IOP PUBLISHING

SMART MATERIALS AND STRUCTURES

Smart Mater. Struct. 18 (2009) 104025 (16pp)

doi:10.1088/0964-1726/18/10/104025

Achieving nutrient pumping and strain
stimulus by magnetic actuation of tubular
scaffolds
Julia J Mack1, Brian N Cox1 , Olivier Sudre1, Abigail A Corrin2 ,
Sergio L dos Santos e Lucato1 , Chelsea Ma1 and
Jennifer S Andrew3
1

Teledyne Scientific Company, LLC, 1049 Camino Dos Rios, Thousand Oaks,
CA 91360, USA
2
Department of Bioengineering, UCLA, Los Angeles, CA, USA
3
Department of Materials Science, UCSB, Santa Barbara, CA, USA

Received 10 March 2009, in final form 5 August 2009
Published 10 September 2009
Online at stacks.iop.org/SMS/18/104025
Abstract
Methods of forming magnetically actuable tubular scaffolds for use in engineering smooth
muscle tissues such as those of the intestines, blood vessels, and urethra are described. The
scaffolds are fabricated from sheets of electrospun fibrils of biocompatible and biodegradable
polymers containing spatially uniform dispersions of nanoscale magnetic Fe2 O3 particles. The
sheets are wound into tubes, which are designed to contain a uniform seeding of cells from
inner to outer layer in the wound structure, as reported elsewhere. The tubes undergo a
crimping deformation when exposed to a magnetic field, similar to the deformation of
peristalsis. The deformation creates both strains in the tube walls and fluid pumping through the
walls, which are desired to promote cell proliferation and differentiation. In this paper, the
physical properties of the electrospun sheets and the wound tubes are reported, including the
magnitude of the displacements and the flux through the walls induced by a given magnetic
field. A model is presented that can be used to predict the deformation and fluid flow for given
field strength and material and geometrical parameters. The model can be used to optimize tube
design and interpret measurements from future experiments on cell culture.
(Some figures in this article are in colour only in the electronic version)

All stimulation methods developed thus far require, for
in vivo use, the implantation of some actuation device that is
extraneous to the tissue construct. The supply of actuating
energy would demand either implantation of a battery or other
energy source or the presence of electrical leads that penetrate
the patient’s skin. These disadvantages can be overcome by
magnetically actuable, biocompatible scaffolds, which can be
actuated in vivo via remotely generated magnetic fields. For
such devices, no actuating component need be implanted or
later removed. The present work is distinct from other concepts
of magnetic actuation for tissue engineering that have been
developed over the last decade [7]. Previous work has focused
on adherence of magnetic nanoparticles directly onto cells to
deliver controlled forces upon the cell membrane [8, 9]. An
interesting application of this approach has used sheets of cells
with attached magnetic particles to form a wound tube that
can be actuated as a structure [10–12]. In this research report,

1. Introduction
The important roles of mechanical forces during growth
and development, remodeling, disuse, and regeneration have
been reported in many tissues.
Numerous techniques
for mechanical stimulation have been reported since the
early work of Glucksman [1]. An impressive array of
stimulation devices have been constructed to load cells in
compression, tension, bending, out-of-plane and in-plane
distention, shear, and combinations of the above (recently
reviewed by Brown [2]). A number of studies have shown that
mechanically challenged tissue constructs exhibit hypertrophy
and increased orientation of fibers and cells in comparison to
control, non-stimulated constructs. When subjected to cyclic
stretching, cells tend to align in a preferred direction, increase
in cell length, width, proliferation, myochondrial density,
extracellular matrix biosynthesis, and contractile force [3–6].
0964-1726/09/104025+16$30.00
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maghemite iron oxide (γ -Fe2 O3 ) with an average diameter
of 8 nm, which were capped with a biocompatible polyethylene glycol (PEG) shell to prevent agglomeration. The
maghemite nanoparticles were synthesized using the Massart
method [13] in aqueous solutions to yield crystalline nanoparticles. The PEG coating was applied via silane capping using
2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane, under
modified Stöber conditions [14, 15].
A blend of two
biodegradable polymers, polyglycolide (PG) and polycaprolactone (PCL), was selected as the matrix material. The magnetic
nanoparticles were incorporated into the polymer blend via
electrostatic spinning to form composite fibrils.
Various loadings of γ -Fe2 O3 nanoparticles were added
to a solution of PG–PCL in hexafluoroisopropanol (HFIP)
and subsequently electrospun to achieve a sheet of nonwoven magnetic nanofibers (γ -Fe2 O3 /PG-PCL). The γ -Fe2 O3
nanoparticles were added in the range of 1–50 wt%, based
on polymer. The electrospinning parameters were adjusted to
achieve uniform coverage of a felt-like fabric sheet of swirled
fibrils on the grounded collector. Typical electrospinning
conditions included a 22 gauge syringe tip, 0.4 ml h−1 applied
flow rate and 0.8 kV cm−1 applied voltage density. Postelectrospinning, each nanofiber sheet was cut to appropriate
dimensions and peeled off the collector. Scanning electron
microscopy (SEM) revealed fiber diameters ranging from 100
to 600 nm and uniform along the fiber lengths. Transmission
electron microscopy (TEM) was used to image the particle
distribution within the electrospun fibers. Even at high
loadings (up to 50 wt%) the γ -Fe2 O3 nanoparticles were
uniformly distributed along the length of the fiber as well as
through the section of the fiber. The nanoparticles appeared
to be completely embedded within the polymer matrix. A
representative TEM image of the electrospun γ -Fe2 O3 /PGPCL fibers is shown in figure 1.
A linear correlation is observed for the saturation
magnetization of the composite fibril sheets as a function of
weight per cent loading of magnetic nanoparticles, allowing
simple tailoring of the magnetic properties of the sheets
and therefore control over the magnitude of strains induced
by actuation. Although average fiber diameter varied as
a function magnetic loading, the gross morphology of the
electrospun sheets was consistent across the loadings, as seen
in figures 2(a)–(c).
To achieve adequate deflections under the magnetic field
available in this study, the scaffold structures used for magnetic
actuation experiments were those with a loading of 50 wt%
γ -Fe2 O3 . The 50 wt% γ -Fe2 O3 /PG-PCL fibrous sheets
had average fiber diameter of 300 nm and an average sheet
thickness of ∼25 μm. There was some variation from one
electrospinning run to the next in the average fiber diameter
and the overall morphology of the electrospun sheets. In
some, the fiber diameter distribution was bi-modal, with a
distinct small diameter population, while other sheets were
devoid of the thinner fibers. Each sheet was individually
characterized for thickness, average fiber diameter and density.
For all characterized 50 wt% γ -Fe2 O3 /PG-PCL sheets (used
subsequently for magnetic actuation experiments), the average
fiber diameter ranged from 200 to 410 nm. The morphology of

