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Abstract

In this thesis, the production of cellulose macroscale fibers from cellulose nanofibrils using flow
focusing in microfluidic mixture chambers is examined and tested. This process accomplishes the

difficult task of aligning cellulose nanofibrils and gelling them together to create macroscale

cellulose fibers, and this study seeks to test the limit of macroscale cellulose fiber production using
this method.

Using a volumetric flow rate of 1.1 x 10-' m 3 /s, which is over 100 times greater than that from

Nechyporchuk et al.'s 2018 experiments [11, cellulose nanofibrils were pumped through a
microfluidic mixture chamber. Deionized water and hydrochloric acid were pumped through two

different cross-flow channels at 5.28 x 10-7 m3/s and 1.32 x 10-6 m3 /s , respectively, to

focus the nanofibril suspension flow. The mixture chamber was examined using video data to

observe if the focusing and alignment of the nanofibril suspension occurs at these higher

volumetric flow rates.

Tests found that the flow can be narrowed to roughly 6% of its nominal width, and birefringence
examinations indicate that the cellulose nanofibrils were being aligned due to the flow focusing.

Furthermore, the use of an even higher volumetric flow rate is feasible for this process.

Thesis Supervisor: Ian Hunter
Title: Hatsopoulos Professor of Mechanical Engineering
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Chapter 1

Introduction

With modern technological advancements, it is becoming more important to fabricate

lightweight and strong materials from renewable resources. Plant cellulose nanofibrils have

properties that meet these criteria. In fact, this renewable resource has a much higher strength to

weight ratio than most metals, and is even stronger than certain metals.

Until recently, it was difficult to utilize these fibrils because the translation of these

properties from the nanoscale to the macroscale is difficult. This complexity can be attributed to

the fibrils' large surface area to volume ratio and the relatively large electrostatic forces between

them. However, a process has been identified that is capable of effectively aligning the fibrils,

cross-flow assisted assembly, thus making it easier to gel the fibrils together into usable fibers

while maintaining the impressive nanoscale mechanical properties. The end result is a light and

strong cellulose strand produced at roughly 1.1 x 10-9 m 3 /s in previous studies [I].

In this thesis, we investigate ways to improve this process by developing a system that can

align and gel the fibrils together at rate that is orders of magnitude higher in order to test the limit

of this method's production rate. Increasing this production rate would make it more feasible to

use such a material at a greater scale in manufacturing and other sectors.
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Chapter 2

Background

2.1 Cellulose Nanofibril Production

In recent years, there has been an increased interest in the use of cellulose in manufacturing

due to its biodegradability, mechanical properties, as well as the fact that it is produced from

renewable resources, such as plants and trees. Cellulose's most commonly used form is fibers,

which can be found in papers and textiles. These fibers can be up to several centimeters long, and

they are made of smaller fiber components, often referred to as fibrils [2]. Nanoscale fibrils are

extremely strong and stiff, and are capable of rivaling the mechanical properties of some metals.

They are used as the building blocks of macroscale cellulose fibers. However, fabricated

macroscale fibers' mechanical properties are often three to fifteen times less than theoretical values,

such as those seen in the nanofibrils. As a result, focus has turned to improving the production of

these macroscale fibers, so their mechanical properties maintain these theoretical values. Present

work on assembling these nanofibrils has produced fibers with a specific tensile strength of up to

1.57 GPa and a specific Young's modulus of up to 86 GPa. With further development, an ideally

manufactured fiber could have mechanical properties that surpass some steels [3-4]. Figure 2-1

from Mittal, et al.'s 2018 study illustrates the comparison of cellulose nanofibrils' specific strength

and modulus to that of other materials [3].

13
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Figure 2-1: Comparison of the specific strength and modulus of produced cellulose
macroscale fibers to other commonly used materials in manufacturing. Present work in
assembling the nanofibrils shows that the fibers are capable of having a specific tensile
strength of up to 1,570 Pa - m3/g and a specific Young's modulus of up to
86,000 Pa - m 3 /g. In the future, these could increase and rival those of some steels.
However, due to their high surface area to volume ratio, it is difficult to tightly bond
these cellulose nanofibrils, so the high theoretical value of these properties is difficult
to maintain when gelling the nanofibrils into macroscale cellulose fibers. From Mittal
et al.'s 2018 article in ACS Nano [3].

