and self-modification, and are able to sense climatic conditions and the
human body.The dynamic surface adheres to the existing building structure
by the support of an intermediary system to enhance the spatial operation.
 Figure 4: Conceptual diagram

The cellular robotic architecture is composed of many mobile robots
which can cluster or disperse to create a dynamic and reconfigurable
architectural surface.

3.1. System Framework
Terms of system integration can be classified as three types of system-level
and three kinds of integration task. (Table 1).The cellular architectural
Cellular Robotic Architecture 325

surface was divided into three levels: (1) mobile units, (2) intermediary
system, and (3) building construction.The strength of the distributed system
was its de-centralization and distributive structure. However, many theories
and applications do not support the fully distributive model.They consider
that even a distributed system should have a hierarchical scheme in the
framework, more like the servo principle advocated by Synergetic Theory
researchers [19] [20]. As a result, from the perspective of theories and
economical effects, the cellular kinetic surface proposed in this paper was
attached to the building construction through intermediary system, which
aimed to enhance the functions of the existing architecture.
The cellular architectural surface combined the machinery and
architecture systems.The tasks of system integration included: (1) energy
conversion, (2) management and control, and (3) physical construction. In
the architectural field, the mechanical and electrical conformity work
focused on the interface between the MEP equipment and the architectural
structure, construction management, or arrangement of the pipelines. In the
mechanical domain, mechatronics emphasized the energy exchanges and
integration of the prototype control signals we built through
interdisciplinary cooperation.The disposed objects included electronic
devices, electricity and communication apparatus, and mechanical
components.

System levels

Energy conversion

Level 1: Mobile
Units
Level 2: Intermediary
System
Level 3: Building

Actuating
Equipment.
Energy .
transmission
Grid-Connect .
Interface for Energy

Control and
management
Individual behavior
control.
Spatial Localization.
Remote control.
Central control
server

Physical
constituting
Modulization
Medium framework
Building construction

3.2. Actuator System
The process of electricity transformed to potential and kinetic energy was
conducted by actuators.This involved technical issues of motor equipment.
The actuator system affected the way the kinetic surface performed, which
was a bottleneck for developing the kinetic architecture [21]. In many
practical cases, the commonly-used motor equipment is driven by a
stretching and rotating mechanism. However, kinetics driven by this method
can only perform self-motion in a given location; in other words, relative
motion is not possible.To be applied to a habitable environment, the
actuator system also requires low level noise, less energy consumption,
minor volume, and a simple conformation which can be easily fabricated. As
for traditional coil motors, a new actuator is required for architectural
application due the drawback of their huge volume and noise.
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 Table 1:Terms of system
integration

3.3. Control and management
A hybrid model of a control system was proposed to monitor and
coordinate the mobile robot society and meet the different levels of
automation.The control framework was integrated into two levels, i.e.
individual behavior control and central control.
The individual behavior control, such as tracking the position of sunlight
or avoiding collision with other units, was emphasized for a prompt
response.The kinetic surface units were able to switch their performance
modes according to the local sensing information or central command
signals, and then choose the most appropriate action from the embedded
database.
The central control level required cautious operational planning.The
control function of the central server included situation-reasoning, scenariojudging and task-assigning.While the scattered robots are constantly
transmitting sensor data to the central server through wireless
communication devices, the central control system can gather the local
environmental information, then reason the overall situation, judge the most
advantageous spatial scenario, and assign suitable tasks to individual units.

3.4. Spatial localization
The spatial localization technology adopted by kinetic surface units must
cope with the existing interior complex objects and landscape, so the
degree of accuracy in centimeters was required. Current interior
localization technologies are divided into internal environmental modeling
methods and external landmark methods. Internal modeling methods are
used in an unstructured environment. As the mobile moves in an unknown
place, the camera and distance sensors gather the surrounding images and
build a virtual environment model.The mobile vehicle must be equipped
with a higher capacity of image processing, map construction, and route
planning.The external landmark method is suitable for the environment
where the contextual structure is clearly identified. It is required to deploy
electronic tags in the context of localization, so that the mobile robots can
identify the position by capturing information from the signposts. Electronic
positioning labels are mainly composed of simple infrared rays and a radio
frequency transmitter. High-end computing equipment is not required for
this method. In our proposed system, surface units move on a pre-installed
track which implies a clear pathway, and the intermediary structures are
feasible for the arrangement of electronic positioning tags. [22]

