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� A new configuration of the morphing
composite lattice is developed to
increase the bending stiffness of the
structure.

� The new lattice uses additional
composite strips mounted
concentrically to the pre-existing
strips on the same fasteners.

� The new lattice configuration is bend
tested and compared to two lattices
in a conventional strip configuration.

� Testing showed that that the new
strip configuration is more mass and
volume efficient than the
conventional configuration.
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a b s t r a c t

A key aspect in the design of deployable space structures comprising slender elements such as booms is
their deployed bending stiffness. In space, due to zero gravitational loading, a high level of bending stiff-
ness is not required to support neighbouring structures, but instead is desirable to resist vibrations gen-
erated by the attitude control system. The morphing composite cylindrical lattice that is under
development is a structure with significant potential for deployable applications in space, however, con-
cepts developed so far may lack sufficient bending stiffness. Therefore, current work focuses on develop-
ing a method of increasing the lattice bending stiffness, while minimising any increase in both mass and
stowed volume. These goals are achieved by using additional composite strips mounted adjacent and
concentric to pre-existing strips. These strips are attached using pre-existing fasteners, thus, only increas-
ing the weight of the structure by the mass of the composite strips. A finite element model of the new
lattice configuration is developed and validated by comparison to experimental results. For this compar-
ison, three different lattice configurations were manufactured, two lattices with a conventional strip con-
figuration, an eight-strip lattice and a four-strip lattice, and a third using a new lattice configuration
developed in this work. In comparison with the eight-strip lattice, the new lattice configuration is 32%
less stiff, however it weights 33% less and stows to approximately half the stowed height. Compared
to the four-strip lattice, the new configuration weighs 75% more, but it is 281% stiffer while stowing to
the same volume. By increasing the deployed bending stiffness, this work makes the morphing cylindrical
lattice a more viable candidate for deployable space structures.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Morphing, or multistable, structures are unique in their ability
to change their shape or position while retaining structural stiff-
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Nomenclature

Physical quantities
b Width of the composite strip (mm)
d Distance from the neutral plane to the centroid of the

strip (mm)
h Thickness of the composite strip (mm)
m12 Poisson’s Ratio
A Area of strip cross section (mm2)
E Effective Young’s modulus of the lattice (GPa)
E11 Young’s modulus in the fibre direction (GPa)
E22 Young’s modulus in the matrix direction (GPa)
EI Bending stiffness (Nmm2)
F Force (N)
G12 Shear modulus (GPa)
I Effective second moment of area of the lattice (mm4)
Ixx Second moment of area (mm4)
L Length of the deployed lattice (mm)

SL Strip length (mm)
SW Strip width (mm)
d Deflection of the lattice (mm)
h Angle of rotation of the strip relative to the neutral

plane (rad)
v Manufactured radius of the strips (mm)

Acronyms
ACW Anti-clockwise
CFRP Carbon fibre reinforced plastic
CTM Collapsible tubular mast
CW Clockwise
FE Finite element
STEM Storable tubular extendible member
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ness in two or more configurations. An example of a commonly
studied morphing structure is a bistable plate. This plate can be
stable in two distinct shapes; where it is curved around one prin-
cipal axis and then curved around an axis perpendicular to the first
[1]. Multistability is achieved by tailoring and creating a structure
with multiple potential energy minima [2]. Composite materials,
such as carbon fibre reinforced polymers (CFRP), are often used
in morphing structures, due to their high tailorability, stiffness
and inherent lightweight [3]. These properties make morphing
structures well-suited for deployable space applications, such as
booms, solar arrays and antennae. Deployable space structures
have the conflicting requirements of needing a small package for
launch and a large length or surface area once deployed. Space
deployables using morphing structures have the potential to be
lighter and more packing efficient compared to structures relying
on more traditional mechanisms, such as telescopic and articulated
structures [4].

