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This paper is part of a body of research developing an exploratory dialogue
between the built form and the environment, via experimentation with
performative geometry and material. Here, geometry is considered a design
material with the specific capacity to contribute to the performative aspects and
kinetic capabilities of building skins.This work opens with a review of emerging
opportunities for architects to design materials. It then discusses the concept of
Material Active Geometry (MAG) as a means of designing new properties for
existing materials. This is followed by a discussion of MAG principles that inform
the concepts of flexibility and rigidity in a 3D-printed textile called Flexible
Textile Structure (FTS). This research characterizes two FTS types and discusses
their potential to be employed in building skins; it also considers combinatory
approaches to computational models and physical prototyping. The work
concludes with a discussion of the advantages of using FTS, and provides a
trajectory for future research in the field of responsive materials and systems.
Keywords: Programmable Material, Material Active Geometry, Flexible Textile
Structures, Responsive Building Skins, Flexible yet Rigid

RECONCILIATION OF APPEARANCE AND
PERFORMANCE LYING AT THE HEART OF
GEOMETRY
In this paper, a primary point of departure is the
integration of geometry into the conception, computation, materialization, and ultimate creation of
new material properties that are ﬂexible yet rigid, robust yet light, simple yet complex. Therefore, this
paper lies at the conﬂuence of various ﬁelds and
seeks to pave a new path for the development of pliable materials, enabling them to self-organize so that

they might simultaneously retain their structural resilience and resistance. Through a geometric contribution to the inherent dynamic behavior of material,
its properties can be tailored to meet speciﬁc structural and mechanical needs (Figure 1).
This paper strives to understand some attributes
that cause the ability to change a material's appearance and performance into whatever speciﬁcations
the designer desires. For instance, rendering a determinate material that is geometrically designed can
reinforce the architectural form and spatial compo-
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sition of a motion composition. To this end, this paper focuses on the way material unites with geometry, which acts as the underlying structure of the motion design process. By celebrating the materiality
of a transformable element in the conceptual phase
of its design process, the properties of the material
serve as a coherent design feature and tool. In other
words, this paper thrives on the tension between material articulation and design.

MATERIAL ACTIVE SYSTEM
Structurally speaking, Heino Engel (2007) determines
several active structural typologies. These typolo-

gies navigate between vector-active, section-active,
form-active, surface-active, and hybrid systems. This
study identiﬁes a new typology that refers to a
"material-active" system when forces are applied.
A material-active system is a system of rigid
matter that mainly employs transformable elements
through the geometry of its material. Regardless
of the size or scale of the material employed in the
transformable element, the motion quality of that element depends less on the inﬂexibility or ﬂexibility
of the material and more on its geometry for ﬂexibility (Kalantar and Borhani 2013) (Figure 2). Working
with rigid materials, this study reﬂects on how a small
level of ﬂexibility in a material can be incorporated as
an active parameter into the movement of the whole
system (Figure 3).
This paper discusses how the appearance of
material might be intertwined with and dependent
upon its performance, through an exploration of new
shared territories in architecture, engineering, and
technology called "Material Active Geometry" (MAG).
Here, Material Active Geometry is coined by the authors.
The authors have developed a process by which
MAG can be employed as a means of designing materials. Here, MAG relies primarily on geometry as
a structural and organizational mechanism, rather
than depending solely on a material's properties; the
goal is to achieve better performance. MAG's purpose is to improve the adaptability of a structure by
understanding the reciprocity between the geometric conﬁguration of its materials and their dynamic interaction with external forces.
Within the context of performative geometry as
a system of design, MAG should not be understood as
seeking to invent new materials per se, but rather to
use existing ones, play with their organization, juxtapositions, and geometric settings, and thereby reveal
their undiscovered properties.
Although a material-active system is intended
to withstand the maximum stress for which it is designed, its applied geometry enables it to undertake
a planned deformation after being stressed and be-
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Figure 1
Flexible Textile
Structures that rely
on the appearance
and performance of
3D-printed
materials.

Figure 2
Uniting material
with geometry to
act as the
underlying
structure of a
motion design.

Figure 3
Using MAG
principles to inform
the motion.

Figure 4
The physical
embodiment of
geometry in
material.