3.5. Modulization
Internal layout of module
An architectural robotic unit consists of a sensing device, microcontroller,
actuator equipment and the physical characteristic of an architectural
Cellular Robotic Architecture 327

surface. The arrangement of the circuit layout from the center to the
periphery is digital signal processing circuits, environmental sensors, energy
conversion circuits, actuator equipment, and orientation sensors.The core
region of the module contains a microcontroller, wireless communication
device, and environmental sensors, which enable individual units to detect
the surrounding environment and conduct a group interaction.Various
orientation sensors ought to install on the periphery of the module, such as
the IR receiver and motor encoder, which support the functions of obstacle
avoidance, precise localization. Specific physical interfaces, which adopt some
specific mechanism according to the specialty of the actuator system, need
to be installed to combine the intermediary structure with the module
edge; for example, pre-load mechanism for the piezoelectric actuator,
gearwheels for the revolving motor.The physical interfaces should make it
easy to replace, repair and remodel the module when necessary.The shell of
the module is much like an architectural surface, and is able to change its
shape. A lightweight panel construction equipped with solar panels is
required.
Interface of module
There are three kinds of module interfaces: information exchange, energy
transmission, and physical construction. For information exchange, a cellular
architectural surface transmits the signals by wireless communication.The
central control station transmit commands to each module by broadcasting,
and each module passes command packets. For energy transmission, the
current technology embed a power cord in the track and commands the
individual vehicle to stay on those fixed charge position. For the physical
construction interface, the combination of mobile units and intermediary
track requires the slide that maintains the flatness and clip gadget to be able
to be replaced. A kinetic shell design should consider a complementary
configuration so that the two individual units can be combined to make a
cluster and enclosure surface.

3.6. Integration with architectural construction
The architectural surface commonly refers to the façade, roof, canopy,
internal and external wall and indoor ceiling of a building.The kinetic
surface unit performs different functions and constructions, depending on
different positions (Figure 5-6).
(1) Functions
When used on the building’s rooftop as a sunshade, it can transform its
condition according to daylight and eventually adjust the indoor lighting.
When applied to the building façades, the surrounding airflows can be
adjusted, depending on the auto-alteration opening of the façades.When
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used as devices for home appliances in indoor spaces, the configuration of
lighting and equipment can be modified according to the demands of the
interior (Figure 5).
(2) Construction
Used on outer surfaces, such as façades or canopies, it can be fabricated
with other materials and turned into a complex architectural shell. For
example, the kinetic surface placed on the inner side of the glass can
enhance waterproofing and light transparency. Used on architectural
façades, considering the creeping capacity of the vehicle, a moderate degree
of tilt would replace the purely vertical surface. Since the distance of moving
may affect the energy consumption and operating duration, segmented
tracks can be used instead of long distance tracks (Figure 6).
(3) Intermediary construction
We propose a sort of intermediary construction as the fabricating interface
between the kinetic surfaces and existing architectural structure.This can
perform as a linear track or architectural framework.The intermediary
construction can play the role of a linear track for mobile units.The track
structure can be different, according to the different positions and the
construction method with the existing architecture. A sub-function of the
intermediary construction is to intervene in the control or electronic
operation. As part of this, wires can be embedded in the tracks to transmit
energy or signals, or positioning tags can be set on tracks to support the
localization system.

 Figure 5: Multi-functions of spatial
robot.The kinetic surface units applied
in building rooftops, façades or interior
ceilings.
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 Figure 6: Physical integration with
building construction.

The kinetic surface unit performs different functions and constructions,
depending on different positions.