One of the most common types of morphing composite deploy-
able is the Collapsible Tubular Mast (CTM) [5], a bistable deploy-
able boom. This type of boom has a closed tubular cross-section
that can be flattened and rolled to create a compact stowed pack-
age. Bistabilty in CTM booms is achieved by tailoring the manufac-
turing prestress and the stiffness properties of the composite. CTM
booms have been utilised in many deployable structures [6 7]and
have recently been proposed by NASA in the design of advanced
solar sail technology for CubeSats on deep space missions [8].
Efforts have also been put into increasing the bending stiffness of
the CTM boom by using corrugated thin shells [9]. In space, there
is no air to dampen vibrations, so sufficient bending stiffness is
required in deployable space structures to prevent damage [10].
A different type of bistable deployable boom is the Storable Tubu-
lar Extendible Member (STEM) [11]. Similar to the CTM booms,
they can be flattened and rolled into a compact package, however
the deployed cross section can vary in shape. The Roll-Out Solar
Array utilised two STEM booms with a circular cross section to
deploy solar panels and to provide stiffness to the structure [4
12]. Another STEM boom is the AstroTube, a lightweight composite
tape spring that can deploy to 1.5 m from a 1U CubeSat stowed vol-
ume [13]. A variation of the tape spring design is the triangular rol-
lable and collapsible boom, which is manufactured from two
composite tapes bonded together to make a triangular shape
[14]. In the extended state, the triangular cross-section of the boom
provides increased bending stiffness compared to a single tape. A
different type of morphing composite structure with great poten-
2

tial in space deployables is the multistable composite cylindrical
lattice [15].

The multistable lattice is a shape-changing structure that can
morph from a long, deployed state to a short, stowed state and vice
versa. The morphing lattice comprises clockwise and anticlockwise
helical strips of CFRP bound together with metal fasteners to a
cylindrical shape. The cylindrical lattice is a multistable structure
that can be tailored to be stable at multiple positions along the lat-
tice length. The lattice attains its multistability through the
exploitation of the interplay between the prestress, material prop-
erties and structural geometry. The composite strips are pre-
stressed by first curing them on a curved mould of a particular
radius and twist. Post-cure, the composite strips are assembled
into intersecting helices and constrained to the smaller radius of
the lattice structure, creating prestress. In prior work, the analyti-
cal model of the lattice was developed to accurately predict the
stability characteristics of the structure through the calculation
of the bending curvatures, membrane strains [16], and thermal
residual stresses [17]. This analytical model facilitated the develop-
ment of a deployable space boom that utilised multiple morphing
lattices.

The lattice boom consists of two morphing composite lattices
that are connected telescopically and that store by nesting within
one another in the stowed state [18]. This configuration greatly
increases the deployed length of the structure while maintaining
the same stowed volume of a single lattice. The two lattices in
the boom were designed to be self-deploying and therefore
required an internally stored motor to control the speed of deploy-
ment. In the stowed state the lattice boom has the volume of a 1U
CubeSat and in the deployed state it has a length of over 2 m, mak-
ing it highly packing efficient. However, this structure had one sig-
nificant shortcoming, a relatively low bending stiffness. Space
booms require adequate bending stiffness to resist vibrations from
the attitude control system to prevent damage to the boom and its
attached devices [10]. Additionally, a low level of bending stiffness
can adversely affect the deployment of the morphing lattice when
using a deployment speed regulator [18]. Mid-deployment, the lat-
tice boom temporarily buckled to one side under its own deploy-
ment force, due to its relatively low bending stiffness, Fig. 1. This
behaviour is highly undesirable as the lateral deployment of the
boom may cause damage to other components of a satellite and
prevent multiple booms from being used in series, for example,
in a solar array. Therefore, the purpose of current work is to
develop a method of efficiently increasing the bending stiffness



Fig. 1. Lattice boom mid deployment buckling under its own deployment force
[18].

Fig. 2. Comparison of conventional and new lattices (a) Conventional four-strip
lattice in the deployed state (b) New eight strip lattice in the deployed state. Note,
the first set of clockwise (CW) and anti-clockwise strips (ACW) are depicted in red
and blue respectively and the second set of clockwise and anti-clockwise strips are
depicted in green and yellow, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of the morphing lattice and so make it a more viable option in the
design of space deployable structures.

A simple method of increasing the bending stiffness involves
using additional layers in the composite laminate of the lattice
strips. More layers significantly increases the bending stiffness of
the structure, however, too many layers can make the strips too
stiff to be assembled into the lattice shape. In previous work on
the lattice boom [18], it was discovered that five layers was the
limit for the particular lattice configurations used in the boom.
Using six layers in the lattice strips resulted in them exceeding
their breaking strain during assembly. Another method to increase
the bending stiffness is by increasing the width of the composite
strips. However, increasing the strip width would result in a simi-
lar increase in the stowed height of the lattice, e.g., increasing the
strip width by 50 % would also increase the stowed height by 50 %.
Increasing the number of composite strips in the lattice has a sim-
ilar issue as the stowed volume also increases. Additionally, using
more strips significantly increases the weight of the structure as
more fasteners are required for assembly.

