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Abstract
Porous scaffolds can be utilized in a variety of biomedical as well as mechani-
cal applications. The process of freeze casting is a successful method to fabricate
these porous structures but with ideal characteristics in only one direction (the
ice-growth direction). The application of magnetic fields led to an increase
in both the microstructural control and mechanical strength in an additional
orthogonal direction. The application of these weak, uniform fields (≤20 mT),
in particular oscillating fields from a Helmholtz coils setup, has led to increases
in mechanical strength through microstructural alignment in multiple material
types. However, structures fabricated from these uniform fields have primarily
been compared to each other, with little research comparing them to structures
fabricated under strong, non-uniform fields from permanent magnet setups.
Therefore, iron-oxide scaffolds were fabricated under weak, uniform fields (≤20
mT) as well as strong, non-uniform fields (≥20 mT), and their mechanical and
microstructural properties were compared to one another. The application of
weak, uniform fields led to superior mechanical properties compared to those
produced from the application of strong, non-uniform fields, no distortions in
the physical structure of the freeze-cast scaffold, and the best microstructural
alignment ever seen in freeze-cast structures.

KEYWORDS
electromagnets, freeze casting, Helmholtz coils, magnetics, oscillating magnetic field, uniform
magnetic field

1 INTRODUCTION

Tailored porous scaffolds are structures that can be uti-
lized in a variety of biomedical as well as mechanical
applications, such as filters,1 bone implants,2–5 biomedical
scaffolds,6,7 or capacitors.8 Freeze casting is a fabrica-
tion technique to create these tailored porous structures
successfully and repeatedly.9–11 The typical freeze-casting
process consists of the following:

1. Mixing a slurry that consists of one or multiple solid
loading compounds, a freezing agent, one or multi-
ple polymeric binders, and additional additives such as
particle dispersants.

2. Directionally freezing the slurry, generally by pour-
ing the mixed slurry into a mold atop a cold finger
submerged in a cold bath. This causes the freez-
ing agent to directionally solidify and template the
structure.
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3. Placing the solidified structure into a freeze dryer to
sublimate the crystals formed by the freezing agent,
resulting in a porous green body.

4. Densifying the green body (e.g., through sintering in
a furnace). This leads to a dense porous scaffold,
templated by the freezing agent crystals.

During the freeze-casting process, there are several
factors that can control both the structure and proper-
ties of the resultant freeze-cast structure. This includes
both intrinsic and extrinsic factors. An intrinsic factor is
one that is changed internally during the process, such
as adding additional slurry additives,10,12–15 or changing
the freezing rates.16–18 An extrinsic factor is one that is
applied externally during the freeze-casting process, such
as altering the freezing direction19–25 or the application
of external forces (e.g., electric, acoustic, magnetic).14,25–31
When looking at these extrinsic factors, the application
of external forces, specifically magnetic fields, has been
shown to dynamically control themechanical properties of
freeze-cast structures at user-specified locations.14,27,30–32
These externally applied magnetic fields have been of

particular interest in recent freeze-casting research as
the freeze-casting process tends to produce structures
that are mechanically strong in the ice-templating direc-
tion but weak in the other two orthogonal directions.14,27
Through applying these magnetic fields transverse to
the ice-templating direction, it has been shown to lead
to increases in mechanical strength in said transverse
direction, with up to 200% increases in compressive
strength.30,31 In all cases, the magnetic field was applied
during the freezing process (step 2 above), as this is when
the particles, which would be suspended in the freez-
ing agent, are most susceptible to the magnetic field.31–33
Most of these studies utilized permanent magnet setups
to apply these magnetic fields during the freeze-casting
process.14,27,29,34 While these permanent magnet setups
allow for fields of very large magnitudes (e.g., >75 mT),
this is done at the cost of creating a large magnetic
field gradient across the freeze-cast structure.29 This gra-
dient is caused by the field strength being significantly
greater near the permanent magnets than at the cen-
ter of the setup.29 The consequence of this field gradient
is the migration of the magnetically susceptible parti-
cles to the surfaces closest to the permanent magnet,
thus causing particle agglomeration and distortion of
the freeze-cast structure.34 This particle agglomeration
leads to an inhomogeneity of the material density and
strength.
To combat this inhomogeneity of material strength,

