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ABSTRACT
Carbon nanotubes (CNTs) have gained momentum in industrial applications over the last
few decades due to their versatile mechanical, thermal, and electrical properties. Demand for
manufactured CNT structures to have precise properties has increased, and with it emerge
new manufacturing techniques. This project focuses on an emerging technology that uses an
extensional flow apparatus to produce continuous strands of CNTs from a suspension of CNT
nanoparticles. The properties of the CNTs produced depend heavily on the configuration
of flow rates of the CNT solution and the surrounding solvent. To examine the effects
of various flow configurations on a specific property, CNT strand diameter, and provide
the basis for a control loop, a LabVIEW virtual instrument (VI) was designed to process
experimental images and measure the diameters of the CNT strands produced through an
edge detection module. A proof-of-concept experiment was run to do a brief survey of
various flow configurations and to test the performance of the LabVIEW system. Several key
setup considerations were identified, including lighting of the apparatus to facilitate accurate
image processing, and suggestions for improvement of the design of the physical apparatus
were identified. The experiment investigated several flow configurations and measured both
the average diameter of the CNT strand and the change in diameter as the CNT flows
downstream, both of which are important to the control of the flow, where the first one
determines the absolute size of the fiber, and the second one relates to the elongational force
that the fiber feels. [2] The LabVIEW VI successfully identified and measured the CNT
strand 80% of the time, and the unsuccessful cases were examined to determine solutions for
improving the VI.
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1

Introduction: CNT Solution In Extensional Flow

Carbon nanotubes (CNTs) are graphene structures which, in various configurations, can
exhibit a wide variety of mechanical, thermal, and electrical properties. The industrial community has long been interested in exploiting CNTs for applications including biosensors,
anticorrosion and increased strength coatings, and lithium ion batteries. [3] Their ability to
increase the the general strength of a material and dissipate static make them attractive for
a wide variety of applications. CNTs have a high elastic modulus (close to 1 TPa) and a
high tensile strength (1 GPa in some configurations), making them suitable for increasing
the stiffness of polymers and resins. [3] Of particular interest are their electrical properties:
Transistors benefit from the low electron scattering and bandgap of CNTs, the use of which
increases output current and compensates for defects, [3] and their high electrical conductivity and very high current carrying capacity make them suitable for making lightweight
wiring. [2]
A new method of synthesizing long strands of CNTs has been developed to take advantage
of extensional rheology, the result of exerting tensile stress on a fluidic material. A solution
of small CNTs, typical products of current processes such as chemical vapor deposition
(CVD), is fed through a converging flow apparatus surrounded on either side by a solvent
flow. As the solvent converges, the flow accelerates into the extensional regime, compacting
the CNTs radially inward while simultaneously pulling them axially forward. The result is
a macroscopic strand comprised of microscopic CNTs twisted and compacted together. [2]
Figure 1 provides an illustration of extensional flow principles. The bubbles are emerging
from the nozzle at a constant rate, but a combination of increasing buoyancy forces and
extensional rheology causes them to accelerate as they ascend.
The properties of the two flows, especially their relative speed and viscosity, impact the
structure of the CNT strand produced, and thus many of its properties. The extent to which
the strand is compacted, and the associated way in which component CNTs twist and link
together, affects everything from its tensile strength to its conductivity. Thus the diameter
4

Figure 1: Bubbles flowing through an extensional flow apparatus illustrate the extensional
flow mechanism. Solvent flows from two nozzles on each side of the central axis of the device.
The bubbles are released at a constant rate. They accelerate as they move away from the
central nozzle due to a combination of expanding volume from hydrostatic pressure decrease
and extensional acceleration of the surrounding solvent flow. This is the mechanism which
allows carbon nanotube fragments to be extended axially and compressed radially into an
unbroken strand.
of the resulting strand is an important indicator for its properties.
This project developed a LabVIEW image processing virtual instrument (VI) for measuring the diameter of the CNT strand while still in the flow channel. This is a precursor to a
control loop where diameter and potentially also capacitance can be measured and targeted,
with a PID algorithm controlling the input flow rates to manipulate these properties. As a
proof of concept, this project develops the capacity to measure the CNT strand diameter in
a format that can be readily linked to real-time image capture and control of programmable
pumps this lab plans to acquire in the near future.