The solution proposed herein is to use additional sets of strips
adjacent to and concentric to existing strips, attached with pre-
existing fasteners. In lattice configurations, there is generally-
one set of strips configured in a clockwise helix and one set of
strips configured in an anti-clockwise helix. Henceforth, this type
of lattice is referred to as the conventional lattice configuration.
The proposed new lattice configuration simply uses additional
sets of clockwise and anti-clockwise helical strips connected in
parallel (i.e., concentrically) and inside of the existing sets. This
type of lattice is referred to as the new lattice configuration.
The differences in the composite strip layout between the con-
ventional and new lattice configurations are shown in Fig. 2. As
the new strips are mounted inside, the stowed volume of the
structure does not change. Additionally, as the existing fasteners
are being used, the mass of the structure only increases by the
weight of the composite strips. The stiffness of this new lattice
configuration is evaluated herein through finite element mod-
elling and experimental testing. This new lattice is then compared
with two lattices that use the conventional lattice configuration,
one with the same number of strips and the second with the
same stowed volume, to determine the stowage, mass, and stiff-
ness benefits of the new configuration.

This paper is structured as follows. Section 2 starts with a short
description of the morphing lattice, followed by the introduction of
3

some key expressions used to analyse its bending stiffness. In Sec-
tion 3, a finite element model of the lattice is developed, detailing
the steps from prestressing the strips to bending of the full struc-
ture. Section 4 describes the manufacture of three different lattice
configurations and the method of testing. In Section 5, the results
from the numerical and experimental models are compared and
discussed. Finally, conclusions are drawn in Section 6.

2. Model

2.1. Description of the lattice

The morphing composite lattice comprises multiple narrow
composite strips that follow clockwise and anti-clockwise helical
paths around the cylindrical shape of the lattice. The strips are
bound to this shape with mechanical fasteners at discrete loca-
tions. These composite strips are first cured in an autoclave at an
elevated temperature and pressure. Prestress in the strips is cre-
ated by curing the strips on a curved mould of a particular radius.
Post-cure, after cooldown, the strips are constrained to the smaller
radius of the lattice, generating prestress in the longitudinal and
twist directions. Current work concerns lattices that utilise a sym-
metrical laminate configuration in the strips. This type of laminate
is utilised to simplify the modelling of the lattice, avoiding signif-
icant thermal warping. Non-symmetrical laminates cured at an
elevated temperature produce thermal residual stresses in the
post-cure cooldown that can result in large thermal warps. Ther-
mal warping of the strips has a significant influence on the stability
characteristics of the lattice and complicates modelling.

2.2. Second moment of area

The second moment of area, Ixx, of the lattice configurations
analysed herein is calculated to determine the stiffnesses of the
strip configurations. The strips of the lattice follow a helical path,
changing the cross-sectional area of the lattice along its length.
At any one point along the lattice, the cross-section is made up
of rectangles (i.e., the strips) positioned around the radius of the
lattice. Therefore, the expression for the second moment of area
of a rotated rectangle is used, [19].

Ixx ¼ bh
12

b2cos2hþ h2sin2h
� �

þ Ad2 ð1Þ
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where b is the width of the composite strip, h is the thickness of the
strip, h is the angle of rotation of the strip relative to the neutral
plane of the lattice, A is the area of the strip and d is the distance
from the neutral plane of the lattice to the centroid of the strip.
From Eq. (1), the second moment of area of each of the individual
strips can be calculated and summed together. By repeating this cal-
culation at periodic increments along the lattice length, the change
in the second moment of area can be evaluated.

2.3. Bending stiffness calculation

A series of cantilever beam tests with a point load on end is per-
formed on three lattices in Section 4. The bending stiffness, EI, of
the lattices can be experimentally calculated using the simple
expression for the deflection of an end-loaded cantilever, given
by [20].

