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Abstract. Among the main barriers to the production of smart textiles on an
industrial scale, there are the difficulty of integration of electronic and textile raw
materials; the maintenance of textiles, especially with regard to their washing;
and the poor durability of smart capabilities associated with the textile structure.
Moreover, most breakthroughs in the development of smart textiles occur in a
limited way and targeted to meet the specific features of the project or wearable
product. This article proposes the hypothesis of co-evolving smart textile as a
contribution to overcome these problems. Memorization and customization
features are viable due to nanotechnology and assigned to the textile basis.
These characteristics aim to contribute to the progress in the design and pro-
duction process of smart textiles in large scale, aimed at daily use, and able to
co-evolve with the user’s body and the surrounding environment.
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1 Introduction

Textiles and, therefore, the clothes made from them are in an interface between the
body and the surrounding environment. Its characteristics are varied and able to
stimulate and promote different kinds of perception to the user. Nevertheless, funda-
mentally, textiles are made up of fibers. These fibers can be differentiated between
natural and chemical, the latter comprising the synthetic and artificial materials.
However, the performance and appearance of the final textile are linked to how these
fibers are wove, as well as the way the stitching yarn is manufactured. In contrast, “the
finishing and treatments can be applied to a textile at any stage of their production, in
the form of fiber, stitching yarn, textile or final clothing” [1]. In this context, there were
considered the basic principles of textile design related to scale, texture, color, pat-
terned, repeat, positioning and weight, as these parameters are articulated in functional
designs for use in the contemporary context. In summary, the structural qualities of the
raw material of each textile, the finishing processes and processing confirm the con-
struction of sensory relations among body-textile-environment.

Advances in the creation of textiles follow two paths: those arising from techno-
logical advances in the area, and those derived from ethical and environmental con-
cerns, and in the intersection point of these two paths, the textiles of the future will be
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produced [1]. In addition, there are experimental textiles that do not arise from the
influence of existing textiles, but from references obtained in different areas, such as the
architecture, arts, contemporary culture, such as the nature itself. In an emerging era of
biotechnology, nature is not only being copied by biological imitation (biomimetics),
nor just being exploited in the development of bioactive materials, but mostly col-
laborating with the emergence of other “natural” versions through textile engineering.

With the development of electronic textiles (e-textiles), these possibilities are
enhanced with fibers, stitching yarns, ribbons and textiles that can conduct electricity
[2]. These textiles can feel when and how they are being touched, acting as sensors,
switches, transistors, cables, antennas, displays; and react to stimuli and the user’s body
conditions and environment [3, 4] derived from mechanical, thermal, chemical, elec-
trical and magnetic sources, among others. In this field, textile techniques can create
conductive textile and clothes with the application of carbon, stainless steel, silver and,
even, gold [2]. Moreover, interactivity provided by the association of smart materials to
the fibers or stitching yarns constitute circuits and communication networks in which
information such as heat, light, pressure, magnetic forces, electricity, heartbeats and
other neurophysiological data of the user may be transferred and promote changes on
shape, color, sound or size of this textile.

With the nanotextiles, this potential is intensified, once the nanotechnology oper-
ates at the molecular level, allowing the creation of smart textiles capable to structural
reconfigurations. Thus, a textile acquires unique properties such as, for example,
chemicals that can be administered as a drug or a cosmetic.

The smart textile presents different expressions according to its ability to feel and
react. Such expressions constitute the current categories: passive smart textile; active
smart textile and very smart textile. The passive condition attributed to the textile
indicates its ability to feel only environmental stimuli without, however, expressing any
reaction to them. However, the active condition ensures the expression of reactions to
stimuli interpreted by the textile, whereas a higher degree of intelligence provides the
textile to feel, react and adapt to the conditions identified [5].

The technological systems consisting of sensors, actuators and control units are
related to different levels of intelligence, that are assigned to each of these categories.
The sensors are responsible for the detection of stimuli sent by the environment or by
the user’s body, and transform it into a kind of intelligible signal. Several different
types of sensors operate in this sense: temperature, humidity, pressure, tension,
chemical sensors, biosensors, nanosensors, among others, and their presence is iden-
tified as essential in the three categories of textile intelligence.

