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Morphing composite structures are of significant interest due to the fact that they exhibit superior mass‐to‐
stiffness ratios and a large degree of tailorability in comparison to traditional materials and structures. One
such morphing composite structure is the multistable composite cylindrical lattice. Current work introduces
a novel variable‐topology morphing mechanism to it through the use of both permanent magnets and electro-
magnets. By replacing a set of mechanical fasteners from the central intersection of the lattice strips with a
bespoke variable‐topology mechanism introduces a controllable and replicable semi‐autonomous means for
topology morphing. The variable‐topology mechanism allows the structure to transition from being a linear
deployment actuator to one that deploys along a curved path, without need for external mechanical input.
The behaviour of both the variable‐topology mechanism and the topology‐changing cylindrical lattice are thor-
oughly characterised through a combination of mechanical and virtual tests.
1. Introduction

Carbon fibre reinforced polymer (CFRP) composite structures have
been widely considered for use in morphing, shape changing struc-
tures with far reaching applications in the aerospace, [1–5], aeronau-
tical, [6–9], renewable energy [10] and medical [11] industries,
amongst others. Composite materials provide an exceptional frame-
work for designing and manufacturing morphing structures due to
their favourable mass‐to‐stiffness ratio as well as their highly tailorable
nature in comparison to more traditional materials [12]. One such
composite morphing structure, which is the subject of the present
investigation, is the multistable composite cylindrical lattice. It com-
prises helically wound composite strips, which are mechanically
joined in alternating clockwise and anti‐clockwise chiralities and has
been extensively analysed, modelled and tested with a variety of appli-
cations proposed, [4,13–19].

Fig. 1, shows the composite cylindrical lattice in various configura-
tions along its deployment path, from stowed, (0), semi‐deployed, and
fully deployed (1). As the lattice deploys its radius decreases, allowing
the structure to change shape by extending without twisting. The mor-
phing behaviour of the lattice is driven by the presence of prestress
which is introduced to the lattice strips, which are manufactured to
be curved, and are then constrained to a smaller radius when assem-
bled in the lattice, generating prestress in the process. The morphing
behaviour of the cylindrical lattice can be predicted effectively
through well‐developed analytical models. In particular, the combined
strain energy of the lattice strips is calculated as a function of their dis-
placements from stowed to deployed states. Modelling of the lattice
was initially developed to be one dimensional considering displace-
ments along helical paths involving longitudinal and twist curvatures
of the lattice strips, [17]. Further developments involved incorporating
transverse curvatures and membrane strains, thus developing a two
dimensional model of the lattice, [15], and also by introducing ther-
mal effects, thereby unlocking the potential for using non‐symmetric
composite lay‐ups in cylindrical lattice structures [18–20].

A variety of applications of the cylindrical lattice have been pro-
posed following successive developments in modelling ability. Note-
worthy among these is that by Dixon et al. who proposed the use of
a series of tailored lattices in order to develop a system which displays
bespoke highly nonlinear elastic behaviour [13]. For instance, a sys-
tem was developed to display multistable behaviour as well as identi-
fying loads required for actuation between the various stable
configurations. The desired response was achieved through the use
of a six‐lattice system wherein each individual lattice was tailored in
order to achieve the desired overall nonlinear elastic behaviour. Ther-
mally actuated cylindrical lattices have been examined by researchers
using a change in temperature to effect an extension/contraction to the
lattice, by employing the highly nonlinear strain energy landscape that
is created when non‐symmetric composite lay‐ups are used. McHale
et al. [19] achieved an extension (deployment) as the temperature
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Fig. 1. Composite helical lattice structure in its stowed state (0), semi-deployed, and fully deployed state(1) [15].

S. Carey et al. Composite Structures 276 (2021) 114542
increased by 100 K, by manufacturing a cylindrical lattice with
[90/0/0] lay‐up. Conversely, O’Donnell et al. [18] achieved a contrac-
tion (stowage) of the cylindrical lattice with the same increase in tem-
perature as McHale et al. [19], 100 K, using a composite lay‐up of
[±15, ±70, ±35, 90], in opposing strip chiralities. These example
thus highlight the highly tailorable nature of the cylindrical lattice
whereby both positive (McHale et al. [19]), and negative (O’Donnell
et al. [18]) values of coefficients of thermal expansion can be achieved
by varying the manufacturing parameters of the structure. McHale
et al., [4,14], also developed a CubeSat system incorporating a nested
system of three cylindrical lattice structures in order to achieve a fac-
tor of 20 increase in length from stowed to deployed states. This devel-
opment greatly enhanced existing state‐of‐the‐art concepts of
deployable CubeSat systems showing a decrease in mass of 34% and
an increase in final deployed length of 33%. The variety of applica-
tions which have been proposed for the composite cylindrical lattice
show the plethora of possibilities which exist for the use of this
technology.