magnetic nanoparticles are embedded within a polymer matrix
and subsequently formed into a fibrous scaffold structure that
can be used for a variety tissue engineering applications, in
either a tubular geometry, as developed here, or in various
other shapes. The present approach does not rely on and
avoids direct contact between the magnetic particles and the
cells. Nevertheless, because the magnetic nanoparticles are
uniformly dispersed in the scaffolding material, they deliver
locally generated strains to the cell population within the
scaffold.
By a combination of scaffold shape design and controlled
application of magnetic fields, one can arrange that one region
of the scaffold can undergo different motion relative to another
region. Hence actuation in different regions can occur in a
programmed (sequential) manner, creating, for example, the
fluid flow pattern found in many physiological systems such as
intestine, vessels, etc.
This paper reports the development of tubular scaffolds
appropriate for, e.g., intestine, blood vessels, or urethra that
can undergo controlled deformation under applied magnetic
fields. The scaffolds are intended to stimulate mechanoreceptors at the cell level and pump liquids macroscopically to
facilitate convective mass transfer and activate shear receptors.
If successful, such actuable scaffolds can have important
applications in regenerative medicine.
Significant challenges addressed here include methods of
fabricating tubular scaffolds, experiments for their mechanical
characterization, and theoretical models of their behavior. The
basic understanding derived from such analyses is essential for
designing devices that can achieve prescribed levels of strain
stimulus and fluid pumping and for analyzing experiments on
cell culture.
The ideal scaffold must be very compliant, so as not to
inhibit actuation (the magnetic forces being relatively weak),
yet must possess the structural integrity necessary to sustain the
forming of shaped devices and then support cells and deliver
strain stimulus. The scaffold must also be porous and possess
high permeability, so as to permit the easy flow of fluids
(nutrients) to interior regions. Finally, the materials used must
be biocompatible.
These somewhat mutually contradictory requirements are
met by structures formed by the electrospinning process,
which yields highly porous, compliant sheets, which can be
formed into tubes that are sufficiently strong to support cyclic
deformations that mimic peristalsis. Fabrication methods and
experiments that demonstrate these advances are reported here,
along with simple analytical theoretical models that account for
the observed deformation characteristics. Application to cell
culture for smooth muscle tissue will be reported elsewhere.

2. Formation of composite fibers
2.1. Development of electrospun magnetically functionalized
fibrils
To form a magnetic biocompatible composite material, a
biodegradable polymer was functionalized with magnetic
iron oxide nanoparticles.
The nanoparticles used were
2
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washed after removal from the metal collector. At this stage,
for cell culture studies, a cell slurry would be pipetted onto the
sheets at the desired cell density. The present work proceeded
instead directly to the next step, in which the electrospun sheets
are wound into a tubular scaffold structure. The winding was
performed with a pair of 4.8 mm diameter, 2 cm long Teflon
mandrels. The Teflon pieces were placed in line 2 cm apart
at each edge of the 6 cm wide sheet and the sheet was wound
over the mandrels into a tube shape. The Teflon rods were
pulled apart with forceps to the edge of the dish, thus leaving an
unsupported length of tube of 4.5 cm but filling the ends of the
tube and therefore providing a seal against fluid flow through
the ends. The wound tube was held in place by a polycarbonate
bridge with two notches drilled in the ends of the bridge to
hold the Teflon rods in place (see figure 5 for illustration).
Next, growth medium was added and the lid was placed on the
culture dish. To simulate conditions for cell culture studies, the
tube was then actuated at 37 ◦ C and 5% CO2 .
As with superparamagnetic iron oxide nanoparticles
(SPIONs) commonly used for MRI imaging, the approval of
iron oxide modified scaffold for clinical applications would
require further investigation of the potential toxic effects of
released iron oxide in the body. However, it is expected
that post-degradation, the iron would be re-distributed and
accumulate in the body’s iron stores [16]. The iron oxide
content in a scaffold of the size studied here is only 0.18 mg of
iron oxide nanoparticles; assuming this is dispersed in a 60 kg
human yields a concentration that is 5 orders of magnitude
less than the reported toxic dose of iron (20 mg kg−1 ).
Further, the expected dose of iron via degradation of these
magnetically actuable scaffolds is many times lower than body
iron levels [17].

0.4 μm
Figure 1. TEM image showing the distribution of γ -Fe2 O3
nanoparticles (dark contrast) in electrospun PG–PCL fibers, for a
loading of magnetic nanoparticles of 20 wt%. Because the imaging is
made in transmission, dark areas represent the integral of particles
through the thickness of the fibril. The distribution is very uniform.

the fibrous sheets was observed by SEM to show electrospun
mats with varying fiber diameter in a single sample. However,
all samples contained smooth, continuous fibers regardless of
the average fiber diameter, as displayed in figures 3(a)–(d).

3. Tube fabrication
3.1. Development of tubular magnetically actuable scaffolds
Tube structures were formed by winding the electrospun γ Fe2 O3 /PG-PCL fibril sheets. To form a tube of desired
dimensions, the fibril sheet is wound around a mandrel of
desired diameter until the desired tube wall thickness is
achieved. The number of turns to achieve a given thickness
can also be varied by electrospinning fibril layers of different
thickness. For example, a tube wall thickness of 100–200 μm
can be formed by winding a 20 μm thick electrospun sheet 5–
10 turns (see figure 4).
Although not reported in this paper, a 3D scaffold
populated with cells could be formed by seeding the
electrospun fibril sheet with cells prior to winding into a tube
structure. To mimic preparation conditions for such cell culture
studies, in the present work the fibril sheet was sterilized and

(a)

20 μm

4. Test results
4.1. Measurements on sheets
Over gauges much larger than the fibril diameter (>0.1 mm),
sheets of randomly oriented electrospun fibrils are
approximately transversely isotropic in mechanical properties,
with isotropy in the plane of the sheet. Their mechanical
response is nonlinear, because of the fibrillar morphology.
Mechanical properties are needed for relatively high strains,
typically of order of magnitude 1–10%. Even higher strains,
up to 100%, could arise locally if plastic hinges or other shear

(b)

(c)

10 μm

10 μm

Figure 2. SEM images of (a) 20 wt%, (b) 30 wt% and (c) 50 wt% γ -Fe2 O3 /PG-PCL fibril mats formed via electrospinning.
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(a)

(b)

(c)

(d)

Figure 3. SEM images of 50 wt% γ -Fe2 O3 /PG-PCL electrospun sheets with average fiber diameter (a) 221 nm, (b) 247 nm, (c) 315 nm and
(d) 393 nm. Each image scale bar represents 5 μm.

Teflon rods to plug tubes ends
(4.8 mm diameter x 2 cm long)

Polycarbonate
Polycarbonate
bridge

brid
ge
with notches (8

Figure 4. Tubular scaffold formed by 5 windings of magnetically
functionalized fibril sheet (∼20 μm thick).
Figure 5. Wound tubular scaffold (6 cm long, 8 wound fibril layers)
in a culture dish.

concentrations form in scaffold structures. However, the initial,
approximately linear response of the sheets found at lower
strains is most pertinent to designing tube structures.