4. PROTOTYPE IMPLEMENTATION
4.1. Modular Prototypes of Kinetic Surface Units
The kinetic surface prototypes we built are two surface units which can
move on linear tracks (Figure 7-10). Conductive copper can transmit
electricity to these surface units.These kinetic surface units are integrated
systems of architectural skin, environment sensing, spatial localization, and
driving control, as described below.
(1) Surface unit construction:
The kinetic surface is presented as an arrow shape with two layers of platestructure.The upper level is a rotatable panel shade (Figure 8).The lower
level is a structural frame of kinetic units. It combine with piezoelectric
actuators and slide blocks fasten on the track make it possible to carry the
vehicle, which slides on a parallel slideway (Figure 7) [23].
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 Figure 7: Exploded drawing of the
kinetic surface prototype.

 Figure 8:The side view and top view
of the prototype.

 Figure 9:The implementation and
experiments of the prototype.
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 Figure 10:The implementation and
experiments of the prototype.

(2) Actuator system:
A piezoelectric actuator was used as the actuator system of the kinetic
surface (Figure 11. Left.). Compared with a traditional coil motor, it has the
advantages of low energy consumption, low intensity of noise, low volume
and a simple mechanical design. Besides, energy is only required when the
units are activated. Each actuator is equipped with four piezoelectric
vibrators (Figure 11. Middle.). Pre-load forces must be exerted on
piezoelectric actuators; therefore, a flexible screw mechanism is installed
under the surface units to adjust the intensity of the pre-load forces
(Figure 11. Right.) [24, 25, 26].

 Figure 11. Left: Single piezoelectric
vibrator. Middle: A set of piezoelectric
actuator. Right:The pre-load
mechanism. (The piezoelectric
actuator was manufactured and
analyzed by Servo Control Lab.,
NCKU) [25]

(3) Environmental sensing system:
The prototype can detect a light environment and interior people, and store
solar energy. Infrared body sensors and two lines of white LED circuit
modules were installed under the surface units (Figure 13).Two crystalline
silicon solar panels were embedded on the upper surfaces and rotated to
keep pace with the turning of the covering panels.The generated power was
stored in rechargeable batteries. Four Gallium arsenide (GaAs) were
installed on the front and back sides of the surface units to detect the
lightness of the environment and the angle of solar rays (Figure 12.).
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 Figure 12 (Left). A set of GaAs solar
cells installed in front and back of the
top cover.

 Figure 13 (Right).The bottom view
of the prototype shows the Led
modular for artificial lighting and the
IR sensor for detecting humans.

(4) Spatial Localization System
An external calibration method of spatial localization was adopted in our
prototype.We installed a Wiimote controller with an embedded CMOS
camera and Bluetooth.We attached an array of IR LEDs on the laboratory
ceiling.The IR light-spot signals derived by the CMOS camera were able to
be transmitted onto the central computer.The LabVIEW program on
central computer was able to translate the IR light-spot into X-Y
coordinate graph in order to monitor the location of the kinetic unit in
space (Figure 14) [22] [27].
 FFigure 14: Diagram of localization
facility and monitor GUI on LabVIEW.
(The LabVIEW programming and
localization engineering were by
System Dynamics Lab., NCKU) [22]
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4.2. Results
(1) Mechatronic
The motion commands were issued from the LabVIEW GUI interfaces of
the central computer, and transmitted to the Wiimote controller through
Bluetooth wireless communication.The Wiimote circuit was renovated. Its
triggering signals were acquired from the positive and negative side nodes of
four SMD LEDs on the circuit board and transmitted to the DSP circuit
board [22] [27].The DSP switched on the relay by means of the posterior
pole amplifier in order to drive the piezoelectric actuator or open the
artificial illumination.
We adjusted the frequency of the amplifier to achieve the optimization of
the impressed current.The alternating current was generated by a voltagecontrolled oscillator under a specific range of frequency[25, 28, 29].As its
voltage and frequency were amplified by the drive circuit, the impressed
alternating current was able to make the piezoelectric vibrators shape an
oval trajectory.The friction generated by the vibration motion trajectory and
bottom tracks activated the whole kinetic surface unit.Through various
experimental tests and correction, the surface units afforded motion in the
velocity of 12 cm/s, and loading limited weight of 2.3 KGW.
(2) Simulation
Basic behavioral scripts of kinetic surfaces were stored in the LabVIEW
program.The kinetic surface may adopt sequential motion scripts to
undertake a series of actions or adopt manual selection modes, which
enable users to control the time of processing the actions.This can be
shown in the demo video [12].