recent research has shown the ability to control freeze-
cast structures through the application of weak magnetic
fields with little to no field gradient.30–32 These weak

uniform fields lead to the alignment of the magnetic
particles as opposed to particle migration and agglomer-
ation toward the surface, which created structures that
were stronger in an additional orthogonal direction as
opposed to only the ice-templating direction. To achieve
these weak uniform fields, a Helmholtz coils setup was
utilized.30–32,35,36 Helmholtz coils are a pair of symmetric
electromagnets that are spaced such that the separation
distance between them is equal to the radius of both
coils. When spaced at such a distance, the coils are
then able to apply a nearly uniform field at the cen-
ter point between them and, therefore, throughout the
freeze-casting setup.37 If one wants to apply multiple fields
simultaneously, pairs of coils can be arranged orthogo-
nally to one another while still maintaining their field
uniformity throughout the setup. A ubiquitous configu-
ration of multiple coils is the bi-axial Helmholtz coils
setup, which consists of two sets of coils arranged orthog-
onally from one another. This setup allows the user to
apply weak uniformmagnetic fields in multiple directions
simultaneously. This setup has allowed the user to apply
complex field types during the freeze-casting process,
such as rotating,35 diagonal,30 bouligand,35 and oscillating
fields.32,36 All these complex field types allowed for com-
plex control over the freeze-cast structure. The application
of oscillating fields, in particular, during the freeze-casting
process has been shown to increase both the mechani-
cal strength and microstructural control of ferrimagnetic
(e.g., iron oxide) freeze-cast materials32 as well as non-
ferrimagnetic (e.g., titania) freeze-cast materials.36 This
control over non-ferrimagnetic materials was achieved
through a combination of oscillating fields as well as the
surface magnetization process.
While much research has been done over applying

magnetic fields to freeze-cast structures with either weak
and uniform fields or strong and non-uniform fields, lit-
tle to no research has been done comparing these fields
to one another through applying them to similar freeze-
cast materials. To this end, this research will focus on
applying weak, uniform magnetic fields produced from a
bi-axial Helmholtz coils setup to ferrimagnetic iron oxide
and comparing it to similar materials fabricated under
strong, non-uniformmagnetic fields produced by a perma-
nent magnet setup. Two fields of similar magnitudes were
applied to the freeze-cast structures, one produced by the
Helmholtz coils setup, and one produced by the perma-
nent magnet setup, and compared to one another. Then,
each setup had an optimized field applied to the freeze-cast
structures and then compared to one another; the opti-
mized field for the Helmholtz coils was an oscillating field,
and for the permanent magnet setup, it was a field with
a very large magnitude. After comparison, these results
could better illustrate the benefits of weak, uniform fields,
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2740 FERNQUIST and NALEWAY

F IGURE 1 (A) View of the permanent magnet setup used to apply the strong and non-uniform magnetic, and the coordinate system
used with it. The x-direction corresponds to the applied field direction, and the y-direction corresponds to the ice-growth direction. (B)
Trimetric view of the bi-axial Helmholtz coils used in this study along with the coordinate system utilized. The large coils correspond to the
x-direction or applied field direction, and the small coils correspond with the y-direction or ice-growth direction. Both scale bars correspond
to 10 cm.

in particular uniform fields produced by Helmholtz coils
setups and could potentially be applied to a wider range
of material types, in particular more bio-compatible mate-
rials, thus increasing the applications of these tailored,
porous materials.36

2 MATERIALS ANDMETHODS

2.1 Non-uniformmagnetic field
generation

To produce non-uniform magnetic fields for this study,
a permanent magnet setup was fabricated. The setup,
inspired by Frank et al.,27 consisted of a self-centering
vice centered over a circular turnstile. The turnstile allows
the user to easily change the orientation of the perma-
nent magnets, while the self-centering vise allows the user
to change the separation distance between the perma-
nent magnets, which dictates the magnetic field strength.
Two neodymium cubic permanent magnets, both 1 in3
in size and N50 grade, were placed on either side of the
self-centering vise and then placed over the freeze-casting
setup, similar to the Helmholtz coils setup, to generate
these strong, non-uniformmagnetic fields (see Figure 1A).
To verify that the correct magnitude was being applied,
themagnets were brought to a specific separation distance,
and then the magnitude was measured using an Adafruit
TLV493 magnetometer and compared to the following

equation derived from the charge model:

⇀

𝑏 =
𝜇0 𝑄m
4𝜋𝑆

(
⇀

𝑥 −
⇀

𝑥
′)

|||
⇀

𝑥 −
⇀

𝑥
′|||
3

where
⇀

𝑏 is the magnetic field at a point in space, 𝑄m is
the surface charge of the magnet, 𝑆 is the magnetic shield-

ing factor,
⇀

𝑥 is the vector to the point of interest, and
⇀

𝑥
′

is
the vector to the surface charge. This was repeated multi-
ple times to verify the correct magnitude being applied at
various separation distances.

2.2 Uniformmagnetic field generation

To produce weak, uniform magnetic fields, a bi-axial
Helmholtz coils setupwas used (see Figure 1B). These coils
were utilized and manufactured in a previous study.36 In
this previous study, they were tested and shown to provide
accurate magnetic fields with negligible field gradients,
resulting in nearly uniform, or uniform magnetic fields,
comparable to previous studies.31 The coils were controlled
via computer using LabVIEW software, allowing the user
to specify the magnitude, direction, or frequency of the
field in multiple orthogonal directions, including the ice-
templating or y-direction and the x-direction or applied
field direction.
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FERNQUIST and NALEWAY 2741

F IGURE 2 Detailed diagram of the freeze-casting setup used
to fabricate all the scaffolds for this study. The permanent magnet
setup is pictured over the freeze-casting setup for application of the
strong, non-uniform fields. The Helmholtz coils setup was placed
similarly over the setup for the application of the weak, uniform
fields.

2.3 Sample preparation

Iron oxide II/III from ACROS Organics was used as the
solid loading compound in the freeze-cast slurries. The
slurry consisted of the solid loading compound at 10 vol%,
the binder polyvinyl alcohol at 1 wt% and polyethylene
glycol at 1 wt%, the additive octanol at 0.435 wt% as an
anti-foaming agent, and the particle dispersant Darvan 811
at 1 wt%. Each slurry was 11 mL in total volume. Once
measured, each slurry was mixed on a vortex mixer for
2 min and degassed in a dome under vacuum for 5 min.
Once degassed, the slurries were immediately poured into
a Polyvinyl Chloride mold atop a copper cold finger sub-
merged in a bath of N2 in a custom freeze-casting setup
(see Figure 2), as used in previous experiments.32,36 A ther-
mocouple and band heater were attached to the cold finger
to both monitor the temperature as well as decrease it at a
constant rate of 10◦C/min. All slurries were directionally
frozen in the vertical or y-direction. A total of 25 scaffolds
were fabricated. The scaffolds were fabricated under one
of the following field types:

∙ No field (NF): no field was applied during the freeze-
casting process.

∙ Constant field (CF): a uniform field was applied from
a bi-axial Helmholtz coils setup in the x-direction at a
constant magnitude of 20 mT.

∙ Permanent low field (PLF): a non-uniform field was
applied from a permanent magnet setup in the x-
direction at a constant magnitude of 20 mT.

∙ 30% oscillation (30%): a uniform field was applied from
a bi-axial Helmholtz coils setup in the x-direction at a
constant magnitude of 20 mT, along with an alternating
field in the y-direction ranging between 6mT and−6mT
at 5 rpm.

∙ Permanent high field (PHF): a non-uniform field was
applied from a permanent magnet setup in the x-
direction at a constant magnitude of 40 mT.

Five scaffolds were fabricated under each field type. In
all cases, the field type was applied throughout the entire
freezing process. After freezing the slurries, they were
lyophilized at 0.02 Torr at −65◦C in a Labconco Free Zone
1 freeze drier for 72 h to sublimate all the ice crystals from
the scaffolds, resulting in green bodies. Once lyophilized,
the green bodies were placed in an open-air Keith KSK-12
1700 furnace and were sintered at 1125◦C for 20 min, with
a heating and cooling rate of 3◦C/min, resulting in solid
scaffolds that could then be mechanically tested and their
microstructure analyzed.