ρsheet , was then deduced by weighing a specimen of known
area (table 1).
The proportion of Fe2 O3 in any specimen was controlled
through the mass fraction of Fe2 O3 nanoparticles, denoted
φn (section 2). Other properties of interest include the
volume fraction, Vfib , of Fe2 O3 in the fibrils, the volume
fraction, Vsheet , of Fe2 O3 in the electrospun sheet, and the
pore content, Vpore , of the electrospun sheet (the volume
fraction of free space in the sheet). Formulae relating
these properties to φn , the sheet density, and the density of

4.1.1. Density and pore content. The density of the
electrospun sheets and the volume fraction of space occupied
by fibrils were measured by weighing sheets of measured
thickness and area. The high compliance of the sheets makes
mechanical measurements of thickness or reading thickness
directly from SEM images impracticable. Therefore thickness
was determined to within ±2 μm using optical microscopy to
compare the height of the top surface of a sheet lying on a
substrate to that of the substrate. The average sheet density,
4
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Table 1. Density-related properties of electrospun sheets.
Mass fraction
Sheet Fe2 O3 φn

Fibril density
Average fibril
Sheet thickness Sheet density
diameter dfib (nm) ρcomp (Mg m−3 ) d (μm)
ρsheet (Mg m−3 )

Sheet porosity
Sheet volume
fraction Fe2 O3 Vsheet Vpore

S20-1 0.20
S30-1 0.30
S50-1 0.50

560
430
310

0.0071
0.0097
0.0181

1.52
1.67
2.05

35
30
26

0.173
0.158
0.177

0.886
0.905
0.914

Table 2. Permeability data for sheets fabricated with Fe2 O3 loading of 50 wt%.
Sheet

Average fibril
diameter dfib (nm)

Sheet thickness
d (μm)

Sheet density
ρsheet (Mg m−3 )

Sheet volume
fraction Fe2 O3 Vsheet

Sheet porosity
Vpore

Permeability k
(m2 )

S50-2
S50-3
S50-4

278
297
356

25
20
30

0.144
0.160
0.127

0.0147
0.0163
0.0130

0.930
0.922
0.938

1.6 × 10−15
2.5 × 10−15
1.0 × 10−14 a

a

Permeability value taken from data prior to possible membrane failure towards conclusion of test.

the constituent materials are provided in appendix A. The
density of γ -Fe2 O3 is ρn = 4.9 Mg m−3 [18]. The matrix
components polycaprolactone (PCL) and polyglycolide (PG)
have densities 1.15 and 1.53 Mg m−3 , respectively (MSDS for
polycaprolactone CAS# 24980-41-4; MSDS for polyglycolide
CAS# 26124-68-5), so that the matrix, which was a 50–50
mixture of PCL and PG, has a density ρp = 1.31 Mg m−3
(using a formula analogous to equation (A.2)). The sheet
density is measured. All other density-related properties are
deduced for sheets of varying mass fraction of Fe2 O3 using
equations (A.1)–(A.4). Results are summarized in table 1.

area A

water
tube

h

δ

membrane

4.1.2.
Permeability and mechanical properties.
The
permeability, stiffness, and strength of a sheet were measured
using the simple experimental set-up depicted in figure 6, in
which a given column of water (a few tens of cm) is supported
by a sheet acting as a clamped membrane. The flux of water
through the membrane, −(dV /dt)/A, with V the volume of
supported water, A the area of the membrane, and t time, is
proportional to the sheet permeability k (units m2 ):


k
1 dV
=
P
(1)
A dt
μd

Figure 6. Apparatus for testing sheet stiffness, strength, and
permeability.

(i.e., column height). This nonlinear response is fitted with a
second-order approximation of a two-parameter plate theory
formulation, including the in-plane Young’s modulus and
Poisson’s ratio, which were thus determined to be 1.5 ±
0.2 MPa and 0.3 ± 0.1 respectively.
Increasing the column of water until the membrane failed
at pressures 5.5 ± 0.5 MPa implies a sheet strength of 0.68 ±
0.06 MPa.

with μ the viscosity of water, d the sheet thickness and P
the pressure differential across the membrane (water pressure).
Measurements on membranes with 50% Fe2 O3 mass loading
confirmed the linear relation of equation (1) for increasing
P for separate samples for pressures up to 3.5 kPa. Using
μ = 0.000 893 Pa s, the single sheet permeability has average
value 3.4 × 10−15 m2 (average performed on logarithms),
with −14.8  log10 k  −14 (table 2). These values
are in the range expected for highly hydrophilic microporous
membranes [19].
The variability of approximately one
order of magnitude is also consistent with expectations for a
material with a random microstructure; permeability and other
conductivity measures are the most widely varying of physical
properties and sensitive to variations in material conditions
(e.g., the sheet porosity tabulated in tables 1 and 2).
The stiffness of the membrane was deduced from the
deflection, δ , of its central point as a function of pressure

4.2. Mechanical measurements on wound tubes
Because the relationship between sheet properties and the
deformation of a tube is not trivial, due to material and
structural nonlinearities (see section 5), experiments were
performed on the tubes themselves to establish the tube
behavior.
Figure 7(a) shows a tube fabricated by methods described
above with 6.25 mm inside diameter and comprising eight
wound layers of electrospun sheet. In this experiment, the
tube ends were plugged using silicone filled plastic tubing. A
hypodermic needle is inserted through one of the end plugs,
to allow injection of a fluid containing dye. The injection
is performed when the tube is already immersed in colorless
fluid, and in a partially collapsed condition. The injected fluid
5
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needle for dye injection
dye diffusing uniformly
out of tube

tube

(a)

(b)

Figure 7. Dye injected into tube with plugged ends (a) flows uniformly out through the walls of the tube (b).

Figure 8. Tube immersed in fluid and subjected to a concentrated load generated by a suspended rod. (a) Prior to deformation. (b) Point of
mechanical equilibrium between the elasticity of the tube and the weight of the rod. (c) Schematic of zones of deformation and coordinate
system. (d) Displacement–time history for rod mass 0.48 g, showing transient response governed by rate of fluid efflux and the approach of an
asymptotically constant displacement when elastic forces of tube equal rod weight (see also figure 12).

inflates the tube and creates an overpressure inside it, which
drives fluid out through the tube’s walls. Figure 7(b) shows
that the efflux is uniform over the surface of the tube, from end
to end.
A second experiment was designed to measure the
response of the tube under a known mechanical load. In this
experiment, the tube ends were plugged with a solid Teflon
cylinder. A rod was held vertically above the central portion
of the tube described in the preceding paragraph (figure 8(a)).
When the rod was released, the tube deformed under the free
weight of the rod (figure 8(b)): the ends remain undeformed,

being constrained by the Teflon plugs, while the center
(‘zone I’) squeezes down uniformly and two transition zones
(‘zone II’) describe a deflection that varies approximately
linearly with position, x , along the tube (figure 8(c)). The
water inside the tube is placed under pressure and diffuses out
through the walls of the tube. When the weight of the rod
was changed, the time history, w0 (t), of the deflection of the
top of the center of the tube, w0 = w(x) at x = 0, with x
defined in figure 8(c), also changed. In each test, the deflection
was recorded optically as a function of time and the frames
were analyzed to determine w0 (t). The deflection tended to
6
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Figure 9. (a) Wound tube scaffold deflecting down towards the bottom of the culture dish when approached from below by a permanent
magnet. (b) Displacement–time history during magnetic actuation and recovery following removal of the field.

increase throughout the duration of each test, appearing to
approach an asymptotically constant value, was , at large times
(figure 8(d)), corresponding to a steady-state condition where
the rod’s weight is supported by the elasticity of the tube and
deformation ceases.
The third kind of experiments on tubes measured their
response when actuated by a permanent magnet, using
a test configuration similar to that of figure 9. When
approached from beneath by the magnet, a magnetically
functionalized wound tube structure in a culture dish undergoes
a deformation similar to that shown in figure 8(c). The midspan displacement, w0 , again approaches an asymptotically
constant value, was (figure 9(b)). If the magnet is lowered
and raised cyclically, the mid-span displacement exhibits an
oscillating time variation, w0 (t): the tube collapses down
towards the dish bottom when the magnet is near and then rises
again towards its original shape (recovery) upon removal of
the magnet (figure 9(b)). The cycle of collapse and recovery
exhibits a significant phase delay relative to the cycling of the
magnet.
If the end plugs are solid, the deformation, whether
mechanically or magnetically driven, is accompanied by fluid
flow through the walls of the tube, in the outward direction
when the tube is collapsing and inward when it rises, as the
volume enclosed in the tube decreases and then increases. As
described previously, fluid diffuses approximately uniformly
through the walls along the length of the tube and does not
escape out the tube ends if plugged. Because the walls have
limited permeability, the fluid flow takes an appreciable time
and is the rate-limiting process in collapse and recovery. Both
collapse and recovery typically take of order of magnitude 1–
10 s for the tubes studied. Collapse is driven by the magnetic
forces or rod weight and recovery by stored elastic energy in
the deformed tube walls. Significant variation in the forces
and resistance of the tubes to deformation, and therefore of
the collapse and recovery times, is expected and occurs, as
discussed below. Being able to predict collapse and recovery
times and the magnitude of tube deformation is important to
achieving predictive control of actuation effects.

