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Design concept
Many novel structural forms with complex
curved geometries are derived through
experimentations in form and force equilibria.
Form-finding methods championed by such
figures as Antoni Gaudi, Heinz Isler and Frei
Otto leveraged material testing to visualize
physical laws that led to new paradigms of
structural thinking for complex force
distribution systems (Boller and Schwartz,
2020). As a network of precisely balanced
components, tensegrity structures rely on
form-finding methods to accurately predict
states of self-equilibrium across a range of
topological conditions. First built by Kenneth
Snelson, with the term coined by Buck-
mininster Fuller, tensegrity structures are
composed of isolated compression members
braced by a continuous tensioning network.

They are considered a highly efficient resilient
system due to their high strength-to-weight
ratios, stability and efficacy with minimal
structural elements. 

Their rapid deployability and controlled pre-
tensioning (‘tunability’) offers a robust typol-
ogy that has been adopted by a variety of
disciplinary fields from biology to cellular me-
chanics. Tensegrity logics have launched new
paradigms of understanding in biomechanical
movement and kinematic “living” structures
with a capacity of shape adaptability. 

The BeTA pavilion installation adopts the logics
of functional anatomy and self-organization
fundamental to biotensegrity principles based
on Kenneth Snelson’s and Buckminster Fuller’s
tensegrity paradigm. Conceived by Dr. Stephen
M Levin M.D. in the 1970s, biotensegrity de-
scribes an organizing, biological principle of lo-
comotion characterized by a complex
interconnected network of tension and com-
pression elements arranged to resist physical
forces. 

Biotensegrity systems are dynamic and
lightweight structures that formally adapt to
achieve continued states of equilibrium. Shape
adjusting features were instrumental to the
BeTA pavilion design. A bending-active system
was adopted for the installation to showcase
the pavilion’s biotensegrity assembly as a pas-
sively stable structure. The pairing of bending-
active GFRP rods modules with tensioned CNC
knitted textile connections produced a rever-
berant structure when touched.
Forty-five elastically bent regular tetrahedral
modules with ten distinct sizes were scaled and
sequentially arranged in one chain to describe a
hyperbolic paraboloid geometry for the pavil-
ion. Each self-similar tetrahedron module was
connected to its adjoining neighbor by an ac-
companying CNC custom knitted textile. The
initial geometry of the pavilion was developed
computationally using Rhino/Grasshopper/
Kangaroo2®, and its structural performance
verified through the continual interplay be-
tween physical and computational form-find-
ing.  Rhino/Grasshopper/Kiwi!3D interface
enabled the integration of isogeometric finite
element analysis into a computer aided design

CNC Knitted Textile Performance for a
Bending-Active Biotensegrity Assembly

Background for the project 

BeTA Pavilion (Fig. 1), a Bending-Active Biotensegrity Textile Assembly, is an installation developed by
a team of designers, researchers, and students from Kent State University for the 2019 International
Association for Shell and Spatial Structures (IASS) Form & Force Expo, organized by Working Group 21:
Advanced Manufacturing and Materials. The pavilion tested the dynamic formal opportunities of
biotensegrity logics through a material assembly composed of elastically bent glass fiber reinforced
plastic (GFRP) and Computer Numerical Control (CNC) knitted textiles. Inspired by animal vertebrae
typologies, the structure was assembled with a set of 45 pre-stressed and self-stabilized tetrahedron
modules arrayed to achieve structural equilibrium with a range of dynamic motion. The global geome-
try of the 2mx2mx1.6m form-active structure was developed to respond to local changes in external
forces carried by a network of bespoke CNC knitted fabric pieces. The adaptive structure reacts to
human touch through kinetic movement while remaining structural stable and retaining efficient cur-
vature and form. This article is developed based on a previous paper by the authors (Davis-Sikora et al,
2020), but with discussions highlighting the performance of CNC knitted textiles. 

Figure 1. BeTA Pavilion 
Figure 2. Computational Form-finding using Kiwi!3D
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environment to ‘visualize’ the stress distribu-
tions in the textiles (Fig. 2) (Kiendl, 2010; Breit-
enberger, 2016; Bauer, et al, 2017; Davis-Sikora
et al, 2020). This process pinpointed the high-
est stress distribution at the top vertex of the
bottom tetrahedron, and a relatively high ten-
sile stress distribution in the middle portion of
the fabric, as well as a high tensile stress distri-
bution around the opening. Default material
values of GFRP rods and ethylene tetrafluo-
roethylene as membrane were used to create
the digital model, and to find the deformed ge-
ometry of the proposed form-active hybrid sys-
tem. Actual material performance data (i.e.,
modulus of elasticity, tensile strength, and
stress-strain curve for non-linear analysis) could
be used to more accurately simulate the force-
form relationships of the proposed design.