To date, applications of the cylindrical lattice have focused on lin-
ear deployment. The authors have recently proposed developing a
structure which would act as both a linear and curved deployment sys-
tem by displacing the mechanical joints of the lattice [16]. Fig. 2
shows the cylindrical lattice which was developed in order to display
both linear and curved deployment behaviours. In order to achieve
Fig. 2. The composite cylindrical lattice with the manually actuated variable-topo
topology change, L = 20 mm from the initial position towards the bottom of the lat
top of the lattice.
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such a response, the central mechanical joints were replaced by a ser-
ies of permanent disc magnets such that the joint could be manually
actuated between topology states.

Current work advances this variable‐topology morphing mecha-
nism by introducing a degree of autonomy to the variable‐topology
process; thus presenting a novel variable‐topology morphing structure.
The variable‐topology mechanism consists of a series of disc magnets,
which are bonded to the lattice strips on opposite sides of the structure
at their central intersection, together with electromagnets, which are
bonded to the adjoining strips. The disc magnets are arranged such
that the pairs of magnets are oriented in opposing polarities. There-
fore, by alternating the polarity of the electromagnets allows the
variable‐topology mechanism to be attracted to one of the disc mag-
nets whilst being repelled from the other. This principle underpins
the fundamental mechanism, which actuates the topology change. Fur-
ther details of the structure incorporating the variable‐topology mech-
anism are given in Section 2. The behaviour of the lattice pre‐ and
post‐topology change is characterised using finite element analysis in
Section 3. Experimental testing of the cylindrical lattice incorporating
the variable‐topology mechanism as well as an investigation of the
variable‐topology mechanism in isolation is detailed in Section 4. Sec-
tion 5 provides further results of the investigation and discussion of
the variable‐topology cylindrical lattice structure. Conclusions are
drawn in Section 6.
logy mechanism incorporated. (a) in the pre-topology change state, (b) post-
tice, (c) post-topology change L = 20 mm from the initial position towards the
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2. Structural design

In order to characterise the behaviour of a variable‐topology lat-
tice, a demonstrator structure was designed and manufactured. The
lattice was designed in order to be stable in a deployed state so that
the variable‐topology joint could readily be characterised. Using the
mathematical models described by McHale et al. [15,19], which calcu-
lates the stable positions of the cylindrical lattice by considering the
strain energy to be a function of the extension of the lattice (thus posi-
tions of minimum strain energy correspond to stable states), the lattice
properties in Table 1 were used for this investigation.

HTA 6376 unidirectional carbon fibre‐reinforced plastic composite
was used in the manufacture of the lattice strips, Table 2, and was
manufactured on a curved tool, of radius 400 mm, in an autoclave.
Once removed from the mould the lattice strips were joined to each
other using mechanical fasteners such that the lattice comprises 1.5
revolutions of each of the strips. The manufactured state of the lattice,
pre‐topology change, is shown in Fig. 3(a).

The central joint of the lattice was then replaced with the variable‐
topology mechanism. An electromagnet with properties given in
Table 3, [22], was bonded using cyanoacrylate adhesive to two of
the composite strips each at opposite sides of the lattice on correspond-
ing strips, i.e. the strips were revolved in the same chirality. On the
adjoining strips the permanent magnets, [23], were bonded in a simi-
lar manner, in the required configuration together with the plastic
heels which were incorporated in order to introduce a directionality
to the force, i.e. a component of the force in the required direction
of motion and not just perpendicular to the strips. A simplified sche-
matic of this system of permanent magnets, wherein the lattice strips
are flat, is shown in Fig. 4. The plastic heels are 25 mm in length
and 5 mm in height, resulting in an angle of 11° and were manufac-
tured of Polylactic Acid (PLA) using a 3D printer for ease of manufac-
ture. When pairs of permanent magnets are used in a configuration, as
in Fig. 4, the permanent magnets are arranged in opposing polarities.
The electromagnets were powered using a variable voltage DC power
supply, by connecting the magnets in series at a voltage of 24 V thus,
12 V to each electromagnet and so maximise the electromagnetic force
that is achievable. The variable‐topology system was actuated between
states by changing the polarity of the electromagnetics via the DC
power supply such that the electromagnets were repelled from one
permanent magnet state and attracted to the other.