5. Models of tube deformation and fluid flow
Both the tube structures and the deformation patterns that
form in the tubes under load exhibit some variability. For
example, the degree of tightness achieved in the winding
process varies, leading to variations in the structural stiffness
of the tube; and variations in the electrospun product leads to
variance in the permeability. The deformation does not follow
simple, proportional shape changes, but can include local wall
buckling and folding instabilities. When the tubes are seeded
with cells, which proliferate and secrete extracellular matrix
(ECM), further changes in the mechanical properties of the
tube/cell system can be expected. Precise prediction of all of
these phenomena for each individual tube and cell culture is
unlikely. Instead, a practical engineering approach combines
simple models that predict trends in behavior and can be used
to interpolate data from a limited number of simple tests.
In this section, simple models are developed and used
to establish the trends that are needed for tube design. The
generic problem for a magnetically actuated tube is that of a
cylindrical shell subject to uniformly distributed body forces
that act in one direction in combination with a net hydrostatic
pressure acting either inwards or outwards, which also drives
fluid diffusion through the walls of the tube. This particular
problem does not appear to have been solved in the literature,
most likely because body forces, e.g., due to gravity, are
usually negligibly small and therefore not considered. Even
the magnetically derived body forces generated in the scaffold
materials are weak, but the materials and tubular structure
developed here are also unusually compliant.
5.1. Stiffness of a tubular scaffold
The elastic response of a tube that is unconstrained by
fluid pressure and is loaded mechanically by a force acting
downwards along its crown can be estimated from the theory
of thin shells [20, 21]. If the tube is elastic and its windings
all move in unison (with no sliding between them), then the
relation between the total force, F0 , per unit length of the tube
7
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and the downward deflection of the top of the tube, w0 , is
approximately
w0 = β(F0 /E)(r/ h)3
(2a )


π
2
β = 12(1 − ν 2 )
−
(2b )
4
π

the gravitational constant; and w0 is the deflection of the tube
where it contacts the rod (also the rod displacement). The rate
of change of the enclosed volume in the tube, V , is governed by
the flux of fluid through the walls of the tube under the driving
force of the hydrostatic pressure, as described by equation (1).
Thus
dV
V0 k P
(7a )
=2
dt
r μh

where r is the radius of the tube and E and ν are respectively
Young’s modulus and Poisson’s ratio for the material in
the tube wall when loaded in the direction of the tube’s
circumference. For ν = 0.3, β ≈ 1.6. The effective stiffness
of the tube, κ0 , when uniformly loaded along its length is

κ0 = F0 /w0 ≈ β E(h/r )

3

with V0 the volume of the undeformed tube

V0 = 2πr 2 (R + L)

(3)

(7b )

for a tube whose deflection accords with the three zones shown
in figure 8(c). The relation between the enclosed volume and
the deflection is (from equation (B.1c)) of appendix B)

which depends sensitively on r/ h .
If the tube deflects in the three zones indicated in
figure 8(c) rather than uniformly along its length, then an
effective stiffness for the tube, κ , can be defined in terms of
the total force acting on the tube, F (appendix A):
 3 

F
h
1L
κ=
= 2β R E
1+
(4)
w0
r
2R

dV
7
3/4
= − V0 χ W0
dW0
4
with

R + 4/11 L
R+L
Combining the relation
χ=

where L and R are defined in figure 8(c). The asymptotic
displacement reached in either mechanical or force actuation
is given by
F0
F
=
was =
.
(5)
κ
κ0

W0 =

(8a )

w0
.
r

(8b )

dW0 dV
dW0
=
dt
d V dt

(9)

with equations (7) and (8) and integrating yields the elapsed
time t measured from the commencement of loading as a
function of the deflection:
7  mg 3/4 Aχ
t (W0 ) =
η(αW0 )
(10a )
8 r
K κ 7/4

A wound tube can behave in a more complicated manner
than these elastic analyses suggest, exhibiting four possible
nonlinearities: the wound layers can slip relative to one
another; local buckling or folding instabilities can occur; the
tube wall material will decompose during cell culture; and
the cells themselves and the ECM they produce will add to
the wall stiffness. Slip between layers will make the tube a
more compliant structure, an effect that could be large in the
extreme case of perfect slip: the stiffness of n independent
wound layers is n E(h/nr )3 , i.e., falls as 1/n 2 . Buckling or
folding will reduce the structural stiffness. Decomposition of
the wall material will decrease the tube stiffness, probably
approximately in proportion to the fractional loss of mass.
The cells and ECM will make the tube stiffer partly by
reducing any slip between the wound layers and also by adding
stiff biological material and thickening the wall. None of
these effects is easily predicted; each requires experimental
quantification. In this paper, consideration is restricted to the
properties of tubes without cells; effects associated with cells
or the ECM will be reported on elsewhere.

where

α=

rκ
;
mg

K =


αW0

η(αW0 ) =
0

k
μh

θ 3/4
dθ
1−θ

(10b )
(10c)

5.2. Time-dependent deformation of a tube under mechanical
load

with 0  αW0 < 1. Limits of η are that η → 4/7(αW0 )7/4
as α → 0 and η → ln(1 − αW0 ) as αW0 → 1. The latter
limit shows that the displacement αW0 = 1 (or equivalently
w0 = F/κ = mg/κ = was ) is approached asymptotically,
as equilibrium is approached between the weight of the rod
and the elastic restoring force of the tube. At equilibrium,
αW0 = 1 and equation (6) is satisfied with P = 0. Numerical
evaluation of η shows that η(0.5) = 0.257 277 and therefore
the characteristic time
 mg 3/4 Aχ
t1/2 = 0.225
(11)
r
K κ 7/4

Mechanical equilibrium for the rod in the experiment of
figure 8 requires that

represents the time taken for the tube to collapse half-way
towards its asymptotic configuration, αW0 = 1.

P A = mg − κw0

(6)

5.3. Time-dependent deformation of a tube under magnetic
actuation

where P is the hydrostatic pressure in the tube, which is
assumed to act over the cross-sectional area of the rod, A =
π R 2 , with R is the rod radius; m is the mass of the rod; g is

5.3.1. Magnetic force. The electrospun composite of dispersed Fe2 O3 nanoparticles in PG–PCL is superparamagnetic
8
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Figure 11. Magnetic field along the axis of the cylindrical NdFeB
permanent magnets used in actuation experiments as a function of
distance from one end of the magnet.