5

2

Image Processing In LabVIEW

The virtual instrument (VI) created in LabVIEW processed images of the extruded CNT
and analyzed its diameter at various axial positions. From this data was calculated both
the average diameter of the CNT and the change in diameter per millimeter. The latter
measurement is possibly the more important, as it represents the effects of the extensional
flow environment on the CNT strand. As a precursor to live camera interfacing, image files,
like that in Figure 2, were processed through LabVIEW to characterize the CNT strand at
various CNT solution and solvent flow rates. The image processing VIs used were part of
the National Instruments Vision Development platform.

2.1

Size Referencing

As the edge detection algorithm, detailed in Section 2.2, obtains dimensions in pixels, a
fiducial marker is needed to convert the diameter output to millimeters. A simple black
sticker of 18 in diameter placed within the image frame provided a reference. To prevent the
sticker from fading due to exposure to ethanol, a thin layer of epoxy was used to cover it.
The Vision Development module includes a subset of "Particle Analysis" VIs that can
be used to find and characterize patches of pixels with a similar intensity level (particles)
within an image. Upper and lower thresholds for intensity level are set, and the "Count and
Measure Objects" VI identifies the resulting particles and their properties. The function
separates the particles from the background by assigning the intensity of all particles to 255
and the intensity of the background to 0. The effect of thresholding on the image can be
seen in Figure 3a. This is the first step in identifying the boundaries of the fiducial marker.
In this application, the intensity range suitable for the sticker is similar to that of the
CNT strand and, in some lightings, the channel walls. The image is passed through several
filters to eliminate these and any other miscellaneous particles. First, all particles touching
the left and right borders of the image are filtered out. This typically eliminates the left

6

Poll

:'ki

Nil!

Aft
00

$el

IL

VOT

7

JA
;Wj

Figure 2: An image typical of the raw data which will be processed by the LabVIEW VI.
The dark vertical line in the image is the CNT strand being extruded, surrounded by solvent
flow (invisible in this image) on either side. The more faint, curved line to the side of the
CNT strand is the wall of the flow channel, which converges as the flow proceeds upstream.
The channel is symmetric, with the other wall out of sight to the left of the image. Outside
of the flow channel the size reference sticker is visible as a large black circle. This will be used
as a fiducial marker to determine a length scale by relating pixels and millimeters. Note the
shadow in the upper right corner of the image. In some images taken during the experiment,
this shadow is more pronounced and presents a challenge for determining the outline of the
fiducial marker.
wall and any outlying drops on the external walls of the device. The next function, "IMAQ
RemoveParticle", acts as a low-pass filter, removing all particles that are resistant to one
erosion. [1] The primary filter is the "IMAQ Particle Filter" VI, which can be configured to
filter the remaining particles based on any number of geometric characteristics. In this case
it is set to determine the Heywood Circularity Factor of each particle and filter out those
outside the range of 0.94 to 1.25. This nearly always eliminates all particles except the fiducial
marker, which is recognized as highly circular. Figure 3b shows the image after the Heywood
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Circularity Factor filter is applied, leaving only the fiducial marker in the foreground. The
"IMAQ Particle Analysis" VI is queried to determine the area of the particle in square pixels.
In case any other circular particles were detected and not filtered out, the maximum value
of the area output array is selected as the area of the fiducial marker. By simple algebra the
diameter is obtained and compared to the sticker's known

} in

(3.175 mm) diameter, giving

the number of millimeters per pixel.

(a) Thresholding

(b) Filtering

Figure 3: a) The effect of thresholding on the raw image in Figure 2. The threshold range
is set to pixel brightness values of 10 to 160 and filters out most of the light areas and
granulation in the image. b) After thresholding and applying a high-pass filter and a filter
to eliminate particles touching the border of the image, the particle filter VI is applied in
a configuration which eliminates all particles with a Heywood Circularity Factor outside of
the range between 0.94 and 1.25. This typically leaves only the fiducial marker remaining.
At this point the area of the marker in square pixels is calculated, and can be seen overlaid
on this image.
Future iterations of the physical apparatus will include a precision-machined version of
this mark in a "+" shape or similar. While the hand-placement of the sticker limits its
shape to circular and its use to size referencing, the built-in mark will be able to serve as a
size reference, an orientation axis to ensure that CNTs are measured perpendicular to axial,
and an origin. Having an origin demarcated is extremely useful in simplifying edge detection
decisions (see Section 2.2) and regulating the y values at which the diameter is measured from
image to image and test to test. The choice of shape may require certain modifications to
the algorithm. For example, the Heywood Circularity Factor would no longer be applicable
8

for a "+" shape, but another VI designed to find straight lines could identify the perimeter
of the fiducial mark and therefore both its length and the tilt of the image. In that case an
area measurement would be unnecessary.