2.4 Permanent high-field scaffolds

Preliminary scaffolds were freeze-cast under various mag-
nitudes of the PHF to determine the maximum field
strength that could be applied from the PHF while still
producing a porous scaffold. One scaffold was fabricated
under the field strengths of 75, 50, 40, and 30 mT. A sec-
tion from the middle of each scaffold was then cut and
removed and images of the porosity were taken using a
scanning electron microscope (SEM, FEI Quanta 600 FG).
The percent porosity of the scaffold was then analyzed
using the ImageJ software, and the percent porosity was
then compared to a freeze-cast scaffold fabricated under
a weak, uniform field to determine if it was still a porous
structure. Once the chosen field strength was determined,
its scaffold profile on the x–z and y–z faces was imaged,
and the major and minor axes on the x–z face was mea-
sured to determine its eccentricity and this was compared
to the profile on the x–z and y–z faces of a scaffold fabri-
cated under the 30% as well as a scaffold fabricated under
NF to determine how much the strong, non-uniform field
distorted the freeze-cast scaffold.

2.5 Mechanical testing

The densified scaffolds were mechanically tested on an
Instron 5967 load frame with an Instron 30 kN load cell.
The scaffolds were prepared for mechanical testing by cut-
ting eight cubes from themidsection of each scaffoldwith a
diamond saw. Four of the cubes were compressed normal
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2742 FERNQUIST and NALEWAY

F IGURE 3 (A–C) Image of the x–z face of scaffolds under the
field types: no field (NF), 30% oscillation (30%), and permanent high
field (PHF). The NF scaffold represents the control scaffold and the
other two scaffolds had their eccentricity compared to it to
determine how much each applied field type distorted the physical
structure. (D–F) Image of the y–z face of the same scaffolds. The
scale bar corresponds to 15 mm.

to the y-direction or ice-growth direction, and four cubes
were compressed normal to the x-direction or the direc-
tion of the applied constantmagnetic field for each scaffold
based on field type. Each cube had an average height of
5 mm and an average area of 25 mm2. All were compressed
at a crosshead speed of 1 mm/min. The ultimate compres-
sion strength (UCS) and modulus of elasticity (E) were
recorded during each test, with the UCS being recorded
as the highest engineering compression stress and the E
being recorded as the slope of the linear-elastic region of
the stress–strain curve. A total of 20 compression testswere
completed in each of the x-direction and y-direction for all
five different field types.

2.6 Material characterization

To characterize and view the microstructure of the densi-
fied scaffolds, images were taken of the scaffolds for each
field type using a SEM. The imaging of each scaffold was
taken onmaterial sectioned from the center of the scaffold.
All images were taken on the in-plane or x–z face. A total
of 20 scaffolds were imaged, five for each of the different
field types.Once taken, the imageswere analyzedusing the
ImageJ photo analysis software. This software allows the
user to identify many different features of the microstruc-
ture, including the wall thickness, average area porosity,
pore area, pore major axis length, and pore minor axis
size. The measurements for wall thickness were made at

500×magnification and the rest of themeasurementswere
made at 200×magnification. The results of these were the
mean of 400measurements for five scaffolds for each of the
NF, CF, PLF, 30%, and PHF for the wall thickness analysis,
and themean of 2000measurements from five scaffolds for
the average area porosity, average pore size, and size of the
major and minor axes. The wall thickness, major axis, and
minor axis were all recorded in units of micrometers (µm),
the average pore size was recorded in units of microme-
ters squared (µm2), and the area porosity was recorded in
a unitless percentage (%).
The alignment of the lamellar walls was also ana-

lyzed using the ImageJ software to determine how the
wall alignment was affected by the five different applied
field types. The images were analyzed along the x–z face.
Using a previously published process,30,32,36 wall align-
ment was measured and binned into four separate sectors
(−45◦ ± 22.5◦, −0◦ ± 22.5◦, 45◦ ± 22.5◦, 90◦ ± 22.5◦) to
determine the relative directionality of the walls.

2.7 Statistical analysis

A statistical analysis was performed on the mechanical
and microstructural data of the scaffolds using a one-way
ANOVA test in MATLAB software. The five different field
types were considered: NF, CF, PLF, 30%, and PHF. The
field types were divided into two groups and compared
to only different field types in that same group. The two
groups were first: NF, CF, and PLF, and then NF, 30%,
and PHF. Each test was run using a standard significant
of α = 0.05; if the test reported a p-value less than the
α value stated above, then the tested data were consid-
ered statistically significant. If statistical significance was
identified, a Tukey’s honest significant difference test was
then run on the data to view the significance of individual
pairwise comparisons, to see which specific field type was
significant from another.