Figure 10. Magnetization data for a 20 wt% Fe2 O3 /PG-PCL sample
of electrospun sheet, acquired by a superconducting quantum
interference device (SQUID).

gradient is approximately uniform for y < 8 mm and takes the
value 0.43 kG mm−1 (figure 11). The magnitude of the body
force is therefore

(figure 10); the individual Fe2 O3 nanoparticles exist in a ferromagnetic state, with weak interactions between the moments
on different particles and very little shape anisotropy effect
within each particle. Thus when a magnetic field is applied,
the magnetic moment in each particle rotates easily towards the
direction of the applied field, without the particle rotating. The
saturation magnetization, µsat , is reached when the alignment
is complete. In the absence of a field, the moments on
different particles return to a state in which they are only
weakly correlated. At room temperature, the saturation mass
magnetization for the Fe2 O3 /PG-PCL composite with mass
fraction φn = 0.2 of Fe2 O3 is 5.3 emu g−1 (figure 10); taking
a material density of 0.173 g cm−3 (table 1), one finds the
volume magnetization µsat = 0.92 emu cm−3 = 920 A m−1 .
The magnitude of µsat is expected to be proportional to the
volume fraction of Fe2 O3 particles. From section 2, the volume
fraction, Vsheet , of Fe2 O3 particles in the electrospun sheet is
0.0071 for φn = 0.2. Therefore, the expected magnetization
for the class of materials can be summarized by

µsat =

920
Vsheet = 130 000Vsheet A m−1 .
0.0071

Fm = 5.6 × 10−3 Vf N mm−3 .

This body force will act on the material that lies above the
face of the permanent magnet, which is a circle of diameter
25.4 mm (figure 9). Thus it will act on a zone of the tube of
length 2 R = 25.4 mm (zone I of figure 8(c)). Material not
lying immediately above the magnet will experience a much
lower body force, which is neglected in the following analysis.
5.3.2. Induced deflection. Given the body force Fm , the
equilibrium deflection, was , can be determined by equating the
work done by the body forces to the elastic energy stored in
the tube. In the case of magnetic actuation, zone I in the threezone profile of figure 8(c) is several times the tube diameter.
Therefore, the deformation at the mid-span of the tube above
the magnet approximately satisfies plane conditions and all
energies and forces can be evaluated per unit length of the
tube. If the tube maintains an elliptical cross-section during
deformation, the total work done per unit tube length by the
magnetic forces is

(12)

Fm was
(15a )
2
while the work done per unit tube length against the elasticity
of the tube is given by
m = 2πr h

For a superparamagnetic material, the dominant force
induced by a magnetic field is the body force, Fm , per unit
volume that is caused by the particles seeking to minimize their
magnetic energy by moving in the direction of the maximum
field gradient. Measurements of the magnetic field for the
NdFeB permanent magnets that were used in this work to
actuate the magnetic scaffolds are shown in figure 11. For
the relevant working distances between the magnet and the
tubular scaffold (less than 8 mm), the field exceeds 2 kG
(104 kG = 1 T = 1 N A−1 m−1 ), which is sufficient to assure
that the magnetization in the scaffold material has attained its
saturation value [22]. Therefore the body force generated by
actuation is given by
Fm = µsat ·

dB
dy

(14)

2
e = 12 κ0 was

(15b )

with κ0 given by equation (3). Equating these energy terms
yields
2πr h Fm
2πr h Fm  r 3
was =
=
.
(16)
κ0
βE
h
The first part of equation (16) shows that the magnetic
body forces induce a similar deflection as a mechanical force
of magnitude 2πr h Fm acting per unit length along the crown
of the tube. Therefore, the time variation of the tube midspan displacement, w0 (t), in a constant and uniform magnetic
field will be of the same form as that for mechanical loading,
equation (10), with the substitutions mg/A → π Fm h/2 and
κ/A → κ0 /2r .

(13)

where B is the applied field and y is the normal distance of
the material from the surface of the magnet [23, 24]. The field
9
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5.3.3. Fluid flow generated by magnetic actuation. The
pressure induced in a tube by magnetic actuation can be
calculated by considering a free-body diagram for the upper
half of the tube and assuming that the tube remains elliptical in
cross-section during deformation. This yields (appendix A)

P=

1
κ0 w0  1 − w0 /2r
π Fm h −
.
2
r
1 − (w0 /2r )7/4

5.3.4. Recovery. When the magnetic field is removed from
a tube that has attained some deflection, w0 = w1 , the elastic
strain energy stored in the tube drives it to recover its original
shape. The hydrostatic pressure during recovery is given by
equation (17a ) with Fm = 0 or, once again ignoring the factor
outside the brackets on the right-hand side of equation (17a )

(17a )

P ≈−

For deflections w0 that are less than approximately half
the initial tube height, r , the factor outside the brackets on the
right-hand side is near unity and equation (17a ) takes a form
analogous to equation (6) for mechanical loading:

π Fm h
κ0
− w0
2
2r

P=

leading to

(17b )



π Fm h
r

3/4 

r
κ0

7/4

χ
.
K

Thence

−

3 kκ0
t
7 χμhr

4/3

(24a )

4/3

7 χμhρ  w1 3/4
.
3 kκ0
r

(24b )

(25)

Unlike the behavior under magnetic actuation, where the
deflection approaches the equilibrium state only asymptotically, full recovery (w0 = 0) is achieved when the magnetic
field is removed in the finite time tr (the singularity in
equation (23) is integrable). The time required for recovery
to halve the mid-span deflection is given by

t1(r/)2 = (1 − 2−3/4 )tr ≈ 0.4tr .

(26)

6. Model-based analysis of data
(20b )
6.1. Tube stiffness from mechanical loading tests
Experimental assessment of the tube stiffness was obtained
by analyzing the data for tubes acted on by a mechanical
force in the experiment of figure 8. For a rod of mass
m and diameter 2 R , the force per unit tube length in the
contact zone is approximately F0 = mg/2 R . Mechanical
equilibrium is reached when the transient response finishes and
the tube deflection approaches its steady-state value, w0 = was
(equation (5); figures 8(d) and 9(b)). Measurements of was
for four different weights of rod yielded the effective stiffness
F0 /was = 1.2 ± 0.6 kPa for a tube whose wall comprised seven
windings for a total thickness of approximately 200 μm. Using
E = 1.5 MPa for the wall modulus and R = 3.1 mm for the
tube radius, equation (3) predicts F0 /was = 0.6 kPa. This
falls within the range of measurements, implying that the tube
wall deforms without the layers within it slipping significantly
relative to one another. The degree of success of the simple
model is enough to guide tube design.