EI ¼ FL3

3d
ð2Þ

where E is the effective Young’s modulus of the lattice, I is the over-
all second moment of area of the lattice, obtained from averaging Ixx
along the lattice length, F is the experimentally recorded force, L is
the length of the deployed lattice and d is the recorded deflection of
the lattice.
3. Finite element analysis

To analyse the bending stiffness of the composite cylindrical
lattice, a numerical model was developed using Abaqus/CAE [21].
Three different lattice models were developed to calculate the
bending stiffness of each of the different lattice types. Two of the
models are of lattices with conventional configurations and one
uses the new lattice configuration. The details of the three lattices
are found in Table 1. All of the strips in the lattices use the same
material and composite layup of [0/90/0] and have the same pre-
curvature of 400 mm in radius, making the number of strips and
their configurations the only difference between the lattice mod-
els. This particular laminate configuration and pre-curvature was
selected as previous work [16] showed that it produced a lattice
stable in the deployed state. The material used in these lattices is
IM7 8552 unidirectional prepreg composite, the properties of
which can be found in Table 2. Previous work on the lattice deter-
mined that reduced four-node shell elements (S4R) of 1 mm2 in
cross-sectional area were suitable for analysing the structure
[18]. Analysis of each of the lattices was split into two separate
models, assembly and bending. In the first model, the lattice strips
are prestressed and assembled into a deployed lattice, and in the
second model, the bending analysis is performed. All models use
a Newton-Raphson nonlinear solution in their analysis.

3.1. Lattice assembly

The lattice with the new strip configuration is used to exem-
plify the methodology used for all three lattice models. Initially,
the lattice strips are created as shell extrusions in their cured
radius of 400 mm. As a symmetrical layup is used, thermal effects
derived from the post-cure cooldown are ignored to simplify the
Table 1
Lattice configuration details.

Lattice Material No. of Strips Config Type Lay-

Config 1 IM7 8552 4 Conventional [0/9
Config 2 IM7 8552 8 Conventional [0/9
Config 3 IM7 8552 8 New [0/9

4

analysis. In the initial step, the strips are co-located around the
centre of the lattice. A boundary condition is applied to a centre
line along the length of the strips to prevent them from moving
in the z-axis and rotating about the x and y axes during the pre-
stressing step. Next, the strips are moved into their positions on
the lattice by applying a displacement in the y-axis to the mid-
point of each of the strips, Fig. 3 (a). Concurrently, a z-rotation
is applied to either end of each strip, coiling them into the smal-
ler radius of the lattice. Fig. 3 (b) shows the lattices strips after
the prestressing step, coiled to the radius of the lattice in the
stowed state.

fter prestressing, the strips can be deployed from the stowed
state to the extended state. First, the fasteners of the lattice are
simulated using specific boundary conditions in Abaqus, as
achieved by placing boundary conditions where the strips intersect
in the extended state. The type of boundary condition varies
depending on its position in the lattice. The boundary conditions
on the y-axis prevent rotation about the z-axis and x-displace-
ments, and the boundary conditions on the x-axis prevent rotation
about the z-axis and y displacements, see Fig. 4(a). Next, one end of
each strip is restricted with a zero displacement in the z-direction
and the opposite end is given a displacement of 560 mm in the z-
direction, representing the stable length of the lattice. Fig. 4 (b)
shows the boundary conditions used in the lattice model at mid-
deployment. Note, the conventional lattices are given a displace-
ment of 580 mm as they have a slightly longer stable length. An
additional displacement boundary condition of 280 mm was used
at the midpoint of each strip to aid in the deployment. A damping
factor of magnitude 2 � 10�7 was used to numerically stabilize the
analysis in this step. At the end of this step, the lattice resides in its
stable, deployed shape, ready for bending, Fig. 5.
3.2. Lattice bending

To enable overall bending of the lattice, the lattice strips have to
be exported to a new model, as the fasteners cannot be simulated
with boundary conditions as was done in the deployment analysis.
To achieve this behaviour, the mesh of the deployed lattice is
imported into the second model. Then, the stresses and strains of
the deployed lattice are extracted and applied to the strips using
an initial state predefined field. Coupling constraints are used to
simulate the lattice fasteners by binding the nodes of the strips
at the fastener locations together in the x-, y- and z- directions,
while leaving all rotations free. Frictionless surface-to-surface con-
tacts are used to simulate the interactions between the lattice
strips. Friction surface-to-surface contacts between the strips was
attempted but doing so resulted in the simulation failing to con-
verge. The contacts are used in this model to prevent the strips
from interpenetrating during the bending simulation. An increase
in bending stiffness was observed in the lattices when including
the contacts compared to the models without them. A cantilever
bend test was simulated to assess the bending stiffness of the lat-
tices. Encastre boundary conditions were applied to one end of
each of the lattice strips. At the opposite end of the lattice, a 3 N
load in the y-direction was applied to the end of a single strip, sim-
ulating the experimental testing conditions, Fig. 6. After the simu-
lation was completed, the deflection and load on the lattice were
up (�) v (mm) SL (mm) SW (mm) Revolutions

0/0] 400 630 10 2
0/0] 400 630 10 2
0/0] 400 630 10 2



Table 2
Material Properties.