3 RESULTS AND DISCUSSION

3.1 Permanent high-field strength

After imaging the x–z face of each preliminary scaffold
as well as the reference scaffold and analyzing their per-
cent porosity, it was seen that the percent porosity seemed
to plateau after applying 40 mT and was comparable to
the reference porosity (see Figure S1). Therefore. The field
strength of 40mTwas chosen as themagnitude of the PHF,
as this was the highest observed field strength that still
produced a porous structure.
As shown in Figure 3, the profiles of the PHF scaffold

fabricated under 40 mT as well as one fabricated under
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FERNQUIST and NALEWAY 2743

F IGURE 4 Mean compression strength as a function of field types: (A) no field (NF), permanent low field (PLF), and constant field
(CF), and (B) NF, permanent high field (PHF), and 30% oscillation (30%) in both the x-direction or applied field direction and y-direction or
ice-templating direction. Data presented are the mean of n = 20 measurements and the error bars represent ± one standard deviation. Pairs of
means that have statistically significant differences are labeled by the same lower-case letter.

30% and a scaffold fabricated under NF can be seen. When
NF was applied, the x–z profile was measured to have an
eccentricity of 1.00, being essentially a perfect circle. This
can be verified by looking at Figure 3A,D, as both pro-
files seem to be circular and cylindrical, respectively.When
the 30% field was applied, the x–z profile was measured to
have an eccentricity of 1.01, once again being essentially
a perfect circle. This can once again be verified by look-
ing at Figure 3B,E, as both profiles seem to be circular and
cylindrical, respectively. Last, when a strong, non-uniform
field was applied, the x–z profile was measured to have
an eccentricity of 1.40 signifying an elongated ellipse as
opposed to a circular shape. Looking at both Figure 3C,F,
this can be verified as the x–z profile is much more elon-
gated in the x direction, as well as looking at the y–z profile
where the structure looks almost rectangular, thus signi-
fying that the application of the strong, non-uniform field
led to significant distortion of the physical structure.

3.2 Mechanical results

As shown in Figure 4A, the UCS can be seen as a func-
tion of field types NF, CF, and PLF for both the x-direction

(UCSx, applied field direction) as well as the y-direction
(UCSy, ice-growth direction). The CF led to the highest
UCSx, while NF led to the lowest UCSx. The CF was sig-
nificant from NF, with a p-value = 4E-3. Looking at UCSy,
all field types had roughly the same strength, with no field
types significant from one another. Therefore, it can be
concluded that the CF was able to strengthen the freeze-
cast structure in the x-direction or applied field direction,
while the PLF was unable.
The UCS as a function of the field types NF, 30%, and

PLF for the x-direction (UCSx, applied field direction)
as well as the y-direction (UCSy, ice-growth direction) is
shown in Figure 4B. Once again, NF led to the lowest
UCSx, while 30% led to the strongest UCSx. Both 30% and
PHF were very significant from NF, with both p-values
≤9.4E-16. Considering the UCSy, once again all field types
had similar compression strengths, with no significance
between any of the field types. In addition, the compres-
sive strengths in the x- and y-directions were about the
same strength for both the 30% and PHF scaffolds, with
no statistically significant distances between the x- and y-
compressive strengths for both field types, thus signifying
a transversely isotropic structure in the x- and y-directions
from these field types.
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2744 FERNQUIST and NALEWAY

F IGURE 5 Mean modulus of elasticity as a function of field types: (A) no field (NF), permanent low field (PLF), and constant field (CF),
and (B) NF, permanent high field (PHF), and 30% oscillation (30%) in both the x-direction or applied field direction and y-direction or
ice-templating direction. Data presented are the mean of n = 20 measurements and the error bars represent ± one standard deviation. Pairs of
means that have statistically significant differences are labeled by the same lower-case letter.

F IGURE 6 Mean scaffold percent porosity and lamellar wall thickness as a function of field types: no field (NF), permanent low field
(PLF), and constant field (CF). Data presented are the mean of n = 10 measurements and the error bars represent ± one standard deviation.
Pairs of means that have statistically significant differences are labeled by the same lower-case letter.

