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ABSTRACT
This paper describes the development of the StretchPLAY prototype as a part of
the Social Sensory Surfaces research project, focusing on the design of tactile and
responsive environments for children with Autism Spectrum Disorder (ASD). The
project is directed specifically at issues with sensory processing, the inability of the
nervous system to filter sensory input in order to determine an appropriate response.
This can be referred to as a “traffic jam” of sensory data where the intensity of such
unfiltered information leads to an over-intensified sensory experience, and ultimately
a dis-regulated state. To create a sensory regulating environment, a tactile structure is
developed integrating physical, visual and auditory feedback. The structure is defined
as a textile hybrid system integrating a seamless knitted textile to form a continuous
geometrically complex surface. Advancements in the fabrication of the boundary
structure, of glass-fiber reinforced rods, enable the form to be more robustly structured
than previous examples of textile hybrid or tent-like structures. The tensioned textile
is activated as a tangible interface where sensing of touch and pressure on the surface
triggers ranges of visual and auditory response. A single subject is studies, a fiveyear old girl with ASD, in order to tailor the technologies as a response to her unique
sensory challenges. The project involves collaboration with students, researchers and
faculty in the fields of architecture, computer science, information (human-computer
interaction), music and civil engineering, along with practitioners in the field of ASDbased therapies.
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INTRODUCTION

This research involves the development of textile-based structures with tactile, visual
and auditory interactions, to address a diverse ranges of issues related to children with
Autism Spectrum Disorder (ASD). Material experimentation focuses on new methods
for constructing lightweight pre-stressed structures as robust systems that can serve
as spaces for climbing over, across and within. This involves research in machine knitting, fabricating seamless textiles that when tensioned have a designed responsiveness
to pressure at the scale of the hand as well as the scale of the body. Additionally, the
development of a new material method for generating a large-scale frame of glass-fiber
reinforced polymer (GFRP) rods enables the deflection under significant point loads
to be greatly minimized while maintaining a slight material profile. The resulting structure, interconnecting the GFRP rods and tensile surface, serves as a tangible interface,
where the physical properties of being able to push and stretch the textile serve as
input to interactions with visual and auditory feedback. This tactile feature is tailored to
address challenges for children with ASD in physical movement and social interaction.
Physiological and behavioral observation of a single child, a five year-old girl named Ara,
serves as the source for specific tuning of the range of feedback parameters, including
the scale, topology, and tactile responsiveness of the structure. This research culminates
in the construction and implementation of these concepts, for physical interaction and
material innovation, in a prototype entitled StretchPLAY (Figure 1).

1.1 BACKGROUND IN TEXTILE HYBRID STRUCTURES
A facet to this research is the use of CNC weft-knitting, part of the FabLab facilities at
University of Michigan, for manufacturing highly differentiated textiles and implementing them as the tensile component of a textile hybrid structural system. Weft-knitting
forms a textile through the looping of yarn fibers in the horizontal (weft) direction, each
loop or stitch defining a wale and each row of wales defining a course. Stitch length
is a critical variable, defining the amount of yarn dedicated to each stitch. This is in
comparison to warp-knitting which works in the vertical (warp) direction, and weaving which overlays straight fibers in the weft and warp directions (Figure 2). This work
expands upon previous research in exploring the nature of textile hybrids (Ahlquist et
al. 2013; Ahlquist and Menges 2013; Lienhard et al. 2013). The fundamental concept
of this hybrid structural system is in generating form through the integration of multiple structural actions (Engel 2007), specifically of bending- and form-active behaviors
implemented in materials comprised, in some or all parts, of a fibrous nature. The term
“bending-active” refers to curved beam elements where the geometry is based upon
elastic deformation from an initially straight configuration (Lienhard et al 2012). The
form-active component is a tensile surface which works mutual interaction with the
bending-active rods to generate a balanced pre-stressed state.

Figure 1
StretchPLAY prototype, developed as a part of the Social
Sensory Surface research project.