2.2

Edge Detection

Figure 2 shows an example of a raw image captured from an experiment. The LabVIEW
processing program loops through an edge detection algorithm with six defined regions of
interest in the photo, each a horizontal line splicing the flow radially. Large changes in pixel
brightness register as edges. The distance between the two edges detected is the pixel width
of the CNT strand. A source of error is identified here, as the regions of interest may not be
exactly perpendicular to the axis of the strand. Future iterations of the 3D printed physical
setup, and the code to accompany it, will include a reference axis to rectify this issue, detailed
in Section 2.1. An example of the edge detection algorithm with edges overlaid on the CNT
flow photo is shown in Figure 4.
This process outputs the x and y coordinates, in pixels, of all edges found in the region of
interest. Thus all have the same y coordinate, and we are interested in the difference between
the x values for the edges of the CNT strand. The challenge then becomes determining which
edges comprise the CNT strand, as the algorithm may also detect the walls of the channel,
the outline of the fiducial marker, and bubbles inside the flow or drops of fluid spilling down
the outside of the apparatus. Preliminary testing of the algorithm showed that these features
could present with detection thresholds as high as the CNT strand itself. Determining which
of the detected edges are relevant can be done using several methods of varying reliability.
As detailed previously, a future design of the physical apparatus will incorporate the
fiducial marker into the device in a very precise position, where it can be used as an origin.
Then, knowing the position of the wall curves in relation to the origin, it will be simple to
ignore the walls and focus on the region between them, in which we know the CNT will be
found. Preventing detection of spillage down the outside of the apparatus is more difficult,
9

so future designs of the apparatus will remodel the outlet so as to divert flow away from the
device and prevent spillage from occurring.
With the current low-fidelity model, we must assume that the apparatus will be protected
from fluid flow down the outside of the channel. Currently this is done by clipping barriers
to the device adjacent to the outlet in such a way that directs flow away from the central
channel. Once an image free of external flow is obtained, several assumptions are made to
create a series of if:then statements that predict with reasonable accuracy the edges defining
the CNT strand. The edges are numbered from left (x = 0) to right across the image. The
conditions are as follows:
1. If 8 edges are detected, edges 3 and 4 define the CNT strand. (1 and 2 define the left
wall, 5 and 6 define the right wall, and 7 and 8 define the size marker.)
2. Else, if there are less than three edges detected, edges 1 and 2 define the CNT strand.
(In this case, only the CNT strand is detected by the algorithm. This does not necessarily mean that the size referencing module is unable to detect the fiducial marker,
as the detection criteria are different.)
3. Else, if the distance between edges 1 and 2 is significantly (1.5x) larger than the distance
between edges 2 and 3, edges 2 and 3 define the CNT strand. (In this case, only one
edge of the left channel wall is detected. This typically occurs when the wall is at the
very edge of the image.)
4. Else, if edges 1 and 2 have x coordinates that lie close to the left edge of the image
(less than 0.15 times the image width), edges 3 and 4 define the CNT strand. (This
implies that edges 1 and 2 define the left wall, and the left wall is very close to the
edge of the image.)
5. Else, edges 1 and 2 define the CNT strand. (The left wall is not visible.)
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Of these assumptions, condition 4 is the most unreliable as it is completely dependent
on the camera positioning and the width of the channel. The camera positioning is subject
to slight variation over the course of the experiment, and the width of the channel decreases
(thus the reliability of this assumption decreases) along the flow path. However, manual
verification and validation of the algorithm showed that these assumptions correctly identified
the CNT strand for all test images. These conditions were made into a nested case structure
in the LabVIEW VI, which outputted the x distance between the edges that defined the
CNT strand as its diameter in pixels.
The resulting pixel diameter is then multiplied by the conversion factor obtained in the
size reference module to calculate the CNT strand diameter in mm. The edge detection
procedures detailed in this section are contained within a loop and repeated six times for
each image, with ROIs defined at 0.2, 0.3, 0.4, 0.7, 0.8, and 0.9 times the height of the
image. Thus both the average CNT strand diameter and the average change in CNT strand
diameter per mm can be determined for each image in post-processing.