In order to investigate the effectiveness of the variable‐topology
joints, the demonstrator was suspended horizontally in order to main-
tain the direction of motion of the electromagnet perpendicular to the
weight of the structure and the electromagnet itself. This arrangement
limits the influence of the mass of the variable‐topology mechanism on
the behaviour of the system thus allowing the variable‐topology sys-
tem to move with little resistance. Fig. 3, shows the results of this
investigation. In particular, Fig. 3(a) shows the lattice without input
from the electromagnets, thus in its straight configuration, whilst
Fig. 3(b) shows the post‐topology change of 10 mm to the left, and
post‐topology change to the right, Fig. 3(c). This displacement is the
distance between disc magnets bonded to the lattice strips and the cen-
tre of the strips, Fig. 4. Coloured straight lines are added to the images
in order to show the curvature developed, measured to be 5°, which
was induced as a result of the topology changes. The overall angle
can varied by varying the distance between the disc magnets and the
centre of the lattice in the straight configuration. The transitions
Table 1
Table of lattice manufacture properties.

Material Composite Lay-Up Strip Length (mm) Strip Width

HTA 6376 [0/90/0] 650 20

3

between the states are completed reliably with semi‐autonomy by
removing voltage from the electromagnets, resulting in the straight
configuration (a), or by having the electromagnet in operation, and
can be actuated between either state by reversing the polarity of the
electromagnets (b) & (c).

3. Finite element analysis

In order to further investigate the behaviour of the variable‐
topology cylindrical lattice, finite element analysis was performed. A
representative model was developed which allows the post‐topology
change shape to be verified as well as the force–displacement relation-
ship of the cylindrical lattice, both pre‐ and post‐ topology change, to
be identified. This procedure thus allows the behaviour of the struc-
ture to be effectively characterised. Fig. 5, shows the finite element
model which was developed for the lattice. The model evolves progres-
sively from the lattice strips in their manufactured state, Fig. 5(a), to
the strips with prestress applied, Fig. 5(b), to the lattice pre‐topology
change in its deployed state, Fig. 5 (c), to the deployed state post‐
topology change, Fig. 5(d), and finally to the post‐topology change lat-
tice as it is compressed towards a stowed state, Fig. 5(e).

(a) Four lattice strips are initially defined as being 650 mm in
length and 20 mm in width, with an initial radius of curvature
of 400 mm. The lattice strips are modelled in ABAQUS using
S4R elements with a square mesh element size of 5 mm in
width, which was decide upon as a result of a mesh sensitivity
study. Each lattice strip is assigned the material properties of
HTA carbon fibre/epoxy material [21], and composite lay‐up
[0/90/0], such that the lattice properties given in Table 1 and
the material properties (Table 2) are consistent throughout
experimental testing and the finite element analysis.

(b) Rotations are applied to the ends of each strip in order to coil
the strips into a smaller radius, such that each strip forms 1.5
revolutions. This process introduces prestress to the lattice, thus
driving the morphing behaviour of the structure. Constraints on
the displacement of the strips parallel to the direction of rota-
tion are applied in order to keep the strips in a fully coiled,
hence highly stressed, configuration.

(c) The strips are constrained to deform as a cylindrical lattice by
constraining the rotation of the strips about the central axis of
the lattice whilst removing constraints on their displacements,
thus allowing the lattice to deploy to a stable configuration.

(d) Once in a stable state, the joints at intersections of the lattice
strips are modelled using coupling constraints, except the cen-
tral intersection, the location of the topology change, high-
lighted with red dots, and the self‐intersection of the strips is
prevented by using surface‐surface contact constraints. The cen-
tral intersection of the lattice is subsequently translated by
applying a displacement to nodes on one side of the intersection
strips and the displacement of the corresponding node on the
adjoining strip is constrained. This procedure represents the
morphing topology element of the process.

(e) The lattice, in its post topology change state, is then compressed
by applying displacements to a series of points along the strips
in order to investigate the effect of the topology change on the
force displacement relation of the lattice as it stows.
(mm) Initial Radius, Ri, (mm) # Revolutions # Strips

400 1.5 4



Table 2
Table of material properties for HTA 6376 unidirectional carbon fibre-reinforced plastic properties [21].

Material E11 (GPa) E22 (GPa) G12 (GPa) ν12 Ply thickness (mm)

HTA 6376 135.6 10.1 5.9 0.29 0.105

Fig. 3. Cylindrical lattice with variable-topology mechanism in the various states, (a), straight pre-topology change in its stable configuration, S= 550 mm, (b) &
(c), post-topology change 10 mm resulting in a curved lattice, with displacement at the tip of the lattice of 20 mm and an angle of curvature at the centre of the
lattice of 5°. The red lines represent the initial longitudinal axis of the lattice pre-topology change. The yellow lines in (b) & (c) represent the central axis of the
lattice post-topology change. Thus the angle between them, α, represents the resultant angle at the centre of the lattice post-topology change. The coloured dots in
(a) represent, green, the location of the electromagnet system and blue, the location of the standard mechanical fasteners.