Figure 2
(left) Comparison in textile logic between weaving; (middle)
warp-knitting; and (right) weft-knitting.
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AUTISM, SENSORY PERCEPTION DISORDER AND SOCIAL PLAY

The CDC currently estimates that 1 in 68 children are affected with ASD (Baio 2014).
ASD can be defined, in simple terms, as a disorder which can cause significant delays
in social, communication and behavioral development. The range and intensity of these
delays can vary greatly from child to child. Among other challenges, the development
of learning tools and therapies for children with ASD is quite difficult as they need to be
specific and unique to each child. This follows the adage: When you have met a person
with autism, you have met exactly one person with autism. Sensory processing difficulties are commonplace in children with ASD variably affecting abilities in self-regulation,
movement, learning and interaction with others (Allen et al 2011). This can be broken
down into two categories: (i) sensory modulation where ability to grade or regulate
response to sensory input is diminished, and (ii) sensory motor disorder where the
neural networks for motor planning, related to speech and fine/gross motor movement,
are also diminished (Miller et al 2007).
This research takes a close look at the relationships of sensory modulation and motor
planning for children with ASD. Apraxia is defined as the breakdown in the neural
pathways for sending messages from the brain to the motoric articulators. Verbal apraxia
relates to the muscles needed to perform specific auditory sounds, while limb or motor
dyspraxia deals with fine and gross motor control (Ming 2007; Whyatt 2013; Ballard
2000). A lack of muscle tone, or hypertonia, can also be common, leading to general
imbalance and difficulty in sensing one’s position in space, referred to as proprioception.
Behaviorally, the combination of these issues can result in a sequence of experiences
beginning with under-responsivity and leading to over-stimulation and sensory seeking,
accomplished with movements such as flapping hands or spinning (Ben-Sasson et al
2009). The intensity of movement overcomes the diminished sensory processing and
allows for the understanding of where the limbs and body are positioned in space. This
research addresses the case where the sensory signals are diminished; necessitating
intensified feedback in order to register sensory input.
As a framework for interaction with the textile environment and technology, this research
embeds therapies which employ an individualized, family-inclusive approach. The Play
and Language for Autistic Youngsters (PLAY) Project and Early Social Interaction (ESI)
are two early-intervention therapies that stress one-on-one engagement with children
in their natural environment, parent training, and parent involvement in therapy. ESI
focuses on a variety of social impairments, with the focus on adjusting to the child’s
specific momentary needs (Carr 2011). Similarly, the PLAY project, a collaborator on this
research project, addresses social impairments by following the child’s lead. The PLAY
project uses six Functional Developmental Levels (FDL) to assess individual strengths
and challenges: (1) self-regulation and shared attention, (2) engagement, (3) two-way
communication, (4) complex two-way communication, (5) shared meanings and symbolic play, (6) emotional thinking (Solomon et al. 2007). These levels are progressive,
follow natural development, and provide means for defining the various levels of sophistication considered as a part of generating sensory tactile environments.
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STRETCHPLAY TEXTILE HYBRID STRUCTURE