2.3

Data Handling

Sections 2.1 and 2.2 describe the functions nested within the image loop, which is repeated
for each image obtained. Outside of the image loop, the researcher inputs the image path,
first image number, and total number of images to be processed. We used a Nikon D5100
camera, which named its files "DSC_5957.nef', for example, with the number increasing
for each consecutive image. The image path input then is "[Path]/DSC_". The field "first
image" is set to 5957. If we set it to process 10 images, the image loop will be repeated for
DSC_5957 through DSC_5966.
The image loop repeats over all defined images and pulls out the CNT strand diameter
results from each edge detection loop, nested within the image loop. The result is the
following table, with sample values included:
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Figure 4: Screenshot of the VI detecting the edges of the CNT s trand, the right wall, and
the fiducial marker This image is detected under condition 5 in Section 2.2, and edges 1
and 2 are correctly interpreted as the edges of the CNT strand. The Line Profile graph in
the top right shows the pixel value of each pixel on the region of i nterest line. A pixel value
of 255 corresponds to white, and a value of 0 corresponds to bl ack. Visible is a thin dip
from a pixel value of approximately 250 to 150 marking the CN 1T strand, and a trough of
large width dropping from approximately 250 to 120 where the fiducial mark is detected.
The Gradient Information plot displays the slope of the pixel val ue graph. The two spikes
of largest magnitude, the first negative and the second positive, mark the sharp left and
right edges, respectively, of the CNT strand. This gradient is thE e metric used in detecting
edges. Edge strengths above a set threshold magnitude, in this ca se a pixel value difference
of 40, are considered edges. Note that the edges of the wall ha' ve a lower strength. Due
to refraction through the wall, this is seen to vary significantly with lighting and camera
positioning. As a result the edges are sometimes, but not always, letected, complicating the
identification of the CNT edges.
Image

D1

5957

.32 1.31 1.29 1.27 1.23 1.25

D2

D3

D4

D5

D6

Each of the D values is the diameter, in mm, of the CNT At a different height. D1
corresponds to the y value at 0.2 times the height of the image, wI hile D6 corresponds to the
y value at 0.9 times the height of the image. Each row correspon ds to a new image. A set
of rn images will result in an n-by-7 array. This array is thein wri tten to a CSV file, which
can be accessed for post-processing via MATLAB or Excel.
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Figure 5: Block diagram of the image processing VI created in LabVIEW. The most notable features are the nested for loops
and the nested case structure. The for loops iterate over each of the six regions of interest (inner loop, referred to as ROI loop)
and over all images defined in the input parameters (outer loop, or image loop). The case structure, seen in the upper right half
of the block diagram, is responsible for deciding which edges correspond to the CNT strand. The cases are consistent with the
assumptions stated in section 2.2. The output from the case structure is then passed outside of the nested for loops and added
to the matrix which is written to a CSV file. The upper left half of the ROI loop contains the edge detection VIs. The bottom
sequence in the ROI loop is the set of VIs that analyzes the fiducial marker and outputs a pixel to millimeter conversion factor.
This module preferred to run inside the ROI loop, re-analyzing in each cycle over the same image, rather than the image loop,
possibly due to a nuance in the IMAQ Vision module's handling of image file metadata.

Experimental Characterization of Relation Between

3

Flow Rates and CNT Properties
This experiment is designed to be a proof of concept of the LabVIEW VI coupled with a
small preliminary survey of the range of flow rates over which the device can be operated
without the CNT strand breaking or clogging the nozzle. It also serves as a proving ground
for the LabVIEW image recognition algorithm before it is developed into a feedback control
system.