One of the issues with using cellulose nanofibrils is that although these nanofibrils exhibit

impressive material properties while also being lightweight and renewable, they are difficult to

produce. The process of isolating the nanofibrils by breaking down cellulose is currently extremely

inefficient and energy intensive [2]. One of the most effective ways to curb the large energy

requirement was discovered by Saito et al. Through the use of 2,2,6,6-tetramethylpiperidine-l-

oxyl radical on never-dried cellulose, they found a way to increase the swelling of the cellulose,

and thus help separate it into nanofibrils by introducing a negative charge on it [5-6]. Furthermore,

the finishing mechanical treatment is enhanced through the use of enzymatic hydrolysis with

endoglucanase which also more easily separates the fibers into their microfiber components [7].

These methods make the production and utilization of cellulose nanofibrils more cost-efficient,

and thus more reasonable to use in large-scale applications.

14



2.2 Cellulose Nanofibril Alignment

Due to the microscopic size of cellulose nanofibrils, utilizing their impressive mechanical

properties is complicated. Ideally, the fibrils would be taken from the nanoscale and could be

aggregated to reach the macroscale, thus creating cellulose fibers made from nanofibril building

blocks that retain the nanofibril mechanical properties. Of course, in order to retain these properties,

the nanofibrils would all have to be aligned well, or else there will be imperfections in the fibers.

This would compromise the high specific strength and stiffness. Unfortunately, this task is a

difficult one. The slender nanofibrils range greatly in length and diameter and are not isotropic

nanomaterials [3]. In addition, the high surface area to volume ratio common to nanomaterials

means that influences that are minor in the macroscale have major effects on the nanofibrils, such

as electrostatic forces and Brownian diffusion. These make aligning the cellulose fibrils very

complicated, so gelling these fibrils into effective macroscale fibers is difficult to accomplish.

A promising method to accomplish this alignment is using cross-flow assisted assembly in

microfluidic mixture chambers. Cellulose nanofibrils are pumped through a narrow channel, and

they are initially scattered and disoriented. Further downstream, deionized water is pumped

through both sides of the first cross-flow channel and into the primary channel at a faster rate than

the cellulose nanofibrils. The entry of more fluid into this channel from both sides causes the

cellulose nanofibril flow to focus and accelerate. The same occurs again later with low pH acid,

further narrowing and aligning the flow of cellulose nanofibrils. The acid also acts to protonate the

nanofibrils and remove charged compounds that prevent tight bonding of the nanofibrils. The end

result of gelling the nanofibrils together is a glassy macroscale fiber [3]. Furthermore, because the

nanofibril suspension is more viscous than the water and acid, the corners of the nanofibril

suspension bend inward. This occurs due to the principle of minimum viscous energy dissipation.

If given enough time and the viscosity difference is large enough, then the lower viscosity fluid

will begin to envelop the higher viscosity fluid because the shear rate is highest at the walls of the

channel. As a result, if the viscosity of the particular nanofibril suspension is large enough, then a

rounded cross-section, common to most fibers, will develop in the fiber [8]. Figure 2-1 from Mittal,

et al.'s 2018 study illustrates this concept of the narrowing and aligning the cellulose nanofibrils

using cross-flow assisted assembly [3].
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Figure 2-2: Cellulose nanofibrils being aligned using cross-flow assisted assembly.
The fibrils are enlarged nearly 300 times for better visualization. Nanofibrils flow
through the primary channel, deionized water flows through the first cross-channel, and
low pH acid flows through the second. At position 1, the fibrils are disorganized due to
electrostatic forces and Brownian diffusion. Positions 2 and 3 introduce the cross-
channel flows, which hydrodynamically focuses and aligns the fibril flow. At position
4, the introduction of acid causes protonation in the nanofibrils, thus creating a longer,
glassy cellulose fiber. From Mittal et al.'s 2018 article in ACS Nano [3].