Figure 5
Transmitting
applied forces
through a particular
use of geometry to
inform the 3D form
of motion.

fore exceeding the material's elastic limit. In this
manner, a material-active system is not simply one
that changes the material's steadiness. Rather, this
system carries out elastic deformation when a force
is applied; the system either returns to its original shape or holds a new changeable conﬁguration
when the force is removed. To sustain the function of
the system, the geometric design of the material employs several aspects to avoid any fracturing, buckling, or inelastic (plastic) deformation. In other words,
the applied geometry functions as a framework for
guarding against structural failure. In addition, the
overall applied geometry and resulting conﬁguration
encapsulate a solid architectural idea for the design
of any particular assembly, element, or joint capable
of transmitting applicable forces during elastic deformation (such as deﬂection or torsion).
Although a correlation of compressive and tensile forces is necessary to meet a structural load, a
material-active system puts an emphasis on the generation of geometrically-informed material behaviors that facilitate the load bearing of transformable
elements. By oﬀering structural capacity due to a network of relationships among the diﬀerent parts of the
material, the development of the structural system
integrates the material behavior into the whole of the
movable structure.
A material-active system is able to transmit applied forces primarily through a particular use of geometry and not through the bulk and continuity of
its material (Figure 4). Sometimes, the involved geometry generates indirect, interrupted load paths
whereby forces should bypass separate components
that are adequately tied together. In such cases, the
movement or displacement of one component can
be transformed to other components, or to other
parts of the same component (Figure 5).
Designing a material-active system involves at
least three inseparable counterparts that characterize the whole system: (1) the investigation of material
properties, (2) the design of a thoughtful geometry to
manipulate the allowable stresses in the movable elements, and (3) the physical embodiment of the ge-

ometry integrated with the three-dimensional form
of motion.

In designing a material-active system the following
objectives are outlined:

• Designing material behaviors, rather than
simply shaping already existing material
• Manipulating material over time from the passive to the active volume due to a set of dynamic properties to provoke a radical change
in its expression and functionalities
• Oﬀering both ﬂexibility and rigidity on demand: Static-dynamic materials as a future direction of interaction design
• Deriving performance from the local geometric organization of materials
• Sitting at the intersection of geometry, material, design, and emerging fabrication methods such as additive technologies
• Exploring the relationships between materials
and their shaping processes in the generation
of form through "form ﬁnding" exercises in 3D
printing
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THE NEW FUNCTION OF PERFORMATIVE
GEOMETRY
The design investigation conducted for this paper
represents an initial exploration into MAG's larger
implications as a means of producing physical environments capable of changing shape to accommodate various spatial performances; moreover, this
work addressed the potential of a reciprocal transformation between a building's occupants and its surrounding environment in a responsive manner.
In the interest of exploring negotiations among
geometry, form, and materials as facilitated through
environmental and computational modeling, as well
as the application of these concepts to the fabric
of our buildings, architects have been endeavored
to comprehending responsive systems for building
skins. From the responsive brise-soleil of the Los
Angeles County Hall of Records (designed by Neutra in 1962) (Sample 2012), to the Institut du Monde
Arabe in Paris (designed by Nouvel in 1987) (Ritter
2007), and to the present day, the idea of responsive building skins has been explored by architects
and scholars alike. However, its potential has yet to
be explored within the praxis of architecture. Fortunately, the renewed interest in responsive architecture has been prompted by a collaborative exchange
between engineers, architects, and biologists, as well
as the maturing suite of computational tools and recent advances in materials science.
Since MAG has not established a lengthy legacy
in the ﬁeld of architecture, this research adopts several precedents from the realm of biology and analyzes their strengths and weaknesses as elements
in a system of adaptive materials. For instance, skin
is a complex natural system of adaptation that fulﬁlls multiple and often conﬂicting functions (Vincent
2009). Translated to the architectural scale, skin can
oﬀer an excellent model for self-reliant building envelopes that serve disparate purposes for a variety
of reasons. Based on the reviewed precedents, MAG
can be situated as an application of a biologicallyresponsive system in nature within an architectural
framework attempting to constantly adapt itself to

diﬀerent external and internal stimuli, both in terms
of its structural conﬁguration and overall behavior.
To this end, the main objective of is to explore the
methodological frameworks of soft-form transformation and the computational tools for simulating
geometrically-driven materials by employing knowledge and apparatuses inspired from the ﬁeld of biology.
An adaptive system holds a dual promise. On
the one hand, there is the need to provide local responses to stimuli as nastic movement; on the other,
there is the desire to globally alter the whole system's
geometry, sometimes quite radically (when skeletal motion is possible). In nature, geometry recommends itself as serious way for altering the structural,
performative, and aesthetic characteristics of materials, due to its ability to provide a global mode of
movement.
Since the late 1990s, the development of
computer-aided design (CAD) software and digital
fabrication tools has led to a signiﬁcant increase in
complex geometry and curvilinear shapes in architectural design. Conversely, in adaptive systems,
there is a direct connection between structural performance and geometry. When designing processadaptive building skins, more advanced geometry
must be implemented through parametric design
tools in order to achieve optimal geometric performance.