(21a )

is independent of the tube radius, r , and wall thickness, h . In
contrast, the integrated flux, which is proportional to φ0 t1/2 ,
depends very strongly on r and h . Using equation (18),

φ0 t1/2 = 0.225π Fm hχ

r

where

The flux is maximum when the tube first starts to deform
and decreases linearly with the deflection, w0 ; and it decreases
with time according to the inverse of equation (10). The
normalized flux, 2μφ/π Fm k , is exemplified as a function of
time by the dashed curve in figure 12(a). The initial magnitude
of the flux
φ0 = π Fm k/2μ
(21b )

3/4 

1

tr =

κ0
.
π Fm h

π Fm h
r

 w 3/4

w0
t
= 1−
w1
tr

(18)



π Fm k
κ0
φ=
1−
w0 .
2μ
π Fm hr



(23)

or

where from equation (10), with π Fm h/2 replacing mg/A and
κ0 /2r replacing κ/A (to convert to the solution for magnetic
actuation)


 
7 π Fm h 3/4 χ r 7/4 (αW0 )3/4
dt
=
α
(20a )
dW0
4
r
K κ0
1 − αW0

α=

dt
7 χr  w0 −1/4
=−
dW0
4 kκ0 r

w0 = r

The flux of fluid through the wall of the tube (fluid passing
per unit area of the wall per unit time, units of velocity), φ , is
given by

dV
dV
dW0
=−
φ=−
(19)
dt
dW0
dt

with

(22)

and thus

with π Fm h/2 taking the place of mg/A and κ0 /2r taking the
place of κ/A. The rest of the analysis following equation (6)
for the mechanical loading case remains the same, with the
stated substitutions, in the case of magnetic actuation. The
time, t1/2 , required for the deflection to proceed to half the
equilibrium deflection, was , is thus given by

t1/2 = 0.45

κ0
w0
2r

r r
βE h

3

7/4
(21c)

i.e., the integrated flux is proportional to r 25/4 h −7/2 .
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Figure 12. Test data similar to those of figure 8(c), for rod masses (a) 0.48 g, (b) 0.61 g, and (c) 1.71 g, along with fitted theoretical curves
(smooth solid curves). The fitting of the curves implies a particular value of the asymptotically constant displacement, was , marked by a
dashed line. In (a), the predicted flux of fluid through the wall of the tube is also shown, in normalized form (see section 5), by a dashed curve.

Deflection-time data for two other masses of rod are
shown in figures 12(b) and (c). With the exception of
irregularity in the data at low displacements for the highest rod
mass (figure 12(c)), which is believed due to nonlinear tube
deformation caused by the relatively high force, the deflectiontime curve predicted by equation (10) fits the shape of the
experimental data well, suggesting that the model captures the
physics of the tube deformation.
The asymptotic displacements was = mg/κ imply κ =
2.2, 3.8, and 3.2 N m−1 for the three rod masses m =
0.48, 0.61, and 1.71 g, respectively. Some variation in κ can
be expected from test to test, because the tube was unwound
and re-wound between tests and the tube structure is nonlinear
for large deformations.
Given the tube radius r = 3.2 mm and wall thickness h =
0.2 mm, Young’s modulus E = 1.5 MPa for the material in the
tube, and R = 1.3 mm and L = 10 mm, the right-hand side
of equation (7) predicts the tube stiffness κ = 7 N m−1 . The
prediction is sensitive to the value of the wall thickness, which
is subject to some variability, and is therefore in reasonable

6.2. Mechanically induced deformation
Figure 12(a) shows a curve of the form of equation (10a ) fitted
to deflection-time data from a rod test by varying the scales of
both the time and displacement axes. The characteristic time,
t1/2 , and the asymptotic deflection, was , are determined by the
fit and can be used to deduce other parameters (see below). The
slope of the predicted curve at the start of loading is infinite,
because dV /dw0 → 0 as w0 → 0; the volume is initially
stationary as a function of the deflection and the tube can
therefore deflect initially without fluid flow through its walls.
The slope decreases monotonically as deformation proceeds,
because dV /dw0 increases, so that increasing fluid efflux is
required per unit deflection as the deflection increases, and also
because the elastic restoring force increases as the deflection
increases, so that the hydrostatic pressure, P , decreases. When
P decreases, the fluid efflux required for an increment of
deflection requires longer times, having smaller driving force.
Thus the steady-state deflection condition is only achieved
asymptotically (as time t → ∞), because P tends to zero as
the steady state is approached.
11
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agreement with the range of values found by fitting the model
curve to data.
The fitted curves in figure 12 also yield values for the
characteristic time t1/2 . For rod mass m = 0.48, 0.61, and
1.7 g, one finds t1/2 = 0.26, 0.4, and 0.37 s, respectively.
Inserting these data into equation (10) along with κ = 2.2, 3.8,
and 3.2 N m−1 and A = π(0.0013)2 m2 yields estimates for
the normalized permeability, K , namely K = 3.5 × 10−7 ,
7.1 × 10−7 , and 8.5 × 10−7 m3 N−1 s−1 for rod mass m =
0.48, 0.61, and 1.7 g, respectively. Taking μ = 8.93 ×
10−4 Pa s and h = 0.2 mm, the estimates k = 6.5 × 10−14 ,
1.3 × 10−13 , and 1.5 × 10−13 follow for m = 0.48, 0.61, and
1.7 g, respectively; implying k = 1.1 × 10−13 , with −13.2 
log10 k  −12.8. These values are approximately one order of
magnitude higher than measured for single sheets (section 4).
Possible explanations for a higher tube permeability are that
fluid can flow out by following the path between the wound
layers within the wall or past the end plugs, as well as passing
through the wound layers; and the walls may have a degree of
physical damage from the winding process. Therefore, while
the single sheet permeability is a useful indicator of expected
wall permeability, in general it will be preferable to deduce the
tube permeability from experiments on the tubes themselves.

Figure 13. Fitting equation (24b) to data for the recovery of a tube
when the magnetic field is removed.
(r)

The characteristic time for the recovery phase, t1/2 , can
be predicted by inserting the values χ = 0.72, μ = 8.93 ×
10−4 Pa s, r = 2.4 mm, h = 0.084 mm, E = 1.5 MPa, β =
1.6, and k = 10−13 m2 into equations (3) and (26), yielding
t1(r/)2 ≈ 4.5 s. This is approximately twice the measured
characteristic time (figure 13).
The likely cause of the discrepancy is variability in the
permeability of the tubes. Data from the mechanical tests
showed inferred values of permeability differing by a factor
of three. The value used in estimating t1(r/)2 was the average
value inferred from mechanical tests; a value twice this, k =
2 × 10−13 m2 , would bring the prediction into agreement with
the measurement. A realistic conclusion from this study is that
the permeability of the tubes is subject to variability of a factor
of two from the mean, which translates directly into similar
variability in characteristic times. Because of the delicacy of
the tube materials and the rigors of handling the material during
tube fabrication, variability in the permeability may be difficult
to reduce.

6.3. Magnetically induced deformation
In the loading phase of magnetic actuation tests, the rate of
approach of the magnet to the bottom of the Petrie dish was
limited by practical considerations. Consequently, the time
taken for the tube deformation to occur was comparable to
the time taken for the magnetic force to grow from zero to
the maximum value given by equation (14). The shape of
the displacement–time curve is therefore modified from that
predicted for mechanical loading (figure 12): the driving force
is initially lower and the initial rate of displacement is reduced,
resulting in a displacement–time history that is closer to linear
than the cusp-function of equation (10).
On the other hand, the magnet can be removed very
quickly once in proximity to the Petrie dish, so that the
recovery phase of displacement can be expected to be close
in form to the prediction of equation (24b ).
Consider first the asymptotic tube mid-span displacement,
was , achieved after magnetic actuation. Taking Fm = 0.0181 ×
5.6 × 10−3 = 1.0 × 10−4 N mm−3 (for the 50 wt% Fe2 O3
material of table 1), along with r = 2.4 mm, h = 0.084 mm,
E = 1.5 MPa, and β = 1.6, equation (16) predicts
was = 1.23 mm, in close agreement with the measurement
of figure 12.
The total magnetic force implied by Fm and the size of
the magnet is approximately 0.0096 N, which is approximately
equivalent to the weight of a 1 g mass. This is approximately
one half the largest mass used in the rod experiments of
figure 12. However, even though the total magnetic force is
comparable to the mechanical forces in the rod-loading tests,
the asymptotic deflection is much less than the deflections
attained under the weight of the rod. The reason for this is
that the total magnetic force is spread over a 25.4 mm length
of the tube, whereas the rod’s weight is concentrated in a circle
of radius only 1.3 mm.