Although is it possible to check for the narrowing of the flow by dyeing the nanofibril

suspension before driving it through the microfluidic mixture chamber, a more direct method of

checking for nanofibril alignment is birefringence. By placing polarizing films rotated at ninety

degrees from each other on the top and bottom of the chamber, little to no light will shine through

the chamber. However, if there are enough nanofibrils aligned at the end of the primary channel,

and a light source is shown through the chamber towards the camera, then the aggregated scattering

of light from the aligned nanofibrils should successfully pass through the second polarizing film.

As a result, when testing if the flow focusing is aligning the nanofibrils, observing this scattered

light reflecting off of the nanofibrils at the end of primary channel signals that the fibrils are aligned.
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Chapter 3

Experimental Design

3.1 Syringe Pump Design

In order to accomplish cross-flow assisted assembly of macroscale cellulose fibers from

cellulose nanofibrils at a volumetric flow rate of at least 1.1 x 10- m3 /s, 100 times that found

in Nechyporchuk et al.'s 2018 experiments [1], a method to control the rate of fluid flow is required.

One of the best and most accessible ways to do this is to use a syringe pump. Although it would

be very simple to purchase and utilize a predesigned syringe pump, it was decided that it would be

more useful to design and fabricate one for the purpose of this study. This makes the design simple

to understand, quick to make, and easy to modify for future endeavors in this subject.

The first critical decision in designing the pump is selecting the lead screw and the motor

to drive it. The syringes being used are roughly 30 mm in diameter. In order to drive the cellulose

nanofibrils through the microfluidic mixture chamber at the benchmark flow rate of

1.1 x 10- m3 /s, the syringe should be capable of driving fluid as slow as 0.15 mm/s. This

calls for a lead screw with a very short pitch. As a result, a single start, finely threaded lead screw

with a 0.5 mm pitch was selected for the task. This pitch length was sufficiently short and the part

was inexpensive.

Next, in order to select the proper motor for the task, the required torque has to be

calculated. The first step is to determine the pressure differential from the pump to the stage needed

to drive the fluid. This was calculated using the Darcy-Weisbach equation, which can be seen in

Equation 1. This provides the pressure drop while transporting the fluid. Q is the volumetric flow

rate, [t is the dynamic viscosity, L is the length of the tubing, and R is the radius of the tubing,

AP - **** ()7r* R4
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The viscosity of the cellulose nanofibril suspension was assumed to be 10 Pa -s at most,

and the tubing was assumed to be 100 mm long with a radius of 1 mm. In addition, Bernoulli's

equation, which can be seen in Equation 2, was used to calculate the pressure required to drive the

fluid from the syringe to the tubing. P signifies the pressure at both ends of the flow, v signifies

the velocity at both ends of the flow, h signifies the change in height at both ends of the flow, g is

the gravitational acceleration, and p is the density of the fluid,

p + 1 pv1 + pgh, = P2 + 1pV 2 + pgh2. (2)2 1 2 2

To simplify the equation, it was assumed that changes in height were negligible. Also, it

was assumed that the initial velocity in the syringe was 0 m/s and the final pressure was 0 Pa.

Using both of these equations, the total pressure differential required to pump the cellulose

nanofibrils at 1.1 x 10-7 m 3 /s from the pump to the stage, was calculated to be roughly 280 kPa.

This translates to a required force of 198 N with a piston face area of 7 x 10-' M 2 . Assuming

friction accounts for no more than 5 N. The worst-case scenario calls for a motor that can provide

around 200 N using a lead screw with a 0.5 mm pitch. Equation 3 was used to obtain the output

motor torque from the required force. F is the required force, and P is the lead screw pitch,

F*P(3
T =-. (3)2*r

The results of these calculation showed that a motor that could output at least 0.016 N -m

was required to drive the syringe pump. The Parker Hannifin Zeta 57-83 Series rotary stepper

motor [9] fulfilled this requirement and was chosen to drive the lead screw. A stepper motor is

controlled by electrical pulses which cause the motor to rotate a preset number of degrees called a

tick. The resolution of ticks per rotation is capable of being set to greater than 25,000 for this

motor. The high resolution of ticks per rotation allows for fine position control, and through setting

the period at which the electrical pulses are sent, velocity control. Additionally, the fine resolution

of ticks ensures that the slow rotational speed of 0.3 Hz (18 rpm) does not result in the motor

visibly stepping. A rotary stepper motor was chosen over a linear stepper motor in order to keep

the syringe pump design motor agnostic. This would enable future research to easily switch to a

DC motor, for example, when attempts are made to produce macroscale cellulose even faster.