ALTERING FLEXIBILITY AND RIGIDITY
THROUGH 3D-PRINTING: SURFLEX AND
SURFMORF
This study is a prototype-based exploration of MAG's
formal and aesthetic potential; as such, it examines
the principles of performative geometry and their applicability to architectural delineation and transformation [1]. This goal was explored and evaluated
through a rigorous process of designing a new and
responsive architecturally-morphing skin called Flexible Textile Structure (FTS). To develop FTS, the authors from [trans]LAB, a design-build practice, collaborated with the DREAMS Lab, an additive manufac-
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turing research laboratory in the department of mechanical engineering at Virginia Tech University (Figure 6).
By exemplifying the potential of using
geometry-based design as a structural and organizational mechanism, FTS provides MAG's most essential
elements. Here, MAG's principles were used to guide
the authors' experiments through geometries used
to employ FTS in adaptive building skins.
Figure 6
Flexible Textile
Structures,
designed by the
authors.

The degree of ﬂexibility or rigidity of a material can
be derived from geometrical principles. As a consequence of making a connection between the formation and materialization processes and validating
this integration into MAG, FTS can directly inform the
motion. FTS presents the design of a novel formchanging system with the capacity to adapt, in the
form of an architectural skin that is lightweight, ﬂexible, and elastic. FTS research is a nascent ﬁeld investigating the use of geometrically and physicallyactuated material to prototype shading and air ventilation systems; these systems can be applied to various architectural components, such as building envelopes and roofs.
The development of such FTS skins began with
an exploration of various individual modules or cells

and their methods of assembly. These were categorized into two genera of cellular aggregation, as follows:
• surFLEX: The ﬁrst was used to investigate the
geometrical conﬁguration of 3D-printed textiles through an aggregation of tightly nested
and interlocked torus-like cells. Each torus
was composed of several cord-like elements
that shaped its enclosure. Similar to topological interlocking systems (Estrin and Dyskin
2011), the cellular structure was arranged
such that an entire assembly was held together by kinematic constraints imposed on
the neighboring cells, through their mutual
arrangement and connectivity. In surFLEX,
without requiring any external forces to maintain contact pressure between the series of
cells, the structure could make use of the
grasping mechanism of the cells' cords as
part of a greater interlocking system. This
type of FTS could serve as both envelope and
structure. While maintaining a relative kinematic constraint, the cells' movements were
not fully locked in any direction - neither parallel nor vertical to the structure's plane - and
thus could be used to adjust the performance
of the structure to meet a variety of needs (Figure 7).
• surfMORF: The second category of ﬂexible
yet rigid textiles included a reversible structure comprised of a loosely-nested assembly of continuous cords that could be used
to develop geometrically-diﬀerentiated systems. One of the main advantages of this
category is that such materials are unable to
sustain applied external loads, and thus impact the whole structure. This is attributable
to the absence of an interlocking mechanism;
the cluster-like cells can be freely displaced to
provide maximum ﬂexibility. Since the textiles are incapable of resisting bending forces
or even tension, structures can tolerate deformations without losing their structural coher-
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Figure 7
surFLEX, the ﬁrst
category of Flexible
Textile Structures.

Figure 8
surfMORF, the
second category of
Flexible Textile
Structures.

