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ABSTRACT

Aligning microfibers along a user-specified direction is important to fabricate polymer-matrix composite ma-
terials with tailored properties, including anisotropic electrical and thermal conductivity and high strength-to-
weight ratio. Building on our earlier work, we employ ultrasound directed self-assembly to align carbon mi-
crofibers along user-specified directions in photopolymer resin and use stereolithography to cure the resin and
3D print composite materials. We quantify macro- and microscale alignment of microfibers in the matrix as a
function of weight fraction and dimensionless ultrasound transducer separation distance and input power.
Multiple regression analysis expresses microfiber alignment as a function of the fabrication process parameters
and shows that microscale alignment is primarily determined by microfiber weight fraction, whereas macroscale
alignment is a function of microfiber weight fraction, dimensionless ultrasound transducer separation distance
and input power. Relating microfiber alignment to the fabrication process parameters is a crucial step towards

3D-printing polymer-matrix composite materials with tailored material properties.

1. Introduction

Polymer-matrix micro- and nanofiber-reinforced composite mate-
rials consist of a polymer matrix material and a fiber filler material.
These composite materials receive considerable interest in the scientific
community due to potential applications as low-density materials with
multi-functional and tailored properties. Examples include anisotropic
thermal [1] and electrical [2] conductivity, electromagnetic shielding
[3,4], and structural reinforcement [5,6]. The composite material
properties depend on the matrix and the fiber filler material properties,
the interaction between both constituents, and the filler material ar-
rangement in the matrix.

Integrating fibers in the polymer matrix material occurs in two
ways. One can spin nanofibers into long continuous fibers and embed
them in the polymer matrix [7] or disperse micro- or nanofibers directly
into the polymer matrix material to obtain discontinuous reinforcement
[8]. In the latter case, the micro- or nanofibers orient in random di-
rections [9] or arrange in specific patterns or alignment tailored to the
desired properties and functionality of the composite material [10]. The
properties of the composite material are determined primarily by dis-
persion of the fibers in the polymer matrix [11], the adhesion or in-
terfacial bonding between the micro- or nanofibers and the polymer
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matrix [12], and the alignment of the micro- or nanofibers in the
polymer matrix [13]. In this work, we specifically focus on fiber
alignment. For instance, it is well-known that aligning nano- or mi-
crofibers enhances electrical [14] and thermal [15] conductivity of
polymer-matrix fiber-reinforced composite materials by reducing the
percolation threshold [16], and also increases tensile strength [17],
modulus of elasticity [2], and fracture toughness [18].

Several methods exist to directly align micro- or nanofibers in a
polymer matrix material using external fields, including electric [19],
magnetic [20], shear/flow [21], and ultrasound fields [22,23]. Shear
and flow fields both rely on shear forces to orient fibers and have been
used in both liquid and solid specimens. Electric and magnetic fields
orient fibers into user-specified directions [24,25], but require ultra-
high field strengths [26,27], which limits dimensional scalability. Ad-
ditionally, the fibers must be electrically conductive or ferromagnetic,
respectively, which limits material choice. In contrast, ultrasound wave
fields show low attenuation in low-viscosity fluids [28], and the
acoustic radiation force associated with an ultrasound wave allows
manipulating particles independent of material properties [29] or shape
[30]. Our research group has previously demonstrated ultrasound di-
rected self-assembly (DSA) in combination with stereolithography
(SLA) to align carbon microfibers in liquid photopolymer resin before
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curing a polymer composite material specimen using UV light [31].

Quantifying microfiber alignment as a function of the fabrication
process parameters is crucial to link the fabrication process to the re-
sulting physical properties of the composite material. Macroscale
alignment of clusters of microfibers describes the bulk structure of the
composite material, whereas measuring microscale alignment yields
information about the orientation of individual microfibers in the
polymer matrix. Both macro- and microscale alignment, and the re-
lationship between them, contribute to the properties of the composite
material.