Furthermore, DC motors were not utilized due to the low rotational speed required and because it

is simpler to control the speed of the stepper motor. The stepper motor and lead screw are attached

18



using a clamping misalignment coupler, and a thrust bearing was added to support any back-

driving forces.

Parker Hannifin's Zeta 4 motor driver [9] was a natural choice for controlling the motor

because it is easy to use and can provide suitably high tick per rotation resolution. The driver was

set to 25,000 ticks/rev, and the step and direction inputs were utilized. The step input sends the

signal for the stepper motor to rotate forward one tick. The direction input controls the direction

of rotation depending on the sign of the transmitted voltage. The inputs are given to the motor

driver from National Instrument's myRIO [10], a real-time embedded evaluation board that utilizes

its onboard FPGA (field-programmable gate array) and microprocessor to execute the LabView

[I1] code run through it. In this case, the code simply sends step signals to one of the myRIO's

digital outputs periodically based upon a motor period input set in the code. It also sends a positive

or negative voltage to another digital output to signal forward or backward travel.

The rest of the syringe pump is composed of acrylic and aluminum due to these materials

being inexpensive, good for prototyping, and lightweight yet strong and stiff. If a mistake in the

design or fabrication process is made, then it would be simple to purchase more materials, change

around parts, machine more aluminum, or laser cut new designs into the acrylic. The base of the

syringe pump is 40 mm x 80 mm mk aluminum extrusion. On the extrusion, four aluminum

angle brackets are used to support the stepper motor, lead screw, the back of the syringe, and the

front of the syringe.

The syringe piston is pushed by an acrylic carriage that translates along the lead screw and

two steel alignment shafts. Three layers of clear acrylic are fastened together to hold a 0.5 mm

pitch nut inside the middle layer that causes the translation of the carriage along the lead screw.

The acrylic layer closest to the syringe is left with a U-shaped opening at its top to allow the syringe

piston to sit between the middle and closest layer. This locks the syringe piston in place, thus

forcing it to move with the carriage. This also makes it easy for the operator to remove the syringe

by simply sliding it up.

The alignment shafts are held in place by E-clips on the other side of the aluminum angle

brackets. Friction on these shafts is reduced by using oil-embedded sleeve bearings between the

carriage and the alignment shafts. Another method through which friction was reduced was the

inclusion of a flexure on the acrylic carriage to improve alignment with the steel shafts. This was

19



done by laser cutting a 2 mm gap around one of the holes that one of the alignment shafts slides

through. However, a slender beam of acrylic is left connecting the two almost separate bodies.

This leaves the isolated material flexible in left-right translation but stiff in up-down and forward-

backward translation. Illustration of this concept can be found in Figure 3-1.

a _b)

63.5 mm

c)

Figure 3-1: a) One layer of the acrylic carriage. The oil-embedded sleeve bearings are
press-fitted into the alignment shaft holes. The flexure can be seen above the right
sleeve bearing. It connects the lower-right island to the rest of the acrylic layer. b) The
unloaded state of the flexure. c) The flexure is loaded with a force to one side to show
its one-dimensional compliance. d) The flexure is loaded with a force in the other
direction to show its one-dimensional compliance.

With regards to the actual syringe, it is supported by two laser cut acrylic pieces that fasten

to the front two aluminum angle brackets. Once the syringe body is pressed forward against the

acrylic support, an acrylic cap that fits around the outside of the syringe and support holds the

syringe in place. This enables the operator to drive the syringe piston forward and backward

without having to manually draw it back. This make it quick and easy to position the carriage.

