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Abstract

Polydimethylsiloxane (PDMS) films reinforced with short Nickel-coated Car-
bon Fibres (NiCF) were successfully fabricated, with the fibres aligned along
different directions using an external magnetic field. The fibres were dis-
persed in the host matrix using sonication and mechanical mixing before
being cured for 48 hours in the magnetic field; thanks to the nickel function-
alisation, the fibre orientation was achieved by a low intensity field (< 0.2 T)
which required an inexpensive experimental set-up. The main focus of this
study was looking at the actuation potential of this magnetic composite ma-
terial; successful actuation was achieved, showing its large displacement ca-
pability. The results confirm the presence of an instability controlled by
the magnetic torque, as predicted by the introduced model. The composite
films undergo a transition from a bending-only deformed configuration for
the 0° fibre specimen, to a twisting-only configuration, achieved for fibres
at 90°, whereas all the intermediate angles show both bending and twisting.
This behaviour mirrors that which is used to propel a selection of marine
mammals.
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1. Introduction

To enhance the mechanical properties of elastomer materials, reinforce-
ments are often used. The use of discontinuous fibres is often motivated by
the increased surface area and therefore the increased surface interaction with
the matrix, when compared to spherical inclusions (such as Carbon black).
However, they are usually randomly dispersed to give an overall isotropic
behaviour, except in those cases when the manufacturing process imparts
some anisotropy (e.g. extrusion).

The advantages and challenges in controlled orientation of materials in so-
lution have been studied [29], and have included various manufacturing meth-
ods, for example, shear [33], electrical [23] and magnetic alignment [28, 2, 7];
the latter of which has demonstrated controlled 3-dimensional reinforcement
[7] and the complex arrangement of reinforcements into assemblies for opti-
mal smart elastomer material properties [24]. The industrial potential of such
a material is known [5], and as such significant research has been employed to
understand the factors underpinning the orientation of magnetic fibres in a
solution, such as field strength [18], field direction [7], and particle morphol-
ogy [7], in order to spatially control the reinforcements. This could increase
the mechanical properties, but can also add a degree of multi-functionality.
For instance, the aligned fibres can also provide control of other material
properties such as the electrical conductivity [15, 23], dielectric [32], energy
dissipation [2], gas permeability [32] and thermal conductivity [3].

Erb et al. [7] have researched the effects of particle size and magnetic
field strength on the alignment of Ultra High Magnetic Response (UHMR)
particles in the host matrix. Particles in the size range of 10 um give the
optimum response, as these only require a very low magnetic field, less than
2 mT, in order to align them effectively in the host matrix. On the contrary,
particles on the nanoscale and particles greater than a few micrometres re-
quire a higher magnetic torque to align them. This is due to the thermal
forces dominating at smaller scales and gravitational forces dominating for
much larger particles. This has been observed for nanoparticles by Takeyama
et al. [35], showing that a pulsed magnetic field strength in the region of 40 T
was required to obtain good alignment of single wall carbon nanotubes in a
sodium dodecyl sulphate surfactant. Further studies corroborate this data
showing that a magnetic field in excess of 10 T can achieve good alignment
at room temperature, and as the magnetic field strength increases the align-
ment becomes more effective [29, 7]. In References [38, 39] uniform magnetic



fields with low intensity (< 100 mT) were used to align spherical Fe3Oy4
particles into a PDMS matrix: due to particle-particle interactions, which
become dominant when the particles are closely spaced, a pearl chain struc-
ture was achieved, where all the particles were aligned along the magnetic
field direction, making the resulting material strongly anisotropic.

