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Abstract

Tensegrity structures provide a high stiffness to mass ratio since all the comprising
elements are either in compression or tension. However, they have limited applications since
fabrication of such structures is challenging due to their complexity and mainly requires manual
assembly of components. The authors look to Additive Manufacturing (AM) as a means to
introduce tensegrity behavior in cellular structures to enhance structural performance. Specifically,
octet cellular structures are created by casting aluminum into 3D-printed sand molds embedded
with continuous wires. In this paper, the authors describe design and analysis of octet cellular
structures that feature high strength fibers held in continuous tension. Finite element analysis of 4-
point bending test is used to evaluate the effectiveness of embedded fibers. Also, the presence of
tensegrity behavior was evaluated using this analysis and testing. The structure with tensegrity
behavior was found to be 30 % stronger. The simulation and experimental results were shown to
match within 6 % error in the elastic region.

1 Introduction

1.1 Cellular Materials

Cellular materials are a set of lightweight structures, which provide sufficient stiffness and
strength with a lower mass density for a particular loading [1] [2]. These structures are of great
interest due to their efficient structural performance and have been developed for a wide range of
applications in automotive, bio-medical, aerospace, sporting, construction and energy-absorption
systems [3]. Cellular structures are characterized by a network of cells comprising inter-connected
struts, which help in reducing material present in the structure [2]. They are differentiated by the
nature of the voids present in the structure. Stochastic materials are composed of cells of random
shape, morphology and distribution [4]. Ordered/periodic cellular materials are composed of an
ordered repetition of standard cell topology [5]. Cellular materials featuring designed
mesostructures are differentiated by their selective placement of material to achieve multiple
design objectives (i.e., the topology is repeatable and controlled but not necessarily periodically
repeating) [5].

Recent efforts have been directed to improve performances of cellular structures. Using
stiffer, higher strength materials, compressive stiffness and strength can be increased. Through
fabrication of lattices at millimeter scale it is shown that the cellular structure can withstand higher
axial stresses [6], [7], [8]. This is simply because materials gain strength at lower scales, which
implies high elastic modulus in structures can make them significantly stronger.
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Additive Manufacturing (AM) has enabled progress in improving processes, design and
materials for fabricating cellular materials with designed mesostructures. Electron beam melting
(EBM) process was used to manufacture Ti-6Al-4V auxetic structures with negative Poisson’s
ratio, which were shown to be superior compared to regular foam structures [9]. Projection
microstereolithography was used to produce octet microlattices exhibiting ultrastiff properties
without being affected by density [10]. In this paper, the authors aim to increase the bending
stiffness of octet-cellular structures through incorporation of tensegrity behavior realized by
reinforcement of continuous high strength fibers. In this context, AM is used to solve the
manufacturing challenges to realize tensegrity behavior.

Fiber-reinforced cellular composite structures have been proposed as a means of solving
structural limitations of cellular materials and bridging the space between current materials and
unachievable low-density region in Ashby’s chart [11]. Micro-buckling failure in struts of
pyramidal truss structures was improved through carbon-fiber reinforced polymer laminates [12].
Unidirectional carbon fiber/epoxy prepreg laps were hot-pressed to form pyramidal structures with
superior compressive strength. [13]. Sandwiched composite foldcores with carbon-reinforcement
were produced to enhance the brittleness of the structures enabling better energy-absorption [14].
Hollow composite trusses composed of carbon-fibers were arranged to form pyramidal truss
structures with high buckling strength using thermal expansion molding [15]. Composite cellular
materials were processed by reversibly assembling and integrating looped fiber composite beams
in a millimeter scale, which extended stretch-dominated lattice structures to ultra-light regime [16].
Silicon-carbide filaments were reinforced inside the titanium struts to fabricate millimeter scale
lattice structures outperforming other cellular materials with density of less than 1 g cm™ [17],
[18].

1.2 Context: Tensegrity Structures

Tensegrity arrangement is designed to involve only tensile and compression stresses
regardless of loading style [19]. The word tensegrity is a reduction of tensile integrity, coined by
R. B. Fuller through his patent in 1962 [20]. The structure is made of spatial assemblies of rigid
compressive bars and deformable pre-stressed strings [21]. Their non-linear mechanical behavior
along with minimal mass formations [22] for given loads make them suitable for lightweight
deployable applications. Tensegrity structures can also absorb and distribute energy under
different load conditions [23], [24]. The strings help in distribution of compressive stress of rods
through their pre-tension and high strength. A robotic leg was created using the tensegrity
arrangement of bone-tendon such that pre-tensioned wires were included to absorb energy and
enable high speed running [25]. However, their applications are limited due to the manufacturing
challenges caused by complexity and are often fabricated by manual assembly. In order to address
this gap, the authors present the use of a process chain of Additive Manufacturing (AM) and metal-
casting.