Additionally, this design makes it easy to remove and refill the syringe because all the operator

20
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needs to do is unfasten the acrylic supports and pull the syringe up. The described syringe pump

design can be seen in Figure 3-2.

4

S2 3

330 m

Figure 3-2: The full syringe pump design. At position 1 is the clamping misalignment
coupler between the rotary stepper motor and the 0.5 mm pitch lead screw. Position 2
is where the thrust bearings are located in order to bear any back-driving loads. Next,
at position 3 is the carriage that is translated by the lead screw and moves along the two
alignment shafts. The lead screw nut is in the middle acrylic layer. The syringe piston
slides in between the center and right acrylic layers, so it translates with the carriage.
Finally, position 4 shows the syringe being held up by the acrylic supports. The cap
covering the handle of the syringe ensures the syringe body is stationary while the
piston translates.

3.2 Microfluidic Mixture Chamber Design

When the syringes are driven by the pumps, the fluid is transported using 2 mm diameter

plastic tubing to the microfluidic mixture chamber where the cross-flow assisted assembly occurs.

The chamber is composed of three layers of laser cut acrylic. The top layer is solid except for four

holes in the corners for standoffs. The middle layer is 1.5 mm thick and also has the four standoff

holes as well as the channel layout. The bottom layer has threaded standoff holes and threaded

inlet holes where the tubing is fastened. Long machine screws fasten the layers together via the

standoff holes, and they lift the chamber to provide access to the inlet holes. Once again, acrylic

was chosen because it is a clear material that is good for prototyping. This means that is it

inexpensive, intricate channel layouts can be laser cut into it, and it is possible to see what is going

on inside the chamber during trials. Most microfluidic mixture devices are made from

polydimethylsiloxane, but this material is not as clear as acrylic, is more challenging to clean, and

must be molded and finished. This resource and time-intensive method is better suited for a final

chamber design.
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Each channel in the middle layer is 1 mm wide. The layout begins with the primary

channel at its inlet hole. This channel is 65 mm long with the cross-flows being introduced at

20 mm and 40 mm, and each cross-flow is 15 mm long on both sides of the primary channel.

Each channel length is at least ten times the width of the channel in order to give the fluid flow

time to fully develop before the introduction of another cross-flow. This not only stabilizes the

flow of the fluid in the channels, but it also allows the operator to observe the steady state of the

fluid, which is important in the data collection.

The cellulose nanofibril goes directly to the inlet of the primary channel. The deionized

water and low pH acid tubes both split near the end of their tubing. Both sides of the splits end at

opposite ends of their respective cross-flow channels. Water goes to the first cross-flow channel,

and the acid goes to the second one. Once both cross-flows have been added to the primary channel,

all the fluid flows to the exit hole on the side of the chamber where it is dumped into a waste

cylinder.

In order to prevent leaking, a 2 mm gap was left between where the channels would be and

the rest of the acrylic layer. 1.9 mm O-ring stock was then used to outline the inlet holes and

channels such that when the acrylic layers are fastened together, the O-ring stock would be

squeezed and prevent fluid leakage out from the channels. The described microfluidic mixture

chamber design can be seen in Figure 3-3.
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Figure 3-3: The microfluidic mixture chamber design. All channels are 1 mm
in width. The inlet holes are threaded on the bottom side, so machine screws are
used as standoffs to hold up the chamber for access to the inlet holes. The top
hole is the entry point for the cellulose nanofibrils. The next row of inlet holes
are the entry points for the deionized water. The bottom two inlet holes are the
entry points for the hydrochloric acid. The fluid then exits through the side of
the chamber at the bottom of the figure. 1.9 mm O-ring stock outlines the
channels to seal them and prevent leaking.

3.3 Data Collection

With the syringe pumps and microfluidic mixture chamber operating, data can be collected.