It is also possible to utilize the reinforcement and material properties
to actuate a specimen of the material, for example the magnetic torque
on magnetically responsive reinforcements is transferred to the matrix and
can cause locomotion and deformation of the specimen. This effect can be
instantaneous/in-line with the field properties [38], or can be coupled to
smart memory effects [27] and bi-stabilities [11], to ‘lock’ the configurational
changes. The use of external stimuli in controlling the actuation of materials
is determined by the relationship between the mechanical and field respon-
siveness. This has led to a number of theoretical and numerical models to
describe the relationship and the subsequent material behaviour in a mag-
netic/electric field [1, 9, 22, 30, 31|, as well as the resulting breakdown of
these relationships in smart materials, due to mechanical testing [36], or the
instabilities that arise as a result of the coupling between multi-
functional properties [19].

An understanding of these effects can lead to the creation of a num-
ber of interesting actuation effects [8, 37]. And in fact, the high re-
sponsiveness, large strain capabilities and viscoelastic behaviour
of elastomers [34] mean they are ideal materials for such respon-
sive devices [21, 20]. Kimura et al. [16] produced a carbon fibre/agarose
gel composite in which carbon fibres were radially embedded in the gel; by
subjecting the sample to a strong homogeneous magnetic field (up to 8 T),
large deformations were observed. A similar technique was applied in [17]
to produce a silicon rubber-steel wire composite which was actuated with
much lower field intensities (~ 0.2 T). Zrinyi and coworkers [40] produced
a hydrogel filled with spherical magnetic particles (Fe3O4) and embedded it
into a non-homogeneous field. By controlling the intensity of the field, they
were able to trigger non-continuous shape changes (instabilities) which are
caused by the forces acting on the spherical particles and produced by the
non-homogeneous field; the same effect couldn’t be triggered by a uniform
field due to the absence of magnetic forces.

The key advantage of aligning magnetic reinforcements, and using that
induced magnetic responsiveness of the material, is that the actuation direc-
tion is controlled, both by the non-isotropic mechanical properties and the



non-isotropic magnetic responsiveness. Furthermore, magnetic actuation has
the benefit over similar micro-motor systems, such as those that use chemical
propulsion, of the magnetic force being contactless and therefore non-invasive
when used to propel a system for bio-medical applications.

This study looks at the creation of a novel polydimethylsiloxane (PDMS)
composite reinforced with Nickel-coated Carbon Fibres (NiC) which could
potentially lead to novel micro-swimmer devices. Development of micro- and
nano-scale swimmers has become an area of interest in recent years due to the
potential these systems have in transforming drug delivery systems, lab-on-
chip devices and also cultivating new methods for performing micro-surgery
and nano/micro fabrication [25]. The main focus of research in this area has
been based on the development of helical micro-swimmers that are propelled
through the water using rotating magnetic fields, these systems show promise
due to them having good steering ability and the potential to achieve high
propulsion speeds [14]. Biomimicry of aquatic propulsion has also led to the
development of electro-active polymers that mimic the actuation surfaces of
fish, with controlled bending and twisting configurations achievable and de-
termined by the placement of electrodes on the surfaces [12]. Other systems
use alternative propulsion techniques such as chemical reactions, bubble os-
cillation and bacteria mimicry [13]. Although these devices all show promise,
there are still difficulties in developing swimmers that are easy to fabricate
and reproduce, as well as being bio-compatible for use in the bio-medical
field.

In this study, rectangular PDMS specimens with different fibre alignment
angles were produced and tested to evaluate the influence of the fibre orienta-
tion upon the mechanical and magnetic properties. The particles being used
were Carbon Fibres in the region of 250 pum coated with Nickel, that thanks
to this ferromagnetic coating, require low field intensities to be oriented and
actuated. The carbon fibres, Nickel and PDMS are all bio-compatible and
are therefore ideal for use in bio-medical applications [6]. The dispersion and
distribution methods are presented, showing how it was possible to tailor
the directional properties of the material and therefore obtain varying actu-
ation properties depending on the fibre orientation. Aligning the particles
in the host matrix enhances the materials capability to deform when in the
presence of an externally applied magnetic field. The magnetic torques re-
sponsible for the alignment of the fibres are further used to trigger abrupt
shape changes in the material which actually correspond to a shift in the
equilibrium states of the system. Results of static testing are presented to
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give a detailed understanding of the material actuation properties.