 Figure 17: Diagram of simulation
scenario.T0~T6 are the action
sequences of the examination.
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The first stage examination gave us the simulation that in the daytime
the kinetic surface moves to the outdoor area to acquire solar energy
(Figure 17.T0 – T3).We input commands on the LabVIEW interface for
manipulation.The surface unit slid to one side of the tracks, which simulated
spatial cellular robots moving to the outdoor eaves. A spotlight was used as
sunlight. As the light source moved, panels on upper level of the kinetic
surface slowly rotated.This helped to maintain the vertical angle between
the solar panels and the light source direction. At certain periods of time,
we found an increase in the power storage of the rechargeable batteries by
observing the seven-segment LED display installed beside the prototype.
Since each of two solar panels was responsible for 0.5V voltage, 1V voltage
was achieved through a series of connections. However, the open-circuit
voltage required about 1.4V; thus, the charging circuit of the prototype
needed to be redesigned to fit the required voltage.
The second stage examination gave us the simulation that the kinetic
surface moves to the interior space to provide light (Figure 17.T4 – T5).We
input commands on the LabVIEW interface for manipulation.The surface
units slid to the other side of tracks, which simulated spatial cellular robots
moving to the indoor area.When the vehicles entered the interior space,
we diminished the light and waved our hands under the prototype.
Meanwhile, the gallium arsenide solar cell detected the scarcity of interior
light and the infrared body sensors became aware of human activity.When
the DSP control received the message of lightness of space and the
existence of people, it was able to reason that the current spatial scenario
was “night-time with humans” and the white LEDs were triggered to initiate
artificial illumination.

5. ANALYSIS AND DISCUSSION
5.1. Automatic control
The automatic control of our prototype supports interaction with the
environment by simple behavioral action rules. Preset responsive rules and
action sequences were written by the LabVIEW program. Users can use a
WiiMote controller to issue the commands and timely correct the
individual behavior of the robots. However, given that distributed spatial
robots are a sort of scattered intelligent agent, future works should focus
on autonomous control issues.
The operational environment and functional requirements of spatial
robots and robots in other fields are different. Future works should
consider the technical application in the related fields and the complexity
and specialty of the architectural system. Most research focuses on the
hypothesis of homogenous robots. According to requirements, spatial robots
can be heterogeneous units, or conduct a cross-system coordination with
an external system. An automatic control system should allow the
intervention of more human factors in the space.The learning capability
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embedded in it can reason the operational parameters best fitted for the
habits of the inhabitants after several manual adjustments.

5.2. Localization of Motion Control
Generally, robots are supposed to discover an indefinite structural
environment, and this requires precise navigation technologies and the
construction of virtual maps. Comparatively, kinetic architectural surfaces
are integrated into the existing architecture and operate on preset tracks.
Therefore, such a setting is a well-defined structural environment. An
external localization method can be applied as we preset the electrical label
in spaces for robots to detect the locations. Our prototype adopted an
external positioning method consisting of setting a CMOS camera that can
detect infrared rays on the kinetic devices. An array of IR LEDs was preset
on the experimental settings. As the CMOS camera of the kinetic units
detects the infrared rays from the IR LED, it transmits the light position
information of the central control unit, and the LabVIEW program of the
central control collects the information of the light sources to calculate the
location of the kinetic units.
The localization system of the prototype can achieve its optimal
performance under the following conditions: velocity of 15 cm/s, linear
pathway, nearly 90 degree of turning angle. High speed vehicle equipment is
not suitable in residential spaces, so this velocity is appropriate for the
inhabitants.The criterion of a linear pathway was already satisfied since the
kinetic surface was moving on the tracks of an intermediary structure. As
for the distance from the infrared ray sender to the kinetic unit, 110cm
between CMOS Camera and infrared ray sender achieved the optimal
performance, followed by 110~50cm [22] [30].