Material E11 (GPa) E22 (GPa) G12 (GPa) m12 (–) Ply Thickness (mm)

IM78552 [22] 161 11.4 5.2 0.32 0.125*

*Measured.

Fig. 3. The strips are coiled into a smaller radius using rotation boundary conditions at the strip ends and a displacement at the midpoint (a). The strips mechanically
prestressed in the stowed configuration (b).

Fig. 4. Locations of fastener boundary conditions. Blue squares are locked in y- displacement and z- rotation and green triangles are locked in x- displacement and z- rotation
(a). The new lattice configuration in a semi-deployed state. Red arrows represent the z- displacements used to deploy the lattice and the red circles represents the location of
the zero z- displacement boundary conditions (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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recorded for comparison with the experimental tests to validate
the developed model. This process was repeated for the two lat-
tices with the conventional strip configuration. The PC used in
the finite element modelling used an Intel i3 6300 processor with
8GBs of RAM. The computational time for all three lattice configu-
rations for both the deployment and bending models is shown in
5

Table 3. The finite element models for the lattices with eight strips
take more than twice as long to compute than the lattice with just
four strips. The bending model of the new eight strip lattice config-
uration takes over two minutes longer than the conventional eight
strip lattice as there is more contact points between the strips,
increasing computational complexity.



Fig. 5. The new lattice configuration in the deployed state. Red arrows represent
the z- displacements used to deploy the lattice and the red circles represents the
location of the zero z- displacement boundary conditions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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4. Experimentation

4.1. Manufacture

Three different lattice configurations were manufactured and
tested to validate the developed numerical model of the new lat-
tice configuration. Two of the lattices use a conventional lattice
configuration of two sets of strips and the last uses the new lattice
configuration with four sets of strips, Table 1. To ensure consis-
tency of material properties and pre-curvature, the strips of all
three lattices were cut from a single panel. The material used in
this panel was IM7 8552, a unidirectional prepreg composite,
Table 2. This panel was cured on a curved mould of 400 mm in
radius to produce the desired prestress when assembled into the
lattice shape. During the layup process, a peel ply layer was not
used, instead, release film was used on either side of the composite
laminate. This produces a smooth, resin-filled surface, that reduces
friction in the deployment of the lattice. To cure the panel, it was
placed in an autoclave at 180 �C and 6.5 bar pressure, with a dwell
time of two hours. As a symmetrical lay-up was used, no signifi-
cant thermal warping was observed in the panel on removal from
the mould. Next, the composite panel was cut into twenty 10 mm
strips using a water jet cutter at low pressure. The hole spacing for
the fasteners was determined using a computer aided design
Fig. 6. Lattice with the new strip configuration deflecting to 100 mm under a load of appr
arrow represents the applied load. (For interpretation of the references to colour in this

6

model, with each set of strips having slightly different spacings
due to their different radial positions in the lattice. With the holes
drilled, the composite strips were assembled into three lattices
with 2 mm bolts and locknuts. Washers were used between each
strip to reduce friction in deployment. As a result, the new lattice
configuration required three washers at each fastener location.

Fig. 7 shows the three assembled lattices in their deployed
states. Both of the conventional lattices are stable at a deployed
length of 580 mm, while the new lattice configuration is stable
at a slightly shorter 560 mm. This difference in stable lengths is
caused by the innermost set of strips in the new configuration
being shorter than the outer strips, influencing the stable position
and retracting the deployed length of the lattice by 20 mm. It is
also observed that the new lattice configuration has a slightly lar-
ger stable radius than the two conventional lattices. Fig. 8 shows
the three lattice configurations in their stowed states. In this state,
the four-strip lattice and the new lattice configuration match in
height, while the eight-strip lattice has nearly twice their stowed
height. This comparison demonstrates the benefit of the new lat-
tice design, as both the conventional eight-strip lattice and the
new lattice configuration use the same number of composite strips,
but one stows to nearly half the height of the other. Fig. 9 shows a
close up view of the different sets of clockwise and anti-clockwise
strips in the new lattice assembly, with four strips overlapping
each other at each fastener location.
4.2. Bend testing