Thus, several methods exist to quantify the alignment of microfibers
in composite materials. Tensile testing determines the mechanical
properties of a material specimen, which relates to the alignment of its
fiber reinforcement [33,43], but only yields information about bulk, not
individual alignment of the microfibers. Scholz et al. ultrasonically
aligned clusters of glass microfibers in various thermoset resins and
quantified alignment using mechanical testing, by measuring the effect
of aligning microfibers on several material properties and making
qualitative observations of microfiber weight fraction and alignment
[32]. Another method relies on digital image processing to compute a
fiber orientation factor, which quantifies the alignment between in-
dividual microfibers and a specified axis [33]. However, individual
microfibers must be manually identified in microscopy images, which
introduces the possibility of bias and error. Haslam and Raeymaekers
aligned clusters of carbon nanotubes (CNTs) using ultrasound DSA in
two-part urethane resin and measured a difference between the user-
specified and the mean CNT alignment angle of less than 5.1° [33].
Measuring electrical conductivity of a composite material also quanti-
fies microfiber alignment [34], but requires the microfibers to be
electrically conductive and form a percolated network through the
specimen, and it only provides information about bulk alignment,
without measuring microfiber-specific information. Raman spectro-
scopy quantifies microfiber alignment by comparing the intensity of the
Raman spectra between specimens [35] but does not indicate the
alignment angles or collect any microfiber-specific information.
Chapkin et al. used an electric field to align CNTs in epoxy resin
[35,36]. They quantified alignment using Raman spectroscopy and
found increasing CNT alignment with increasing field strength. Alter-
natively, measuring anisotropy using the fast Fourier transform (FFT)
provides information about the primary alignment directions and how
well individual microfibers align with these directions [37].

No papers exist in the literature that relate the alignment of mi-
crofibers to the process parameters of ultrasound DSA, combined with
3D-printing. Additionally, no published works connect macro- and
microscale alignment of microfibers aligned with external fields, or
with ultrasound DSA specifically. However, this information is crucial
to using ultrasound DSA as a fabrication method for polymer-matrix
microfiber-reinforced composite materials and multifunctional en-
gineered materials. Thus, the objective of this paper is to quantify and
correlate the macro- and microscale alignment of carbon microfibers
embedded in photopolymer resin, resulting from the combined ultra-
sound DSA and SLA 3D-printing process parameters.

2. Methods and materials
2.1. 3D-printing composite material specimens

Fig. 1 schematically shows the experimental setup we use to fabri-
cate polymer-matrix microfiber-reinforced composite material speci-
mens with discontinuous lines of aligned carbon microfibers, im-
plementing the combined ultrasound DSA and SLA 3D-printing process
previously demonstrated by our research group [31]. Fig. 1 (a) shows a
30.4 x 30.0 x 6.0 mm reservoir that contains a mixture of photo-
polymer resin with dynamic viscosity p (viscosity 90 cP, density 1.1 g/
cc, Makerjuice G+) with a pre-defined weight fraction of carbon mi-
crofibers wy (diameter 7.2 pm, length 100 um, density 1.75 g/cc, Zoltek
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PX30 MF150) dispersed in it (sonicator Hielscher UP200Ht, power
35.0 W, time 5 min). Two ultrasound transducers (PZT type SM111,
center frequency f, = 1.5 MHz) are affixed to opposing reservoir walls
and separated by a distance d, and create a standing ultrasound wave in
the photopolymer/microfiber mixture using a radio-frequency (RF)
amplifier (E&I 2100L) and a function generator (Tektronix AFG 3102).
The acoustic radiation force associated with the ultrasound wave field
drives the carbon microfibers to the nodes of the ultrasound standing
wave, spaced a half-wavelength apart, where they align with each other
and the node [38-40] (Fig. 1(b)). Fig. 1(c) depicts curing the photo-
polymer with UV light exposure (data projector ViewSonic
PJD7822HDL), which fixates the aligned microfibers in place. We
evacuate the cured material specimen from the reservoir and evaluate
the alignment of the microfibers. Fig. 1 (d) shows a typical
10.00 x 5.00 x 0.75 mm composite material specimen that results
from the 3D-printing process illustrated in Fig. 1(a—c), and depicts the
discontinuous lines of aligned microfibers embedded in the cured
photopolymer resin. See Table S1 in the supplemental information for
specific 3D-printing process parameters.