Ex and Ey for the field types NF, CF, and PLF can be seen
in Figure 5A. The CF led to the highest Ex or most stiff
structures, while NF led to the lowest Ex. The CF was also
statistically significant from the NF with a p-value = 1.9E-
2. Looking at Ey, all field types reported similar mod-
uli, with no statistical significance between the field
types.

As shown in Figure 5B, Ex and Ey for the field types NF,
30%, and PHF can be seen. Once again, the NF led to the
lowest Ex, while 30% led to the highest or stiffest structure.
In addition, both the 30% and PHF were significant from
NF, with both p-values ≤1.7E-2. All fields reported similar
moduli for Ey once again, with no statistical significance
found between any field types.
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FERNQUIST and NALEWAY 2745

F IGURE 7 Mean scaffold percent porosity and lamellar wall thickness as a function of field types: no field (NF), permanent high field
(PHF), and 30% oscillation (30%). Data presented are the mean of n = 10 measurements and the error bars represent ± one standard
deviation. Pairs of means that have statistically significant differences are labeled by the same lower-case letter.

Comparing these results to previous experiments, it was
shown in previous studies that applying a constant uni-
form field as well as an oscillating field led to stronger
structures in the x-direction or applied field directionwhen
compared to when NF was applied.30,32 The results agree
with this, as it was shown that the 30% and CF led to
increases in UCSx when compared to NF. It has also been
shown in previous research that application of a strong,
non-uniform field has led to increases in UCSx in the x-
direction when compared to when NF was applied, which
also agreeswith these results.27 In addition, no degradation
or weakening was found in the y-direction or ice-growth
direction when the 30% or CF was applied, which also
agrees with past studies.30,32 In addition, while error bars
of a larger magnitude were reported for the USC and E,
looking at previous freeze-casting research, comparable
degrees of error can be seen in the mechanical data,29,38,39
thus signifying that the degrees of error reported were not
unusual or of concern. Last, it has been shown in previ-
ous studies that the application of both weak and uniform
fields as well as strong and non-uniform fields has led to
increases in the modulus or stiffness of the scaffolds when
compared to when NF is applied.30 This also agrees with
these results, as it was shown that the CF, 30%, and PHF
all led to stiffer structures when compared to whenNFwas
applied.
Comparing the results of the weak and uniform fields

from the Helmholtz coils to the strong and non-uniform
fields from the permanent magnet setup, it was seen that
when both fields applied the same magnitude, the CF led
to an increase in mechanical strength in the x-direction
compared to when NF was applied, while the PLF did not.
When both field types were optimized, the 30% and PHF
both led to significant increases in mechanical strength
in the x-direction compared to when NF was applied and
similar strengths overall. Essentially, at the same mag-

nitude, the uniform field produced superior mechanical
results compared to the non-uniform field, while at half
the magnitude the weak, uniform field produced simi-
lar mechanical results to the strong, non-uniform field.
Therefore, it can be determined that weak, uniform fields
produce superior mechanical results compared to strong,
non-uniform fields.

3.3 Microstructural results

The microstructure of the freeze-cast scaffolds was also
analyzed to determine how the microstructure was con-
trolled based on the factor of applied field type. Figures 6
and 7 show the average lamellarwall thickness and percent
porosity for the field types NF, CF, PLF and NF, 30%, PHF,
respectively. The NF, CF, and PLF all had similar average
lamellar wall thickness and percent porosity, with no sta-
tistical significance between any of these three field types.
The PHF however, had both the lowest percent poros-
ity as well as the largest average lamellar wall thickness.
It was statistically significant from NF in terms of both
percent porosity and lamellar wall thickness with both
p-values ≤2.6E-2. This lower porosity for the PHF scaf-
folds when compared to the NF scaffolds is most likely
a contributing factor for increased mechanical strength,
as it has been shown previously that decreased porosity
leads to increases in mechanical strength in freeze-cast
scaffolds.36
As shown in Table 1, additional microstructural data

can be seen, including the average pore size, the major
and minor axis lengths, and the eccentricity of the pores,
all as a function of field type. The 30% had the largest
average pore size while NF had the smallest, 30% had
the largest major and minor axes, NF had the smallest
major axis, PHF had the smallest minor axis, and PHF
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2746 FERNQUIST and NALEWAY

TABLE 1 The microstructural properties as a function of all
field types, including the average pore area, average major axis,
average minor axis, and average eccentricity of the pores.