A series of cantilever bend tests with a point load at one end
was used to evaluate the bending stiffness of the three assembled
lattices. In prior studies [18], a simply supported beam with a cen-
tral point load experiment was used to assess the bending stiffness
of the lattice. This experimental set-up was not repeated here as
the central point load caused the lattices to initially change their
diameters before bending. In these studies, the initial radius of
the tested lattices was narrow and only changed by an insignificant
amount before bending occurred. However, the lattices produced
in the current study are larger in diameter, causing this initial mor-
phing response to prevent useful results from being obtained. With
these considerations, an end-loaded cantilever bend test was used
to prevent undesirable significant deformation of the lattice during
experimental testing. Fig. 10 shows the experimental setup for this
test. On the left, the lattice is fixed to an upright support, emulating
the encastre boundary conditions of the finite element model. A 3D
printed fixture (in white) is used to connect the strips of the lat-
tices to the support. On the right, the lattice is connected to a
oximately 2.5 N. Red squares represent the Encastre boundary condition, and the red
figure legend, the reader is referred to the web version of this article.)



Table 3
Computational time for the finite element analysis models.

Lattice Configuration Deployment Model
(mins)

Bending Model
(mins)

Conventional Four Strip 18:30 21
Conventional Eight

Strip
37 49:30

New Eight Strip 38 53

Fig. 7. The three lattice configurations in the deployed state, four-strip lattice (a),
eight-strip lattice (b), new lattice configuration (c).

Fig. 9. Close up of the additional strips used in the new lattice configuration. The
added strips are mounted concentrically to the existing strips on the same
fasteners.

Fig. 10. Cantilever beam test of the four strip lattice. On the left, the lattice is
securely mounted to the test frame and on the right, the load is applied to the lattice
in an upwards direction.
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Tinius Olsen tensile tester with a cable to apply the load to the lat-
tice in a upwards direction. Usually, wood would not be considered
as a suitable material for a test frame, however, as the lattices are
highly flexible, and the loads are low (1–4 N), it provides a suffi-
ciently stiff and robust structure for these experiments. In this
experiment, the lattice configuration is initially located in a neutral
position and then the load is applied by the Tinius Olsen tensile
tester. A 100 N load cell was fitted to the tester to record the force
applied to the lattices. The deflection of the lattices was recorded
by the displacement of the tensile tester cross-head. The force
and deflection of the lattices are continually recorded during test-
ing. Two different mounting configurations were tested with the
conventional eight-strip lattice, mounting with only the top and
bottom of the lattice ends secured and mounting with all four ends
of the lattice secured. Both configurations were tested to observe
the effect that the additional mounting points have on the bending
stiffness. A maximum displacement of 100 mm was used to pre-
vent any damage or plastic deformation in the lattices. To ensure
consistency in the results, each lattice was tested four or five times.
Fig. 8. The three lattice configurations in the stowed state, four-stri

7

5. Results & discussion

To evaluate the differences between the conventional lattice
configuration and the new configuration, the second moment of
p lattice (a), eight-strip lattice (b), new lattice configuration (c).



Table 4
Mass breakdown of the evaluated three lattices.

Parameter Mass 4 Strips 8 Strips New 8 Strips

Strip 14.5 g 29.1 g 28.6 g
Fastener 7.9 g 29.8 g 10.1 g
Strip % 64.7 % 49.3 % 73.9 %
Fastener % 35.3 % 50.7 % 26.1 %
Total 22.4 g 58.9 g 38.7 g
Increase in Mass 0 % 163 % 73 %
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area, mass breakdown and force/deflection response of the three
analysed lattices are discussed with relation to Fig. 11 to 14. First,
the second moment of area of the lattices is calculated periodically
along their lengths. Next, the lattices are compared in terms of the
mass of the composite strips and mechanical fasteners. Finally, lat-
tice test results are analysed and compared with the finite element
models. The four experiments are then compared to each other to
determine the advantages and disadvantages of the new type of
lattice.
5.1. Second moment of area of lattice