2.2. Identifying dimensionless parameters

We use the Buckingham Pi theorem [41] to reduce the number of
independent parameters that describe the ultrasound DSA process to
align microfibers in photopolymer resin: ultrasound transducer se-
paration distance d, voltage V, impedance Z, ultrasound exposure time
t, dynamic viscosity of the photopolymer resin p, microfiber weight
fraction wy, and wavelength A = c/f, with the sound propagation ve-
locity in the photopolymer resin medium ¢ = 1364 m/s (measured
using a pulse-echo experiment), and the operating frequency of the
ultrasound transducers f, which is close to their center frequency of
1.5 MHz. The dependent parameter is the alignment angle 0 of a cluster
of microfibers (macroscale alignment) or individual microfibers (mi-
croscale alignment). Buckingham Pi analysis results in four di-
mensionless parameters; the first and second dimensionless parameters
are the microfiber alignment angle 6 and the microfiber weight fraction
wy. The third dimensionless parameter represents a dimensionless input
power to the ultrasound transducers, P = |V|2t2/(,uX3Re(Z)), which is
the real part of the input power per unit fluid volume. Note that Re(Z)
refers to the real part of the impedance Z. The fourth dimensionless
parameter is the separation between the ultrasound transducers D = d/
A. We experimentally quantify the microfiber alignment angle as a
function of the other three dimensionless parameters, i.e., 8 = f (wy, P,
D), using a full factorial experiment with three discrete treatment levels
for each of the three independent dimensionless parameters. Table 1
summarizes the treatment levels we use in this work. The significant
digits represent the true experimental accuracy of each parameter.

Based on trial measurements of the microfiber alignment (orienta-
tion angle arithmetic mean and standard deviation) we compute that a
minimum of five specimen replications are required to obtain statisti-
cally significant microfiber alignment measurements, considering a
statistical power of 80% with a 95% confidence interval. Thus, we 3D-
print a total of 135 composite material specimens with aligned micro-
fibers: five specimen replications for each of the 27 possible combina-
tions of dimensionless parameter treatment levels.

We identify treatment limits of each dimensionless parameter such
that they represent extreme values for our 3D-printing and alignment
quantification process. We choose the microfiber weight fraction
treatment levels in terms of practical considerations; wy < 0.1 is dif-
ficult to observe visually, whereas wy > 0.5 results in microfiber
clusters that are too dense to easily identify individual microfibers. We
vary the treatment level of P using the input voltage V to the ultrasound
transducers (30.5-51.6 V), where we choose the lowest voltage as the
minimum voltage that results in visual alignment of the microfibers,
and the voltage higher than the highest voltage level causes boiling of
the photopolymer resin. Finally, we vary D from 18.0 < D < 36.0 by
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Fig. 1. (a) Reservoir that contains photopolymer resin with dispersed microfibers. (b) Ultrasound transducers create a standing ultrasound wave in the reservoir,
driving the microfibers to the nodes of the wave. (c) UV exposure cures the photopolymer resin and fixates the aligned microfibers in place. (d) Picture of a typical
composite material specimen resulting from this 3D-printing process, showing the aligned microfibers as dark lines within the light-colored photopolymer resin. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Treatment levels for dimensionless parameters in the factorial study.

Independent dimensionless parameter Treatment 1 Treatment 2 Treatment 3
Microfiber weight fraction, wy 0.1 0.3 0.5

Input power, P 2.85e+13 4.44e+13 6.02e+13
Ultrasound transducer separation distance, D 18.0 27.0 36.0

altering the reservoir dimensions and fine-tuning f such that D is an
integer multiple of the wavelength. We choose these limits to fit a
10.0 mm specimen in the reservoir and avoiding significant ultrasound
wave attenuation when D is large.