2. Sample Preparation

To create the magnetically actuated elastomer samples, the matrix of
PDMS was reinforced with NiC fibres with length ~250 pym and diameter
4.8 pm (aspect ratio ~52, Ni 40 wt%). The dimensions of the fibres were
chosen for optical observation of the alignment, in-situ and post-cure, whilst
considering the difficulty to orient longer fibres in viscous solutions. The
fibres were added to the base component of SYLGARD 184 in a ratio of
10:1 and mechanically mixed for 5 minutes. To achieve good dispersion of
these particles in the host matrix the solution was immersed in an ultra-
sonication bath for 50 minutes and then mechanically mixed for a further 5
minutes. Sonication was then performed for a final 50 minutes before leaving
the solution to rest for 12 hours. After the solution had settled, the top
90% was separated leaving the lower 10% that contained a higher density of
the NiC fibres. These fibres were either heavier or did not adhere as well
to the host matrix and therefore dropped to the bottom of the mixture. By
removing this small fraction of the PDMS-NiC solution the final mixture
contained the fibres that achieved better matrix-particle interaction.

The required hardener was then added to the PDMS-NiC solution at a
ratio of 10:1 and mechanically mixed for 5 minutes. This mixture was added
to a cast of size 26 mm by 34 mm and placed in a magnetic field to align the
fibres in the required directions, creating transversely isotropic samples. The
solution was then left to set for 48 hours at room temperature to ensure the
fibres were aligned effectively in the host matrix. The permanent magnets
and apparatus used to align the fibres are shown in Fig. 1. Preliminary tests
were performed on the magnetic arrangement to ensure the homogeneity of
the fibres post-cure, and that orientation of the fibres has occurred. The
homogeneity of the magnetic field is of importance so that the fibres orient
themselves parallel to the magnetic field due to the magnetic torque; if the
magnetic field was non-homogeneous then the fibres would also translate
and hence agglomerate close to the boundary of the petri dish. As such the
resulting material would be non-homogeneous.

Once cured, the specimens were cut from the petri dish at predefined
fibre orientation angles between 0° and 90° degrees, 2 specimens cut from
each petri dish with a dumbbell cutting tool (Fig. 2). A total of 6 specimens
were made at each fibre angle 6y =[0, 15, 30, 45, 60, 75, 90]. A concentration
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Figure 1: (a) Magnetic setup for specimen curing. The specimen is suspended in the
centre of four Neodymium N52 magnets to produce a homogeneous magnetic field. (b)
The magnetic field intensity calculated in the FE environment FEMM [26] for a specimen
at 45°. Note that the specimen is much thinner than the radius of the magnets, meaning
the change in magnetic field through the thickness is negligible as confirmed by the even
fibre distribution in the specimen cross-section observed by optical microscopy.
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Figure 2: Dumbbell test coupon and inset micrograph of a 60° specimen. Selected fibres
highlighted in white; misaligned fibres in blue, and agglomeration of fibres in red (for
illustrative purposes only).

of NiC of 6 wt% was calculated post-cure by burn-off of the PDMS mixture.
This is likely to be a slight overestimation due to the production of SiOs in
the presence of oxygen during the degradation of PDMS.

3. Results
3.1. Microscopy/SEM Results

Prior to mechanical testing, an image of each specimen was captured
by optical microscopy (Fig. 2). This micrograph of the specimen was post-
processed so that a 6 mm x 4 mm section of the specimen was analysed using
Image software to create an image layer onto which the fibres are drawn; this
layer is then imported to the MATLAB (ver.2012b1) Image Processing Tool-
box and information on the fibre position, orientation and size is determined.
Fibres that overlap are treated in separate image layers, therefore ensuring
agglomerations are not treated as a single fibre. The alignment of the fibres
and formation of stable dispersions within the host matrix is necessary to
optimise the material properties. Figure 2 shows the particle alignment and
dispersion within the PDMS matrix. It is observed from the results that
good dispersion was achieved in-plane and through the thickness of the sam-
ple (see Fig.8c), although a small number of undesirable agglomerations were
present in the final material as shown by the red fibres in Fig. 2.