The second moment of area (Ixx) of each lattice was calculated
at periodic increments along their lengths using Eq. (1). Fig. 11
shows the variation of Ixx along the first half revolution of each
of the lattices, after which its values repeat. For the conventional
lattice, half a revolution represents a length of 145 mm, and for
the slightly shorter new lattice configuration, its length is
140 mm. The Ixx for both the four-strip lattice and the new lattice
configuration display a sinusoidal variation as the strips deploy
along their helical path, changing position from the top and bottom
of the lattice, to the sides, and then back again. The new lattice con-
figuration displays nearly twice the Ixx of the four-strip lattice as it
uses twice the number of strips in approximately the same posi-
tions. The conventional eight-strip lattice has a constant Ixx along
the lattice length. As the strips revolve around the lattice, they
swap relative positions. The strips that start in the top and bottom
positions deploy to the sides and the strips that start in the side
positions deploy to the top and bottom, creating a constant Ixx.
5.2. Mass breakdown

The mass of the strips and fasteners of each of the three lattices
are detailed in Table 4. The strips in the new lattice configuration
are slightly lighter than in the conventional eight-strip lattice as
the inner strips are shorter. As the conventional eight-strip lattice
has more fasteners than the other two lattices, its fastener weight
is three to four times heavier. This effect results in over half of the
mass of the conventional eight-strip lattice being attributed to the
fasteners, whereas only a quarter of the mass of the new lattice
configuration arises from fasteners. The mass of fasteners in the
new lattice configuration is greater than the conventional four-
strip lattice as it uses three washers at every fastener location to
reduce friction between the strips. The mass benefits of the new
lattice configuration can be determined by using the conventional
four-strip lattice as a baseline and comparing the other two lattices
to it. The new lattice configuration is 73 % heavier than the four-
strip lattice, while using double the number of composite strips.
Fig. 11. Second moment of area of each of the lattice configurations over the first
half revolution of the structure, after which the values repeat.
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The conventional eight-strip lattice also uses twice the number
of strips, but it is 163 % heavier, largely due to the additional
fasteners.
5.3. Force deflection response

The force/deflection responses of both four-strip and eight-strip
conventional lattices with all mounting points secured are shown
in Fig. 12. All experimental tests are included in the plot to demon-
strate the consistency of the testing method, with the average
shown in black. Starting with the four-strip lattice, Fig. 12(a), the
tip deflection increases with the force displaying a non-linear
response, with a slightly stiffening (concave up) path. Poor correla-
tion is observed between the experiments and finite element (FE)
model. While the results are similar, the FE model displays a
slightly softening (convex) response. This difference is likely due
to the frictionless contacts used between the strips in the FE model
allowing it to deploy slightly rather than bend. This behaviour is
not present in the experimental tests as the finite friction at the
fasteners holds it in the stable position. From this plot, we can
determine that the four-strip lattice is highly flexible, as less than
1 N is required to deflect the lattice to 100 mm. This flexibility
demonstrates the necessity of increasing the bending stiffness of
the morphing lattice for use in space applications. By doubling
the number of strips in the lattice, Fig. 12(b), the stiffness increases
significantly. For this set of results, the lattice is securely mounted
to the test frame, with all four ends. The force/deflection response
in this lattice is more linear than the four-strip lattice and it is four
times stiffer, requiring 4 N to deflect 100 mm. This significant
increase in stiffness is caused by the difference in the second
moment of area of the lattice cross-section. The second moment
of area of the four-strip lattice varies sinusoidally along its length,
changing from being relatively high to low as the strips revolve
around the lattice. However, in the eight-strip lattice, the addi-
tional strips balance out the second moment of area along the
length, creating a constant second moment of area. Better correla-
tion is observed with the FE model for this lattice, that is likely due
to the increased bending stiffness of the lattice dominating over
friction effects at the fasteners.

The force/deflection responses of the conventional eight-strip
lattice with only two ends secured and the new eight-strip lattice
configuration are shown in Fig. 13. By using only two mounting
points, the stiffness of the eight-strip lattice significantly decreases,
requiring only 2.5 N to deflect to 100 mm. During testing, the two
unsecured ends of the lattice flared out, allowing the lattice to
deform more easily, resulting in reduced stiffness. Again, good cor-
relation with the FE model is shown with the stiffer lattice. Fig. 13
(b) shows the response of the new lattice configuration, where
some variance in the experimental results is observed, but in gen-
eral, are relatively consistent. The force/deployment response of
this lattice is similar to the previous lattice, deflecting to 100 mm
under a 2.5–3 N load. This response happens because both lattices
have the same number of composite strips under the same mount-
ing conditions. Good correlation is shown again between the
experimental results and FE model for this lattice configuration.