Large GFRP tetrahedrons arranged at the bot-
tom of the pavilion were each fabricated with
six single rods measuring 46cm to 76cm in
length, and 0.3175cm in diameter. Three rods
were connected at each corner vertex by a 3D
printed plastic connector to produce a tetrahe-
dron shape. Flexible GFRP rods with a diameter
of 0.1575cm, and a length between 30.5cm and
38cm were used to construct smaller modules
with the desired curvature and shape. To ac-
commodate the reduced stiffness, three rods

were bundled together and secured at their
vertices and mid-points using the connectors
shown in Figure 3. 

CNC knitted textiles were pretensioned to link
the 45 bending-active tetrahedron modules
into a continuous chain. Tensioning for each
textile was then later adjusted to achieve the
pavilion’s target geometry. The textile design
and patterning were crucial to the project’s
structural performance and dynamic motion. 

CNC KNITTED TEXTILE
The textile serves as the "soft tissue". It carries
tension, connects each tetrahedron ‘vertebrae’,
and makes it possible to form a chain like that
of the human spine. Each textile piece incorpo-
rated: 1) four fabric pockets, 2) three bottom
ribbed tubes, and 3) three knitted bands to
connect each tetrahedron with its adjacent
neighbors. The knitting pattern shown in Figure
4 was programmed using M1PLUS® software1.
The platform provides a variety of ready-to-use
Knit and Wear modules, as well as flexible pro-
gramming to adjust and optimize knitting pat-
terns according to customized specifications.
All textiles were knitted using polyester air cov-
ered spandex yarn on a Stoll CMS 530 HP, 7.2-
gauge industrial knitting machine (Fig. 5). The
knitting pattern file was developed as a 14-

gauge knit with seven fields of intarsia knitting,
which used 10 yarn carriers with two ends of air
covered spandex consisting of 20 denier span-
dex core with one ply of 150 denier textured
polyester. 

Knitting details are illustrated in Figure 6. A
total of five different knit structures were de-
signed on each piece of textile. Twenty-two dif-
ferent sizes of textiles were knitted, ranging
from 160 stitches wide x 282 stitches long to
284 stitches wide x 752 stitches long, to con-
nect ten different tetrahedron sizes. 

An interlock stitch (1) was used to create a
strong fabric with knitted slits, through which
adjacent bands were looped into a chain. Since
a high tension was to be carried by the fabric
(2), a tubular pointelle (a double-layered knit),
was selected for the main portion of the textile.
Four open-ended tubular sections (3) were de-
signed at the bottom of the piece to sleeve
GFRP rods through and connect the tetrahe-
dron edge to the textile. The 4 tube design pro-
vided options for variable lengths to adjust the
tension placed on the fabric. Pockets (4) and
(5) were knitted with an interlock jersey struc-
ture to provide additional strength at the three
tetrahedrons end point connections. The
stretched textile, in Figure 7, indicates the high-

Figure 3. 3D Printed Connectors at the Vertex
Connors of Small Tetrahedron 
Figure 4. Textile Knitting Pattern 
Figure 5. Stoll CMS 530 HP knitting machine
Figure 6. Details of Knitting 

4
6

3

5

1 www.stoll.com/M1PLUS 



TENSINEWS NR. 40 – APRIL 202116

RESEARCH

est tensile stress at the vertices. The interlock
jersey structure at the knitted pocket carries
sufficient tensile capacity to support the stress
concentration at this end point.   

Structural performance of 
the CNC Knitted fabric
To better understand the structural behavior of
the knitted fabric, uniaxial testing with loading
parallel and perpendicular to the knitting, re-
spectively, were completed for the CNC knit-
ted textile with a gauge width and length of
10cm. The textile pieces were placed in an MTS
universal servohydraulic testing machine
equipped with a load cell and data acquisition
system (Fig. 8). A total of six pieces were tested
with three (F1, F2, and F3) loaded in the direc-
tion parallel to the knitting, and three (F4, F5,
and F6) loaded in the direction perpendicular
to the knitting. The load versus machine stroke
results are shown in Figure 9. For each sample
two tests were performed. The attempt 1 load-
ing for each textile was to stretch the piece
with an elongation of 12cm, which corresponds
to the maximum displacement (stroke) of the
machine head. After unloading, the piece was
released from the jaws of the machine head,
and the cross-head was moved upward. The
same piece was gripped again by the jaws and
the position of the machine head adjusted to
consider the permanent deformation of the
fabric after the first attempt. The new initial
length was recorded for each sample. Pieces
were loaded in tension again in attempt 2 until
tensile rupture occurred as shown in Figure 8
(b). The testing data was recorded for both 
attempts for each piece, as shown in Figure 9.
The ultimate capacity of each sample is defined
as the addition of tensions applied in the two
attempts.  Samples F1, F2, and F3 had an ulti-
mate load capacity in the range of 1,700N and
2,000N, and a maximum elongation in the sec-
ond attempt between 2 and 8 cm. The other
three had an ultimate load capacity in the di-
rection perpendicular to the knitting ranging
between 1,400N and 1,900N, and an ultimate