Figure 3a & b show the typical distribution curves for a specimen, with
the majority of the fibres being aligned to the direction of the magnetic field.



Although there is an underlying homogeneous dispersion of fibres that do not
orient, which is thought to be caused by the nickel coating being no longer
present in these cases.

To confirm these findings, SEM images of the fibres were taken before
sonication and curing (Fig. 4). Although the majority of fibres were intact
(Fig. 4a), the average fibre length is shorter than reported by the manufac-
turer due to the many features of geometrical irregularities and damage that
can be observed (Fig. 4b - 4f), which justify the presence of fibres which were
not aligned by the magnetic field. Some additional damage is also likely to
occur during the sonication and mechanical mixing processes, however these
effects are expected to be limited.

3.2. Mechanical Testing

All mechanical tests were performed at room temperature, with dumbbell
specimens conforming to ASTM standard D1708, and a specimen thickness
of approximately 0.6 mm. The engineering stress is determined as the ratio
of the measured force to the original specimen cross-sectional area, whilst the
strain is the ratio of the extension to the original distance and is calculated by
digital image correlation (DIC). Uniaxial mechanical testing was performed
using an Instron testing machine. Six specimens at each angle were tested, at
a strain rate of 1.36 x 107?s~! in the gauge length, by applying displacement
control (10 mm/min) until rupture.

The results of the large strain tensile tests are shown in Fig. 5 for 0°,
30°, 60° and 75°. The differences in the stress-strain curves highlight the
different stress transfer mechanisms that take place during deformation and
cause the large variation of the tensile modulus at small strain seen in the
figure. When the fibres are oriented in the loading direction (such as in the
case of the 0° and 30° specimens) they are able to carry the majority of the
load and a high modulus is achieved; on the contrary, low moduli correspond
to configurations where the fibres are almost orthogonal to the loading.

These results can be effectively interpreted by comparison with the transver-
sally isotropic hyperelastic model used in Ciambella and Stanier [4]. The
main underlying hypothesis of the model considers that the strain energy
density of the reinforced material is separable into two contributions: one
accounting for the overall stretch of the PDMS matrix and the other weigh-
ing the stretch along the stiff fibres. For such a model, the expression of the
effective tangent modulus (Young’s modulus) in the direction of the tensile
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Figure 3: Distributions extracted from a micrograph of a 0° specimen, sam-
pling > 600 fibres. (a) Fibre Orientation Distribution (see [18]), p(f) =

exp(b cos(20))/ ( :/732 exp(b cos(29))d6‘> (b = 4.49 £0.57). (b) Fibre Length Distribu-

tion, h(L) = 5 exp(*%;‘?g) (¢ = 0.068 +0.011, d = 0.089 £0.017). The average

parameter values are given for 6 samples, with standard deviations.




Figure 4: NiC fibres characterisation under SEM. (a) An intact fibre; (b) broken fibre; (c)
broken interface.
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Figure 5: Large strain experimental results (dots) compared to the transversely hy-
perelastic isotropic constitutive model (continuous lines) in Reference [4] for angles
{0°,30°,60°,75°}.