The effort towards fiber-reinforcement of cellular materials can be approached through a
tensegrity perspective. In this paper, authors aim to embed continuous long fibers such that
tensegrity behavior is introduced in cellular structure, consequently improving the structural
performance. The study reported in this paper concentrates on developing performance of octet
cellular structures for bending applications.
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1.3 Context: Octet Cell Structure

Most of the instances where bending loads are subjects, cellular structures are significantly
used [6], [7], [26], [27]. Cellular structures with stretch dominated cores have been produced to
predominantly experience axial stresses when loaded in bending [6], [18]. Also, their performance
is considered to be superior to panels, whose struts deform by bending. Octet unit cell, as shown
in Figure 1 is considered to be stretch dominated core where predominantly axial stresses are
experienced under bending loads [1]. These cores which experience axial stress in bending can be
complemented by fiber, which can act as pre-stressed strings to introduce tensegrity behavior,
making the structures more efficient. Also, it would be nearly pure tensegrity behavior, since there
would be little presence of bending stress in such core structures [6].

Figure 1. Octet 3D cell structure

In this paper the authors present the method of introducing the tensegrity behavior in octet
cellular structures through finite element analysis. The authors describe the design of structure and
fabrication process made possible through AM and traditional casting techniques. Section 3
describes the concept of locating fibers such that they are loaded in tension. Section 4 discusses
the modeling of octet cellular structure with fibers following methods from Section 2. The
tensegrity behavior is also studied in this section. Section 4 describes the fabrication methods and
experimental testing on the structures. Results are discussed in last section with a closure of the
work reported in this paper.

2 Background and Motivation

2.1 Limitations of Cellular Materials

While cellular materials provide superior structural performance, their applications are
constrained by lower elastic moduli and indentation weakness [2] [28]. These structures are
predominantly affected by concentrated compressive stresses [29]. Also, the core of the panel
suffers local yield or crushing accompanied with face sheet stretching/tearing [30], [31], [32]. All
these limitations are reported to be affected by strength of the core and cell size [33].

2.2 Continuous Fiber-Reinforcement

Nature provides best examples in exhibiting mechanical efficiency where often continuous
long fibers are observed to enhance structural performance. Investigation on pomelo fruit, which
can withstand a drop of 10 m without significant damage, has revealed that the peel consists of
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hierarchical cellular structures with fibrous supports that boost energy absorption, as shown in
Figure 2 [34]. In an effort to create a man-made structure with similar properties, the same research
group attempted to produce metal-metal composite structure to mimic pomelo’s behavior.
Aluminum with two different variants of ductility, outside shell being less ductile was constructed
and evaluated for energy absorption [35].

Figure 2. SEM images of pomelo peel samples [34]

In this paper, the work has been inspired by the presence of continuous fibers in the
aforementioned structures, where performance in terms of energy-absorption and strength has been
enhanced. Using these continuous fibers authors seek to introduce tensegrity behavior and provide
another answer to improve cellular structures. For this solving manufacturing challenges imposed
by tensegrity structures is important. Actuated joints were created by embedding shape memory
alloys using Polyjet 3D printing process [36]. Copper wire was embedded in fused deposition
modeling process using ultrasonic energy [37]. Figure 3 represents the basic approach followed in
this paper. For embedding fiber in any AM system, the print needs to be paused to embed fiber
and continue printing to attain the final part.

AaAAnn — srrrn — XRRRRK

Pause printing Embed fiber Resume printing

Figure 3. Schematic representation of embedding fiber while 3D printing

2046



3 Modeling and Analysis

The purpose of modeling was to make design decisions such as truss dimensions,
placement of fiber and validating tensegrity behavior in cellular structures. Finite element analysis
on two-dimensional truss arrangements and octet 3D beams structure was conducted in
ABAQUS/Explicit [38] to produce a design of cellular structures with tensegrity behavior.

In order to integrate tensegrity behavior it is important to determine the placement of fiber,
such that the load distribution occurs due to the tensioning of fibers. This study was expanded and
applied to octet-cellular structure. The presented analysis technique can be effectively used to
include tensegrity behavior in other cellular materials.