In passive smart textile, the sensors are sovereign and essential. In active smart
textile, they work in cooperation with actuators and are responsible for generating
transformations in response to the interpretation of the signals delivered by the sensors.
The example of the chromatic materials that change their optical properties in response
to temperature, light, chemical, mechanical stress stimuli, among others; hydrogel
swells and releases chemicals in response to changes in pH, electric field or temper-
ature; shape memory materials, which move in response to temperature changes; and
electroluminescent materials that send light in response to voltage application. In very
smart textiles, sensors operate in interface with the control units, which act as a brain,
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with cognition, reasoning and action capabilities [5] to interpret and generate real-time
answers to the data sent by different sensors.

Despite significant breakthroughs in the development of smart textiles, there are
still several challenges to overcome for its extensive application in clothing products,
which are the following: the difficulty of integration of electronic and textile raw
materials, caused by the differences between their manufacturing processes that results
in the textile flexibility as opposed to the solidity of most electronic components [6];
the maintenance-related problem, especially the clothing washing, due to differences
between the physical properties of the T = textile and embedded electronics; and the
poor durability of smart capabilities, aggregated to the textile structure in the pro-
cessing stage, after repeated washings.

Several research projects [7–15] are focused on overcoming these challenges.
However, all design developments in this regard reinforce the textile development
restricted to meet only the specific features of the desired product. That is, the wearable
product features end up defining the characteristics of the textile, restricting its application
to the development of only one product. This condition represents an impact restrictor to
diversified production of smart textile products, from the single textile structure.

Driven by identification of this gap, this article aims the design of textile with features
and physico-chemical and technological qualities capable of providing interactive and
uninterrupted flow between textile material, user and environment, in order to promote
continuous adaptability of these systems. This textile behavior, called by the authors of
this article as co-evolving smart textile, is set up in the hypothesis aimed to contribute to
the transposition of the main obstacles that limit the extensive use of smart textiles in the
production of varied everyday clothes considering their daily and continuous use.

Therefore, the design of co-evolving smart textiles is intended to provide memori-
zation of the interaction process among body-textile-environment from co-evolving
nanosensors present in the textile structure. In addition to the memory capacity,
co-evolving nanosensors are also able to monitor biological data provided by the user
body, comfortable and safe, by excluding the need to display electrodes to the skin;
responding to different stimuli coming from the surrounding environment; and promoting
the reuse through repeated washings, without losing their functionalities. These char-
acteristics aim to contribute to advances in smart and co-evolving textile products design
with the user’s body and the surrounding environment, since its configuration enables
customization. That is, with the application of co-evolving nanosensors, the development
of smart textile is not restricted to the product use specifications. Instead, the smart textile
structure becomes customizable in order to allow different design purposes.

2 Literature Review

Given the hypothesis defined by this article, this section will be restricted to the
research approach performed in the active smart textile and very smart textile and
represent relevant references to the approach proposed here.

The development of active smart textiles involving the application of sensors and
actuators in the cooperative operation is part of the study of photosensitive materials,
optical fibers, conductive polymers, thermosensitive materials, shape memory materials,
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smart coatings/membranes, responsive chemical polymers, responsive mechanical
materials, microcapsules, micro and nano materials [5].

In this sense, Hardaker et al. [12] present a study on fibers and textile coatings with
optical, magnetic and electric properties for commercial and military applications.
According to these researchers, there are significant research efforts directed to the
development of new materials with coloring properties through the visible spectrum,
including the electromagnetic spectrum of infrared and ultraviolet regions. This fibers
system of responsive color, also known as chameleon, also aims a range of applications
not restricted to textile, such as in the fields of optical communication and electronics.

Karaguzel et al. [11] investigate screen printing of the transmission lines in a
variety of non-textile substrates, using different conductive inks focused on long-lasting
application in e-textiles. In this scope, the researchers developed a porous textile
coating for the printed lines, aiming the conductivity function durability.