Figure 6: Experimental micrographs of fibre rotation in the PDMS matrix at different
strain levels (0% (a), 23% (b) and 55% (c)), for a specimen with initial angle of the fibres
at 45°.
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Figure 7: Variation of the tensile modulus at small strain in terms of fibre angle 6 fitted
to Eq. 1 (1 = 1.579x10~! MPa, o = 1.850, 8 = 2.878). Confidence intervals of 90% shown
for each angle.

loading is

E6o) = ?{—g [16 + 160+ 58 + 88 cos (265) + 38 cos (46))], (1)

where ;1 > 0, « > —1, f > 0 are selected such that the Young’s modulus,
E| is always positive. Equation 1 is able to describe the dependence of the
Young’s modulus on the fibre orientation well, as shown by the fitting in
Fig. 7. E(#) has a minimum for fibres oriented at 6, = 65.9° as corroborated
by the stress-strain data in Fig. 5. For this angle, the fibre provides the least
amount of resistance to the uniaxial forces imposed upon the specimen. On
the contrary for 0° or 90°, the effective modulus has a local maxima (see
Fig. 7). The maximum at 0° being significantly larger than at 90°. However,
the limiting value at 90° is interesting as it indicates the potential importance
of the lateral constraint of the reinforcement in an incompressible system.
At strains above ~30% the model begins to struggle to capture the be-
haviour observed in the experimental data in Fig. ba. In particular, the
initial modulus of the 0° specimen in the experimental data is higher, but at
35% of deformation, the rotation of the fibre towards the loading direction
causes the 30° specimen tangent modulus to decrease less and the stress to
rise above the other. A similar occurrence is not observed between the 60°
and 75° specimens and can not be captured by the hyperelastic model. This
suggests that the behaviour is likely due to the interfacial effects arisen by
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Figure 8: Interface of the fractured PDMS specimens. (a) Poor interface showing fibres
pulled out without PDMS attached . (b) Trapped rubber between bundles of fibres. (c)
Distribution of the fibres along the through-thickness direction.

the weak matrix/fibre interface and the inclination angle of the reinforce-
ment, that would require further investigation if the device were used at
strains larger than ~30%. SEM images of a fractured specimen shown in
Fig. 8 corroborate this hypothesis: it is clearly seen that some of the fibres
are pulled out from the matrix without any PDMS being attached to them,
which suggest a weak bonding between the fibres and the matrix. Although
a poor interface worsens the mechanical properties, at large strain it would
not be a significant issue for the present micro-swimming application and in
fact, the deformations obtained by magnetically actuating a thin specimen
are rarely larger than 5 — 10%.

The effects of the magnetic field on the stress-strain curves were also
investigated and are reported in the supplementary materials. The results
showed a negligible effect of the magnetic field on the tensile modulus due
to the low fibre content. Similar results have been reported in the open
literature [39, 17].

3.3. Actuation Results

The actuation capabilities of the material are driven by the external mag-
netic field, and the final shape is determined by the balance of magnetic and
elastic energies. Several samples with different fibre orientations were tested
by cutting a rectangular shaped specimen and vertically suspending it be-
tween the plates of an electromagnet in the cantilever configuration sketched
in Fig. 9. The magnetic field produced is homogeneous, orthogonal to the
fibres and its intensity can be controlled by varying the current absorbed by
the electromagnet. When the fibres and the magnetic field are orthogonal
no torque acts on the sample and it remains undeformed until the magnetic
field reaches a critical value at which the configuration becomes unstable.

12
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Figure 9: Schematic representation of the actuator model. (a) The undeformed configura-
tion showing the reinforcement angle in the x-z plane, 6. (b) The twisting angle, ¢. (c)
The bending angle, 9.

The main advantage of this configuration consists in having different ac-
tuator responses based on the initial fibre angle #,. The actuation angle is
determined by incrementally increasing the magnetic field, and taking a high
resolution photograph of the stable specimen position at each magnetic field
intensity. The images are then cross-correlated with respect to the initial
undeformed configuration.