Figure 7. Stretched Textile
Figure 8. Tensile Testing for the
double-layered textile
/a. Tensile Testing               
/b. Rupture of the Textile
Figure 9 a/b. Force versus machine
stroke for each attempt of the
tensile tests 
Figure 10. Force versus strain
responses
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elongation in the range of 4cm and 7cm in the
second attempt.  The preliminary testing indi-
cates the CNC knitted textiles exhibited similar
structural performances in both directions. The
preliminary testing results in attempt 1 loading
indicate nonlinear inelastic behavior of the tex-
tile under a low level of forces, which suggests
that the textile is very stretchy, (i.e., the textile
filaments tend to stretch while losing the origi-
nal weaved shape), and the deformation of the
textile is not linearly proportional to the ten-
sion applied. In addition, large residual
stretches were observed after unloading at the
end of the fist loading attempt. This phe-
nomenon may be due to the combination of
the material and knitting pattern. The
polyester spandex yarn may be still in the elas-
tic range under the loading, however slippage
of the yarn in the knitted fabric occurred during
the loading to generate the residual deforma-
tion due to tension.  Preliminary testing results
indicate the textile exhibited similar mechani-
cal performances in the direction either parallel
or perpendicular to the knitting. Additional sys-
tematic investigations are required to under-
stand the relationship between material,
knitting pattern and mechanical properties.
This information would then be used for a
more accurate computational form-finding to
predict geometric deformations of the
stretched textile. 

Textile strain was determined by dividing the
machine stroke by the initial length between
the gripping jaws for each attempt. The strain
was then used to combine the response of the
two attempts as shown in Figure 10. The two
curves from the same sample were combined
by overlapping the portion of the two
responses for which the load range was the
same.  It can be noted that when attempts
were combined, the force versus strain
responses for textiles tested in both directions
were consistent. Two branches can be
identified. The first branch exhibits a nonlinear
trend corresponding to the stretching of the
textile. The second branch, most likely,
corresponds to the full mechanical
engagement of the fibers in tension. The slope
of the second branch is consistent among all
samples, which suggests that the modulus of
elasticity in the two directions is very similar. 

As shown in Figure 2, the tensile stress
distribution in the textile is not uniform, which
was reflected in Figure 7 with large openings or
holes in the areas with higher stress and strain.
With residual deformation under the low level
of stress, the stretch in the CNC knitted fabric
still exhibited a linear but non-elastic behavior
with the higher level of tensile force applied as
shown in Figure 9. The level of tension in the
textile not only influences the overall
geometry of the pavilion, but also affects the
stiffness of the structure. Higher tension
generates a stiffer structure with a higher
frequency of vibration. Because of the
lightweight nature of the assembly, textiles for
the bottom tetrahedrons required higher
tension (and stiffness) to erect the form-active,
hybrid structure.  

Conclusion and future research 
The construction of an adaptive, hybrid
biotensegrity structure, is the first step in an
ongoing probe into the complex dynamics of
compliant form-active systems. The CNC
knitted textile exhibited revealing structural
behaviors under the uniaxial loading conditions
including non-linear behavior and residual
deformation under the low stress levels, and
linear but non-elastic behaviors under the high
stress conditions. The structural behaviors are
similar in the directions parallel and
perpendicular to the knit.  

BeTA pavilion was assembled multiple times
with the same materials. Because of the
residual deformation in the textiles under a low
level of stress, the global geometry of each
assembly appeared different. Slight variations
in localized tensioning during each process of
assembly produced morphological variations of
the target shape. A ‘smart’ system could be
integrated in future projects to monitor strain
levels in the knitted fabric; access creep
behavior under a long-term loading on the
textile; and confirm deviations from the
intended shape.  Future applications would
also benefit from an integrated assessment of
elasticity and tension levels produced through
the paired performance of GFRP rods and CNC
knit fabric. The knit textile embodies a range of
performative attributes that drive tensile
capacities including yarn type, knit structure,

and CNC knit processes (i.e., yarn ends per
inch, the tension with which the yarn was
knitted, and textile direction in relation to
stretch). Moving forward, additional physical
and computational modeling of scaled, CNC
textile samples targeting selected performance
criteria will enable extended testing for long-
term and multiple installation efforts.   
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