It is noteworthy the studies involving the development of textiles and its application
in wearables. Among them, the projects Wealthy (Fig. 1), My Heart, Lifeshirt by
Biometrics (Fig. 2), Nike IPod Sport Sistem by Biomedia are studied by several authors
[16–19]. These projects have, as a guiding concept, the health care and, accordingly,
aim to the monitoring of vital signs, using textile bases in which there are sensors, able
to enhance the implementation of outpatient monitoring systems for health, safety,
security and well-being of the individual. Such researches aim to examine the char-
acteristics of textiles and the responses for the control of heart rate and oxygen rate, and
other neurophysiological parameters. Lifeshirt project provides, besides these data, the
position of the user [17].

Regarding the development of very smart textile, there are two research lines: the
first is related to the transmission, processing and monitoring of signals, in which are
inserted neural networks and control systems as well as cognition theories and systems;
the second research line investigates processes and integrated products in electronic and
photonic wearable, adaptive and responsive structures, biomimetic, bioprocessors, and
materials with the release of chemicals/drugs [5].

Fig. 1. Smartex – Wealthy [28]
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In the first research line, Holland et al. [15] discuss the development of electrically
conductive textile, which acts as a sensor for detection and localization of body fluids
(for example, blood), wounds (for instance, cuts, wounds caused by bullets) and,
potentially, vital signs.

In the second research line, Linz et al. [8] conducted a study on the use of
non-invasive sensors integrated into the textile for monitoring human health in elec-
tromyography tests. The main purpose is the sensor fusion to the textile structure so as
to avoid contact of the sensors with the patient’s body.

Carpus et al. [9] present as a result of their research a knit textile with integrated
resistive sensor for monitoring fetal heart rate in intrauterine development period.

Other studies [16] refer to the use of textiles to measure the sugar level in the user’s
body by monitoring the sweat. In this case, the authors indicate the possibility of
verification of pathological disorders through the sensors system integrated to the
textile, which identify the subject’s body hydration and re-mineralization in order to
prevent bodily reactions such as irritability, headache, vomiting, in addition to iden-
tifying the body temperature and heart rate.

Other research projects [20] move forward to the area of e-textiles, capable of
electrical conduction from the stitching yarns developed with conductive characteris-
tics, such as the Textro-Yarns®, elastic, highly conductive composite yarns with
constant and high conductivity over a wide range of elongation. However, these studies
did not show the physical properties of electronic textiles made with these stitching
yarns, with respect to handling possibilities, intrinsic to everyday use, perspiration and
washing (Fig. 3).

As of this scenario, it is possible to identify the subordination of smart textiles
development related to the functional characteristics of wearable products in most
developing wearable projects and textile products on the market. It is possible to note

Fig. 2. Lifeshirt [29]
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the configuration of a production process that, different from that employed in other
textiles in clothing industry, focus on the textile development with properties targeted
to specifically meet the wearable product design needs, such as the Wealthy.

Therefore, the success of such textiles is related to the implementation of these
specific properties that will result in the exclusive manufacturing of the clothing
smartly designed. Despite the recognition of the significant progress already achieved
in this area, the question is, in this article, about the development of smart textile able to
meet different design needs in clothing and, therefore, wider productive range.
Moreover, consequently, perspectives opening for the development of wearable
products whose projects originate from implementation potential and viability provided
by the textile.

3 Co-evolving Smart Textile Concept

Feeling is a vital necessity for the survival of every human being. Different stimuli are
capable of promoting the ways to perceive and feel the surrounding reality, and among
them, there is the act of dressing. The body fells the contact with the textile, and shall
also respond to these tactile stimuli, combining actions to the textile movements that
folds, pleats, stretchs, warms and refreshes. “Although touching is not itself an emo-
tion, its sensory elements induce neuronal, glandular, muscular and mental changes
that, combined, are called emotion” [21]. The use of each type of textile and fiber can
provide the user with different sensations with respect to the touch, the textile in contact
with the body.

As an extension of the epidermis, the skin overlying the skin [22], the textile acts as
an interface, through which the individual interacts with the surrounding environment
and stimulates its sensory device in different ways, in a dialogical relationship with

Fig. 3. Textro-Yarns® [30]
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numerous references capable of association and recognition by this body. In this
mediation, co-evolving smart textile appears as a possibility to simultaneously promote
and expand the scope of sensations to the human body and, thus, provide the differ-
entiated management of body-environment communication.