For the analysis studies, Aluminum 6061-T6 was chosen as the material for trusses and
cellular structures. The material was assumed to isotropic, homogeneous and hookean for elastic
deformations. The material was given an elastic modulus of 68.9 GPa [39] and Poisson’s ratio of
0.33 [39]. The structures are subjected to 4-point bending test since the structure is being designed
for a bending application. Bending performance is evaluated in terms of stresses and displacements
occurring in the elastic region.

3.1 Concept

A two-dimensional arrangement of trusses was created to provide basis of the concept.
Figure 5 (a) depicts the structure, which was studied to establish the concept of including high-
strength fibers to achieve tensegrity mechanics in cellular structures. This study was an
inexpensive method to represent cellular structures and provide guidance while embedding fibers.

3.1.1 Truss Dimensions

Using the curve Euler-Johnson curve for aluminum as reference, the truss dimensions were
chosen such that the struts did not fail due to buckling. Strut diameter was chosen to be 7 mm to
ensure the complete filling of mold while casting and also allow enough bonding with fiber. It is
essential for bonding to occur so that the wires are engaged completely in tension. The wires would
otherwise slip in their place and not contribute towards reduction of stress concentration. For a
slenderness ratio of 24.5, the strut length was chosen to be 25 mm.

3.2 Truss 2D Finite Element Modeling

The structure, as shown in Figure 5 (a), was subjected to 4-point bending test where the
loads were applied parametrically and the displacement of the center point was noted for each
loading condition. The truss-structure were all represented by 2D beam elements — B21, the
Timoshenko beam elements meant for short columns. The loading and boundary conditions were
set for 4-point bending tests. The loading points are indicated Figure 4. One end of the structure
was pinned while the other end was allowed to move only in X-direction (roller) as shown in
Figure 5 (a).
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Figure 4. 2D Truss a) loading and boundary conditions, b) deformed state after loading

3.2.1 Results

The displacement of the points in the 2D Truss structure was studied. Nodes 1, 2, 3, 7, 8
and 9, as shown in Figure 5, were considered since the structure is symmetric and the
displacements would be the same for the corresponding mirrored nodes. Also the nodes on the top
will have the negative displacement with the same magnitude as the corresponding bottom nodes.
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Figure 5. Displacements (orthogonal to loading direction) at selected nodes

Points where displacement occurred orthogonally to the loading direction were noted.
Nodes 1, 2 and 3 show high displacements, which means nodes its true for nodes 4, 5 and 6 as
well. These points are candidates for continuous fiber reinforcement. If a fiber were to be placed
at these points, the displacements along the orthogonal direction would cause the fiber to be placed
in tension, and thereby distributing the stresses from struts. Displacements are nearly zero at the
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point lying in center since they lie on the neutral axis if this truss arrangement is considered as
beam.

2D-analysis of the same truss-arrangement with fiber inclusions was conducted to test the
effect of fiber. One basic assumption is that the bonding between the truss and fiber is considered
to be perfect. The material properties of the truss, meshing scheme, loading and boundary
conditions all remained the same as the previous study. For the fiber material stainless steel wire
type 302 (elastic modulus = 193 GPa [40]) was chosen with a standard 1/8 inch diameter. The fiber
was modeled as a T2D2 (no bending) truss element with no-compression to deactivate, as fibers
do not provide stiffness against compression loading. Figure 6 (a) shows the placement of fibers.

The fibers were placed on the top layer to maintain the symmetry of structure for loading.
The truss arrangement is considered to be a section of a larger structure and hence the fibers were
located in the center as well to show that they would engage otherwise. It is important to note that
the fibers connect the nodes of the cellular structure to fulfill the purpose of incorporating
tensegrity behavior. Also, due to the pre-stressing, the fibers in the top layer would engage even if
they are under compression. However, this paper does not concentrate on the effects of pre-stress
but rather lays out the concept of fiber-arrangement such that tensegrity behavior is seen.

AN N
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Fibers Center
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Figure 6. a) Fiber - included in truss, b) Deformed truss with fibers

Figure 6 (b) represents the deformation of structure with fibers. The performance was
measured in terms of displacement in direction of loading at the center of the structure and the
stresses associated with it. Figures 7 (a) and (b) depict the displacement (Y-direction) and stress
of the center and for parametric loading on the structures respectively. The slope of curve for truss
with fiber is greater, implying the structure has become stiffer.
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Figure 7. (a) Load vs displacement at center, (b) Load vs stress at center

It can be noted that the slope of the curve with fiber is much steeper. Stresses in truss with
fibers decreased by 79 MPa. This improvement in strength can be attributed to the appropriate
location of fibers, which have been engaged in tension to reduce stress. The displacement was
decreased by 0.43 mm by fibers making the structures stiffer. The effectiveness of fibers included
in structures was convincing to place them in octet cellular structures using the same methodology.