To investigate this behaviour we introduce a large rotations beam model
for which the total energy is the sum of an elastic and a magnetic part, i.e.,

L
Fos(00, 9, 0) = ht / (W, +0,,) ds @)
0

where 6y is the angle of the fibres in the undeformed configuration, and
Y =1(s) and ¢ = ¢(s) the bending and twisting angles of the beam section
at abscissa s (0 < s < L) (see Fig. 9); h, t and L are the beam width,
thickness and length, respectively. Note that in writing down the integral in
(2) over the beam volume rather than the entire space, we have implicitly
assumed that the effects of the fibre magnetisation on the external field are
negligible.
A suitable model for the elastic ¥, and magnetic W, free energy densities
is
EI
Vo= )t g PGP, W= mBP, @)
that could account for large rotations/displacements of the beam. In (3),
B is the magnetic field induction and n the orientation of the fibre in the
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deformed configuration; as such it can be expressed in terms of the mechanical
descriptors ¥ and ¢, i.e.,

n, = sin(fy) sin(J) sin(p) + cos(fy) cos(V) (4)
n, = cos(fp) sin(¥) — sin(fp) cos(??) sin(p) (5)
n, = sin(fy) cos(y) . (6)

and introduces a coupling between the elastic and the magnetic parts of the
energy. By choosing ¥,, as in (3), we have implicitly assumed the magneti-
sation of the sample is a linear function of the magnetic field strength B,
which is confirmed by vibrating sample magnetometer (VSM).

The other parameters in (3) are x = x, v/ (240) where y, represents the
magnetic anisotropic susceptibility, o the vacuum permittivity and vy is the
volume fraction of the fibres [16]. EI and GJ are the bending and twisting
rigidities, respectively.

In order to study the equilibrium shape of the specimen we look for a
minimum of the total energy F,,; when the bending and twisting angles have
the expression:

9= " ()= P (7)

which can accurately approximate the deformed shape of the specimen for
moderate bending and twisting angles. The corresponding expression of
Eiot(0o, U, o) obtained after substituting (7) into (2) is given in the ap-
pendix.

Note that the model (A.1) being nonlinear, only numerical solutions can
be derived. However, a great deal of insight into the specimen behaviour can
still be gained by taking a fourth order expansion with respect to ,, and

Om, L.E.,

E\tot(em ﬁmu Spm) = Etot(gm ﬁmy Qom) + O({ﬁﬂw Qom}5>a (8>

and studying the approximate energy Etot, which is a fourth order polynomial
of the mechanical descriptors ¥,, and ¢, and hence can have up to three
minima. The undeformed configuration, i.e., ¢, = 0 and ¥, = 0, is a local
minimum of Etot (and of Etot) whose stability can be studied by analysing
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the corresponding Hessian matrix

8ZEtot 82-Etot

992 9,00
H (0y) = ~m morm . 9
( 0> aQE'tot 82-Eliiot ( )
OV mOpm  Op2,

ﬁmZOﬁOmZO

From this, it is seen that up to the critical value B@(fm) of the magnetic field

. 3 El
B(cmt) — 10
Y \/L4 x (EI/GJsin?(6y) + cos?(6p)) (10

the undeformed configuration is a stable equilibrium position (the determi-
nant of the Hessian matrix is strictly positive). As soon as B, > BY™™ the
configuration becomes unstable (local maximum of the energy) and two other
symmetric minima appear. The presence of two symmetric minima is due
to the fact that positive or negative bending/twisting angles have the same
weights in the energy. In this situation the reinforcing fibres attempt to align
to the magnetic field lines, and for a given specimen there is a magnetic field
strength, Bgsc”t), at which a sudden increase in actuation angle is observed
(See Fig. 10).

The value of Bécm) can be experimentally determined by slowly increasing
the intensity of the magnetic field up to the point at which a sudden jump
in the deformation of the beam is observed. This effect was experimentally
observed and is shown in Fig. 10 for selected specimens with fibres at 6y =
15°, 45°, 75° and 90°. For example, at 6y = 75° this magnetic field strength,
Bécm), is seen when the magnetic field overcomes ~0.07 T and a sudden
increase in the bending angle occurs. This is clearly visible from the camera
samples in the figure. The experimentally determined values of B for
the angles {0°, 15°, 30°, 45°, 60°, 75°, 90°} are {0.137, 0.103, 0.097, 0.080,
0.080, 0.074, 0.069} T respectively, that by fitting Eq. (10) give a value of
Yo = 2.20 x 1073, It should be noted that this value is about thirty times
larger than the one reported in the literature for neat carbon fibres [16] and
is likely due to the nickel functionalisation of the fibres, which make them
easier to orient in low magnetic fields.