In biology, the concept of co-evolution comprises the reciprocal selective inter-
action between two major groups of organisms in a close ecological relationship [23].
Moreover, in a broader perspective of the concept, “the co-evolution of biological and
physico-chemical systems created the conditions for the development of human beings,
which introduced a new type of interaction: human interaction” [24].

Using the concept of co-evolution for textile applications means strengthening a
systemic vision, as considered by Bertalanffy [25, 26], in which all the behavior is more
complex than the sum of the behaviors of the parts, so that events appear to involve
more than only the individual decisions and actions.

It is possible to state, therefore, the intelligence of an open system assigned to the
textile remains in continuous exchange of matter with the environment. Open systems
exchange information with the part of reality external to them. This reality denominates
the system environment. It is possible to say that the environment of a system is a
group of all things that are not part of the composition of such system, but act over it or
suffer some action from it [27]. In this continuous exchange with the environment, the
open system cannot only maintain, but even evolve to a higher degree of complexity.

This exchange of information is also extended to the user’s body and sets up
intersystem interactions contexts, in which the boundaries are dynamic, as permeable
membranes able to change and take on new forms from exchanges carried out in this
relationship [26]. In this process, the adaptability of the textile structure to continuous
interaction with the user’s body and the environment is stored and, at the same time,
externalized as outputs in the textile surface. Such outputs denote not only the textile
adaptability process to stimuli coming from the user’s body and the environment, but
also express the textile intelligence in ongoing management of uninterrupted infor-
mation flows that build this triad.

Thus, it is important to emphasize smart co-evolving textile is inherent to the textile
itself as an intrinsic feature to its structure and, therefore, far from that intelligence
coming from electronic devices coupled to the textile surface or woven by the textile
frame.

This development proves to be feasible due to the use of nanotechnology, which,
by operating at the molecular level, enables the creation of smart textiles, made of fibers
and sensors in nanoscale, capable of structural rearrangements. Such structural rear-
rangements result from a process of “individual molecular manufacturing”, which
consists precisely in the construction of textile material, molecule by molecule, and
enable the features presented by the co-evolving smart textiles, memorization of the
interactive processes among body-textile-environment, and customization of responses
to different stimuli coming from the user’s body and the surrounding environment.
These molecular arrangements are responsible for monitoring biological data provided
by the user’s body, comfortable and safe, due to the absence of electrodes attached to
the skin; and the reuse condition by providing successive washings without losing their
functionalities (Fig. 4).
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Memorization is directly related to the potential of collecting relevant data to the
experience design of wearable textile product. Thus, it becomes possible to identify
positive and negative aspects that affect the body-textile-environment interaction, and
can be reinforced or canceled respectively, in a continuous refinement process. While
the possibility of customization, by providing the configuration of the textile structure,
with respect to the feedback given to the user as a result of the interactive process
among body-textile-environment, it enables different design purposes from the same
textile matrix. Both properties give the smart textile an active behavior, consisting of
dynamic features, and continuously adaptable to the user’s body and the environment
in which it is inserted. These features enhance smart textile design on a large scale,
since it expands the scope of possible applications from a single textile basis.

4 Conclusion

The way the body is covered or uncovered over time and textile quality for each of
these moments are reflected in technological and industrial developments.

Despite significant efforts made in the development of smart textiles, there are
barriers, such as the difficulty of integration of electronic and textile raw materials;
successive washings; and poor durability of smart capabilities, that still need to be
overcome to enable its extensive application in clothing products. In addition to this
context, there is fact that the vast majority of advances made in this area and available
in the market are the result of a process guided by the specific features as a result of a
wearable product or project.

Identifying this scenario as a constraint to the production process of smart textiles
in large scale and focused on everyday use, this article proposes the concept of
co-evolving smart textile. Among its features, the ability to store the interactive

Fig. 4. Co-evolving smart textile features
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processes among body-textile-environment and to offer a customizable textile matrix,
both feasible due to the use of nanotechnology, constitute significant contributions to
overcoming the problems above-mentioned.

Future developments of this research aim at evaluating the evolution of this concept
from the results obtained in practical experiments in the development of a co-evolving
smart textile.
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