Magnetic
field type

Pore area
(µm2)

Major
axis (µm)

Minor
axis (µm) Eccentricity

NF 133 ± 19.7 18.3 ± 1.33b 7.70 ± 0.35 2.37 ± 0.15
CF 199 ± 32.4 23.5 ± 3.23 8.40 ± 0.97 2.81 ± 0.43
PLF 158 ± 36.4 20.7 ± 2.74 7.73 ± 0.59 2.68 ± 0.32
30% 205 ± 50.0a 24.1 ± 4.19b 8.76 ± 0.74c 2.76 ± 0.51
PHF 120 ± 48.4a 19.0 ± 3.77 6.54 ± 1.49c 2.95 ± 0.30

Note: All data are reported as the mean ± one standard deviation of 2000
measurements for n = 5 scaffolds for each field type. Comparisons that
have statistically significant differences (α = 0.05) are labeled by the same
lower-case letter (a–c).
Abbreviations: CF, constant field; NF, no field; PHF, permanent high field;
PLF, permanent low field; 30%, 30% oscillation.

had the largest eccentricity, with NF having the lowest
eccentricity. Therefore, even though the 30% had a very
large average pore area compared to NF, its pores tended
to be less circular and more elongated due to its higher
eccentricity, while NF had many more circular pores,
leading to longer and thinner channels between walls.
It was shown that the 30% and PHF scaffolds were the

strongest overall in the x-direction. Further investigation
of the microstructure can be performed to explain this
increase in mechanical strength. This investigation was
performed by analyzing the alignment of the lamellarwalls
on the x–z face. Directionality plots of the lamellar wall
alignment as well as SEM images of the lamellar walls on
the x–z face for each field type can be seen in Figures 8
and 9 for all field types. Looking at Figure 8A, when NF
is applied, there is no directionality or control over the
walls. This can be verified by looking at Figure 8d, where a
general randomness of the lamellar walls can be observed
and there seems to be no directionality, as is expected
given the random growth of ice.30,32 In Figure 8B, when
the PLF was applied, some alignment in the applied field
or x-direction can be seen, with about half of the lamel-
lar walls aligning in the x-direction. Verifying this with
Figure 8E, a decent amount of the lamellar walls point in
the x-direction. Last, Figure 8C shows that when the CF
was applied, a large majority of lamellar walls were point-
ing in the applied field or x-direction, about two-thirds of
all the walls. This can once again be verified by looking at
Figure 8F, where amajority of the lamellar walls are point-
ing in the x-direction. Considering the NF, PHF, and 30%
in Figure 9, in Figure 9B when the PHF is applied, a simi-
lar percentage of walls to the CF are aligned in the applied
field direction. Figure 9E verifies this, as a large amount
of the lamellar walls are aligned in the applied field direc-
tion. The best alignment can be seen in Figure 9C when
the 30% is applied. Nearly every lamellar wall is aligned in

the applied field direction, with over 98% alignment. See-
ing Figure 9F verifies this, as every wall is aligned in the
applied field direction.
The alignment of these lamellar walls is most likely

what led to the increase in mechanical strength for the
CF, PHF, and 30%, as previous research has shown that
alignment of the microstructure has led to increases in
mechanical strength.30,32 When comparing the CF scaf-
folds to the PLF scaffolds, it is interesting to note that
even though both fields applied the same magnitude, the
CF led to more alignment in the x-direction. This would
make sense as the mechanical strength of the CF was sig-
nificant from the NF scaffolds, while the PLF scaffolds
were not. Comparing the 30% scaffolds to the PHF scaf-
folds, the 30% led to much higher alignment, even with
only half of the field strength of the PHF. This increased
alignment from the 30% compared to PHFmakes sense, as
they had similar mechanical strengths, but the PHF also
had a lower percent porosity, being significant from NF
while the 30%was not. Therefore, the higher field strength
of the PHF combined with decreased porosity as well as
lamellar wall alignment produced comparable mechani-
cal strength that the 30% was able to achieve through a
lower field strength and wall alignment alone. Another
critical note about the alignment achieved through the 30%
is that while previous research has shown that application
of magnetic fields, in particular weak uniform magnetic
fields, has led to increased lamellar wall alignment, lit-
tle to no research has shown the degree of control over
the microstructure that the 30% achieved with essentially
all walls aligned in the direction of the applied magnetic
field. Application of non-uniform fields has led to only 60%
alignment,14 while application of a uniform, CF has led to
about 75% alignment,30 which is still significantly lower
than the complete control achieved through the oscillating
field.
These results show that first, when comparing uniform