2.3. Image processing and analysis

We sand and polish the specimens using silicon carbide polishing
paper up to 1200 grit to ensure consistent surface quality. We use an
optical microscope (Keyence VHX-5000) to capture 100 x and 500 X
magnification images of each specimen, to determine the microfiber
alignment at the macro- and microscale, respectively. Fig. 2 shows a
typical composite material specimen after surface preparation. We
choose the imaging locations to determine the microfiber alignment in
the specimen as follows: we select a 2.47-by-2.47 mm area to identify
macroscale alignment (red square in Fig. 2). The microscale alignment
may vary within the area in which we quantify the macroscale align-
ment due to imperfections in the acoustic field (misalignment of
transducers, reflections) or non-uniform microfiber dispersion. There-
fore, we select five 650-by-650 pm areas (blue squares in Fig. 2), lo-
cated as shown in Fig. 2, to measure microscale alignment, and we
average the microscale alignment measurement over these five loca-
tions. The size of the area for macro- and microscale microfiber align-
ment measurement and the number of locations of microscale micro-
fiber alignment measurement follow from convergence studies.

We enhance the brightness of the macro- and microscale images to
maximize the contrast between photopolymer resin and microfibers,
and convert each image to a binary image. We employ a two-dimen-
sional FFT to quantify the anisotropy in each binary image [37]. The
FFT anisotropy @ represents a distribution of the alignment angles 6 of
clusters of microfibers (macroscale alignment measurement) or

individual microfibers (microscale alignment measurement) present in
the binary image. After normalizing, the integral of @ between —x/
2 < 0 = m/2 has unit magnitude, and @ = f(6) is the probability
density function (PDF) of the alignment angle 6. We quantify microfiber
alignment as the probability of a cluster of microfibers (macroscale
alignment measurement), or an individual microfiber (microscale
alignment measurement) orienting within + A9° of the user-specified
alignment angle 6; = 0°. Fig. 3 shows the sequence of (a) obtaining an
optical image (e.g., 500 X to quantify microscale alignment), (b) con-
verting the optical image to a binary image, and (c) computing the FFT
anisotropy ®(6) of the binary image. Integrating &(6) between = A6°
yields the probability p, that the alignment of a randomly selected in-
dividual microfiber or cluster of fibers in the image orients within the
user-specified alignment angle = A6°, i.e.,

A6
p= [ ¢©)do

—A6

(€3]

We choose A6° 10° because it leads to a normally distributed
alignment probability p, for both macro- and microscale alignment
measurement datasets, which is a requirement for parametric regression
analysis. We compute p, for both the macro- and microscale alignment
measurement datasets obtained from all 135 composite material speci-
mens we fabricate. Multiple regression analysis on the two separate da-
tasets, with the three independent dimensionless input parameters wy, P,
and D, and the dependent dimensionless output parameter p,, reveals
which dimensionless input parameters have a statistically significant
effect on the dependent output parameter. We consider a p-value <0.05
statistically significant but also report the actual p-value. If two effects
are collinear, we remove the higher-order term in the regression model
because including collinear effects can cause misleading regression
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Fig. 2. Typical composite material specimen after surface preparation, with
inset images that illustrate the locations for macro- and microscale microfiber
alignment measurement. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

coefficients and p-values [42]. We identify the best multiple regression
model by comparing the root-mean-square error of logarithmic, ex-
ponential, square root, inverse, and polynomial fits.
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3. Results and discussion

Fig. 4 shows the macro- (left column) and microscale (right column)
alignment probability p, as a function of the three dimensionless
parameters wy (Fig. 4(a) and (b)), P (Fig. 4(c) and (d)), and D (Fig. 4(e)
and (f)). We identify different treatment levels of each dimensionless
parameter with colored lines and markers (see legend of Fig. 4). Each
data point represents the average of five different composite material
specimens, whereas the error bars show one standard deviation. The
alignment probability ranges from 0.22 to 0.57, where 0.22 indicates
poor alignment and 0.57 indicates excellent alignment.

Fig. 5 shows images of six specimens that illustrate the physical
effect of each independent dimensionless input parameter on the mi-
crofiber alignment to further explain the results of Fig. 4. Fig. 5(a) and
(b) show increasing wy with constant P and D, Fig. 5(c) and (d) show
increasing P with constant wy and D, and Fig. 5(e) and (f) show in-
creasing D with constant wy and P. For each specimen, we show an
image of the macroscale microfiber alignment with an inset image of
the microscale microfiber alignment. Furthermore, we perform multiple
regression analysis on the macro- and microscale microfiber alignment
measurement datasets and Egs. (2) and (3) show the best predictor
models (based on RMS error macro: 0.0813, micro: 0.0739), respec-
tively.