Table 3
Properties of the Electromagnets, [22], permanent disc magnets [23].

Diameter (mm) Height (mm) Pull Force (N) Mass (g) DC Voltage (V)

Electromagnet 12.7 38 4 42.5 12
Disc Magnets 10 1 5.3 0.6 N/A
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4. Experimental analysis & results

Experimental testing was performed using a Tinius Olsen universal
tensile tester in order to characterise the nature of the cylindrical lat-
tice with a variable‐topology mechanism in place. Section 4.1. dis-
cusses the compression tests performed in order to characterise the
behaviour of the lattice pre‐ and post‐topology change along deploy-
ment and stowing deformations of the structure. Sections 4.2 and
4.3. examines the influence of electromagnetic joints on the
variable‐topology mechanism

4.1. Compression test

The force required to stow the lattice, which also represents the
actuating force of the lattice is investigated using a Tinius Olsen uni-
versal tensile tester. The cylindrical lattice is compressed from its
4

deployed stable state, Fig. 6 left, to a stowed state, Fig. 6 right. The
resulting force is measured using a 100 N load cell in order to effec-
tively capture the relatively small forces which manifest during the
test. The displacement is recorded by the Tinius Olsen universal tensile
tester. In order to mount the lattice to the testing machine and to the
load cell, bespoke test attachments were used. The lattice was attached
to the load cell via a sufficiently strong and stiff wire which is attached
to its topmost joint and to a bespoke attachment, red fixture in Fig. 6,
which is joined to the load cell via a threaded bar. The bottom of the
lattice is attached to the Tinius Olsen and is free to move linearly as it
is compressed via a linear bearing system. This set‐up limits the fric-
tional losses associated with the lattice widening whilst it transitions
from deployed to stowed states.

As already described, the central joint of the lattice is replaced with
a series of permanent disc magnets and an electromagnet on the
adjoining strip in order to introduce the variable‐topology mechanism.



Fig. 4. Schematic of the variable-topology joint system of the permanent magnets, 10 mm diameter, the bespoke heels which introduce a directionality to the
magnetic force which actuates the topology change, and the electromagnet on the adjacent strip, the lattice strips are shown as flat beams for simplicity.

Fig. 5. The lattice as modelled using finite element analysis in the subsequent stages of the model. (a) The lattice strips in their initial state, representing their
unstrained post-manufacture state. (b) The lattice strips confined to a smaller radius thus introducing prestress to the lattice. (c) The deployed lattice in its pre-
topology change state. (d) The deployed lattice in its post-topology change state. (e) The post-topology change lattice compressed towards the stowed state.

Fig. 6. Test set-up for the force–displacement relationship as the lattice is
stowed from extended (left) to compressed (right).

S. Carey et al. Composite Structures 276 (2021) 114542
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Throughout the compression test, the variable‐topology joint is held in
a state of attraction in either the pre‐topology change state, i.e. straight
configuration, or the post‐topology change state, i.e. curved
configuration.

Fig. 7 shows the results of the compression test in its pre‐topology
change state, i.e. the straight configuration. The black, green and yel-
low lines show the results of experiments with the test set‐up shown in
Fig. 6, as the lattice deforms from a fully extended state, 0 mm, to a
stowed state. The red line shows the results of the finite element model
which was developed and described in Section 3 and the blue line
shows the results of the analytical model which was developed in prior
work [15,19]. The results show excellent correlation between the
experimental analysis, the finite element analysis and the analytical
model. Variations in the experimental results exist due to friction in
the lattice between the individual helically‐wound strips as well as
small degrees of slippage which occur at the base of the lattice along
the linear bearings. This undesirable effect predominantly occurs in



Fig. 7. Plot of force–displacement for the experimental analyses shown in Fig. 6, with the lattice in the undeformed, pre-topology change configuration. Force, F
versus displacement, z (black, yellow & green lines) as the lattice compresses from the deployed state, 0 mm displacement, to a stowed state. Also shown are the
predictions from the representative finite element analysis developed, red line, and the analytical model developed, blue line [15].
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the initial stages of testing and explains the difference between the ini-
tial deployed length of the lattice in the experimental analysis and that
predicted by the finite element and analytical models. Frictional losses
and slippage of the linear bearings also account for the initial rise in
force and the sharp decrease at approximately 50 mm of compression
which is observed clearly in the experimental analysis. The large
increase which is observed at larger displacements, 200 mm to
250 mm, arises due to the initiation of contact between the lattice
strips which causes a substantial increase in force. This effect is not
accounted for in either the finite element analysis nor the analytical
model. Hence, while both the finite element and analytical predictions
of force decrease towards a stable configuration at high displacements,
the structure, in reality, becomes increasingly stiff as it compresses
towards a stowed state, as the lattice strips begin to make contact.