The first syringe pump is filled with 15 mL of 0.3% or 0.5% cellulose nanofibrils or hyaluronic

acid of similar viscosity. The second syringe pump is filled with 50 mL of deionized water. The

third syringe pump is filled with 50 mL of 1 M hydrochloric acid. Using the LabView code, the

motor period of each pump is set to select the piston translation speed. The motor period is

calculated using Equation 4 below. T is the motor period, n is the number of ticks per revolution,

p is the pitch of the lead screw, and v is the desired velocity of the syringe piston,

T = -
n*v

23
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A Canon 70D digital single-lens reflex camera [12] is positioned above the chamber. It is

held in place by a set screw attached to a stand. The camera is zoomed in and focused on the entire

channel layout to record the flow of the fluid through it. Figure 3-4 provides an example of this

setup.

U

Figure 3-4: Recording setup. The camera is secured to the stand using a set screw, and
it is positioned sufficiently above the chamber such that the whole chamber is in view
and in focus. The camera begins recording before trials are run, and trials are run for at
least five second to allow flow time to develop.
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Once the camera and the LabView code is ready, the operator presses record on the camera,

and then moves to initiate the forward translation. The operator should allow the flow to develop

for at least five seconds before terminating it and ending the recording. The operator repeats this

process using varying motor periods and checks if the focusing and aligning of the nanofibrils

occurs using each setting until one of the syringes runs out of fluid and must be replenished. The

faster the volumetric flow rate of the cross-flow channels, the more the cellulose nanofibrils should

be narrowed.

If the operator is checking for narrowing of the cellulose nanofibril flow, then they should

dye the cellulose nanofibril suspension before testing, so the suspension is easily discernable in

the video recordings.

If the operator is checking for alignment of the cellulose nanofibril flow, then they should

place polarizing film rotated at ninety degrees from each other on both the top and bottom of the

chamber, so little to no light shines through. Next, they should shine a bright light through the

bottom of the chamber towards the camera. With enough magnification on the area of interest at

the end of the primary channel, the operator should notice the aggregated birefringence of the flow

focused nanofibrils through the second polarizing film. Figure 3-5 compares these two setups.
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75 mm

Figure 3-5: Side view and top view of the microfluidic mixture chamber setup for non-
birefringence testing versus birefringence testing. a) The non-birefringence setup has
the three acrylic layers closed on the O-ring stock for sealing. b) The birefringence setup
has two polarizing films rotated at ninety degrees from each other directly on both sides
of the chamber. The films are held in place by the screw standoffs and nuts. A light
source should shine from the side opposite the camera. Very little light will make it
through the films, but the light scattered by aligned nanofibrils at the end of the primary
channel should be visible to the camera on the other side of the light source.

Both the narrowing of the cellulose nanofibrils flow and the alignment of the nanofibrils

were tested. A dyed 0.5% cellulose nanofibrils suspension and a dyed 1% hyaluronic acid solution,

which have similar viscosities, were used to check for the narrowing of fluid flow. A 0.3%

cellulose nanofibril suspension was used to check for birefringence.

26
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Chapter 4

Results

Attempts to narrow the flow of the dyed 0.5% cellulose nanofibril suspension and the dyed

1% hyaluronic acid solution at one hundred times the volumetric flow rate found in Nechyporchuk

et al.'s study [1] were successful. In the fastest successful trial, the cellulose nanofibrils were

pumped through at 1.1 x 10-7 m3 /s, the deionized water was pumped through at 5.28 x

10-7 m 3/s, and the hydrochloric acid was pumped through at 1.32 x 10-6 m 3/s according to

the stepper motor periods. Traveling through a channel of constant 1 mm width, this indicates that

the flow was narrowed to roughly 0.056 mm, thus a reduction to 6% of the initial 1 mm flow

width. However, the flow did not develop as well as in some other trials. This may be attributed to

protonated cellulose clogging some of the channel flow. Later tests using the 0.3% cellulose

nanofibril suspension show greater success in focusing the flow through birefringence of the

aligned fibrils.