Note that the small increase in the actuation angles for values lower than
the critical magnetic field intensity, B?(f”t), is thought to be caused by the
fibres not being completely aligned and having a spread in the orientation,
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Figure 10: Bending and twisting angles, in terms of the intensity of the magnetic field,
for specimens with fibres at (a) 6y = 15°, (b) 6y = 45°, (¢) 6y = 75° and (d) 6y = 90°.
When the magnetic field overcomes a certain field strength (Bg(frit))7 a sudden increase in
the actuation angle is observed. The insets show the pictures of the actual sample during
the experiment.

as shown in Fig. 3a. It is also observed that in each case, a dominant mode
of actuation angle is present that suppresses the other, as shown by the
relatively low bending angle, compared to the twisting angle, for 6, = 45°.
In the other cases, the suppressed actuation mode is too small to
measure. B

The minimisation of Ej, allows the positions of each fibre orientation
to be worked out as a function of the magnetic field, as shown in Fig. 12
where the mid-point of the observed stability is compared to the model pre-
diction; this was obtained with the parameters calculated in Fig. 11. At
0° the specimen exhibits bending only, whereas at 90° only twisting is ob-
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Figure 11: Critical magnetic field intensity Bl(f”t) at which the undeformed config-
uration becomes unstable, assuming the model (10). (Parameters: E(6p) and G(6)
taken from the results of the mechanical testing, I = 1.26x1071% (m?), J = 4.77x10713
(m?), L = 27.5x1073 (m), x, = 2.20x107% and vy = 6 %). The black dots represent
the results of the experiment carried out by the authors for specimens with fibres at
0o = {0°,15°,30°,45°,60°,75°,90°}.

served. Fibre angles in between show both bending and twisting. The results
of the experiments are shown in the same figure with orange dots represent-
ing the bending angles of specimens with 6y = {0°,15°,30°,90°}. The cor-
responding twisting angles are shown with purple dots for specimens with
0o = {0°,45°,60°, 75°,90°}.

Although a certain degree of dispersion in the fibre angle is present (see
the distribution function in Fig. 3), the actuation of the specimens in the
magnetic field confirm the behaviour predicted by the model. Indeed, as
seen in Fig. 13, a 0° specimen exhibited only bending, whilst only twisting
is observed at 90°. At angles between, either twisting or bending is observed
as the dominant actuation mechanism; although it is still possible to observe
both (see Fig. 13b).

4. Conclusions

In this study, thin film samples of a novel NiC-PDMS composite were
fabricated using low magnetic fields to orientate the fibres and create trans-
versely isotropic samples. The fibres were dispersed in the host matrix using
sonication and mechanical mixing. It was observed that successful dispersion
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4.77x10713 (m?), L = 27.5x1073 (m), xo = 2.20x1073 and vy = 6 %). The orange and
purple dots represent respectively the bending and twisting results of the experiment car-
ried out by the authors for specimens with fibres at 6, = {0°,15°,30°,45°,60°, 75°,90°}.

Twisting

Figure 13: Static Actuation of selected specimens in a homogeneous magnetic field for 0°,
30°, 60° and 90° fibre angles (The image shows actual pictures of the specimens during
tests). Specimens of length ~27.5mm, width 7mm and thickness 0.6mm. A transition
from pure bending for 0° to pure twisting for 90° is observed. For the orientation of the
axes see Fig. 9
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and alignment was achieved for all fibre orientations, although a small num-
ber of agglomerations and misaligned particles were evident. The presence of
unaligned fibres was caused by the fibres having lost their Nickel coating, as
confirmed by SEM images. The resulting materials had mechanical proper-
ties that were controlled by the strength and direction of the magnetic field
during the curing phase.