3.1

Physical Setup

The experimental setup, shown in Figure 6, has a microfluidic fiber-spinning device secured
to a stand in front of a camera. A light behind the device illuminates the flow channel and
increases the contrast between the background and the two features of interest, the CNT
strand and the fiducial marker. A fine-tuning screw is crucial for moving the device into
camera focus, as it does not have an adjustable lens.
The device itself is made of a 3D printed channel sandwiched between two thin plates of
glass, held together by an epoxy. The flow is directed upward because of the difference in
density between the two materials: The CNT fiber is less dense than the solvent, so upward
flow is required in order to obtain the shear force necessary to pull the fiber out of the
channel. Due to the upward flow direction, there are several temporary measures in place
to direct the outflow to the sides of the device, away from the central channel. Drops and
flow down the outside of the channel are a challenge for the image recognition algorithm, as
they are often registered as additional edges in the images. Future iterations of the device
will have more sophisticated spillways to more efficiently direct the fluid from the outlet.
Three nozzles in the bottom of the device channel the central CNT solution flow and
the peripheral solvent flow. These are connected to two syringes operated by digital pumps
producing a steady flow rate. The CNT solution used is an aqueous solution comprised of
14

a 0.35%wt solution of single-walled CNTs and 2% deoxycholic acid for stabilization. The
solvent is (87.4
of (1200.5

0.0808)% glycerol and (12.6 + 0.0808)% ethanol by weight, with a density

0.37679) kg/m 3 and a viscosity of (2.37

.0167)e- 3 . The variation is due to use

of multiple batches of solvent over the course of the experiment.

Figure 6: Picture of the experimental setup. A) The Harvard Apparatus Syringe Pump
PHD2000 controls the CNT solution flow. B) The NE 400 Syringe Pump controls the
solvent flow. C) The Nikon D5100 camera sits on a fixed shaft, able to pivot slightly to move
the frame from left to right in the user's reference frame. D) The microfluidic fiber-spinning
device is illuminated by the backlight. The clips on the side of the device hold in place
barriers to direct the outlet flow away from the center of the channel. The frame which the
device is secured to can be moved in small increments up and down to align the region of
interest in the camera's shot, and towards and away from the camera in order to bring the
channel into focus.

15

3.2

Experiment Procedure

The smaller-diameter syringe is filled with the solvent solution, and the larger-diameter
syringe is filled with the CNT solution. Both are attached to the device with Luer lock
connectors. Flow is driven by two syringe pumps (Harvard Syringe Pump, PHD2000, and
NE 400 Syringe Pump). The solvent pump is turned on first, followed by the CNT solution
pump. The flow rates for each fluid are set and the flow is given a few seconds to stabilize.
Three types of CNT behavior may be seen:
1. Breakage. The CNT strand separates at regular intervals well before reaching the top
of the device. This typically occurs when the solvent flow is too fast relative to the
CNT solution flow.
2. Clogging. The CNT strand does not extrude from the nozzle, or extrudes and does
not flow straight up the channel. Typically indicates that the solvent flow is too slow
relative to the CNT solution flow.
3. Steady flow. The CNT strand exhibits neither behavior above but flows unbroken
through the majority of the channel. This is the range of interest for the image recognition algorithm.
The first goal of this experiment is to determine the range in which steady flow occurs. To
that end, a CNT/solvent flow rate pair is found that facilitates steady flow. Then, with the
CNT flow rate held steady, the solvent flow rate is moved up incrementally until breakage
occurs, then down incrementally until clogging occurs. Breakage and clogging are noted
along with the pair of flow rates at which they began. In the steady flow regime, at each
flow rate increment observed five pictures are taken with the camera, to be processed through
the LabVIEW VI after the experiment is complete. A sample of the CNT strand is removed
and stored on microscope slides in a covered Petrie dish, and labeled by configuration. After
the publishing of this paper the samples will be measured to determine the accuracy of the
algorithm.
16

Once breaking and clogging are achieved at one CNT flow rate, the CNT flow rate is
incremented and the process repeated.
This experiment served as a quick survey of possible flow rate combinations. The CNT
solution flow rate was varied from 0.01 to 0.02 mL/min, and the solvent flow rates corresponding to the steady flow regime ranged from 0.1 to 0.4 mL/min.
The output table created by LabVIEW was processed in MATLAB. The raw data was
manipulated to obtain an average upstream and downstream diameter for each flow rate
configuration. This meant averaging data from 5 images per configuration and 3 regions of
interest per image. Any measurements more than a standard deviation away from the mean
of the 15 relevant data points was labeled as an outlier and disregarded in calculating the
average diameter. This eliminated several errors in the image processing algorithm, mainly
related to incorrect identification of the CNT edges.