Fig. 8 shows the results from experimental testing and finite ele-
ment modelling of the cylindrical lattice in the post‐topology change
state, i.e. curved configuration. The black and yellow lines represent
the experimental test data of the lattice post‐topology change of
10 mm, towards the top and bottom of the structure, respectively.
The red line represents the results of the finite element analysis of
the lattice in the post‐topology change state, with displacement of
10 mm at the variable‐topology joint, Fig. 5(d) & (e). Again, extremely
close correlation is shown been the finite element analysis and the
experimental results; there is an initial, monotonic increase to approx-
imately 1.5 N at approximately 100 mm of displacement, beyond
which the force follows a highly uniform trend. The largest deviation
in the results exists for displacements less than 100 mm where a sim-
ilar increase in force, and difference in stable (zero force) displacement
is observed in the experimental results as was observed in the analysis
of the pre‐topology change configuration, Fig. 7. This difference, once
again, arises due to slippage along the linear bearings at the bottom of
the lattice, an undesirable effect that can be diminished, as required,
with further refinement. After this 90 mm of displacement, the corre-
lation between the experimental and finite element results remains
consistent until beyond 250 mm of displacement, when a decrease
in force is observed in some of the experimental data. This difference
arises due to rupture of the electromagnetic joint when the lattice is
greatly compressed. The added stress which causes the electromag-
6

netic joint to break is due to, not only the compression of the lattice
but also, the deviation from the linear, lower energy state, configura-
tion of the lattice. Minor deviations and oscillations from linearity
throughout the experimental analysis arise due to friction at the joints
of the lattice, friction and slippage of the linear bearing system and
contact between the strips of the lattice as was observed in the pre‐
topology change analysis, Fig. 7. While such effects have been consid-
ered and curtailed, due to the nature of the test and the lattice joints,
such effects are inevitable however and have also been observed in
related studies [15]. Further refinement is recommended to limit such
frictional effects before practical deployment is considered.

4.2. Adhesive force of electromagnets

The effect of the electromagnets on the variable‐topology morphing
mechanism was also investigated through experimental analysis, i.e.
the force required to actuate the topology change in the presence of
the electromagnetic mechanism. Fig. 9(a), shows the test set‐up used
in the investigations in Section 4.2. Adhesive Force of Electromagnets
& Section 4.3. Repulsive Force of Electromagnets, wherein the
variable‐topology electromagnetic joint system is examined. The cylin-
drical lattice, is oriented such that the direction of motion of the
variable‐topology joint is horizontal, i.e., perpendicular to the direc-
tion of motion of the testing machine. The vertical yellow line, closely
placed parallel to the wire, is used to depict the position of the wire
that attaches the variable‐topology mechanism to the load cell. In
order to measure the required forces to actuate the topology change
a 100 N load cell is used and mounted on the Tinius Olsen testing
machine, as described in Section 4.2. Adhesive Force of
Electromagnets.

The cylindrical lattice is mounted to the base of the testing machine
using the bespoke test fixture developed for this purpose and is shown
in Fig. 9(b). The lattice is attached via mechanical fasteners to the
holes on the forward uprights as shown, the holes on the rear uprights
are used in order to attached a simple rod around which the wire,
which is used to attach the electromagnet joint to the load cell, is
directed in order to translate the vertical displacement of the load cell
to a horizontal displacement of the electromagnet joint system. Due to



Fig. 8. Plot of force–displacement for the experimental analyses shown in Fig. 6, with the lattice in the deformed, post-topology change of 10 mm configuration.
Force, F versus displacement, z (black & yellow, lines) as the lattice compresses from the deployed state, 0 mm displacement, to a stowed state. Also shown are the
predictions from the representative finite element analysis developed, red line.

Fig. 9. (a) Schematic of the test set-up used in the investigations of the electromagnetic variable-topology mechanism in the lattice. Highlighted are the cylindrical
lattice, position of the electromagnetic variable-topology joint system, the 100 N load cell attached to the Tinius Olsen universal tensile tester, the wire used to
attach the variable-topology joint system to the load cell and the direction of motion of the electromagnet. (b) The bespoke test fixture used to attach the lattice to
the testing machine as required.
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the quasi‐static nature of the test (cross‐head displacement rate of
2.5 mm s−1) the simple rod effectively curtailed frictional losses at this
point. The test fixture is attached to the base of the testing machine via
the holes on the base of the test fixture.