The overall scale and surface design of the StretchPLAY prototype is based upon examining environments in which Ara is comfortable with play, social interaction, and exhibits clear communication. A component of the research project was for students and
researchers to engage Ara in play and understand moments where she is most focused.
As Ara is non-verbal, this was primarily an effort in observation and interpretation. It
was seen that Ara has a particular fondness for playing inside automobiles of a certain
size. The assessment was that she prefers smaller interiors, as she can understand her
position within the car based on a constant and close proximity to the exterior surfaces.
With challenges in proprioception, a child with autism will use frequent touching as
means to understand the scale and shape of the environment around them. In a smaller
environment, a full description of the space can be gleaned, therefore providing a better understanding of position and orientation within the space. As a response to this
interpretation, the design of the structure is based upon the scale of a car interior with
the loose reference toward a “front seat” (the wide tube) where two or more people
can interact, and a “back seat” (the narrow tube) as a smaller more individual space
(Figure 3).
The textile hybrid aspect of the prototype advances upon previous research in the fabrication of the rod structure and the complexity in the knitted textile. The demands on
the rod structure are significant in comparison to earlier prototypes where the system
is designed primarily for self-structuring and minimal external loading. In this instance,
the structure is designed for climbing, able to withstand a small child pushing, pulling
and traversing along and within the form. A critical feature, as well as the stability of the
structure, is that it maintains its geometry and position for purposes of sensing with the
use of the Microsoft Kinect. The calibration between where the textile is touched and
the projection of the consequent animations requires that the overall shape and location
of the structure remain constant. For these criteria, the rod structure is designed as a
multi-hierarchical system of pre-stressed laminated beam construction, able to minimize
deflection in the structure.
3.1 FORM-FINDING FOR BENDING- AND FORM-ACTIVE BEHAVIOR
The prototype is comprised of only two main elements, a continuous GFRP rod structure
and a single knitted textile. The complexity in form and material behavior arises from the
topology by which the rod structure and textile associate individually and collectively.
In order to explore the relationships between geometric properties of where elements
connect and material behavior in how they act as a textile hybrid system, form-finding is
developed in the mass-spring based environment springFORM (Figure 4). SpringFORM
is a java-based software developed as a part of the author’s doctoral research, designed
to foster the active manipulation of geometries, topologies and structural actions in a
manner akin to physical form-finding (Ahlquist et al. 2014). The sequence for formfinding the rod topology computationally follows the sequence in which the physical
form-finding model is constructed (Figure 5).

Figure 3
The StretchPLAY prototype is roughly modeled after the
interior of a small car, structured with a multi-heirarchical
rod construction and single seamless topologically complex
knitted textile.

Figure 4
(left) SpringFORM is utilized for the form-finding of the
bending-active behavior and (right) integration with formactive behavior of the textile hybrid structure.

Figure 5
Sequence for constructing topology in springFORM of the
bending-active boundary.
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3.2 MULTI-HIERARCHICAL ROD SYSTEM
A challenge with the bending-active component of a textile hybrid system is the ability
to vary and articulate the geometry within a single structure. Working with varying GFRP
cross-sections within a single system is difficult as the end-to-end connections between
rods are problematic both materially and structurally. In contrast, working with a single
cross-section limits the range of radii that can be accomplished. Ideally, the radii want
to meet a geometry and permissible tensile stress to create a stable structural state,
with a minimal amount of variation from the ideal condition. The following Eq. (1) and
associated table is utilized to understand the minimal bending radius given a particular
material description, and inner and outer radius (Table 1). The necessity to withstand
more significant point loads through a child climbing on the structure additionally poses
a challenge in structuring the desired geometry. To gain more stiffness without reducing
span, a larger GFRP cross-section is necessary. Yet, a larger GFRP cross-section cannot
accomplish the tight and varied radii defined by the form-finding process. As a result,
a new method of fabrication is developed into order to provide a robust structure to
accomplish the scale and geometry as defined by the design process.

Table 1
Calculation for minimal bending radius (Table from Lienhard 2012).
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In order to produce a robust GFRP bending-active structure, a method of bundling and
lamination is developed. For the prototype, three 0.5 inch diameter GFRP rods are bundled into a custom knitted sleeve that seamlessly connects separate channels for each
of the rods (Figure 6). By bundling the rods and allowing for shear movement between
them, the structure can be form-found to match the minimal bending radius as defined
by a single GFRP rod. To develop a more robust beam condition, the knitted sleeve is
impregnated in-situ with epoxy resin and vacuum formed, creating a bond between the
rods and removing the possibility for shear (Figure 7). Additionally, secondary GFRP
rods are inserted to stabilize pivot points within the rod topology. Identified in Figure 3,
a series of single 0.5 inch diameter GFRP rods are situated on either side of three critical
pivot points. Using fixed mechanical connections can cause peak stresses and failure
at the interface between the rod and the connector. In this case, by using a consistent
material type, the structure realizes a more fluid elasticity. With this multi-hierarchical
system of GFRP rods and laminated GFRP beams, finite element analysis shows the
ability to resist a significant point load with minimal deflection (Table 2 and Figure 8).
Figure 6
Knitted sleeve, containing three interconnected channels,
serves as the preform for composite-forming GFRP rods into
a laminated beam.