This novel composite was actuated magnetically to determine its poten-
tial for use in micro-actuator systems. Thanks to the nickel functionalisa-
tion of the fibres, a low magnetic field was used (< 0.2 T). The average
anisotropic susceptibility of the fibres identified from the experiments was
Yo = 2.20 x 1073, which is about thirty times larger than the one reported
in the literature for neat carbon fibres and suggests the beneficial effect of
the nickel coating on the magnetic properties. The composite actuator has
a large displacement capability, with a multistable behaviour induced by the
magnetic torque acting on the fibres: the samples remained undeformed up
to a critical value of the magnetic field after which a sudden increase in the
deformation occurred. Both twisting and bending behaviour was indepen-
dently observed at different initial orientations of the fibre and predicted by
the simple model introduced. By controlling the orientation of the exter-
nal magnetic field, the combination of bending and twisting in the actuators
could be utilised to develop complex steering mechanisms for use in a wide
variety of micro-actuator systems such as micro-pumps and micro-valves.

Future work would now require the testing of this material in low Reynolds
number flow and if this is successful, development of a device and further test-
ing would be required to determine the potential propulsive speeds of this
system. The propulsive force and speed can then be used to determine if
such a system is comparable to existing micro-swimming devices[10]. Ini-
tial work presented in the supplementary materials has indicated
that the strain rate dependence of the material is limited, and that
the presented model could be adapted to model a micro-actuating
device at moderate speeds. In addition, cyclic deformation shows
minimal plastic deformation, encouraging its use as a large strain
actuating device. However, envisaging the material for larger strain ap-
plications would also require improvements to the fibre-matrix interface.
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Appendix A. Appendix

Appendiz A.1. Total Energy of the Magnetic Beam

By substituting (7) into (2) one obtains the following expression of the
total energy of the beam in terms of the mechanical descriptors 9,,, ¢,, and
the fibre orientation in the undeformed configuration 6,

~ El , GJ , B2Lxcos(f)* '
Eit = N v+ 573 Pm Y 80 (20, — sin(29,,) )+

B2 Ly sin(20
+ %ﬂ(o)(@m cos(py,) sin(2¢,,) — 29, cos(29,,) sin(pm,))+

Loy 2
- 3—23ny sin(fo)
(14 280000) = u))  260260) _ 200 )

44 = = =
U Um — Pm Pm O + ©Om

(A1)

In the derivation of (A.1), the magnetic field is assumed to be directed along
the y-axis only, i.e., B = {0, B,,0} as per in the experimental setup used.

Appendix B. Supplementary Material
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Figure B.14: Nominal stress (engineering stress) vs stretch (A = 1/lp),
intervals of 90% derived from the stress-strain data at angles 0°, 30°,

showing confidence
60° and 75°.
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Figure B.15: Cyclic mechanical testing of a PDMS sample reinforced with fibres aligned
at 0°.Testing to 60% strain is shown for 10 cycles without a magnetic field, after 3 initial

cycles to condition the specimen.
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Figure B.16: Mechanical testing of the specimens at different strain rates, normalised
against the quasi-static results. Loading rates of 10 (quasi-static), 50, 100, 150 and 200
mm min-1 (strain rates of 1.36x1072, 6.80x1072, 1.36x1071, 2.04x10~! and 2.72x10"s~!

respectively).

Figure B.17: Actuation mechanisms of selected specimens within the platelet of the electro-
magnet used to generate a homogeneous magnetic field, (a) 0°, (b) 45°, (c) 90°. Specimens
of length 25mm, width 7mm and thickness 1mm.
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Figure B.18: The small strain modulus of aligned, nickel-coated carbon fibre reinforced
PDMS samples oriented in two configurations: (a) The specimen thickness parallel to the
magnetic field, (b) The specimen width parallel to the magnetic field. Tested at reinforce-
ment angles of 15° intervals between 0° and 90°, and at four magnetic field strengths.

27