Four distinct morphing configurations were investigated. Initially,
the electromagnet was in an attractive state, where the electromagnet
7

is attracted to the permanent magnet on the adjoining strip. Fig. 10(a)
shows the two‐magnet configuration whereby the two permanent
magnets are attached to the lattice strips. These magnets are posi-
tioned at a distance of 10 mm either side of the centre of the lattice
strips, thereby providing a total separation of 20 mm. Fig. 10(b) repre-
sents the single magnet configuration whereby there is a single magnet



Fig. 10. Schematic showing the configuration of the magnets at the site of morphing topology, (a) configuration with two magnets, 20 mm displacement from
each other, initially in the attractive state, (b) configuration with a single magnet initially in the attractive state. (c) plot of force, F, versus displacement, L, of the
electromagnet during the topology change, the dashed curves represent configuration (a) – dual magnet, and the solid lines represent configuration (b) – single
magnet. The black curves represent the single morphing mode observed, green curves represent the double morphing mode observed.

S. Carey et al. Composite Structures 276 (2021) 114542
attached to a lattice strip at its centre. The results of both investiga-
tions are shown in Fig. 10(c), where the solid lines show the results
of the two‐magnet configuration and the dashed line shows the results
of the one‐magnet configuration.

Throughout the experimental tests two unique test modalities were
observed, represented by black lines Fig. 10(c) for the single joint
detachment mode and by green curves for the double joint detachment
mode. The single mode represents the test case wherein the variable‐
topology mechanism displaces from its initial state in a single event,
as observed in the plot as a single decrease in force at 0 mm of dis-
placement in Fig. 10(c). The double break mode, shown by green
curves, occurs when a small initial displacement of the joint structure
exists, at −10 mm for the two‐magnet configuration (solid curves),
and at −7 mm in the one‐magnet configuration (dashed curves).
These separate modalities occur spontaneously, i.e. they cannot be pre-
dicted from the initial state of the test set‐up and are characterised by
the decrease in peak force which is required to actuate the topology
change and the decrease in the change in force post‐topology change.
Note, the latter represents the influence of the electromagnet on the
variable‐topology system, when the double breaking mode is present.
It is important to note that the significant difference between the
results of the two‐magnet and the one‐magnet configurations, means
that significantly larger forces are required to actuate the topology
change for the one‐magnet configuration. This expected effect arises
due to the fact that the initial state of the joint is in the centre of the
lattice, i.e. in a stable configuration. This arrangement contrasts to
the two‐magnet configuration whereby the configuration is initially
in an inherently unstable state, and thus has a mechanical prestress
in the structure which acts in the direction of motion of the
variable‐topology mechanism and therefore decreases the required
actuation force.

4.3. Repulsive force of electromagnets

The variable‐topology mechanism, with the electromagnet joint
initially in the repulsive configuration, was also investigated. The
same test methods were performed as those for the initially attractive
state (Fig. 10) and the two configurations are shown in Fig. 11(a) and
Fig. 11(b) for two‐magnet and one‐magnet configurations, respec-
tively. The results of the experimental investigation are shown in
Fig. 11(c). Similarly to the investigation of the attractive configuration
(Fig. 10) the force required to actuate the topology change is greater
for the one‐magnet than the two‐magnet configuration. At small dis-
8

placements, <1 mm, a decrease in force is observed in both test con-
figurations as the topology change is induced, thus showing that
although the magnetic joint is in a repulsive state, a significant force
is still required to actuate the topology change. This force arises due
to a number of factors, including the fact that the casing surrounding
the electromagnet is manufactured from a magnetic metal and there-
fore the permanent magnets maintain an attraction to the exterior of
the electromagnet. Secondly, for the one‐magnet configuration, the
variable‐topology mechanism displaces the central joints of the lattice
in a direction away from a stable position and hence force is required
to induce this displacement, which also explains why the one‐magnet
configuration is in a higher state of stress, shown by a higher peak
force, than the two‐magnet configuration.