Fig 12. Force/Deflection plot of the four strip lattice, comparing the experimental tests to the finite element model (a), Force/ Deflection plot of the eight-strip lattice utilising
all 4 mounting points (b).

Fig 13. Force/Deflection plot of the eight-strip lattice with only 2 mounting points, comparing the experimental tests to the finite element model (a), Force/ Deflection plot of
the new eight-strip lattice (b).
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Fig. 14 shows a comparison of the average force/deflection plots
of all four experimental configurations and their respective FE
models. In general, there is good correlation between all experi-
ments and corresponding FE models. From this plot, the effect of
increasing the number of strips and changing the strip configura-
tion is clear. Additional strips, secure mounting and a constant sec-
ond moment of area result in the conventional eight-strip lattice
with all four mounting points secured being the stiffest configura-
tion in this analysis. The second stiffest lattice is the new lattice
configuration that also uses eight strips, but only has two mount-
ing points and possesses a sinusoidal variation of second moment
of area. The conventional eight-strip lattice using only two mount-
ing points is the next stiffest. The poor mounting conditions create
a localised flexibility in the lattice near the root, nullifying the ben-
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efit of the constant second moment of area. Finally, the least stiff
configuration is the four-strip lattice, with the least strips, only
two mounting points and a sinusoidal second moment of area vari-
ation in the experiments, together with Eq. (2), created the data
displayed in Table 5. With an EI of just 555,093 Nmm2, the four-
strip lattice is by far the least stiff lattice in this analysis. Next is
the new lattice configuration that has the same stowed height as
the four-strip lattice, yet is nearly-three times stiffer with an EI
of 1,562,251 Nmm2. The eight-strip lattice with only two mounting
points is only slightly stiffer than the new lattice configuration
with a EI of 1,570,042 Nmm2. This effect reverses the order shown
in Fig. 13, as the new lattice configuration deploys to a slightly
shorter length than the other lattices, 560 mm instead of
580 mm. The stiffest lattice in our analysis is the eight-strip lattice



Fig 14. Force/Deflection plot of the four experimental models compared to their respective finite element models.

Table 5
Bending stiffness of the lattices.

Lattice Mass (g) Stowed Height (mm) EI (Nmm2) EI per gram (Nmm2/g) EI per stowed mm (Nmm)

4-Strip 22.4 50 555,093 24,780 11,101
8-Strip, 2 Bolts 58.9 90 1,570,042 26,656 17,444
8-Strip, 4 Bolts 58.9 90 2,309,435 39,209 25,660
New Lattice 39.2 50 1,562,251 39,853 31,245

The bending stiffness (EI) of the lattices was calculated using Eq. (2). The force and deflections recorded.
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with all four mounting points, with an EI of 2,309,435 Nmm2, over
four times the stiffness of the four-strip lattice. To determine the
efficiency of the lattices for use in space deployable structures,
two new terms were calculated, EI per unit mass and EI per stowed
mm. Stowed height was used instead of stowed volume as the
three lattices have the same stowed radius. These are not usual
metrics, but they are useful when considering deployable struc-
tures for space applications where bending stiffness, mass and
stowed volume are critical design aspects. Using these new terms,
it can be determined that the new lattice configuration is the most
efficient in terms of mass and stowed volume. The new lattice is
only slightly lighter than the fully secured eight-strip lattice, but
it is over 20 % more efficient in terms of stowed volume.
6. Conclusion

In this work, a new lattice configuration that uses additional
concentrically mounted strips has been developed. These addi-
tional strips significantly increase the bending stiffness of the lat-
tice while only marginally increasing both the mass and stowed
volume of the structure. A finite element model of the new lattice
configuration was developed to calculate the bending stiffness of
the structure. This model was then validated through comparison
with experimental testing, showing good correlation with a maxi-
mum error of 8.5 %. The new lattice configuration was also com-
pared with two conventional lattices, one with the same number
of strips and one that stows to the same volume. Compared to
the lattice with the same number of strips, the new lattice is
32 % less stiff, but is 33 % lighter and stows to a volume that is
45 % smaller. Compared to the lattice that stows to the same vol-
ume, the new lattice is 75 % heavier, but is 281 % stiffer. This work
shows that the new lattice configuration is stiffer and more space
efficient than the conventional lattice design. This new configura-
tion makes the lattice a more viable option in the design of deploy-
able space structures. By using this type of lattice in the lattice
boom structure, straight-line deployment can be achieved, allow-
ing the possibility of using multiple booms in-series in a large solar
array.
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