fields produced by a Helmholtz coils setup to non-uniform
fields produced by a permanent magnet setup, at simi-
lar magnitudes the Helmholtz coils produced superior
mechanical results while also leading to greater control
over the microstructure, in particular as shown from
the alignment of the lamellar walls when compared to
the permanent magnet setup. When optimizing for both
setups, applying an oscillating field for the Helmholtz
coils setup and a high field magnitude for the permanent
magnet setup, it was shown that both setups led to similar
increases in mechanical strength compared to when
NF was applied, in addition to leading to a transversely
isotropic material in the x- and y-directions. Both setups
also increased the stiffness of the scaffolds compared to
when NF was applied. The permanent magnet setup led
to a decrease in porosity, with the Helmholtz coils setup
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F IGURE 8 Percent of walls that align within four different sectors: −45◦ ± 22.5◦, −0◦ ± 22.5◦, 45◦ ± 22.5◦, and 90◦ ± 22.5◦. The
x-direction corresponds to 0◦ and the z-direction corresponds to 90◦. Plots of lamellar wall alignment and scanning electron microscopy (SEM)
images along the x–z plane for (A and D) no field, (B and E) permanent low field, and (C and F) constant field. Data presented are the mean
value obtained from n = 5 scaffolds per field type, and the error bars represent ± one standard deviation. All scale bars correspond to 200 µm.

F IGURE 9 Percent of walls that align within four different sectors: −45◦ ± 22.5◦, −0◦ ± 22.5◦, 45◦ ± 22.5◦, and 90◦ ± 22.5◦. The
x-direction corresponds to 0◦ and the z-direction corresponds to 90◦. Plots of lamellar wall alignment and scanning electron microscopy (SEM)
images along the x–z plane for (A and D) no field, (B and E) permanent high field, and (C and F) 30% oscillation. Data presented are the mean
value obtained from n = 5 scaffolds per field type, and the error bars represent ± one standard deviation. All scale bars correspond to 200 µm.

maintaining scaffold porosity and leading to complete
control over the lamellar wall alignment. Therefore,
it can be stated that the Helmholtz coils setup led to
superior results when compared to the permanent magnet
setup, as at similar magnitudes the Helmholtz coils setup

led to superior mechanical and microstructural results,
while at half the magnitude, the Helmholtz coils led
to similar mechanical results in addition to superior
microstructural control. In addition, it can be stated that
the structure–property relationship of the freeze-cast
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2748 FERNQUIST and NALEWAY

scaffolds was impacted by magnetic freeze casting, partic-
ularly Helmholtz coil-assisted freeze casting. Application
of these uniform fields produced by the Helmholtz coils
setup could led to freeze-cast scaffolds with optimized
mechanical properties as well as complete microstructural
control.

4 CONCLUSIONS

Based on this study of comparing weak and uniform fields
produced by a Helmholtz coils setup to strong and non-
uniform fields produced by a permanentmagnet setup, the
following conclusions can be drawn:

1. The application of a uniform field of the same magni-
tude as a non-uniform field leads to superior mechan-
ical results in the applied field, or x-direction, for
iron-oxide freeze-cast structures.

2. The application of a uniform field of the same magni-
tude as a non-uniform field leads to superior control of
the microstructure through the alignment of lamellar
walls for iron-oxide freeze-cast structures.

3. The application of an oscillating field to iron-oxide
freeze-cast structures leads to similar mechanical
strength in the applied field, or x-direction, compared
to a much larger non-uniform field produced by a
permanent magnet setup.

4. The microstructure of iron-oxide freeze-cast structures,
in particular the alignment of the lamellar walls, can
be completely controlled through the application of an
oscillating field.

5. The Helmholtz coils setup leads to superior mechan-
ical and microstructural results when compared to
a permanent magnet setup for iron-oxide freeze-cast
structures.
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