5. Discussion

This work has presented a novel autonomous morphing mecha-
nism, i.e. a variable‐topology joint, which was developed for a com-
posite cylindrical lattice, which exhibits pre‐existing morphing,
nonlinear elastic, behaviour. The morphing mechanism is deemed
autonomous as no external mechanical input is required for the topol-
ogy change to occur. The variable‐topology system is actuated by a
change in polarity of the electromagnets, which induces a force, attrac-
tive or repulsive, between the electromagnets and the disc magnets
which constitute the system. This variable‐topology mechanism
unlocks a host of new applications and potential which can not only
be applied to the composite cylindrical lattice but to more general
morphing structures. Fig. 3, shows the effect of introducing a displace-
ment of 10 mm at the variable‐topology joint to the lattice. The lattice
transitions from a linear to a curved structure with an angle of 5° to its
cylindrical axis and resulting displacement of 20 mm at the tip of the
lattice, as described previously [16]. The relationship between the dis-
placement of the topology change and the displacement of the tip of
the lattice is shown in Fig. 12. Thus, for this configuration, a displace-
ment at the variable‐topology joint doubles in magnitude at the tip,
allowing control of the degree of curvature and lateral displacement,
as required. This trend can be extrapolated in order to calculate the
angle at the centre of the lattice post topology change using

α ¼ tan�1 4L
S

� �
ð1Þ

where, α represents the angle at the centre of the topology change, S
represents the stable length of the cylindrical lattice, Fig. 3, and L rep-



Fig. 11. Schematic showing the configuration of the magnets at the site of morphing topology, (a) configuration with two magnets, 20 mm displacement from
each other, initially in the repulsive state, (b) configuration with a single magnet initially in the repulsive state. (c) plot of force, F, versus displacement, L, of the
electromagnet during the topology change, the dashed curves represent configuration (a) two-magnet, and the solid lines represent configuration (b) one-magnet.

Fig. 12. Displacement of the topology change, L, versus the resultant lattice
tip displacement, [16].
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resents the displacement of the topology change at the centre of the lat-
tice, Fig. 2. Eq. (1) can be used to tailor cylindrical lattices with the
variable topology mechanism incorporated to specific applications. By
varying the manufacturing properties of the lattice, Table 1, the stable
length of the lattice, S, can be controlled. Thus the relationship between
the curvature of the cylindrical lattice. α, and the displacement of the
topology change, L, can be manipulated for the desired response.
Fig. 13 shows the relationship, of 0.5° mm−1, between the angle at
the centre of the lattice and the displacement of the topology change,
for the cylindrical lattice used in this investigation.

Experimental testing of the cylindrical lattice was performed in a
variety of configurations. Compression testing for both pre‐ and post‐
topology changes was performed with results shown in Figs. 7 and
8. The force–displacement results were compared from compression
tests to the analytical model [15] for the pre‐topology change config-
uration and to the finite element model developed herein, for both the
pre‐ and post‐topology change configurations. Results from both con-
figurations compare favourably to the representative models, showing
the validity of the test method and the results obtained. Comparing the
results from the pre‐ and post‐topology change experiments, it can be
observed that both display a number of similar characteristics; there is
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a large initial rise in force to a peak, followed by a uniform trend as the
lattice compresses. It is important to note that the pre‐topology change
(straight) structure exhibits a larger compression force for a given dis-
placement, i.e. stiffness, than the post‐topology (curved) change struc-
ture. Intuitively, this is perhaps a surprising result due to the fact that
the topology change adds stress to the structure and therefore could be
expected to add overall stiffness. However, this decrease in compres-
sion stiffness can be explained due to the fact that a significant bending
deformation of the structure arises due to its curved geometry which
makes it more compliant overall and so decreases its stiffness.

The effect of the electromagnets on the strength of the variable‐
topology mechanism was also investigated. The results of the experi-
mentation are given in Fig. 10(c) and Fig. 11(c), and are summarised
in Table 4. Noteworthy for the sake of comparison, is the effect of
including a second magnet to the variable‐topology mechanism,
Fig. 10(a) and Fig. 11(a) in comparison to a one‐magnet configuration,
Fig. 10(b) and Fig. 11(b). When the electromagnet is initially in the
repulsive state, Fig. 11(c), an increase in the force required to actuate
the topology change, ΔF, from the one‐magnet configuration to the
two‐magnet configuration of 0.2 N is observed. This effect arises due
to the fact that in the two‐magnet case the variable‐topology mecha-
nism actuates in a direction away from the centre of the lattice, and
therefore towards an unstable location, thus requiring greater energy,
and hence force, to actuate the topology change. When the electromag-
nets are initially in the attractive state a decrease in actuation force of
0.333 N is required when a second magnet is introduced for the single
morphing mode and of 0.42 N for the dual morphing mode. The one‐
magnet state exhibits a greater peak force because not only does the
variable‐topology mechanism have to overcome the attractive force
of the magnets but also the structure is actuated in a direction away
from a stable location and thus more force is required. The cause of
the two distinct morphing modalities of the variable‐topology mecha-
nism when initially in the attractive state will require further investi-
gation. Potential explanations for such behaviour may include
variations in initial conditions in the experiments which were not
detected, i.e., positioning of the electromagnets relative to the perma-
nent magnets, or whether the angle of the heels which were used,
Fig. 4, influenced this behaviour. The heels could have caused this
behaviour by changing the proportion of the force between the electro-
magnets and the disc magnets which act tangentially to the direction
of motion of the mechanism.