Figure 7
Fabrication process for bending-active laminated GFRP
beam structure: bundling of GFRP rods, addition of knitted
sleeve (middle), and impregnation of epoxy resin on the
formed bending-active geometry.

Figure 8
Visualization of displacement based upon calculations
defined in Table 2 of (left) single-rod structure and (right)
triple-rod structure.
Table 2
(left) Finite element analysis calculating self-weight and 40lb point load on structure with only a single 0.5” diameter GFRP rod;
and (right) multi-hierarchical structure with laminated GFRP beam (von Buelow 2015).
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The resulting material properties of the laminated GFRP beam are approximately similar
to a GFRP tube with a one inch circular cross-section. Using the equations shown in
Table 1, such a tube would allow a minimal radius of approximately 70 inches. Yet, the
geometry for the prototype has a range of radii from 33 to 96 inches, where 75% of the
values fall below the 70 inch limit (Figure 9). Therefore, the benefit of added stiffness,
tighter radii and design heterogeneity is gained through the lamination of multiple GFRP
rods into a single beam. Though not accounted for in the finite element analysis, the
inclusion of the tensioned textile adds stability to the overall structural system.
Figure 9
Range of radii determined by the form-finding design
process in SpringFORM.

Figure 10
Scale model utilized for generating knit logic.

Figure 11
Detail of the knitted textile edge, fully stressed in order
to meet the almost 32 foot perimeter of the GFRP rod
structure.

3.3 SEAMLESS KNITTED TEXTILE
Initial scale-model studies are utilized to develop the knit logic for the seamless topology
of the textile (Figure 10). The textile is comprised of a co-mingled spandex and stretchnylon yarn, referred to as “nylastic”. The use of a highly elastic yarn is necessary for its
tactile and responsive quality, but also for the ability to manufacture a single textile which
can expand to fit the full-scale prototype. The needle bed of the knitting machine is 82
inches wide, therefore able to knit a tube with the circumference of 164 inches. Yet,
by combining the innate elasticity of a knit (in the ability of looped fibers to straighten
when stressed), an elastic yarn, and maximal amount of yarn per stitch (stitch length),
the textile at the boundary is able to stretch up to 36 feet (approximately 2.6 times the
machine width) in order to fit the GFRP rod geometry (Figure 11).
By contrast, while the edges of the textile are configured for maximal elasticity, the
middle of the textile is structured to minimize stretch. This is a necessity in order to better
manage reduced stress in the tensile surface in the front and back tube, as well as define
the diameter of the tubes. Typical to a tensioned cylinder and evident in the springFORM
simulation, the lateral stresses towards the midway point in the height of the tube are
significantly diminished. In order to better structure the textile, it is necessary to both
tighten the stitches by decreasing stitch length along with reducing the overall number
of stitches. Varying the number of stitches in each course is referred to as shaping or 3d
knitting. The width, in the number of stitches, primarily drives the diameter of the tube
when tensioned. Yet, by shaping along the length of the tube, the vertical stresses are
more direct, thus better structuring and expanding the size of the tube. The amount of
material along the length of the tube is reduced, producing a better tensioned surface.
The features of the expanded edge and shaped tubes are defined in the knit program,
generated in the software M1 Plus (Figure 12). Ultimately, the knit structure is tailored so
that it realizes a tensile surface that is at once forgiving to the touch but also supportive
of the more significant loads of climbing along the surface.

Figure 12
Knit program for manufacturing seamless textile which
morphs from a single tube on the top and bottom into two
separate shaped tubes in the middle. Grey areas indicated
no needle action or no stitches being generated.
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TOUCH AND PRESSURE SENSITIVE INTERACTION DESIGN