P, = —0.523 + 1.13wy — 0.843w,2- + (2.04 % 10728)P — (2.60 % 10728)P2 4 0.0172D—
.74) % 10~ + (3.77 % 107*)wsP — (8.93 % 10~°)w + (2.22 % 10~
(4.74) % 107*D% + (3 107wy P — (8.93  1073)wyD + (222 % 10716)DP

2
D, = 0.812 — 0.187¢"f — (3.61 * 10715)P — (6.07 % 10~3)D + (1.36 % 10-16)DP
3)

All regression terms, whether statistically significant or not, are
included in Egs. (2) (R? = 0.679) and (3) (R? = 0.263) because we
assume they all influence microfiber alignment. Tables 2 and 3 show
the p-values for each of the terms in the multiple regression analysis of
the macro- and microscale alignment datasets, respectively, where e.g.
wy :P indicates the interaction effect between wy and P.

Combining the macro- and microscale alignment probability results
of Fig. 4, images of microfiber alignment of composite material speci-
mens 3D-printed with different dimensionless input parameter treat-
ment levels shown in Fig. 5, the multiple regression analysis resulting in
Egs. (2) and (3), and their corresponding p-values shown in Tables 2
and 3, allow identifying the contribution of each dimensionless para-
meter to the macro- and microscale alignment probability, respectively.

Fig. 4(a) shows the macroscale alignment probability p, as a func-
tion of microfiber weight fraction wy for three treatment levels of both P
and D. We observe that p, increases with increasing wy for all treatments
of P and D. Increasing wy increases the number of microfibers that ac-
cumulate at the nodes of the ultrasound standing wave, thus increasing
the density of microfibers at the nodes. The presence of an increased

Alignment angle, 6 [deg]

Fig. 3. (a) Optical image at 500 X magnification. (b) Binary conversion of (a). (c) FFT anisotropy ®(8) of the binary image. The hatched area corresponds to the
probability that a randomly selected cluster of microfibers (macroscale alignment measurement) or individual microfiber (microscale alignment measurement) is

aligned within + A®° of the user-specified alignment angle 6, = 0°.
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Fig. 4. Macro- and microscale alignment probability p, as a function of each dimensionless parameter: (a—b) po(wy), (c-d) p(P), and (e—f) p,(D). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

number of microfibers at the nodes of the standing ultrasound wave
physically forces the microfiber clusters to align, which is evident from
comparing Fig. 5(a) and (b). Fig. 4(b) shows the microscale alignment
probability that corresponds to Fig. 4(a). We observe that for all
treatments of P and D, p, decreases with increasing wy because the
microfibers increasingly entangle with increasing wy. As a result, the
entanglement prevents the individual microfibers to freely rotate and
align with the nodes of the standing ultrasound wave, which is evident
from comparing the inset images of Fig. 5(a) and (b).

Fig. 4(c) shows the macroscale alignment probability p, as a func-
tion of dimensionless input power P for three treatment levels of both wy
and D. We observe that p, increases with increasing P for all treatment
levels of wy and D, because the acoustic radiation force that the mi-
crofibers experience increases with increasing P. Thus, increasing the
acoustic radiation force increases the number of microfibers that align
with the nodes of the ultrasound standing wave, which we observe by
comparing Fig. 5(c) and (d). Increasing P also counteracts ultrasound
wave attenuation in the photopolymer resin, but ultimately leads to
boiling and streaming of the photopolymer resin because the input

power converts to heat that cannot be dissipated fast enough from the
reservoir. Fig. 4(d) shows the microscale alignment probability that
corresponds to Fig. 4(c). Qualitative observations of the inset images of
Fig. 5(c) and (d) and regression p-values > 0.05 in Table 3 show that P
does not significantly affect p, at the microscale. wy is high, and the
microfibers entangle, preventing increased P from affecting the micro-
scale microfiber alignment.