6.4. Magnetically induced fluid flow
Using Fm = 1.0 × 10−4 N mm−3 , k = 1.0 × 10−13 m2 ,
and μ = 8.93 × 10−4 Pa s, an exemplary estimate of the
initial flux for the prototype tubes studied in this paper is
φ0 = 0.02 mm s−1 and the integrated flux is roughly 0.2 mm,
i.e., during the deformation of the tube to a deflection near its
equilibrium deflection, the fluid flow is sufficient to displace
all the fluid initially within the thickness of the wall. (The
integrated flux is much smaller than the deflection, w0 , of the
tube because the flux occurs over the whole surface of the tube,
whereas the mid-span deflection refers to the displacement of
the crown of the tube only above the magnet. The area of the
tube experiencing the deflection w0 is approximately one order
of magnitude less than the total area of the tube.)

7. Discussion
7.1. Magnetic force
In this work, magnetic actuation was effected using a strong
permanent magnet (NdFeB). For the distances from the magnet
12

Smart Mater. Struct. 18 (2009) 104025

J J Mack et al

achieved, i.e., P ≈ 3 kPa or approximately 20 mmHg. This
approaches both the pressures of natural peristalsis and the
pressure excursion (maximum minus minimum pressure) seen
in blood vessels of a healthy human.
Apart from the question of force generation, the actuable
scaffold material must also be strong enough to contain
developed pressures. Given the tensile strength σc = 0.7 MPa
measured for a sheet placed as a membrane in the water
tower test (see above), the tubes studied in this work (wall
thickness h = 0.2 mm, tube diameter 2r = 6 mm) will
survive an internal pressure of P = h/r · σc ≈ 0.05 MPa
or approximately 400 mmHg.

at which the materials were placed during tests (approximately
1–10 mm), the field strength, B , ranges from approximately 2–
4 kG and the field gradient from approximately 1–4 kG cm−1
(10–40 T m−1 ) (figure 11). This is a relatively modest field
compared to those available in strong electromagnets, which
range from approximately 30 kG in the magnets used for
commercial hospital MRI systems to 100–140 kG in research
magnets [23–26]. Thus forces at least one order of magnitude
greater than those we have observed could be generated using
the same scaffold materials; or alternatively, the loading of
magnetic nanoparticles required for a given level of strain
stimulus could be reduced by the same factor.
Taking account of the mass fraction of Fe2 O3 in the subject
sample, the saturation magnetization of Fe2 O3 nanoparticles
implied by the data of figure 10 is approximately half that
reported recently for Fe2 O3 nanocubes [27].
Improved
saturation magnetization may therefore be possible, relative
to that of the materials studied in this paper, by controlling
the size, shape, or coating of the Fe2 O3 nanoparticles, which
would provide a commensurate increase in the actuation force
developed in a given magnetic field.

7.4. Avoidance of scaffold crushing
Mechanical actuation via force transducers acts by generating
contact pressure on the surface of a scaffold. If the scaffold is a
compliant and open structure, such as the electrospun scaffolds
studied here, it will respond in an unfavorable way to pressure
applied via surface contact. A brief initial elastic response,
during which induced strains are too small to be useful, will be
followed by compaction or crushing of the scaffold. Crushing
of a compliant open lattice structure begins at the contact
surface and propagates through the structure as a plastic shock
wave [29, 30]. Behind the shock front, the strains associated
with crushing are so severe that cells are likely to be harmed—
the material is being compacted until its fibers are being pushed
into close and dense contact. Ahead of the shock front the
strains are likely to be too small to be useful for cell stimulus.
Thus to achieve significant strains in the further regions of a
thick scaffold, the nearer regions must be subjected to harmful
strains. Such progressive crushing is very useful in the design
of energy absorbing materials, e.g., for protective packaging
materials, but inappropriate for cell culture.
A significant advantage of magnetic forces acting via
nanoparticles that are dispersed uniformly through a scaffold
material is that the forces themselves are therefore body forces
distributed uniformly through the material. The strain response
of the material can therefore be uniform, rather than spreading
as a region of strain concentration from a contact zone.
Significant strains can be generated throughout the scaffold
without locally excessive strains arising.

7.2. Magnetically induced deflections
The deflections predicted for the NdFeB magnet field source
and the magnetic nanoparticle loadings achieved to date can
be increased substantially by increasing the tube radius, r , or
decreasing the wall thickness, h . Equation (16) shows that
modest changes to r or h have a large effect on the equilibrium
deflection. Experiments confirmed this expectation. Large
deflections, up to complete tube collapse, were generated in
the same magnetic field by approximately doubling the ratio
r/ h .
7.3. Pressure induced in the tube
The pressure induced by magnetic actuation in the interior of
the tube, relative to ambient, is maximum when an undeformed
tube first experiences the peak magnetic field, when it has the
approximate value
π Fm h
(27)
P=
2
with h the wall thickness. For Fm = 1.0 × 10−4 N mm−3
(see above) and h = 0.2 mm, P = 30 Pa. This is
a few per cent of the pressures generated during natural
peristalsis of the intestine (approximately 10–100 mmHg or
1200–12 000 Pa) [28].
If the pressures of natural peristalsis were needed in
an application, they could be achieved by a combination of
increasing the wall thickness and increasing the magnetic field.
For example, the wall thickness of natural intestine is 5–10
times greater than the wall thickness of the tube scaffolds
studied here; while the magnetic field of a strong commercial
electromagnet (e.g., for an MRI machine) is 10 times higher
than the field used here and the field in experimental
electromagnets 100 times higher [23, 24]. Using strong
commercial electromagnets and thick tube walls, pressures 100
times higher than those in the present study could be readily

7.5. In situ monitoring
A characteristic of tubular scaffolds is that their mechanical
response can change significantly with relatively minor
variations in geometry or material. Variations in the effective
wall thickness, including the degree to which layers are or are
not constrained to move in unison, have strong influence on
the tube compliance; while variations in permeability govern
characteristic times in cyclic deformation. When a growing
cell population expressing ECM is also present, the possible
variance from specimen to specimen and from one culture test
to another is even larger and not easily predicted. Therefore,
strong motivation exists for developing methods of monitoring
deformation, so that feedback to a control system, e.g., one that
governs the magnetic field strength, can be used to ensure that
the deformation is within required limits.
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where ρn and ρp are the densities of the Fe2 O3 nanoparticles
and the polymer matrix, respectively, and Wn is the weight
fraction of the Fe2 O3 . The capping layer of polyethylene glycol
(PEG) applied to the nanoparticles to prevent agglomeration is
ignored in this and the following formulae, because the layer is
very thin and has a negligible effect on the composite density.
The expected density of individual composite fibrils, ρcomp ,
follows as

For work in vitro, optical monitoring is the most practical
and has been incorporated in a system developed by the authors
that will be reported elsewhere. For devices operating in
vivo, acoustic scanning or magnetic resonance imaging are
candidate monitoring methods.
While feedback from monitoring will aid accuracy in the
delivering strain stimulus and fluid pumping to a cell culture,
the analytical models presented in this paper remain important.
They will provide the means of translating feedback data
into optimal field modifications and will allow the physical
properties of the combined system of scaffold, cells, and ECM
to be deduced from the observed time histories of deformation.
From such analysis, the evolving densities of cells and ECM
could be monitored non-invasively.