3.3

Results

7 different configurations were explored, and 5 pictures were taken at each configuration.
The results are displayed in Figures 7 and 8. Figure 7 shows the range of configurations
explored and, for each configuration, the average of the 30 diameter measurements obtained
from 6 regions of interest in 5 photos. These averages are represented by the marker colors.
Several outliers were present in the data, most caused by inaccurate determination of which
edges represented the CNT strand. The future iteration of the device utilizing a precisionmachined size reference and origin marker is expected to eliminate these errors. CNT solution
flowing at a rate of 0.02 mL/min with solvent flowing at 0.2 mL/min produced the most
compact strand, with a diameter on average of 0.2278 mm. The configuration that produced
the largest diameter was CNT solution flowing at 0.01 mL/min with solvent flowing at 0.3
mL/min.
Though more data points would be needed to draw conclusive trends, this map suggests
that CNT diameter increases with increasing solvent flow rate and decreases with increasing
17

CNT solution flow rate. Breakage, symbolized by the X markers in the plot, occurred when
the solvent flow was too fast to sustain a connected CNT strand. The relationship between
the average CNT diameter and solvent flow rate is unexpected, as intuitively faster solvent
flow would stretch the CNT strand until the breaking point we saw at 0.5 mL/min of solvent
flow for 0.01 mL/min of CNT solution flow. Further experimentation is needed, as this trend
is likely inaccurate. It is possible that slight clogging of the needle temporarily affected the
behavior of the CNT flow.
The marker colors in Figure 8 represent another interesting measurement trend: The
compression of the CNT as it travels upstream.

This is quantified by the ratio of the

upstream diameter measurement to the downstream measurement. Specifically the upstream
measurement is defined as the average diameter measurement of the three regions of interest
at 0.7, 0.8, and 0.9 times the height of the image. The downstream measurement is the
average of the diameters at 0.2, 0.3, and 0.4 times the height of the image.
These measurements follow the counterintuitive trend of Figure 7, with higher solvent flow
rates leading to less change in diameter per unit distance, though this is a less pronounced
trend than above. In fact, the ratio of diameters is seen to decrease as the solvent flow
rate increases from 0.1 to 0.2 mL/min, before increasing drastically as the solvent speeds
up to 0.3 mL/min. Further experimentation and modeling will be needed to determine the
characteristics of this trend. Notably the CNT 0.02 mL/min, solvent 0.2 mL/min ratio of
upstream to downstream diameters is very close to 1.

3.4

VI Performance and Sources of Error

This proof-of-concept experiment provided a positive picture of how the LabVIEW image
processing VI functions and can be applied to a range of similar studies. It also provided a
good deal of feedback on how the physical apparatus and setup can be altered to better suit
edge detection and image recognition. The VI was successful at identifying and measuring
the CNT in pixels more than 80% of the time. All erroneous data points were individually
18
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Figure 7: Map of the experimental flow configurations and resulting average CNT diameter
as shown by the color of the marker. The gray X markers represent configurations at which
the CNT strand experienced regular breaking in the flow chamber. The data suggests that
the average diameter of the strand increases with increasing solvent flow rate, as it does
up to a diameter of 0.3390 mm when the CNT solution is flowing at 0.01 mL/min and
the solvent is flowing at 0.3 mL/min. Also implicit in the results is an inverse relationship
between CNT diameter and CNT solution flow rate. The minimum diameter experienced
in the experiment, 0.2278 mm, occurs at a CNT solution flow rate of 0.02 mL/min. As
expected, breakage appears to occur when the solvent flow rate increases to a point where
the CNT solution can no longer keep up. This maximum allowable solvent flow rate seems
to decrease as the CNT solution flow rate increases, which is contrary to expectations. More
experimentation is needed to verify these trends.
assessed, and the causes were determined to be the result of several issues:
1. Incorrect selection of the CNT. The algorithm was able to correctly distinguish between
the CNT and the channel walls; however, there was a crack in the glass of substantial
width that was detected and often mistaken for part of the CNT. A small number of
19
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Figure 8: This figure shows the same solvent flow rate vs CNT solution flow rate map as
in Figure 7, but with the marker colors corresponding to the ratio of the downstream CNT
diameter to the upstream CNT diameter. This metric describes how much radial strain the
CNT strand experiences as it flows downstream. The experimental results, particularly those
at a CNT solution flow rate of 0.01 mL/min, exhibit mixed trends. With the CNT solution
flow rate held steady, the ratio of diameters first decreases as the solvent flow rate increases
from 0.1 to 0.2 mL/min, then increases as the flow rate rises to 0.3 mL/min. Decreasing ratio
of diameters (increasing radial strain) with increasing flow rate seems intuitive, so further
experimentation will be needed to fully examine these trends.
times, a droplet on the glass was caught by the algorithm as well.
2. Inability to detect the CNT edges with a high enough threshold to filter out other
interferences.