Figure 9
Exploration of the
parametric
geometries of FTS.
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ence. The overall shape of surfMORF emerges
from the size of its modules, their orientations, the ratio of the constituent cord-like elements, the method of their connectivity, and
their contact faces (Figure 8).
The morphological behaviors of both FTS categories
seem both necessary and desirable as a means of accommodating diﬀerent requirements. The diﬀerent
levels of ﬂexibility and rigidity inherent in each category oﬀer promising means of elevating the formal
and performative aspects of a building envelope.
This study attempted to broaden the formal, geometrical, and performative repertoires of FTS modules and their parametric assembly. To this end, in
order to populate their complex geometries, a generation algorithm must be developed that is capable of altering the orientation, dimensions, porosity,
and directionality of the modules within the system,
while providing a larger geometrical repertoire beyond those seen in mere planar, repetitive, or homogeneous systems (Figure 9). For instance, in the ﬁrst
FTS category, surFLEX, a parametric geometric algorithm was developed based on the size, geometry,
orientation, and location of each cell within the overall assembly, the cell-adjacent contact faces, thickness of the constituent cords, gaps between two adjacent cells and their connected cords, organizational
hierarchies of the assembly, and degree of porosity of the textile. According to the number of connected points, the algorithm would allow for the generation of diﬀerent regular or non-regular spatiallytessellated patterns, consisting of a variety of possible parametric and interlocking assemblies and with
individually diﬀerentiated and multi-faceted modules.
In surFLEX, each cell can be connected to its adjacent cells at three, four, or six interconnected points.
The general aggregated system easily facilitates cell
combinations of diﬀerent sizes and materials. This
category is advantageous because it tolerates the removal of several cells while maintaining performance
and structural stability.
surFLEX is achieved when on every desired side

of a cell or module, one considers an interlocking
mechanism to ensure kinematic constraint between
neighbors. Current animation software's ability to
simulate the performance of textiles provides only a
simple visual and explorative analysis tool; physical
prototyping remains critical to the study of localized
regions of failure within the system.
As explained above, neighboring cells kinematically constrain each other. The tangential gap between the cells' cords in the interfacing zone of two
modules is very important. This gap is critical to
deﬁning the tightness of the cell's movements, depending on certain variables such as the 3D-printing
method and machine tolerance. Thus, in this research, diﬀerent samples were iteratively prototyped
to assess the overall gaps between cells, as well as
their geometric conﬂicts; this allowed for an appraisal
of the ﬁdelity of the computational models and printers. Within a proposed FTS geometric conﬁguration,
a design ﬁle cannot simply be scaled up or down; the
gaps between the cords are independent of the size
of the aggregated cells.
Here, the FTS research methodology evolved
through a series of investigations into the development of physical analog prototypes obtained from
a very narrow material system of 3D printers; this
helped the authors to gain further insight into the
most appropriate forms of transformation and allowed them to test the aﬀordance of FTS being implemented in building skins (Figure 10 and Figure 11).

CONSTITUTING A PROGRAMMABLE ENVIRONMENT
One of the main contributions of this research is its
exploration into achieving desirable morphing properties in newly-developed building skins (Figure 12).
Of particular importance to the trajectory of morphing changes are the numerous developments in computer science, artiﬁcial intelligence, and robotics designed to produce architecture that can change autonomously (Sterk 2009).
FTS's embedded kinetic properties seem to hold
great promise for building skins, allowing them to be
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imbued with environmental response, interaction,
and intelligence capabilities. Despite promising to
provide further responsiveness, at this point, FTS remains highly constrained with just geometry. The
combination of FTS's kinetic capabilities with integrated sensing and actuation has signiﬁcant potential and requires further investigation.

Since the ability to change shape and/or accommo-

date new conditions is a key factor of surviving in
nature (Jeronimidis and Atkins 1995), morphological
changes in response to the immediate environment
should be the main trajectory of FTS research, entailing a seamless and continuous shape-changing deformation.
In their eﬀort to design adaptive architectural elements, a few design scholars pursued the early exploration of kinetic materiality, including the passive
or active response capacities of the properties of programmable form-changing materials. The works of
Menges (Menges and Reichert 2012), Sung (2010),
and Beesley (Gorbet 2010) set a precedent by which
material actuation was applied within the responsive
kinetic architectural context of several installations.
Due to the limited range of movement caused
by their actuation, most form-changing materials are
mainly able to perform locally, at the micro scale.
A hybrid approach combining MAG strategies and
form-changing materials would provide an excellent
opportunity to perform actuations by using geometry within the materials' properties, in a coordinated
eﬀort to induce a transformation of the overall building skin at the macro level. Implementing geometry
in the correct manner would help to amplify the contraction or expansion of the material actuation that
up to this point has primarily been introduced on a
small scale.
Although FTS's geometric capacity has been explored through the design investigations conducted
here, there remains the opportunity for FTS to fully
exploit the advantages of deploying both its geometrical and material capacities (Figure 13). FTS's use of
form-changing materials will contribute to changing
the shape, geometric arrangement, and mechanical
properties of its neighboring parts as a response to
environmental inputs.
Emerging from the behavioral formation of FTS
through the interaction of its geometry and materials, the goal of the design process is to create selforganizing and ﬂexible yet rigid structures that morphologically reacts to changes in light, moisture, and
temperature. By shifting from the explicit design of
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Figure 10
Weaving closed
braids to form a
surfMORF.