ρcomp = Vfib ρn + (1 − Vfib )ρp =

ρn ρp
(A.2)
(1 − φn )ρn + φn ρp

and the volume fraction of Fe2 O3 in the electrospun sheet,
Vsheet , is given by

Vsheet =

8. Conclusions
The fabrication of sheets of fibrils consisting of a spatially
uniform dispersion of magnetic γ -Fe2 O3 nanoparticles in a
biocompatible and biodegradable blend of polycaprolactone
(PCL) and polyglycolide (PG) has been demonstrated using
electrospinning.
The nanoscale of the magnetic particles assures that they
are in a superparamagnetic state. Superparamagnetism allows
force actuation in the presence of an applied magnetic field
and inertness in the absence of a field and also minimizes heat
generation in the scaffold material due to magnetic dissipation.
The sheets have high porosity (around 90% free space)
leading to high permeability to fluid flow and low mechanical
stiffness. Low stiffness is advantageous because it minimizes
the resistance of the scaffold itself to magnetic actuation,
allowing significant levels of strain to be achieved in the fields
of common permanent magnets. At the same time, the sheets
have sufficient structural integrity to support their being wound
into tubes and the functioning of the tubes as structures during
large amplitude cyclic deformation.
Large deformation of tubular scaffolds, up to complete
collapse of the tube, and significant pumping of fluids through
the walls of the tube have been demonstrated under magnetic
actuation.
A theoretical model using simple analytical formulae
accounts for the observed time history of the deflection of a
tube under either mechanical load or magnetic actuation. The
model will serve as the basis of optimal design of tubular
scaffolds and the interpretation of data for future experiments
in which the scaffolds are used in cell cultures.

ρsheet
ρsheet
Vfib =
φn .
ρcomp
ρn

(A.3)

The pore content of the electrospun sheet (the volume
fraction of free space in the sheet), Vpore , is

Vpore = 1 − ρsheet /ρcomp .

(A.4)

Appendix B. Some analytical estimates for tube
deformation
B.1. Volume change in actuated tube
Assume that the tube is initially circular with radius ρ and
retains an elliptical cross-sectional shape with semi-axes a > r
and b < r (which are not necessarily uniform along its
length) as its height is reduced by magnetic or mechanical force
actuation. If the circumference of the tube remains constant,
then its cross-sectional area (volume per unit length) is reduced
as its height decreases as shown in figure B.1. The crosssectional area, A = πr 2 , is normalized by its initial value, A0 ,
for the undeformed tube with circular cross-section. Figure B.1
has been constructed using Ramanujan’s approximation for the
circumference, s , of an ellipse [31]

s ≈ π{3(a + b) −

(3a + b)(a + 3b)}

(B.1a )

which allows the semi-axis a to be related to the tube halfheight (semi-axis b ), since s is approximately constant, and
thence the sectional area evaluated as A = πab . For example,
halving the height of the tube uniformly reduces its contained
volume by approximately 30%. The area reduction shown in
figure B.1 is usefully approximated by
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Appendix A. Formulae for properties related to
density

(B.1b )

In cases where the tube deforms nonuniformly along its
length (as in both the magnetic loading and mechanical loading
experiments of figures 8(b) and 9(a)), the change in tube
volume is found by integrating equation (B.1b ) along the tube’s
length. The tube compacts completely immediately under the
rod and partially over zones extending a distance L on either

The volume fraction, Vfib , of Fe2 O3 in the fibrils is given by
ρp
Vfib =
(A.1)
(1/φn − 1)ρn + ρp
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Figure B.2. Free-body diagram for the upper half of a tube
deforming under magnetic actuation.

Figure B.1. Variation of the cross-sectional area, A , of the tube with
its half-height, b, if the tube section is assumed to remain elliptical.
Variables normalized by their values, A 0 and ρ , when the tube
section is circular (undeformed).

B.3. Pressure induced in tube by magnetic actuation
Consider a tube of wall thickness h immersed in fluid and
subjected to magnetic actuation that generates body forces
of magnitude, Fm , per unit volume in the tube wall material
(figure B.2). Assume that Fm is uniform around the tube and
that it acts in the downward direction (towards negative y in
the axes of figure B.2). An excess hydrostatic pressure, P , will
result within the tube, relative to the ambient pressure. In zone
I of figure 8(c), the tube deforms under approximately plane
strain conditions and mechanical equilibrium of the upper half
of the tube wall involves only the forces shown in figure B.2,
leading to
(B.4)
2 Fe + 2a P = πρh Fm

side of the rod, where the tube height varies approximately
linearly with distance from the rod (figure 8(c)). For a rod
radius R , one finds that the total fractional change of the
volume enclosed by the tube over the two zones I and II
(figure 8(c)) is

V
R + 4/11 L
=1−
V0
R+L



b 7/4
1−
r

(B.1c)

with V0 = πr 2 (R + L). For example, for R = 10 mm
and L = 20 mm, representative of tube deformation under
magnetic actuation (figure 9(a)), halving the tube height in
zone I (above the magnet) results in a volume reduction of
17%.

where Fe is the compressive force per unit length of the tube
developed in the tube walls due to the elastic strain energy
stored in the tube wall. The total elastic force, 2 Fe , which
acts in the upward direction, must be equal and opposite to
that downward-acting force which, when applied to the crown
of the tube, would cause the deflection, w0 , measured at the
crown, i.e.,
(B.5)
2 Fe = κ0 w0

B.2. Effective stiffness of tube
The effective stiffness, κ , of a tube when loaded over a central
zone of its length (figure 8(c)) can be defined as the total force,
F , generated by the elastic deformation of the tube for a unit
deflection, w0 , of the top of the tube in the zone of force
application:
F
κ=
.
(B.2)
w0

with κ0 given by equation (3). Thus

P=

Assuming a linear variation of the deflection in zone II
and using equation (3) for the effective stiffness of a tube that
is loaded uniformly along its length, one has
 3
 3
 R+L 0
1
h
h
κ=
2β Rw0 E
+2
βE
w0
r
r

  R
x−R
× w0 −
dx
(B.3a )
L
leading to

 3 

1L
h
κ = 2β R E
1+
.
r
2R

πr h Fm − κ0 w0
2a

(B.6)

with a given by equation (B.1a ) with s = 2πr and b =
(2r − w0 )/2. Using the approximation of equation (B.1b ) to
evaluate a (the approximation is acceptably accurate for this
purpose only if b > r/2, i.e., for tubes not yet near complete
collapse), equation (B.6) becomes

P=

1
κ0 w0  1 − w0 /2r
π Fm h −
.
2
r
1 − (w0 /2r )7/4

(B.7)

(B.3b )

Provided L/r is large, shear strains in the plane of the tube
wall in zone II and the tension that develops along the top of
the tube from end to end as it deflects downwards are small and
equation (B.3b ) is as good an approximation as the result for a
uniformly deflecting tube, namely equation (3).
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