3.3 Octet- Cellular Structure Modeling

As proved in 2D truss-analysis the fiber inclusions do make the structures stronger and
stiffer. 3D Beam analysis was conducted on octet structures to understand the physics of structures
and gain insight into the placement of fibers.

A 3D Beam structure was built to represent octet geometry as shown in Fig. 8 (a). The strut
dimensions were based on the same slenderness ratio as selected in Section 3.1 Nine octet cells
were repeated in length and two in width to form a structure suitable for 4-point bending test. The
overall dimensions were 318.20 mm x 70.71 mm x 35.35 mm. The structure was assigned Al-6061
T6 material with B-31 mesh elements. This was specifically done to confirm the magnitude of
bending stress present in the structure. The loading and boundary conditions for 4-point bending
test were assigned as shown in Fig. 11 (a).

\

Roller

Loading points

Pinned
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Figure 8. (a) Octet cellular with loading and boundary conditions, (b) Deformed octet structure

The deformation of the structure was studied as shown in Fig. 15 (c). Fibers were included
at points as chosen in Section 3.2. The fiber material remained the same as mentioned in Section
3.2.1. As depicted in Fig. 9 (a), 3D-beams octet structure was modeled with fibers. As in the 2D
model (Section 3.2), the fibers were represented as T3D2 no-compression truss elements since
they have no stiffness against compression loads and cannot experience bending loads. Similar
loading and boundary conditions were provided as that shown in Fig. 9 (b).

ST Loading points

Roller

(a)

Pinned

Figure 9. (a) Octet structure with fibers-loading and boundary conditions, (b) Deformed structure

3.3.1 Results

Figure 9 (b) shows the deformations occurring in octet structure with steel wires. The
deformations in both the octet structures were studied in terms of stresses and displacements.
Figure 10 (a) and (b) represent the displacement at the loading points and maximum stress
observed in structures for parametric loading respectively.
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Figure 10. (a) Load vs displacement at center, (b) Load vs stress at center

Table 1 provides the details of effectiveness of steel wires through displacements and
normal stresses due to the presence of steel wires. The stiffness of the structure with steel wire
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increased through reduction in vertical displacement by 2 mm. Increase in strength due steel wires
was about 178.3 MPa, which underlines the effect of tensegrity behavior.

Table 1. Effectiveness of fibers

Maximum Maximum
Displacement (mm) Stress (MPa)
Octet Structure 4.4 253.4
Octet Structure with steel wires 2.4 75.1

3.4 Tensegrity Observation
The bending stress in both the structures was studied as shown in Fig. 11 (a). The tension
experienced in all bottom wires were studied, as shown in Fig. 11 (b).
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Figure 11. (a) Bending stress in octet structure with wires (b) Tension in steel wires

There is reduction of these stresses in octet structure with wires. This is attributed to the
interplay between octet cellular shape and the tension in steel wires. This interplay is a
consequence of tensegrity behavior where the tension in wires can effectively engage to reduce
the stress due to the shape of the cell and wire arrangement.

As observed in there is presence of bending stress in octet structure with wires, but the
value is very low. The structure does not experience much of bending stress due to the octet
arrangement. The tension in steel is seen to be increasing with the load. The structure with wires
is shown to be stiffer and stronger through results in Table 1. This behavior is typical of tensegrity
structures. Due to the presence of some small bending stress it is stated to be nearly tensegrity
behavior.

4  Experimental Test and Validation

4.1 Fabrication

A manufacturing process to produce complex cellular metal composites using Binder
Jetting AM process was established [41]. The process makes use of sand molds printed through
Binder Jetting technology and metal is directly cast into them to produce the final part. In this
paper the aforementioned process was adapted to produce cellular structures with fiber-
reinforcements as shown in Fig. 12.
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The mold arrangement was split such that fiber embedding could be achieved. The mold-
designs were created through a Boolean subtraction of Octet design from a block of exact overall
dimensions. Molds were printed using the CAD-designs using Binder Jetting AM technology. The
wires were embedded in the molds and the mold-setup was complete with additional packing of
sand around it to secure the positions of wires. For this mold, A356 alloy was poured, which is a
common aluminum alloy (Al-7wt%Si-0.3wt%Mg) [42] with a good combination of mechanical
properties and castability. The temperature of metal in furnace was limited to 754.44 °C (1390 °F).
The temperature while pouring, although not measured, is expected to be ~10-20 °C lower than
the furnace. As shown in Fig. 12, the structure was successfully embedded with steel wires to attain
a final part resembling the structure in Fig. 9. Another structure without wires was fabricated
alongside to complete the comparison study while testing.