The most well-developed flow focusing occurred when using the hyaluronic acid. In the

best trial, the hyaluronic acid was pumped through at 1.1 x 10-7 m 3/s, the deionized water was

pumped through at 3.3 x 10-7 m3/s , and the hydrochloric acid was pumped through at

6.6 x 10-7 m3 /s according to the stepper motor periods. Traveling through a channel of constant

1 mm width, this indicates that the flow was narrowed to roughly 0.10 mm, thus a reduction to

10% of the initial 1 mm flow width. Figure 4-1 provides an example of the flow development

along the primary channel in this successful trial.
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Figure 4-1: Bromophenol blue-dyed 1% hyaluronic acid of similar viscosity to the

0.5% cellulose nanofibril suspension is pumped through the microfluidic mixture
chamber. The cellulose nanofibril flow from the primary inlet hole is visibly narrowed
as the deionized water and hydrochloric acid cross-flows are introduced. In this trial, at

position 1, with no added flows, the nanofibril suspension flow, 1.1 x 10-7 m 3 /s,
occupies the full nominal 1 mm channel width. At position 2, the added fluid volume
from the deionized water, 3.3 x 10-7 m 3 /s, theoretically narrows the nanofibril
suspension flow to roughly 0.25 mm (25% of its initial flow width). At position 3, the

added hydrochloric acid flow, 6.6 x 10-7 m 3 /s, theoretically narrows the nanofibril
suspension flow to roughly 0.10 mm (10% of its initial flow width).

Attempts to observe the birefringence of the 0.3% cellulose nanofibril suspension were

also successful. In the fastest successful trial, the cellulose nanofibrils were pumped through at

1.1 x 10-7 m3 /s, the deionized water was pumped through at 5.28 x 10-7 m3 /s, and the

hydrochloric acid was pumped through at 1.32 x 10-6 m3 /s according to stepper motor periods.

Figure 4-2 demonstrates the slight birefringence emerging around the narrowed fibrils in the center

of the channel. Due to the channel height being so short, not very many nanofibrils could be aligned

at any particular cross section of the channel, so the detected birefringence is very weak. However,

a faint, white light is visible.
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I

Figure 4-2: a) The flow develops through the last cross-flow channel from left to right.
As the hydrochloric acid pours into the primary channel, the cellulose nanofibril flow

narrows further and becomes aligned. As a result of the birefringence of the aligned
cellulose nanofibrils, a faint, white light is noticeable in the center of the primary
channel. b) Image of the primary channel before the layered flow fully develops. The

flow is unfocused and no white light is visible in the center of the channel. c) Image of

the primary channel once the layered flow is fully developed. The layers of faint, white

light are now visible in the center of the primary channel.

Figure 4-3 demonstrates the flow development of a section of the primary channel to

provide a more focused perspective. In the leftmost image, the flow begins with the cellulose

nanofibrils scattered about the primary channel and occupying its entire width. Moving right across

the image series, the cellulose nanofibril flow narrows as they move towards the center of the

primary channel. The birefringence of the aligned nanofibrils also is only visible in the center.
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a)

b)

C)

Figure 4-3: a) The cellulose nanofibrils begin scattered about the primary channel. The
flow focusing has only just begun. b) The nanofibril suspension accelerates further and
begins to narrow. c) Nearly fully developed, the nanofibrils are almost all centered at
the middle, and the birefringence of the nanofibrils becomes more focused at the center
of the primary channel. d) With the flow fully developed, the birefringence is only
visible at the center of the channel, as the nanofibril suspension has been narrowed and
aligned through the flow focusing.
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Chapter 4

Conclusions and Future Work

Attempts to narrow and align larger volumetric flows of cellulose nanofibrils through the

microfluidic cross-flow channels were successful. Although it was found through examining

birefringence that the nanofibrils were aligned and were narrowed to 6% of the nominal channel

width, there is much room for improvement in terms of the rate at which the macroscale cellulose

fibers can be produced as well as the efficiency of the current system.

To begin, increasing the volumetric rate at which cellulose was pumped through the

mixture chamber to 1.1 x 10 - m3 /s, 100 times that found in Nechyporchuk et al.'s experiments

[1], was simply a benchmark to see if alignment using cross-flow channels at higher flow rates

was feasible. This study's attempts at using cross-flow assisted assembly to align cellulose

nanofibrils indicate the upper limit of the nanofibril volumetric flow rate has not been reached. It

is possible that the current system's limit is orders of magnitude higher, and further

experimentation should be done to find such a limit.