Fig. 4(e) shows macroscale alignment probability p, as a function of
dimensionless ultrasound transducer separation distance D for all three
treatment levels of both wy and P. We observe that p, decreases with
increasing D, because the attenuation of the ultrasound wave in the
photopolymer resin increases with increasing D, and in turn decreases
the magnitude of the acoustic radiation force acting on the microfibers.
Thus, fewer microfibers align at the nodes of the ultrasound standing
wave, which we observe by comparing Fig. 5(e) and (f). Although this
trend is not necessarily visually apparent in Fig. 4(e), regression ana-
lysis confirms that it is statistically significant. Fig. 4(f) shows the mi-
croscale alignment probability that corresponds to Fig. 4(e). Qualitative
observations of the inset images of Fig. 5(e) and (f) and regression p-
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Fig. 5. Illustration of the physical effects underlying the microfiber alignment results of Fig. 4. (a-b) increasing wy with constant P and D, (b—c) increasing P with
constant wy and D, (ef) increasing D with constant wy and P. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2

Regression p-values of macroscale alignment probability.
Regression effect wy wi P P? D D? wy :P wy:D D:P
p-value 7.97E—-4 0.0339 9.10E—4 5.37E-5 0.122 0.0148 0.276 0.173 5.16E—3

values > 0.05 in Table 3 show that D does not significantly affect p, at
the microscale. We note that in Fig. 4(e) the lines of constant P cross,
revealing an interaction between P and D in terms of macroscale mi-
crofiber alignment; we increase P to counteract decreasing acoustic
radiation force acting on the microfibers when the ultrasound wave
attenuation increases with increasing D. The significance of the inter-
action effect between P and D implies that dimensional scalability of
ultrasound DSA is possible by tuning P and D.

From Table 2 and 3, we observe that the independent dimensionless

Table 3

Regression p-values of microscale alignment probability.
Regression effect exp(wy) P D D:P
p-value 2.92E-9 0.0669 0.0657 0.0572

parameters derived from the ultrasound DSA fabrication process affect
macro- and microscale alignment probability p, differently. wy dom-
inates p, at both the macro- and microscale but in opposite ways; once
microfibers accumulate at the nodes of the ultrasound standing wave,
adding additional microfibers causes the microfiber clusters to increase
in size, which increases macroscale p,, while the individual microfibers
become more entangled, reducing microscale p,. P and D are significant
at the macroscale, but not at the microscale. Microfiber clusters change
in size in response to changing P or D, independent of wy. However,
once microfibers accumulate at the nodes of the standing ultrasound
wave, they entangle, and changing P or D does not significantly change
Pq at the microscale.

Fig. 6 shows images of three specimens with different combinations
of macro- and microscale microfiber alignment probability, which il-
lustrate how changing the dimensionless ultrasound DSA process
parameters affect alignment probability across multiple scales.
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individual microfibers at the microscale, (b) highly aligned microfibers at both the macro- and microscale, (c) not-well-aligned microfibers at both the macro- and
microscale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6(a) shows highly aligned clusters of microfibers at the mac-
roscale, contrasting the not-well-aligned individual microfibers at the
microscale. The high P counteracts attenuation of the ultrasound wave
from the large D, organizing thick lines of aligned microfiber clusters at
the nodes of the ultrasound standing wave, while the microfibers en-
tangle with each other due to the high wy Fig. 6(b) shows highly aligned
microfibers at both the macro- and microscale. High P counteracts ul-
trasound attenuation from a large D, and the wy is low such that mi-
crofibers do not entangle and can freely rotate to align parallel to the
nodes of the ultrasound standing wave. Fig. 6(c) shows microfibers with
low alignment at both the macro- and microscale. P is not sufficiently
high to counteract ultrasound attenuation, and high wy causes the mi-
crofibers to entangle. Finally, we do not observe any composite material
specimens in the experiments conducted for this work that display low
macroscale p, and high microscale p,. If the ultrasound radiation force
is not strong enough to drive the microfibers to the nodes of the ul-
trasound standing wave, the microfibers will not align parallel to the
nodes at any scale.