This seemed to be a result of some warping of the glass around the

crack, which reflected the light in such a way as to "cloud" the glass over the base of
the CNT. This typically affected some combination of the ROIs at 0.2 and 0.3 times
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the image height.
3. Inability to distinguish the size reference sticker from an unlit area adjacent to it. This
was due to suboptimal placing of the backlight. Instead the average sticker area from
images adjacent to the affected image were used to determine length scale. This is
a source of error that will be rectified in further experiments by ensuring the light is
placed such that shadows do not fall next to either the size marker or the CNT.
Nearly all of these errors will be easily averted in the next iteration of the physical
prototype and experimental setup. Particularly useful will be the addition of a spillway to
direct the fluid from the outlet safely away from the flow channel. Not only will this prevent
droplets from interfering with the edge detection, but it will also prevent incidents like the
cracked glass, which was a result of clamping a makeshift spillway to the apparatus.

4

Future Steps

Besides physical modifications to the device, the next steps for this project are in closing
the feedback loop to facilitate real-time control of CNT properties. This involves interfacing
in real time with the camera and controlling a pair of pumps based on the measured CNT
strand diameter. A capacitance sensor will also be incorporated to facilitate measurement
of the electrostatic properties of the CNT strand.
Currently under development is a method of interfacing in real time with the Nikon SLR
camera used in the lab. A test program using Ackermann Automation's VI for Nikon SLRs
is in progress. This will allow for LabVIEW to interface with the camera and take pictures
for live processing during an experiment, with the CNT strand diameter processed via the
VI detailed here, and shown live as the experiment progresses.
The diameters will then be fed through a PID algorithm whose output will be used to
control two pumps in order to automatically adjust the flow rates to achieve target CNT
strand properties.

One of those properties will be the capacitance of the strand.
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The

capacitance sensing system is designed as two shielded electrodes on either side of a dielectric
material which surrounds the flow. [4]
Together these pieces will create a control loop that will enable more precise control over
the production of CNT strands tuned to meet certain quality or property requirements.

5

Conclusion

Over the last few decades a surge in industrial investment in carbon nanotubes and the
increasing demands on CNT quality and precise properties has made the development of
innovative methods for controlling the production of CNTs increasingly important.

The

LabVIEW VI created for this extensional flow apparatus is a first step toward live control
loop manipulation of CNT strand properties. This experiment served as a successful proof
of concept for the algorithm and highlighted some key areas of improvement for both the
algorithm and the design of the flow apparatus.
The VI performed well in processing the experimental data, with an 80% success rate for
identifying and measuring the diameters of the CNT strands. The 20% incorrect processing
identified the failure modes of the VI, which primarily have to do with lighting and regulation
of the spillover flow coming from the channel outlet. A small survey of flow configurations
with CNT solution flows ranging from 0.01 to 0.02 mL/min and solvent flows ranging from
0.1 to 0.5 mL/min indicated some expected and some unexpected trends. The data showed
a tendency for CNT diameter to increase with increasing solvent flow rate, which is counterintuitive when considering the stresses imposed on the strand by higher velocity viscous
flow. This certainly warrants further investigation.
Additions to this system, with live camera interfacing and PID pump control, will enable regulation and control of CNT strand production and provide more insight into the
interactions between the flows.
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