5.3. Performance of Piezoelectric Actuator
The prototype examination suggests that the performance of the
piezoelectric actuator was affected by: (1) the impressed current, (2) the
pre-load force on the piezoelectric vibrator, (3) the parallelism of the rails,
(4) the smoothness of the rail surface, (5) the weight of the kinetic devices.
The uppermost degree of vibrating deformation occurred under the
resonance frequency, and a larger degree of deformation resulted in larger
thrust and velocity. Based on a theoretical calculation, the vibrating
frequency of the piezoelectric vibrator is 112 kHz, and the most suitable
pre-load force is 2 kgw. However, many physical issues and external factors
are involved.The attributes of the rail surface affected the fluency of
operating the piezoelectric vibrator. Finally we choose Aluminum oxide as
the surface material. Compared to alumni, stainless steel, Aluminum oxide
results in a better operating fluency.The applicable motion direction of our
prototypes is a horizontal linear movement, and two-dimensional non-linear
motion would be achieved if we modified the piezoelectric actuator. As for
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the vertical motion, the torque force on the vertical dimension is insufficient
to support the piezoelectric actuator [25].

5.4. Energy Efficiency
One purpose of kinetic surface research is to minimize the energy
consumption and maximize the efficiency of energy use. In actual cases, a
common strategy is to use kinetic devices to adequately adjust the lighting
and airflow in order to reduce the energy consumption or control the
orientation of solar panels to increase the acquisition of renewable energy.
The kinetic surface we proposed satisfies the efficiency of energy use and
the acquisition of renewable energy. Besides, we tried to use an actuator
system of low energy consumption to acquire energy to support the
function of automatic operation.
The experimental data indicates a low energy consumption because a
piezoelectric actuator was used for the actuator system. A single prototype
weighs 2.3 Kg, and the motion on velocity of 12 cm/s demands 47.16
wattage energy consumption compared to 50~70 wattage of electric fans. In
other words, a single surface unit prototype only requires 1000 Watt-Hr to
move 9.16 Km. Supposing a hypothetical situation in which there are 25
tracks of 12m set on a building surface, each track supports 10 surface
units, so the sum of all units is 250. 1000 Watt-Hr can facilitate all surface
units to move back and forth 3 times.The energy consumption in this case
is far lower than a traditional coy motor or some household appliances
[23][30].

6. CONCLUSION
The research findings are listed below.
(1) Compared to the fixed surfaces, undividable construction types,
distributed tiny surface units are able to make an active response
to environmental conditions and to move, scatter, or assemble
themselves to generate various holistic configurations in order to
create a flexible, multiple , and adaptive architectural skin.
(2) The concept of a cellular architectural surface produces energysaving effects.The movement of a kinetic surface requires much
lower energy consumption than part of a household appliance
under utilizing of piezoelectric actuator.The kinetic surface can
automatically adjust natural light to reduce interior heat gain,
absorb solar power to reduce energy consumption from artificial
illumination, and generate a flexible configuration to arrange light
equipment to enhance efficient use.
(3) Piezoelectric actuators enable a horizontal linear motion, but do
not suitable for vertical motion.The kinetic surface is equipped
with the application in horizontal surfaces, such as roof shells,
horizontal sun-shields or canopies and interior ceilings.
Cellular Robotic Architecture 337

(4)

(5)

The use of infrared ray sensing technology improved the accuracy
of mobile surface localization, degree of linearity, and
reproducibility, as long as we preset the arrangement of IR emitter
array equidistantly to locate light points around the kinetic surface.
Kinetic surface units which are equipped with various functional
devices can serve as widely-applicable intelligent building units.The
assembly of these micro-robots can play the role of (a) skin of
interactive spaces for ventilation and natural light, (b) flexible
layouts for mobile luminary systems, (c) eaves to shade and absorb
solar energy, (d) façade elements to generate a variety of shapes.
(e) Intelligent devices to carry household appliances.
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