The interaction design is based on tactile, visual and auditory feedback in order to build
skills in social communication. As the overall scale is based on that of a car interior, the
front area is sized for two people to occupy while the back area is suited for one child
to climb in and around. The primary sequence of interaction is to depress the textile to
a certain depth in a specific location, referred to here as a trigger, in order to activate an
animation projected back onto the structure and play a sound clip synchronized with the
contents of the animation (Figure 13). Triggers are dispersed through the surface. As an
expanded, though critical aspect of interaction, the trigger points are initially hidden.
This is to encourage traversing the tensioned textile, and pressing in areas in order to
locate the triggers, and fostering extended skin contact and stimulation. When a trigger
is found, a circle pulses to help reinforce memory of where the activation point is. The
effort of finding trigger points ensures both an aspect of exploration, but also guarantees gross motor movement as a part of the playing process. The quality of resistance
in pushing on the tensioned textile is an important feature in registering the sense of
touch. With difficulties in sensory processing, a strong resistance applies pressure to
the joints not just the hand and finger tips, giving a better chance for the tactility to be
identified as well as providing a calming effect (Grandin 1992).
To integrate communication, certain animation and sound sequences are only activated
when two triggers are pressed simultaneously. Based on input from the P.L.A.Y. project,
social skills can be developed through play-based interactions by reinforcing circles of
communication, especially when eye contact is made. Essentially, by repeated reinforcements through the means of play, social interaction can be built as a more innate
response, where for children with ASD, this type of interaction is non-existent, unsettling or not instinctive. By spacing the paired triggers across the structure, communication in position and timing are required. The child can lead the desire to play a certain
animation and sound effect, but the adult has the opportunity to control the moment
when it is activated, waiting until vocal or visual communication is made.
Interaction with the textile is captured and processed through the use of the Microsoft
Kinect and the game engine Unity. The resolution for the areas of interaction is set by a
10x10 grid (Figure 14). This reflects the relationship between the low 640x480 resolution of the depth image in the Kinect, the large footprint of the structure to capture,
and the desire to foster gross motor movement over fine motor control (Figure 15).
Activation of a trigger is signified by a change in geometry of the textile surface, as seen
through the depth image. Unity processes these interactions, yet the animation goes
through an additional step of being morphed and re-oriented through the software
MadMapper before being projected onto the surface of the structure. The projections
are not confined only to the trigger cell; rather they are located to be more encompassing
or surrounding to the person that is interacting with the structure.

Figure 13
Animations and sound clips play by activating a single
trigger (top), or activating two triggers simultaneously
(bottom).

Figure 14
Trigger points are dispersed through the structure based
upon a 10x10 grid defined in the gaming software Unity.

Figure 15
Relationship between the structure, Microsoft Kinect
and projector, where data is processed through Unity,
integrating MadMapper to tailor the animations to the
contoured shape of the textile.
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Figure 16
Overlay of multiple projections on the StretchPLAY
prototype.

Figure 17
The study of this research, Ara, using the StretchPLAY
prototype, experiencing the visual and tactile nature of
interacting with the projections and climbing through the
structure.

CONCLUSION

The architecture and interaction design of the StretchPLAY prototype is responding to a
challenge for children with ASD in filtering multiple sensory inputs. The play experience
itself is intended to be extremely straightforward. This is to foster sensory regulation
and a sense of control over the quality of the space which is being occupied (Figure 16).
Ultimately, this is in service of the primary goal of play as the means for embedding social
interaction as a regular, expected and comfortable part of the experience. In the case of
Ara, who is non-verbal, communication has to be established through means alternative
to speaking. Play, in this context, is oriented to both discover the means of communication and also reinforce them through repetitive, positive and successful experiences.
Anecdotally, in the context of the busyness of exhibition opening for the StretchPLAY
prototype, Ara was able to communicate her understanding of the interactions, pressing
on the textile, and show a continued desire to interact by requesting multiple times to
climb through the structure (Figure 17). This is notable where, in a global environment of
extreme visual and auditory stimuli throughout the gallery, a certain sense of focus and
level of communication was achieved within the envelope of the prototype. In relation
to this research, ASD is not seen as a disability but rather a unique view of the environment, in time and space, which can be significantly disruptive. StretchPLAY seeks to
be a vehicle to understand the nature of such disruptions, in hopes that the child can
eventually learn techniques in which they can recognize, understand and manage their
own sensory challenges. In this manner, the architecture is the defined by the continually
evolving dynamics between behavior and technology.
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