However, difficulties in doing this arise because as the flow rate of cellulose nanofibrils

increases, the flow rate of water and hydrochloric acid increases as well, and they are many times

larger. Providing the necessary pressure and supplying a large continuous volume of these

substances would be an additional challenge. Then, as the pressure required to drive the fluid

increases, sealing the microfluidic mixture chamber would become more difficult as well. Even in

the current setup, there is room for improvement in the prevention of leaking. This could be

accomplished by using polydimethylsiloxane instead of acrylic in future iterations. Also,

decreasing friction and moment forces along the syringes' alignment rails could help realize the

required increased pressure. This could be done by increasing the ratio of carriage length to the

distance between the alignment shafts to 1.5. Another promising configuration would be to switch

the vertical placement of the lead screw and alignment shafts.
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Furthermore, in the next iteration of these tests, it would be interesting to successfully gel

together the nanofibrils into macroscale cellulose fibers. Such fibers were never attempted to be

made over the course of this study. This and the collection of the produced fiber would be a good

next task to confront.

32



Bibliography

[1] Nechyporchuk, 0., Ha'kansson, K., Gowda.V, K., Lundell, F., Hagstr6m, B., and K6hnke,

T., 2018, "Continuous Assembly of Cellulose Nanofibrils and Nanocrystals into Strong

Macrofibers through Microfluidic Spinning," Advanced Material Technologies No.

1800557, from www.advancedsciencenews.com.

[2] Zhu, H., Helander, M., Moser, C., Sta'hlkranz, A., Soderberg, D., Henrikson, G., and

Lindstr6m, M., 2012, "A Novel Nano Cellulose Preparation Method and Size Fraction by

Cross Flow Ultra-Filtration," Current Organic Chemistry, 16, pp. 1871-1875.

[3] Mittal, N., Ansari, F., Gowda.V, K., Brouzet, C., Chen, P., Tomas Larsson, P., Roth, S.,

Lundell, F., Waigberg, L., Kotov, N., and S6derberg, D., 2018, "Multiscale Control of

Nanocellulose Assembly: Transferring Remarkable Nanoscale Fibril Mechanics to

Macroscale Fibers," ACS Nano, 12, pp. 6378-6388.

[4] Hakansson, K., Fall, A., Lundell, F., Yu, S., Krywka, C., Roth, S., Santoro, G., Kvick, M.,

Prahl Wittberg, L., Wa.gberg, L., and S6derberg, D., 2014, "Hydrodynamic alignment and

assembly of nanofibrils resulting in strong cellulose," Nature Communication, 5, pp. 1-10.

[5] Saito, T., Nishiyama, Y., Putaux, J., Vignon, M., and Isogai, A., 2006, "Homogeneous

Suspension of Individualized Microfibrils from TEMPO-Catalyzed Oxidation of Native

Cellulose," Biomacromolecules, 7(6), pp. 1687-1691.

[6] Isogai, A., Saito, T., and Fukuzumi, H., 2011, "TEMPO-oxidized cellulose nanofibers,"

Nanoscale, 3, pp. 71-85.

[7] Henriksson, M., Henriksson, G., Berglund, L.A., and Lindstr6m, T., 2007, "An

environmentally friendly method for enzyme-assisted preparation of microfibrillated

cellulose (MFC) nanofibers," Eur. Polvni. J., 43, 3434-3441.

[8] Morris, B., 2016, The Science and Technology of Flexible Packaging, 1st ed., William

Andrew, Norwich, NY, Chap. 13.4.4.

[9] http://www.parkermotion.com/literature/steppers.htm

[10] https://www.ni.com/en-us/shop/select/myrio-student-embedded-device

[11] http://www.ni.com/en-us/shop/labview.html

33



[12] https://www.usa.canon.com/internet/portal/us/home/products/details/cameras/eos-dslr-

and-mirrorless-cameras/dslr/eos-70d

34