Mold Generation

3D CAD Mold Generation Split Molds

Mold Setup

Printed Molds Embed wire Mold-Setup

Casting @

Cast Part Machined structure

Figure 12. Process to create cellular structures with tensegrity behavior

The weights of both structures were measured after machining with fiber-reinforced octet structure
at 1.44 kg while the one without wires was 1.16 Kkg.

4.2 Testing
Four-point bending test was carried out on both the fabricated structures using a testing
fixture built for this. The test was conducted on MTS Insight using the control module provided
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by MTS. Figure 13 (a) shows the structures set on the fixtures for testing. The region between
loading points were subjected to constant bending moment and zero shear force. The maximum
value of bending moment is to be found in this region. Tests were conducted at constant
displacement rate of 2 mm/min to achieve quasi-static loading condition according to the military
standards: MIL-STD-401 DIN 53291.

The displacement of loading points and the loading data were acquired during the tests.
Figure 13 (b) indicates the maximum displacements caused in both the structures during the test
for the acquired loads.

= \\\/ithout wires
= \/\/ith Wires

(b)

0 1 | 1 | 1 |
0 2 4 6 8 10 12 14

Displacement (mm)

Figure 13. (a) Four point bending test setup (b) Comparison of load and deflection in octet
structures with and without steel wires

The load needed to cause failure in octet structure with steel wires is observed to be 36.59
kN, which is 8.348 kN more than the failure load for octet structure without wires. The slope of
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the curves (difference in slope - 1100) in elastic region as shown in Fig. 13 (b) suggest that the
bending stiffness of octet structure with steel wires is larger, proving the structure for better
performance.

As shown in Fig. 13 (c) the failure first occurs in aluminum strut and the steel wires are
still intact. The steel wires are still engaged and this increases the ultimate strength of the structure.
The wires are seen to perform more efficiently in the plastic region since they were not pre-stressed
initially but only held in enough tension to engage while testing. In the plastic region the wires are
at their maximum potential and hence the ultimate strength is observed to have increased more
than the stiffness.

Comparison - Modeling and Testing
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Figure 14. Comparison — Simulation and Experiment

Figure 14 depicts the differences between the simulation and experimental testing in the elastic
region. For octet structure with wires the discrepancy is less than 3 %. This error can be due to the
non-uniformity of struts in the fabricated parts. While the struts were designed to be of diameter 7
mm, this wasn’t achieved. The average strut diameter was found to be around 7.3 mm, which
makes the structure stiffer than the simulation. At lower strains, for the structure with wires the
error is around 6 % while at higher strains it is around 15 %. This discrepancy can be attributed to
the bonding issues between the wires and aluminum. The simulation perfect bonding while in
reality this may not be achieved.

5 Closure and Future Work

2-D finite element analysis of 4-point bending test was conducted on a truss-arrangement
to understand the mechanics and establish a method for the placement of fibers. The bending
stresses experienced by octet structures, while wires engaged in tension to reduce stresses
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indicating nearly tensegrity behavior was achieved. 3-D beam analysis of octet structures with
fibers showed improvements in strength and stiffness due to incorporation of tensegrity behavior.

The fibers effectively reduced the stress from adjacent sections by engaging in tension. The
structures without wires experienced normal stress of about 253.4 MPa while the structures with
wires reported stress of about 75.1 MPa. In the analysis it was seen that octet structures with fibers
experienced very little bending stress (about 0.25 MPa). Nearly tensegrity behavior was achieved
to improve strength and stiffness during 4-point bending test as discussed in Section 3.4. The octet
structures were successfully fabricated through process chain as indicated in Fig. 12. Fiber-
embedding was successfully accomplished in fabrication through molds created by using Binder
Jetting AM technology.

For an increase in weight of 0.28 kg, the octet structures with steel wires demonstrated
higher stiffness and strength by failing at 36.59 kN. The same increase in strength can be achieved
with even less weight-increase if fibers such as carbon-fiber, silicon-carbide and alumina are used
since their stiffness to mass ratio is considerably higher than steel wire.

In the future, a 3D solid model will be constructed for finite element analysis and validate
experiments by simulating the 4 point bending test. The effects of fiber would be studied
thoroughly to establish a criteria of design. A study on pre-stressing would help in increasing the
overall stiffness of the structure and ultimate strength to a greater extent than what is observed in
this study. Material characterization will be carried out to understand the bonding between steel
wire and aluminum.
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