Figure 11
Using the geometry
of braids to form a
surfMORF.

Figure 12
FTS as
geometrically and
physically -actuated
material to explore
a shading system.

Figure 13
Exploiting the
geometrical and
material capacity of
FTS in
programmable
fashion.

form or material, the formal and performative transformations of FTS are derived from "the orchestration
of intensive processes of formation through the design of the underlying behaviors of matter and geometry" (Snooks 2012).
Although programmable materials with the ability
to change form remain less explored, they have
great potential, especially for responsive architectural design. However, one of the drawbacks of preprograming material properties during the fabrication process is that the materials are then unchangeable during the building's performance (Khoo and
Salim 2013). The pre-programmed operation of such
materials makes them less able to genuinely learn
from and respond to the environment, based on realtime feedback. Since enabling a building's materials to sense and react to the environment in a desirable manner is one of the main characteristics of
any adaptive structure, as noted by Sybil P. Parker
(Parker, 1994), in the next step of FTS development,
there should be an attempt to use reactive materials capable of sensing the environment; such materials would provide consistent transformations wellsuited to support the specialized and autonomous kinetic tasks of a building skin. Embedding it with sensing and actuating capabilities when it is coupled with
collective intelligence on the material and feedbackloop scale would reframe FTS within architecture as
a provider of processes of change rather than an expected artifact. In this case, after initiating a set of
controlled constraints, FTS would no longer be perceived as the ﬁnal form of a building skin, but rather
the generator of preliminary states that would evolve
in real time to ﬁnd their forms while responding to external stimuli.
It is possible to embed conductive material into
3D-printed parts in order to pass electrical current;
this can then activate shape memory alloy wires such
as Flexinol and allow for precise control of the FTS's
movement as a performative building skin. When
electric current is channeled to individual shapememory alloy wires through the appropriate software, the desired parts of a structure can move; the

alloy wires will contract when an electrical current
runs through them. In addition to changing the FTS's
porosity and permeability, contracting a part of the
structure could cause local convexity and concavity.

Although using electricity to activate shape-memory
alloy wires would help control the FTS's behavior, the
idea of a geometrically-actuated material remains
a means of moving towards a zero-energy responsive skin that performs without implementing any
mechanical or electrical secondary systems; Gary
Brown has argued a similar point regarding shifting
in adaptation from a complicated system to a biological paradigm (Brown 2002). Achieved with fewer
mechanical components and devices, FTS is a step
toward developing responsive materiality in architecture, as well as cooperating material behaviors
through transformations in geometry.

DISCUSSION
As part of a larger eﬀort to better understand the operation of performative building skins, this paper investigated how to deal with the geometry necessary
to generate transformations of morphology. Consequently, Material Active Geometry sought to reconceptualize the formal and material properties of
building skins within an adaptive system framework.
By extending the possibilities of the digital realm
into multifaceted material behaviors, MAG can be a
fertile research tool that leads to interdisciplinary collaborations in art, science, and engineering (Kalantar and Borhani 2014). By crossing the boundaries of
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various ﬁelds such as biology, material science, computation, mathematics, and additive manufacturing,
the study of MAG aims to highlight the search for a
way of thinking about issues of adaptation, change,
and performance in diverse ﬁelds of design.
By embracing computational design, analysis, and
fabrication tools and procedures, the paper explained the experimental probes by which the authors investigated Flexible Textile Structures 'various
capabilities.
Since a computational design tool that merely
uses geometrical representations would be insuﬃcient for proper simulation of FTS performance, the
discussed parametric geometric algorithm must be
developed; such development should be based upon
additional data such as areas of stress concentration
between connected cells, means of informing structural and mechanical computer simulations, and ﬁnite element models. Accordingly, coalescing FTS's
generative and analytical aspects into a single parametric setup capable of constraining and orchestrating the entire design and fabrication process will inform the next step in this research.
As well as testing the structural or mechanical
properties of diﬀerent designs, the close link between analytical and generative parametric models
calls for an optimization of the material's distribution
and a minimizing of its use, as suggested by ﬁnite
element models and based on load paths and local
stresses.
Despite using a highly additive manufacturing method as a primary departure point for this
research, the time-consuming and expensive 3Dprinting process requires a search for the best and
most feasible method of manufacturing FTS within
various contexts and on a variety of scales, from
micro-particles to large-scale building skin modules.
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