Although no work in the open literature comprehensively relates
microfiber alignment to the ultrasound DSA process parameters, several
papers identify relationships between individual fabrication parameters
and alignment. Scholz et al. align glass microfibers in epoxy using ul-
trasound directed self-assembly [32], and they observe that composite
material specimens with low wy of glass microfibers have distinct fea-
tures at the macroscale and well-aligned microstructures. They also
observe that increasing wy results in longer and denser lines of aligned
glass microfibers at the macroscale, with misaligned microstructures.
These observations are consistent with our findings. For instance, wy is
higher in Fig. 6(a) than in (b), with all other parameters constant. We
observe that Fig. 6(b) shows distinct thin lines of aligned microfibers at
the macro- and microscale, while the high wy of Fig. 6(a) results in
dense lines of entangled microfibers. Furthermore, Chapkin et al. use an
alternating current electric field to align CNTs in epoxy resin [35,36].
They observe increasing CNT alignment with increasing field strength,
which is in line with the results documented in this work. For instance,
the specimens shown in Fig. 6(a) and (c) differ only by P, which is
proportional to the ultrasound field strength. P in Fig. 6(a) is higher
than that in (c) and results in increased macroscale alignment. Haslam

and Raeymaekers align CNTs in low-viscosity urethane resin using ul-
trasound directed self-assembly [33]. They find that macroscale CNT
alignment decreases with increasing wy, which contrasts the observation
in this work. One explanation is that Haslam and Raeymaekers use
CNTs instead of microfibers, which entangle more as a result of their
higher aspect ratio and surface area to volume ratio. Also, the sig-
nificantly higher wy in [33] than in this study could result in a CNT
density at the nodes of the ultrasound wave field that is much higher
than that in this work and, therefore, reduce CNT alignment.

The R? values of the macro- and microscale alignment probability
predictor models suggest that the ultrasound DSA process has varia-
bility unexplained by the alignment probability predictor models, due
to either natural process variation or a process parameter not included
in the study. Further investigation of the R? values shows that the
specimen replication standard deviation is as high as 23% of the
average p, at the macroscale and 16% at the microscale, confirming
that ultrasound DSA has high natural process variance. Even though the
quantitative analysis displays high process variance, the qualitative
interpretation of the results substantiates the physical mechanisms.

Our study of the ultrasound DSA process has several limitations. We
only evaluate one type of microfiber and photopolymer resin for
practical purposes, and thus do not account for different physical
properties of microfibers and photopolymer resin during dimensional
analysis. Also, our 3D-printing technique only allows fabrication of thin
composite materials, which prohibits microfiber alignment in the
thickness direction. Therefore, we verify that microfiber alignment is
consistent through the thickness of a specimen, which we have shown
for some of the specimens (see Figure S2 in the supplemental in-
formation). However, the results are based on a single cross-section in
each specimen. Additionally, measuring alignment using a 2D FFT
breaks down when microfibers are vertically embedded in the photo-
polymer resin, which limits the application of our alignment quantifi-
cation method to composite materials with in-plane fibers.

Characterizing microfiber alignment as a function of the ultrasound
DSA process parameters is an essential step towards developing multi-
functional materials with properties tailored to specific applications.
For example, once we understand how microfiber alignment relates to
electrical conductivity, we can optimize the DSA process parameters to



K. Niendorf and B. Raeymaekers

create a 3D-printed part to achieve specific anisotropic electrical
properties.

4. Conclusions

The alignment of microfibers embedded in photopolymer resin
composite materials 3D-printed using ultrasound DSA and SLA depends
on the scale of the analysis region; macroscale alignment does not in-
dicate microscale alignment, and alignment at both scales must be
considered independently. Microscale alignment is primarily driven by
microfiber weight fraction only, whereas macroscale alignment is sig-
nificantly affected by microfiber weight fraction, dimensionless ultra-
sound transducer input power, and dimensionless ultrasound trans-
ducer separation distance. Once microfibers accumulate at the nodes of
the standing ultrasound wave, they entangle and prevent changes in
dimensionless ultrasound transducer input power or separation dis-
tance from significantly affecting the alignment of individual micro-
fibers. However, changing dimensionless input power or ultrasound
transducer separation distance drives clusters of microfibers to change
in size, independent of microfiber weight fraction. Thus, characterizing
microfiber alignment as a function of the 3D-printing process para-
meters is a crucial step towards linking the process parameters to spe-
cific anisotropic material properties, such as electrical and thermal
conductivity. This knowledge can be used in 3D-printing and rapid
prototyping to optimize the fabrication of layered composite materials
with patterns of embedded microfibers.
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