Fig. 13. Displacement of the topology change, L, versus the angle at the centre of the cylindrical lattice, α.

Table 4
Results of the testing of the magnetic interfaces shown in plots in Figs. 10 and 11, showing the decrease in force post topology change, thus the influence of the
electromagnetic joint on the topology change.

Initial State Repulsive Attractive

Magnet Configuration 1 magnet 2 magnets 1 magnet 2 magnets
Morphing Mode Single Single Single Double Single Double
ΔF (N) 1.097 1.297 4.8 2.71 4.467 2.29
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This variable‐topology morphing behaviour could prove highly
advantageous in a variety of applications, amongst them, as a curved
deployment actuator for a parabolic satellite dish. For example, by
incorporating this variable‐topology morphing mechanism into
McHale et al.’s [24] telescopic lattice boom structure not only could
linear deployment methods become possible but also curved paths of
deployment. This method of curved deployment could also be applied
to Dixon et al.’s [13] system of lattices, whereby a system could not
only display bespoke elasticity but a series of variable‐topology joints
throughout the lattice would allow the directionality of the extension
to be controlled and actuated in a bespoke manner. Another potential
beneficiary of this technology could be the sun‐tracking device pro-
posed by Dicker et al. [25] which utilised hydrogels in combination
with a composite tube to orient the device towards the sun in order
to extract the maximum possible solar energy throughout the day. This
type of high fidelity directional control could be made possible by inte-
grating a number of variable‐topology cylindrical lattices to a system
whereby the variable‐topology is controlled by a photovoltaic system
in order to actuate between desired states.

While there exists vast potential for development of the variable
topology mechanism within cylindrical lattices, there are a number
of future challenges which need to be addressed. The addition of
numerous variable topology joints to a single lattice or a system of lat-
tices would greatly increase mass of the structure, a key design
requirement for space structures, and hence optimisation of the mech-
anism would be required in order to minimise mass. Furthermore, no
external forces or conditions have been considered in this investiga-
tion, whereas in space applications external forces are present which
will require consideration, including forces during launch, deployment
and operation and therefore requiring additional analysis. These addi-
tional forces, as well as the additional stress due to the topological
morphing, introduce the necessity for failure analysis to examine the
10
limiting behaviours of cylindrical lattices with topological morphing
components. In addition, in order to achieve full autonomy of topolog-
ical morphing a control system will have to be integrated in order to
induce the topology change by reversing the polarity of the
electromagnets.

6. Conclusion

This work has presented a variable‐topology morphing mechanism
which allows a composite cylindrical lattice to exhibit semi‐
autonomous topology morphing at a given intersection of its helically
wound strips. The central mechanical joints of the composite cylindri-
cal lattice were replaced by a series of permanent magnets and electro-
magnets on adjoining strips of the lattice. The structure was able to
transition between topology states with semi‐autonomy (without
mechanical input from the user) by varying the polarity of the electro-
magnets such that the variable‐topology system induces a force which
displaces the electromagnet from one topology state to the other. This
change in topology of the lattice joints allows the cylindrical lattice to
transition from a linear to a curved deployment mechanism. The struc-
ture has also been shown to transition between directions of curvature
to a maximum angle of 5°, at the centre of the lattice. This result pre-
sents the first evolution of this autonomous variable‐topology mecha-
nism and by increasing the distance between the variable‐topology
states, or by incorporating a number of variable‐topology joints along
the length of the lattice, then it is noted far greater curvature could be
achieved.

The behaviour of the variable‐topology joint and its influence on
the cylindrical lattice have been extensively investigated and charac-
terised through both experimental testing and finite element analysis.
The force required to stow, and therefore actuate, the lattice in both its
pre‐ and post‐topology change states were examined and compared to
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both finite element analysis results and an analytical model. The struc-
ture was found to be stiffer in the straight configuration, a phe-
nomenon which is postulated to arise due to the introduction of
significant bending effects in the curved (post‐topology change) state
of the lattice. Also investigated was the strength of the variable‐
topology joints in a variety of configurations, including single magnet
and two magnet arrangements, with the electromagnetic variable‐
topology system set to an initial state of both attraction and repulsion.
Future work will involve using a number of variable‐topology joints
within the cylindrical lattice to achieve greater curvature and also to
investigate the potential for self‐assembling cylindrical lattices using
variable‐topology joints.
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